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Porous silicon nitride structures were fabricated for a humidity sensor. The porous silicon structures were
fabricated by the metal-assisted chemical etching process, and the conformal silicon nitride thin film was
deposited by the atomic layer deposition process. The optimized porous sensor with the 10 nm-thick silicon
nitride thin film had a hydrophilic surface and compared to other sensors, had an excellent humidity sensing

response. Especially, it showed a superior humidity sensing response at 1 kHz with fast response and recovery
times of 13.3 s and 12.4 s, respectively, were observed. Based on the electrochemical impedance spectroscopy
results, the equivalent circuits and humidity sensing mechanism were discussed. The chemical stability of the
silicon nitride was characterized using Tafel analysis in alkaline electrolytes. Additionally, the sensor’s humidity
sensing capabilities were tested under cement-embedded conditions.

1. Introduction

Reinforced concrete (RC) structures, which consist of a combination
of steel and concrete, are essential in construction fields. Concrete, a
mixture of cement, water, sand, and gravel, has high compressive
strength. However, because of the poor tensile strength of concrete, steel
is used with concrete to enhance the tensile strength. Moreover, due to
the small difference in the coefficient of thermal expansion of concrete
and steel, there is no internal stress when the temperature changes [1-3].
Additionally, the alkaline conditions of the concrete can protect the steel
from corrosion reactions [4-6]. However, as time goes on, the steel in RC
structures may no longer be protected from corrosion because corrosive
agents can penetrate deep into the concrete.

The corrosive agents that induce steel corrosion in the RC structures
directly or indirectly, include chloride ions, carbon dioxide, oxygen, and
humidity. Carbon dioxide can decrease the pH of concrete by reacting
with calcium hydroxide, which is the primary component of cement
along with calcium silicate hydrate [7-9]. The presence of chloride ions
can also accelerate steel corrosion [10,11]. Because chloride ions react
with iron to make ferrous chloride, a soluble salt, ferrous chloride is
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dissolved in water in the concrete. After dissolution, ferrous chloride
becomes ferrous hydroxide, which is a product of steel corrosion [12,
13]. Humidity, which can operate as the main corrosive agent, provides
ion diffusion pathways and creates cracks. During the winter season,
when the temperature decreases under 0 °C, humidity can be frozen into
ice. Because the volume of ice is approximately 10 % larger than the
volume of water, internal stress occurs due to the volume expansion of
the water. The induced internal stress can damage the concrete and
create cracks. Corrosive agents can penetrate the concrete through these
cracks, and the penetrated corrosive agents can cause significant
corrosion [14-16]. Furthermore, the steel corrosion and cracks lead to
performance degradation of the RC structures, which can cause building
collapse [17,18]. To estimate and evaluate the lifetime and durability of
RC structures, corrosive agents, especially the humidity, should be
monitored.

To detect the humidity, the use of an appropriate humidity sensor is
required. A number of studies were conducted to measure the humidity
in concrete, and they have employed the passivation using Gore-Tex [19,
20]. In these cases, the humidity sensor electrodes were mounted in
plastic tubes with Gore-Tex to protect them from the alkaline conditions
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of concrete. Though the humidity sensor with Gore-Tex can measure the
humidity in concrete, a humidity sensor electrode with high chemical
stability is needed. If the plastic tubes or Gore-Tex have trouble, it is
difficult for the humidity sensor electrodes to measure the humidity
accurately in the concrete due to the difficulty of keeping the chemical
stability. Therefore, humidity sensing electrodes with high chemical
stability itself in alkaline conditions need to be developed to detect and
measure the humidity in concrete.

To measure the humidity of concrete, resistive sensors, chilled mirror
hygrometers, capacitive sensors, and other commercial systems, such as
the HM44 system by Vaisala, which uses the bore-hole method, and the
BlueRock system by Giatec, which utilizes the embedded method
[21-24]. Those methods were measuring the variation of impedance,
resistance, capacitance, and dew point. Azenha et al. reported moni-
toring and simulating humidity profiles in concrete elements during
drying using the HM44 system [23]. They measure the humidity vari-
ation by time more than 2 months using the HM44 system. Also, Mon-
azami et.al. reported the performance of carbon fiber-reinforced
pavement using BlueRock system sensors [24]. The humidity was
measured with embedded conditions and logged from the wireless sys-
tem. Despite the feasibility of humidity measurement in a concrete
embedding environment, the development of humidity sensor elec-
trodes with high chemical resistance is still needed. Because most
commercially and widely utilized sensor electrode surfaces were
covered with protective materials such as GoreTex. Due to the difficulty
of long-term use when damage occurs to the protective materials, the
development of electrodes with excellent chemical resistance is
challenging.

