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Ultrasensitive detection of low-ppm H,S gases
based on palladium-doped porous silicon sensors+

Nu Si A. Eom,}*® Hong-Baek Cho,;gb Hyo-Ryoung Lim,? Tea-Yeon Hwang,”
Yoseb Song® and Yong-Ho Choa {2*P

In this study, the sensing properties of palladium-doped porous silicon (Pd/p-Si) substrates for low-ppm
level detection of toxic H,S gas are investigated. A Si substrate with dead-end pores ranging from nano-
to macroscale was generated by a combined process of metal-assisted chemical etching (MacE) and
electrochemical etching with tuned reaction time, in which nano-Pd catalysts were decorated by E-
beam sputtering deposition. The sensing properties of the Pd/p-Si were enhanced as the thickness of
the substrate layer increased; along with the resulting variation in surface area, this resulted in superior
H,S sensing performances in the low-ppm range (less than 3 ppm), with a detection limit of 300 ppb
(sensitivity 30%) at room temperature. Furthermore, the sensor displayed excellent selectivity toward the
hazardous H,S molecules in comparison with various other reducing gases, including NO,, CO,, NH3,
and H,, showing its potential for application in workplaces or environments affected by other toxic
gases. The enhancement in sensing performance was possibly due to the increased dispersion and
surface area of Pd nano-catalysts, which led to an increase in chemisorption sites of adsorbate molecules.

Introduction

In the past few decades, due to rapid industrialization and
urbanization, the development of gas sensors has attracted
continuous attention in areas such as environmental moni-
toring, agriculture, disease diagnosis, household security, and
vehicles.’ The detection of gases such as H,S, SO,, and NH3,
which can be harmful to human health, is necessary in many
fields, especially environmental monitoring and process
control, due to their toxicity and associated risk to the
ecosystem.*® In addition to the various toxic and/or combus-
tible gaseous and liquid products generated at chemical and
materials processing plants, ensuring security at airports and
other public sites is a clear motivation for tracking and
controlling such emissions of chemical analytes.® Therefore,
there is high demand for high-performance sensors for moni-
toring harmful gas. A promising basis for high-performance
sensing devices is nanomaterials and nanostructures’ because
the key factors in improving gas sensing performance are
improving the interaction between the gas molecules and the
sensing surface and decreasing the operating temperature.®
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Nanostructured materials exhibit excellent sensing properties
because they improve the adsorbate molecule-to-sensing
surface interaction through their high surface area-to-volume
ratio.” ™

Among the various possible nanomaterials, porous silicon
(p-Si) is an interesting base material for developing a gas sensor
due to its unique combination of crystalline structure; high
specific surface area of up to 200-800 m? g~ *, which enables the
enhancement of adsorbate effects; and high surface chemical
activity."** Because of these features, p-Si has been used as
a template for the detection of many gases, such as NO,, NHj3,
H,S, SO,, CO, and more.**** Compared to other semiconductor
gas sensors, p-Si chemical sensors can be operated at relatively
low temperatures, even room temperature,* due to their high
specific surface area and high surface chemical activity.”” The
sensing principles of p-Si gas sensors are generally associated
with changes in the carrier concentration®" in the porous layer
or changes in the dielectric constant***' between the p-Si
surfaces and the detecting gas due to intrinsic adsorption
properties and the concentration of the gas.

The properties of p-Si gas sensors are strongly dependent on
their surface morphology. It is essential to synthesize the p-Si
sensor by controlling the structural morphology, creating
porosity in porous layers of controlled thickness in order to
improve the efficiency and sensing properties of the device.
These sensors have been used for detecting low concentrations
of ecologically harmful gases. Hydrogen sulfide, H,S, is one
example of such a gas, of which concentrations between 15 and
100 ppm are considered to cause severe damage to human
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health in the form of digestive upset, loss of appetite, olfactory
paralysis, and eye and/or lung irritation.”” This necessitates the
monitoring and detection of H,S and the control of its leakage
in many technological processes;* therefore, the development
of stable and reliable H,S gas sensor systems with high sensi-
tivity and selectivity is crucial.

