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ABSTRACT: The potential applications of silicon microwire
materials in monitoring gases have not been fully exploited.
Uniform silicon vertical microwire arrays (Si VMWA) are
fabricated using a metal-assisted chemical etching process after
optimizing the conditions. The characteristics and responses of Si
VMWA-based sensors with different diameters to ammonia gas
(NH,) are investigated in both air and nitrogen environments. The
sensing mechanism of the sensor to NHj is discussed to clarify the
response in different environments. The sensor exhibits a linear
response to a wide range of NH; concentrations (4%@2 ppm—
122%@S500 ppm) at room temperature and even shows a distinct

response at 200 ppb of NHj. In addition, it demonstrates great repeatability/reversibility and moderate selectivity to ammonia gas
against other gases (nitrogen dioxide, toluene, and isobutane). Furthermore, machine learning-based principal component analysis
and random forest algorithms enable us to discriminate NH; from other possible interfering gases and predict gas concentration with
an accuracy of over 95%. Thus, our approach using the Si VMWA-based sensor with machine learning-based data analysis represents
a significant step toward the environmental sensing of specific chemical analytes in the household and industries.
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1. INTRODUCTION

Along with industrial development and modern life demand,
the necessity of monitoring exhausted hazardous gases, such as
hydrogen sulfide, carbon oxides, nitrogen oxides, ammonia,
chlorine, and volatile organic compounds, has rapidly increased
in recent years due to their catastrophic impact on human
health, the ecosystem, and the environment. In particular,
ammonia (NH;) gas is classified as a highly hazardous
substance as it is very harmful to the human body involving
the skin, eyes, lungs, and can even lead to death. In addition,
monitoring the presence of NH; in exhaling is a critical
biomarker for diagnosing diseases, such as chronic kidney
diseases and peptic ulcers."”” Thus, it is imperative to develop
reliable, susceptible, and selective sensors to detect NH; at
room temperature with a facile and low-cost fabrication.
Various methods and materials have been studied to
monitor NHj; gas, including electrochemical, polymer, surface
acoustic wave, metal oxide (MO )-based sensors, and others.”™®
Among them, the MO-based sensors (TiO,, WO5, ZnO/Sn0,,
NiO/ZnO...) have drawn significant interest due to their facile,
low cost, and flexible fabrication approaches.” Nevertheless,
the poor selectivity and the high working temperature
requirement (200—500 °C) are critical drawbacks.'® Recently,
two-dimensional (2D) materials, such as graphene, MoSe,,
WS,, MoS,, and MXene, have been studied for applications in
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sensing devices due to their large specific surface areas.''
Theoretical studies indicated the potential of MXene in
monitoring NH; gas due to the strong interaction between
Ti,C; and NH;."” Graphene and hybrid structures exhibited
great ability in NH; gas sensing at room temperature.'”"* The
modification of 2D materials with noble nanoparticles is a
common method to improve gas sensing performance."
However, employing noble nanoparticles is an expensive
approach. In addition, the recovery and selectivity of these
materials to gases are obstacles in practical applications.
Although the 2D structure of MO nanosheets, such as ZnO or
NiO synthesized through the hydrothermal reaction, showed
remarkable selectivity to gases,” the high working temperature
requirement prohibits practical applications at room temper-
ature.

As advanced silicon technology accelerated, silicon became
one of the most prominent materials for fabricating low-cost
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Figure 1. Schematic diagram of the Si VMWA-based ammonia gas sensor fabrication.
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Figure 2. (a,b) Microscopic images of post-sprayed AgNW IDE:s structure on SIMW (scale bar of 500 and 10 ym, respectively). Inset in (a) shows
the practical image of a typical device. (c) Cross-sectional scanning electron microscopy (SEM) image of SIMW with the desired length of
approximately 10 ym (scale bar of 10 um); (d) rough surface of post-MaCE SiMW (scale bar of 2 ym); (e) sprayed AgNW staying on top of
SiMW as the internetwork layer (scale bar of 10 ym); and (f) top view SEM image of AgNW layer (scale bar of S ym).

electronic devices, especially in chemical sensing applications.
The ability of silicon nanowire (SINW) material in NH; gas
sensing at room temperature was introduced,'® followed by
studies functionalizing the surface of SINW with MOs, noble

