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Electrical transport phenomena in nanostructured porous-silicon films
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The charge transport mechanisms in nanostructured porous silicon (PS) films were studied through current-voltage (I-V) measurements of
planar Au/PS/Au structures in dark conditions at 300 K. The films were formed by electrochemical etching of1 − 5 Ω-cm p-type Si (100)
wafers producing PS layers of4.48 × 109 Ω-cm. The charge transport is limited both by the space charge limited currents (SCLC) and
the carrier trapping- detrapping kinetics in the inherent localized PS energy levels. I-V characteristics evolve according to the trapping-
detrapping carrier kinetics in the films showing that applying external bias, the electrical current can be controlled. For the first time the
trap filling limiting voltage (VTFL) was identified in PS films that shift between 1 and 3 volts by the carrier trapping-detrapping kinetics from
the PS intrinsic defect states. An energy band diagram for the films is schematically depicted including defect states. To give a reasonable
explanation of the found behavior the existence of a thin silicon oxide film covering the network-like-silicon-nanocrystallites is required, in
agreement with the widely accepted PS film structural models.

Keywords: Porous silicon films; metal-insulator-metal structures; electrical characteristics; space charge limited current (SCLC); VTFL;
electronic transport in interface structures.
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1. Introduction

A variety of semiconductor structures have been proposed to
be used as resistive random access memories (RRAM) for the
next generation of non-volatile memories. Resistive switch-
ing structures must possess low power consumption produced
by functional fabrication methods; in this line simple SiO2

based structures should be advantageous [1,2]. Relatively
complex materials systems offer apparent advantages in com-
parison with the mature metal/silicon-oxide technology, how-
ever the current transport mechanisms in Si-SiO2 based struc-
tures must be studied to clarify non-well understood phenom-
ena to promote its application in advanced resistive switching
devices. For example switching phenomena have been ex-
plained in part by positive charges storage effects that have
been demonstrated in metal/SiOx/metal structures [3], but
also by explanations involving non well-known mechanisms
at the interphases or surfaces in nanoscopic structures. Nowa-
days three mechanisms are widely accepted to explain elec-
trical switching phenomena; ionic, thermal and electronic. In
this context, porous silicon (PS) films has been gaining rele-
vance as a material for electronic resistive switching applica-
tions using its network-like-silicon- nanocrystallites arrange-
ment covered by a non-stoichiometry silicon oxide (SiOx)
thin film. Nanostructured PS films have been proposed to
fabricate devices as light emitting diodes (LED’s) [4], so-
lar cells [5], supercapacitors [6,7], etc. however, until now
the charge transport mechanism in the PS films associated to
the resistive switching phenomena even requires more work

to be clarified. Conduction mechanism as the Schottky ef-
fect, Poole- Frenkel, Tunneling, Space Charge Limit Cur-
rent (SCLC) transport, and the injection power law regime
have been suggested as the mechanisms controlling the cur-
rent flow in PS films based structures [8], but the conduc-
tion regime linked to the electrical properties has not been
fully discussed. For example, among the proposed electri-
cal conduction mechanisms there exist certain degree of in-
accuracy because diverse factors such as chemical reactivity,
the local electric fields and Joule heating are usually claimed
to explain experimental observations [9]. One of the fac-
tors that define the PS electrical conduction mechanisms is
the huge concentration of trapping centers that can exceed
∼ 1019 cm−3 [10], but its effects have not been fully dis-
cussed.

In this work, the current-voltage (I-V) characteristics of
planar Au/PS/Au structures were studied with the aim to
identify the dominant carrier transport mechanisms in the PS
films. On the basis of previous studies and the measured I-V
characteristics, a qualitative model is proposed to explain the
electrical behavior of the PS films of enough length to discard
the influence of the Au/PS electrodes.

2. Experimental

The PS films to build the Au/PS/Au planar structures were
prepared on1 − 5 Ω-cm p-type Si (100) wafers by anodic
etching using a home-made all Teflon electrochemical cell,
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FIGURE 1. Sketch of the planar Au/PS/Au structure fabricated on PS films to study the electrical transport mechanisms in the PS films.

the complete description of the used process was described
in a previous work [11]. The etching was carried out in a
Hydrofluoric Acid (48%): Ethanol (1:1) solution, with a cur-
rent density of 10 mA cm−2 by 15 sec. After the anodization
process the samples were rinsed with ethanol and dried with
N2 gas flow. With these conditions PS films with a poros-
ity of ∼ 95 % of 60 nanometer (nm) in thickness were pro-
duced as estimated by ellipsometric measurements [11]. The
morphology of the PS samples surface were analyzed using a
field-emission scanning electron microscope (FESEM) AU-
RIGA 3916-FESEM with an operating voltage between 1 to
2 kV; surface chemical analysis on the samples was made by
EDS in the same facility.

