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With high-performance room-temperature gas sensors being in great demand from an energy-saving
standpoint, in this study, we fabricated porous silicon (PS) sensors by electrochemically etching at
different times (30, 60, and 90 min). The porous nature of the etched PSs was studied using scanning
electron microscopy, and subsequently gas sensors were fabricated. NO2 sensing studies showed that the
highest gas performance can be obtained at room temperature (30  C). Furthermore, the PS sensor
etched for 60 min had the best performance among the sensors, which is related to its higher surface
area and high enough initial resistance. In particular for the PS sensor etched for 60 min, the response
(Ra/Rg) to 10 ppm NO2 was 9.56, which was much higher than other interfering gases, demonstrating its
high selectivity towards NO2 gas. This study reveals the need for optimization of electrochemical etching
to realize gas sensors based on PS working at room temperature.
© 2019 Elsevier B.V. All rights reserved.
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1. Introduction
For the high standards of today's life, a variety of sensors are
needed [1,2]. Among different sensors, gas sensors working at room
temperature, having dynamic characteristics, good sensitivity, and
high selectivity, are in great demand for environmental protection
and human health [3,4]. Metal oxide semiconductor gas sensors are
well accepted to be excellent in term of sensitivity [5,6]; For
example, Au-modiﬁed hierarchical porous single-crystalline ZnO
nanosheets were reported to have a high response to trimethylamine vapor [7]. The Ag/porous WO3 sensor exhibited greatly
improved selectivity and response compared to the traditional WO3
sensor; the response was 300 for 100 ppm of ammonia gas at room
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temperature [8]. Au/SnO2/reduced graphene oxide (RGO) nanocomposites gas sensors showed a high response to ethanol vapor
[9]. However, most of them work at high temperatures
(200e450  C) [10], which can increase the power consumption and
instability of such sensors [11].
An excellent alternative semiconductor for realization of future
gas sensors that is able to work at room temperature is Silicon (Si),
which has numerous advantages, such as availability, low price,
excellent processability, and compatibility with integrated circuit
(IC) technology [12e14]. In particular, for gas sensing studies,
because the gas sensing strongly depends on the availability of
adsorption sites and surface area, Si materials with high surface
area morphologies such as Si nanowires (NWs) [15], porous Si NWs
[16], and porous Si (PS) [17] are often preferred. Such sensors are
mostly able to work at room temperature [18,19].
Previously [20], we explored the NO2 gas sensing characteristics
of porous Si NWs gas sensor, realized by a chemical etching
method. Even though it had a response (Rg/Ra) of 1.8e50 ppm NO2
gas at room temperature, its sensitivity was still low for practical
applications. In another study related to vertically aligned Si NWs, a
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high sensitivity to 50 ppm H2 (Ra/Rg ¼ 17.1) was obtained, but the
sensing temperature was higher than room temperature (100  C)
[21].
Accordingly, in this study, we investigated another promising
form of Si, namely PS, for gas sensing at room temperature (30  C).
PS can be fabricated by electrochemical etching, which is a highly
efﬁcient and facile method [22]. In the electrochemical etching
process, some parts of Si are etched away in an HF solution, while
the remaining Si will have a large number of pores [23] with a high
surface area [24]. For PS prepared by electrochemical etching, all
the pores had to be accessible to the electrolyte at the time of
electrochemical etching. Thus, PS can be regarded as an open
porous material with no inaccessible pores. This is a great advantage for gas sensing studies, where the target gas can easily penetrate into the pores of the PS sensor.
In this study, for the ﬁrst time, we used electrochemical etching
at various times to fabricate PS samples with different porosities for
NO2 sensing. The morphological features studied demonstrated the
formation of porosity in the PS samples. Additionally, NO2 gas
sensing studies, demonstrated that the sensor realized from PS
etched for 60 min had the best sensing performance towards NO2
gas. Furthermore, the optimized sensor showed fast dynamics. The
sensing mechanism is discussed in detail.
2. Experimentation
2.1. Synthesis of PS by electrochemical etching
PS samples were formed by electrochemical etching of a p-type
(B-doped) silicon (100) wafer (r ¼ 20e35 Ucm and 500 mm thickness). The dimensions of the samples were 2  2 cm2, and a circular
area with a radius of 1 cm was etched. An electrochemical etching
method was used to fabricate the PS layer on the Si substrate.
Before etching, the Si samples were sonicated in a bath containing
ethanol and acetone (1:1 vol ratio) to remove dust and clean the
surface of the samples. Then to remove possible native oxides, the
samples were dipped in a solution containing deionized water and
HF (48 wt%) in a volume ration of 1:1 for 5 min. Afterwards, clean
samples were placed in a Teﬂon cell, containing an electrolyte with
a volume ratio of 2:2:1 of deionized water, ethanol, and HF (48 wt
%), respectively. The etching current density was 50 mA/cm2 and
the etching time was set to be 30, 60, and 90 min. The as-etched PSs
were rinsed with deionized water and HF (48 wt%) in a volume ratio
of 1:1 for 5 min to remove possible formed oxides, and ﬁnally they
were vacuum dried. Fig. 1 shows the preparation steps for the PS
samples.
2.2. Characterization
The crystalline nature of the fabricated samples was studied by
employing X-ray diffraction (XRD-Philips X'pert diffractometer)
using Cu Ka radiation (l ¼ 1.5418 Å). Microstructural and morphological studies were performed using scanning electron microscopy
(SEM-Hitachi S-4200) and transmission electron microscopy (TEMPhilips CM 200). We obtained the nitrogen adsorption-desorption
isotherms by using a Brunauer-Emmett-Teller (BET) instrument
(3FLEX Model, Micromeritics).
2.3. Sensing tests
Sensor fabrication is similar to our previous study [21]. A
conﬁguration with top interdigitated electrodes was used. A bilayered electrode comprised of Ti and Au layers (50 and 300 nm
thick, respectively) was sputter-deposited on the samples. It should

