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Using the correlation between transport, dielectric relaxation phenomena, and the state of oxidation of
porous silicon, we have found that there are two major transport routes in the porous silicon medium. The first
route of conduction via the disordered tissue that surrounds the silicon nanocrystals dominates for nonoxidized
porous silicon and gradually disappears during the first stage of oxidation, where the disordered tissue is
oxidized. The second route of tunneling and hopping in between the nanocrystals persists up to the second
stage of oxidation where the nanocrystals are oxidized. This dual transport route model is consistent with the
presence of two Meyer-Neldel rules and two power-law ac conductivities at mid and high temperatures. In
addition, we have found that dc conduction is limited by narrow geometrical constrictions along the transport
path that give rise to a Coulomb blockade type activation process. At lower temperatures the transport is
characterized by a Cole-Cole relaxation associated with thermally activated intercrystallites hopping due to the
shorter distances needed to walk by the carriers. Finally, for oxidized porous silicon we have found a new
relaxation mechanism of interfacial polarization that is characterized by long relaxation times at high

temperatures.
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I. INTRODUCTION

Transport and conduction in structures containing nanos-
cale objects has been the subject of extensive research over
the recent years.! In particular, silicon based nanostructures,
such as porous silicon (PS),>* have attracted considerable
attention mainly due to the possibility of combining transport
with the unique optical properties of PS.* While there is a
general agreement that the optical properties of silicon based
nanostructures, particularly the visible photoluminescence
(PL),> should be connected with their nanoscale properties,
there is much less knowledge and understanding how the
local properties of silicon nanostructures contribute to trans-
port phenomena. For example, in most cases luminescent PS
is composed of a high porosity medium with fractal geom-
etry, a surrounding disordered tissue and a distribution of
small silicon nanocrystals (nc’s)® which, all together can con-
tribute to transport phenomena. The ability to distinguish be-
tween varieties of transport processes and to relate them to
the nanoscale characteristics of the medium is a challenging
topic that has not been fully addressed so far.

One of the experimental tools to link transport with
nanoscale characteristics of PS is by studying the correlation
between optical, structural and transport properties. This ap-
proach takes advantage of our current knowledge about these
properties that can assign the variation in a specific property
to a given component or a transport channel in the medium.
Such an approach has been used recently by several groups
to study the correlation between transport, structural proper-
ties and the PL from PS.”® In this work, we extend this
approach and investigate the correlation between transport,
optical, structural properties and the state of oxidation of
luminescent PS.>"!3 The integration of these techniques al-
lows us not only to reveal the spectrum of transport and
relaxation processes in PS, but also to identify the specific
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component of the PS medium that contributes to each trans-
port channel. As a result, based on our findings, we can pro-
vide a comprehensive picture that relates transport phenom-
ena to the structural properties of PS. We have found that
there are two major transport routes in PS. The first route of
conduction via the disordered tissue that surrounds the sili-
con nc’s, dominates for nonoxidized PS and gradually disap-
pear with oxidation as the tissue becomes less and less con-
ductive. The second route of hopping in between the nc’s
dominates for oxidized PS. The existence of two transport
routes is manifested by the presence of two Neldel-Meyer
rules (NMRs)'* in the dc conductivity and two power-law
ac-conductivities '3'7 at mid and high temperatures with
their relative contribution to the transport is in accordance
with the state of oxidation. However, both transport routes
are limited by narrow constrictions along the transport path
that act as Coulomb blockade barriers. This finding explains
the fairly large activation energies needed to activate dc con-
duction as compared to the characteristic energies for dielec-
tric relaxation and ac conduction where the distance needed
to walk by the carriers is much shorter, of the order of the
distance between the nc’s. The characteristic activation ener-
gies at low-temperatures, which are related to thermally ac-
tivated intercrystallites hopping and characterized by a Cole-
Cole relaxation form, are in accordance with the state of
oxidation of the disordered tissue. Finally, at high tempera-
tures and for oxidized PS, we have found a new, slow relax-
ation process that is related to a buildup of macroscopic in-
terfacial polarization in the porous medium.

II. EXPERIMENT

PS samples were prepared by electrochemical anodization
of 10-30 Q cm, boron doped (100) p-type silicon wafers
using a 1:1:2 HF:H,0O:C,HsOH solution. Prior to anodiza-
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TABLE 1. Description of the fabrication processes for oxidized
and nonoxidized PS samples.

