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ABSTRACT

Porous Silicon (PS) layers were prepared by electrochemical etching in a single-tank cell on
the surface of single-crystalline p-type (100) silicon wafers, using hydrofluoric acid (HF)
and ethanol (C,HsOH) in the volume ratio of 1:2. The surface and cross-section
morphologies of the PS were observed from images obtained using Scanning Electron
Microscope (SEM). Likewise, the porosity of the PS sample was determined using the
parameters obtained from SEM images by geometrical method. SEM images indicated that,

Keywo rds the pores were surrounded by a thick columnar network of silicon walls. This porous silicon
Porous Silicon, layer can be considered as a sponge like structure. The X-ray diffraction (XRD) pattern
SEM, showed the growth of PS layer on silicon wafer and the grain size of the PS layer was found
I):('IB[I)R to be around 60.2 nm. The effective refractive index of porous silicon was calculated using

Effective Medium Approximation (EMA) analysis. The optical properties of PS were
investigated using Fourier Transform Infrared (FTIR) spectroscopy and Photoluminescence
(PL). The surface chemical bonds of the PS were observed by FTIR and the band gap of the
PS sample was obtained from PL spectra. The efficiency of ethanol gas sensing properties of
PS was investigated at room temperature. The sensor was found to operate with maximum
efficiency at a concentration of 100 ppm hence, this PS material can be used as an effective

PL and Ethanol gas sensor.

sensor element to detect ethanol vapour.

Introduction

Porous silicon (PS) is electrochemically produced by anodic
dissolution of crystalline silicon in a hydrofluoric acid solution.
The visible photoluminescence of PS at room temperature
reported by Canham (1990) and which has attracted a significant
interest due to the prospect of manufacture of an integrated
optical device on silicon [1, 2]. The pore size has been classified
as microporous, mesoporous and macroporous. The porosity is
defined as the fraction of the apparent volume attribute to pores
is larger for microporous. PS layers with high porosity have
potential applications in light emitting diodes, anti-reflection
coating and non-linear optics, medium porosity in
micromachining, sensors, silicon on insulator, low porosity in
micro capacitors, wafer bonding, etc. [3-9]. Recently, an
increasing interest on the sensing properties of PS material has
emerged. Its ability to react with gases and sense them eagerly is
related with the large surface to volume ratio [7]. Organic
vapour sensitivity in a PS device employing semiconductor
technology, with a detection limit of approximately 1000 ppm
for ethanol has also been reported [10]. The physical properties
of PS sample, like the electrical resistance, have been observed
to change in presence of humidity, organic vapours and
contaminants like NO, NO,, CO,. The advantages of PS gas
sensors compared with metal oxide gas sensors are: low cost,
low power consumption and room temperature operation. The
aim of this paper is to study the structural and optical properties
of nanocrystalline porous silicon based ethanol gas sensor in
lower concentration at room temperature.
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Materials and Methods

Porous silicon samples were prepared by conventional
electrochemical dissolution in a single-tank cell on the surfaces
of single-crystalline p-type silicon (100) substrates (250+0.5um
thickness, 0.5-3.0 ohm cm resistivity). The anodizing solution
was obtained by mixing of HF (48 vol. %) with ethanol in the
volume ratio of 1:2, and the etching was carried out with a
current density of 100mA/cm? for 30 minutes (etching time)
duration. In order to remove the native oxide, the sample was
placed in the etching solution for 1 minute prior to the etching.
After anodization, the electrical connections were made using
fine copper wire and silver paste for the metallization contacts
on the porous silicon layers to obtain the PS based sensing
device. The surface morphology and cross sectional view of the
PS sample were obtained using a Scanning Electron Microscope
(SEM, Hitachi, model S-3000N). The X-ray Diffraction (XRD)
spectra were recorded using Bruker D8 advanced X-Ray
Diffractometer using CuKa; (1.54060A° as a source. The
surface chemical bonds of the PS were studied by Fourier
Transform Infrared Spectoscopy (FTIR, NEXUS470). The
Photoluminescence (PL) excitation spectra were obtained using
a Shimadzu RF 5301 Luminescence Spectrophotometer. A
pulsed xenon lamp was built in the spectrophotometer as the
excitation source. The ethanol gas sensing characteristics of PS
sample was measured at room temperature using an electrometer
(6517A, Keithley, USA) connected to Volatile Organic
Compound (VOC) testing chamber with a capacity of 3 L. Test
gas was precisely inserted using an injector.
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Results and Discussion
Structural Analysis