17-20
to

metals, polymers, and heterojunction materials
enhance the NH; gas sensing performance. However, the
fabrication of SiNW through the methods such as using
polystyrene sphere lithography, nanoimprinting, e-beam
lithography, deep reactive ion etching, and vapor—liquid—
solid growth involves complicated and expensive multi-step
processes.”’ ~>® In contrast to SiNW, the silicon microwire
(SIMW) fabrication through the metal-assisted chemical
etching (MaCE) method is relatively facile and low cost.
SiIMW was evaluated as a potential candidate for a next-
generation solar energy conversion materials.”’ It has been
employed in various energy applications, such as hydrogen
generation and lithium-ion batteries.”*">° Nevertheless, the
potential application of SiMW materials in monitoring gases
has not been fully exploited. Although microelectromechanical
systems structure-based SiMWs exhibited VOCs’ gas sensing
potential of silicon materials at the microsize, the structure
with a size of over 100 ym is not sensitive to gases.27
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Modifying the surface of SiMWs with other MOs, such as
In,O; or ZnO, can improve the sensing performance.zg’29
However, the high working temperature and narrow detection
range are drawbacks of these structures. In order to enhance
the selectivity of silicon materials, SINWs were modified with
noble nanoparticles, 2D materials, such as MoS,, organic
semiconductors, and carbon material, or functionalized the
surface of SiNWs by chemical treatment.’’ Besides that, an
array of chemical-sensitive field effect transistor platforms were
fabricated based on silicon, Pd—Au, Ni—Pd, and Nij, exhibiting
a remarkable selectivity to H,S, H,, and NO,.>’ However, the
use of the array of sensors not only consumes more energy but
also requires more complicated fabrication processes than a
single sensor. Meanwhile, gas adsorption and desorption
processes on the materials are strongly related to the chemical
and physical properties of gases.””’’ Hence, extracting the
relationship between the sensor response and the adsorption/
desorption of the analyte is valuable information to enhance
the discrimination of gases through machine learning
algorithms, consequently improving the selectivity feature of
the single sensor platform.
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Figure 3. (a) Current—voltage characteristics with various diameters of Si VMWA and (b) extracted zero-bias resistance with SIMW diameter
variations. (c) Current path of vertical Si VMWA (diameter D) with AgNW network contact electrodes.

In this study, a convenient process to fabricate a low-cost
high-performance NH; gas sensor has been introduced.
Conventional photolithography technology was used to
pattern the microstructure onto silicon substrates. Subse-
quently, the silicon vertical microwire arrays (Si VMWAs)
were fabricated via the MaCE process after optimizing the
reaction conditions. The as-fabricated Si VMWA was
introduced with silver nanowires (AgNWs) as the interdigi-
tated electrode (IDE) and was then employed as an NHj; gas
sensor. Machine learning-based random forest (RF) classi-
fication algorithm and principal component analysis (PCA)
methods were utilized to analyze the extracted data set,
enhancing the gas discrimination and concentration prediction
of the sensor.

2. EXPERIMENTAL SECTION

2.1. Si VMWA-Based Sensor Fabrication. The Si VMWA-based
sensor fabrication scheme is depicted in Figure 1. Si VMWA
substrates with different diameters (2—S um) were fabricated
according to previous reports’® with modifications described in
section S1.3 (Supporting Information). An IDE structure shadow
mask (Figure S1a) with 4 pairs of fingers (a length of 4400 ym, width
of 300 ym, and gap of 300 #m) was prepared and placed on the top of
the Si VMWA substrate. The AgNW IDE electrode was fabricated by
spray-coating for S min with a nozzle sprayer at a fixed distance
between the sprayer and substrate of 30 cm. A 60 °C hot plate was
utilized during the spray-coating to accelerate the evaporation of the
isopropyl alcohol solvent of the AgNW suspension. Finally, small
silver paste drops were introduced at the head of electrode pads as the
contact areas (Figure 2a inset) and dried under ambient conditions.