The average size of the silicon crystallites forming the
PS films was experimentally estimated through photolumi-
nescence (PL) measurements at room temperature using a
system based on a double monochromator SPEX model 1404
with 0.8 m of focal length. The PL signal was excited with
the line 488 nm of an Argon laser of 4W and detected with a
type S1 photomultiplier tube.

The Au/PS/Au planar structures were produced by de-
positing circular shaped gold (Au) electrodes of 500 nm in
thickness and 1 mm in diameter on the PS surface by vacuum
evaporation at 10−5 Torr. The Au electrodes separated 1 mm
arranged in a matrix array are depicted in the Fig. 1. Current-
Voltage (I-V) characteristics produced by the PS films of the
Au/PS/Au planar structures were taken in the forward bias
regime in the low electrical field regime (< 2×102 V/cm) ap-
plying two measurement modes to fix the initial charge state
condition to study the electrical transport mechanisms of the
PS layers. The data was taken at 300 K in dark conditions us-
ing a Keithley semiconductor characterization system model
4200-SCS. Because distance between the Au electrodes is the
larger the recognized high resistance of the PS film leads to
discard the role of both Metal-PS electrodes, and to consider
firstly that the PS film controls the carrier transport. The two
measurements modes were applied in sequence; in the first
mode empty traps initial condition was fixed by short circuit-
ing the pair of used electrodes, for example the electrodes

FIGURE 2. Scanning electron microscopy (SEM) micropho-
tographs images taken over the PS vicinal area of a circular shaped
Au electrode shown in the Fig. 1. (a) Four points are marked were
EDS analysis where done to known the surface chemical of the
samples. (b) Detail of the PS surface for the Point 2 with a 50.00 X
magnification.

A1 and B1 seen in Fig. 1; afterwards the electrode B1 was
set to 0 volts and the bias voltage applied to the electrode A1
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FIGURE 3. (a) SEM microphotograph on the Point 2 with a
200.00 X magnification to illustrate the surface topography of the
PS film arranged with a distribution of porous and remaining sili-
con zones, the dark regions were identified as porous with diame-
ters ranging from 5 to 7.59 nm. (b) Typical EDS analysis for the
PS regions showing that the films are mainly formed by silicon.

A1 was swept from 0 volts up to a positive voltage, V+ volts.
The second mode was applied after 10 seconds considering
that during this period the traps retain its charge state; sub-
sequently the bias voltage applied to the electrode A1 was
swept from V+ toward 0 volts.

3. Results and Discussion

The surface of the resulting PS films produced by electro-
chemical etching has mirror-like appearance to the naked
eye. Figures 2 and 3 show two scanning electron microscopy
(SEM) microphotographs of the typical PS surface samples.
Figure 2a) shows a microphotograph with 198X magnifica-
tion at the border of the Au electrode, the Point 4 is over the
Au contact and the Points 1-3 are located on the PS surface.
Figure 2 b) is a microphotograph with 50.00 X magnification
of the Point 2 showing no apparent features on the PS surface.
The Fig. 3 a) is microphotograph with 200.00 X magnifica-
tion at the point 2; with this amplification the porous features
of the PS film are clearly visible showing large porous of

FIGURE 4. PL spectrum obtained from the PS films at room tem-
perature.

diameters 5 to 7.59 nm accompanied by a distribution of
voids with less diameter conforming with the remaining crys-
talline silicon regions the well- known nano-crystalline sili-
con structure. Figure 3 b) includes a typical EDS analysis of
the PS regions showing that the films are mainly formed by
silicon with oxygen content under 5 % atomic.

Figure 4 shows the PL spectrum produced by the PS
films; the luminescence excited by a UV lamp is of dark-
red color with its maximum located at the wavelength of 661
nm with a full width at half maximum (FWHM) of 168 nm,
the PL spectra is similar to the ones reported elsewhere [12].
The intense and stable PL response has been well justified
by quantum confinement effects produced by the nanocrys-
tallites constituting the PS films [13]. According to diverse
PL studies the PS films is comprised by a network of sili-
con nano- crystallites with sizes spreading from 1.5 to 4 nm
[14,15]. The SEM analysis done in the samples used in this
study show easily observable porous silicon with diameters
below 7.9 nm uniformly distributed over the PS surface, in
line with the diameters estimated from PL measurements.