In this study, we utilized silicon nitride, which has good chemical
and mechanical robustness, to fabricate humidity sensing electrodes
[25-27]. Silicon nitride was deposited on a porous silicon structure using
atomic layer deposition to enable capillary condensation for detecting
humidity. Capillary condensation is a natural phenomenon where
multilayer adsorption from a vapor into a porous medium proceeds until
the pore spaces become filled with condensed liquid from the vapor. In a
high-humidity environment, porous media can be filled with water [28,
29]. This approach enables the use of capacitive-type humidity sensors
to detect humidity due to the large difference in the dielectric constant
of air (almost 1) and water (80) [30-32]. Porous structures are needed
for capillary condensation, and we fabricated them wusing the
metal-assisted chemical etching (MACE) process [33,34]. The humidity
sensing properties were characterized by analyzing the capacitance
variation as a function of the silicon nitride thickness, relative humidity,
and frequency. The sensing mechanisms were investigated with elec-
trochemical impedance spectroscopy (EIS). Additionally, the humidity
sensing properties of the porous silicon nitride in cement-embedded
conditions were investigated.

2. Material and methods
The overall experimental procedure is depicted in Fig. 1. The p-type

(100) silicon wafer was used to fabricate the porous structure via the
MACE process, using silver nanoparticles as the catalyst. Before
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experiments, the silicon wafer was cleaved as a coupon wafer with a 1.5
x 1.5 cm? size. The silver nanoparticles were deposited on the silicon
surface through a dipping process involving 2 min dip in a 0.02 M tin
chloride electrolyte, followed by 30 min dip in a 0.02 M silver nitrate
electrolyte. Chemical etching for 6 h in an etching electrolyte
comprising 5 M hydrofluoric acid and 4 M hydrogen peroxide led to the
formation of the porous surface. The atomic layer deposition (ALD)
technique was employed to deposit the silicon nitride, using di-
isopropylamino silane (DIPAS) as the precursor. First, DIPAS was
flowed into the chamber for 1 s, allowing it to attach to the porous sil-
icon surface. Then, using nitrogen gas, a purge process was performed
for 15 s. Subsequently, nitrogen (5 N) plasma was used as a reactor (HCP
source, 200 W) for 40 s, and another purge process was performed for 20
s. The thickness of the silicon nitride was controlled by varying the
number of cycles. Gold/titanium electrodes were deposited on both the
top and bottom sides of the fabricated porous SizN4/Si structure using an
e-beam evaporator to characterize the humidity sensing properties.

The morphologies and microstructures of the materials were char-
acterized by a field emission scanning electron microscope (FE-SEM,
MIRA3, Tescan Co.) and a transmission electron microscope (TEM, JEM-
2100F, JEOL). Nyquist plots were measured via EIS with a potentiostat
(AMETEK, VersaStat3). Tafel analysis was conducted to confirm the
chemical resistivity in a 1 M potassium hydroxide electrolyte similar to
concrete conditions.

The humidity sensing experimental setup is illustrated in Fig. 2,
which included a mass flow controller, a quartz tube, a commercial
hygrometer, a humidity source, and an LCR meter (E4980A, Keysight).
The chamber’s humidity was controlled by varying the ratio of dry and
wet gases generated from the humidity source (Duran SL. BOT2084).
The variation of the capacitance was recorded with an LCR meter with
AC used to measure capacitance and a voltage of 1 V was applied to the
prepared sensor. The humidity changed from 1.6 % to 86.35 %. Before
the experiments, the sensor was kept in an oven at 80 °C for several
hours to remove any adsorbed water molecules on the sensor surface.
The experiment began with the chamber being kept at the lowest hu-
midity, and once the sensing signal stabilized, the humidity was changed
by varying the ratio of dry gas to wet gas. The equivalent circuit of the
sensor was determined using EIS analysis. EIS was performed using a
potentiostat (AMETEK, VersaStat3) to investigate the humidity sensing
mechanism. The frequency varies from 1 kHz to 1 MHz with a voltage of
1 V. Tafel analysis was conducted to confirm the chemical resistivity of
the fabricated silicon nitride and its promising humidity sensing prop-
erties in a 1 M potassium hydroxide electrolyte.

