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Abstract: The fast growth of hydrogen usage as a clean fuel in civil applications such as transportation,
space technology, etc. highlights the importance of the reliable detection of its leakage and
accumulation under explosion limit by sensors with a low power consumption at times when
there is no accumulation of hydrogen in the environment. In this research, a new and efficient
mechanism is presented for hydrogen detection—using the Coulomb blockade effect in a well-arranged
2D array of palladium nano-islands—which can operate at room temperature. We demonstrated
that under certain conditions of size distribution and the regularity of palladium nano-islands,
with selected sizes of 1.7, 3 and 6.1 nm, the blockade threshold will appear in current-voltage (IV)
characteristics. In reality, it will be achieved by the inherent uncertainty in the size of the islands in
nano-scale fabrication or by controlling the size of nanoparticles from 1.7 to 6.1 nm, considering a
regular arrangement of nanoparticles that satisfies single-electron tunneling requirements. Based on
the simulation results, the threshold voltage is shifted towards lower ones due to the expansion of
Pd nanoparticles exposed to the environment with hydrogen concentrations lower than 2.6%. Also,
exploring the features of the presented structure as a gas sensor, provides robustness against the
Gaussian variation in nano-islands sizes and temperature variations. Remarkably, the existence of
the threshold voltage in the IV curve and adjusting the bias voltage below this threshold leads to a
drastic reduction in power consumption. There is also an improvement in the minimum detectable
hydrogen concentration as well as the sensor response.

Keywords: Coulomb blockade threshold; hydrogen gas sensor; single-electron tunneling; palladium
nanoparticles; room temperature

1. Introduction

Hydrogen is an essential gas for many industrial processes. In recent years, the consumption of
hydrogen has become more popular due to its potential capabilities as a clean fuel and its intrinsic
versatility as a reagent. Therefore, a fast and reliable detection of hydrogen leakages or accumulations
is required, owing to its explosiveness [1,2]. Many hydrogen gas sensors have been developed and
studied, including electrochemical [3,4], conductometric [5,6], Schottky junction [7], field effect [8],
optical [9], surface acoustic wave (SAW) [10–12], single-electron tunneling-based [13], and bulk acoustic
wave [14], which operate based on different mechanisms. The most common operation mechanisms
of hydrogen sensors are based on the changes in the electrical resistance, work function, optical
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properties and electrical current of selective material employed upon the adsorption and desorption
of hydrogen gas [15–18]. The most sensitive hydrogen sensors are able to measure 0.1% hydrogen
gas at temperatures between 0–45 ◦C with a response time of less than 15 s [17]. However, their
power consumption is in the order of mW, and therefore developing low power hydrogen gas sensors
at concentrations lower than the explosive limit at room temperature (RT) remains a challenging
matter [19]. Additionally, there have been some reports of sensors based on complex nanostructures
containing palladium and platinum that provide the fastest response speed (2 s for 1% hydrogen
concentration) [20,21].

Among other mechanisms to detect H2, the prevalent palladium thin film technique, based on
the random arrangement of nano-sized Pd clusters, has been found to be a simple and effective
method [17,18]. Upon hydrogen exposure, the resistance of the sensor decreases due to expansion,
connecting some of the nanoparticles and finally forming new pathways to pass the electrical
current [17,18,22]. However, in the ultra-small grained Pd nano-pattern structure, a surface electron
scattering mechanism has been observed, which increases the pathway of electrons in the channel.
This mechanism, in contrast to the above mentioned well-known mechanism, increases the electrical
resistance of the sensor under the influence of hydrogen gas and acts simultaneously with it [22].
As the size of the Pd nanoparticles decreases and the tunneling phenomenon between adjacent particles
occurs, another phenomenon likely to occur is called the single-electron tunneling effect. In fact,
the single-electron effect is associated with nano-sized particles (islands) whose small capacitance
makes the observation of the phenomenon known as Coulomb blockade possible [23]. The Coulomb
blockade is the increase in electrical resistance of a small electronic device involving at least one
low-capacitance tunnel junction [24,25]. The IV characteristics of such tunnel junctions exhibit a
threshold voltage which the flow of electric current is blocked before (and permitted after). For the
conventional single island device, the voltage of this threshold (Vth) depends on the capacitance of the
island, which is given as

Vth =
e
C

, (1)

where e is the elementary charge of the electron and C is the capacitance of the island. Furthermore,
the single-electron tunneling and Coulomb blockade only matter if the Coulomb energy (the amount
of energy needed to add an electron to the island) is greater than the thermal energy of the electron.
Otherwise, the thermal fluctuations will wash out the quantization effects. Therefore, it is necessary that

Ec =
e2

2C
> KBT, (2)

where KB is Boltzmann’s constant and T is the absolute temperature. To observe the Coulomb
blockade phenomenon at room temperature, the capacitance must be in the attofarad range. In this
situation, to observe the abrupt Coulomb blockade threshold—the abrupt change in the slope of the IV
characteristics at the threshold point in order to the electric current exhibit a significant increase just
after this point, while before that it had a negligible amount—the radius of the island must be less than
5 nm and the size of the island must be less than 10 nm. Under these conditions, the phenomenon is
visible at room temperature. Given the feasibility of this phenomenon by choosing the appropriate
geometry for the islands, even sensors can be suggested which work on this basis. Some of the sensors
suggested so far based on the effect of the Coulomb blockade in literature are photodetectors based on
the graphene quantum dot array [26], the cryogenic thermometer (up to 60 k) [27], and gas sensors
based on porous silicon [28].

