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Abstract

The AC electrical behaviour of nano porous silicon (PSi) with TiO, thin films was examined over the range of
frequency 107 to 10°> Hz. Porous silicon (PSi) layers were obtained by electrochemical etching in HF solution and
TiO, thin films were deposited on PSi substrates by using electron beam evaporation technique at room
temperature. The porosity of PSi layer was found by using the gravimetric method and the crystalline properties of
the TiO, thin films were obtained by an X-ray diffract meter. The surface morphology and AC electrical properties
of samples were investigated by scanning electron microscopy (SEM) and electrometery respectively. For AC
electrical properties we studied the dependence of capacitance and dissipation factor on frequency at different
temperatures. The capacitance decreased with increasing frequency and increased with increasing temperature,
and dissipation factor decreased with increasing frequency to a minimum value and after that increased. This
behaviour is in good agreement with Goswami's theory. Also, the AC conductivity of sandwich structure films
was studied over the range of frequency 10* to 10° Hz. Over the range of frequency<10°Hz the band theory and

over the range of frequency>10*Hz hopping mechanism is applied in explaining the conductivity process.
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1. Introduction

Porous silicon (PSi) has been investigated for
various fields such as electronics, Nano electronic
and optoelectronics because of its luminescence
properties, high reactivity, large surface area and
easy integratibility with the highly advanced Si
technology (Makara et al., 2003; Vasquez-A et al.,
2007; Ozdmir et al., 2007; Algun et al., 1999). PSi
layers are composed of silicon wires and pores
obtained by chemical or electrochemical etching of
silicon wafers (Algun et al, 1990). The large
surface area and the presence of a large number of
unpaired dangling bonds alter the surface reactivity
and stability of porous silicon (Bhagavannarayana
et al., 2006). Unfortunately, many parameters of
PSi layers often degrade with time, which leads to
unstable working of PSi-based electronic devices.
In recent years many efforts have been made to
prepare of sandwich devices, which consist of PSi
and thin films that can improve electrical and
optical properties of PSi such as CdS, ZnO and ZnS
(Zhao et al., 2010; Aroutiounian et al., 2009). In
order to modify the properties of PSi for electronic
and optoelectronic application the metal thin film
such as TiO, can be used on the surface of PSi (Hasan
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et al,, 2008). TiO, is a wide band gap n-type
semiconductor (Hasan et al., 2008), with high
refractive index and good chemical stability (Sung
et al., 2007) which is used in many applications
such as optical industrial (Yanget al., 2006), dye
sensitized solar cells (Euvananon et al., 2008),
dielectric applications (Tavares et al., 2007), gas
sensors (Kim et al., 1998), self-cleaning purposes
and biomedical fields (Mathews et al., 2009). A
large number of investigations have been carryied
out on electrical properties of porous silicon and
TiO, thin film separately (Hwan et al., 2005;
Stamate et al., 2005; Milani et al., 2006) but there is
no work about AC electrical properties of porous
silicon coated with TiO, thin film. In the present
stuady we prepared PSi samples with
electrochemical etching and TiO, thin films were
deposited by electron beam gun evaporation
technique on PSi samples and the AC electrical
properties of TiO,/PSi sandwich devices with Al
electrode were investigated.

2. Experimental

Monocrystal silicon substrates of p-type, B-doped,
(100) orientation, resistivity of 0.5Q-cm and
thickness of about 525um were cut into lcm?
square plates. The samples were immersed in the
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HF aqueous solution to remove oxide from the
silicon surface, and washed with RCA method.

In this cleaning method, the silicon wafer was
immersed for 13 min in RCA solution (NH,;OH
(29%): H,O, (30%): H,0) in a volume ratio of (1:1:
5) at a temperature of 80 ‘C. Then the wafer was
immersed in (HCl (37%): H,0,(30%): H,0) in a
volume ratio of (1: 1: 6) at a temperature of 70 'C
for 10 min and in the final step, the wafer was
rinsed with DI water. An ohmic contact was
obtained by evaporating a thin Al film with 50 nm
thickness on the back side of the wafer by using
thermal evaporation method under the vacuum of
10~ mbar.

