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Abstract: We report the effects of thermal oxidation on the sensing properties of porous silicon.
Porous silicon substrates were prepared by electrochemical etching and thermally oxidized at dif-
ferent temperatures. A comparative EDS analysis shows that porous surfaces oxidized at higher
temperatures have higher oxygen-to-silicon ratios. Our results indicate that the chemoresistive
response due to the presence of isopropanol vapors at room temperature also increases with an
increasing oxidation temperature. The presence of oxygen atoms in the PS layer could both protect
the sensor from further atmospheric oxidation and increase its sensitivity.
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1. Introduction

Gas sensors in use today include semiconductor sensors that require a high operating
temperature [1,2]. The use of microelectromechanical systems technology (MEMS) [3,4] has
reduced the power required to operate such sensors, allowing them to be used in affordable
handheld detectors that can also be incorporated into cell phones [5]. However, sensors
that operate at room temperature would improve power consumption, making them easier
to incorporate into remote environmental monitoring devices, drones, and a wide range of
consumer products. Efforts to build such devices are ongoing [6–8].

Porous silicon (PS) has become a material of interest in recent decades. Several
potential applications of PS have been explored over the years, including photovoltaic [9],
biomedical [10], and sensing [11,12]. The large specific surface area and compatibility with
the processes used in the modern semiconductor industry make PS an interesting sensing
material. PS sensors have been investigated in the past, including those based on oxidized
PS (e.g., [13–19]). Efforts are currently underway to improve the gas-sensing properties
of PS through a wide range of fabrication, functionalization, and post-treatment methods.
These include the post-treatment of porous surfaces using HCl (e.g., [20]), O2 (e.g., [19]),
and a coating with various metal oxides (e.g., [21]).

However, there are still a number of difficulties that hinder the commercial and
widespread use of PS in gas sensors. Some of the most important ones, according to [22],
are the insufficient reproducibility, selectivity, and stability of the parameters of PS. Since
oxidation of PS occurs naturally in air, it leads to a change in its properties [23,24] and is
deemed undesirable. Attempts are currently being made to passivate and stabilize the
surface of PS [25,26]. In addition to the efforts of the broad scientific attempt to create
a commercially viable PS sensor, our previous work [19] reported on the sensitivity of
oxidized PS to various organic vapors and ammonia gas. A logical step is to deepen our
understanding of the effect of oxidation on the sensing properties of PS.

Therefore, we do not attempt here to develop a turnkey solution for the development
of a sensitive and selective commercial PS sensor. The goal is to answer more fundamental,
specific, and important questions: how does oxidation affect the morphology, molecular
structure, and, ultimately, the sensing properties of PS?
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To achieve the best possible focus, we minimize the parameter space by standardizing
the synthesis and measurement procedure. It has been previously shown [19,27] that the
electrical properties of PS change in the presence of a number of organic vapors, including
isopropanol (IPA). Although the monitoring of IPA vapors is an active area of research in
its own right (e.g., [28,29]), it is chosen as the standard analyte in this work. As will be
described in the next Section 2, we vary only the degree of oxidation and the IPA vapor
concentration in a range of samples.

2. Materials and Methods

In this experiment, we prepared PS samples by electrochemical anodization of p-type
(B-doped) Si wafers with <100> crystal lattice orientation and resistivity in the range from
0.001 Ωcm to 0.01 Ωcm. We used an electrolyte of 3:5 HF-to-ethanol (V/V) and an etching
time of 5 min at a current density of 14 mA/cm2. To prevent the prepared nanostructures
from collapsing due to the surface tension of the electrolyte and to minimize exposure
to the atmosphere after preparation, the samples were rinsed with ethanol and placed in
a transport vessel filled with n-pentane before the ethanol evaporated from the surface.
Samples were finally stored in a glove box with Ar atmosphere (<0.1 ppm H2O, <0.1 ppm
O2). The surface morphology and a comparative analysis of their composition by energy
dispersive spectroscopy (EDS) were performed using the scanning electron microscope
(JSM-7000, Jeol, Tokyo, Japan).

