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1. Introduction
In the electronics industry, crystalline silicon is the most widely used semiconductor. A
great variety of electronic devices can be built based on silicon, from discrete to low and
very high scale integrated circuits. One of the most common commercial applications is the
photovoltaics; in fact, silicon is found in 90% of solar cells for terrestrial applications. Silicon
has an indirect band gap of 1.12 eV and emits light weakly near the infrared region by phonon
assistance. This fact limits its use in optoelectronic applications, where semiconductors such
as GaAs and InP dominate this ﬁeld. However, the photoluminescent and electroluminescent
properties of porous silicon (Bisi et al., 2000; Canham, 1990) have generated great interest in
optoelectronic devices. Porous silicon was accidentally discovered by Uhlir at Bell laboratories
in the middle of the 1950 s. He found that, under the appropriate conditions of applied
current and solution composition, silicon did not dissolve uniformly but instead ﬁne pores
(holes) were produced. Porous silicon (PS) is a semiconductor in nanocrystalline form (NPS),
which could improve some properties of silicon, given that some properties, such as the
electricals, are determined by the short range order of atoms, rather than by the long range
order. In recent years, the great interest in NPS has been due to the high surface area of porous
silicon, which has been useful as a model of crystalline silicon surfaces in spectroscopic studies
(Anderson et al., 1990; Bisi et al., 2000; Dillon et al., 1992; Gupta et al., 1991), as a precursor to
generate thick oxide layers on silicon and as a dielectric layer in capacitance chemical sensors.
In addition, NPS has been applied in optoelectronics, micro-optics, energy conversion,
environmental monitoring, wafer technology, micromachining and biotechnology. In the
photovoltaic ﬁeld, the application of NPS has not been widely explored. The ﬁrst NPS cell
with a crystalline silicon substrate was reported in 1992 by Smestad (Smestad et al., 1992).
Nevertheless, until now, its main application in solar cells has been as a non-reﬂecting layer
(Vitanov et al., 1997). The use of semiconducting polymers to form hybrid heterojunctions
with NPS represents another potential application of porous silicon; it has been found
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that the conductor polymer increases the effective conductivity of NPS as a function of
the polymer penetration into the silicon pores (Jung et al., 1995; Moreno et al., 1999). This
kind of heterojunction can improve the stability of light emitting devices (LEDs) and has
formed structures with interesting photoluminescence (Nguyen et al., 2003; Parkhutik et al.,
1994) and electroluminescence properties (Bsiesy et al., 1995). In this chapter, several topics
are discussed, ranging from the study of NPS structure formation from monocrystalline
silicon by electrochemical etching in acid electrolyte solution to the construction and
evaluation of optoelectronic devices based on these structures, including the formation and
electrical evaluation of hybrid heterojunctions based on nanocrystalline silicon structures and
semiconducting polymers.

2. General aspects of nanocrystalline porous silicon
Nanocrystalline porous silicon (NPS) is composed of silicon wires and pores, and thus,
it is a material with a large surface area (Bisi et al., 2000).
It is obtained by the
electrochemical dissolution of silicon (Si) wafers in aqueous hydroﬂuoric acid (HF) solution
or by electroless etching in an HF solution containing an oxidizing agent (Arenas et al., 2006;
2008; Smith & Collins, 1992). The anodic dissolution in HF solutions is the main process
used for this effect, where darkness or illumination is necessary for p-type or n-type silicon
substrates, respectively, to achieve the etching process. In this section, a short description of
NPS preparation and its structural and morphological characterization is presented.
2.1 NPS formation process

One of the most important advantages of porous silicon is its simple and easy preparation
(Yu & Wie, 1992). Since the ﬁrst studies in the middle of the 1950 s, NPS has been mainly
obtained by the electrochemical dissolution of silicon wafers based on HF solution. This
process consists of applying an anodic current to the silicon wafer in an HF electrolyte
contained in a Teﬂon cell, which is composed of a silicon working electrode and a Pt counter
electrode. The dissolution of silicon requires holes supplied from its valence band at its
surface; thus, for n-type silicon, light is necessary to photogenerate holes in contrast to
p-type silicon. A constant current density can adjust the porosity, thickness, uniformity and
reproducibility of samples (Eddowes, 1990; Galun, 1995; Smith & Collins, 1992). Ethanol
is added to the HF electrolyte to counteract the hydrophobic character of silicon and
facilitate the inﬁltration of HF inside the pores. In addition, ethanol helps to remove the
hydrogen bubbles generated during pore formation on the silicon surface. In the past,
many studies of porous silicon formation have been limited exclusively to an electrochemical
characterization of its current-voltage (I-V), relationships with the Schottky diode model of
the semiconductor/electrolyte interface playing a predominant role. Although additional
analysis techniques have been used recently to study porous silicon, its formation still arises
from the I-V relationships, and a basic knowledge of silicon electrochemistry is essential to
understand this process (Bard, 1986; Conway et al., 1983; Holmes, 1962; Vijh, 1973). Several
reaction mechanisms for pore formation have been proposed (Bomchil, 1983; Eddowes, 1990;
Lehmann & Föll, 1990; Smith & Collins, 1992; Turner, 1958). However, the most widely
accepted was proposed by Lehmann and Gösele, as shown in Fig. 1. This mechanism is
based on the oxidation of bonds on the silicon surface with the capture of holes and electron
injection in four steps (Lehmann & Gösele, 1991):
1. A hole reaches the surface for a nucleophilic attack on Si-H bonds by ﬂuoride ions from the
HF electrolyte (i.e., the hole can then migrate on to a Si-H bond), thus releasing a proton.
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2. A second attack is accomplished by another ﬂuoride ion, causing the evolution of
molecular hydrogen and electron injection into the substrate. The attack of the Si radical
by ﬂuoride causes electron injection into the silicon conduction band and the formation of
a Si-F bond.
3. The next few steps involve the sequential removal of -SiF2 by the replacement of protons in
the highly oxidized silicon with the concurrent injection of an electron into the conduction
band. A chemical reaction occurs in which HF is added across the one remaining Si-Si bond
to release SiF4 into solution, and in this step, a tetraﬂuoride (SiF4) molecule is produced.
4. The tetraﬂuoride molecule reacts with two HF molecules and H2 SiF6 is the ﬁnal product
in solution.

