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A B S T R A C T   

We demonstrated highly stable and reversible H2 sensors using a dual electron-conduction channel comprising 
Pd-coated SnO2 nanorods (NRs) and a parallel conduction channel containing Cr/native oxide/p-type Si inter
face. The dual-channel sensor exhibited highly reversible resistance changes during H2 in-and-out cycles at 
operating temperatures of 25 ◦C− 100 ◦C, while typical single-channel sensors with SnO2 NRs fabricated on SiO2 
(300 nm)/Si substrates showed irreversible response because of insufficient recovery from Pd-Hx to Pd-Ox. In 
particular, the sensor showed significantly high repeatability, long-term stability, and selectivity for H2 sensing at 
80 ◦C. Additionally, the time taken to detect H2 above 1% was less than 2 s and the response to H2 above 500 
ppm was unaffected by high humidity. These results indicate that the dual-channel Pd-coated SnO2 NR sensor is 
suitable for applications such as hydrogen leak detectors that require high speed and precision. Moreover, it was 
found that the sensor could detect H2 below 0.5 ppm even at low temperatures. This work provides a pathway for 
improving gas-sensing performance by interface engineering, enabling various practical hydrogen sensor 
applications.   

1. Introduction 

Recently, hydrogen (H2) has been highlighted as a source of future 
energy owing to the necessity of transition to green energy, which can 
achieve CO2-free energy generation with high efficiency [1,2]. For 
example, fuel cell electric vehicles and residential fuel cells are systems 
that use H2 energy by converting it into electrical energy [1,2]. 
Accordingly, the storage, transfer, and usage of H2 gas have been 
intensively studied thus far. Among these H2-related technologies, a H2 
gas sensor is a critical element for the safety of H2 energy usage because 
leakage of even a small amount of H2 gas may cause serious hazards, 
including fire and explosion [3,4]. In addition, H2 gas-sensing technol
ogy can be utilized for other useful applications such as transformer 
failure detection [5–9] or exhaled-breath tests for the medical diagnosis 
of small intestinal bacterial overgrowth (SIBO) [10–12]. 

Metal-oxide semiconductors (MOSs) have drawn attention as H2 gas- 
sensing materials for their high reaction speed and high sensitivity 
[13–19]. Among MOS-based sensing materials, SnO2 has been exten
sively studied owing to its excellent chemical/physical properties such 
as high sensitivity and strong oxidizing power [20,21]. SnO2 is an 
intrinsic n-type semiconductor with a bandgap energy of 3.6 eV at 300 K 
[21]. It has been proposed that the thickness of the electron depletion 
region in SnO2 can be controlled by depositing noble metal catalysts 
such as Pd, Pt, and Au on the surface of SnO2. Metal catalysts enable a 
large number of oxygen ion species to be adsorbed on the surface of the 
sensing materials, resulting in the formation of a thicker depletion layer 
through the extraction of electrons from SnO2 [21,22]. In particular, Pd 
is known to be partially oxidized in air, forming a depletion layer in 
SnO2, which is called electronic sensitization [23]. Furthermore, such 
catalysts stimulate the oxygen adsorption on the surface of SnO2, the 
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Fig. 1. Schematics of (a) single-channel and (b) dual-channel hydrogen (H2) gas sensor systems, in which Pd-coated SnO2 nanorods (NRs) were grown on (a) 300-nm 
SiO2/p-type Si substrates and (b) p-type Si substrates, respectively. Interdigitated electrode (IDE) patterns of the Pt/Cr layer are integrated on both substrates. 
Simplified circuit diagrams for the (c) single- and (d) dual-channel H2 gas sensor systems, respectively. Pd-coated SnO2 NRs act as a single conduction channel on 
SiO2/p-type Si (c), while the interface at Cr/p-type Si serves as a parallel conduction channel (d). The total resistance of the devices is expressed as Rtotal = Rch.1 for 
the single channel and 1/Rtotal = 1/Rch.1 + 1/Rch.2 for the dual channel. (e) Graph of resistance change in the H2 gas sensor during the H2 in-and-out cycle. Irre
versible resistance change is observed in the single-channel gas sensor system, whereas reversible resistance change is observed in the dual-channel gas 
sensor system. 

Fig. 2. (a) Low-magnification cross-sectional transmission electron microscopy (TEM) image of the dual-channel H2 gas sensor. The region for SnO2 NRs on the Pt/Cr 
IDE pattern is selected and observed. (b) High-resolution image taken from the selected area (red box in (a)). The metallic Cr phase is confirmed by the selected-area 
fast Fourier transform pattern (inset). (c–f) Energy-dispersive X-ray spectroscopy analysis of the cross-sectional TEM images with (c) Pt, Cr, and Si; (d) Si alone; (e) Cr 
alone; and (f) Pt alone. 
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so-called spillover effect [9], causing an increment in the resistance of 
SnO2 [9,23]. If H2 gas is introduced, the adsorbed oxygen reacts with H2 
and is removed from the surface of the sensor. Through this reaction, 
electrons bound to the surface oxygen return to SnO2; therefore, the 
resistance of SnO2 is reduced. To achieve high sensitivity toward H2 gas, 
a large surface area is important for more efficient surface reaction of the 
sensor. Accordingly, nanostructures such as nanoparticles (NPs) [24], 
nanorods (NRs) [9,25,26] and nanowires [8] are frequently used with 
the incorporation of metal catalysts [8,9,23,27–31] on top of them. 
Regarding the commonly used metal catalysts, there have been 
numerous studies on H2 gas sensors based on Pd-decorated MOS nano
structures because Pd exhibits high reactivity with H2 gas [8,9,23,29,32, 
33]. 