The porous silicon layers were obtained by
anodization in (1:3:1) HF (%38): C,HsOH (%98):
H,O solution under a constant current density of
35mA/cm®* for a duration of 20 minutes.
Anodization was carried out with a platinum
cathode. The porosity of samples was calculated via
the following formula (Menna et al., 1995):

szl—m2 (1)
m, —my

Where m; and m, are the masses of the samples
before and after anodization process, respectively,
and m; is the mass after dissolution of the porous
layers in NaOH solution. The samples were then
immersed in ethanol, dried in the air and placed in
the electron beam evaporation chamber for
deposition of the TiO, layers. Anatase TiO, metal
oxide tablet target was used for electron beam
evaporation. Thin films of TiO, with thickness of
42 nm were deposited on porous silicon under a
vacuum of 10 mbar and deposition rate 0.6 nm per
second. After the deposition process was
completed, thin films were annealed at 500°C for 20
minutes. The TiO, thin films coated with
Aluminum electrode as the metal were contact by
using thermal evaporation method.

Figure 1 illustrates the XRD pattern of TiO, thin
films obtained by an X-ray diffract meter (Equinox
3000) with wavelength of Cukal radiation. From
the Fig., it was found that, the film was poly
crystalline had anatase phase with lattice parameter
a=0. 3785 nm matched well with that of the
reference data. The (101) lattice plane diffraction
peak was observed to have the highest intensity.

SEM image in Fig. 2 is shows the nano structure
of PSi layer and the mean pore diameter is 37.50
nm. This image was taken via PhilipsXL30
scanning electron microscope. For AC electrical
properties, the measurements were made by
MT4080A LCR multifrequency meter over the
frequency range of 10°-10°Hz in different
temperatures.

20
2500
(101)
2000
3
i 1500 H
£
“
=
8 1000
£ 004y (200
500 -
0 T
0 20 40 60 80

20
Fig. 1. XRD pattern of TiO2 thin film
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Fig. 2. SEM images from PSi samples with 20 minutes
anodization time and 35mA/cm? current density

3. Result and discussion

3. 1. Capacitance and Dissipation Factor

The capacitance as a function of frequency in the
frequency range 10* to 10° Hz was measured at
temperatures 311, 335, 362 and 388 K. The
diagram shows that, the variation of capacitance
with frequency is intensive in high temperatures
and low frequencies and this variation is less in low
temperatures and high frequencies, but in general
the capacitance decreased with increasing
frequency. Also, the result shows increasing
capacitance with increasing temperature. These
results are more clearly shown in Fig. 2 and Fig. 3.
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Fig. 3. Dependence of capacitance on frequency at
different temperatures
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Fig. 4. Dependence of capacitance with temperature at
different frequencies

A circuit model proposed by Goswami and
Goswamican explains this type of behavior
(Azimaraghi, 2007). In this theoretical model, the
sandwich structure is modeled by an inferred
capacity element (C) in parallel with a temperature
dependent resistance R, both of which are in series
with a resistance r due to lead length. The value of

AE
R is given by the equation: R=R; eXp(ﬁ)

where R, is a constant and AE is the activation
energy.

Based on this model, the equivalent series circuit
with a simple capacitance (C;) is given by:

1
C.=C+——— 2

’ o’R*C @
Where o is the angular frequency. Equation (2)
showed that, because of the decreasing value of R,
C, increased with increasing in temperature for any
frequency. Also, this equation predicted that
Cdecreased with increasing .

The dependence of dissipation factor (tanc) with
frequency and temperature is shown in Fig. 5. In
general, dissipation factor decreased with
increasing frequency, before passing through a
minimum and then increased with increasing
frequency again in higher frequencies. According to
Goswami model, the dissipation factor is given by
this relation:

1 r
tanoc =——((1+—)+wrC 3
o a)RC( R) 3)

And the minimum value of ® is calculated by:

f 1
a)min = rRCz (4)

If we consider @R*C))I or LR«I we have:

tano =L+a)rC Q)
ol

In case of smaller ®, the second part of this
equation becomes negligibly small and the equation
is given by the first part, hence:

tano =

_— 6
oRC ®©

So dissipation factor decreases with increasing
frequency at low frequencies.