The humidity sensing tests were also carried out with cement paste
using ordinary Portland cement with a water-to-cement ratio of 1:2. A
mold with a 9 cm diameter and 20 cm height was used to fabricate the
specimens. Before being embedded in a cement environment, the porous
silicon nitride humidity sensor and a reference humidity sensor (PC Mini
52, Michell) were each covered with a separately fabricated plastic mold
with a window-shaped square using 3-D printing. The top and side of the
plastic mold were opened. Therefore, the sensor was directly exposed to
cement paste. To measure the signals from both sensors, 2-meter-long
cables were connected through welding. Subsequently, the fabricated

Silicon Porous Silicon

Porous Silicon Nitride

Humidity sensor
using Porous Silicon Nitride

Fig. 1. Schematic illustration of the fabrication process of the porous SisN4/Si structure for the humidity sensor.
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Fig. 2. The schematic illustration of the self-developed experimental environment.

humidity sensor and the reference humidity sensor were positioned at
the center of the mold, secured in place with fishing wire, and cement
was poured into the mold. After pouring cement into the mold, the
samples were kept for 4 weeks for hardening. Following the hardening
process, the cement samples were transferred to a chamber.

3. Results and discussion

Fig. 3(a) shows the surface SEM image after the silver deposition
process. Silver nanoparticles were deposited onto the silicon surface
through the electroless deposition process. The surface SEM images with
different electroless deposition conditions are shown in Figure S1

(Supporting Information). When the substrate was immersed in tin
deposition electrolytes for 2 min and silver deposition electrolytes for 30
min, uniform silver nanoparticles were distributed on the silicon surface.
After the MACE process, the porous structures were formed, as shown in
Fig. 3(b). These silver nanoparticles played a role in forming porous
structures. As shown in Figure S2 (Supporting Information), the porosity
of the silicon surface was increased upon the increased time in the MACE
process. Through the silver nanoparticles, catalytic reactions between
silicon and hydrofluoric acid occurred to create anisotropic structures
[34]. During the deposition process, silicon nitride was deposited onto
the porous structure, as shown in Figs. 3(c) and (d). The silicon nitride
thin film was characterized as SigsN4 by using TEM-EDS (energy

Fig. 3. (a) The surface SEM image after silver deposition on silicon, (b) the surface SEM image after the MACE process, (c) the vertical TEM image after silicon nitride
deposition process, and (d) the high-resolution TEM image after silicon nitride deposition process.
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dispersive spectroscopy) and XPS (X-ray photoelectron spectroscopy)
[35], as shown in Figure S3 (Supporting Information). From Figure S3
(a), there were bare Si, Si-N, and Si-O peaks were deconvoluted at 99.6
eV, 101.4 eV, and 102.6 eV, respectively. From Figure S3 (b), N-Si and
N-Si-O peaks were deconvoluted at 397.1 eV and 398.7 eV, respectively.
There is oxygen in the silicon nitride film, however, after silicon nitride
deposition, the film was exposed to air condition to perform the XPS
analysis. Therefore, native oxynitride can be formed on the surface, and
it was detected by XPS analysis. The ALD process was utilized to deposit
the silicon nitride on the porous silicon, resulting in excellent coverage,
as revealed through TEM analysis.

The results of the contact angle test with different silicon nitride
thicknesses are presented in Fig. 4. The bare silicon wafer, which
included native silicon oxide, had a contact angle of 48.5". Hydrophobic
characteristics were revealed after the MACE process, increasing the
contact angle to 137.6° due to the porous surface [36,37]. However, as
the silicon nitride thin film was deposited, the surface was changed from
hydrophobic to hydrophilic. The 10 nm thick silicon nitride showed a
contact angle of 15.3°, which increased to 31° with 30 nm thick silicon
nitride. Despite the stoichiometry of SigNy in the silicon nitride thin film
as determined by XPS analysis, which is known to have hydrophobic
characteristics, the fabricated porous silicon nitride structure was found
to be hydrophilic.

For humidity sensing experiments, the humidity varied from 18.48
RH % to 81.67 RH %. The humidity sensing characteristics of porous
silicon nitride are plotted in Fig. 5. The humidity sensing response with
different silicon nitride thicknesses at a frequency of 1 kHz is shown in
Fig. 5(a). At a thickness of 10 nm, the highest capacitance was observed,
and the highest capacitance variation was also observed during the
humidity variation. The humidity sensor with 5 nm thick silicon nitride
was expected to have optimal humidity sensing properties because of its
hydrophilicity. However, the humidity sensing properties of this film
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were not as good as those of the 10 nm thick film; the 5 nm-thick silicon
nitride lacked the dielectric properties to act as a capacitor for the hu-
midity sensor. Excluding the 5 nm thick film, the humidity sensing
properties revealed a consistent trend with contact angle test results, as
exhibited in Fig. 4. Water molecules could easily absorb to the surface
when the sensor surface showed high hydrophilicity. Fig. 5(b) shows the
impact of frequency on the humidity sensing response for the 10 nm
thick silicon nitride. The humidity was changed from 10.78 RH % to
81.64 RH % with 16 steps. At a frequency of 1 kHz, the porous silicon
nitride humidity sensor showed the highest capacitance value and
variation. As the measuring frequency increased to 10 kHz, 100 kHz, and
1 MHz, the measured capacitance decreased. The relationship between
the frequency and capacitance can be described by Eq. (1), where Cy, &,
7, o, and ¢g are the capacitance, relative dielectric constant of an ideal
capacitor, conductance, angular frequency, and permittivity of free
space, respectively [38,39].