To enhance the selectivity of Si-based gas sensors, various
additives such as graphene,®* Pd,”® Cu0O,*® and WO; (ref. 27)
have been incorporated into p-Si. Pd particles are mainly used
as H, sensing materials and form PdH, upon exposure to H, gas
molecules through dissociative adsorption, resulting in
changes in the resistance of the substrate.”® It is extensively
used as a catalyst metal for the enhancement of H,S gas
adsorption over a wide range of temperatures and enables
detection even at room temperature.*»** Hydrogen sulfide gas
also shows dissociative adsorption at the surface of the catalytic
Pd clusters, then diffuses before interacting with other reacting
adsorbate oxygen species in atmospheric conditions.*>**
Recently, the interaction mechanisms of H,S molecules with
other types of metal surfaces have been studied.*® However,
there has been little significant research on H,S gas sensors
using Pd/p-Si at room temperature.

In this study, we investigated a Pd/p-Si substrate-based gas
sensor for low-ppm H,S gas detection at room temperature. The
Pd/p-Si gas sensor was synthesized on silicon wafer substrates
by an electrochemical etching process to control porosity as
a function of etching time. The deposition of nanoscale palla-
dium particles was carried out by E-beam evaporation to
produce a homogeneous distribution of active sites. The
sensing properties for H,S gas molecules were analyzed in
combination with the interaction between the p-layers of silicon
and the Pd particles. The synthesized gas sensor had 30%
sensitivity under exposure to 300 ppb of H,S at room tempera-
ture and displayed remarkable selectivity for H,S detection in
comparison with other gases.

Experimental

The high porosity silicon substrate was fabricated on a p-type
monocrystalline silicon wafer with a thickness of 300 um, orien-
tation of (100), and resistance of 1-10 Q by combining the
processes of metal-assisted chemical etching (MacE) and electro-
chemical etching. To remove organic contamination and the oxide
layer on the Si surface, the Si substrates were dipped in 6:3:1
volume ratio of H,SO, : H,O, : H,O for 10 min at 80 °C, followed
by 10 wt% HF for 10 min. The samples were washed with deion-
ized water and dried under an ambient nitrogen gas flow. The
deposition of Pt catalyst on the prepared silicon was carried out by
sputtering deposition of a Pt (purity: 99.99%) target using sput-
tering equipment (Quorum Technologies, Q150T, ES). The regions
of deposited Pt metal particles on the Si substrate had nanoscale
dimensions ranging from 30-60 nm after deposition and heat
treatment at 650 °C (see Fig. S1 in ESIT), and the Pt particles had an
effect on the p-layer morphology of the silicon wafer surface during
the combined MacE and electrochemical etching technique.***
After cooling to room temperature, the Pt-doped silicon wafer was
attached to aluminum foil for electrochemical etching, in which
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the anodic bath was composed of a mixture of 30 wt% H,0, and
10 wt% HF, and the Si (metal plate) and Pt were connected to
a computer-controlled DC power supply (E3647A, Agilent) as
working electrode and counter electrode, respectively. A current
density of 1 mA cm > was applied, and the time for porosity
generation was varied from 10 to 120 minutes during the electro-
chemical etching in the HF-H,O, solution. The resulting porous
silicon substrate was then dipped in 10 wt% HF for 10 seconds in
order to remove the oxide layer that formed on the silicon surface
during the anodizing process, and the samples were rinsed thor-
oughly in DI water and dried at room temperature. To form a Pd
layer with thickness of approximately 3 nm on the prepared p-Si
surface, sputtering deposition of a Pd (purity: 99.99%) target was
carried out using E-beam evaporation (UEE, ULTECH, Korea). A
gold layer of 200 nm thickness was deposited on the top of each p-
Si surface as a sensor electrode to create an ohmic electrical
contact, which was confirmed by the current-voltage (IV) curve (NI
PXle-1073, National Instruments Corporation, USA). The
morphology of the Pd-doped p-Si sample was analyzed by scanning
electric microscopy (SEM, MIRA3, TESCAN Ltd., USA). The phase
analysis of Pd on the silicon substrate was carried out using SEM-
EDX (MIRA3, TESCAN Ltd., USA) and X-ray fluorescence (XRF,
Rigaku Co. Ltd, Tokyo, Japan). The metal dispersion and metal
surface area of the deposited Pd catalyst on porous silicon wafer
substrate were confirmed by a H, chemisorption method (ASAP
2020, Micromeritics Inc., USA). The electrical and gas sensing
properties of the sensor system were measured and recorded
online, and the periodic changes in electrical response between dry
air and the detecting gases (H,S, NO,, NH3, CO,, and H,) were
compared at room temperature. The pore diameter distribution of
the p-Si substrate was obtained by measurements of 50 pore sizes
from each SEM image using image analysis software (Image]). The
resistance of the sensor was measured by a NI PXle-1073 (National
Instruments Corporation, USA).

