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Abstract

Currently, great emphasis is placed on air quality and the presence of pollutants, whether on toxic substances
(NHs or CO), substances that reduce the quality of life (CO2) or chemical vapors from industries (acetone or
ethanol). Attention is therefore focused on new gas-sensing materials enabling detection even at low (up to
room) temperatures with sufficient response and short reaction time.

Here, we investigate the suitability of hydrogen-terminated nanocrystalline diamond (H-NCD) films and their
heterostructures with molybdenum disulfide (Mo0S2), graphene oxide (GO), reduced GO (rGO),
thiol-functionalized GO (SH-GO), or gold nanoparticles (Au NPs) for gas sensing applications. Electrical
properties are measured for oxidizing gas NOz2, reducing gas NHs, and chemical vapor of ethanol (C2HsOH),
and at temperatures varied from room temperature to 125 °C. All tested gases were used with a concentration
of up to 100 ppm. Synthetic air is used as the flushing gas. The measured parameters of the tested sensors
are compared, both with each other and with commercial sensors, and subsequently evaluated. In contrast to
the individual forms of employed materials with limited response to the exposed gases, the H-NCD
heterostructures revealed better sensing properties. In particular, the Au NPs/H-NCD heterostructures
revealed a higher response at 125 °C in contrast to H-NCD, MoS2/H-NCD had quite good response even at
room temperature and GO/H-NCD revealed high sensitivity to chemical vapor, which further improved for the
SH-GO/H-NCD.
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1. INTRODUCTION

Air quality is essential, especially regarding hazardous substances like ammonia (NHs), as well as those that
reduce our overall quality of life, such as nitrogen dioxide (NOz2) or carbon oxide (COz). The release of an
increasing number of harmful substances into the air, mainly by industry, significantly threatens the quality of
our lives. Nowadays, air quality monitoring and pollutant detection are significant issues. As a result, gas
sensors have become almost indispensable parts of industrial processes and everyday life. Currently, the most
used gas sensor that uses the conductivity principle is metal oxide (MOx) material, especially SnOz [1,2]. MOx
sensors are used for their low price and flexible production. On the other hand, these sensors need a very high
operating temperature, and the dimensions cannot be reduced too much [3,4]. The high energy consumption
and large dimensions prevent applications as sensor nodes in |0T (Internet of Things) applications with Energy
Harvesting supply. Therefore, developing devices that work at room temperature (about 22 °C) with low cost
and high sensitivity is still challenging. For this reason, high demands are placed on developing new types of
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sensors [1,2]. With new materials and processing, smaller, more accurate, and cheaper sensors with lower
power consumption are being developed. Following that, great attention is focused on new materials suitable
for gas sensors. Gas sensors with wide bandgap semiconductors (exceptionally diamond-thin layers) [5,6,7]
or 2D materials (e.g., TMDs [8,9,10] or GOs [11,12]) active layers have great potential due to possible
miniaturization and modification, e.g., material science or technology progress [2]. Here, a miniaturized
conductivity gas sensor is realized with H-NCD films and their heterostructures with MoS2, GOs (GO, rGO,
and SH-GO), and Au NPs, which revealed enhanced gas-sensing parameters.

2. EXPERIMENTAL

The fabrication of active layers for gas sensors (pure materials and heterostructures) is described in the
following chapters. The glass substrate with an interdigital (IDT) structure from Micrux was used instead of
MoS: layers, which were prepared on Si substrate. The IDT structure from Micrux contains 90 pairs of 10 ym
width gold electrodes with 200 nm thickness and 10 um gap between electrodes. The Au/Ti IDT structures
with a 120 nm thick were evaporated on the top of MoS: layers. Then, the substrates were ultrasonically
cleaned in acetone, subsequently in isopropyl alcohol, and finally in deionized water for 10 minutes. All
fabricated sensors, the distinct materials and their heterostructures are depicted in the Figure 1.