The samples were then thermally oxidized in a tube furnace at four different tempera-
tures. Oxidation was accomplished by evacuating the tube, heating it to the set temperature
(423 K–723 K, in 100 K increments), and introducing 12 SCCM (standard cubic centimeters
per minute) of O2 for one hour. After oxidation, the samples were again stored in the glove
box under an inert atmosphere.

Two electrical contacts for the measurement probes were made by thermal evaporation
of tin onto the porous surface of each sample. To prevent electrical contact with the underly-
ing Si bulk, samples were positioned at an angle to the vapor deposition vessel. The circular
contacts were 3 mm in diameter, 8 mm apart (center to center), and approximately 1.5 µm
thick. Their morphology was examined with a profiler (Zygo New View 7100).

Fourier transform infrared spectroscopy (FTIR) was performed on oxidized porous
films to gain insight into the molecular structure. For this purpose, a Variable Angle Specu-
lar Reflection accessory was attached to a Spectrum GX FTIR spectrometer (Perkin-Elmer,
Waltham, MA, USA). Morphological properties were analyzed using T64000- (Horiba-
Jobin Yvon, Kyoto, Japan) and Cora 5000- (Anton Paar, Graz, Austria) series Raman
spectrometers.

To measure the electrical conductivity and determine the mechanism of electrical
transport in the prepared PS films, the impedance spectroscopy method was used. A PS
sample thermally oxidized at 250 ◦C was measured with the Dielectric Spectrometer (Alpha-
AN, Novocontrol, Montabaur, Germany) in the frequency range from 0.01 Hz to 1 MHz in
two temperature runs (i) cooling from 250 ◦C to −90 ◦C and (ii) heating from −90 ◦C to
250 ◦C with a temperature step of 30 ◦C. The temperature was controlled with an accuracy
of ±0.2 ◦C. Measurements were performed in a dry nitrogen atmosphere, and the sheet
conductivity was measured between two Sn contacts with attached platinum wires.

The chemoresistive response was measured in a custom-built homemade chamber.
It was electromagnetically protected by a Faraday cage and placed on a shock-absorbing
rack equipped with a thermostat and a hygrostat. A two-pole probe station was installed
inside the chamber and was also protected from the vibrations of the chamber. The contact
probes were connected via shielded cables to a SourceMeter 2400 (Keithley, Cleveland, OH,
USA) configured to provide a constant current and measure resistance. After positioning
the sample on the probe station, the chamber was hermetically sealed and left to stabilize.
All measurements were taken at 50% relative humidity and 298 K. Relative humidity in
the chamber was achieved by passing nitrogen gas through a water-filled bubbler and
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monitoring it with a hygrostat. A schematic representation of the measurement setup is
shown in Figure 1.

Figure 1. Schematic view of the measurement setup.

We tested the chemoresistive response over a wide range of concentrations by suc-
cessive injections of analyte into the chamber. To make the results more comparable, IPA
was chosen as the standard analyte for all chemoresistive response measurements. It was
injected in liquid form with a calibrated syringe through a septum into the chamber onto a
platform positioned ∼2 cm below the sample under investigation and evaporated. As in
our previous work [19], the resulting IPA concentration (in ppm) was calculated using the
equation given by [30]

C =
VL × DL × TL

ML × VA
× 8.2 × 104 (1)

where C, VL, DL, and ML represent the vapor concentration in parts-per-million (ppm),
volume (in µL), density (in g cm−3), and molecular mass of the solvent (in g mol−1),
respectively. Furthermore, T, and VA represent the temperature and volume of air in
the chamber.

To follow the response ∆R of the sample, its electrical resistance was recorded before
(R0) and after the (R) injection of the analyte. We define the response as the relative change
in the resistance ∆R = (R − R0)/R0. Between the measurements, the chamber was opened
to the atmosphere to allow IPA vapors to diffuse into the ambient air.