Palladium nanoparticles form hydride phases which represent size-dependent behavior, where
nano-sized islands can absorb different concentrations of hydrogen depending on their size [29].
The lattice parameter of palladium nanoparticles shows a hysteresis loop during the adsorption and
desorption of hydrogen, which makes palladium a material of interest for hydrogen gas sensing [30,31].
In practice, to implement the thin film sensor, different sizes and concentrations of palladium
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nanoparticles can be distributed with high accuracy between two electrodes, which are called drain
and source. If the widths of the gaps between the adjacent palladium nanoparticles are small (less than
10 nm), an applied potential difference greater than the Coulomb blockade threshold voltage between
the electrodes can transport electrons into or out of the islands by quantum mechanical tunneling [25].
The gaps then form a tunnel barrier with an associated energy barrier. In such a system, single-electron
tunneling occurs, which holds the promise of achieving the lowest power consumption in modern
electronic devices [32,33]. Hence, the palladium nanoparticles disconnect from each other upon the
adsorption of hydrogen gas and the size and widths of the gaps between the nanoparticles change.
Theoretically, these distributed palladium nanoparticles can be considered as multiple islands and
tunneling barriers. Multiple-island single-electron chains can be modeled using the two parameters
of tunneling resistance and capacitance [34]. The multiple-island single-electron chains of tunneling
junctions encourage the expansion of a variety of devices due to their smaller size, lower weight,
ultra-low power consumption, and high sensitivity. The models of multiple-island single-electron
chains are studied by solving master equations or using Monte Carlo methods [34–36]. The advantages
in contrast with single-island single-electron transistors (SETs)—in similar conditions in terms of
dimensions of the islands and tunneling junctions—are ability to stand a higher threshold voltage of
Coulomb blockade; lower sensitivity to unwanted effects such as defects, background charges, and
uncertainty in the size of the palladium nanoparticles; higher operation temperature; and ease of
fabrication [32,37,38]. In this research, we investigated the possibility of single-electron tunneling in
well-arranged arrays of palladium nano-islands at room temperature. In this respect, the study of IV
characteristics for the emergence and disappearance of the Coulomb blockade by controlling the size
of nanoparticles was performed. In addition, the effect of the size distribution of nanoparticles on the
sensing behavior of the palladium nanoparticles was inspected by Monte Carlo simulation methods.
The response of the sensor to the hydrogen gas flow and consumed power was discussed based on
the simulation results. It was expected that the diameter of the individual nano-islands played an
important role in the device performance.

2. Assumptions of the Model and Simulation Method

For the Gaussian distribution of the palladium nanoparticles size (diameter):

f (x) =
1

σx
√

2π
exp

− (x− µx)
2

2σx2

, (3)

where µx is the mean diameter of the nanoparticles and σx is their standard deviation. Normally,
experimental reports use another parameter instead of σx, which is called the full width at half
maximum (FWHM). This parameter is used to describe the effective width of the Gaussian distribution
curve (so-called bell curve). To obtain this parameter, two points of the function in which its value
reaches half of the maximum were considered. The distance between those two points is the FWHM.
For the Gaussian distribution, the relationship between the FWHM and the standard deviation was
as follows:

FWHM = 2
√

2ln2 σx = 2.355 σx. (4)

Evidently, the palladium nanoparticles show a Gaussian distribution, with narrow full widths
at half maximum (FWHMs) [29,39]. The extracted FWHMs for the selected sizes of 1.7, 3 and
6.1 nm are shown in Table 1. The physical dimensions of the unit cells in the crystalline lattice of
palladium (so-called lattice constant) varied according to the adsorption and desorption of hydrogen
gas. This variation was a function of the partial pressure of the hydrogen gas as well as the mean
diameter of the palladium nanoparticles. Table 1 lists the lattice constant of palladium nanoparticles of
different sizes before and after exposure to hydrogen (partial pressure in torr) [29].
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Table 1. Extracted parameters from the literature [29,39] that were used in the simulations.

Mean diameter of nanoparticles, nm 1.7 3 6.1

Full width at half maximum, nm 1.1 0.3 0.7

Lattice constant before exposing to hydrogen, ◦A 3.9167 3.9167 3.90
Lattice constant after exposing to hydrogen (20 torr), ◦A 3.9232 3.9217 3.92
Tunneling gap between adjacent nano-islands, nm 2 2.25 3

We assumed well-arranged 10× 10, 15× 15 and 20× 20 arrays of palladium nanoparticles with a
Gaussian distribution for the selected diameters. A schematic diagram of the considered configurations
is shown in Figure 1.
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Figure 1. Schematic diagram of 2D arrays of palladium nanoparticles between source and
drain electrodes.

The arrays were biased by a source–drain voltage (Vds) that was set from 0–20 V. Figure 2 shows
the equivalent circuits for the assumed configuration of palladium nanoparticles in Figure 1. Using a
SIMON2.0 simulator, we investigated the Ids −Vds characteristics of equivalent circuits consisting of
palladium nano-islands and tunneling junctions [32,33,40]. The results from the simulations of 10× 10,
15 × 15 and 20 × 20 arrays are provided in the results and discussion section. The SIMON 2.0 is a
single-electron device and circuit simulator which employs the Orthodox theory and Monte-Carlo
methods in order to simulate the propagation of electrons in a wide variety of single-electron circuits [41].
Generally, the Orthodox theory assumes a continuous energy spectrum in the conductive islands with
negligible cotunneling and tunneling time [25].

