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Abstract: A porous silicon based sensor has been developed to detect anions in a salt solution by the application of DC
pulses on a Semiconductor/Electrolyte system. The sensor performance can be explained invoking a model where charge
accumulation in the semiconductor surface states directly affects their geometric capacitances. By varying anions
concentrations in salt solution, the results show a fairly constant value of substrate resistance, whereas variations in those
geometric capacitances depend on the anion concentration. The constancy of substrate resistance and variability of geometric

capacitance constitute key points for the development of an anion solution sensor.
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1. Introduction

Although porous silicon was studied firstly as a potential
material for applications in the development of
optoelectronic devices [1], the interest has shifted to many
other fields, one of them being the use of this material as a
sensing surface for detection of chemical species in gas [2]
or liquid phase [3], or for biomedical applications [4],[5].
To accomplish this objective, this material must fulfill a
series of protocols requiring specificity in the detection of
particular molecules. One of such examples is the
capability to sense pollutant salts in water, specifically
anions [3]. One way to perform anion detection in such
ambient is to use the Semiconductor/Electrolyte system [6],
where an electrolyte containing anions is put in contact
with the porous surface. By applying voltage pulses of a
few volts to the system, one can extract useful information
about the surface sensor states submitted to different
aqueous ambients [7]. The purpose of this article is to
provide insights in the development of this kind of new
sensors developed in our laboratory.

2. Experimental Setup

2.1. Electrochemical Process

Commercially available Boron doped silicon wafers with
20 — 50 Q-cm in resistivity, (100) crystallographic planes,
and 300 pm in thickness, were sputtered with aluminum in
the non polished side to form an ohmic contact. Pieces of
1x1 em® were cut from the wafer and put on the bottom part
of a Teflon cell. The cell had a circular hole which exposed
an area of 0.13 cm’” to the electroetching solution. This
solution consisted of a mixture of HF, deionized water and
ethanol in the proportion 1:5:2 per volume. Figure 1 shows
the setup.
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Figure 1. Experimental setup for porous silicon formation. A constant
current source is directly connected to the back side of the Silicon piece.
The circuit is closed with a contact made of platinum foil immersed in the
etching solution. The porous region is formed on the upper side of the
Silicon piece.
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A constant current density of 53 mA/cm’ was applied
across the system solution-wafer by a power generator
(Agilent E3633A). A contact was placed at the bottom
aluminum layer (anode) and the other was a platinum foil
immersed in the etching solution (cathode). The etching time
was set to 20 minutes. After the etching, the samples were
rinsed with deionized water. Figure 2 show micrographs of
the typical obtained layers.

Figure 2. SEM photographs of typical porous layers. (a) Cross section,
and (b) top view. The layer thickness was nearly 50 pm and the pore
diameters ranged in the 2-4 pim. The scale of 30 pm is shown in the
photographs.

2.2. Signal Measurement Process

The samples were kept in the cell, the electrochemical
solution discarded and replaced successively by three
different test solutions of KCI: (a) 0.12 mmol/l, (b) 0.23
mmol/l, and (c¢) 0.35 mmol/l, corresponding respectively to
25 ppm, 50 ppm and 75 ppm of KCI (mass per volume of
water). The testing circuit is shown in Figure 3, where a
pulse generator (Agilent 33220A) provided pulses of 10 Us
and heights between 400 mV and 6 V.
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Figure 3. Experimental setup for sensor response to testing solutions. The
input signal is provided by a pulse generator. The input and output
voltages are determined by an oscilloscope. The resistor R can be replaced
by a capacitor C whenever necessary.

The voltages were determined by the use of an
oscilloscope (Tektronix TDS2012): one channel measuring
the pulse provided by the generator (“input voltage™) and the
other channel measuring the voltage across a load resistor R
(as shown in Fig. 3) or a load capacitor C (substituting R in
the circuit). All measurements were performed using the
mentioned test solutions. We have shown previously [3] that
this kind of sensor is able to detect anions in solution (CI’),
so in this work no further mention of cations (K") will be
made.

3. Modeling and Results
3.1. Circuit Model

When a crystalline semiconductor is in contact with an
electrolyte (the S/E system), the charge transfer between
both regions is essentially null. [6] Under the action of an
external voltage pulse of a few microseconds width, changes
in potential between the semiconductor and the electrolyte
fall mostly across the space charge layer of the former (the
layer that extends some microns just underneath the very
first few atomic layers), and an equivalent geometric
capacitance is able to precisely model the semiconductor
space charge region. [8] Additionally, the charge that can be
trapped on defects or dangling bond belonging to the actual
surface layer can also be modeled by other geometric
capacitance named the surface states capacitance. The full
equivalent circuit is shown in Figure 4 [8].

A9 A9

-
Cls

o ——
Coo ==

T
Ce

SE T

() (b)

Figure 4. Equivalent circuits representing the S/E system. (a) Perfectly
blocking interface; (b) Presence of surface states.

In (a) is represented the simplest case where all charge in
the semiconductor surface is stored in the space charge layer
when the external pulse is applied. The resistor » represents
the equivalent resistance of the bulk semiconductor and the
bulk solution. In (b), a network is placed in parallel to the
space charge capacitance. This network is modeling the
presence of surface states. The diode emphasizes the fact
that the surface states capacitance can be charged almost
instantly when the external pulse arises, but it takes a longer
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time to discharge (when the pulse sets off) due to the
presence of a R resistor which models the high resistance
values of the first surface layers.