Results and discussion

Fig. 1 shows the surface and cross-sectional morphologies of p-
Si wafers for etching times of 10, 30, 60, and 120 min in the
electrochemical process. The thickness and diameter of the
synthesized p-layers gradually increased with etching time and
were generated uniformly across the entire substrate surface.
With an etching time of 10 min, a porous layer of dead-end
porosity with a thickness of 15 pm was created. The thickness
increased to 40 um, 90 pm, and 140 pm as the etching time was

Fig. 1 Surface and cross-sectional SEM images of the Pd-doped
porous layer of Si wafer substrates with varying thickness; (a) and (e) 15
um, (b) and (f) 40 um, (c) and (g) 90 um, and (d) and (h) 140 pm.

This journal is © The Royal Society of Chemistry 2018
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extended to 30 min, 60 min, and 120 min, respectively. The
cross-sectional images show that the porous layers were firmly
attached to the substrate with vertically upright assembly. The
insets of Fig. 1(a)-(d) show that the average pore diameter
increased with the increase in etching time; the mean pore
diameter after 10 min of etching was 1.5 um, which propor-
tionally increased to 2.3, 4.5, and 5.6 pm as the etching time
increased from 10 to 120 min. The magnified view of the inside
wall of the internal pores show narrower nanoscale gaps on the
surface, indicating the microporosity of the p-Si substrate
(Fig. S21).

Fig. 2 compares the sensitivity of the sensing properties of
the fabricated Pd deposited sensor system as a function of
etching time under a 10 ppm dose of H,S gas. With increasing
porous layer thickness and pore diameter, the sensing proper-
ties increased to an etching time of 60 min and then decreased
with longer etching times upon exposure to H,S gas. The
enhancement in these sensing properties was related to the
increased surface area of the p-Si template and the extended
domains allowing palladium nanoparticle deposition through
the increase in interaction sites with H,S gas molecules. The
increase in resistance due to the adsorption of hydrogen sulfur
gas was not observed when a non-Pd-doped p-Si substrate was
used (see also Fig. S2 in ESIt). In contrast, the palladium-doped
porous silicon with p-Si layer thicknesses of 15 pm, 40 um, and
90 um (in Fig. 2(a)-(c)) showed an increase in resistance under
10 ppm of H,S gas injection. Although the p-Si substrate with
a porous layer thickness of 140 um had H,S sensing perfor-
mance of around 0.7 x 10° Q, it was similar to the gas response
(Rg/R,) of p-Si with a 15 pm-thick porous layer, as shown in
Fig. S4.7 It is surmised that the collapsed porosity due to
excessive etching and the inevitable decrease in deposition sites
for Pd metal during Pd deposition directly influenced the poor
sensing properties of H,S gas molecules on the p-Si layer. Eqn
(1) describes the surface reaction that occurs when H,S gas
approaches the silicon surface, a surface oxidation reaction
with adsorbed oxygen species (0,7, O~, 0*7):*
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Fig. 2 The resistance changes of Pd/p-Si sensors as a function of
etching time; (a) 10 min, (b) 30 min, (c) 60 min, and (d) 120 min, under
exposure to 10 ppm H,S.
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2HZS(g) + 302(3(1)&7 > 2H20(g) + ZSOZ(g) + 3ae” (0( = 1, 2) (1)