The essential parameters in multi-island single-electron arrays are the electrical resistance and
capacitance of the tunneling junctions. We assume that the electrical resistance of the tunneling
junctions can be described by [42,43]:

R ∝ eβLeEc/KBT, (5)

where L is the size of the tunneling gap. Here, the activation energy EC is the Coulomb charging
energy and β is a system dependent on the tunneling constant given by β =

√
8mU0/h−2 [42],

with m as the effective mass of an electron. For avoiding simultaneous tunneling, the minimum
tunnel resistance of all the tunnel barriers must be much higher than the quantum unit of resistance
RQ

(
R� RQ = h

e2 ∼ 26.5KΩ
)
, where e is the elementary charge of the electron and h is the Plank

constant [29,30].
Here, an analytical method using image charges is implemented to compute junction capacitances

Ci j between neighboring islands [44,45]:

Ci j =
4πε0ab

c
sinh(U)

∞∑
n=1

sinh(nU)−1, (6)
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where a and b are the radii of the palladium nano-islands and the dimensionless parameter U is
related to a, b and c by cosh(U) = c2

−a2
−b2

2ab . Here, c is the center–center distance between adjacent
palladium nanoparticles.
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On the other hand, for the 1D array of islands, the Coulomb blockade threshold voltage is related
to the number of junctions (N):

Vth ∝
N
CΣ

, (7)

where CΣ is total capacitance of the chain. This was achieved under the above conditions for tunnel
resistance. The linear relationship (shown above) between the threshold voltage (Vth) and the number
of junctions (N) has been detected in 2-dimensional systems [46,47].

It is well known that palladium nanoparticles form hydride phases which absorb a substantial
quantity of hydrogen within their crystal lattice. At room temperature, palladium hydrides may
contain two crystalline phases, α and β (sometimes called α′). Therefore, the lattice parameter of
palladium nanoparticles shows a hysteresis loop during the adsorption and desorption of hydrogen.
Bridget et al. [29] have investigated the α and β phases in bare palladium upon hydrogen gas and
obtained the variation in the lattice parameter versus the hydrogen pressure. The results were used for
the lattice parameters of the selected diameters 1.7, 3 and 6.1 nm in this study. The expansion of the
individual nanoparticles increased the area occupied by each nanoparticle and this in turn decreased
the average size of the tunneling gap. Thus, according to Equations (1) and (2), the resistance and
capacitance of tunneling junctions change.

Owing to the expansion of the palladium nano-islands, the following steps were employed in
order to calculate the new resistance and capacitance of the tunneling junctions: (1) A change (∆a)
occurs in the lattice parameter (a) due to the change in the external hydrogen pressure. (2) The variation
(∆a) in the lattice parameter causes the change (∆d) in diameter (d) of the palladium nanoparticles
(∆d = (∆a/a)d). (3) The expansion of individual nanoparticles increases the area occupied by each
nanoparticle, which decreases the average size of the tunneling gap (L). For an array whose number of
nanoparticles is equal to p in length, the change in L is given by

∆L = −
pd
L

∆α. (8)
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In reality, hydrogen will slightly change the band in palladium nano-islands and accordingly it
will change beta in expression (1). One can find that this effect is not important in the IV characteristics,
and therefore only the change in the tunneling gap (L) was considered. Furthermore, the temperature
of 300 K (the temperature for detecting hydrogen) was used in the simulations. After setting some
parameters like temperature, the mode of simulation, the resistance and capacitance of tunneling
junctions, the IV characteristics were inspected.

3. Results and Discussion

The variations in Ids −Vds for well-arranged arrays with 1.7, 3 and 6.1 nm nano-islands at room
temperature are shown in Figure 3. The IV characteristics are plotted for 10× 10, 15× 15 and 20× 20
square arrays, along with the size distribution of the palladium nanoparticles. The Coulomb blockade
is clearly observed. At bias voltages above the threshold value, the dc curve gradually approaches to
the offset linear asymptotes with increasing applied voltage. The extrapolation of the linear regions
results in Vth, which represent the basic conceptual principle of threshold voltage [48]. The obtained
Vth for the arrays are listed in Table 2. It is remarkable that the current suppression region for the
arrays decreases with the increasing mean diameter of the nanoparticles. According to relation (3), this
reduction in the current suppression region is probably due to the increase in the total capacitance of
the array.
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Figure 3. The Ids −Vds characteristics of arrays for (a) 1.7, (b) 3, and (c) 6.1 nm nano-islands, simulated
by spreading the array size at room temperature.

Table 2. Vth calculated from the extrapolation of linear regions to zero.

Mean Diameter of Nanoparticles, nm 1.7 3 6.1
Vth for 10 × 10 arrays of nano-islands before exposing to hydrogen, V 7.26 2.8 0.83

Vth for 10 × 10 arrays of nano-islands after exposing to hydrogen (20 torr), V 4.9 2.03 0.73
Vth for 15 × 15 arrays of nano-islands, V 10.4 3.4 0.81
Vth for 20 × 20 arrays of nano-islands, V 13.6 4.3 0.93

The effect of increasing the length of the arrays on the Coulomb blockade threshold can be seen
in Figure 3. According to the results, the increase in the Coulomb blockade threshold voltage with
the length of the array is linear. The simulation results show that it is the length of the array that
determines the value of the Coulomb blockade threshold voltage. The total resistance of the device for
voltages above the Coulomb blockade threshold is directly proportional to the length of the device and
inversely proportional to the width.