Fig. 1. Schematic of dissolution mechanism of silicon proposed by Lehmann and Gosele
(Lehmann & Gösele, 1991).
The dissolution mechanism is complex (Eddowes, 1990). In this reaction, only two holes are
required to remove each silicon atom while one molecule of hydrogen is formed. Hydrogen
is assumed to result from the reaction of protons or HF with an intermediate of the silicon
oxidation reaction:
Si( I I ) + 2H + + Si( IV ) + H2
During pore formation, the following anodic semireactions occur:
Si + 6HF → H2 SiF6 + H2 + 2H + + 2e−
However, an electropolishing process can also exist if the current density reaches the critical
value, and this process can be described with the reaction:
Si + 6HF → H2 SiF6 + 4H + + 4e−
The ﬁnal properties, such as porosity and thickness of the nanocrystalline porous silicon
layer, are very sensitive to many experimental variables, such as the doping density of the
silicon substrate, the current density and the etching time, among others (Lehmann & Gösele,
1991; Searson et al., 1992). The porosity is an important parameter that determines the
optoelectronic properties of NPS. Thus, it is necessary to determine posority.
The porosity (P) is deﬁned as the fraction of voids (air) within the nanocrystalline porous
layer. This parameter could be estimated by gravimetry as described in Fig. 2, which shows
the porosity produced by removed or dissolved silicon mass (mr ) during the etching divided
by the total mass of etched silicon (m T ). In the porosity equation, m1 is the silicon mass before
etching, m2 is the mass of the silicon substrate after etching (including porous silicon) and
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m3 is the substrate mass after dissolving the nanocrystalline porous silicon with a KOH (3 M)
solution. In the same way, the ﬁlm thickness of the nanocrystalline porous silicon layer can
be estimated by considering the silicon density (ρ=2328 mg/cm3 ) and etched surface (S), S=1
cm2 as shown in Fig. 2.

Fig. 2. Schematic representation of the method to calculate the porosity and thickness of
nanocrystalline porous silicon by gravimetry (Bisi et al., 2000).
The porosity depends on the electrochemical etching conditions, such as the HF concentration
and the type and resistivity of the silicon substrate. It has been observed that porous silicon
porosity increases with current density at a given HF concentration. However, at a given
current density, porosity decreases with HF concentration because HF is hydrophobic with
silicon, which increases the difﬁculty of penetration/inﬁltration in the pores at high HF
concentrations (Bisi et al., 2000). Fig. 3 shows the inﬂuence of the silicon substrate on the
porosity and thickness of NPS layers. The porosity of the NPS layer obtained from a p-type
substrate increases directly with the applied density current. In addition, it changes according
to the silicon resistivity. More porous NPS layers are obtained from a silicon substrate of 10
Ω-cm of electric resistivity, whereas less porous NPS layers are obtained from lower resistivity
silicon (0.002 Ω-cm). Starting from n-type silicon, the porosity increases as a function of
current density, but these NPS layers are less porous than those obtained from p-type silicon.
However, the ﬁlm thickness (Fig. 3b) shows a linear behavior as a function of the current
density, where values of greater thickness can be obtained with n-type silicon compared to
p-type. In other words, with 10 Ω-cm n-type substrates, thick NPS layer with low porosity
can be obtained, which, is related to an accelerated electrochemical etching. The discussion
in the following sections correspond to NPS ﬁlms from p-Si and n-Si obtained at the same
conditions (20 mA, 1:1 etanol: HF), unless otherwise noted.
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Fig. 3. Experimental a) porosity and b) thickness vs. current density of NPS ﬁlms determined
by the gravimetric method.
2.2 Structural characterization
2.2.1 Grazing-Incidence X-ray Diffraction

Fig. 4. Grazing-Incidence X-ray Diffraction of the nanocrystalline porous silicon from a) p-Si
and b) from n-Si of approximately 10 μm (Arenas et al., 2008).
With Grazing-Incidence X-ray Diffraction (GID), it is possible show that, as a result of the
electrochemical treatment of crystalline silicon, a nanocrystalline thin ﬁlm is obtained, as
shown in Fig. 4. At small incidence beam angles, Ω < 2.5o a broad reﬂection corresponding to
the ﬁlm is observed, whereas, at Ω = 2.6o only the crystalline silicon diffraction peak is shown
as an acute signal. Both kinds of signals are detected at Ω = 2.5o . A broad reﬂection indicates
that its average crystal size is smaller than that of in the crystalline silicon according to the
Scherrer equation (Patterson, 1939):
0.9λ
(1)
Bcosθ
where λ is the wavelength of the incident X-rays (0.15406 nm), B is the half value breadth of the
diffracted beam and θ is the Bragg angle. Thus, it was possible to estimate an average crystal
L=
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size, L, for the ﬁlms. The results indicate that the average crystal sizes are in the nanometer
range: L=3.5 nm for the ﬁlm obtained from p-Si and L=3.1 nm from n-Si.
2.2.2 Surface molecular structure