The electrical characterization of the PS films was done
using the electrodes depicted in Fig. 1 selecting distinct pairs
of motifs. With the I-V measurements taken between pairs
of electrodes, A1 and B1 for example and the geometrical
dimensions of the PS films a resistivity of4.48 × 109 Ω-cm
was calculated in accordance with the reported data in the lit-
erature [16]. The linear representation of the current-voltage
(I-V) characteristic depicted in Fig. 5 shows similar appear-
ance to the ones described in the reference [17]. In our case
the observed asymmetry is justified in first instance by the
high resistivity of the PS films bounded by the pair of Au/PS
electrodes. It must be pointed out that the typical separation
distance between the nanocrystallites in the PS films is of
few nanometers according to the reported results in the liter-
ature [18] and our previously described SEM analysis; the

Rev. Mex. Fis.64 (2018) 559–565
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FIGURE 5. Linear representation of the current-voltage (I-V)
characteristics measured between electrodes A1 and B1 in the
Au/PS/Au structure.

FIGURE 6. Forward biaslog I − log V plot characteristics for the
first mode measurement measured in Au/PS/Au structures begin-
ning with the empty traps condition atV = 0.

the EDS analysis also demonstrates that the nano-crystalline
silicon skeleton is covered by a thin SiOx film. Therefore
the possible current transport mechanisms in the PS films
must necessarily include mechanisms such as hopping, as
well as the carrier activation from localized defect states and
the Poole-Frenkel effect driven by intense local electric fields
at the distinct sites within the PS film [8].

The I-V characteristics in thelog I− log V plot produced
by applying the first and second measurement modes applied
to the planar structures are represented in Fig. 6 and 7, re-
spectively. The groups of curves included were obtained by
applying bias voltages with the ranges marked in the corre-
sponding insets.

Over the set of I-V curves shown in Fig. 6 a triangu-
lar area limited by lines A, B and C is drawn; each line fits
well over a wide range on the experimental curves. The line
A with the lower slope matches with the Ohmic behavior
(I ∼ V ); as is usual this mechanism prevails at lower electric

FIGURE 7. Forward biaslog I − log V plot characteristics for the
second mode measurement measured in the Au/PS/Au structure be-
ginning with the full traps charge condition.

fields. Then, as the applied bias range was increased, the cur-
rent rises at a high rate; for the ranges of bias voltage used
a set of curves with the common slope B were produced, but
each curve shifts to the right as the fixed voltage bias maxima
V + was increased. The voltage where the Ohmic behavior
ends and the rate of change in the current abruptly increase,
for example with the slope B, corresponds to the trap-filled
limit voltage (VTFL) usually identified in wide band gap insu-
lating materials.

The measured I-V curves resulted stable and repro-
ducible; therefore, in our samples when the bias voltage max-
imum was extended, theVTFL shifts steadily toward higher
values. Later on as the field was further increased the rate of
change in the current decreases following the line with slope
C; the line to fulfill the triangular area is produced by extend-
ing the trace according to the functionI ∼ V 2 toward lower
voltages. The mechanism described by the line C at higher
fields corresponds to the space charge limited current (SCLC)
regime [19]. Therefore, the superposed triangular-like shape
drawn over the measuredI − V characteristics demonstrates
that the carrier transport in the PS films is controlled by the
trapping kinetics of the thermally generated carriers in the
PS and the SCLC regime due to ionized traps. These mech-
anisms are ordinarily seen in diverse highly defective large
band-gap materials [20].

The functions representing the boundary lines limiting
the triangular shaped area depicted on Fig. 6 can be prop-
erly described as follows. The current density produced at
low electric fields varies according to Eq. 1 [19,20]:

J = qp0µp
V

d
(1)

where p0 is the concentration of the thermally generated
holes,µp their mobility at low electric fields,V the applied
voltage between the electrodes separated by the distanced,
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andq the electronic charge.p0 andµp are the electrical pa-
rameters of the PS films at low electric fields; in carrier in-
jection conditions the hole concentrationp andµp changes
accordingly.