The possibility of using these arrays as single-electron tunneling-based hydrogen sensors was
investigated. The IV characteristics of the arrays were inspected upon their exposure to hydrogen gas.
In this study, the hydrogen pressure of 20 torr was selected for investigation. The lattice parameters of
1.7, 3 and 6.1 nm palladium nanoparticles were extracted for 20 torr pressure and are listed in Table 1.
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The changes in tunneling resistance and capacitance were calculated for each tunneling junction
according to the procedure mentioned in the assumptions of the model. Then, the IV characteristics
with new parameters were plotted. Figure 4 shows the IV characteristics of the arrays before and after
exposure to hydrogen. The IV characteristics separated before and after exposure to hydrogen gas, as
can be seen in Figure 4. This happened because the expansion of individual nanoparticles increases the
area occupied by each nanoparticle and decreases the total resistance of the arrays, as well as increasing
their capacitance.
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Figure 4. Ids −Vds characteristics of 10× 10 arrays for (a) 1.7, (b) 3, and (c) 6.1 nm palladium nano-islands
before and after exposing to hydrogen, simulated at T =300 K. (Dash line: fitted exponential curve).

The obtained Vth for the IV characteristics after the exposure to hydrogen are also shown in Table 2.
The decrease in the Coulomb blockade threshold was related to the increase in the total capacitance
of the arrays. The simulated nanoparticles had inherent randomization in their size, therefore we
randomized the diameter of the individual nano-islands according to the Gaussian distribution shown
in Figure 3. Accordingly, we carried out 100 simulations in which the diameter of any individual
nano-island in the arrays was changed randomly in each simulation. The IV characteristics were
plotted each time and the Coulomb blockade threshold was observed for each array. The results of these
simulations for 10× 10 arrays are shown in Figure 5, which indicates that the IV characteristics overlap
and the Coulomb blockade threshold does not change. These results show that the IV characteristics
of these arrays were not dependent on the diameter of the individual nano-island. In fact, whilst
the size of the nano-islands obeyed Gaussian distribution, the size of the individual nano-island
was not important. In this study, the Gaussian distribution obtained for the Coulomb blockade
threshold voltages before and after being exposed to the hydrogen gas is shown in the inset of Figure 5.
The obtained distributions do not overlap and there is enough of a split between them, which assures
that the well-arranged arrays of palladium nanoparticles can be used as a hydrogen sensor.

In addition, another similar simulation was carried out at different temperatures, in which the
results imply the robustness of the sensor against variations in temperature. The effect of temperature
on the IV characteristics is shown in Figure 6. The sensitivity of the single-electron tunneling effect to
temperature variation depends on the size of the islands that are used in the arrays. For sub-10-nm
palladium nanoparticles at room temperature, the Coulomb blockade threshold is abrupt and there is
no sub-threshold current (especially for smaller nanoparticles, as can be seen in Figure 6a,b). When the
temperature increases, the sharpness of the Coulomb blockade threshold decreases slowly. As a result,
the IV characteristics exhibit a sub-threshold current. This effect increases the power consumption of the
device in idle mode (when there is no leakage in the environment) and decreases the sensor response.
It is shown that the phenomenon of sub-threshold leakage is less severe in smaller islands, and arrays
with a smaller island size can exhibit very low sub-threshold leakage even at higher temperatures.



Nanomaterials 2020, 10, 835 8 of 12
Nanomaterials 2020, 10, x FOR PEER REVIEW 8 of 12 

 

 
Figure 5. Effect of the Gaussian distribution on the threshold voltage for 10 × 10 arrays of (a) 1., (b) 3, 
and (c) 6.1 nm Pd nano-islands at room temperature. (Inset images show the distribution of the 
calculated threshold voltage before (solid) and after (dash) H2 exposure). 

In addition, another similar simulation was carried out at different temperatures, in which the 
results imply the robustness of the sensor against variations in temperature. The effect of temperature 
on the IV characteristics is shown in Figure 6. The sensitivity of the single-electron tunneling effect to 
temperature variation depends on the size of the islands that are used in the arrays. For sub-10-nm 
palladium nanoparticles at room temperature, the Coulomb blockade threshold is abrupt and there 
is no sub-threshold current (especially for smaller nanoparticles, as can be seen in Figure 6a, b). When 
the temperature increases, the sharpness of the Coulomb blockade threshold decreases slowly. As a 
result, the IV characteristics exhibit a sub-threshold current. This effect increases the power 
consumption of the device in idle mode (when there is no leakage in the environment) and decreases 
the sensor response. It is shown that the phenomenon of sub-threshold leakage is less severe in 
smaller islands, and arrays with a smaller island size can exhibit very low sub-threshold leakage even 
at higher temperatures.  

 
Figure 6. Effect of temperature variation on the Coulomb blockade threshold voltage of arrays for (a) 
1.7, (b) 3, and (c) 6.1 nm palladium nano-islands. 