Octadecyltrichlorosilane (ODTS) is a long amphiphilic molecule (C18H37) that forms
molecular monolayers on various oxidized substrates [31–33]. To better understand the
mechanisms responsible for the binding of these molecules to the porous layer, a series
of oxidized PS samples was silanized with octadecyltrichlorosilane (ODTS). The samples
were placed on a slide in a Petri dish to avoid contact with the liquid ODTS. To perform
the experiment, 1 mL of liquid ODTS (Alfa Aesar) was dropped into a Petri dish next to
the samples. The dish was then sealed and placed on a hot plate heated to 353 K for ∼12 h.
The entire experiment was performed in a fume bonnet. Contact angle measurements
were made with water before and after exposure of the samples to ODTS using a OCA25
Goniometer (Dataphysics, Filderstadt, Germany).

3. Results

Scanning electron micrographs show that PS samples have pores with a diameter
of ∼16 nm–∼23 nm and a depth of ∼0.8 µm–∼1.6 µm (see Figure 2), depending on the
resistivity of the Si wafer. EDS analyses have shown that the ratio of oxygen to silicon is
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higher for samples oxidized at higher temperatures, as expected. In other words, the higher
the oxidation temperature, the more oxygen is present in the surface of the samples [34,35].
This is shown in Figure 3.

100 nm

N.O.

100 nm

423 K

100 nm

523 K

100 nm

623 K

100 nm

723 K

1 μm

Figure 2. SEM images of samples oxidized at different temperatures given in the upper left and an
image of the cross-section of a sample (bottom right).

As shown by FTIR spectroscopy, the oxygen atoms are back-bonded into the silicon.
In Figure 4, there is a visible difference between the average spectrum of the oxidized sam-
ples and that of the unoxidized samples. The peaks indicative of back-bonded oxygen [25]
are present at 470 cm−1, corresponding to the Si-O-Si out-of-plane rocking [36]; at 870 cm−1,
corresponding to the OnSiHx deformation and the symmetric Si-O-Si stretching [37]; and
at 1050 cm−1, corresponding to the Si-O-Si stretching [38]. Moreover, there is a visible
shoulder of the 1050 cm−1 peak extending up to 1200 cm−1, which could correspond to
Si-O-Si and OnSiHx chain deformations [37–40]. The aforementioned peaks are not present
in unoxidized samples, as expected [41], but a hint of the Si-H band is visible at 2087 cm−1,
with possible extension to higher wavenumbers corresponding to Si-H2 and Si-H3 stretch-
ing [40]. A broad peak around ∼2200 cm−1 corresponds to interference on the sample
and completely covers the peaks at 2160, 2200, and 2256 cm−1, which is characteristic of
O-Si-H3, O2-Si-H2, and O3-Si-H stretching [37,39,42].



Chemosensors 2022, 10, 349 5 of 13

200 300 400 500 600 700 800
0.0

0.2

0.4

x

T (K)

Figure 3. Ratio of oxygen to silicon (x in SiOx) in the surface of the samples, as measured using EDS
vs. oxidation temperature.
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Figure 4. Average FTIR spectrum of thermally oxidized samples (solid black line) and a spectrum of
unoxidized sample (dashed blue line).

The Raman spectra of samples oxidized at different temperatures are shown in Figure 5.
From fitting the phonon confinement model to the Si 521 cm−1 optical phonon peak [43,44],
we estimate the characteristic size of the crystallites in the porous layer to be 3.65 ± 0.04 nm.
We also find that the 521 cm−1 peak does not change its position at different oxidation
temperatures. This strongly suggests that the morphology of the porous layer, i.e., the
aggregation or collapse of the crystallites surrounding the pores, does not change as a
function of the thermal oxidation temperature. This result is important for further analysis
because it eliminates the possible influence of the layer morphology on the sensitivity of
the sensors.

