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Abstract

Silicon nano-material have been prepared in this work via
electrochemical (EC) and photoelectrochemical (PEC) etching processes of n
and p-type silicon wafers in hydrofluoric (HF) acid of 24.5 % concentration.
All conditions preparation such as substrate resistivity, etching time, current
density and illumination have been changed to study the effect of these
parameters on resistivity of these porous silicon layers.

Introduction

Silicon nano-structure or porous silicon (P-Si) layer is a spongy phase
of silicon, uniformly generated by etching process of single-crystal silicon in
Hydrofluoric (HF) solutions at moderate current densities. The P-Si structure
is characterized by a great number of micropores (2-50 nm in mean diameter),
an extremely large surface area to volume ratio and the retention of the
crystallinity of original silicon substrates [1]. The discovery of a form of P-Si
material with photoluminescence efficiency much higher than that of bulk
silicon has led to a flurry of research activity, therefore this material has
become popular between scientists and enters in various important
applications [2].

Porous silicon layer is mostly fabricated by electrochemical
anodization often referred to as electrochemical etching process of bulk silicon
wafers in diluted aqueous or ethanoic hydrofluoric acid (HF). Ethanol is often
added to facilitate evacuation of Hydrogen bubbles, which develop during the
process [3]. Also photo-electrochemical etching process can be used to
production P-Si layers which gives advantage of the rectifying nature of the
semiconductor/liquid junction; illumination reduces the net etch rate (hole
current) at p-type silicon, while it increases the etch rate at n-type silicon [4].

The interest in the electrical properties of P-Si material began prior to
the discovery of its efficient luminescence [5]. The material was used for
electrical isolation and sensing applications [6]. Beale et al [7] have reported
that the electrical resistivity in P-Si material is five orders of magnitude higher
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than in intrinsic silicon, because P-Si is depleted by free carriers. Depletion
can occur either because of the energy gap widening from quantum
confinement which reduces the thermal generation of free carriers, or because
of trapping of free carriers. Trapping can occur during the preparation of P-Si
layer either because the binding energy of dopant impurities are increased or
because of the formation of surface states. In this work we have studied the
effect of different etching conditions on the resistivity of P-Si layers prepared
by EC and PEC etching process.

Experiment

Crystalline wafer of n, p-type Silicon with different resistivities of (12,
3.5 Q.cm), 508 pum thickness, and (111) orientation was used as starting
substrate. The substrate was cut into rectangles with areas of 1 cm? The
native oxide was cleaned in a mixture of HF and H,O (1:2). After chemical
treatment, 0.1 um-thick Al layers were deposited, by using an evaporation
method, on the backsides of the wafer. Electrochemical (EC) and
Photoelectrochemical (PEC) etching processes then performed as shown in
figures (1-2) and (2-2).

Cathaede

Figure (1-2); The Set-up of electrochemical (EC) etching process.
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Figure (2-2); The set-up of photoelectrochemical (PEC) etching process.

Both the etching processes have been achieved in an ethanoic solution
of 24.5% HF is obtained by 1 volume of ethanol and 1 volume of 49% wt.
Hydrofluoric (HF) acid the HF concentration in the ethanoic solution is given
by ((1 x 49%)/(1+1) = 24.5%)) (8) at room temperature by using a Pt
electrode. The all preparation conditions in this work have been varied such as
(conductivity or resistivity of silicon substrates, current density, etching time
and illumination).

The resistivity of prepared P-Si layers via both EC and PEC etching
processes was accomplished using 4-point probe device which could measure
both the silicon types as well as the sheet resistivity. The nanostructure film
resistivity was mathematically measured using a simple relation as shown
below [9]:

Bulk resistivity (€2.cm) = Thickness of substrate x Sheet resistivity

Results and Discussion

One of the most principal applications of P-Si material consisting
silicon nanocrystallites is the optoelectronic applications based on the efficient
electroluminescence. Therefore, it becomes very important to study the
electrical properties in order to control the affecting parameters on the
electroluminescence [10]. These properties depend strongly on the structural
characteristics of the formed P-Si layer especially the surface area and
morphology [11,12].

Table (3-1) represents the conductivity type and the resistivity effects
on the prepared P-Si resistivity in EC etching process. These samples were
formed under similar conditions of 20 mA/cm? current density and 24.5 % HF
concentration for 60 minutes. One can see that the resistivity increases after
etching for all silicon types due to the increase in the path of the carriers with
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increasing the disorder of the surface. When a voltage is applied between the
two ohmic contacts, current flows through the P-Si layer. We can notice that
there is great increase in the resistivity when the doping concentration is high
for both n™* and p*".

Table (3-2) shows effect of the silicon wafer conductivity on the
resistivity of P-Si layers synthesized by EC and PEC etching process. These
samples were irradiated with laser of 100 mW power and 514 nm wavelength
(made in German) and 24.5% HF concentration for 60 minutes with current
density of 20 mA/cm?.

It is observed that for p-type silicon the resistivity increased from 3.5
Q.cm to 3.8 with EC etching process, while in PEC etching with the same
formation conditions, the resistivity is slightly increased since there was a
small modification. For n-type material, the resistivity also is slightly
increased from 3.5 Q.cm to 3.75 Q.cm with EC etching process, while the
illumination effect is much larger which leads to initiate the P-Si layer due to
larger number of generated holes. Therefore, a great increase in the P-Si layer
resistivity is emerged.