Fig. 5. Infrared spectra of NPS a) as prepared and b) oxidized at 300 o C.
The nanocrystalline silicon surface is saturated by hydrides (H − ) due to the nature of the
electrochemical etching. The functional groups Si − Hx (x=1, 2, 3) present in NPS can be
identiﬁed by IR, as shown in Fig 5. The characteristic bands correspond to the molecular
vibration of the bonds Si − H2 at 910 cm−1 and Si-H at 2087 cm−1 (Beckmann, 1965; Bisi et al.,
2000). It is possible to break these bonds easily by heating, light or exposure to gases and
liquids, even after long periods of time under storage. Chemical stabilization of the surface is
reached by controlled thermal oxidation; at 300 o C (Fig. 5b), the Si-H band disappears and a
new band at 1000 cm−1 assigned to the Si-O bond vibration is observed (Fauchet et al., 1997).
Other bands due to surface reactivity with the environment are summarized in Table 1.
2.2.3 Morphology by SEM and AFM

Nanocrystalline silicon ﬁlm is a highly porous structure. It is composed of wires formed
perpendicular to the surface, as can be observed using scanning electronic microscopy (SEM),
as shown in Fig. 6a. Their length and diameter depend on the formation conditions and,
therefore on the crystalline silicon type. From p-Si, wires with a diameter estimated by atomic
force microscopy (AFM) between 130 and 160 nm are obtained, as shown in Fig. 6b, whereas,
from n-Si, wire diameters are about three times smaller, between 30 and 60 nm, as shown in
Fig. 6c.

3. Optical properties of NPS
Optical properties such energy band gap (Eg) and refractive index (n) of the NPS depend on
the etching conditions, current density, electrolyte composition and type of silicon substrate
(p-Si or n-Si). At high porosities, a blue shift of the optical absorption of NPS can be observed
(Sagnes et al., 1993), i.e., the Eg and n can be modiﬁed.
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Functional group
OH
CH
SiHF3
SiH
SiH2
CO
CH3
SiCH3
SiO
Si − O − Si
SiH
SiH2
SiH2
SiO
SiH
SiH
Si − Si

2577

Wavenumber (cm−1 )
Assignment
3610, 3452
Si − OH y H2 O stretching
2958, 2927, 2856
CH3 , CH2 y CH stretching
2314, 2245, 2206
—
2248, 2197, 2136, 2116, 2087, O3 − SiH,SiO2 − SiH, Si2 Si − SiH,
2089, 2115, 2070
Si2 H − SiH, and Si3 − SiH stretching
2110
Stretching
1630,1720
—
1463
Asymmetric stretching
1230
Bending
1050,1056-1160
O − Si − O stretching
1070
Asymmetric stretching
979/948
Si2 − H − SiH bending
880-906, 908, 910
Scissoring
856, 845
Wagging
827-832
O − Si − O bending
661
Wagging
624-650
Si3 − SiH bending
616, 620
Stretching

Table 1. Vibrational frequencies of NPS species by IR spectroscopy (Bisi et al., 2000).

Fig. 6. Morphology of the nanocrystalline porous silicon ﬁlm: a) SEM image of the
transversal section from n-Si; b) 3D AFM image from n-Si, and c) 3D AFM image from n-Si.
Scale in z= 30 nm/div.
3.1 Energy band gap of free standing NPS

The relationship of the optical transmittance (T) and absorption coefﬁcient (α) of a
semiconductor with thickness d is (Schroder, 1998):
T=

(1 − R)2 e−αd
.
1 − R2 e−2αd

(2)

If the reﬂectance of the semiconductor is almost null, R ≈ 0 and equation 2 is simpliﬁed:
T = e−αd ,

1
α = − ln T.
d

(3)

The absorption coefﬁcient is related to the semiconductor optical band gap (Eg) (Sze, 1990):

(αhυ)γ = C ( Eg − hυ),
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Fig. 7. Optical transmittance of free standing NPS ﬁlms prepared using different anodization
conditions.
where h υ is the photonic energy, C is a constant and γ takes values of 2 for direct transitions
and 1/2 for indirect transitions.
The optical transmittance of free standing NPS ﬁlms changes according to the porosity value
and the anodization parameters, as shown in Fig. 7. Free NPS ﬁlms with porosities of 60%
and 70% show similar transmission spectra, but interference fringes that are well deﬁned
are only observed in less porous NPS ﬁlms. The interference fringes are produced due to
the light interference in the ﬁlm. At low HF concentrations, the ﬁlms show about 60% to
70% transmission, unlike the ﬁlms prepared at high HF concentrations (Fig. 7b). The direct
and indirect band gap of these free standing ﬁlms are shown in Fig. 8 and Table 2. For
direct transitions, the experimental Eg of the ﬁlms is about 2.64 - 2.7 eV closer to the 3.3 eV
value reported for powdered NPS supported between two transparent substrates by Feng
(Feng & Tsu, 1994). The direct transition gives an Eg approximately 1.88 - 2 eV closer to
those reported for NPS used in optoelectronic applications (Lugo et al., 1998; Peng et al., 1996;
Sagnes et al., 1993). High concentrations (25%) of HF produce free standing NPS with larger
Eg, which is distinctive of highly porous ﬁlms, whereas, in low concentrations (15%), the less
porous ﬁlms show lower Eg values. Sagnes found that the Eg value can also be modiﬁed by
the nanocrystalline size (Sagnes et al., 1993).
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Fig. 8. a) Direct and b) indirect band gap of free standing NPS ﬁlms obtained from p-Si.
NPS ﬁlms from
(ρ = Ω-cm)
p-Si (0.002)
p-Si (10)
n-Si (0.0015)