The conductivity spectra at various temperatures for a PS sample thermally oxidized at
523 K are shown in Figure 6a. The spectra above 303 K consist of the frequency-independent
part of the DC conductivity (σDC), which corresponds to the long-range motion of the
charge carriers, and the frequency-dependent part of the AC conductivity (dispersion),
which relates to their short-range motion. At temperatures below 303 K, the spectrum
is dominated by the dispersive behavior, with the conductivity varying by more than
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seven orders of magnitude at the lowest temperature (183 K). As shown in Figure 6b,
the DC electrical conductivity obeys the Arrhenius temperature dependence according to

the equation σ(T) = σ∗
0 e

−EDC
kBT . From the slope of log(σDC) versus 1000/T, the characteristic

activation energy, EDC, of 0.66 eV was determined. The obtained value is comparable to
reported values ranging from 0.3 to 0.7 eV for thermally activated transport of electrons in
porous silicon [45].
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Figure 5. Raman spectra of samples oxidized at different temperatures. Legend shows oxidation
temperature in Kelvin, while N.O. stands for samples that were not thermally oxidized.
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Figure 6. (a) Conductivity spectra at different temperatures and (b) Arrhenius plot of DC conductivity
for a PS sample thermally oxidized at 250 ◦C. No difference was observed between heating and
cooling runs. The error bars in (b) are at most in the order of magnitude of the symbol size.

A reversible chemoresistive response to isopropanol vapor was also found to increase
with the oxidation temperature. This behavior is illustrated in Figure 7, which shows the
response to a stepwise increase in the IPA concentration and the dynamic range of the
samples. The sensor responses shown in Figure 7 cover a large dynamic range and exhibit
exponential behavior, as expected for systems with saturation. Therefore, it is not easy
to define a sensitivity that would be comparable between sensors fabricated at different
oxidation temperatures. However, we made an estimate by fitting the lines to points below
1.5 × 104 ppm and defining sensitivity as the slope of these lines. The sensitivities are
summarized in Table 1 and clearly show the trend of increasing sensitivity with oxidation
temperature, as is already visible in Figure 7.
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Table 1. Estimated sensitivities of sensors oxidized at different temperatures (N.O. stands for not
oxidized) as calculated by approximating a linear response below 1.5 × 104 ppm.

TOX [K] S × 10−3 [%/ppm]

N.O 1.6

423 −0.6

523 −1.1

623 −2.9

723 −7.5

0 1 2 3 4

-60

-40

-20

0

20

40

 N.O.
 423 K
 523 K
 623 K
 723 K

R
/R

0 [
%

]

104 C [ppm]

Figure 7. Sensor response as a function of IPA concentration. Legend shows thermal oxidation
temperature of the samples. Data were fitted with exponential function. The error bars are at most in
the order of the symbol size.

The measured response of the oxidized PS samples disappeared after the samples
were exposed to ODTS vapors. In addition, the contact angle measurements showed that
the samples changed from hydrophilic to hydrophobic after silanization. More specifically,
the contact angle increased from ∼19◦ to ∼74◦. This is shown in Figure 8.

Figure 8. Contact between water and (left) oxidized PS surface and (right) oxidized PS surface
treated with ODTS.
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4. Discussion