Table (3-1) represents the conductivity type and the resistivity effects on the
prepared P-Si resistivity in EC etching process

Conduc p1 p2(Q.cm) | p3(Q.cm)
tivity | (Q.cm) | After EC | After PEC
type Bulk Etching Etching

Silicon
p-type 3.5 3.8 3.81
n-type 3.5 3.75 5
Substrate p1(Q.cm) p2 (Q.cm)
conductivity and | Bulk Silicon | After EC Table (3-2); The effect
the resistivity Etching of conductivity of the
n-type 11.9 13.75 silicon substrate on the
n-type 3%107 35 IreS|st|V|ty of P-Si
ayers.
p-type 3 6.4
p**-type 2*10™ 2.84
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We have studied the effect of different etching times on the resistivity of
prepared P-Si layers. Figure (3-1) illustrates the relation between resistivity
and the etching time for P-Si layers synthesized by EC etching process and
PEC etching process with same preparation conditions as in EC etching
process.

These samples were irradiated with green laser wavelength of 514 nm
on n-type silicon with 3.5 Q.cm resistivity immersed in 245 % acid
concentration for various etching times and current density of about 20
mA/cm?®. At the beginning, when we increase the etching time (which is
identical to the irradiation time), the P-Si layer resistivity get increased. Due to
the resultant large surface area by EC etching process and subsequent
increment due to the light absorption in PEC etching process.

As discussed earlier, excessive EC etching occurs for longer etching
time (90 minutes) and that is reflected by the sharp decrement in the P-Si
resistivity due to the variation in the layer morphology. In this case, the light
illumination has greater effect (increase in the resistivity from 3.5 to 5 Q.cm)
and that is because of the light absorption since the band gap here is too small
compared to the photon energy. Further increasing the etching times (120 and
150 minutes) leads to form a new P-Si layer with new surface morphology,
thus, the P-Si layer resistivity increases from 3.5 to 4.12 and to 5.25 Q.cm by
EC etching process and subsequently to 4.23 and to 6.11 Q.cm due to the two
layers formation and the correspondent large surface area.

—o— EC Etching Process
—e—PEC Etching process 6
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Figure (3-1); The relation between resistivity of prepared P-Si layers and
etching time.

We have also studied the effect of different current densities on the
resistivity of prepared P-Si layers. Figure (2) shows the relation between
resistivity and the applied current densities of P-Si layers synthesized by EC
and PEC etching processes for 60 minutes etching time on n-type material
with 3.5 Q.cm resistivity immersed in HF acid of 24.5% concentration and
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illuminated with green laser 514 nm wavelength. For 5 mA/cm?, the two
layers produced by PEC etching process have higher resistivity than that of the
layer prepared with EC etching process since we have smaller nanocrystallite
sizes on the upper layer due to the illumination, which increases the surface
area and then, increase the resistivity of the passing current within the P-Si
material.

—o— EC Etching process
——PEC Etching process g |
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Figure (3-2); The relation between resistivity of prepared P-Si layers and
current density.

Similarly, when the current density increased to 10 mA/cm?, the P-Si
layer resistivity increases from 3.5 to 3.8 Q.cm. Here we can notice that, when
the current density increases the etching rate or the etching speed increases.
This speed gives no time for the light absorption because the laser induced
etching (LIE) is slow and requires a time to generate holes for the etching
process.

Therefore, the layer resistivity is almost the same (3.8 Q.cm) after the
EC and PEC etching processes and that means there is no light absorption in
this case.

While, the etching process achieve under 15, 20 and 25 mA/cm? are
inversing at EC and PEC etching processes, where we can notice that the
resistivity of prepared P-Si layers by PEC etching process increases with
increase of current density, since a good light absorption leads to increase the
etching rate which lead to production of two P-Si layers and change the
surface morphology of layers. While, we can observed that the resistivity of
prepared P-Si layers by EC etching process decreased with increase of current
density, because of removal of P-Si layers.

Finally, we have studied the dependence of the prepared P-Si layer
resistivity on the illumination wavelengths.
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Table (3-3) represents the resistivity of the P-Si layers prepared by EC
etching process (p2) and the PEC etching process (p3) for many wavelengths
and current density of 20 mA/cm? on p-type silicon immersed in 24.5% acid
concentration for 60 minutes. Here, we have fixed all the electrochemical
parameters so the resistivity will be the same for all samples (3.5 Q.cm).

With illumination of He-Ne laser of (632.8 nm), small increase in the
resistivity of the two P-Si layers appeared due to the small absorption within
the first P-Si layer. With decreasing the wavelength to 514 nm, more
absorption occurred leading to further etching and increasing the resistivity.
By using a blue light of (400 nm) wavelength, higher absorption due to high
photon energy leads to increase P-Si layer resistivity. While illumination with
white light leads to increase the layer resistivity to a higher value (5 Q.cm) due
to the absorption of all wavelengths constituting the white light.

Conclusion

In light of these results and facts which have been mentioned
previously in this work, we can conclude that the preparation conditions have
any important effect on electrical resistivity of prepared P-Si layers, where the
value of resistivity has been varied with change of these etching parameters
and each one of these parameters possess respective effect on this
characteristic.

Wavelength (A nm) p1(Q.cm) p2 (Q.cm) p3 (Q.cm)
He-Ne laser (632.8) 3.5 3.8 3.811
Diode laser (514) 35 3.8 3.85
Halogen light (400) 35 3.8 4.125
Wight light (tungsten) 35 3.8 5

Table (3-3); The effect of different wavelengths on the resistivity of P-Si
layers.
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