Sample Removal of the first Oxidation Second definition of Al

Process backside Al contact time (s) backside contact
R - none -
10 + 0 +
110 + 10 +
120 + 20 +
130 + 30 +
160 + 60 +
190 + 90 +
1150 + 150 +

tion a backside Al contact was evaporated and annealed at
460 °C for 20 min to form a good ohmic contact to the back-
side of the wafer. The anodization was carried out in the dark
at a current density of 35 mA/cm? for 670 s. The PS thick-
ness and porosity obtained by this process are ~20 um and
75%, respectively.!” We note that such a thick PS layer is
necessary for our investigation as thin PS layers (of the order
of a few microns or less) behave as a rectifying diode where
the properties of the PS metal and the PS-silicon junctions
dominate the transport.'8-2° As will be explained hereafter,
for thick PS layers, we could verify that the measured elec-
trical properties of the samples are related to the bulk PS
medium rather than the contact junctions.

After anodization, the samples were rinsed in pentane and
dried with nitrogen gas. Next, in order to thermally oxidize
the PS samples we have performed the following steps. At
first, the backside Al contact was removed by a mechanical
polishing followed by cleaning of the samples. Next, the
samples were oxidized in dry oxygen atmosphere, at a tem-
perature of 900 °C, for different times that vary from 10 to
150 s (see Table I). After oxidation, new backside Al Ohmic
contacts were evaporated and annealed (at 460 °C). Finally,
1-pm thick top Al contacts, 1 mm in diameter, were evapo-
rated on top of the PS samples to form a metal/PS/silicon
capacitor structure. In Table I we summarize the preparation
conditions of the PS samples that are named according to
their oxidation time. In addition, a reference PS sample
(sample R in Table I) that was not oxidized and is similar to
the sample studied in Refs. 16 and 17, has been prepared.
Finally, for optical and infrared absorption measurements,
we have prepared a set of similar samples, without a defini-
tion of top and backside metal contacts, so that PL and in-
frared transmission spectra could be measured using these
samples.

Room temperature PL spectra were measured using the
488 nm line of Ar* ion laser as a source of excitation. The
PL signal was dispersed by a 1/4 m monochromator, de-
tected by a photomultiplier tube and analyzed by a photon
counter. Infrared absorption spectra were measured using
Fourier transform infrared (FTIR) spectrometer at room tem-
perature.

For the dielectric spectroscopy, we have used a high reso-
lution dielectric analyzer (NovoControl) that operates in the
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FIG. 1. (Color online) Room temperature PL spectra of the ref-
erence (R) and the oxidized PS samples.

0.1 Hz—1 MHz frequency range and in the 173-523 K tem-
perature range. Measurements were done in the parallel plate
capacitor configuration where the sample is placed in be-
tween two metal electrodes inside a vacuum cryosystem. At
first, the sample was heated up to 423 K and held at that
temperature for 6 h to remove any residual vapor from the
sample. Next, the sample was cooled down to 173 K. Mea-
surements were taken every 5 K over the entire temperature
range. For dielectric response measurements the amplitude
of a sinusoidal ac voltage source was kept constant at 1 V so
that the average electric field across our samples is about
500 V/cm. For the thick PS samples used in our experi-
ments, we could verify that the response is linear with re-
spect to the ac voltage amplitude and that the effect of the
contacts can be neglected so that a linear response analysis
can be applied. In addition, for the analysis of the dc con-
ductivity, the current-voltage (I-V) characteristics were mea-
sured in the -3 to 3 V range over the same temperature
range.