In this reaction, the electrons formed by the chemisorption
of detecting gas molecules and the holes from the p-type Si
substrate generate an electron-hole pair, resulting in reduced
conductance (or enhanced resistance). The hole density of p-
type silicon is controlled by the surface reaction of H,S with
chemisorbed oxygen species on the sensing material's surface.

Fig. 3(a) and (b) show TEM-EDX spectra and mappings of the
3 nm Pd-doped porous layer of 15 pm thickness on the Si
substrate. The TEM-EDX spectra confirm the presence of Pd on
the porous layered Si, with a concentration of approximately 1
at%. It was also confirmed that over 4.5 at% of Pt particles
remained on the Si porous layer after the anodization process
during electrochemical etching. This did not impact the
sensing properties, as shown by the lack of resistance variation
in Fig. S3 in ESL.{ As an identical amount of Pd was deposited
on the porous silicon substrate, a disparity in sensing properties
of the porous silicon substrate was expected due to the disper-
sion and surface area of the deposited Pd being influenced by
the structural morphology of the porous layer, as shown in
Fig. 3(c) (see also the ESIt for information on the Pd content
calculation). The relative dispersion of Pd particles on the
surface of the porous Si layer increased for a porous layer
thickness of 90 pm relative to that of the sample with thickness
of 15 um by an amount proportional to the increase in metal
surface area. This confirms that the increase in porosity and
layer thickness of Si substrate attributed to the substantial
increase in dispersion and surface area of the doped palladium,
leading to enhanced sensing performance.

The IV behavior of the samples can be explained using the
energy band diagram shown in Fig. 4. Both the synthesized pure
p-Si and the P/p-Si showed the formation of an ohmic contact
between the substrate and the Au electrodes (Fig. 4(a)). The
ohmic contact between Pd and p-Si is explained by the forma-
tion of a hetero-junction, as determined by the energy band
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Fig. 3 (a) EDX-TEM and (b) TEM analysis of a 3 hm Pd-doped 15 pum-

thick porous layer on silicon substrate, and (c) 3 nm Pd dispersion on
300 pum Si wafers with porous layer thickness of 15 pm and 90 pm.
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diagram shown in Fig. 4(b). This ohmic response was expected
because the work function of palladium (@pg) is 5.12 eV, which
is higher than that of p-Si (~4.97 eV), and the electron affinity
(xsi) and bandgap of Si are 4.05 and 1.12 eV, respectively.’”
Therefore, the E; — E, is estimated to be ~0.2 eV based on
a resistivity of 1-10 Q cm for p-type Si.>* This ohmic behavior is
very important to the gas sensing properties because the
sensitivity of the gas sensor, the ratio of the electrical resistance
under H,S gas to that under dry air, can be maximized®**
depending on the contact resistance. After a contact barrier is
formed due to the work function disparity between Pd particles
and the p-Si interface, partial carriers in the p-Si move toward
the Pd side, leading to the formation of a hole accumulation
layer.

