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Effect of Etching Time on
Sensing Behavior of Porous
Silicon Prepared by
Electrochemical Method

In the current work, porous silicon (PS) was prepared using an
electrochemical etching process in a solution of hydrofluoric acid (HF) and
ethanol (C2HsOH) at constant current density and various etching times using
p-type silicon with a (100) orientation and resistivity of 8 2.cm. The structural
and topographical characteristics of the prepared samples were introduced by
the x-ray diffraction patterns and atomic force microscopy. Also, the sensing
characteristics of the prepared samples to ammonia gas vapor was introduced.
Cubic structure was confirmed in all porous samples. The PS layer on the
silicon wafer was growing and the grain size within this layer was increasing
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photoluminescence peak intensity, and a minor shift to higher frequency (blue
shift) were increased with decreasing average grain size.
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1. Introduction

The topic of porous silicon (PS) and its structures
is becoming more popular in science and technology
due to their large surface-to-volume ratio, ease of
formation by various etching processes on various
crystalline silicon substrates, and control of the
surface morphology [1]. It is largely utilized in
photovoltaic, biomedical, and sensing applications
because it can provide a range of etching conditions
by adjusting a number of variables such as current
density, etching time, HF acid concentration, and
illumination conditions [1,2][1-4]. Porous silicon can
be produced by several methods depending on the
desired structures and properties [5]. Porous silicon is
often prepared using one of two techniques: chemical
etching in HF solution or electrochemical etching.
The distinction between the two methods is that
external bias is used during electrochemical etching
[3][6,7]. Porous silicon has been used as gas sensors
for nitrogen dioxide (NOy) [4-6], carbon monoxide
(CO) [7], hydrogen [8-10], ethanol and heptane
vapors [10,11], carbon dioxide (CO,) [11] and others.

The main purpose of this work is to investigate the
sensing performance of porous silicon as a cost-
effective, simple and high sensitivity gas sensor for
ammonia (NHs) gas vapor.

2. Experimental Part

The electrochemical etching was performed on a
(100)-oriented p-type silicon wafer, with electrical
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resistivity of 8 Q.cm at constant current density of 10
mA/cm?, and various etching times (5, 10, 15 and 20
min) to produce porous silicon layers. The electrolyte
solution used for this process is a 1:2 mixture of
ethanol (C;HsOH) and hydrofluoric acid (HF).
According to the gravimetric data of the prepared
samples, the porosity of the PS was calculated.

The x-ray diffraction patterns were recorded using
a SHIMADZU 6000 X-Ray Diffractometer to
introduce the crystalline structures of the prepared
porous silicon samples. A LiCuix 3205N system was
used to record the photoluminescence (PL) spectra.
The surface topography of the prepared samples was
examined using a CSPM AA3000 atomic force
microscope (AFM). In order to examine the sensing
properties of the prepared PS samples, they were
placed inside a testing system, which consists of a
chamber, control heater, vacuum system (a rotary
pump) to a work at rough vacuum of 50 mbar,
ohmmeter to measure the resistance of the samples
and thermocouple to read sample temperature. The
sensing test was performed on the PS samples using
the measurement of the resistance of PS in air (Ra)
and in presence of ammonia gas (Rg), and the results
were recorded for different operating temperatures
(30-400°C) wusing a constant concentration of
ammonia gas (20 ppm).
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3. Results and Discussion

The XRD patterns were recorded in the range of
20 between 25° and 35°. The XRD patterns of
crystalline silicon (c-Si) and porous silicon (PS)
prepared at various etching durations and constant
current densities are shown in Fig. (1). According to
ICDD N 1997 and 2011 JCPDS data, this figure
shows that the c-Si has a strong and narrow peak at
20=28.43° corresponding to the (111) plane direction
of Si of cubic structure. Large particle size and good
crystallinity are indicated by the narrow peak. The
peak along (111) slightly shifts to a lower angle than
the bulk Si peak, as shown in table (1), indicating that
the cubic silicon surface has formed pores. The
creation of a porous structure on the crystalline
silicon surface is shown by the widening of this peak
when the etching time is increased [12].
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Fig. (1) XRD patterns of PS and c-Si prepared after different
etching times
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Crystallite size (D) was calculated using the
Scherrer’s formula (Eq. 1) [13] and summarized in
table (1)

09A
= BcosB (1)
where A is the wavelength of x-ray (in nm), B is the
FWHM (in radians) and 6 is the diffraction angle.

As shown from table (1), the values of crystallite
size decreases as etching time is increased and
nanoscale dimensions were achieved for all etching
times. These results are in agreement with previously
published works [14,15].

In Fig. (2), the topography of PS samples prepared
after different etching times is depicted by the AFM
images. It shows how the PS is constructed similarly
to a sponge. The average grain size, average
roughness, and root-mean-square roughness of these
samples are shown in table (2). The results show that
the average grain size decreases as etching time is
increased, while the average roughness and root-
mean-square (r.m.s.) roughness are increased. This
variation might be caused by the decrease in the
quantity of holes on the silicon surface. This
behaviour complies perfectly with [16,17].