An important factor in hydrogen sensors is their response, such that in thin palladium film, 
adjacent nanoparticles have to connect to each other in order to detect the hydrogen gas. However, 
in tunneling mechanism they do not need to connect to adjacent nanoparticles in order to pass the 
electrical current and detect the hydrogen gas. Typically, metal hydrogen sensors operate by 
resistance variation sensation. By hydrogen absorption, the palladium hydride showed a higher 

Figure 5. Effect of the Gaussian distribution on the threshold voltage for 10× 10 arrays of (a) 1, (b) 3, and
(c) 6.1 nm Pd nano-islands at room temperature. (Inset images show the distribution of the calculated
threshold voltage before (solid) and after (dash) H2 exposure).

Nanomaterials 2020, 10, x FOR PEER REVIEW 8 of 12 

 

 
Figure 5. Effect of the Gaussian distribution on the threshold voltage for 10 × 10 arrays of (a) 1., (b) 3, 
and (c) 6.1 nm Pd nano-islands at room temperature. (Inset images show the distribution of the 
calculated threshold voltage before (solid) and after (dash) H2 exposure). 

In addition, another similar simulation was carried out at different temperatures, in which the 
results imply the robustness of the sensor against variations in temperature. The effect of temperature 
on the IV characteristics is shown in Figure 6. The sensitivity of the single-electron tunneling effect to 
temperature variation depends on the size of the islands that are used in the arrays. For sub-10-nm 
palladium nanoparticles at room temperature, the Coulomb blockade threshold is abrupt and there 
is no sub-threshold current (especially for smaller nanoparticles, as can be seen in Figure 6a, b). When 
the temperature increases, the sharpness of the Coulomb blockade threshold decreases slowly. As a 
result, the IV characteristics exhibit a sub-threshold current. This effect increases the power 
consumption of the device in idle mode (when there is no leakage in the environment) and decreases 
the sensor response. It is shown that the phenomenon of sub-threshold leakage is less severe in 
smaller islands, and arrays with a smaller island size can exhibit very low sub-threshold leakage even 
at higher temperatures.  

 
Figure 6. Effect of temperature variation on the Coulomb blockade threshold voltage of arrays for (a) 
1.7, (b) 3, and (c) 6.1 nm palladium nano-islands. 

An important factor in hydrogen sensors is their response, such that in thin palladium film, 
adjacent nanoparticles have to connect to each other in order to detect the hydrogen gas. However, 
in tunneling mechanism they do not need to connect to adjacent nanoparticles in order to pass the 
electrical current and detect the hydrogen gas. Typically, metal hydrogen sensors operate by 
resistance variation sensation. By hydrogen absorption, the palladium hydride showed a higher 

Figure 6. Effect of temperature variation on the Coulomb blockade threshold voltage of arrays for (a)
1.7, (b) 3, and (c) 6.1 nm palladium nano-islands.

An important factor in hydrogen sensors is their response, such that in thin palladium film,
adjacent nanoparticles have to connect to each other in order to detect the hydrogen gas. However,
in tunneling mechanism they do not need to connect to adjacent nanoparticles in order to pass
the electrical current and detect the hydrogen gas. Typically, metal hydrogen sensors operate by
resistance variation sensation. By hydrogen absorption, the palladium hydride showed a higher
electrical resistance in comparison to the palladium [3]. The variation in the total resistance of the
arrays at voltages greater than Vth can be used to detect hydrogen. Indeed, according to the results
obtained, the Coulomb blockade threshold does not change upon variations in temperature and size
randomization of nano-islands. Therefore, considering the shift of Vth upon hydrogen adsorption,
the Coulomb blockade threshold variations can be used as the sensing parameter of hydrogen gas.
With the ideal gas approximation and using Dalton’s law, the volume concentration of hydrogen gas
(σH2 ) in standard conditions is calculated from

σH2(%) =
PH2(torr)

PATM(torr)
=

PH2(torr)
760

, (9)

where PH2 is the partial pressure of hydrogen gas (torr), and PATM is the atmosphere pressure. At the
selected partial pressure of 20 torr of hydrogen gas, the proposed sensor showed the capability of
detecting 2.6% hydrogen gas in air, which is less than flammability and explosibility concentration of
hydrogen gas (4%) [17,49]. Therefore, it is highlighted that the detection of lower concentrations of
hydrogen is possible through a proper selection of the suitable size of palladium nano-islands and
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distance between them. On the other hand, since this sensor is based on single-electron tunneling
between palladium nano-islands, the sensor is actually an ultra-low power consumption sensor.

The response of our sensor (S1), which was proposed based on an array of 1.7-nm-size nanoparticles,
was examined when the sensor was biased exactly at the Coulomb blockade threshold point. In this
situation, the hydrogen concentration varied from 0.1% to 1%. Figure 7 displays the response
of our proposed sensor (S1) in comparison with another palladium-based sensor (S2) which uses
palladium nanoparticles [50]. Since the electrical resistance of our sensor at the threshold point changed
dramatically, the shift of the threshold to lower voltages severely reduced the electrical resistance.
Despite decreasing the response of the sensor by lowering the concentration of hydrogen gas, our sensor
response (S1) exhibited a lower reduction rate in comparison with (S2). In other words, by reducing the
concentration of hydrogen gas—despite the declining trend in the response of both sensors—the ratio
of the response of our sensor (S1) to (S2) is increasing.This suggests that our sensor could potentially
be used for hydrogen gas leak detection, which needs a detection of concentration range, typically
from 0.1% to less than 5% [18]. Since, in the subthreshold region, the IV characteristics of our sensor
exhibited exponential behavior, it promised higher amounts of response due to the higher variation in
electrical resistance in this region. In this situation, a higher amount of electrical resistance can cause a
lower power consumption when there is no leakage (even less than 1 nW). However, the increasing
static electrical resistance may raise the white noise in the sensor, which will reduce the minimum
detectable concentration.
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with the reference [50] in volume concentrations 0.1%, 0.2%, 0.5%, and 1% of hydrogen in ambient air,
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4. Conclusions