The variation in resistance change under exposure to H,S gas
was measured to demonstrate the potential utility of the gas-
sensing properties of the Pd/p-Si (see Fig. 5). The sensor
system with a 90 pm-thick porous layer was chosen to evaluate
the sensing properties before and after introducing the detect-
ing gas at atmospheric temperature. The resistance of the
materials increased upon exposure to H,S, indicating that the
decorated p-Si substrate was a p-type semiconducting oxide.
The response time is defined as the time to achieve 90% of the
stable output of the sensor after the detected gas enters, while
the recovery time is defined as the time to fall to 10% of its
maximum output after the detected gas exits.*® A response time

5x10°

4x10°

3x10°

2x10°

Resistance (ohm)

1x10°

ob o vy
0 5 10 15 20 25

Time (min)

Fig.5 The response and recovery behavior of the Pd-doped porous Si
layer of 90 um thickness under exposure to 10 ppm of H,S gas at room
temperature.
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of 65 s was measured during exposure to 10 ppm H,S gas; when
the gas was removed, the resistance of the sensor decreased
with a recovery time of 165 s. A comparison between the sensing
performance of this sensor system and literature reports is
summarized in Table S1.f It is inferred that the increase in
surface area and Pd adsorption sites motivated the fast
response and recovery of the interaction with H,S gas.

The typical response-recovery curves of the samples were
further investigated by sequentially exposing the sensor to
different concentrations of H,S between 0.3 ppm to 3 ppm at
room temperature, as shown in Fig. 6. Sensitivity was defined as
AR/R, = (Ry — R,)/R, x 100, where R, and R, represent the
resistance of the sensor exposed to air and H,S gas, respectively.
Fig. 6 shows the variation in sensitivity, which proportionally
increased to 30, 50, 70, 110, 150, 330, and 500 for introduced gas
concentrations of 0.3, 0.5, 0.7, 1, 1.5, 2, and 3 ppm, respectively.
The response and recovery characteristics were almost repro-
ducible. The sensor system had relatively fast response and
recovery time, indicating the rapid changes in resistance upon
exposure to H,S gas and air. It is obvious that the palladium-
doped sensor was able to detect a wide range of H,S concentra-
tions with a detection limit at the ppb level; the response toward
300 ppb (0.3 ppm) H,S was still as high as 30% sensitivity,
indicating that the sensor can detect H,S gas down to the ppb
level. Furthermore, the sensor sensitivity could completely
recover to its initial value rapidly, suggesting that the sensor
could monitor H,S gas at a sub-ppm level at room temperature.

Gas selectivity is one of the crucial properties in determining
whether a sensor can respond selectively to a group of analytes
or even specifically to a single analyte.*' To examine the H,S gas
selectivity of the decorated p-Si gas sensor, the sensing response
to other gases, including CO,, NH3, NO,, and H,, was examined
and compared with the response to H,S. Fig. 7 shows the sensor
response to H,S gas and other gases measured at room
temperature. Here, the sensor response was calculated by S =
AR/R, x 100 for reductive gases such as NH; or H, and as S =
AR/R, x 100 for oxidizing gases such as NO, or CO, because the
conductance of the p-Si switched depending on whether the
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Fig. 6 The sensing response curves of the Pd/p-Si with 90 pm
thickness for different concentrations of H,S at room temperature.
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Fig. 7 The selectivity of a Pd-doped p-Si gas sensor of 90 pm thick-
ness for various detecting gases at room temperature.

target gases adsorbed on the surface as oxidizing or reducing
agents. Fig. S57 exhibits the sensitivity of the Pd/p-Si gas sensor
to CO,, NH3, NO,, and H,, as well as the gas concentration at
room temperature. As shown in Fig. 7, the Pd/p-Si sensor
showed the highest response of 90% for H,S gas at the lowest
concentration of 3 ppm, while the responses to 10 000 ppm
CO,, 333 ppm NH3, 20 ppm NO,, and 1000 ppm H, were 5%,
10%, 50%, and 30%, respectively. The metal doped porous
silicon sensors have been generally used for detection of H, gas
molecules as summarized in Table S2f because of the selectivity
of porous silicon substrate toward H, gas molecules at room
temperature. However, we could accomplish a novel demon-
stration of excellent sensing selectivity toward H,S (response of
90% to 3 ppm H,S gas corresponding to 5% to 1000 ppm H, gas)
by sophisticated control of Pd deposition on the surface of
highly porous silicon. It can be concluded that the Pd/p-Si gas
sensor has excellent sensing selectivity to H,S compared to
other reducing gases, demonstrating its potential for detecting
H,S gas in complex environments and even enabling it to
monitor extremely dilute leakage of the gas.

