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Abstract

In this work porous silicon samples obtained by electrochemical etching were
investigated. Using scanning probe microscope the morphology of porous silicon
samples was studied. To determine the thickness of the porous layer and the pore
diameter, micrographs were obtained using a scanning electron microscope. The
dimensions of the nanocrystallites were determined from the Raman spectra. For the
detection of vapors of organic compounds, planar structures were used. The results
of the study confirmed the possibility of using nanoporous silicon as a sensitive
material for the determination of acetonitrile and chloroform vapors. It is shown that
the adsorption phenomena in porous silicon depend on its structure and morphology.
It is established that the humidity of the air when detecting the vapors of organic
compounds under investigation has a significant effect on the sensitivity. It is also
shown that such structures can be used as instruments for measuring air humidity.

1. Introduction

Porous silicon (Por-Si) is considered one of the
promising materials for the manufacture of chemi-
cal sensors and attracts much attention of develop-
ers of various gas sensors on the base of it [1]. The
attractive properties of Por-Si are associated not
only with the large surface area of this material,
but also with the ability to control its properties by
selecting the type of impurity and its concentration
in the original single-crystal silicon substrate. The
effect of electrochemical etching regimes on the
morphology of the Por-Si surface, the sizes of the
pores and nanocrystallites and the physical proper-
ties were investigated in [2].

The authors of work [3] developed a gas sensor
with improved selectivity on the base of a Por-Si,
in which information on the concentration of de-
tectable gases was recorded from a change in the
value of the sensor capacitance and the reflection
coefficient with respect to external adsorbents. A
similar method of using a capacitive sensor for the
detection of polar and nonpolar organic solvents
is described in [4]. In [5] a simple method was de-
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scribed for detection of NO, at room temperature
by measuring the resistance sensors using a pro-
grammable digital multimeter.

Another type of nanostructured silicon, silicon
nanowires (SiNWs), which can be obtained with
the inexpensive method of metal-stimulated chemi-
cal etching, are also an excellent material for manu-
facturing gas sensors. This was first shown in 2001
[6]. It is also proposed to use the SINWs in the man-
ufacture of economically advantageous, low-power
and small-size gas hydrogen sensors, which has no
odor, color, and is highly flammable at concentra-
tions of just over 4% [7]. Harmful vapors of am-
monia (NH;), which may adversely affect the en-
vironment and can cause respiratory disease, also
serves to detect by sensors on the base of SINWs
[8]. In [9], arrays of porous silicon nanowires were
investigated as a sensitive element of an optical gas
sensor. The authors of this paper showed that such
porous nanowires have a huge specific surface area,
due to which their physicochemical properties are
highly sensitive to the molecular environment.

The purpose of this work is to study the structure
and physical properties of nanoporous silicon and to
assess the feasibility of creating gas sensors for polar
and nonpolar organic compounds on the base of it.
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2. Experimental

Nano- structured Por-Si films were used as
research objects. Por-Si samples were obtained
by electrochemical etching of n-type silicon wa-
fers. The voltage and current density values were
10 V and 15 mA/cm? respectively. The etching
time was 20 sec. As the initial substrate, monocrys-
talline silicon substrates were used with charge car-
rier concentration ~ 10" cm™ and crystallographic
orientation (100).

To measure the electrical properties and im-
pedance of gas-sensitive Por-Si structures, metal
contacts of thickness ~ 250-390 nm were depos-
ited exclusively on the surface of the samples.
Then sensors were placed into a special chamber
and different vapors of polar and nonpolar liquids
were fed. The vapors were created by passing dry
air (15% moisture) through the liquids and diluting
the gas stream with dry air. The change in the ca-
pacitance of the sensors when the test gases were
applied was recorded by the Agilent LCR meter.

3. Results and discussion

Images of the morphology of the samples were
obtained with the Ntegra SmaxT: Ntegra Therma
multifunctional scanning near-field probe micro-
scope using a semi-contact method. The results of
the study of the surface morphology of a Por-Si
-based sensor are shown in Fig. 1. According to
a 3D image obtained by a scanning probe micro-
scope (SPM), a strong inhomogeneity is observed
on the sensor surface (Fig. 1a).
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Fig. 1. SPM image of the surface of a gas sensor based
on porous silicon.

(b)

Fig. 2. Micrographs of porous silicon samples: (a) — side
view; (b) — top view.

Non-uniformly distributed filamentary protru-
sions, which height reaches 40 nm, are also clearly
visible. According to the 2D image, the degree of
porosity is ~ 50% (Fig. 1b).