However, a drawback of MOS-based H2 gas sensors is the high 
sensing temperature (>200 ◦C) required for their optimal functionality 
[15,17,20,21,23–25]. At a lower temperature range (below 100 ◦C), 
which is important for wide applications [3,4,34–38], the activation 

energy is insufficient for a fast and reversible oxygen-adsorbed state on 
the surface of the sensor material during the H2 in-and-out cycle, 
resulting in slow and irreversible resistance changes in the sensors. 
Notably, not only response speed but also reversible resistance changes 
with respect to H2 concentration and temperature is important for 
practical applications because a high-resistance state without H2 gas is 
required as a baseline resistance for signal calculations in the device. To 
address this issue and provide a reliable baseline resistance for the 
sensor, the idea of adding an extra electron-conduction channel, which 
can serve as the main conduction channel without H2 gas, has been 
proposed [39–44]. For example, graphene has been investigated for 
preparing the extra electron-conduction channel; however, there is a 
limitation for applications because of their low stability and productivity 
[39–44]. 

In this work, we demonstrate highly stable and reversible H2 sensors 
based on Pd-coated SnO2 NRs, utilizing a Cr/native oxide/p-type Si 
Schottky barrier interface as a parallel electron-conduction channel. An 

Fig. 3. (a) Grazing incidence X-ray diffraction pattern of Pd-coated SnO2 NRs. The peak at 2θ = ~40 ◦ is related to the Pd (111) reflection. (b) Plane-view and (c) 
cross-sectional SEM images of Pd-coated SnO2 NRs. (d) HR-TEM and EDS mapping images and (e) deconvoluted XPS Pd 3d spectrum of Pd-coated SnO2 NRs. 
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optimal baseline resistance of the second conduction channel is suc
cessfully achieved with the Schottky barrier height, as revealed by the 
work function and chemical stability between Cr and p-type Si. The 
dual-channel sensor exhibited reversible resistance change during H2 
gas in-and-out cycles at temperatures between 25 ◦C and 100 ◦C. The 
optimal working temperature of the dual-channel sensor developed in 
this research was 80 ◦C, which enabled practical H2 sensor applications. 
Moreover, the dual-channel sensor exhibited significantly high sensi
tivity and reliable sensing performance, which could be employed in 
various H2 sensor applications. 

2. Materials and methods 

2.1. Sensor fabrication 

Bare p-type Si < 100 > and thermally grown SiO2 (300 nm)/Si 
substrates (525 µm) were used to fabricate single- and dual-channel 
sensors, respectively. The resistivity of p-type Si < 100 > wafers was 
in the range of 1–10 Ω⋅cm. Pt/Cr interdigitated electrodes (IDEs) were 
fabricated on substrates using photolithography. The width and spacing 
of digits in IDEs were 50 µm and 10 µm, respectively. A Pt (100 nm)/Cr 
(20 nm) IDE was deposited by DC magnetron sputtering, where the 
power, working pressure, and Ar flow were set to 32 W, 2 mTorr, and 34 
sccm, respectively. Sputter cleaning of the substrate was not performed 
prior to the electrode deposition to retain the native oxide on Si sub
strates. The 20-nm Cr layer was selected as the adhesion and interface 
layer with SiO2/Si substrates. After the formation of IDEs on the sub
strates, SnO2 NRs were deposited using the glancing angle deposition 
method. The samples were tilted at 80◦ and rotated at a speed of 12 rpm 
in the vacuum chamber of an e-beam evaporator (KVE-E2000, Korea 
Vacuum Tech). The SnO2 NRs were deposited under an initial base 

pressure of ~2.0 × 10− 6 Torr and deposition rate of 1.0 Å/s by using 
commercial SnO2 granules (99.99%, Kojundo Chemical Laboratory) 
inside a 7-cc crucible for 1700 s. After deposition, the samples were 
annealed at 550 ◦C for 2 h in atmospheric air using a tube furnace (Korea 
Furnace Development Co., Ltd). Pd catalyst with an optimal thickness of 
5 nm was deposited on vertical SnO2 NRs using a DC magnetron sput
tering system (SNTEK Co., Ltd). A working gas pressure of 2 mTorr with 
34-sccm Ar and a deposition rate of 3.6 Å/s at 20 W were used for Pd 
deposition. The schematic of the overall fabrication process for SnO2 
nanorods with Pd nanoparticles is presented in Fig. S1. 

2.2. Characterization 

The crystalline structure of Pd-coated SnO2 NRs was analyzed using 
an X-ray diffractometer (SmartLab, Rigaku) with Cu Kα1 radiation (λ =
1.5409 Å). The surface morphology of the samples was investigated 
using field emission scanning electron microscopy (FE-SEM, JEOL-7800 
F, JEOL Ltd.). The overall laminated structure of the sensor (sensing 
material/electrode/substrate) was investigated using high-resolution 
transmission electron microscopy (HR-TEM, JEM-ARM 200 F NEO
ARM, JEOL Ltd.) equipped with energy-dispersive X-ray spectroscopy 
(EDS). The chemical state of the Pd catalyst was analyzed by X-ray 
photoelectron spectroscopy (XPS, K-alpha Thermo U. K.) using Al Kα 
radiation. 