be noted that bi-layered electrode was sputter-deposited after
putting a special mask on the surfaces of the samples (see Fig. S1A).
Therefore, the chance of unwanted deposition of Ti and Au on the
holes of Si is very low. If for any reason the Ti or Au were deposited
on the Si holes, they can affect the gas sensing performance by the
formation of heterojunctions. However, we disregarded this effect
on the ﬁnal sensing performance of the gas sensors due to a very
low chance of unwanted deposition. Sensor size will be dominantly
affected by the mask size of electrode pattern. By the way, for the
future applications, we chose the smallest mask size we can obtain
in our laboratory.
The sensing tests were performed in a gas chamber inside of a
furnace and the resistance of the sensors were measured using a
multimeter. By changing the mixing ratio of dry air to the target gas
through mass ﬂow controllers (total stream of 100 sccm), the
desired gas was injected in gas chamber. The sensor response (R)
was reported as R ¼ Ra/Rg, (for NO2 or oxidizing gases) and R ¼ Rg/
Ra (for reducing gases), where Ra and Rg are the resistances of the
sensor in air and in the presence of the target gas, respectively. The
response times and recovery times were calculated as the time to
reach 90% of the ﬁnal resistance after exposure and stoppage of the
target gas, respectively. To study the effects of humidity, we used
humid air (RH 0e70%) at the sensor operating temperature of 30  C.
The actual temperature and RH value of the mixed humid gas were
measured before being loaded into the chamber by the RH probe.
Fig. S1B shows the schematic of sensing system equipped with the
RH generator.
3. Results and discussion
3.1. Mechanism of dissolution of Si by HF
The mechanism of dissolution of Si in HF-containing electrolytes
is shown in Fig. 2 [25]. Initially, the surface of Si is bound with
hydrogen as SiH, and with the generation of holes, the reaction
starts. Under applied voltage, the holes drift to the solution interface and will react (Fig. 2A). Upon reaction, a radical and a proton
are formed. The radical will be easily oxidized and will inject an
electron, which result in current doubling. Due to the use of HF for
etching, the positively charged Si make a complex with F (Fig. 2B
and C). However, because of the high electronegativity of F, the
neighboring it causes destabilization of Si-H bonds and increases its
reactivity, which is then oxidized and forms a radical and a proton.
Then the second radical is easily oxidized (Fig. 2D) and leads to a
diﬂuoride terminated surface, which destabilizes the silicon back
bonds, permitting HF to add across them (Fig. 2E and F) [25]. It
should be noted that by careful controlling of the sensor
manufacturing process such as etching time, etching composition,
etching current density and sputtering parameters (time, current,
and temperature), PS sensors with desired morphology and
composition can be easily realized. Since all parameters can be
externally controlled, the PS gas sensors can be reproduced easily.
3.2. Structural and morphological analyses
Fig. 3A provides the XRD pattern of the Si wafer before etching
in the range of 2q ¼ 20 e80 . The pattern shows only one peak at
69.05 , belonging to the (400) plane of Si (JCPDS Card No.
27e1402), which is in agreement with other reports [26]. In addition, Fig. 3BeD show the XRD patterns of the Si samples etched for
30, 60, and 90 min, respectively. It can be seen again that only one
peak appeared in these samples, demonstrating no formation of
SiO2 or other undesirable phases after electrochemical etching.
Fig. 4A provides the top-view SEM image of the PS sample
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Fig. 1. Schematic illustration of the synthesis steps for preparation of PS.