21 H-NCD

The H-NCD layers were grown by microwave plasma-enhanced chemical vapor deposition (MW-PECVD)
technology. A four-step process was used: 1) preparation of a diamond nucleation layer on the substrate by
treatment in an ultrasonic bath in a water-based nanodiamond powder suspension, 2) growth of the adhesion
NCD layer in a linear antenna MW-PECVD system consisting of two linear antennas for better adhesion
between the substrate and functional NCD layer, 3) growth of the functional NCD layer in a focused
MW-PECVD chamber, and 4) surface functionalization of the NCD layer by hydrogen termination (H-NCD)
realized in hydrogen plasma [13].

2.2 MoS;

The MoS: layers were prepared as follows. Firstly, a 4 nm thin Mo layer was deposited using DC magnetron
sputtering in an Ar atmosphere from a Mo target at room temperature (about 22 °C). The rotation speed of the
sample holder controlled the thickness of the prepared Mo films. Next, the pre-deposited Mo layers were
sulfurized in a custom-designed CVD chamber. The Mo layer was annealed in sulfur vapors at a high
temperature of 800 °C in an N2 atmosphere at ambient pressure. The substrate was placed together with the
sulfur powder in the center of the furnace so that the temperature of the substrate and the powder were the
same during the growth, unlike the standard CVD method, which uses a two-zone furnace with different
temperatures for the sulfur powder and the Mo substrate [14].

23 GOs

GO was prepared using a modified Hummers method from graphite powder. rGO was made from GO
dispersion, evaporating in a water bath to yield a mud-like residue. The sample was treated in ascorbic acid
solution and sonicated. SH-GO arose from GO. GO was refluxed and stirred in a toluene/P4Sio solution for 7
days. All active layers were prepared by drop-casting of 20 ul acetone suspension (ratio of 1 g in 25 ml).

24 AuNPs

The Au NPs were prepared by evaporating a thin Au layer (thickness of about 3 nm), which was further
annealed in hydrogen microwave plasma. This treatment resulted in the formation of nano-sized Au particles
(droplets) on the H-NCD surface. The Au was chosen due to its chemical stability and simple preparation [15].
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2.5 Heterostructures

The preparation of heterostructures combined previous technological steps to prepare active layers for gas
sensors. The first layer is, in most cases, H-NCD and the second material is prepared on it. The prepared
heterostructures were kept for a week to stabilize the sensor surface [14,15].

Materials Pure MoS; Au NPs
Pure N. A.
H-NCD

Figure 1 Photographs of all fabricated and tested sensors with pure materials and heterostructures

3. RESULTS AND DISCUSSION

The gas responses of these sensors were measured at a high temperature of 125 °C and room temperature
(about 22 °C) for three testing gases concentrated at 100 ppm: ethanol vapor, NHs, and NO2. The
gas-sensitive layer changed the resistance from steady-state Ro to actual resistance R in the presence of the
tested gas. The resistance changes Ar in the presence of active gas were calculated using equation (1).
Table 1 and Table 2 show the responses achieved for individual sensors.

Rg Rg — R
Ap = (— - 1) -100 = (—) -100 (%) 1)
Ro Ro
Where:
Ar— Resistance change (%)

Rc — Resistance in the presence of the tested gas (Q)

Ro — Steady-state resistance (Q)

Table 1 Responses of sensors at 125 °C exposed to 100 ppm ethanol vapor, 100 ppm NHzand 100 ppm
NO:. In the table, the best and the second-best values are highlighted in dark green and light green.

Pure H-NCD
125°C 100 ppm 100 ppm 100 ppm 100 ppm
100 ppm Ethanol NHs NO> 100 ppm Ethanol NHs NO»
Pure [13] No response 98 39 -13
MoS2 Unmeasured
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GO 352 28 -39 498 69 -40
rGO 148 -11 17 254 72 -39
SH-GO 46 8 -5
Au NPs [15] Unmeasured

Table 2 Responses of sensors at 22 °C exposed to 100 ppm ethanol vapor, 100 ppm NHz and 100 ppm NO-.
In the table, the best and the second-best values are highlighted in dark green and light green.