2.3. Gas-sensing measurement 

The fabricated sensors were loaded in a commercial chamber 
comprising a two-probe system and a Peltier stage in a chamber (volume 
= 100 cc, Micro Probe System, Nextron). The sensor resistance was 
measured by applying a constant current (1 µA) for an interval of 1 s 

Fig. 4. Resistance changes in the (a) dual-channel and (b) single-channel H2 gas sensor with respect to the temperature change in dry air. Resistance changes in the 
(c) dual-channel and (d) single-channel H2 gas sensor during the H2 gas in-and-out cycle. Air-balanced H2 gas (500 ppm) was used for the measurement at 25 ◦C. 
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with a measurement unit (Keithley 236 SMU, Keithley Instruments Inc.). 
The operating temperature of the sensors on the Peltier stage was 
controlled by a computer program with a constant ramping rate 
(~40 ◦C/min). The H2 gas flow rate with various concentrations diluted 
in dry air was fixed at 1000 sccm by a mass flow controller. 

To analyze sensing properties, the response is defined as (Ra − Rg)/ 
Rg, where Ra and Rg are the resistances before and after H2 exposure, 
respectively. Response and recovery times are defined as the time 
required to reach 90% of total decreasing resistance changes upon 
exposure to H2 gas of various concentrations and time to recover 90% of 
total changes after removing H2 in dry air, respectively. 

3. Results and discussion 

Fig. 1(a) and (b) show the schematics of the single- and dual-channel 
H2 gas sensor systems. For the conventional single-channel sensor, the 
sensing material of Pd-coated SnO2 NRs was deposited on the IDE- 
patterned substrate of electrically insulating SiO2 (300 nm)/Si. In such 

a case, Pd-coated SnO2 NRs represent the only electron-conduction 
channel, and their resistance (Rch.1) changes are directly linked to 
sensing performance (Fig. 1(c)). In general, MOS-based gas sensors such 
as SnO2 have a high optimal working temperature above 200 ◦C. 
Therefore, at a low operating temperature (below 100 ◦C), which is the 
preferred sensing temperature for applications, H2 atoms adsorbed on 
Pd are not completely desorbed after the sensing reaction. This causes 
irreversible baseline-resistance changes during the H2 in-and-out cycle 
(Fig. 1(e)). The detailed mechanism of oxygen adsorption/desorption, 
H2 in-and-out cycle, and the resultant resistance changes will be dis
cussed later in this paper. 

Meanwhile, if there is a second electron-conduction path with an 
appropriate resistance, its resistance can be used as a baseline resistance 
for sensor signal calculation because the irreversible high-resistance 
baseline observed in the single-channel sensor can be avoided during 
the H2 in-and-out cycle. To realize stable base resistance of the sensor 
device (Fig. 1(b)), we selected a Cr electrode and electrically conductive 
bare p-type Si substrate instead of the thermally oxidized SiO2 

Fig. 5. Resistance changes in Pd-coated SnO2 NRs on the IDE-patterned p-type Si substrate with respect to temperature change in the temperature range of (a) 
25–100 ◦C, (b) − 40–25 ◦C. (c) Log resistance vs. 1/T plot for Pd-coated SnO2 NRs on the IDE-patterned p-type Si substrate. Resistance changes in the IDE-patterned 
p-type Si substrate (without SnO2) with respect to temperature change in the range of (d) 25–100 ◦C, (e) − 40–25 ◦C. (f) Log resistance vs. 1/T plot for the IDE- 
patterned p-type Si substrate. 
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(300 nm)/Si substrate, which is typically used for the fabrication of 
MOSs gas sensors. In this case, the electron-conduction path through the 
interface of Cr/p-type Si (RCr/p-Si) and p-type Si (Rp-Si) becomes the 
second channel (Rch.2) in addition to the first conduction channel (Rch.1), 
which comprises Pd-coated SnO2 NRs (Fig. 1(d)). Because of the dif
ference in the work function of Cr and p-type Si (Fig. S2), the interface 
can form a Schottky barrier, which may provide the resistance level that 
can be used as the baseline resistance of the sensor. Therefore, this 
resistance level during the recovery from H2 exposure is the same as the 
initial baseline resistance value prior to exposure to H2 gas, resulting in 
reversible resistance change during the H2 in-and-out cycle (Fig. 1(e)). 
Because this approach does not require any extra process or material 
such as graphene [40–43] to create the second path for electron con
duction, the fabrication process is more manufacturable and 
cost-effective in comparison to the multi-layered sample structure. 

Fig. 2(a) shows the cross-sectional transmission electron microscopy 
(TEM) image of Pd nanoparticles (Pd NPs)/SnO2 NRs/Pt/Cr/native 
oxide/p-type silicon, clearly revealing the well-defined interfaces of all 
layers of SnO2, Pt, Cr, native oxide, and p-type Si substrate. The enlarged 
image near the interface between Cr and the p-type Si substrate is shown 
in Fig. 2(b). From the selected-area fast Fourier transform pattern (Fig. 2 
(b) inset), the existence of a metallic Cr layer was confirmed. The 
thicknesses of Cr and the native oxide (SiO2) were found to be ~20 and 
~1.7 nm, respectively. From the EDS mapping results (Fig. 2(c)–(f)), we 
found that there was no significant intermixing among Pt, Cr, and p-type 
Si. 