Fig. 2. Schematic illustration of the mechanism of Si dissolution in HF.

etched for 30 min. It clearly reveals formation of pores in the
sample with an almost uniform pore size in the range of 1e2 mm.
The corresponding SEM cross-sectional view provided in Fig. 4B
shows a uniform pore depth of 2e4 mm. By increasing the etching
time to 60 min, as provided in the top-view SEM micrograph
(Fig. 4C), the size of the pores is increased to 3 mm, and as shown in
SEM cross-sectional view, the depth of the pores is increased to
27e30 mm. A further increase of the etching time to 90 min caused
formation of pores in the range of 5e6 mm and with depths of
50e55 mm, as presented in Fig. 4E and F, respectively.
Fig. 5A reveals a lattice-resolved TEM micrograph of the sample
etched for 60 min, where the interplanar distance of 0.192 nm can
be assigned to the (220) plane of Si [27]. Moreover, the corresponding selected area electron diffraction (SAED) revealed in
Fig. 5B approves the single crystalline nature of Si, due to the
presence of a spotty pattern belonging to the (202), (220), and (222)
planes of Si.
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Fig. 5. TEM analyses of the PS sample etched for 60 min: (A) HRTEM and (B) the
corresponding SAED pattern.
Fig. 3. XRD patterns of (A) the Si wafer and PS samples etched for different times: (B)
30 min, (C) 60 min, and (D) 90 min.

Fig. 4. SEM images of Si samples etched for 30 min: (A) the top-view and (B) crosssectional view, Si samples etched for 60 min: (C) the top-view and (D) crosssectional view, and Si samples etched for 90 min: (E) the top-view and (F) crosssectional view.

3.3. Gas sensing studies
As a ﬁrst step of the gas sensing measurement, we compared the
NO2 sensing behavior of the Si wafer sensor and etched sensors at
30  C, and the obtained results are represented in Fig. 6AeD. As
shown in Fig. 6A, for the Si wafer sensor and the sensors etched for
30 min and 90 min, there is an insigniﬁcant response to NO2 gas.
However, the sensor etched for 60 min provided a meaningful
response to NO2 gas, showing a response even to 3 ppm NO2 gas.
The response to 10 ppm of NO2 gas was measured to be 9.56.
Accordingly, this sensor was chosen for other sensing tests. By the
way, the sensors etched for 90 min exhibited a response of about 2
upon the introduction of NO2 gas, however, its recovery upon the
introduction of air is very slow and cannot be recovered in a
reasonable time.
In the next step, to ﬁnd if room temperature (30  C) is the best
sensing temperature for the sensor, we exposed the sensor to
10 ppm NO2 gas at various temperatures (25e150  C), and the results are shown in Fig. 7AeF. As the dynamic response curves show,
in general, the response is decreased by an increase of the sensing
temperature. For better insight, Fig. 7G summarizes the response of
the sensor at different temperatures, where it clearly shows that
30  C is the optimal working temperature of the sensor. In particular, for sensing temperatures of 25, 30, 50, 70, 100, and 150  C, the
response values are 9.09, 9.56, 3.54, 2.4, 2.75, and 1.48, respectively.
Such behavior, namely the decrease of sensor response with
increasing temperature, was also previously reported [28,29]. At
higher temperature, the desorption rate is faster than the adsorption rate in the present work, leading to a lower response at higher
temperatures [29,30]. Additionally, the initial resistance of the PS
sensor, which is a semiconductor, drops with increasing temperature. Accordingly, the initial resistance is relatively high at room
temperature. Owing to the initial small conduction volume (or hole
concentration) at room temperature, the change of resistance by
the same amount of NO2 gas species will cause a higher response.
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Fig. 6. Dynamic resistance curves of different sensors at 30  C to NO2 gas: (A) Si wafer, (B) PS sensor etched for 30 min, (C) PS sensor etched for 60 min, and (D) PS sensor etched for
90 min. Insets indicate the enlarged ﬁgures.