III. RESULTS AND DATA ANALYSIS
A. PL and infrared absorption spectroscopy

Figure 1 presents the evolution of the PL spectra with the
time of oxidation. One can see that up to 30 s of oxidation
the PL spectrum is essentially unaffected by the oxidation
showing a typical, fairly broad red PL emission centered at
about ~1.7 eV.23!! In the range of 30-90 s time of oxida-
tion, the PL spectrum increases in intensity and is blueshifted
relative to nonoxidized PS. After 90 s of oxidation, the PL
peak energy keep shifted to the blue, however, the PL inten-
sity decreases rapidly with the time of oxidation. The above
results are summarized in Fig. 2, where the variation of the
PL peak energy [Fig. 2(a)] and the integrated PL intensity
[e.g., the area below the PL spectra shown in Fig. 1; see Fig.
2(b)] versus the time of oxidation are presented and are in a
good agreement with other reports on oxidation of PS.°

IR absorption spectra of oxidized and nonoxidized PS
samples®!-?? are shown in Fig. 3. The spectra reveal several

205330-2



CORRELATION BETWEEN TRANSPORT, DIELECTRIC,...

—_
o

1.8}

1.7 5 .

PL Peak Energy (eV)

Integrated PL (a.u.)

a I . . : .
R0 30 60 9 120 150

Oxidation Time (sec)

FIG. 2. The dependence of (a) the PL peak photon energy and
(b) the integrated PL on the time of oxidation. The point R is related
to the reference PS sample. The vertical dashed lines show the
splitting into two stages of oxidation where the PL peak energy and
the integrated PL are essentially constant during the first stage.

absorption bands that are related to Si-O-Si, Si-OH, O,-SiH,
and Si-H,, (n=1-3) modes of vibration. For the purpose of
our investigation, we have chosen to follow the evolution of
the Si-O-Si symmetric and asymmetric stretching modes at
812 cm™! and at 1065-1190 cm™!, respectively?*2° and the
Si-OH bending mode of vibration at 880 cm~!.2® We note
that the Si-H,, stretching modes, at 2080—2140 cm™',?7 dis-
appear from the IR spectrum after alloying the contacts at
460 °C and therefore, are not suitable for tracing the state of
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FIG. 3. Infrared absorption spectra of the reference PS (R) and
the PS samples that were oxidized for 10 and 150 s. The arrows
indicate the vibrational modes used to obtain Fig. 4 while the
dashed lines represent Gaussian fitting of these modes.
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FIG. 4. The integrated IR absorption versus oxidation time for
the various vibrational modes shown in Fig. 3. The empty symbols
stand for the Si-O-Si modes of vibration while the full symbols
stand for the Si-OH mode of vibration. Similar to Fig. 2, the vertical
dashed lines represent a separation into two stages of oxidation.

oxidation of PS. The results, shown in Fig. 3, indicate that
the amount of hydrogen in the PS medium decreases during
the oxidation process until it cannot be observed after 30 s of
oxidation. In order to quantify the amount of hydrogen/
oxygen in our samples, we show in Fig. 4 the evolution of
the integrated IR absorption (e.g., the area below each of
the vibrational modes shown in Fig. 3) versus oxidation
time. The amount of hydrogen that is bound to the PS matrix
is traced by the area of the Si-OH bond at 880 cm™'. It can
be seen that this mode of vibration decreases very rapidly
with the time of oxidation until it cannot be resolved after
30 s of oxidation. In addition, the O,-SiH modes at
2240-2270 cm™' also disappear after 20 s of oxidation,
however, due to the low amplitude of these modes, they are
not included in Fig. 4. On the other hand, both the 810 cm™!
and the 1070—1180 cm™" silicon-oxygen modes of vibration
show the same trend of increase up to ~60 s of oxidation
and then, a saturation behavior indicating on a complete oxi-
dation of the sample.

B. Dielectric spectroscopy

Results of dielectric spectroscopy for nonoxidized (R) and
oxidized (£30 and 7150) PS samples are presented in Fig. 5,
where three-dimensional plots of the real (¢') and the imagi-
nary (&”) parts of the complex dielectric function e(w)=g’
—ig", versus frequency and temperature are shown. Follow-
ing the analysis described in Ref. 16, we define three tem-
perature regimes where three distinct relaxation processes
can be observed as follows.

Low temperatures process. This relaxation process, which
extends over low temperatures (170-340 K), can be ob-
served for nonoxidized samples and for samples that were
oxidized up to about 30 s; see Fig. 5. For a given tempera-
ture of measurement, the process is characterized by a Cole-
Cole (CC) relaxation function®® given by?°.