SEM morphology of porous silicon formed at HF: ethanol
concentration in the volume ratio of 1:2 has been indicated in
Figure - 1(a). It can be seen that, the uniform distribution of
large sized pores was observed along with quantum sponge
structure in the thick columnar network of silicon walls.
Observation of these micro structures may be taken to indicate
the formation of nano-crystalline silicon particles inside and all
over the etched layer which gave good photoluminescence at
room temperature.

The porosity plays an important role in photoluminescence
properties of porous silicon layer. The porosity of porous silicon
can be defined as the quantity of silicon removed during
anodization compared with the silicon concentration before
anodization evaluated in the same volume. The porosity can also
be defined as a function of geometrical parameters and written
as [11, 12],

=) :(1*1.732) 1m
2 1+ —
d
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Where....
d is the average pore size and
m is the distance between pores.
Using the above equation, we have estimated the porosity of our
PS is 62%.

Figure-1(a). Scanning Electron Micrographs of Porous
Silicon (PS)

WWD: 10.0820 mm
Det: SE
Date{m/fdiy): 10/01/12 Device: VEGA Il LSU

100 pm VEGAW TESCAN n’

SCDT, IITK

Figure-1(b). SEM cross-section morphology of Porous
Silicon (PS)
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The SEM image of the cross sectional view of the porous
silicon sample is depicted in Figure - 1(b). The pore with a
straight parallel channel was perpendicular to the substrate. The
structure of the pore is regular and spongy in nature near the top
surface. The thickness of the PS layers was measured from SEM
cross section views and recorded as 9.8 um. The refractive index
of a PS layer is related to its porosity found by the Bruggeman
effective medium approximation [13]. The effective refractive
index was 1.820.

The X-ray diffraction pattern for the PS sample in the range
of 10° — 80° were shown in Figure - 2. The presence of a strong
peak at 69.3° was the (400) reflection of the silicon crystal
which indicated the formation of pores in the silicon surface.
This is the first allowed peak in the (100) oriented c-Si and weak
peak at 47.3° and 56.1°. These peaks correspond to (200) and
(320) planes of c-Si, respectively. The presence of narrow peak
around 28.4° might probably be due to the presence of
amorphous silica in the PS sample. This value agrees
reasonably well with the value of an amorphous silica plate [14].
The full width at half maximum (FWHM) of all the peaks was
large, which may be attributed to the roughness of PS surface
[15]. The average particle size was obtained as 60.2 nm
calculated from Debye—Scherrer formula [16].

D [ 0.94 j @
[ cos @
Where ..
D is the diameter of the crystallites forming the PS,
A is the wavelength of CuKa line (0.15406 nm),
B is full width at half maximum (FWHM) in radian and
6 is Bragg angle.

Figure - 2. XRD pattern of Porous Silicon (PS)
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FTIR spectra

The FTIR spectrum of the PS sample is depicted in Figure -
3. The strong absorbance peaks were observed at 1111cm™ and
weak peaks of lower intensities were also observed at around
2079 cm™ and 904 cm1. The strong peak observed at 1111 cm™
band was due to the Si-O-Si stretching mode as indicated in
Table - 1. The weaker band at 904 cm™ is connected with
hydrogen bonding SiH, at the surface of PS and the doublet at
around 2079 cm™ has been identified as SiH,. The small doublet
at 618 cm™ can be assigned to SiH wagging mode and these
observations were indicated in Table - 1. The presence of
hydrogen complexes (SiH, SiH,, and SiH,) was suggested to
explain the luminescence of PS [17, 18]. The experimental and
theoretical investigations of several workers [19-23] have
established that the hydrogenation not only eliminates the
dangling bond states from the energy gap, but also widens the
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energy gap. Thus, the chemisorptions of Si-H, from PS appear
to be closely linked to a sharp increase in the PL intensity of PS.
The results of the present study also indicated that SiH, plays a
key role to the observed luminescence process.
Table 1. Observed surface bonding in the Porous Silicon
(PS) (Using FTIR spectra)