The native oxide between Cr and the p-type Si interface can modify 
the electronic structure of Cr and p-Si; therefore, the Schottky barrier 
height is also modified [44–46]. The modified barrier height will 
determine the actual resistance of the second-channel electron 

conduction (Rch.2) of the device. Through the incorporation of the native 
oxide with an appropriate thickness, the resistance of the second current 
channel can be tuned to achieve optimal baseline resistance in the de
vice. However, the thickness of the native oxide is self-limiting in nature 
depending on the environmental condition and is not easy to tune as 
needed. Alternatively, the native oxide can be replaced with other ma
terials that can be processed with more precise control of thickness and 
thereby barrier height and resistance [41,42]. Further investigation is 
required to characterize the barrier height of the Cr/native oxide/p-Si 
interface and determine its effect on the electron transport behavior 
and the interface resistance in this system. 

The information on the crystalline structure and morphologies of Pd- 
coated SnO2 NRs is presented in Fig. 3. The XRD patterns indicate that 
the as-prepared Pd-coated SnO2 NRs were well crystallized without 
secondary or impurity phases (Fig. 3(a)). The plane-view (Fig. 3(b)) and 
cross-sectional (Fig. 3(c)) SEM images show that the SnO2 NRs were 
grown to average dimensions of ~230 nm (in length) and 20–30 nm (in 
diameter). The elemental analysis using HR-TEM revealed that clusters 
of Pd catalysts were capped on the top surface of NRs and also distrib
uted on the side of the NRs (Fig. 3(d)). The chemical state of Pd was 
analyzed using XPS measurements. The XPS Pd 3d spectrum of Pd-SnO2 
NRs was deconvoluted to identigy the pure metallic Pd state (P0) and 
oxidized PdO state (Pd2+) (Fig. 3(e)). The binding energies of Pd 3d5/2 
for native P0 and oxidized Pd2+ states are known to be in the range of 
335.1–335.4 eV and 336.8–337.2 eV, respectively [47]. As shown in 
Fig. 3(e), the Pd 3d5/2 peaks were deconvoluted into a dominant P0 peak 
at ~335.3 eV and a less prominent Pd2+ peak at ~336.8 eV. These re
sults suggest that the Pd coated onto the SnO2 NRs primarily consists of a 
metallic phase with some degree of oxidation. 

To verify the dual-channel sensing behavior, we compared the 

Fig. 6. (a) Variation in the resistance of the dual-channel Pd-SnO2 NRs sensors prepared with different Pd thickness (2, 5, and 8 nm) for H2 concentration range of 
0.5%− 2%, (b) response, (c) response time, and (d) recovery time of the sensors as a function of Pd thickness. 
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resistance change with respect to the temperature and H2 in-and-out 
cycle for both single- and dual-channel sensors. Fig. 4(a) shows the 
resistance change of the dual-channel sensor when the temperature is 
changed from 25 ◦C to 100 ◦C repeatedly in dry air. In this case, the 
electron conduction is carried out through the second channel because 
the sensor material is not exposed to H2 and maintains higher resistance 
(Rair

ch.1) than the second path resistance (Rch.2) at 25 ◦C as well as 100 ◦C. 
The resistance of the device at 25 ◦C and 100 ◦C is mainly due to the 
temperature dependence of the Schottky barrier height at the Cr/native 
oxide/p-Si interface. Therefore, the temperature dependence of gas 
adsorption and desorption dynamics did not contribute to the device 
resistance, and the resistance changes were reversible and stable with 
the temperature change cycle in the dual-channel sensor. 

In the case shown in Fig. 4(b), the resistance is mainly governed by 
the chemisorption reaction of oxygen ion species on the surface of the 
sensor material of Pd-SnO2 NRs at 25 ◦C and 100 ◦C. The behavior of the 
resistance in the single-channel sensor was irreversible and unstable 
during heating and cooling cycles. The change in resistance curves with 
different temperatures reflects the bulk resistance corresponding to the 
intrinsic electronic properties of the sensing material and the surface 
resistance affected by the adsorbed oxygen ion species [38]. As shown in 
Fig. 4(b), the resistance at 100 ◦C is lower than that at 25 ◦C, which 
reflects the semiconducting bulk properties of the sensor material. In 
addition, at 100 ◦C, the resistance value and the slight increase in it with 
time are almost similar for repeated heating and cooling processes. This 
is because the species and quantities of adsorbed oxygen are specified at 
the temperature of 100 ◦C [38]. However, higher resistance was 

Fig. 7. Variation in the resistance of the dual-channel H2 gas sensor at H2 concentration ranges of (a)–(c) 0.5%− 2% and (d)–(f) 0.1–500 ppm and different operating 
temperatures: 60 ◦C, 80 ◦C, and 100 ◦C. A reaction time of 1200 s was used for each H2 concentration. 
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observed after cooling from 100 ◦C to 25 ◦C. This can be attributed to 
the abundance of chemisorbed oxygen and nonequilibrium state 
generated by the cooling process [38]. This irreversible and unstable 
baseline resistance depending on the temperature is the main drawback 
of the single-channel sensor for practical applications. 