HF (%)

∼14 %
25 %
25 %
15 %
15 %
15 %

J
(mA/cm2 ),
% Direct Eg Indirect
porosity, [Time, s]
(eV)
Eg (eV)
2, 60%
2.7
2.0
20, 73%
2.64
1.88
20
1.79
1.64
20
2.85
2.64
2, [1200]
2.96
2.9
2, [480]
3.08
2.66

Table 2. Direct and indirect band gap of free standing NPS ﬁlms prepared using different
conditions.
3.2 Complex refractive index of NPS on silicon substrate

The optical reﬂectance of NPS on a silicon substrate is about 20 to 40% depending on the
anodization conditions (Fig. 9). The main difference is in the amount of interference fringes,
which are sensitive to the current density and thickness of NPS ﬁlms (Arenas et al., 2010).
This optical property determines important ﬁlm parameters such as its refractive index and
its extinction coefﬁcient.
The NPS ﬁlm is composed of air and silicon. Therefore, its refractive index (n) should range
between 1.0 and 3.4. If the NPS is highly porous, n is closer to the refractive index of the
air, and its value increases when the NPS ﬁlms present low porosity (Arenas et al., 2010;
Kordás et al., 2004). An algorithm is proposed to calculate the complex refractive index of NPS
on crystalline silicon by means of reﬂectance spectra only (Arenas et al., 2010). Additionally,
the NPS ﬁlm thickness is determined by the normal reﬂectance spectra without information
from its transmission spectrum (i.e., the separation of NPS ﬁlms from the silicon substrate
is not necessary). The algorithm is based on the analytical relations established by Heavens
(Heavens, 1965) to obtain both the complex refractive index and thickness of an absorbing
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Fig. 9. Optical reﬂectance of NPS supported on a silicon substrate.
thin ﬁlm on an absorbing substrate. Based on this model, some simpliﬁcations are introduced
at different wavelengths. The model considers the maxima and minima of the interference
fringes of reﬂectance spectrum (see inset Fig. 9a), and Rmax and Rmin are the assumed values
for the continuous maxima (minima) envelopes using the following equation (Arenas et al.,
2010):
4g1 g2 (1 − g12 − g22 x2 + g12 g22 x2 ) x
1
.
=
Rr
g14 − 2g12 g22 x2 + g24 x4

(5)

where Rr is deﬁned as (Manifacier et al., 1976; Swanepoel, 1983)
Rmax − Rmin
1
=
.
(6)
Rr
Rmax Rmin
The model is only valid in the range of 1000 to 2500 nm, where the absorption is almost
constant. For the UV-Vis region, other considerations must be taken into account (Swanepoel,
1983; Torres et al., 2003). It was applied to NPS ﬁlms obtained from p-Si substrates, as shown
in Fig. 10. It was found that the refractive index of NPS ﬁlms with 60, 70, 72 and 87% porosity
is a function of this parameter, where n decreases at high porosities of NPS, which is consistent
to the trend reported by Bisi (Bisi et al., 2000).
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Fig. 10. Experimental refractive index of NPS supported on a silicon substrate (Arenas et al.,
2010).

4. Electrical properties
4.1 Photoconductivity

The electrical current is the amount of electrons ﬂowing in a unit of time. An electron is the
elemental electrical charge in matter and its absence is called a hole. They are referred to as
free charge carriers because they are free to move from one point to another inside matter.
It is necessary to be aware that the particles that actually move in matter are electrons, and
hole movement is only a consequence. This movement leads to electron ﬂow; a continuous
electron ﬂow is one of the deﬁnitions of electrical current. When charge is ﬂowing, there is
an electrical current. Under most circumstance, charges in movement are conﬁned within a
limited region, in the interior of a metallic wire, the cylindrical volume of a neon tube, or the
transversal section of an electron beam into a kinescope, for instance. Quantifying the current
is the total charge crossing an area perpendicular to the ﬂow per unit of time (s):

Q=

 t2
t1

Idt

(7)

Current originates from charge ﬂow, and, inside of a conductor, these charges are electrons.
Therefore, electron movement is the phenomenon responsible for electrical current. The
coulomb is a magnitude that is deﬁned by means of the elemental charge, which is the charge
that the electron has, -1.602 × 10−19 C: 1 Coulomb = 6.242 × 1018 electrons
For an idea of the size of a coulomb, approximately 6242197253433208489 electrons are needed
to form a charge of 1 C. Therefore, the amount of electrons passing a speciﬁc point dat a given
current level can be calculated. For example, if a current of eight amperes is crossing a cross
sectional area over ﬁve seconds, approximately 2.497 × 1020 electrons ﬂowed across the area.
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Electrons movement inside matter has no velocity or acceleration constant due to interatomic
interactions and the material characteristics at the atomic level.Thus, this movement is based
on a phenomenon called diffusion or drift. The average velocity of electrons is approximately
4 m/h.