2.2. Resistance Measurement for Gas Sensing. The resistance
changes of the Si VMWA with the introduction of NH; gas were
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investigated at room temperature (25 °C). Analyte gas samples were
generated from standard gas cylinders with a gas concentration of
1000 ppm mixed with dried synthetic air (oxygen 21% and nitrogen
79%) as the balance gas."” The desired concentration of NH; gas was
obtained by controlling a volume of 1000 ppm NH; gas and synthetic
air exposed as the following equation

CNH3-target = CNH3-1000ppm X VNH3-1000ppm/(‘/air + VNH3-1000ppm)

where Cyu,target @0d  Cnpj1000ppm ar€ the target and source
concentrations (1000 ppm) of NH; gas, respectively. Vi 1000ppm

and V,;, are the volumes of source NH; gas and synthetic air,
respectively. Humidity was introduced using distilled water through a
bubbler system, as depicted in Figure S1. A commercial sensor (Bosch
BMEG680) was employed to determine the relative humidity (RH).
The analyte concentration and RH were adjusted through a
computer-connected mass flow controller system with a total flow
of 1000 sccm. The applied DC bias voltage was fixed at 4 V in all
experiments. The resistance response was recorded via a Keithley
2636B model. At the beginning of the sensing measurement, synthetic
air was introduced for 30 min to achieve stable conditions. The sensor
response was defined as the following equation

R(%):ﬁzwxloo%

Rair air
where R, and Ry, are resistances recorded with and without analyte
gases, respectively. Exposure times with and without analyte gases
were 300 and 500 s, respectively. The response time is the span
required to reach 90% of the highest response after introducing the
analyte gas. The recovery rate is expressed as
recovery rate (%) = (Rg - Rr)/(Rg — R,),*® where R, and R, are

the resistance values in synthetic air and after 300 s exposure to NH;
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Figure 4. (a—c) Sensing performance of Si VMWA at different diameters (2, 3, 4, and S #m) to ammonia gas at various concentrations with (d)

linear response in the concentration range of 2—200 ppm. (RH 0%).

gas, respectively. R, is the recovered resistance value after exposure to
synthetic air for 500 s.

2.3. Machine Learning Technique. PCAs and discrimination
models based on the RF machine learning algorithms, including
classifiers and regressors with 1000 trees in the forest, were employed
to perform the gas discrimination and NH; gas concentration
prediction. Gas types, concentrations, responses, resistances, and
slopes™ of the Si VMWA-based sensor response curve to gases at
different concentrations were extracted as the input data for machine
learning. The prediction accuracy of the algorithms was investigated
based on the divided training and testing data sets with a ratio of
60:40. The open source scikit-learn libraries®® were used on Python
v3.8.12%” with a PyCharm-integrated development environment.

3. RESULTS AND DISCUSSION

3.1. Si VMWA-Based Sensor Fabrication and Electrical
Characterization. Figure 2 illustrates the optical microscopy
and SEM images of the sensing device. The Si VMWA with a
length of approximately 10 ym was fabricated by the MaCE
method (discussed in section S2, Supporting Information).
AgNW was spray-coated to fabricate the IDE electrode on Si
VMWA substrates. Compared with conventional electrode
structures,"®*® the number of SIMW involved in the sensing
increase with the IDE structure. The intertwined AgNW layer
is stable on the top of the Si VMWA as the mesh structure and
electrically connects the tips of SIMW (Figure 2e,f). This mesh
structure allows the gas molecules to penetrate freely through
it and interact with the sensing material. Because the gap
between adjacent SiMW is approximately 2 ym, AgNW (about
25 pm in length) is a suitable material to connect SIMW tips,
avoiding AgNW dropping to the bottom. AgNW, a solution-
processable and low-cost material with good conductivity and
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flexibility, was employed to fabricate electrodes in lighting
devices® and solar cells.”” Markedly, the AGNW material was
also reported as the NH; gas-sensing material, but it can only
sense at a high concentration (3%)."

Figure 3a shows the I-V characteristic curves of the Si
VMWA devices with the same wire length of 10 ym and
various wire diameters (2, 3, 4, and S pm, depicted as D,, D;,
D,, and D samples, respectively). With the same length and
gap between adjacent SiMW, the increase in SIMW diameter
results in the resistance decrease, accordingly, and conductivity
increase of the Si VMWA device. Zero-bias resistance (R =
[dV/dI]/V = 0)** decreases with the increase in the diameter
of SiMW (Figure 3b). Due to the smaller diameter of SIMW,
the contact area with the AgNW network is narrower (Figure
3c), consequently resulting in higher contact resistance. At 4V,
the Dy and D, samples exhibit the highest and the lowest
conductance, respectively. Figure 3c also depicts the current
path of our device configuration. The current path performs
along the length of SiMWSs and substrates between the
electrodes. During the gas-sensing measurement, on account of
our IDE configuration, myriad active sites can be involved to
enhance gas-sensing performance.