Ae
1+ (ion*’

(1)

g(w) =

where Ae and 7 are the amplitude and the relaxation time of
the CC process, respectively, and « is the CC stretching ex-
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FIG. 5. (Color online) Three-dimensional plots of the imaginary part (top) and the real part (bottom) of the complex dielectric function
versus frequency and temperature for (left) nonoxidized PS (sample R); PS samples that were oxidized for 30 s (middle) and 150 s (right),

respectively.

ponent describing a deviation from a simple Debye relax-
ation (e.g., the case where a=1).3%3! The CC process is char-
acterized by a temperature-dependent local maximum which,
with the increasing time of oxidation, is shifted to higher
frequencies until, after 30 s of oxidation its maximum fre-
quency goes outside the measurement range of our dielectric
spectrometer. In Fig. 6 we have plotted the amplitude of the
CC process Ag versus temperature while in Fig. 7 we plot
the CC relaxation times versus the inverse temperature for
PS samples oxidized in the range of 0—30 s. All relaxation
times, shown in Fig. 7, follow Arrhenius behavior of the
form 7=7yexp(Ecc/kT), with E-c being the activation en-
ergy of the process and 7, is the relaxation time prefactor.
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FIG. 6. The amplitude of the Cole-Cole relaxation process [see
Eq. (1)] versus temperature for various oxidized PS samples. The
solid line represents the exponential dependency of the amplitude
on temperature, which is essentially independent on the time of
oxidation.

Oxidation gives rise to smaller CC activation energies as can
be seen from Figs. 7 and 8, where the relaxation time pref-
actors are plotted versus the activation energies. This behav-
ior of the CC relaxation process will further be discussed in
the next section.

Mid temperatures process. This relaxation process can be
observed at low and mid temperatures (200—-400 K). How-
ever, at low temperatures the CC process, discussed above,
dominates over this process while at mid temperatures it be-
comes the dominant process in the dielectric spectrum.'® The
process can easily be observed for all oxidized samples;
however, with the increasing time of oxidation the behavior
of this process is gradually changed into a typical behavior
of a dc-conductivity and should be analyzed as a part of the
high-temperature process to be described in the next para-
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FIG. 7. Arrhenius Plot (semilog scale versus the inverse tem-
perature) of the low temperature, Cole-Cole relaxation times of oxi-
dized PS samples.
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FIG. 8. Semilogarithmic plot of the CC relaxation time prefac-
tors 7 versus the corresponding activation energies for a variety of
oxidized and nonoxidized PS samples. The arrow indicates the di-
rection of oxidation. The solid line represents the best fit to the data
into Eq. (7). The inset schematically shows the model used to derive
this equation.

graph. Following the analysis of Ref. 16, the mid-
temperature complex dielectric function, at a given tempera-
ture of measurement, can be described as a superposition of
two Jonscher terms* of the form

8(&)) = BLF(i(l))nLF_l + BHF(I.(D)HHF_l . (2)

Each of these Jonscher terms, that dominates at either low
frequencies (the LF term) or at high frequencies (the HF
term), describes a monotonic dependence of the dielectric
function on frequency where By p (Byp) and nyp (nyp) are the
low (high) frequency Jonscher amplitude and exponent, re-
spectively. Notice that n=0 describes a simple dc-
conductivity term (e.g., e ~1/w, so that o~ we~ const)
while n=1 describes a simple dielectric medium without dis-
persion. In Fig. 9 we show the imaginary part of & versus
frequency, at 373 K, for various oxidation times. The dashed
lines in this figure represent the two Jonscher terms that are
extracted from fitting the experimental data to Eq. (2). While
for nonoxidized PS and for samples with short oxidation

"
&
>

100 100 100 100 10° 10

Frequency (Hz)

FIG. 9. Frequency dependence of the imaginary part of the com-
plex dielectric function (&”) at 373 K for oxidized and nonoxidized
(sample R) PS samples. The solid lines represent the best fit of the
data to Eq. (2) while the dashed lines represent a separate plot of the
LF and the HF Jonscher terms for each sample.
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FIG. 10. (a) The ratio between the high-frequency (HF) and the
low-frequency (LF) Jonscher amplitudes; (b) the LF Jonscher expo-
nent, and (c) the HF Jonscher exponent versus temperatures for the
reference and for oxidized PS samples.