Figure 2 shows the micrographs of the samples
studied using scanning electron microscope Quan-
ta 2001 3D. It is seen from Fig. 2 that the thickness
of the porous layer is ~ 250 nm, the pore diameter
varies from 5 nm to 10 nm.

Raman spectra of porous silicon are a good di-
agnostic tool in the study of structural phases in a
Por-Si and make it possible to estimate the charac-
teristic sizes of nano-crystallites. For this purpose,
the shift of the Raman peak to the low-energy re-
gion of the spectrum is measured with respect to
a narrow peak at a frequency of 520 cm™ in sin-
gle-crystal silicon corresponding to longitudinal
optical modes (LO). Raman spectra of the samples
were determined using an NT-MDT-Ntegra Spec-
tra spectrometer and are shown in Fig. 3.

The peak at 514 cm™! (instead of 520 cm™) ap-
pears after etching of single-crystal silicon and
is associated with the formation of a nanoporous
structure [10]. The 465-485 cm™! region is associ-
ated with transverse optical modes (TO) in amor-
phous silicon. For all Por-Si samples, a shift in the
position of the Raman spectra peaks to the low-en-
ergy region was observed.
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Fig. 3. Raman spectra of a sample of porous silicon.

Information on the average size of nanocrystal-
lites in a Por-Si can be obtained from the Cardon

equation [11]:
d= 27[1/% (nm), (1)

where B =2.24 cm™! for silicon, A® — is the shift of
Raman peak in Por-Si relative to the peak of crys-
talline silicon. Accordingly, the sizes of crystallites
in Por-Si samples were varied within 3.8 nm — 6.6
nm. The broadening of the Raman spectra with in-
creasing etching time indicates a violation of the
crystal structure of the original silicon, the appear-
ance of an amorphous phase and nanocrystalline
clusters located on the pore surface.

To study the sensitivity of the Por-Si to vapors
of organic compounds, a planar configuration of the
contacts was used (Fig. 4). Ohmic contacts were
deposited on the surface of the samples in a “clean
room” by magnetron sputtering. The total contact
thickness was approximately 370 nm, of which the
thickness of the titanium layer was 20 nm, the alu-
minum layer 300 nm and the nickel layer 50 nm.
It should be noted that, given the ability to rapidly
oxidize Por-Si surfaces, before applying the con-
tacts, the samples were annealed in an inert gas
atmosphere. The diameter of the contacts and the
distance between them was 1 mm.

Ohmic contacts

Por-Si layer

c-Si layer

Fig. 4. Planar configuration of contacts on the surface of
porous silicon.

Molecules that are adsorbed on the Por-Si sur-
face change its dielectric constant, and, conse-
quently, lead to a change in the capacitance and
conductivity of the structures under study. The sen-
sors were placed into a chamber and then vapors of
organic substances were delivered.

The coplanar structure of the sensor can be con-
sidered as a flat capacitor in which the relative per-
mittivity of the Por-Si with the adsorbed substance
(&) depends not only on the structure, composition
and morphology of the porous silicon, but also on
the concentration of the vapor of the detected sub-
stance in the air (n). The capacity of such a struc-
ture is:

EoE o (n)S

C(n)= 7

2

where ¢, is the electric constant, S is the area of
the electrodes, d is the thickness of the porous sil-
icon. The structure of the porous silicon resembles
a sponge with branched pores and is rather com-
plicated. The study of porous silicon showed that
the Por-Si samples under study are characterized
by porosity in the range of 50-60%, contain nano-
crystallites with characteristic sizes of 3.8—6.6 nm,
regions of amorphous silicon and silicon dioxide.
The detection of vapors of organic substances oc-
curs in the process of replacing air, filling the pores
with a detectable substance. The normal air humid-
ity in the room is 40—-60%. To exclude the effect of
changes in air humidity on the change in capacity,
samples of gas-sensitive structures were blown by
dry air, the humidity of which was 15%.

Figure 5 shows the dynamic response of porous
silicon by adding chloroform and acetonitrile va-
pors to a 0.5 m® measuring chamber. As an electri-
cal characteristic, a capacitance was chosen with
an alternating voltage of 50 mV at a frequency of
1 kHz, which was measured with the Agilent LCR
meter.

Acetonitrile CH;CN (methylcyanide) is a polar
dielectric characterized by a relative permittivity
&, = 38.8. Chloroform CHClI; (trichloromethane) is
a non-polar substance and its relative permittivi-
ty & = 4.8 [12]. The typical sizes of acetonitrile
and chloroform molecules are 0.2 nm and 0.64 nm.
Both substances are toxic, with chloroform being
oxidized in the light to form phosgene.