Fig. 8A shows the plot of the sensor's response at NO2 gas
concentrations, where for 3, 5, 10, 20 and 50 ppm NO2 gas, the
response values are 7.55, 9.28, 9.56, 10.66, and 14.4 respectively.
Furthermore, the response time and recovery times are presented
in Fig. 8B and C, respectively. The response times for 3, 5, 10, 20 and
50 ppm NO2 gas are 28, 22, 19, 77, and 46 s, respectively, and the
corresponding recovery times are 22, 15, 21, 123 and 134 s,
respectively. For a sensor working at 30  C, dynamic times are very
short.
Generally, the gas sensors for practical application are in packages and they are protected from harsh environmental issues such
as high speed winds and so on. However, both wind and ﬂow rate
can affect the performance of the gas sensor. For example, higher
ﬂow rates will cause faster reaching of the target gases on the
sensor surface and the decrease of response time. However, for
more accurate discussion about effect of ﬂow rates, more experiments are needed which need to be addressed in another study.
Since the selectivity of the sensor is very important, determining
the ability of the sensor to discriminate a particular gas among
other interfering gases, we performed a selectivity test by exposing
the sensor to 10 ppm of different gases at 30  C. Fig. 9 and Fig. S2
show the selectivity pattern of the sensor, where it shows responses of 9.56, 1.13, 1.11, 1.1, 1.09, 1.09, and 1.02, respectively, to
NO2, acetone, ethanol, CO, SO2, toluene, and benzene gases.

Accordingly, it has high selectivity towards NO2 gas.
We also tested the response of gas sensor in the presence of
relative humidity (RH). Fig. 10A shows dynamic response curves of
PS sensor etched for 60 min towards 10 ppm NO2 gas at different
RH% and Fig. 10B provides the corresponding response versus RH
values. Initial response of gas sensor is 9.56 which is decreased to
1.21, 1.19 and 1.19 for 30, 50 and 70% RH. Decrease of response in the
presence of water vapor is due to occupation of adsorption sites on
the surface of gas sensor, which decreases the number of adsorption sites for adsorption of NO2 gas [31]. In fact, when both H2O and
O2 exist, they compete to be adsorbed on the sensor surface [32].
Thus some adsorption sites will be occupied by water molecules
and lower amounts of NO2 gas can be adsorbed, leading to decrease
of gas response. This is believed to be due to displacement of
chemisorbed oxygen species by water molecules and hydroxyl
species which form at the sensor surface [33]. Also, absence of the
adsorbed oxygen can decrease sensing performance simply by
removing the number of available oxygen ions to take part in reactions with NO2 gas [34].
Table 1 [23,24,29] compares the NO2 sensing characteristics of
the present sensor with other Si-based gas sensors. Apparently, our
sensor offers higher response to NO2 gas in comparison to other
sensors at room temperature (30  C).
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Fig. 7. (A)e(F) Dynamic response curves of the PS sensor etched for 60 min towards 10 ppm NO2 at different temperatures. (G) Change of sensor responses with varying the sensing
temperature.
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Fig. 8. (A) Plot of sensor response at different NO2 concentrations. (B) Response times and (C) recovery times of the sensor at different NO2 concentrations. (All data was taken at
sensing temperature of 30  C).

O2 /O2 ðadsÞ

(1)

O2 ðadsÞ þ e /O
2:

(2)

Because of electrons abstraction, the number of electrons is
decreased in outer region, and for p-type sensing materials at the
same time, the number of holes is increased, forming a so-called
hole accumulation layer. Since in p-type semiconductors, the conductivity originates from the presence of holes, accordingly, the
resistance in the hole accumulation layer is lower than the inner
regions of sensor. Upon exposure to NO2 gas, it is adsorbed on the
surfaces of PS, and due to the high electron afﬁnity of NO2, electrons
are attracted to NO2 molecules as follows [39]:

NO2 ðgÞ þ e 4NO
2 ðadsÞ

(3)

Fig. 9. Selectivity histogram of the PS sensor etched for 60 min towards 10 ppm of
different gases.