Moreover, the behavior of resistance change at 25 ◦C was reversible 
during the H2 in-and-out cycle in the dual-channel sensor (Fig. 4(c)), 
which was in contrast to the behavior in the single-channel sensor (Fig. 4 
(d)). The single-channel sensors did not exhibit complete recovery under 
identical measurement conditions. When H2 gas was introduced into the 
sensor, it reacted with the chemisorbed oxygen to produce H2O. Elec
trons generated in this chemical reaction were released back into the 
conduction band of the sensing material, thereby reducing the resistance 
of the sensor. Further, when H2 gas was removed from the sensor and air 
was injected, the resistance of the Pd-SnO2 sensor increased again, and 
the conduction path switched from the first to the second path when the 
sensor resistance reached that of the second conduction channel. Fig. 4 
(c) shows the repeating resistance pattern with a baseline resistance of 
10 kΩ according to the H2 in-and-out cycle at 25 ◦C. The resistance of 
the sensor reliably and repeatedly changed between 10.3 and 3.6 kΩ 
according to the H2 gas in-and-out cycles in the dual-channel sensor. 

If the baseline resistance of the dual-channel sensor is determined by 
the interface of Cr/native oxide/p-type Si and p-type Si substrate as 
shown in Fig. 4(c), this resistance value is also expected to be compa
rable with that of the IDE-patterned p-type Si substrate without SnO2 
NRs. To verify this hypothesis, we compared the resistance changes in 
IDE-patterned p-type Si substrates with and without Pd-coated SnO2 
NRs. Fig. 5(a) and (b) clearly reveal the stable and reversible behavior of 
the dual-channel sensor under the wide temperature range of 

− 40–100 ◦C in air. This resistance value at each temperature is almost 
identical to that in IDE-patterned p-type Si without SnO2 NRs, as shown 
in Figs. 5(d) and 5(e). From the identical behavior in log resistance vs. 1/ 
T for IDE-patterned p-type Si with and without SnO2 NRs (Figs. 5(c) and 
5(f), respectively), we confirmed that the baseline resistance in the dual- 
channel sensor is governed by the interface at Cr/native oxide/p-type Si. 
Furthermore, this result suggests that the interface resistance can be 
explained by the Schottky barrier height model [48,49], thereby vali
dating our hypothesis regarding the band diagram for Cr/native 
oxide/p-type Si (Fig. S2). This unambiguously reveals that the baseline 
resistance in the dual-channel sensor originates from the interfacial 
resistance. Meanwhile, the baseline resistance (Ra), derived from the 
interfacial resistance, exhibits a constant value with temperature 
dependence and it decreases with increasing temperature, as shown in 
Fig. 5(d). The fixed value of the baselines resistance in the dual-channel 
sensor can provide information about the operating temperature. This 
advantageous characteristic allows the parallel second conduction 
channel to serve the same purpose as a temperature sensor. In terms of 
commercialization, when using a dual-channel sensor, it may not be 
necessary to incorporate a separate temperature sensor. 

Before evaluating the sensing ability of the dual-channel sensor, we 
optimized the thickness of the Pd catalyst using various dual-channel Pd- 
SnO2 NRs sensors prepared with different Pd thicknesses (2, 5, and 
8 nm). Fig. 6(a) shows the resistance variations over time at the oper
ating temperature of 80 ◦C for various hydrogen concentrations (0.5%, 
1%, 1.5%, and 2%). The response was calculated using a definition of 
ΔR/Rg × 100 (%), where ΔR = Ra− Rg. Here, Ra and Rg are the re
sistances of the sensor in air and hydrogen, respectively. The response 
time and recovery time were estimated as the time required to reach 

Fig. 8. Temperature dependence of sensing performance of the dual-channel hydrogen gas sensor: (a) Maximum response under 0.1–500 ppm and 0.5%− 2% H2 
(response = ΔR/Rg × 100 (%)); (b) response and (c) recovery time under exposure to 500-ppm H2. The response and recovery time were estimated using the 
following definition: the time required to reach 90% of the total change in response and recovery. 
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90% of the saturated response and recovered base-resistance, respec
tively. With increasing Pd thickness increases, the sensors exhibited 
higher sensing response (Fig. 6(b)) and faster response time (Fig. 6(c)), 
attributed to the enhanced reactivity resulting from a larger amount of 
catalyst. However, the recovery time is significantly increased (Fig. 6 
(d)). Thus, the optimal thickness of Pd was 5 nm, which was selected 
based on criteria such as high response and short response/recovery 
time. 