After the Ohmic region, the presence of trap energy levels
modifies the rate of change of the current, in our case accord-
ing to the slope B as is seen in Fig. 6. The bias voltage where
the line with slope A traverses the line with slope B defines
the trap-filled limit voltage (VTFL); for single level traps their
concentrationNt is related toVTFL by the Eq. 2 [21,22]:

VTFL − qNtd
2

εs
(2)

whereεs is the material dielectric constant andd the separa-
tion distance between the electrodes. As was pointed before
a clear shift in theVTFL toward higher voltages is produced
as the voltage bias maximaV + was extended suggesting an
increase onNt; however, as the trap concentration must be
constant, the observed shift onVTFL can be explained by the
microscopic nature of the PS films and the traps properties
either in the bulk or the surface. It can be suggested that the
VTFL shift is produced by to the existence of multiple level
energy traps activated by the biasing mode conditions. Re-
ports describing analogous shifting onVTFL on diverse ma-
terials have been justified by material phase transitions, or
structural modifications produced by thermal annealing pro-
cesses, for example in SiO2 layers doped with Er [23]. At the
authors knowledge this is the first work reporting the identifi-
cation ofVTFL in PS films, theVTFL shifting can be explained
by the delay of the charge emission or the charge detrapping,
producing the apparent increase in the trap density (Nt), sug-
gesting the occupation kinetics of the excited energy levels.

The influence of excited energy levels can be justified by
changes in the trap potential energy configuration produced
by carrier trapping during the bias sweeping stage. This ef-
fect is linked to charge loading processes observable by time
periods elapsing from some seconds to minutes, or several
hours according to the material and traps properties.

Finally, the line with slope C corresponds to the current
variation as the square of the applied bias voltage described
by the Eq. 3.

J =
9
8
εsµp

Nv

Nt(s)
exp

(−Et

kT

)
V 2

d3
(3)

whereNv is the effective density of energy states in the va-
lence band,Nt(s) is the density of single level traps with
energyEt. This behavior is characteristic of the carrier trans-
port where the carrier dispersion is mainly produced by ion-
ized traps [24,25]. It must be pointed out that at high bias all
the I-V curves returns to equal values described by Eq. 3.

Furthermore, in presence of distributions of diverse en-
ergy levels Eq. 4 is used to consider the occupation factorθ
of the dominant traps, the Eq. 4 is regularly used [24].

θ =
Nv

Nt(s)
exp

(−Et

kT

)
(4)

Because the occupation kinetics is electric field depen-
dent, thelog I− log V plots must vary according to the prop-
erties of the PS traps. As the electrical current behavior is
also affected by the nature of the surfaces or by possible
adsorbed environmental gaseous species, the experimental
I − V characteristics could acquire diverse appearance ac-
cording to the material history and by changes on film prop-
erties as the permittivity, carrier mobility and phase stability.

By replacing the Eq. (4) into the Eq. (3) the current flow
at higher fields can be expressed according to Eq. 5.

J =
9
8
εsµpθ

V 2

d2
(5)

Equations 1 to 5 have been used to explain the behavior of
a variety of nanometric structures; for those cases the influ-
ence of the electrodes location acquire relevance because the
distanced is considerably reduced in comparison with this
work. As is described in Ref. 26, a number of cases corre-
spond to single energy level traps having exponential energy
levels distributions function according to the Eq. 6.

Nt(q) =
p0

Tc
exp

(−Et

kTC

)
(6)

wherep0 is the hole concentration,Tc the characteristic tem-
perature andk the Boltzmann’s constant. Using this model
M. A. Rafiq et al. [27] found aTc ∼ 1670 K for nanocrys-
talline silicon film structures through the analysis of theI−V
characteristics in the high electric field regime, where the
SCLC mechanism clearly predominates. The traps distribu-
tions should also modify theI−V characteristics appearance;
for a Gaussian trap distribution the described triangular-like
shape clearly modifies [28]. In complex materials like the
composites, were changes in the effective length between the
test electrodes are usually produced, is necessary to consider
variations in geometry and the structures configuration, there-
fore distinct authors have proposed modifications to the pre-

FIGURE 8. Forward biasI − V curves for both initial charge
trap conditions to illustrate the general electrical behavior of the
Au/PS/Au structures.
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FIGURE 9. (color on line) Band diagram sketch of both PS films in thermal equilibrium (a) and the Au/PS/Au structure under applied bias
(b). In the Fig. 6b, different recombination process are depicted [ I).- Radiative recombination and II).- Nonradiative recombination (Auger,
Trap/SRH)] and the transport mechanism produced under an applied bias [III).- Carrier capture and IV).- Tunneling].