Hydrogen gas as a clean energy is becoming part of transport applications of civil industry,
resulting in the fast growth of its novel production and consumption. Since hydrogen is very explosive,
the fast and reliable detection of its leakage and accumulation under the explosion limit is an important
design criteria for gas-consuming systems. Additionally, the power consumption of hydrogen sensors
in idle mode (when there is no hydrogen leakage in environment) is an essential figure of merit.
In this study, the possibility of hydrogen gas sensing was shown using the Coulomb blockade effect in
well-arranged arrays of palladium nano-islands at room temperature. The single-electron tunneling
threshold in the IV characteristics of arrays with selected sizes of palladium nanoparticles arranged in
a regular lattice was observed. The results indicate that an island size of 6.1 nm is an upper limit for
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keeping the Coulomb blockade existence in arrays of palladium nano-islands at room temperature.
The Monte Carlo simulation method—which we used on the arrays of palladium nanoparticles with
sizes obeying Gaussian distribution—showed that these arrays are resistant to the size variation in
nanoparticles, as presented in this research. Furthermore, it depicted a measuring concentration of
2.6% with an expected response time of less than 15 s and power consumption of less than 1nW power
when there is no leakage in the environment. The comparison of our proposed sensor with another
one (which was also designed based on palladium nanoparticles), suggests that our sensor could
potentially be used for hydrogen gas leak detection, which needs a detection in the concentration range
of 0.1% to less than 5%.

Author Contributions: The main idea has been suggested by H.S., M.K. and M.T.A., Conceptualization,
investigation, methodology, data curation, and formal analysis have been done by M.T.A., M.K., H.S., H.G., and
S.S.R.K., Project administration, funding acquisition, resources, visualization, validation and supervision are
included/covered by M.T.A., S.S.R.K., and M.P., Writing the original draft, and review & editing are performed
by M.T.A., M.K., H.S., and H.G., and S.S.R.K. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Ministry of Education, Youth, and Sports of the Czech Republic and
the European Union (European Structural and Investment Funds Operational Program Research, Development,
and Education) in the framework of the project “Modular platform for autonomous chassis of specialized electric
vehicles for freight and equipment transportation”, Reg. No. CZ.02.1.01/0.0/0.0/16_025/0007293.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Jacobson, M.Z.; Colella, W.; Golden, D. Cleaning the air and improving health with hydrogen fuel-cell
vehicles. Science 2005, 308, 1901–1905. [CrossRef]

2. Liekhus, K.J.; Zlochower, I.A.; Cashdollar, K.L.; Djordjevic, S.M.; Loehr, C.A. Flammability of gas mixtures
containing volatile organic compounds and hydrogen. J. Loss Prev. Process Ind. 2000, 13, 377–384. [CrossRef]

3. Nakamoto, K.; Kurita, R.; Niwa, O. Electrochemical surface plasmon resonance measurement based on
gold nanohole array fabricated by nanoimprinting technique. Anal. Chem. 2012, 84, 3187–3191. [CrossRef]
[PubMed]

4. Yagati, A.K.; Lee, T.; Min, J.; Choi, J.-W. Electrochemical performance of gold nanoparticle–cytochrome c
hybrid interface for H2O2 detection. Colloids Surf. B Biointerfaces 2012, 92, 161–167. [CrossRef] [PubMed]

5. Moafi, A.; Partridge, J.G.; Sadek, A.Z.; Lau, D.W.M.; Kalantar-zadeh, K.; McCulloch, D.G. A Hydrogen
Sensor Based on Graphitic Carbon. IEEE Sens. J. 2011, 11, 1913–1916. [CrossRef]

6. Al-Mashat, L.; Tran, H.D.; Wlodarski, W.; Kaner, R.B.; Kalantar-Zadeh, K. Conductometric Hydrogen Gas
Sensor Based on Polypyrrole Nanofibers. IEEE Sens. J. 2008, 8, 365–370. [CrossRef]

7. Lee, S.P. Electrodes for semiconductor gas sensors. Sensors 2017, 17, 683. [CrossRef]
8. Becker, E.; Andersson, M.; Eriksson, M.; Spetz, A.L.; Skoglundh, M. Study of the sensing mechanism towards

carbon monoxide of platinum-based field effect sensors. IEEE Sens. J. 2010, 11, 1527–1534. [CrossRef]
9. Westerwaal, R.; Duim, N.; Nieuwenhuijse, I.; Perrotton, C.; Dabirian, A.; van Leeuwen, J.; Palmisano, V.;

Dam, B. Thin film based sensors for a continuous monitoring of hydrogen concentrations. Sens. Actuators
B Chem. 2012, 165, 88–96. [CrossRef]