3.2. Highly Effective Performance in NH; Gas Sensing
of Si VMWA Device. AgNWs in planar structures and IDE
structures were prepared on bare silicon substrates. Sub-
sequently, NH; gas with a concentration of 500 ppm was
exposed to observe the response. As shown in Figure S6, these
two sensing structures obtain negligible responses to NH; 500
ppm. The result proves that the sensing performance of Si
VMWA devices is produced from silicon materials instead of

https://doi.org/10.1021/acsaelm.2c01383
ACS Appl. Electron. Mater. 2023, 5, 357—366


https://pubs.acs.org/doi/suppl/10.1021/acsaelm.2c01383/suppl_file/el2c01383_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.2c01383/suppl_file/el2c01383_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c01383?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c01383?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c01383?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c01383?fig=fig4&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.2c01383?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

(@)

. 101 E—j—§
w
=
c 3
?3- 0.8
T
=
¥ 0.6
=
=
g
= 0.4 4
Z %
0.2 4
0 10 20 30 40 50 60
(C) Relative humidity (%)
20
—NH, 20 ppm
15
S
L 104
w
=
S
=
U 54
-3
0 -
2000 3000 4000 5000
Time (s)

(b)

s 2 g B
R
! A ! 1

| ]

Normalized response
e
(=)

0.5+

0.4 1

o
=]

40

30

TwaNo,

20

101

. *\M___
1800 2000 2200
Time (s)

Response (%)

-10

1600 2400 2600

Figure S. Normalized response of Si VMWA to 100 ppm of ammonia gas (a) at different RH and (b) at different temperatures (RH 0%); (c) cyclic
response curve of Si VMWA to 20 ppm of ammonia gas at room temperature (RH 0%); and (d) selective response of Si VMWA to 100 ppm

concentration of different gases at room temperature (RH 0%).

AgNW. Figure 4a,b depicts the variation of sensing perform-
ance of samples with different microwire diameters to NH; gas
at a wide range of gas concentrations, from 2 to 500 ppm. The
D, sample with the smallest diameter exhibits the highest
response to the NH; gas, approximately 4—122% at 2—500
ppm of NH; gas, respectively. The response gradually
decreases with the increase in the SiMW diameter. The
sample with a smaller diameter provides a more significant
SiMW density and a larger surface area involved in the NH;
adsorption. As shown in Figure 2d, the rough surface of as-
fabricated SIMW can provide a large area for gas adsorption
onto the SIMW. Figure 4c¢ illustrates the response changes as a
function of NH; gas concentration from 2 to 500 ppm of Si
VMWA devices with different diameters. At a NH; gas
concentration higher than 200 ppm, the response of the D,
sample tends to be saturated. The Dy sample is saturated at a
lower gas concentration (50 ppm). This behavior can be
attributed to SIMW channels being sensitive to gas adsorption
but having a restricted active area on the sidewall. Figure 4d
depicts the corresponding standard curve of the response of
the D, sample to NHj; gas in a concentration range of 2—200
ppm. Based on the response of the device to the known
concentration of NH; gas, the linear regression mathematical
equation can be expressed as y = ax + b, where y, a, x, and b are
the response, slope, gas concentrations, and y-axis intercept
values, respectively. The correlation coefficient (r*) of the
calibration curve is 0.9857. The limits of detection (LOD) can
be determined via the response standard deviation (Sy) and
the calibration curve slope (a) as LOD = 3.3 X (Sy/a) = 180
ppb.”> NH; gas flow with a concentration of 200 ppb was
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introduced into the sensing chamber to confirm the theoretical
LOD value. Figure S7 depicts the distinct response of the
sensor to 200 ppb of NH; gas.