The Pd/p-Si has excellent sensing properties due to the high
specific surface area of the chemical activity on the p-Si surface,
which was verified by H,S chemisorption (Fig. 5). Fig. 8 shows

Palladium

9|

R . 7 3
"&“?"wgmym [n X3
[ B

Fig. 8 Schematic of the H,S gas sensing performance of Pd/p-Si
sensors through surface oxidation in air at room temperature.
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a schematic illustration of the gas sensing mechanism of Pd/p-
Si in H,S gas and in air. As previously mentioned in Fig. 4(b),
some electrons in p-Si move to the higher work function of Pd
due to the formation of an ohmic junction between Pd and p-Si,
which results in the formation of a hole accumulation layer near
the Pd/p-Si interface. When the Pd/p-Si sensor is exposed to H,S
gas (a reducing gas), the gas molecules adsorb on the active sites
of the Pd nanoparticles, preferentially taking an electron in the
process. The catalytic palladium metals dispersed on the p-Si
enhance the dissociative adsorption of H,S molecules through
the spill-over effect, leading to an increase in the rate of disso-
ciation and resulting in chemisorption between the detecting
gas and the sensor materials,”” in which the H,S molecules
dissociate into hydrogen and sulfur atoms on the Pd particles
and then diffuse to the substrate.*** The resulting hydrogen
atoms partly penetrate the Pd metal film to the Pd/p-Si inter-
face,* and the accumulated holes near the Pd/p-Si interface and
the absorbed gas molecules are transferred. Consequently, the
adsorption of H,S on the surface of the Pd/p-Si results in an
increase in resistivity.

In contrast, when the Pd/p-Si is exposed to air, the electrons in
the Pd and p-Si are trapped by oxygen molecules, which can form
ionized oxygen species through oxygen redox reactions and
undergo a surface reaction with chemisorbed hydrogen and sulfur
atoms on the surface of the Pd and the p-Si substrate adjacent to
the edges of the Pd metal, leading to hole transfer into the valence
band of the Si. The holes accumulated in the Pd/p-Si then enhance
the conductance. The unique surface morphology, which ranged
from nano- to macroporosity, enabled the metal-doped porous
silicon to possess an increased surface area throughout the entire
p-Si surface, providing the synergic effect necessary to obtain
excellent sensing properties in the sensor system.

Conclusions

A noticeable enhancement in both H,S gas sensitivity and
selectivity was demonstrated by Pd-decorated Si substrates with
nano- to macroporosity and high surface area. The porosity of
the p-Si could be tuned using an electrochemical etching
process, which enabled control of the thickness of the porous
silicon layers from 15 um to 140 pm by varying the etching time.
The sensing properties of the synthesized Pd/p-Si substrate were
noticeably improved with an increase in the porous layer
thickness, with maximum sensitivity at a thickness of 90 um,
due to an increase in Pd dispersion that enhanced the surface
oxidation of the adsorbate molecules. The Pd/p-Si sensors
exhibited high sensitivity at low H,S concentrations less than
3 ppm, with a detection limit of 300 ppb (sensitivity of 30%) at
room temperature. Furthermore, the Pd/p-Si gas sensor had
excellent sensing selectivity toward H,S compared to other
reducing gases (NO,, NH3, CO,, and H,), demonstrating its
potential for application in complex environments and even its
ability to monitor extremely dilute leakage of the gas.
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