10. Sadek, A.; Wlodarski, W.; Li, Y.; Yu, W.; Li, X.; Yu, X.; Kalantar-Zadeh, K. A ZnO nanorod based layered
ZnO/64 YX LiNbO3 SAW hydrogen gas sensor. Thin Solid Films 2007, 515, 8705–8708. [CrossRef]

11. Atashbar, M.; Sadek, A.; Wlodarski, W.; Sriram, S.; Bhaskaran, M.; Cheng, C.; Kaner, R.; Kalantar-Zadeh, K.
Layered SAW gas sensor based on CSA synthesized polyaniline nanofiber on AlN on 64 YX LiNbO3 for H2

sensing. Sens. Actuators B Chem. 2009, 138, 85–89. [CrossRef]
12. Jakubik, W. Investigations of thin film structures of WO3 and WO3 with Pd for hydrogen detection in a

surface acoustic wave sensor system. Thin Solid Films 2007, 515, 8345–8350. [CrossRef]
13. Abbasi, H.; Sedghi, H.; Khaje, M. Single-Electron Tunneling Based Hydrogen Sensor. Chin. J. Phys. 2015, 53,

120805-1.
14. Chen, D.; Wang, J.J.; Xu, Y. Hydrogen sensor based on Pd-functionalized film bulk acoustic resonator.

Sens. Actuators B Chem. 2011, 159, 234–237. [CrossRef]

http://dx.doi.org/10.1126/science.1109157
http://dx.doi.org/10.1016/S0950-4230(99)00034-0
http://dx.doi.org/10.1021/ac203160r
http://www.ncbi.nlm.nih.gov/pubmed/22283116
http://dx.doi.org/10.1016/j.colsurfb.2011.11.035
http://www.ncbi.nlm.nih.gov/pubmed/22197224
http://dx.doi.org/10.1109/JSEN.2010.2100818
http://dx.doi.org/10.1109/JSEN.2008.917476
http://dx.doi.org/10.3390/s17040683
http://dx.doi.org/10.1109/JSEN.2010.2099652
http://dx.doi.org/10.1016/j.snb.2012.02.021
http://dx.doi.org/10.1016/j.tsf.2007.04.009
http://dx.doi.org/10.1016/j.snb.2009.01.072
http://dx.doi.org/10.1016/j.tsf.2007.03.024
http://dx.doi.org/10.1016/j.snb.2011.06.078


Nanomaterials 2020, 10, 835 11 of 12

15. Bannenberg, L.J.; Boelsma, C.; Asano, K.; Schreuders, H.; Dam, B. Metal Hydride Based Optical Hydrogen
Sensors. J. Phys. Soc. Japan 2020, 89, 051003. [CrossRef]

16. Bigiani, L.; Zappa, D.; Maccato, C.; Gasparotto, A.; Sada, C.; Comini, E.; Barreca, D. Hydrogen Gas Sensing
Performances of p-Type Mn3O4 Nanosystems: The Role of Built-in Mn3O4/Ag and Mn3O4/SnO2 Junctions.
Nanomaterials 2020, 10, 511. [CrossRef]

17. Hübert, T.; Boon-Brett, L.; Black, G.; Banach, U. Hydrogen sensors–A review. Sens. Actuators B Chem. 2011,
157, 329–352. [CrossRef]

18. Ndaya, C.C.; Javahiraly, N.; Brioude, A. Recent Advances in Palladium Nanoparticles-Based Hydrogen
Sensors for Leak Detection. Sensors 2019, 19, 4478. [CrossRef]

19. Jakubik, W.P. Hydrogen gas-sensing with bilayer structures of WO3 and Pd in SAW and electric systems.
Thin Solid Films 2009, 517, 6188–6191. [CrossRef]

20. Jung, W.B.; Cho, S.Y.; Suh, B.L.; Yoo, H.W.; Jeon, H.J.; Kim, J.; Jung, H.T. Polyelemental Nanolithography
via Plasma Ion Bombardment: From Fabrication to Superior H2 Sensing Application. Adv. Mater. 2019, 31,
1805343. [CrossRef]

21. Yoo, H.-W.; Cho, S.-Y.; Jeon, H.-J.; Jung, H.-T. Well-defined and high resolution Pt nanowire arrays for a
high performance hydrogen sensor by a surface scattering phenomenon. Anal. Chem. 2015, 87, 1480–1484.
[CrossRef]

22. Cho, S.-Y.; Ahn, H.; Park, K.; Choi, J.; Kang, H.; Jung, H.-T. Ultrasmall grained Pd nanopattern H2 sensor.
ACS Sens. 2018, 3, 1876–1883. [CrossRef]

23. Thelander, C.; Magnusson, M.H.; Deppert, K.; Samuelson, L.; Poulsen, P.R.; Nygård, J.; Borggreen, J. Gold
nanoparticle single-electron transistor with carbon nanotube leads. Appl. Phys. Lett. 2001, 79, 2106–2108.
[CrossRef]

24. Averin, D.; Likharev, K. Coulomb blockade of single-electron tunneling, and coherent oscillations in small
tunnel junctions. J. Low Temp. Phys. 1986, 62, 345–373. [CrossRef]

25. Likharev, K.K. Single-electron devices and their applications. Proc. IEEE 1999, 87, 606–632. [CrossRef]
26. Sehrawat, P.; Islam, S. Graphene quantum dot arrays: Pros and cons of photodetection in the Coulomb

blockade regime. Carbon 2019, 149, 499–511.
27. Meschke, M.; Kemppinen, A.; Pekola, J. Accurate Coulomb blockade thermometry up to 60 kelvin. Philos. Trans.