Fig. 11. Current as a function of time of the NPS ﬁlm at three applied electrical voltages.
An electrical ﬁeld, internal or external, is necessary to move electrons. Therefore, applying an
electrical potential to the bulk or surface can create an electrical current. An electromotive
source is used to apply a constant or variable external electrical ﬁeld. It is a device that
converts chemical, mechanical or solar energy into electrical energy, which is necessary to
maintain a constant electrical charge ﬂow. An electromotive source of one volt will perform
one joule of work over every charge of one coulomb passing through it. Photoresponse
characterization was performed for nanocrystalline porous silicon thin ﬁlms to understand its
sensitivity to light exposure, as shown in Fig. 11. The technique consisted of applying a ﬁxed
electrical potential on the material surface and recording the current under dark conditions
after illumination for a determined period of time and continuing after another period of time
without illumination. The current intensity of the NPS thin ﬁlm is almost the same under
dark and illuminated conditions, as shown in Fig. 11. Based on the plot of I vs. t, it is possible
to estimate the total generated charge under an applied electrical potential under both dark
and illuminated conditions using Eq. 7. The area under the curve is the result of the deﬁned
integral. The difference between the generated charge under light and under illumination is
charge generated by light exposure, where
generatedcharge = chargeunderlight + chargeunderdark.

(8)

When a material is highly conductive, there are fower electrons due to illumination compared
to electrons in the conduction band. If the material is almost intrinsic, the generation under
light must be higher, but it also depends on the material band gap and the wavelength of light.
The nanocrystalline porous silicon layer used in the characterization was almost intrinsic.
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However, the charge generation was low, and thus, the material was not sensitive to this
wavelength. The charge generated under illumination corresponded to 2.14450152 × 1010
electrons (Fig. 11).
4.2 Metal - NPS junction

Metal - semiconductor (M - S) contacts are an essential part of the electrical performance of
any semiconductor device because they are the communication channel between the world
inside the device and the world outside of it, which is a simple way to describe the role of M
- S contacts. The metal layer enables current to ﬂow out of the device, allowing the external
circuit to work with the purpose for which it was designed. M - S contacts are fabricated by
depositing a metal layer over the semiconductor surface. Thus, both materials are in intimate
contact (Table 3). Metal deposition can be done by vapor deposition (Carroll et al., 1966),
metal sputtering (Murarka, 1983) and electroless techniques (Wolfgang, 1991), for example.
Vapor is used in manufacturing to deposit thicker layers. If the device structure requires
a thinner layer, the sputtering technique is used. Electroless techniques are also used for
thinner layers. However, they are not used often in manufacturing due to cycle time and
process issues. A technique is selected depending on the semiconductor device structure and
application. Depositing a metal on the semiconductor implies forming an interface between
two materials. The characteristics of this interface present many different issues, such as
mechanical, physical, chemical, and mainly electrical issues. Why is necessary to deposit a
metal layer over the semiconductor surface? The purpose is to protect to the semiconductor
surface from the environmental conditions. Most semiconductors are easily oxidized; metals
are less susceptible to oxidation. Therefore, the purpose of the metal layer is the protection
of the semiconductor surface and mechanical support for the external terminal connections.
Otherwise, the device performance would be unstable and easily degraded. Mechanical,
electrochemical and physical issues at the interface impact the main behavior of interest: the
electrical behavior.
Ohmic behavior
Height
barrier
equals
to
zero(Rhoderick & Williams, 1998;
Salinas et al., 2006; Sze, 1990)
Minimum resistance stated at the M
- S interface.
Electrons and holes are able to ﬂow
to or from the semiconductor

Rectifying behavior
Barrier height positive and not
equal to zero.
Maximum or high resistance state.
Electrons can ﬂow in only one
direction.

Table 3. Electrical behavior of M - S contacts based on barrier height level.
Therefore, whether the current can ﬂow to the external circuit depends on the electrical
characteristics. The crystalline silicon industry is mature and manufactures electronic devices,
and thus, the M - S interface issues have already been overcome or at least minimized. When
a metal and a semiconductor are in intimate contact because the work functions of both
materials are different, a built-in barrier is created at their interface (Salinas et al., 2006), which
is called a Schottky barrier. The barrier height is directly related to the difference in the Fermi
levels between the metal and semiconductor material. The larger the difference is, the higher
will be the barrier height is. The barrier opposes the ﬂow of the free charge carriers from one
side to another. The electrical behavior of M - S contacts is identiﬁed depending on the barrier
height (Salinas et al., 2006; Sze, 1990).
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When a new semiconductor material is proposed to build electronic devices, research on
the M - S interface must be done. For nanocrystalline porous silicon the panorama is not
as clear as that for crystalline silicon. The electrical characterization of M - S with different
metal layers must be done. If the Schottky barrier is equal or close to zero, an ohmic contact
is expected. The current can ﬂow inside or outside the device with minimum opposition,
and the relationship between electrical potential (V) and current (I) is governed by Ohm, s
law (Salinas et al., 2006; Sze, 1990), the contact is considered ohmic. If the barrier height
is not close to zero, a rectifying contact can be expected. An ohmic contact affects the
electrical performance of the device with a minimum or insigniﬁcant impact. There is a
condition of minimum resistance across the contact, and therefore, free charge carriers can
ﬂow in or out of the device. However, rectifying contacts play an important role in different
applications. In addition to these two types of contacts, a third type of contact could be
formed if the semiconductor is heavily doped. In this special case, the Schottky barrier is
sufﬁciently thin to let carries tunnel across it instead of jumping to overcome the barrier.
There are many considerations to keep in mind during the analysis of M-S behavior. One
consideration, for example, is the interfacial states, which are present at the mechanical
junction of the contact, such as unbonding atoms, a rough surface, and mechanical damage
during the metal deposition. For an ideal M - S contact, interfacial states are not taken
into account. If this assumption works, no deep analysis is needed. Otherwise, a different
characterization technique must be used to ﬁnd the electrical behavior of the interfacial states
(Rhoderick & Williams, 1998). For ideal conditions, Schottky theory explains the interface
behavior and establishes the method to estimate the barrier height value.
This theory is called Schottky in honor of the German physicist Walter H. Schottky, who
developed it. According to Schottky theory:
If Φ metal < Φ p−semiconductor, a rectifying barrier must be formed at the interface.
If Φ metal > Φ p−semiconductor, an ohmic contact exists rather than rectifying behavior.
If Φ metal > Φ n−semiconductor, a rectifying barrier must be formed at the interface.
If Φ metal < Φ n−semiconductor, an ohmic contact exists rather than rectifying behavior.
Characteristics of the I vs. V curve of a Schottky junction can be described by the following
equation (Rhoderick & Williams, 1998):