Wave number (cm™) | Bonds Vibration mode

2079 Si-H, Stretch

1111 Si-O-Si Sym-stretch

904 Si-H, scissors

618 Si-H (or) Si-H, | Wag (or) deformation

Figure-3. FTIR spectra of Porous Silicon (PS)
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Photoluminescence Studies

Photoluminescence spectra were obtained at room
temperature under the excitation of 450 nm light and the PL
spectra of the freshly prepared PS at constant current density of
100mA/cm? were shown in Figure - 4(a). The emission peak
was absorbed at 605 nm; and the porous silicon film has its
internal surface covered with Si-H, bond, with tie up the
dangling bands. It provides a very good passivation of the
defects and allows very attractive efficiency to be obtained._ The
occurrence of strong PL spectra at room temperature in the
visible range may be attributed to the transitions among the
quantum-confined states in the nanoscale Si, which are influence
by the surface bond [24]. The band gap value was estimated as
1.97 eV for PS. The extracted values of band gap were in the
same range of the reported results (1.5-2.5 eV) for PS samples
[25-27].

Figure-4(a). Photoluminescence spectra of Porous Silicon
(PS)
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Gas sensing properties of Porous Silicon (PS)

The gas sensing properties of the PS towards ethanol
(C,HsOH) was tested at room temperature. The change in
surface resistance of the PS was recorded using electrometer
(Model 6517A, Keithley, Germany) in the presence of 100 ppm
of ethanol and is shown in Figure - 4(b).

Figure-4(b). Ethanol gas sensing properties of Porous Silicon
(PS) in 100 ppm at room temperature
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It can be seen that the resistance values of PS gas sensors
initially decrease to stable values when adsorbing ethanol gas,
after disengagement from the gas environment, the resistance
values increase gradually to stable values. As ethanol is a
reducing gas, it makes local and fully reduction of PS surfaces
which causes the decrease of defect density. These defects play
a role in electron traps into which electrons relax [28—30]. The
decrease of the number of electron traps will induce a large
number of free electrons on the surfaces of PS and the number
of holes reduced greatly, so that resistance values decreases.
Therefore, it seems that, the electrons traps which are
diminished by full reduction of PS in the presence of ethanol gas
are responsible for the decrease of free charge carriers in p-type
PS. The sensitivity (S) is found to be 211x10-° using the Eq. 3:

s _(Ra—Rb ©)
Rb
Where,
Ra is the electrical resistance of the PS in the absence of ethanol
vapour and

Rb is the electrical resistance of the PS in the presence of
ethanol vapour.
Response and recovery time of the PS was between 5168 and
4693 sec, respectively.
Conclusion

Porous silicon sample was successfully prepared by
electrochemical etching technique in a single-tank cell setup.
SEM micrographs showed uniform distribution particles in PS
with quantum sponge like structure in the thick columnar
network of silicon walls. The thickness of the PS layer was 9.8
pm which was confirmed by SEM cross section views. The
effective refractive index of a PS was calculated by the
Bruggeman effective medium approximation. The average
particle size of PS was calculated by x-ray diffraction pattern.
Visible PL was observed at 605 nm for PS sample and which
exhibits a PL band at red region, suggesting that hydride related
luminescence process may be active in PS. The band gap energy
value of PS was calculated from PL spectra. The occurrence of
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a strong PL & FTIR spectra may be attributed to the transition
among the quantum confined states in nanoscale Si, which are
influenced by the surface bonds. The XRD and PL studies
confirm the presence of silicon nanocrystallites and networks in
the PS structure. Sensing performance of the PS was studied
with exposure of 100 ppm of ethanol gas at room temperature.
The response was found to be 211x10->,
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Research highlight:

» Nanocrystalline Porous Silicon (PS) based gas sensing device
was fabricated by an anodization method.

» Structural and Optical properties of PS based sensing devices
were characterized.

» The efficiency of ethanol gas sensing properties of PS was
investigated at room temperature. So, PS based sensing device
can be used as an effective sensor element to detect ethanol
vapour.
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