R. Soc. A Math. Phys. Eng. Sci. 2016, 374, 20150052. [CrossRef]
28. Borini, S.; Boarino, L.; Amato, G. Coulomb blockade sensors based on nanostructured mesoporous silicon.

Physica E Low Dimens. Syst. Nanostruct. 2007, 38, 197–199. [CrossRef]
29. Ingham, B.; Toney, M.F.; Hendy, S.C.; Cox, T.; Fong, D.D.; Eastman, J.A.; Fuoss, P.H.; Stevens, K.J.; Lassesson, A.;

Brown, S. Particle size effect of hydrogen-induced lattice expansion of palladium nanoclusters. Phys. Rev. B
2008, 78, 245408. [CrossRef]

30. Offermans, P.; Tong, H.; Van Rijn, C.; Merken, P.; Brongersma, S.; Crego-Calama, M. Ultralow-power
hydrogen sensing with single palladium nanowires. Appl. Phys. Lett. 2009, 94, 223110. [CrossRef]

31. Xu, T.; Zach, M.; Xiao, Z.; Rosenmann, D.; Welp, U.; Kwok, W.; Crabtree, G. Self-assembled
monolayer-enhanced hydrogen sensing with ultrathin palladium films. Appl. Phys. Lett. 2005, 86,
203104. [CrossRef]

32. Mehrara, H.; Erfanian, A.; Khaje, M.; Zahedinejad, M.; Rezvani, F. I–V characteristics of two-dimensional
nanodot-array single electron transistors. Superlattices Microstruct. 2013, 53, 1–8. [CrossRef]

33. Erfanian, A.; Mehrara, H.; Raissi, F.; Khaje, M. Coulomb blockade in PtSi/porous Si Schottky barrier as a
two-dimensional multi-tunnelling junction. IET Circuits Devices Syst. 2015, 9, 81–86. [CrossRef]

34. Abramov, I.; Ignatenko, S.; Novik, E. Model of multi-island single-electron arrays based on the Monte Carlo
method. Semiconductors 2003, 37, 564–568. [CrossRef]

35. Abramov, I.; Ignatenko, S.; Novik, E. Influence of the design and material parameters on the current-voltage
characteristics of two-island single-electron chains. Semiconductors 2002, 36, 1192–1197. [CrossRef]

36. Fujino, H.; Oya, T. Analysis of electron transfer among quantum dots in two-dimensional quantum dot
network. Jpn. J. Appl. Phys. 2014, 53, 06JE02. [CrossRef]

37. Abbasi, H.; Sedghi, H.; Khaje, M. Emergence and Shift of Coulomb Blockade Threshold in Well-Arranged
Two-Dimensional Arrays of Nanodots: A Simulation Study. J. Comput. Theor. Nanosci. 2015, 12, 4573–4578.
[CrossRef]

http://dx.doi.org/10.7566/JPSJ.89.051003
http://dx.doi.org/10.3390/nano10030511
http://dx.doi.org/10.1016/j.snb.2011.04.070
http://dx.doi.org/10.3390/s19204478
http://dx.doi.org/10.1016/j.tsf.2009.04.008
http://dx.doi.org/10.1002/adma.201805343
http://dx.doi.org/10.1021/ac504367w
http://dx.doi.org/10.1021/acssensors.8b00834
http://dx.doi.org/10.1063/1.1405154
http://dx.doi.org/10.1007/BF00683469
http://dx.doi.org/10.1109/5.752518
http://dx.doi.org/10.1098/rsta.2015.0052
http://dx.doi.org/10.1016/j.physe.2006.12.014
http://dx.doi.org/10.1103/PhysRevB.78.245408
http://dx.doi.org/10.1063/1.3132064
http://dx.doi.org/10.1063/1.1929075
http://dx.doi.org/10.1016/j.spmi.2012.09.002
http://dx.doi.org/10.1049/iet-cds.2013.0475
http://dx.doi.org/10.1134/1.1575362
http://dx.doi.org/10.1134/1.1513868
http://dx.doi.org/10.7567/JJAP.53.06JE02
http://dx.doi.org/10.1166/jctn.2015.4402


Nanomaterials 2020, 10, 835 12 of 12

38. Karre, P.S.K.; Acharya, M.; Knudsen, W.R.; Bergstrom, P.L. Single electron transistor-based gas sensing with
tungsten nanoparticles at room temperature. IEEE Sens. J. 2008, 8, 797–802. [CrossRef]

39. Kim, S.-W.; Park, J.; Jang, Y.; Chung, Y.; Hwang, S.; Hyeon, T.; Kim, Y.W. Synthesis of monodisperse palladium
nanoparticles. Nano Lett. 2003, 3, 1289–1291. [CrossRef]

40. Boubaker, A.; Troudi, M.; Sghaier, N.; Souifi, A.; Baboux, N.; Kalboussi, A. Electrical characteristics and
modelling of multi-island single-electron transistor using SIMON simulator. Microelectron. J. 2009, 40,
543–546. [CrossRef]

41. Wasshuber, C.; Kosina, H. A single-electron device and circuit simulator. Superlattices Microstruct. 1997, 21,
37–42. [CrossRef]
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