qV
−1 ,
(9)
I = IO exp
nkT
where Io is the reverse saturation current, which can be experimentally determined. If the
transport mechanism for electrical current is given by thermoionic emission theory, the barrier
height (φb ) of the junction can be deﬁned by the following equations:


qφ
IO = aA∗∗ T 2 exp − b ,
kT


kT
Io
ln
.
φb = −
q
aA∗∗ T 2

(10)

where A∗∗ is the modiﬁed Richardson constant, which depends on the effective mass of
electrons in the semiconductor (Rhoderick & Williams, 1998), T is the absolute temperature, a
is the contact area, and k is the Boltzmann constant. In practice, this junction hardly meets the
equation and can be described with the modiﬁed equation:
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qV
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,
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(11)

where the ideality factor of the diode, n, is almost independent of the electrical potential (V)
and is greater than 1. The equation can be simpliﬁed as


qV
when V > 3kT/q,
I = IO exp
(12)
nkT
From this last equation, the parameters Io and n can be obtained from the intersection and
slope of the straight line of the plot of ln I vs. V. However, it is recommended to obtain them
qV
from the plot of ln I/[1 − exp(−
)] vs. V of Eq. 11 because the straight line involves all
kT
values of V and not only the zone of V greater than 3kT/q, which can determine the value
Io with accuracy. The deviation of linearity due to other transport mechanisms is better seen
qV
)] vs. V. Therefore, these recommendations are taken into
when plotting ln I/[1 − exp(−
kT
account in this study to handle the experimental data of developed junctions.
Aluminum (Al), copper (Cu) and gold (Au) have work functions of Φ Al =4.3 eV (Brabec et al.,
2001), Φ Cu = 4.6-4.7 eV (Rhoderick & Williams, 1998) and Φ Au =5.1 eV (Brabec et al., 2001),
respectively. To generate contacts of crystalline silicon,p-Si (10 Ω-cm) with an acceptor density
of 1015 cm−3 = 1021 m−3 and nSi(10 Ω-cm) with a donor concentration of 1014 cm−3 = 1020 m−3
were used.
According to the I/[1 − exp(− qV/kT )] vs. V curves of the metal contacts of p-type and n-type
silicon with aluminum and copper (not shown here), the exponential behavior of the current
in the potential range of -1 to 1 V is similar to a rectiﬁer, and the rectiﬁer ratio (FR ) at a given
potential can be estimated with the following equation:
Imax
(13)
Imin
In the Cu:p-Si:Al contact, the rectiﬁer behavior is governed by the Cu:p-Si contact because the
Al:p-Si showed ohmic behavior:
FR =

• FR is about 1.0 × 102 at ± 1 V.
• In the potential range of -1 V to 0.04 V, the reverse saturation current Io is 1.57 × 10−6 A
and n= 1.04
• Between 0.06 to 0.18 V, Io is 2.1× 10−6 A and n= 2.4
• The deviation of the ideal n value (n=1) could be due to the presence of the interfacial layer
or recombination in the depletion region.
• Above 0.18 V a serial resistance 1239 ohms was determined by the procedure described in
(Pierret & Neudeck, 1989).
• The high serial resistance could be due to the physical contact between copper and silicon.
The parameters of the Cu:n-Si:Al are the following:
• FR is about 18 at ± 1 V.
• Under reverse bias, the linear behavior of the current indicates a decrement of the barrier
height potential due to the interfacial layer.
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• Between -1 to 0.05V, Io is 1.34× 10−6 A and n=1.09. Therefore, the current is given by I=
1.34 × 10−6 exp(qV/(1.09kT )).
• At 0.04 to 0.14 V, Io is 8× 10−7 A and n= 2.0. The current is given by I= 8× 10−7 A
exp(qV/(2.0kT )).
• The high value of n indicates that the current is limited by the recombination in the
depletion zone, which can be described by;




qV
qV
Ir = Iro exp
1 − exp −
,
(14)
2kT
kT
where Iro depends directly of the depletion weight.
• At high injection potential, the serial resistance is approximately 1799 ohms.
Fig. 12 displays the barrier height (φb ) distribution of the silicon contacts with aluminum
and gold metals. For the determination of the φb , it was assumed that the electrical current
is governed by the thermoionic emission mechanism. Therefore, Eq. 10 was used. The
Richardson constants (A∗∗ ) taken into account were 32 Acm−2 K −2 for p-Si and 112 Acm−2
K −2 for n-Si (Rhoderick & Williams, 1998).

Fig. 12. Barrier height of metal contacts based on silicon.