To evaluate the sensing performance of the dual-channel Pd(5 nm)- 
SnO2 NRs sensor for applications at relatively lower temperatures (<
100 ◦C) than those for the conventional sensor operation (>200 ◦C), its 
resistance was evaluated at 60–100 ◦C under high and low concentra
tions of hydrogen in the ranges of 0.5%− 2% (Fig. 7(a)–(c)) and 
0.1–500 ppm (Fig. 7(d)–(f)), respectively. As shown in Fig. 7, the dual- 
channel sensor exhibited an excellent response/recovery characteristic 
with a stable baseline resistance in the different ranges of H2 concen
tration at each temperature. Notably, these baseline resistances are the 
same as the interfacial resistance, which is shown in Fig. 5 at tempera
tures of 60 ◦C (Fig. 7(a) and (d)), 80 ◦C (Fig. 7(b) and (e)), and 100 ◦C 
(Fig. 7(c) and (f)). The sensing response of the dual-channel sensor 
increased with an increase in H2 concentration, and the sensitivity 
(slope) was different at each H2 concentration range (Fig. 8). As the 
temperature increased, the response of the dual-channel sensor 
decreased (Fig. 8(a)) because the interfacial resistance decreased at 
higher temperatures (Fig. 5(d)). However, the response/recovery time 
can be faster at higher temperatures (Fig. 8(b)) owing to a higher re
action rate on Pd-SnO2 NRs [20–23,35,37,50,51]. In particular, the re
covery time at 100 ◦C can be reduced to ~31 s, which is very fast 
compared to typical MOS-based single-channel sensors. Consequently, 
the optimal operating temperature of the dual-channel sensor was found 
to be 80 ◦C, which satisfied requirements such as high response and high 
response/recovery speed with a stable and reversible baseline 

resistance. A low detection limit of the dual-channel sensor was 
observed, reaching 0.5 ppm at the optimal working temperature of 
80 ◦C (Fig. 7(e)). It is noteworthy that the dual-channel sensor is capable 
of detecting H2 concentrations as low as 0.5 ppm, even at this low 
operating temperature. Moreover, the measurement results using 1% H2 
gas (Fig. S3) showed fast sensing response within 2 s. These results 
indicate that the dual-channel Pd-coated SnO2 NRs sensor is suitable for 
applications such as hydrogen leak detectors that require high speed and 
precision. Because the sensor can detect low H2 concentrations, if the 
baseline resistance or barrier height is further optimized, the response 
and response time could be further improved, and the sensor could be 
used in applications such as a hydrogen breath analyzer. 

We compared the sensing properties of the dual-channel sensor with 
those of the single-channel sensor at 80 ◦C (Fig. S4). The sensing resis
tance curves of the single-channel sensor were obtained under the same 
measurement conditions, including exposure time to air–H2–air, H2 
concentration, and operating temperature. As shown in Fig. S4(a), the 
resistance of the single-channel sensor does not exhibit reversible re
covery to its initial state. This lack of recovery implies that the baseline 
resistance (Ra) after the sensing measurement is not consistently main
tained, leading to inaccurate response calculations. When the response 
of the single-channel sensor was calculated using different Ra values for 
each H2 concentration, the single-channel sensor exhibited a lower 
response and a different curvature compared to the dual-channel sensor. 
Both sensors exhibited a response time of less than 2 s (Fig. S4(d) and 
(e)). However, as shown in Fig. S4(e), the single-channel sensor required 
a significantly longer time to observe the fully recovered initial state 
after detection of 2% H2. 

We performed reliability and long-term stability tests of the dual- 
channel sensor at 80 ◦C. The results of the repeatability test (Fig. 9) 
showed that the resistance changes for low H2 concentrations of 50, 10, 
5, and 1 ppm were highly reproducible during 10 or 22 cycles of sensing 

Fig. 9. Sensing reproducibility tests of the dual-channel H2 gas sensor for H2 gas concentrations of (a) 50, (b) 10, (c) 5, and (d) 1 ppm at the operating temperature 
of 80 ◦C. 
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Fig. 10. Long-term stability test of the dual-channel H2 gas sensor at 80 ℃ for 76 days: (a) Base resistance of the sensor in air and (b) resistance change of the sensor 
upon exposure from air to H2 at 50 and 300 ppm. 
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measurements. The long-term stability was tested by sensing measure
ments at H2 concentrations of 50 and 300 ppm for 76 days at random 
intervals. The base resistance in air (Fig. 10(a)) and change in sensing 
resistance to H2 exposure (Fig. 10(b)) were found to be nearly constant 
over 76 days. These results indicate that the dual-channel Pd-coated 
SnO2 NR sensor has excellent and reliable performance for H2 detection. 

We further tested the effect of humidity on the dual-channel sensor 
for different concentrations of H2 at 80 ◦C. Fig. 11 shows the resistance 
variation with time for 500- and 10-ppm H2 under different humidities 
(0–90 RH%). For the high concentration of H2 (500 ppm), the resistance 
change was almost constant even under high humidity. However, the 
sensor response decreased significantly with increasing humidity for a 
low concentration of H2 (10 ppm). This is because more water molecules 
are adsorbed on the surface of the sensing material under high humidity, 
resulting in a significant reduction in the number of reaction sites for 
detection of the target gas. Furthermore, the selectivity test was per
formed for 3-, 5-, and 10-ppm H2 and other gases (isoprene, methane, 
and acetone) at 80 ◦C. As shown in Fig. 12, the dual-channel Pd-coated 
SnO2 senor exhibited remarkably high selectivity for H2 detection. This 
is because the sensing reaction of heavier molecules such as isoprene, 
methane, and acetone is significantly suppressed at the low operating 
temperature of 80 ◦C. 