Although this model was proposed for crystalline
semiconductors, it has been successfully applied to porous
silicon [7], [9]. The only observed difference is related to the
higher area in contact with the electrolyte that does not affect
the resistor-capacitor network model.

The methodology employed in this paper considers the
response of the system to an external pulse. Figures 5 and 6
show the expected output voltage curves when the sensor
model sketched in Figure 4(b) is used in series with an
external resistor R (Figure 5) or with an external capacitor
Cr (Figure 6). The inset plots depicts the expected behavior
of the input and output signals (the voltage measured across
the external element).
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Figure 5. Model of the sensor using an external resistor in series. The
inset plots show the input signal (upper) and output signal (lower).
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Figure 6. Model of the sensor using an external capacitor in series. The
input and output signals are shown on the inset plots similarly to the case
of Figure 5).

Consider the network with Ry (Figure 5). When the pulse
sets in, all capacitors are discharged and therefore act as
shorts. As a consequence, the voltage across Ry is a voltage
divisor between Ry and r. Its value can be calculated as:

Veo = ReVy/ (Rgtr) (1

where V) is the height of the input pulse. Notice that Vg, is
output voltage measured just on the onset of the pulse. On
the other hand, if the pulse width 7 is large enough, the
capacitors would tend to charge until they reach a constant
value and behave as open circuits. No more current flows
then across Ry . Consequently, the voltage tends to zero
near the end of the pulse. If R is now replaced by Cr, on
the onset of the pulse all capacitors are shorts and the
output voltage is null. As the pulse progress to 7, the
capacitors charge up to their full value, where they open the
circuit. Therefore, the output voltage at time 7 is:

Ver = Qp / Cp (2)

where QO is the charge contained in the external capacitor.
Note that, because no more charge flows in the circuit and
Cr is in series with Cgc and Cgg (which in turn are in
parallel) the total charge QO is the same as the sum of the
charge contained in Cgc and Cgg. Using this and the fact that:
Vo = Oe/Ce + Qp/Cror , with Cror = CsctCss , it is
straightforward to show that

Ver = CrorVy / (Cror+Cg) (3)

The interest here is to find the unknown parameters, » and
Cror- Note that it is not possible to separate C,. and C, from
Cror- Nevertheless, if any change in charge arises for the
different testing solutions, it can be attributed in principle to
a change in the surface potential, and therefore this affects
the surface states capacitance Cy,, consequently affecting the
total capacitance as well.

Let the adimensional parameters a; and Sr be defined as:

a=Vro/Vp Br= Ver/ Vo “4)

Inserting (4) into (1) and (3) and solving for » and Crop,
the results are:

r= (0'071 — DRy, Cror = (ﬁrﬂ -1) - Ce )

With these expressions and the experimental
determination of voltages, the internal resistance and
capacitance can be obtained and correlated with the
concentrations of the studied anion in the solution.

3.2. Results and Discussion

Figure 7 shows a plot of the internal resistance as a
function of the input voltage for the three considered
concentrations. The value of R was 11.3 kQ. The general
trend is that » has a fairly constant value of 57 kQ for all
concentrations, independently of the input voltage. This
result is expected because r models the resistance of bulk
semiconductor and solution. Although the solution
conductivity changes with the presence of the added anions,
this change is not strong enough to affect the overall bulk
resistance. This could also indicate that the space charge
layer of the semiconductor is not affected by the variations
taking place at the very surface. Therefore, a DC pulse
methodology for the determination of changes in bulk
resistances for different chemical ambients is not useful for
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sensing purposes.
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Figure 7. Internal resistance vs input voltages for all concentrations of
KClI, as marked.

60 L) I ) l ) I L) I L) l ) l L]
B 0.35 mmol/l
50 =
40 b= 2 0.23 mmol/l
—~~
u -
Z
30
o]
=
O -
20 =
0.12 mmol/l
10 b= -
0 A I 'l l 'l I A I A l 'l l A
0 500 1000 1500 2000 2500 3000 3500
Vs (mV)

Figure 8. Internal capacitance plots vs input voltages for the three
different considered concentrations of KCI, as marked..

Figure 8 shows the obtained internal capacitance plots in
the three cases. The curves seem to be grouped at low
voltages, but separate at higher values, showing a direct
possibility to detect those small amounts. With respect to the
resulting curve for 0.12 mmol/l, the 0.23 mmol/l is two
folded at an input voltage of 3 V, and the 0.35 mmol/l is
almost three folded. The strength of the input voltage for fair
detectability lies in the 2 to 3 Volts range, normally used in
the electronics industry. In our model, an increase in total
geometric capacitance is attributed to an increase in the
surface states geometric capacitance. The reason is the
constancy of the internal resistance addressed above: the
space charge layer of bulk semiconductor is unaffected and

so is the space charge capacitance. This means that more
charge is accumulated on the surface due to the presence of
anions. Determination of geometric capacitances could be
used therefore as a sensing parameter for anions detection.

4. Conclusions

A porous silicon sensor to detect anions in a salt solution
has been presented. The sensor works using DC pulse
regime and shows weak changes in internal resistance but
strong variations in total geometrical capacitances when
subject to various concentrations of the same salt. As a
consequence, discrimination among different signals is
possible to perform at least for concentrations between 0.1
and 0.4 mmol/l. These variations are attributed to
differences in the surface electronic states and not to the
space charge layer of the semiconductor.
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