5. NPS photovoltaic devices
5.1 Fundamental equations of a solar cell

A solar cell produces electrical energy by the absorption of solar irradiation without a
secondary process. The electrical parameters of a photovoltaic device under dark conditions
are given by (Sze, 1990)




qV
−1 ,
(15)
I = IO exp
nkT
where I is the current ﬂow through the device under the inﬂuence of an electrical potential
in direct bias V, IO is the reverse saturation current, n is the diode ideality factor, k is the
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Boltzmann constant, q is the electron charge, and T is the temperature.
If qV/nkT > 3, the exponential term of the diode equation is predominant. Therefore, direct
bias of the I vs. V curve is governed by


qV
qV
=⇒ ln I = ln Io +
.
(16)
I = Io exp
nkT
nkT
where Io and n can be estimated with the extrapolation at V = 0 and the slope of the plot ln I
vs. V, respectively.
Considering the resistances of the device, the equation diode is modiﬁed as




q (V − IRs )
q (V − IRs )
−1 +
.
(17)
I = IO exp
nkT
Rshunt
where Rs and Rshunt are the serial and shunt resistances.
Under illumination, the current is given by the following equation:




q (V − IRs )
q (V − IRs )
− IL .
−1 +
I = IO exp
nkT
Rshunt
where IL is the electrical current under illumination conditions.
The current under illumination for an arbitrary photovoltage is




qV
− 1 − IL .
I = IO exp
nkT
where Isc is the short circuit current at V = 0.
If I = 0, Equation 19 is simpliﬁed to obtain (Voc ):


I
kT
ln L + 1 .
VOC =
q
IO

(18)

(19)

(20)

The conversion efﬁciency, η, is given by
η=

Pmax
Isc ∗ Voc ∗ FF
∗ 100 =
∗ 100,
A ∗ Pin
A ∗ Pin

(21)

where Voc , is the open circuit voltage, Isc the short circuit current, Vmax , Imax and Pmax are the
voltage, current and power maxima, respectively, FF is the ﬁll factor, A is the effective area
(m2 ) and Pin is the incident irradiation (W/m2 ).
5.2 Photovoltaic NPS based devices

NPS is widely used in optoelectronic applications (e.g., photonic and electroluminiscent
devices). This nanocrystalline porous material has been used as a reﬂector layer in solar
cell devices due its large light-trapping. Few works on the photovoltaic effect of NPS
(Arenas et al., 2005; 2006;a; Smestad et al., 1992) indicate the need for continued research in
this ﬁeld to understand the mechanism charge carrier transport in NPS according to the type
of silicon substrate, which is part for its fabrication.
NPS devices from p-Si and n-Si were fabricated using aluminum as the back contact and
copper as the front contact. Both devices depicted the exponential behavior of the current
under dark conditions, as shown in Fig. 13. The graphic adjusted to a diode rectiﬁer with a
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high conﬁdence level. Experimentally, linear current behavior was found in the metal contacts
of the Cu:NPS ﬁlm and Al:p-Si substrate. Therefore, the rectiﬁer behavior in the p-Si device is
only attributed to the NPS:p-Si interface. In the NPS:n-Si device, the rectiﬁcation contribution
was mainly due to the Cu:NPS, shown in Table 4. The rectiﬁcation ratio at ± 1 V was on
the order of 103 for both devices. In fact, the NPS layer modiﬁed the electrical parameters
of the silicon devices, Jo decreased by four orders of magnitude and the resistance increased
one order of magnitude. In all devices, the n values was far from that of an ideal diode,
suggesting that the current transport was limited by the depletion zone (Pierret & Neudeck,
1989; Rhoderick & Williams, 1998).

Fig. 13. Current - voltage curves under dark conditions of NPS devices based on p-Si and
n-Si.
Under illumination, the photovoltaic effect is evident in the NPS devices, as shown in Fig. 14.
The current density is about 0.13 to 0.32 mA/cm2 , and the open circuit voltage average is 235
mV for NPS:p-Si devices and 330 mV for NPS:n-Si devices. The photovoltaic effect was also
observed in silicon devices without an NPS layer, suggesting that it is caused by the Schottky
diode of the copper with the semiconductors. A thicker NPS ﬁlm under the silicon substrate
shows a similar behavior, indicating that the photovoltage is based on Cu:NPS and the Cu:n-Si
junctions (Arenas et al., 2008).
Devices

JO

FR

n

(mA/cm2 ) at ±1V (at V)
p-Si
0.17
1×102 2.03
(0.04-0.17)
NPS:p-Si 1.59×10−4 2 ×103 1.89
(0.05-0.33)
n-Si
0.15
18
3.04
(0.07-0.29)
NPS:n-Si 2.8×10−5
1×103 2.7
(0.09-0.18)

Rs

Jsc

Voc
(mV)

η (%)

0.016

(ohms) (mA/cm2 )
1239
—
—
8557

0.13

235

0.33

1799

0.32

355

Lower

18441

0.2

330

Lower

Table 4. Electrical parameters of NPS devices based on p-Si and n-Si.
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(b) NPS from n-Si