As can be seen from Fig. 5, when the dry air is
supplied to the working chamber, the capacitance
of the sensor is approximately halved and the sta-
tionary capacitance value is reached after 100 s.
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Fig. 5. Changing the capacity of the Por-Si sensor in
time for the supply of various vapors of liquids: (a) —
with chloroform; (b) — with acetonitrile.

After stopping the dry air supply, the initial capac-
ity is set to 350 sec. Thus, capacitance measure-
ments for dry and moist air show that the instru-
ment being tested can be used as a humidity sensor.

The effective dielectric constant ¢, of porous
silicon with vapors of water and other substanc-
es as a multicomponent system can be determined
proceeding from the theory of the effective medi-
um approximation of Bruggeman [13]:

Sile; - L)

=0 3)

where ¢, is the relative permittivities of each com-
ponent of the medium, f; is the relative content of
each component. The effective permeability of a
Por-Si with a porosity of 50% is &pg; ~ 2, and for
water at room temperature € = 80, therefore, with
increasing air humidity, the effective permeabili-
ty of the Por-Si and the capacity of the sensor in-
crease.

When the vapor of chloroform and acetonitrile
are fed, a sharp increase in the capacitance of the
sensor is observed (Fig. 5). The maximum capaci-
ty is reached within 10 sec for both substances, in
the case of chloroform supply, capacity sharply in-
creases threefold, and for acetonitrile, an eightfold
increase in capacity was observed. Then, for chlo-
roform, the capacity decreased during 150 s and its
value was higher than for dry air, but lower than
for moist air. When the supply of chloroform was
cut off, the capacitance was increased to the ini-
tial value. After repeated supply of dry air and then
chloroform, an abrupt increase in capacity was not
observed, in this case the capacity reached a maxi-
mum value within 10 s.

After giving acetonitrile delivery, the steady-
state value of the capacity was reached after
70 sec, with a decrease in capacity from the max-
imum value by ~10%. After stopping the supply
of acetonitrile, the stationary value of the capacity
was reached in 100 s. Repeated supply of acetoni-
trile after the supply of dry air led to a steady ca-
pacity of 10 sec after the supply, immediately and
without a jump. The large value of the equilibrium
capacity for a polar substance can be explained us-
ing the theory of an effective medium, taking into
account the value of the relative permittivity of
acetonitrile ¢, = 38.8.

The presence of a significant supernormal ex-
cess of the equilibrium capacity for chloroform and
a slight excess for acetonitrile in the case of their
supply to a humid environment, and their absence,
when organic vapors are fed into a dry medium,
indicate that the excess capacitance is associated
with a higher concentration of water vapor in moist
air. During the adsorption of molecules by a porous
structure, nanocapillary condensation and physical
adsorption due to van der Waals forces play a de-
cisive role. Therefore, the structure, composition
and morphology of the surface of nanoporous sili-
con is the key factor for understanding adsorption
phenomena in the Por-Si. It is possible that mole-
cules of organic compounds, when introduced into
a humid environment, stimulate an initial increase
in the rate of surface and volume adsorption of
water molecules, their filling with pores and their
subsequent displacement by molecules of organic
compounds.

4. Conclusions

The use of nanoporous silicon as a sensitive ma-
terial for capacitive gas sensors has shown that the
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sensitivity of such a sensor for acetonitrile vapor,
which is a polar compound, is significantly high-
er than its sensitivity for chloroform vapor, which
is a nonpolar compound. Adsorption phenomena
in Por-Si depend on its structure and morphology,
which is determined by the technological parame-
ters of the process of electrochemical etching.

The influence of air humidity is found when de-
tecting the vapors of organic compounds. In the case
of recording chloroform and acetonitrile vapors in
moist air, the time to reach the equilibrium value
of the capacitance was 150 s and 75 s, respectively.
When these compounds were registered in dry air,
the time to establish the equilibrium capacity was
about 10 s for both chloroform and acetonitrile.

The humidity of the air, in which the admix-
tures of vapors of organic substances are deter-
mined, exerts a strong influence on the kinetics of
the adsorption and desorption of the vapors of a de-
tectable nonpolar compound, chloroform. For the
polar compound of acetonitrile, this effect is much
less. Therefore, for the development of sensors on
the base of a Por-Si, it is necessary to take into
account the effect of water vapor. Moreover, such
structures can be used as devices for measuring air
humidity.
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