Given the somewhat complex structure of studied PS samples, one may wonder where
the measured electrical resistivity and its changes come from. The samples described in
this work consist of a thin (∼1.5 µm), porous layer on a thick piece (∼500 µm) of crystal Si.
Both electrical contacts lay on top of the oxidized porous layer. We, therefore, propose the
equivalent circuit shown in Figure 9. As mentioned above, the upper part of the proposed
circuit shows the porous layer (pSi in the figure) separated from the underlying crystalline
Si layer (cSi) by a dashed line. The electrical contacts are shown as arrows pointing upwards.
Between them, we propose an equivalent of a variable resistance, denoted as RpSi, which
represents the resistance of the porous layer in the horizontal direction. The resistance
of the pore’s sidewalls is denoted by Rs, while the resistance of the bulk crystalline Si is
denoted by RcSi. The nature of electrical contact between the porous and crystalline Si is
controversial, but [46] have concluded that it behaves like a Schottky diode, with the pSi
playing the role of the metal part. Therefore, we have incorporated two Schottky diodes at
the boundary between the pSi and cSi. These diodes effectively block any DC path between
the contacts. If this were not the case, the current would flow through the cSi, and the
measured resistance would be on the order of ohms. This was tested by vapor depositing
the contacts directly onto the cSi, which, as expected, resulted in non-responsive samples.
Another case in which RcSi would dominate was noted when thermal evaporation was
performed by placing the porous samples above the evaporation boat with the normal
pointing directly into it. This method of evaporation resulted in samples that were non-
responsive to the analyte, with the resistance consistently in the order of hundreds of ohms
(∼500 Ω). This can be explained by a metal layer that forms on the walls of the pores (or
fills them), all the way from the surface of the pSi to the cSi, which creates direct contact
with the cSi. This is shown in Figure 10 on the right.

Figure 9. Proposed equivalent circuit of the sensors presented in this work. The resistance between
the porous Si layer (pSi) and the crystal layer (cSi) is shown as Rs. The resistance of the crystal layer
is shown as RcSi, while RpSi is the proposed variable resistance between the contacts shown with
arrows. The dashed line marks the boundary between the porous and crystalline layers. See Section 4
for details.
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Si Bulk

Metal contactpSi

Si Bulk

Sample Boat

Figure 10. (Left) The sample is placed obliquely to the normal of the evaporation boat. (Right)
The sample is placed at a normal with respect to the boat. The normal is shown as a dashed line.
The resulting contact geometries are shown in the lower figures. Although both figures have similar
features, the annotations have been placed on only one side of each for clarity. For details, see
Section 4.

On the other hand, if the samples were placed at an angle to the normal of the evapo-
ration boat, responsive sensors with a resistance in the range of 103–104 Ω were obtained.
This value is confirmed both by the DC measurements during the sensor experiments and
by impedance spectroscopy. This can be explained by “pore shadowing”, in which the
pore walls cast a “shadow” on the cSi so that only their upper edges are covered with the
vaporized metal. This is shown in Figure 10 on the left. In this case, the current must flow
either through Rs and, consequently, be blocked by Schottky contacts between the pSi and
cSi, or through RpSi.

For the reasons already given in this section, it can be deduced that the measured
variable resistance in the equivalent circuit (Figure 9) corresponds to the horizontal trans-
port through the porous layer (RpSi) between the contacts. The next step in explaining its
variability with respect to exposure to the analyte is to investigate the nature of the porous
layer, its morphology, and the possible ways that the binding of organic vapors might
influence its resistance.

Contact angle measurements confirmed the expected presence of an ODTS layer on the
silanized samples. Since the samples treated in this way also lost their resistive response, it
can be concluded that the ODTS layer prevents IPA molecules from reaching and interacting
with the porous layer. In other words, for this type of sensor to work, a direct interaction
between the analyte and the porous layer is obviously required. This can be achieved when
the analyte molecules are adsorbed onto the layer, either by physisorption or chemisorption.
In the case of IPA (and other organic vapors, see [19]), the resistive response is reversible,
whereas the sensors do not recover when exposed to ammonia gas [19]. It can be concluded
that physisorption is the dominant process in the former case, while chemical bonding
occurs in the latter. In this respect, oxidized PS sensors bear a resemblance to metal oxide
semiconductor sensors in that they also require a direct interaction between the analyte
and the active layer (e.g., [47,48]).