Cc= (e,—ii>co 1)
wEy

Following Eq. (1), when the frequency increased, the capacitance
decreased, and experimental results corresponded well to theoretical
expectations except for the 100 Hz condition. Linearity was an impor-
tant factor in the sensor, and the 10 nm thick film show the superior
linearity properties at a frequency of 1 kHz as 0.998, as shown in Fig. 5
(c). The linearity of 0.998 indicates that the humidity sensing charac-
teristics varied linearly with changes in humidity.

Further humidity sensing characteristics of the porous silicon nitride
structures are shown in Fig. 6. The single sensing curve of the 10 nm
silicon nitride at 1 kHz in 86.35 RH % is shown in Fig. 6(a). The response
time and recovery time for humidity sensing, defined as the time to
reach 90 % of the total variation, were 13.3 s and 12.4 s, respectively.
The reliability of the porous silicon nitride structures for a capacitive

(b)

Fig. 4. The results of contact angle measurement with different silicon nitride thickness. (a) The bare silicon, (b) MACE processed porous silicon, (¢) 5 nm of silicon
nitride, (d) 10 nm of silicon nitride, (¢) 20 nm of silicon nitride, and (f) 30 nm of silicon nitride.
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Fig. 6. (a) The graph of single humidity sensing curve at 1 kHz in 86.35 RH %, (b) the repeated humidity sensing test at 1 kHz for 86.35 RH %, (c) the equivalent
circuit model and schematic illustration of porous Si3N4/Si humidity sensor, and (e) the results of Tafel analysis of CuO, NiO, TiO,, ZnO, and SizN4 in 1 M of KOH

electrolytes.

humidity sensor was also investigated, as plotted in Fig. 6(b). The
reproducibility was examined by analyzing the sensing of 10 cycles at a
frequency of 1 kHz at 86.35 RH %. When the humidity was changed

Relative Humidity (RH%)
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continuously, the measured capacitance for a specific humidity value
was the same. Moreover, long-term stability was characterized in
Figure S4. The fabricated sensor electrode demonstrated stable sensing
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performance for 40 days at 86.35 RH %.

The humidity sensing behavior of the porous silicon nitride at
various humidity levels of 1.68 RH %, 48.56 RH %, 67.40 RH %, and
86.35 RH % was investigated with Nyquist plots using EIS analysis, as
shown in Figs. 6(c) and (d). Two semicircles were observed in the
complex impedance plots, regardless of the changing humidity levels.
The semicircles represent the behavior of the intrinsic impedance of the
porous silicon nitride structure and the pores, indicating an equivalent
circuit of R(Qsi(R(QporeR))). This is described in Fig. 6(c), which shows
the vertical graphical illustration of the porous silicon nitride structures
and electrochemical equivalent circuits. In the equivalent circuit of the
humidity sensor structure using Q, the constant phase element (CPE)
was used instead of the capacitance (C) because of its porous surface
morphology. The capacitance should be replaced with CPE if the elec-
trode surface has a porous structure [40,41]. The initial Q was repre-
sented as Qsj, which is the CPE factor of the silicon substrate. And the
following Q was represented as Qpore, Which is the CPE factor of silicon
nitride. The silicon nitride was deposited on the porous silicon structure,
therefore, it can be replaced with CPE because of its rough surface. As
the humidity increased, the resistance, R, of the porous silicon nitride
structure decreased, displaying a decrease in the radius of the overall
Nyquist plots. Moreover, with increasing humidity levels, the capaci-
tance, Cyater, gradually increased, displaying an increase in the radius of
the first semicircle in the Nyquist plots. In dry conditions, porous media
filled with air have a low dielectric constant. However, as the humidity
increased, water molecules were adsorbed in the porous parts of the
porous silicon nitride structure. Through capillary condensation,
adsorbed water layers were formed in the porous media; these had a
high dielectric constant [30-32]. The transition of the dielectric constant
affected the total capacitance, as described by Eq. (1), and the increased
dielectric constant induced an increase in the capacitance. Therefore,
with an increase in the humidity levels, the measured capacitance of the
porous silicon nitride humidity sensor was changed due to the higher
dielectric constant of water.