times one can easily observe two Jonscher processes at low
and high frequencies, for longer oxidation times only the
high-frequency process can be observed. In order to quantify
this behavior we show in Fig. 10(a) the ratio of the two
Jonscher amplitudes Byp/Bj g versus temperature for various
oxidation times. Notice that with the increase of the oxida-
tion time, the HF process becomes the dominant process. In
fact, after 30 s of oxidation, only the HF process could be
resolved. In Figs. 10(b) and 10(c) we show the temperature
dependence of the two Jonscher exponents for various oxi-
dation times. Both the LF and the HF exponents decrease
with the increasing temperature. However, while for nonoxi-
dized PS and for short oxidation times (=10 s) the LF pro-
cess gradually changes into a dc-conduction behavior, i.e.,
n p— 0 with the increasing temperature; for longer time of
oxidation the LF process does not show a transition into a dc
behavior and remains in the range of n; g~ 0.5-0.7. On the
other hand, the HF process, that dominates for highly oxi-
dized PS samples, shows a pure dielectric behavior (e.g.,
nyr— 1) for samples oxidized for 30 s or more.
High-temperature process. High-temperature relaxation
processes can be observed for all PS samples, even those
samples that were oxidized for the longest duration (see Fig.
5). The process is most significant at temperatures above
400 K and its amplitude decreases with the increasing fre-
quency. One major contribution to high-temperature relax-
ation comes from a dc conductivity that cannot be ignored
even for highly oxidized PS samples. Furthermore, the pres-
ence of dc-conductivity may screen other high-temperature
processes and makes the analysis of high-temperature relax-
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FIG. 11. Arrhenius plot of the dc-conductivity versus the inverse
temperature for nonoxidized and oxidized PS samples. The solid
lines represent fitting of the experimental data to a simple thermally
activated process; see text.

ation phenomena a more difficult task. Hence, following the
procedure described in Ref. 16, we first analyze the high-
temperature dc conductivity of the PS samples and then sub-
tract its contribution from the overall complex dielectric
function to reveal additional high-temperature relaxation
processes. We note that dc conductivity contributes only to
the imaginary part of the complex dielectric function but not
to its real part. Therefore, by applying the Kramers-Kronig
relations™” to the real part of the measured dielectric function
¢'(w) and subtracting the result from the imaginary part of
the measured dielectric function &”(w) we find the difference
between these two quantities to behave as follows:

& (o) — H[e' ()] = 22 (3)

WE(

where o, is the dc conductivity and H[e'(w)] is the Hilbert
transform of &’(w) (the mathematical transformation that
correlates the real and the imaginary parts of a given analyti-
cal function via the Kramers-Kronig relations). In Ref. 16 we
have shown that this differentiation is indeed vary as w™' as
expected from our analysis. Similar results have been found
in this work for all oxidized PS samples and have been veri-
fied by measurements of the I-V characteristics of the
samples. Arrhenius plot of the dc conductivity versus the
inverse temperature for oxidized and nonoxidized PS
samples is shown in Fig. 11. The solid lines in this figure
represent fitting of the experimental data to a simple ther-
mally activated process oy.=0exp(—=Ey./kT), where oy is
the dc-conductivity prefactor and Ej. is the activation energy
of the dc conductivity. Further discussion of this behavior of
the dc conductivity is given in the next section.

Next, after subtracting the background contribution of the
dc conductivity from the measured dielectric response data,
we could reveal a second high-temperature relaxation pro-
cess. The results are shown in Fig. 12 for two different oxi-
dation times. Both the real and the imaginary parts of the
isothermal complex dielectric function are best described by
the Cole-Davidson (CD) dispersion function®® given by
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FIG. 12. Hilbert transform of the (measured) real part of the
complex dielectric function at 523 K for oxidized PS samples. No-
tice that the data do not include the contribution of the dc conduc-
tivity. The solid lines represent the best fit to the Cole-Davidson
expression (4).

Ae
(1+iwn?

e(w) = (4)
where Ae and 7 are the dielectric strength and the CD relax-
ation time, respectively, and S is the CD asymmetric broad-
ening exponent ranging in between 0 and 1. The variation of
the CD relaxation times with temperature is shown in Fig. 13
for various oxidized PS samples. We note that the results for
the reference (nonoxidized) PS sample differ from those of
the oxidized samples and are similar to those found in Ref.
16 for nonoxidized PS. These findings will be discussed in
the next section.