NO
2 ðadsÞ þ O2 ðadsÞ þ e /NO2 ðadsÞ þ 2O ðadsÞ

(4)

3.3.1. Sensing mechanism
The mechanism of gas sensing in resistive gas sensors is based
on variations of the resistance upon exposure to the target gas
[35,36]. When the gas sensor is in air, oxygen molecules are
adsorbed onto the surfaces of the gas sensor. Then, the adsorbed O2

2
molecules will be converted to oxygen ions (O
2 , O , or O ) by the
abstraction of free electrons from the sensing layer. However, at low
temperatures, such as room temperature (30  C), the dominant
oxygen species is a molecular ion, which can be formed as follows
[37,38]:

Accordingly, more electrons are abstracted from the surface of
the sensor and the resistance of the p-type Si sensor decreases. In
fact, due to an increase of the width of the hole accumulation layer,
more holes participate in the conductivity of Si and the conductivity increases. When the concentration of NO2 increases, more
electrons can be extracted by NO2 gas and a higher response can be
observed.
Among the tested sensors, the PS sensor etched for 60 min
revealed the highest response to NO2 gas. In fact, for the sensor
fabricated from the Si wafer, there are not enough adsorption sites
for effective adsorption of NO2 gas, and the poorest response was
observed. When the Si is etched for 30 min, as shown in the SEM
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Fig. 11. Schematic of NO2 adsorption on the surface of different PS samples etched for
different times: (A) 30 min, (B) 60 min, and (C) 90 min.

Fig. 10. (A) Dynamic response curves of PS sensor etched for 60 min towards 10 ppm
NO2 gas at different relative humidity (RH%) values. (B) Corresponding response versus
relative humidity.

Table 1
Comparison of the NO2 sensing characteristics of some gas sensors based on porous
Si, working at room temperature, with the present sensor.
Material

Conc. (ppm)

T ( C)

Response (Ra/Rg)

Ref.

Porous
Porous
Porous
Porous

10
10
2
2

RT (30  C)
25
25
25-28

9.56
3
2.6 [(Rg Ra)/Ra]
1.3

This work
[29]
[23]
[24]

Si
Si
Si
Si NWs

image, some pores will be created, and the surface area is increased
relative to the Si wafer sensor. However, as it can be seen from the
schematic illustration of Fig. 11A, that the depth of the created
pores is very shallow. In fact, even though there are some pores on
the surface, due to the very small depth of the created pores, there
is no remarkable difference between the surface area of the Si wafer
and the sample etched for 30 min. For the sample etched for