The detailed mechanism for the lower sensing temperature of the 
dual-channel sensors compared with the conventional ones can be 
explained by hydrogen partial desorption, as shown in Fig. 13. At a low 
temperature (below 100 ◦C), oxygen molecules in air atmosphere are 
simply physisorbed on the surface of SnO2 [20,38,52]. However, the 
oxygen ion species are easily adsorbed over the surface of Pd NPs by 

attracting electrons from SnO2. Because of the spillover effect of Pd NPs, 
oxygen ions spread out on the surface of SnO2. These cause the forma
tion of a thick electron-depletion layer on the surface of SnO2. Conse
quently, the resistance of Pd-coated SnO2 NPs (Rch.1) increases, which is 
much higher than the resistance of the secondary conduction channel 
through the electrode/substrate (Rch.2). The current mainly flows 
through the interface at Cr/native oxide/p-type Si and p-type Si (Rch.2) 
(Fig. 13(a)). When the dual-channel sensor is exposed to H2/air, the 
chemisorbed oxygen ion species react with H2 to form H2O. In this 
process, electrons are released and returned to SnO2, resulting in the 
reduction in the thickness of the depletion region. This reaction makes 
the conductance of SnO2 NRs higher than that of the second channel, so 
that the main current flows through the SnO2 NRs (Rch.1), as shown in 
Fig. 13(b). 

Notably, a temperature below 100 ◦C is not high enough to fully 
recover the initial surface state of the Pd-SnO2 NRs in the H2 out cycle, 
resulting in incomplete recovery of the baseline resistance, which causes 
the problem of slow and irreversible change in the case of a conventional 
single-channel sensor. However, in the case of the dual-channel sensor, 
the second conduction channel with Rch.2, which is more stable, be
comes the main conduction path in air. Although the first conduction 
path with Rch.1 is not fully recovered, a highly stable and reversible 
hydrogen response/recovery signal can be obtained and persists at 
temperatures below 100 ◦C. This switching mechanism can also be 
explained by Rch.1 and Rch.2 operating in parallel (1/Rtotal = 1/Rch.1 + 1/ 
Rch.2). Accordingly, we demonstrated the highly stable and reversible 
hydrogen sensors, which could operate at temperatures below 100 ◦C. 

One notable point is that in this study the optimal baseline resistance 
of the sensor was achieved through the Cr/native oxide/Si hybrid 
Schottky barrier. Moreover, we expect that a higher baseline resistance 
(a higher barrier height) is needed to achieve optimum performance for 
sensing heavy gas molecules at higher temperatures. Investigating 
alternative materials or fabrication processes for providing optimal 
Schottky barrier height and the resistance of the second channel is also 
important. Accordingly, the concept of the dual-channel sensors utiliz
ing the interface between the metal electrode and Si substrate can be 
generally employed for detection of various types of gases in a controlled 
manner. This work paves the way for improving gas-sensing perfor
mance through interface engineering, enabling practical sensor 
applications. 

4. Conclusion 

We present a highly stable and reversible H2 sensor that operates 
with a dual electron-conduction channel comprising a sensing material 
(Pd-coated SnO2 NRs) channel (Rch.1) and a parallel conduction channel 
(Rch.2) with electrode/substrate interface and substrate. TEM analysis 
revealed sharp interfaces between the Cr layer and p-type Si, with a 1.7- 

Fig. 11. Humidity effect of the dual-channel H2 gas sensor at 80 ℃: resistance variation curves in time for 500 and 10 ppm H2 under (e) dry, (b) RH 45%, and (c) RH 
90% humid atmosphere. The humidity conditions were prepared at 22 ℃. During the sensing test, the sensor operating temperature was adjusted to 80 ℃ using a 
Peltier plate, and the H2 gas containing RH 45% and RH 90% prepared at 22 ℃ was injected into the sensor chamber. Therefore, only the sensor was heated to 80 ℃ 
and the test gas was 22 ℃. 

Fig. 12. Selectivity test of the dual-channel H2 gas sensor: maximum sensing 
response for 3, 5, and 10 ppm of H2 and other gases at 80 ◦C. 
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nm-thick native oxide layer existing between them. By using an elec
trically conductive p-type Si substrate (Rp-Si) instead of insulating SiO2 
(300 nm)/Si substrate and utilizing a Cr/native oxide/p-type Si inter
face as a Schottky barrier (RCr/p-Si), a parallel conduction channel (Rch.2 
= RCr/p-Si + Rp-Si) was formed. Therefore, the dual channel sensor works 
with a parallel resistor model (1/Rtotal = 1/Rch.1 + 1/Rch.2). In air at
mosphere, Rch.1 is much higher than Rch.2. Thus, when the sensor is in 
air, the current mainly flows through the interface of Cr/p-type Si and p- 
type Si, thereby keeping the base resistance stable at Rch.2. Under H2 
exposure, Rch.1 becomes much lower than Rch.2 owing to the H2-sensing 
reaction. Because of this switching mechanism, the dual-channel sensor 
exhibited highly reversible resistance changes during H2 in-and-out 
cycles at operating temperatures of 25 ◦C− 100 ◦C. The dual-channel 
Pd-coated SnO2 NR sensor showed excellent performance in terms of 
reproducibility, long-term stability, and selectivity in H2 sensing at 
80 ◦C, which enables practical H2 sensor applications. In addition, by 
using this sensor, H2 at 1% or more could be detected within 2 s, and the 
sensing response for H2 at 500 ppm or more could be stably obtained 
without interference form high humidity. Moreover, the sensor was able 
to detect H2 below 0.5 ppm. This work provides a route to improve gas- 
sensing performance through interface engineering, enabling a variety 
of practical hydrogen sensor applications, such as hydrogen leak de
tectors and hydrogen breath analyzer. 
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Fig. 13. Schematics showing the sensing mechanism in dual-channel H2 gas sensors. (a) In air, oxygen is adsorbed on the Pd surface and electrons at SnO2 are 
attracted to the surface, resulting in widening of the depletion layer (high-resistance state of Pd-coated SnO2 NRs). In this case, the interface at Cr/p-type Si and p- 
type Si itself serves as the main conduction channel. (b) Under H2 gas exposure, the surface oxygen can be removed, and then the depletion layer is reduced (low- 
resistance state of Pd-coated SnO2 NRs), so that Pd-SnO2 NRs act as the main conduction channel. 