In addition, the response of the Si VMWA sensor to NH;
gas was measured in a nitrogen gas environment by recording
the conductance change.*** As depicted in Figure S8, the Si
VMWA sensor response is extremely sensitive to NH; gas in a
nitrogen environment. The sensor exhibits a response of 40—
7800% to NHj gas in a gas concentration range of 2—500 ppm,
with a linear response in the range of 2—200 ppm. Results
measured in nitrogen gas show the opposite behavior to those
in synthetic air. In the nitrogen environment, the conductance
increases with exposure to NHj;, which means the resistance
decreases. The different response behavior mechanisms will be
discussed in Section 3.3.

The effect of temperature (25 to 80 °C) and humidity (0 to
60%) on the response curves of the Si VMWA sensor were
investigated, as they crucially influence sensors in practical
applications. As can be seen in Figure Sa, humidity has a strong
effect on the operating performance of the Si VMWA sensor.
With the increase in RH from 0 to 30%, the response of the
device to ammonia gas slightly decreases. A considerable
decrease in the response value is observed at a humidity of over
30%. The drop in sensing response can be attributed to the fact
that water molecules are adsorbed, cover the surface of silicon
materials, and occupy the adsorption site. Therefore, the
adsorption sites on the silicon surface decrease. Consequently,
the number of adsorbed ammonia molecules decreases, leading
to a lower response.46’47 As illustrated in Figure Sb, the
reduction of sensing responses with the temperature increase
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was observed as the adsorbed gas decreased with the
temperature rise. Hence, the sensing performance degrades.
The operating temperature typically affects the gas-sensing
performance of semiconductor materials due to the influences
on semiconductor material characteristics. Besides that, the
temperature directly affects the adsorption and desorption
processes of gas on the material surface. However, the
influence of humidity and temperature on gas sensing results
can be subtracted using an additional sensor or machine
learning technique.***’

Figure Sc indicates the response of the sensing device to 20
ppm NH; gas. The result exhibits a good reproducibility of the
device during cyclic gas exposure. The selectivity to NH3 gas
against other gases of the sensor was also investigated,
including nitrogen dioxide (NO,), isobutane (i-C,H,,), and
toluene (C,Hg). Figure Sd shows the selectivity of the Si
VMWA-based sensor, where 100 ppm of different gases was
separately introduced into the chamber. The Si VMWA-based
sensor exhibits a much higher response to the NH; gas than
the others. It can be attributed to the strong interaction
between the reducing NH; gas and the exposed surface of
SiMW (Si—OH). The highest response upon the exposure of
NH; gas promises that the selective detection of NH; gas from
a mixture can be achieved by Si VMWA-based gas sensors.

At room temperature, the response time (tres) is approx-
imately 200 s and decreases with the gas concentration
increase (Figure S9b). Due to the strong chemisorption of
silicon material to NH; molecules,”® the recovery of the Si
VMWA-based sensor is impeded (Figure S9¢c). The recovery
rate decreases with the increase in the gas concentration. At a
concentration below 20 ppm, the sensor can recover about
95—98%. However, the sensor can recover about 65—70% of
the initial state at higher concentrations. At low concentrations,
ammonia molecules interact with oxygen molecules adsorbed
on the surface of the silicon to produce nitrogen, water
molecules, and electrons, which can be quickly released with
exposure to synthetic air to recover the initial state. However,
at higher concentrations, a large number of ammonia
molecules can directly adsorb onto the surface of the silicon
material due to high electronegativity and inhibit the release of
ammonia gas from the surface due to the chemisorption of
ammonia gas onto the silicon material.>° Therefore, a longer
time is required to release adsorbed ammonia molecules and
recover the initial state. Besides that, edge sides and defects,
which have high adsorption energy, formed on the surface of
SiMWs during the fabrication are the positions where gas
molecules are easily and mainly adsorbed, which slows down
the recovery of the sensor. However, the recovery of the
sensing device can be accelerated by applying thermal
treatment after sensing. The results suggest that the Si
VMWA device can operate at room temperature with an
excellent sensing performance without additional heat energy,
which requires a high-power consumption and limits the
application in portable electronics. Therefore, in terms of
sensing performance, the application of Si VMWA is
comparable with other materials (Table 1).