90 min, as shown in Fig. 11C, even though a large number of pores
with high depths are created, the diameters of the pores are very
large. Therefore, the effective surface area of the sensor, where the
NO2 molecules can be effectively adsorbed, is lower than 60 minetched sample. For the sensor etched for 60 min (Fig. 11B), it
seems that a high surface area is created because of the presence of
pores with a sufﬁciently large diameter and sufﬁciently high depth.
Accordingly, a signiﬁcant amount of NO2 can be adsorbed on the
surface of the sensor and a high response can be seen. BET measurement indicates that the surface area of 60 min-etched sample is
larger than that of 90 min-etched one (Fig. S3 and Text S1 in Supporting Information).
In addition, the sensors have different initial resistances (Fig. S4
in Supporting Information). For the sensors etched for 30 min and
90 min, the initial stable resistances are approximately 104 U and
1588 U, respectively, while for the sensor etched for 60 min, the
initial resistance is 2566 U. Since all of the gas sensors were made
from the same Si wafer, difference between the resistance values
can be signiﬁcantly affected by surface morphology and inhomogeneity. In case of 30 min-etched PS, it consists of relatively
shallow trenched structures and thus surface morphology is relatively smooth (Fig. 11A). Accordingly, the current path between two
adjacent electrodes is relatively short and straight, bringing about a
lower resistance. Furthermore, its relatively smooth structure with
a smaller surface area will reduce the chance of trapping hole
carriers. In case of 60 min-etched PS, it consists of relatively deep
and narrow trenched structures and thus surface morphology is
relatively rough (Fig. 11B). Accordingly, the current path between
two adjacent electrodes is relatively long and curved, bringing
about a higher resistance. Furthermore, its relatively rugged
structure with a large surface area will increase the chance of
trapping hole carriers. In case of 90 min-etched PS, it consists of
relatively deep and wide trenched structures (Fig. 11C). Accordingly, its current path will be simpler and more straight than of 60
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min-etched PS, explaining its lower initial resistance than 60 minetched PS. In addition, it has a smaller surface area than 60 minetched PS, contributing to the relative abundance of active hole
carriers.
In addition, the optimized sensor did not show a high response
to interfering gases (acetone, ethanol, CO, sulfur dioxide, benzene,
and toluene), in comparison to NO2 gas. This can be at least partially
attributed to the highly oxidizing nature of NO2. In fact, the electron
afﬁnity (EA) of NO2 is 2.27 eV [40], which is higher than that for the
oxygen molecule (0.44 eV), leading to easier adsorption of NO2 gas
on the surface of the gas sensor. Also, the EA of SO2 is 1.1 eV,
generating a lower adsorption compared to NO2 [41]. The EA of CO
is 2.01 eV, which means that CO molecule is a fairly good donor of
electrons when it interacts with an electrophilic surface [42].
Moreover, it is well known that benzene and toluene are less
reactive, due to the inert nature the benzene ring [43]. Therefore,
NO2 gas can be more easily detected by the optimized gas sensor.
In Table S2 [Supporting Information], we listed previous literatures of NO2 sensing at room temperature, investigating response
times and recovery times. At 5 ppm, response times are in the range
of 90e165 s, whereas recovery times are in the range of 220e499 s.
Although very short response time and recovery time of 2.5 and 1.5,
respectively, were obtained by using NiO/WO3 nanocomposites, the
sensing test was carried out at 30 ppm. Accordingly, we realize that
response times and recovery times of the present sensor are relatively very short at a low concentration of NO2 gas. As stated in
Experimental section, response times and recovery times were
calculated as the time to reach 90% of the ﬁnal resistance after
exposure and stoppage of the target gas, respectively [Fig. S5 in
Supporting Information].
Long response time and recovery time are related to interaction
between NO2 molecules and high-energy binding sites (such as
vacancies, defects, and oxygen functional groups). G. Lu et al.
indicated that the thermal energy of rGO is usually insufﬁcient to
overcome the activation energy for desorption, leading to slow
response and recovery rate [44]. M. W. Ahn reported that ZnO NWs
at 225  C showed a response and recovery times of 24 and 12 s to
0.5 ppm NO2 gas, respectively, which was attributed to the unique
device structure that ZnO nanowires in the sensor which were
ﬂoated above the substrate, facilitating the adsorbates to be easily
desorbed and swept away from the surface of ZnO [45].
Based on previous analysis, we surmise that the very rapid
response-recovery characteristics are due to the presence of wellaligned pores, acting as effective transportation paths for fast
diffusion of gas molecules in and among the PS layers [28,31]. In
addition, in the present work, the as-etched PSs were rinsed with
deionized water and HF to remove possible formed oxides. Since
oxide or oxygen functional groups possibly retard the desorption of
NO2 molecules, the HF treatment will contribute to the reduction of
recovery times.
It is observed that response time and recovery time tend to
decrease with increasing the NO2 gas concentration, in which
abundant NO2 species will facilitate the sensing reactions. By the
way, it is noteworthy that the recovery time increases by increasing
the concentration from 5 to 10 ppm. It seems that weaker ability of
the gas sensor to desorb the high concentrations of gas species
ultimately will result in a prolonged recovery time [46].
4. Conclusions
In this study, PS samples were fabricated by electrochemical
etching for different times (30, 60, and 90 min). SEM characterization demonstrated the formation of pores in the samples. NO2
gas sensing results revealed that the PS sensor etched for 60 min
had the highest response. This was attributed to the higher effective
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surface area of this sample. In addition, it is possible that the sufﬁciently high initial resistance of the sensor helped to increase the
sensor response. The optimized sensor showed high selectivity to
NO2 gas. This study demonstrates the possibility of fabrication of
inexpensive, sensitive, and selective NO2 gas sensors based on PS
via an electrochemical route.
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