J. Jeong et al.                                                                                                                                                                                                                                    



Sensors and Actuators: B. Chemical 394 (2023) 134350

13

References 

[1] V.A. Goltsov, T.N. Veziroglu, A step on the road to hydrogen civilization, Int. J. 
Hydrog. Energy 27 (2002) 719–723. 

[2] P. Liu, X. Han, Comparative analysis on similarities and differences of hydrogen 
energy development in the World’s top 4 largest economies: a novel framework, 
Int. J. Hydrog. Energy 47 (2022) 9485–9503. 

[3] D.A. Crowl, Y.D. Jo, The hazards and risks of hydrogen, J. Loss Prev. Process Ind. 
20 (2007) 158–164. 

[4] W.J. Buttner, M.B. Post, R. Burgess, C. Rivkin, An overview of hydrogen safety 
sensors and requirements, Int. J. Hydrog. Energy 36 (2011) 2462–2470. 

[5] H.C. Sun, Y.C. Huang, C.M. Huang, A review of dissolved gas analysis in power 
transformers, Energy Procedia 14 (2012) 1220–1225. 

[6] D. Li, J.W. Medlin, R. Bastasz, Application of polymer-coated metal-insulator- 
semiconductor sensors for the detection of dissolved hydrogen, Appl. Phys. Lett. 88 
(2006), 233507. 

[7] F. Yang, D. Jung, R.M. Penner, Trace detection of dissolved hydrogen gas in oil 
using a palladium nanowire array, Anal. Chem. 83 (2011) 9472–9477. 

[8] B. Jang, M.H. Kim, J. Baek, W. Kim, W. Lee, Highly sensitive hydrogen sensors: Pd- 
coated Si nanowire arrays for detection of dissolved hydrogen in oil, Sens. 
Actuators, B 273 (2018) 809–814. 

[9] M.H. Kim, B. Jang, W. Kim, W. Lee, Enhanced hydrogen sensing properties of Pd- 
coated SnO2 nanorod arrays in nitrogen and transformer oil, Sens. Actuators, B 283 
(2019) 890–896. 

[10] L. Pauling, A.B. Robinson, R. Teranishi, P. Cary, Quantitative analysis of urine 
vapor and breath by gas-liquid partition chromatography, Proc. Natl. Acad. Sci. U. 
S. A 68 (1971) 2374–2376. 

[11] A. Eisenmann, A. Amann, M. Said, B. Datta, M. Ledochowski, Implementation and 
interpretation of hydrogen breath tests, J. Breath. Res. 2 (2008), 046002. 

[12] W. Shin, Medical applications of breath hydrogen measurements, Anal. Bioanal. 
Chem. 406 (2014) 3931–3939. 

[13] L. Boon-Brett, J. Bousek, G. Black, P. Moretto, P. Castello, T. Hübert, U. Banach, 
Identifying performance gaps in hydrogen safety sensor technology for automotive 
and stationary applications, Int. J. Hydrog. Energy 35 (2010) 373–384. 

[14] T. Hübert, L. Boon-Brett, G. Black, U. Banach, Hydrogen sensors–a review, Sens. 
Actuators, B 157 (2011) 329–352. 

[15] L. Boon-Brett, J. Bousek, P. Moretto, Reliability of commercially available 
hydrogen sensors for detection of hydrogen at critical concentrations: part 
ii–selected sensor test results, Int. J. Hydrog. Energy 34 (2009) 562–571. 

[16] N. Yamazoe, New approaches for improving semiconductor gas sensors, Sens. 
Actuators, B 5 (1991) 7–19. 

[17] Y. Luo, C. Zhang, B. Zheng, X. Geng, M. Debliquy, Hydrogen sensors based on noble 
metal doped metal-oxide semiconductor: a review, Int. J. Hydrog. Energy 42 
(2017) 20386–20397. 

[18] G. Korotcenkov, Gas response control through structural and chemical 
modification of metal oxide films: state of the art and approaches, Sens. Actuators, 
B 107 (2005) 209–232. 

[19] N. Yamazoe, K. Shimanoe, Proposal of contact potential promoted oxide 
semiconductor gas sensor, Sens. Actuators, B 187 (2013) 162–167. 

[20] G.J. Li, X.H. Zhang, S. Kawi, Relationships between sensitivity, catalytic activity, 
and surface areas of SnO2 gas sensors, Sens. Actuators, B 60 (1999) 64–70. 

[21] S. Das, V. Jayaraman, SnO2: a comprehensive review on structures and gas sensors, 
Prog. Mater. Sci. 66 (2014) 112–255. 

[22] N. Barsan, M. Schwerizer-Berberich, W. Göpel, Fundamental and practical aspects 
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