IV. DISCUSSION

In order to understand the various transport and relaxation
phenomena and their correlation with the optical properties
of PS, let us point out that the PL spectra shown in Fig. 1,
particularly the blueshift of the PL peak energy with oxida-
tion time (see Fig. 2), provide a direct tool to identify a
variation in the average size of the silicon nc’s that are dis-
tributed in the PS medium. Our results are in a good agree-
ment with those of Wolkin et al.** and others® who found
that, for oxygen terminated silicon nc’s, the PL peak energy
is blueshifted with oxidation for relatively large nc’s (due to
increase of the energy bandgap of the nc’s). For smaller nc’s

L6M

22
1000/T (K™

FIG. 13. The CD relaxation times versus the inverse
temperature.
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the energy bandgap of oxygen terminated silicon nc’s is
pinned due to the presence of localized states on the oxygen
atoms,® which explains the saturation behavior of the PL
peak energy; see Fig. 2. As a result, we can define two dis-
tinguishable oxidation regimes in our experiment. Up to 30 s
of oxidation time, the silicon nc’s are not affected by the
oxidation process and neither a change in the PL intensity
nor a PL blueshift have been observed. This conclusion is
further supported by our IR absorption measurements, shown
in Fig. 4, where the amount of hydrogen bonds rapidly de-
creases up to 30 s of oxidation time. Hence, we conclude
that during the first 30 s of oxidation, the silicon nc’s are not
affected by the oxidation. Instead, the oxidation gives rise to
a replacement of silicon-hydrogen bonds by silicon-oxygen
bonds in the host disordered matrix of the PS medium, which
is very likely composed of a mixture silicon skeletons with
perturbed surface hydride bonds and amorphous silicon com-
pounds such as hydrogenated amorphous silicon (a-Si:H),
a-Si:OH, and SiO,. After 30 s of oxidation all hydrogen
terminated bonds disappear from the PS medium and the
silicon nc’s begin to oxidize as indicated by the blueshift of
the PL peak energy during this stage of oxidation.

Let us discuss now the correlation between these findings
and the dielectric properties of PS. At first, let us discuss the
transport mechanism at mid temperatures where we have
found that the dielectric response is characterized by LF and
HF relaxation processes. We argue that the LF process takes
place at the disordered tissue of the PS medium while the HF
process should be associated with transport in between the
silicon nc’s. These conclusions are based on the fact that the
amplitude of the LF process decreases very rapidly during
the first stage of the oxidation and disappears after 30 s of
oxidation; see Figs. 9 and 10(a). In contrast, the HF process
persists up to the second stage of oxidation and becomes the
dominant process among the two Jonscher-like transport pro-
cesses. We emphasize that during the first stage of oxidation
the nc’s are not affected by the oxidation process (see Fig. 2)
and therefore, the LF relaxation cannot be related to the nc’s.
On the other hand, the HF relaxation that becomes the domi-
nant process after 30 s of oxidation cannot be associated
with transport in the disordered tissue that surrounds the nc’s
as this tissue has already been oxidized after 30 s of oxida-
tion (see Fig. 4). These experimental findings provide a di-
rect support to models proposed by Ben-Chorin et al.'> and
by Balberg,’” which argue that each of these transport chan-
nels should be linked with different components of the PS
medium. Following these models we assign the LF process
to a transport of carriers across the disordered fractal struc-
ture of PS. It has been shown by Ben-Chorin et al.' and by
Lampin et al.?® that, for such a transport channel the dielec-
tric function should behave as &€ ~ w2 (or ¢’ ~ w2, where
o' is the real part of the ac conductivity), e.g., n;z=0.5, as
found in our experiment; see Fig. 10. Our findings assign this
transport channel to the disordered tissue where, carriers lo-
cated in shallow traps (impurity bonds) inside the tissue,
within a range of kT from the Fermi edge, form a percolating
network that is characterized by typical length scale of the
order of the average size of the pores (10—100 nm in a typi-
cal PS). In nonoxidized PS, this process can be observed at
mid temperatures, however, with the increasing temperature
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of measurement, dc conductivity takes over as the dominant
relaxation process at low frequencies and screens the LF pro-
cess as found in this work (see Fig. 10), in Ref. 16, and has
been predicted by Ben-Chorin et al.'> On the other hand,
once the disordered tissue begins to oxidize (e.g., hydrogen
bonds are replaced by oxygen bonds), fewer carriers are
available for this conduction channel across the fractal struc-
ture. As a result, the amplitude of this process decreases un-
til, after 30 s of oxidation, it completely disappears from the
dielectric spectrum in a good agreement with our experimen-
tal findings.