3.3. Ammonia Gas Sensing Mechanism of Si VMWA
Sensor. The sensing mechanisms of the Si VMWA sensor for
ammonia gas in the air and nitrogen gas are illustrated in
Figures S10 and S11, respectively. The AgNW mesh IDE
configuration allows the free penetration of NH; gas to the
SiIMW surface. As can be seen in Figure 4a, the sensing
behavior of our Si VMWA sensor is in accordance with other
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Table 1. Summary of Various Ammonia Gas Sensing
Materials®

concentration

materials LOD (ppm) response temperature
SiNWs@Te’" 196 ppb 100 ~90% RT
SiNWs@Ppy'” 130 ppb 10 ~10.1 RT
(~910%)
$i0,@Ce0,"” 500 ppb 80 3244% RT
ZnO@Pd* 30 ppm 30 ~12% 200 °C
cs’ 10 ppm 50 50% 80 °C
ZnO@CNT" 200 ppb 100 6.4 RT
(~540%)
CNT** 100 ppb 10 5% RT
Ti;C, MXene™ 10 ppm 100 2% RT
graphene'’ 20 ppm 160 ~8% RT
PQT-12°° 404 ppb 80 56.4% RT
SiMW—this 200 ppb 100 50% RT
work

“RT: room temperature.

conventional p-type semiconductors, which have a resistance
increase upon ammonia gas introduction. The oxygen
molecule (O,) is an essential component in studying the gas
sensing mechanism. As illustrated in Figure S10, in the air
environment, electrons transfer from the silicon material to O,
due to the high electron aflinity of the oxygen atoms, after O,
from the air was adsorbed at the silicon surface, resulting in the
formation of the chemisorbed oxygen species such as O~, 07,
and O, on the silicon surface, which captures electrons of
silicon. Therefore, a hole accumulation layer (HAL) playing
the role of the carrier conduction channel is formed at the
subsurface of silicon."® Upon exposure to ammonia gas, the
adsorbed oxygen species react with the ammonia molecules
and release captured electrons back to silicon as the following
redox reactions®’ ™’

2NH, + 30" — N, + 3H,0 + 3¢~ (1)
4NH; + 30,” = 2N, + 6H,0 + 3e~ 2)
2NH; + 30°” —» N, + 3H,0 + 6e” (3)

It should be noted that the temperature strongly affects the
adsorption of oxygen molecules. O, is commonly chem-
isorbed at low temperatures, while O~ and 0% are
chemisorbed at high temperatures.””*® Therefore, the primary
redox reaction at room temperature is reaction 2, in which O,~
reacts with NH; to release electrons. Electrons are released
back to silicon through redox reactions resulting in electron—
hole recombination. The number of holes, the majority carrier
in p-type semiconductors, decreases. Consequently, the
thickness of the HAL conducting channel decreases, and the
resistance offered by Si VMWA decreases. With the increase of
NH; gas concentration, more trapped electrons will be
released. Thus, the conductance increases with the increase
of gas concentration exposure.

As can be seen in Figure S8, in the nitrogen gas
environment, the conductance of Si VMWA increases with
exposure to ammonia gas, exhibiting a contrasting behavior to
that in the air environment. The sensing mechanism of Si
VMWA with ammonia gas in the nitrogen gas environment is
illustrated in Figure S11. At room temperature, NH; molecules
adsorb onto the silicon surface to form Si—NH, and Si—NH
surface bonding species by capping the dangling bonds of Si=
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Figure 6. (2) 2D and (b) 3D PCA plots for the tested gases. (c) Normalized confusion matrix for the RF classifier and (d) predicted concentrations

versus the actual concentrations for tested ammonia gas (log scale).

Si and Si—H,®'~** which was supposed to be of importance in
binding atomic nitrogen to silicon.” As a highly electron-
donating agent, NH; molecules can strongly interact with —H
and —OH terminals on the SiMW surface and transfer charges
to the SiMW, leading to a rise in charge density in the
channel.®® Consequently, the conductivity of SIMW increases
with the introduction of NH; gas. Electrons donated from NH;
act as a chemical gate, cause a band bending, and form an
electron accumulation layer due to the molecular gating
effect.””%® Therefore, the conductivity of the SIMW device
increases with the introduction of NH; gas.