Fig. 6(e) shows the Tafel analysis results of the fabricated humidity
sensor electrodes with porous silicon nitride structures and promising
humidity sensing materials, which were zinc oxide, cupric oxide, nickel
oxide, and titanium oxide. The Tafel analysis was conducted in 1 M
potassium hydroxide electrolytes, imitating alkaline concrete condi-
tions. The silicon nitride thin film was characterized to have a corrosion
potential of —437.23 mV and a corrosion current of 765.70 pA. How-
ever, the cupric oxide, zinc oxide, nickel oxide, and titanium oxide were
characterized to have corrosion potentials of —522.73 mV, —1475 mV,
—831.72 mV, and —785.445 mV, respectively. Additionally, the corro-
sion currents for these materials were determined to be 5.24 uA, 7.97
mA, 103.51 nA, and 183.08 pA, respectively. In the Tafel analysis, the
thin film had excellent corrosion characteristics when it was
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characterized to have a positive corrosion potential and a small corro-
sion current [42,43]. Silicon nitride was revealed to have the best
chemical resistivity in alkaline conditions due to its most positive
corrosion potential and smallest corrosion current. Through Tafel
analysis, it was determined that the porous silicon nitride structure can
be successfully utilized in a cement-embedded humidity sensor.

Fig. 7 shows the results of the cement embedding experiments using
the porous silicon nitride humidity sensor. Before starting the humidity
monitoring with concrete-imitated environments, the sensor-embedded
specimen was moved into a chamber for drying. After the specimen
moved into the chamber, the humidity monitoring was started. In the
initial condition, the humidity of the specimen was observed at 91.8 RH
%. After 100 h, the specimen gradually dried in the chamber to 41.7 RH
%. Upon the change of humidity, variations in the capacitance of the
porous silicon nitride humidity sensor were logged. As the humidity
decreased, the capacitance of the embedded humidity sensor also
decreased. After the drying period, the cement specimen was immersed
in a beaker filled with tap water for humidifying. At the initial state of
humidifying, the humidity of the specimen was not changed because it
required time for diffusion of the humidity inside to reach the humidity
sensor. The humidity of the cement specimen was increased to 91.8 RH
% after 50 h of humidifying. The embedded porous silicon nitride hu-
midity sensor detected humidity variations in the cement. Fig. 7(b)
shows the graph of the capacitance with humidity. The capacitance
decreased during the drying period, but it showed exponential behavior.
The capacitance was increased linearly during the humidifying experi-
ments, and the linearity was fitted as 0.989 based on the Pearson cor-
relation coefficient r.

4. Conclusion

In conclusion, the porous silicon nitride structures were fabricated
and optimized for humidity sensors. The MACE process was conducted
to form porous structures using silver nanoparticles as catalysts. Silicon
nitride was deposited via the ALD process at thicknesses of 5, 10, 20, and
30 nm to form the sensing materials. From the results of the contact
angle testing, the silicon nitride showed hydrophilic characteristics, and
as the thickness of silicon nitride increased, the hydrophilicity
decreased. The 10 nm thick deposited sensor showed a superior sensing
response. Moreover, it showed linear sensing behavior and the highest
response value at a frequency of 1 kHz. The response time and recovery
time for the 81.64 RH % conditions were 13.3 s and 12.4 s, respectively.
From the EIS results, the equivalent circuit of the humidity sensor was
fitted as R(Qsi(R(QporeR))). Because of the porous surface, CPE was
better matched than capacitance. Additionally, two semicircles were
clearly revealed in the Nyquist plots. Based on the Tafel analysis, silicon
nitride had excellent chemical resistivity in alkaline conditions, as
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Fig. 7. The results of the humidity sensing properties of porous SigN4/Si structure in cement embedded conditions. (a) The variation of the capacitance of porous
Si3Ny4/Si structure with time and (b) the variation of the capacitance with relative humidity in cement.
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compared to other humidity sensing materials. In the cement embedding
test, the porous silicon nitride humidity sensor detected humidity vari-
ations in the cement. Moreover, it showed linear humidity sensing
behavior during the humidifying process. From the humidity sensing
experimental results, we show that a humidity sensor with a porous
silicon nitride structure has the potential to detect and measure the
humidity of cement under embedded conditions.
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