Table (1) Structural parameters for c-Si and PS prepared
after different etching times

Etching time 20 Exp. da11) d (111 Exp. D
(min) deg Std. A (A) (nm)
Before etching 2843 3.1369 822
5 28.38 3.1423 744
10 28.36 3.135 3.1435 59.5
15 28.30 3.1510 456
20 28.26 3.1554 35.7

The percentage content of voids in the PS layer is
referred to as silicon's "P" porosity and is computed
gravitationally using Eqg. (2) [18,19] as well as stated
in table (2)

P=2"2 100% (2)

mj—m3

where my, mz, and msare, respectively, the masses of
the c-Si, PS, and PS following the removal of the PS
layer (which is accomplished by dipping it for a few
minutes in an aqueous solution of KOH). The
outcome demonstrated that the porosity increases as
etching time is increased. This outcome is explained
by an increase in the width and quantity of pores.

Table (2) AFM parameters and porosity of PS samples
prepared after different etching times

Etching A‘é?_;?ge Average
Time Size Roughness | RMS P
min) | 00N | m) | (om) | (%)
5 82 0.461 0498 | 289
10 75 1.105 1.340 | 456
15 56 10.28 12.50 | 55.7
20 43 11.90 14.80 | 654

PRINTED IN IRAQ 92


https://www.academia.edu/search?q=fwhm&related=18885810
https://www.academia.edu/search?q=radians&related=18885810

IRAQI JOURNAL OF APPLIED PHYSICS

Fig. (2) AFM images of PS samples prepared after different
etching times
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Shorter wavelengths have high energy to induce
the photoluminescence (PL) in the prepared samples.
Therefore, the PL spectra were recorded as the
prepared samples were excited with radiation source
whose wavelength is shorter than the emission
wavelength. Figure (3) displays these PL spectra for
PS sample prepared after different etching times and
a constant current density of 10 mA/cm? These
spectra clearly show that the PL intensity increases as
the etching time is increased and a small blue shift is
observed. This effect might be attributed to the
decrease in crystallite size and increase in porosity
[3,20].
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Fig. (3) PL spectra of the PS samples prepared after different
etching times

Using Eq. (3), the energy gap (Eg) of the preared
PS samples was determined and shown in table (3). It
should be observed that these values are greater than
the energy gap of p-type Si (1.11eV), and they also
increase from 1.775 to 1.814 eV as the etching time
is increased. These values are within the range 1.5-
2.5 eV achieved by previously published works [21-
24].

hc

Eg = m (3)
where Amax is the wavelength at maximum intensity of
the PL spectrum, and h is Planck's constant

Table (3) Values of energy gap and PL emission wavelength
for PS samples prepared after different etching times

Etching time (min) A (nm) Eq(eV)
5 696 1.78
10 690 1.79
15 686 1.81
20 683 1.82
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The sensing behavior of PS samples was
investigated as a function of the operation
temperature. The gas sensing property of the PS
samples were tested using ammonia gas at a
concentration of 20 ppm. Humans can tolerate
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ammonia gas at a concentration of about 25 ppm [25],
hence it is crucial that the sensor respond to
concentrations below this limit [26]. Sensitivity (S) is
the ratio of the change in sensor resistance upon
exposure to NHs gas (Ry) to that sensor's resistance in
air (Ra). It was calculated using the following relation
as [27-29]

s = [*2"2] x 100% (@)

In reference [4], the sensitivity of PS samples as a
function of operating temperature (30-400°C) was
depicted. The study revealed that the sensitivity of all
samples has increased as operating temperature is
increased up to 200°C before decreasing as operating
temperature went higher. The gas sensitivity
decreases with increasing temperature because
beyond 200°C, the surface would be unable to oxidize
the gas and the NH3 may burn before reaching the
surface of the pores. The results also indicate that the
sensitivity is higher for the PS samples prepared after
longer etching times. This is due to their huge surface
area, higher NHs gas oxidation rate, higher surface
roughness, and larger grain size [30].

In order to develop sensors for the necessary
applications, response and recovery times are crucial
factors. The sensitivity must be high and the response
and recovery times must be short for a gas sensor to
be effective. The response and recovery times of a PS
sample exposed to 20 min etching and 10 mA/cm?
current density at different operating temperatures
and 20 ppm NHs are shown in Fig. (5). The operating
temperature was seen to have an effect on both times.
At higher operating temperatures, the response and
recovery times are shortened. This might be attributed
to the increase in the surface reaction rate at higher
temperatures because of sufficient thermal energy of
the sensor material. Nevertheless, it was discovered
that at all operating temperatures, response time was
faster than recovery time. A faster rate of gas
oxidation may have caused the faster response.
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Fig. (4) Variations of gas sensitivity of PS samples with
operating temperature
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Fig. (5) Variations of response and recovery times of PS sample
prepared after 20min etching time with operating temperature

4. Conclusions

Chemical etching was effectively employed to
prepare porous silicon samples and the etching time
had a significant effect on the structure and
topography of these samples. As etching time was
increased, porosity, energy gap, and crystallite size
have increased. The sample prepared after 20min
etching time showed the highest sensitivity at 200°C
operating temperature with response/recovery times
37s/82s when exposed to ammonia gas at a
concentration of 20 ppm, rather than any longer
etching time that necessitated additional research.
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