From the large value of o, {{arC and then

[0
we have:

tanoc =arC
(7
These results confirm increases in dissipation

factor with increasing frequency at high
frequencies.
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Fig. 5. Dependence of dissipation factor on frequency at
different temperatures

3.2. AC Conductivity

The AC electrical conductivity calculated from
this relation

OACc— ®ctanc (8)

Where o is the angular frequency, C is the
capacitance and tanc is dissipation factor
(Azimaraghi et al., 2010). The measurement is
performed in the frequency range 10* to 10° Hz and
temperature range 300 to 378 K. The result is
shown in Fig. 6. The conductivity data exhibit
strong frequency dependence. It was found that at
low frequencies the conductivity decreases with
increasing frequency at constant temperature, but in
high frequencies the conductivity increases with
increasing frequency. The conductivity of a
semiconductor material can be expressed as:

0=GCcT0ac )

The first part is DC conductivity which is due to
band conduction, and is frequency independent.
The DC conductivity is important at low
frequencies; such dependence may be described by
variable range hopping (VRH) mechanism. The
VRH model is frequency independent and only
weakly temperature dependent compared to band
theory and this model is important for electrical
conduction mechanism (Panteny et al., 2005).

The second part of this relation is pure AC
conductivity which is due to correlated barrier
hopping (CBH) process (Yakuphanoglu et al.,
2003). In general the relationship between AC
conductivity and frequency is given by
(Yakuphanoglu et al., 2003):

G.=A0° (10)

Where A and S are characteristic parameters both
of which depend on temperature, and the model
based on correlated hopping of electrons over a
barrier predicts a decrease in the value of the index
S with the increase in temperature, and it was found
to be consistent with the experimental results. The
temperature dependence of the index S can be
expressed as (Gould et al., 2003):

S=1-6KT/Wy (11)

where W), is the maximum high barrier. A decrease
of Wy upon the temperature increase was observed.
It can be seen that the value of S decreases with
increasing temperature. Also, the index S can be
determined from the slope of the Inc-ln® curve
(Gould et al., 2003).The values of S have been
collected in Table. 1.

It has been observed that the conductivity is a
decreasing function of frequency in the case of
band conduction and an increasing function of
frequency in the case of conductivity by hopping
mechanism. Over the range of frequency < 10° Hz
the band theory is applicable to explain the
conduction process in Al/TiO,/PSi/Al nano
structures and in the range of frequency >10°, the
increasing of slope with increasing frequency
connected with hopping conduction mechanism.
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Fig. 6. Dependence of AC conductivity on frequency at
different constant temperatures

Table 1. Dependence of the index S on
temperature and frequency

rangiﬁqeume;l ¥ o 1000-10000Hz  10000-100000Hz
300K 0.152 0.253
316K 0.136 0.230
355K 0.107 0217

378K 0.0899 0.213
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4. Conclusion

Psi layers were prepared under a constant current
density of 35mA/cm” for duration of 20 minutes and
TiO, thin films were deposited with an EBPVD
method on the surface of PSi layer. The porosity of
PSi layers was found by using the gravimetric method
and the main pore size of PSi layers was 37.50 nm.
Dependence of capacitance and dissipation factor on
the frequencyof different temperature was studied with
an equivalent circuit model of Goswami and
Goswami. Capacitance increased with increasing
temperature and decreased with increasing frequency.
Dissipation  factor decreased with increasing
frequency, before passing through a minimum and
then increased with increasing frequency again in
higher frequencies. We also studied the temperature
dependence of the AC electrical conductivity in the
Al/Ti0,/PSi/Al nanostructures. The result showed that
over the range of frequency < 10° Hz the band theory
and over the range of frequency>10’ Hz the hopping
mechanism with low power applied to explain the
conduction process in Al/TiO,/PSi/Al nanostructures.
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