3.5. Machine Learning-Based Qualification and
Quantification. Machine learning techniques were employed
to discriminate the gases and predict NH; gas concentration.
As depicted in Figure 6a, the 2D PCA chart shows that the
distribution of the gases appeared to overlap virtually.
However, as can be seen in Figure 6b, four distinct groups
in the three-dimensional PCA chart of four tested gases can be
well discriminated. The total variance of PC1, PC2, and PC3 is
99.42%, indicating a slight loss of information. As the gas
concentration increases, the plots for the NH; gas tend to
orient from left-top to the right-bottom, while the other tested
gases are distributed in other directions, from bottom to top
and left-bottom to right-top. As demonstrated in Figure 5d, the
difference in the response between the NH; gas and other
gases is significant.

Despite improving visualization, dimension reduction
approaches such as PCA are not classified as effective
classification techniques.”’ Among the supervised machine
learning-based classifier algorithms such as Bayesian network,
k-nearest neighbor, and RF, the RF algorithm was supposed to
be a multi-advantage and high-accuracy prediction algorithm
integrated with a single sensor.”””" This study implemented
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RF algorithms to classify gases and concentration prediction.
The normalized confusion matrix in Figure 6c shows the
correlation between the prediction and the actual labels. The Si
VMWA-based gas sensor does not confuse NH; gas with the
other gases, which illustrates the great distinction of NH; gas
via the PCA and RF Classifier with a high classification
accuracy of 95.95%, further proving the ability to discriminate
NHj; gas against other analytes. The adsorption and desorption
processes of gases on the sensing materials are strongly related
to the chemical/physical properties of gases.”” Extracting the
relationship between the sensor response and the adsorption/
desorption of the analyte is valuable information for enhancing
the discrimination of gases using machine learning algorithms,
consequently improving the selectivity feature of the sensor.
Figure 6d presents the RF regression result, where the points
indicate the predicted concentration versus the actual
concentration of the NH; gas. Most points are positioned on
a diagonal line indicating a perfect prediction. The
concentrations in the range of 2—500 ppm were well predicted
with a high accuracy of 95.36%. This machine learning-based
linear fitting curve enhances the prediction ability compared to
the curve merely based on the response indicator (range of 2—
200 ppm, Figure 4d). The results promise that the detection
and the concentration estimation of NH; gas can be
autonomously decided without human operation.

4. CONCLUSIONS

A cost-effectively uniform Si VMWA-based gas sensor was
prepared by combining conventional lithography technology
and the optimized MaCE method. Contact aligner photo-
lithography was employed to form the microsized patterns,
followed by the deposition of the Ti/Au layer with optimized
deposition conditions, which facilitates the successful fab-
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rication of Si VMWA with different diameters by the MaCE
method processing at room temperature. Our optimized
MaCE conditions for microsized patterns perform a stable
etching reaction lasting at least 6 h and fabricates a highly
uniform structure. By governing the MaCE etching time, Si
VMWA with the desired length was fabricated for the NH; gas
sensing device after introducing the AgNW IDE electrode onto
the top surface of Si VMWA. The Si VMWA sensors with
different diameters (2—S um) were fabricated, and their
response to ammonia gas was investigated in both air and
nitrogen environments. Samples with smaller diameters exhibit
a greater response due to the larger absorption surface area. In
the air environment, the Si VMWA shows high efficiency in
NH, gas sensing at room temperature (4%@2 ppm—122%@
500 ppm) with the linear response at a concentration range of
2—200 ppm and a limit of detection of 200 ppb. In addition, in
a nitrogen environment, the sensor exhibits an extremely high
response to NH; (40%@2 ppm—7800%@500 ppm). Fur-
thermore, our single gas sensor platform exhibits remarkable
selectivity toward NH; gas against the others (nitrogen
dioxide, isobutane, and toluene). Data from the response
curve of Si VMWA sensors to gases were collected as the input
data of machine learning processing analysis. PCA and RF
classifier algorithms were employed to successfully discriminate
NH3 gas with the others. The gas concentration prediction was
carried out with the RF regressor algorithm exhibiting a high
accuracy prediction (over 95%) to a wide range of gas
concentrations (2—500 ppm). Our results broaden the
application of silicon material at the microsize and the
integration with machine learning to maximize their potential
in monitoring highly diluted gas leakage for use in complicated
environments. In the future, the modification/functionalization
of the SIMW surface with other noble metals or chemicals will
further enhance the sensing performance.
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