Fig. 14. J vs. V curves under illumination conditions of NPS devices from p-Si and n-Si
(Arenas et al., 2008).
The contribution of the photocurrent and photovoltage in the heterojunction was monitored
by the spectral response, as shown in Fig. 15. The relevant points for NPS:p-Si devices are
described below:
• The photocurrent and photovoltage spectra are similar in the range of 1 to 3.5 eV of photon
energy.
• Two zones are well deﬁned, the ﬁrst in the infrared region (1-1.47 eV ) and the second in
visible region (1.47 eV -3.25 eV ).
• In the infrared region, the contributions are due to the absorption of bulk p-silicon, where
the maximum peak consists of the energy band gap of bulk silicon.
• The contribution of NPS is evident in the visible zone, where the NPS presents high
absorption (Eg 1.8 eV).
• Four smaller interferences (steps) are shown in the range of 2.11 to 2.63 eV. The average
between these steps is about 0.17 eV ± 0.02.
• Similar steps were observed in the photovoltage response of the NPS device based on
aluminum, which were related with the distribution sizes of the nanocrystalline silicon in
the NPS layer (Yan et al., 2002).
• Two minima are seen at 1.47 eV and 1.85 eV. The ﬁrst decrement of energy is due to the
end of the contributions of bulk silicon and the start of the contributions of the NPS. The
second decrement is due to the radiative recombination of charge carriers caused by the
photoluminescence process (Wang et al., 1993; Zhang et al., 1993).
For NPS:n-Si devices, the photovoltage and photocurrent spectral response were very
different than that of NPS devices fabricated from the p-Si substrate:
• The Cu:n-Si and Cu:NPS:n-Si devices showed similar behavior in terms of spectral
response.
• Only the sharp peak at 1.2 eV is displayed in both spectra. It suggests that the energy band
gap of NPS is similar to the energy band gap of silicon substrate or well, the contribution
of the NPS to the photovoltaic effect is negligible. The absence of photocurrent from the
NPS layer is attributed to the recombination of charge carriers due to the dangling bonds
(Hwang et al., 2011).
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(a) NPS from p-Si

(b) NPS from n-Si

Fig. 15. Photocurrent and photovoltage of NPS devices from p-Si and n-Si (Arenas et al.,
2008).
An energy diagram for NPS from p-Si (Fig. 16) is shown with the experimental data of Eg
(≈ 1.88 eV ) and the electronic aﬁnity of NPS (χ ≈ 3.6 eV (Peng et al., 1996)). The data for
crystalline silicon were also taken into account (Eg=1.12 eV ): EF = ≈ 4.99 eV for p-Si of 10 Ω-cm
(Sze, 1990). The internal electrical ﬁeld originated at the interface of the NPS:p-Si junction
causes the opposite charge carriers to reach their respective metal contacts: electrons to Cu
through NPS and holes to Al through p-Si. The photovoltage or photocurrent responses of the
device were produced by the photogeneration of both electrons and holes in p-Si for photon
energies greater than 1.12 eV and in NPS for energies greater than 1.8 eV.

Fig. 16. Flat energy band diagrams of NPS devices based on p-Si before and after intimate
contact and under illumination conditions.
5.3 Hybrid photovoltaic NPS:polypyrrole devices

A novel hybrid heterojunction based on NPS and polypyrrole (PPy) was proposed
as a promising heterojunction for solar cell applications (Arenas et al., 2005; 2006;a;
2008). The conducting polymer improved the electroluminescent and photoluminescent
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properties of NPS (Antipán & Kathirgamanathan, 2000; Bsiesy et al., 1995; Halliday et al.,
1996; Parkhutik et al., 1994). The nanocrystallinity and the pore sizes are important
parameters of the NPS layer because of their inﬂuence on the topography of the PPy:NPS
devices and consequently the ﬁnal performance of the PPy:NPS:n-Si devices (Arenas et al.,
2006a):
• First, the photovoltaic response is present in PPy:n-Si devices without any NPS layer
(Voc =135 mV, Jsc =8.58 mA/cm2 ).
• The linear I - V curve trace under light is due to the high serial resistance (104 ohms), and
the efﬁciency conversion reached was 0.96%, as shown in Fig. 17a.
• The rough topography of the tip-like morphology of PPy:NPS devices leads to lower
values of Voc =60 mV and Jsc = 9.73 × 10−3 mA/cm2 compared to PPy:n-Si. The efﬁciency
conversion was approximately 2 × 10−4 %.
• A smooth and agglomerated morphology led to the following electrical parameters of the
devices: Voc =95 mV and Jsc =0.13 × 10−3 mA/cm2 .

Fig. 17. a) J vs. V in dark and illumination conditions and b) photovoltage spectra of an NPS
device based on polypyrrole.
The photovoltaic spectra displayed two peaks between 1 and 3 eV, as shown in Fig. 17b. The
ﬁrst acute peak is in the energies of 1 to 1.47 eV, and the second broad peak is at 1.47 to 3 eV,
related to the contributions of the n-Si and PPy layers, respectively. The maximum peak at
1.9 eV corresponds to the energy band gap of PPy and is indicative of both components of
the photogeneration of the charge carriers. The internal electrical ﬁeld in the PPy:n-Si slightly
aids the photogeneration of charge carriers.

6. Conclusion
This chapter focused on the preparation, characterization and systematic electrical evaluation
of NPS based photovoltaic devices. The large surface area of NPS makes it a promising
material for optoelectronic devices. The main structure of NPS is based on silicon crystals
of nanometric size, which depend on which silicon type is used. Its experimental energy band
gap of 1.8 eV leads to an absorption range in the visible spectra, which is an advantage if it
is required as an active absorbing material in solar cells. The results shown in this chapter
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demonstrate that NPS could represent a good alternative to develop solar cells based on
hybrid heterojunctions. However, it is necessary to continue researching strategies to dope
NPS to increase its electrical conductivity and therefore improve the conversion efﬁciency of
hybrid devices.
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