Various models describing the electrical properties of porous silicon have been de-
scribed in the literature [45]. However, the most commonly used descriptions are thermally
activated hopping and extended-state transport [15,17,45,49,50]. In addition, the electrical
conductivity of PS was found to be strongly dependent on the sample porosity (p), showing
a decrease in σDC with an increase in p of 40–80% [17,50]. Furthermore, it was suggested
that at ∼57% porosity, electron transfer through crystalline PS [17] occurs via an extended
state mechanism, while, at higher porosities, hopping conduction begins to contribute. It
should be noted here that our thermally oxidized PS has a value of σDC, which is well
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below the reported values for crystalline conductivity [17,50]. Since the porosity was found
to be ∼52% [19], such a low conductivity value is most likely the result of the formed
oxide layer isolating the Si crystallites. As a result, the continuous transport of electrons
between the crystallites is hindered, and the mechanism changes to electron hopping from
one crystallite to another.

The results presented indicate that the degree of oxidation of the porous silicon layer
affects its ability to recognize IPA molecules. It is evident from Figure 7 that the response
of the samples increases with a higher oxygen-to-silicon ratio (x in SiOx). According
to [13,46] it was assumed that the adsorbed molecules lower the energy barriers between
the crystallites in PS and, thus, increase the conductivity. A similar model was presented
by [51] for metal oxide semiconductor sensors and involves a large but finite number
of active binding sites for IPA molecules. After binding to the active site, the molecule
lowers the barrier by interacting with the oxygen ions in the surface, thus increasing
the conductivity.

As more molecules bind to the active sites, the number of free active sites decreases,
eventually leading to saturation. This saturation is visible in Figure 7 as the asymptotic
behavior of the reaction at higher IPA concentrations, where there is little or no change in
the conductivity with the increasing concentration. Similar behavior has been reported in
other systems that saturate [51]. The data were fitted with an exponential function, which
gave a relatively good fit (R2 > 0.8) and clearly shows the saturation effects.

While thermally oxidized samples show a negative response (i.e., ∆R/R0 < 0) to IPA
exposure, samples that were not thermally oxidized or were oxidized at lower temperatures
show a positive or almost no response. Oxidized porous silicon sensors show similarities
to metal oxide semiconductor sensors, as mentioned earlier. Thus, one way to explain
this behavior is to compare the sign of the conductivity change between the two types of
sensors. In the literature describing metal oxide semiconductor sensors (e.g., [48]), reactions
between the sensor material and the analyte result in an increase in conductivity for n-type
semiconductors and a decrease in conductivity for p-type semiconductors. In this work,
sensors were fabricated from boron-doped (p-type) silicon wafers. As shown by [52],
the dopants remain in the porous silicon layer after etching. Therefore, a porous silicon
sensor fabricated from p-doped wafers is expected to exhibit a decrease in conductivity [47].
This is supported by the green curve (N.O.) in Figure 7. In this sense, thermal oxidation,
which introduces oxygen atoms into the porous layer, shifts the sensor character from that
of a p-type to that of an n-type semiconductor sensor. To further validate this point, future
research could be conducted on thermally oxidized porous silicon sensors starting from
n-type wafers.

The oxygen atoms introduced into the surface by thermal oxidation of the porous layer
could play a threefold role. First, they could passivate the PS, thereby making it immune
to further atmospheric oxidation. Second, the presence of oxygen atoms could increase
the number of binding sites for polar molecules, thereby enhancing the chemoresistive
response of the PS sensors. Third, the back-bound oxide layer on the silicon crystallites
could form a barrier that can be easily modulated by adsorbed molecules, further enhancing
the response.

5. Conclusions

In conclusion, we find that the chemoresistive response of IPA sensors based on PS can
be modulated by varying the oxygen content in the silicon-rich oxide surface of the porous
layer. The oxidation of PS could passivate the surface and make the sensor stable in the
atmosphere. In addition, the oxygen atoms in the PS layer could enhance the chemoresistive
response by acting as active binding sites and an easily lowered barrier between crystallites.
Since the experiments presented were conducted at room temperature, the oxidized PS
could be used as the basis for an organic vapor sensor without the need for external heating.
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