RT Pure H-NCD
(22°C) 100 ppm Ethanol 10&25”‘ 10,?lopfm 100 ppm Ethanol 10,?“ﬂ§m 108Opi)m
Pure [13] No response 3 0.5 -0.7
MoS: [14] 35 -0.7 1.8 248 17.8 15.7
GO 301 5.2 -7.9 153 2.1 -7.2
rGO 130 -2 1.8 195 7.1 -2.2
SH-GO 16 0.6 -0.2
Au NPs [15] Unmeasured 164 4.8 -4.7

The responses are summarized and compared in Figures 2, 3, and 4. Compared to pure materials, their
combination in heterostructure significantly enhanced the gas responses. The best response to gases
exhibited SH-GO/H-NCD and Au NPs/H-NCD heterostructures at 125 °C, respectively SH-GO/H-NCD at room
temperature. The SH-GO/H-NCD sensor exposed to 100 ppm ethanol achieved the most significant response
of 634 % and 554 % at 22 °C and 125 °C, respectively. The second-best ethanol sensor is a heterostructure
of Au NPs/H-NCD with a response of 587 % at 125 °C. The pure materials revealed a low response (<2 %) at
room temperature, except for GO, with very high steady-state resistance. The higher temperature enhanced
the response of almost all sensors. The only exception is the ethanol response of SH-GO/H-NCD. In this case,
the response decreased from 634 % to 554 %.
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Figure 2 Responses of fabricated sensors to 100 ppm ethanol vapor at 125 °C and 22 °C (room
temperature)
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In comparison with commercial gas sensors, our sensors achieved comparable responses. For example, the
commercially available conductivity sensor TGS 826 from Figaro is designed to detect NHswith a concentration
from 30 ppm to 300 ppm [16]. This sensor uses SnO:2 as active material heated to 300 °C. The measured
response to NHzis -16.9 % and 47.8 % to NO2 [13]. A similar response to NOz had an IR gas sensor PY2055
from Pyreos, which is designed to detect NO2 [17]. This sensor uses the absorption of IR light by gas. The
disadvantage is the need to use an IR light source and as long as possible interaction path where the light will
be absorbed. The total response to NO: is -46 %. This sensor had no response to NHs, because this type has
very high selectivity [13]. All prepared heterostructures have comparable responses at 125 °C to gases with
these commercial sensors. In addition, the SH-GO/H-NCD and MoS2/H-NCD have good responses
comparable with commercial sensors at room temperature.
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Figure 3 Responses of fabricated sensors to 100 ppm NHzat 125 °C and 22 °C (room temperature)
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Figure 4 Responses of measured sensors to 100 ppm NO: at 125 °C and 22 °C (room temperature)



2023
NANOCON® October 18 - 20, 2023, Brno, Czech Republic, EU

4, CONCLUSION

The newly introduced heterostructures H-NCD and the second material (MoSz2, GO, rGO, SH-GO or Au NPs)
were designed, fabricated, and tested. The measurements revealed that most heterostructures exhibit
preferable responses to exposed gas compared with pure materials at high and room temperatures. Even, the
responses of some heterostructures are comparable with commercial gas sensors at 22 °C.

At a high temperature of 125 °C, all heterostructures and pure materials respond very well. At these conditions,
the best responses exhibited SH-GO/H-NCD and Au NPs/H-NCD heterostructures with responses over 47 %
for all tested gases, which are well comparable with commercial sensors. The power consumption for our
heater should be still optimized, but it is much lower than the power needed for commercial sensors. For room
temperature applications, pure materials and some heterostructures have very low, almost immeasurable,
responses. The best combination of materials with good responses is SH-GO/H-NCD and MoS2/H-NCD.
These sensors have a response of over 15 % for all tested gases. These high responses are attributed to the
optimum steady-state resistance, further enhanced by the synergistic effect at the interface of active materials.

In conclusion, our findings represent a promising alternative solution as the new class of gas sensors suitable
for portable or energy-harvesting applications due to miniaturization and low power consumption. For now,
however, the reproducibility of sensor production technology needs to be scaled up and optimized to meet
industrial uses.
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