vious to the previous model. The characteristicI −V behav-
ior at higher fields where the SCLC mechanism dominates
has the general form given by Eq. 7 [26]:

qµNv

(
εs

p0TC

)
V l+1

d2l+1
eff

(7)

where the exponent isn = l+1 and usually(l+1) > 2. The
meaning of the parameterl is Tc/T , whereT is the absolute
temperature,Tc the trapping characteristic temperature [29]
anddeff is an effective length between electrodes.

Finally, the log I − log V characteristics produced with
the second measurement mode is shown in the Fig. 7. Two
noticeable behaviors are revealed; a clear inversion in the rate
of change of the electrical current at positive bias voltages
and the clamping of the current in a positive value driven by
the maxima bias voltage chosen in the sweeping process.

The inversion in the rate of change of the current flow
while the bias voltage was swept to cero volts can be ex-
plained by the de-trapping process; the condition where the
current minima is produced is within a voltage range∆V .
The observed minima in the current at bias voltages around 1
volt suggest that the dominant traps levels are located around
the half of the effective PS electrical bandgap. The negative
slope produced by the detrapping process produces a negative
resistance effect that can be interpreted as a virtual current
source. The intensity of the current source correlates to the
maximum bias voltage used in the second mode sweeping.
As can be observed in Fig. 7 the maximum current produced
is ∆I ∼ 1× 10−11 A.

To summarize the discussed behavior the pair ofI − V
curves produced with both measurement modes using the

voltage ranges from 0 to 8 volts and from 8 to 0 volts were
included in the Fig. 8. It is convenient to point out that the
trap centers in the PS are diverse and distributed either into
the PS surfaces or at the Au/SiOx/PS interfaces.

The previous described results behavior was observed on
several series of our characterized planar Au/PS/Au struc-
tures with PS films produced with described procedure. To
the best of our knowledge this is the first complete report de-
scribing the controllable phenomena with PS films.

On the basis of the described results, the Fig. 9 shows
a possible energy band diagram of the studied structure in
thermal equilibrium (a) and under applied bias (b) where the
distinct recombination paths into the PS are depicted. In the
Fig. 9a, the different energy levels related to the nature of the
PS film are included to describe the observed behavior on the
I − V characteristics. The vacuum energy level, the discrete
energy levels provoked by the existent non-stoichiometric
SiOx and the build-up sub-band generated by the quantiza-
tion produced by the silicon nanocrystallites in the PS films,
represented by the blue rectangles, are depicted. The conduc-
tion and valence bands are represented as the continuous line.
However, the effective bandgap of the PS films should be rep-
resented according to the sub- band generated by the size ef-
fects of the silicon nanocrystals. In the scheme of Fig. 9 the
discrete energy levels within the non-stoichiometry silicon
oxide are also represented because these centers are responsi-
ble of the slow emission kinetics. In bias voltage conditions,
the situation represented in the Fig. 9b is produced, where
some changes on the trapping-detrapping paths are consid-
ered.
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4. Conclusions

Au/PS/Au structures build with PS layers of 60 nm in thick-
ness and resistivity of4.48 × 109 Ω-cm. The PS films are
considered as a network-like-silicon-nanocrystallites covered
by a non-stoichiometry silicon oxide film. It was found that
the carrier transport is controlled by the SCLC mechanism
combined with the charge trapping-detrapping kinetics in the
different defect centers of the PS films. The behavior of the
I−V curves change according to the initial charge state con-
dition, the magnitude and rate of change of the applied bias
voltage. An equivalentVTFL was identified for the PS films
that shift within the voltage range of 1 to 3 volts; the shift-
ing effect on theVTFL demonstrates the existence of multi-
ple energy level traps in the PS films. Particular behavior
was found in the region of low bias voltage by the trapping-

detrapping charge effects with the participation of deep level
centers of density Nt, produced by the initial charge trap state
conditions used in this work. The detrapping charge kinetics
was interpreted as a buildup of a virtual current source in the
range of∆I ∼ 1 × 10−11 Amp driven by the bias voltage
used. An energy band diagram is proposed to represent the
trapping-detrapping of the PS films according to the initial
charge state conditions.
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