Turning to the HF relaxation process, we conclude that
this transport channel takes place in between the silicon nc’s
rather then the disordered tissue. At higher frequencies, the
characteristic distance that the carriers can walk before the
electric field changes its polarity becomes comparable to the
average distance between the nc’s (which is of the order of a
few nm in a typical PS structure). As a result, a second pro-
cess of intercrystallites hopping with fluctuating activation
energies, appears in the dielectric spectrum. It has been
shown! that this process should behave as, &~ const (or
o' ~ w) meaning that, nyr=1, in a good agreement with our
experimental results shown in Fig. 10. Once oxidation be-
gins, the HF process becomes more and more dominant. This
result is consistent with our proposed picture as the intercrys-
tallites distance should not be affected by the oxidation dur-
ing the first stage of oxidation as the properties of the disor-
dered tissue are less relevant to this transport channel.
Furthermore, during oxidation, the amplitude of the LF pro-
cess decreases and the HF process becomes the only avail-
able transport channel at mid temperatures. As a result, after
30 s of oxidation, the HF exponent nyp approaches a value
close to 1 (within the experimental error) as shown in Fig.
10(c) and predicted by the model of Ben Chorin et al.'’
Hence, our experimental results seem to confirm this model
and the theoretical predictions related to this range of tem-
peratures.

A very similar picture, of two transport routes, is obtained
for the dc conductivity. We would like to emphasize that the
dc conductivity in our relatively thick PS samples could not
be measured at low and mid temperatures, neither by dielec-
tric spectroscopy nor by direct /V measurements. On the
other hand, at high temperatures, dc conductivity has been
observed even for highly oxidized PS samples. In this re-
spect, our PS samples differ from fully oxidized PS (that can
be considered as a simple porous glass) where the dc con-
ductivity and the PL diminish (since all silicon nc’s are fully
oxidized). The dc conductivity of our samples follows a
simple Arrhenius behavior o4.=oyexp(—E,./kT), where the
activation energies and the conductivity prefactors (E4. and
oy, respectively) are extracted by the fitting to the solid lines
shown in Fig. 11. Here, we have found a fundamental dis-
tinction between all oxidized samples (including sample 70)
and the reference, nonoxidized PS sample (sample R). While
the activation energy of all samples, including the reference
PS, are essentially the same, equal to ~0.85 eV independent
on the state of oxidation, the dc conductivity prefactors of
the reference PS sample substantially differs from those of
the oxidized samples. This is shown in Fig. 14, where both
the activation energies and the dc-conductivity prefactors are
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FIG. 14. The experimental values of the dc-conductivity prefac-
tors (M) and the corresponding activation energies (O) versus the
oxidation time. The dashed lines represent the second MNR for all
oxidized PS samples (including sample 70) while the notation R
stands for the reference PS with a conductivity prefactor that is
three orders of magnitude larger (first MNR).

plotted versus the oxidation time. While oy, of the oxidized
samples is in the range of 1072—10~* Q™! cm™!, the conduc-
tivity prefactor of the reference, nonoxidized PS is more than
three orders of magnitude larger ~10 Q~' cm™'; see Fig. 14.
This result indicates that the transport mechanism associated
with the nonoxidized sample differs from that responsible to
the dc conductivity of the oxidized samples. Such a dual
transport picture has been proposed in Refs. 14 and 37 and
has been assigned to the presence of two Meyer-Neldel-
Rules (MNR)3%49 in PS. Each of these rules is related to a
specific transport mechanism that can coexist with the other
in the PS medium. Our experimental results support this pic-
ture. Following the pea-pod model of Ref. 37 we assign the
first transport channel, which takes place in the nonoxidized
PS sample (sample R), to extended states transport in the
conductive, disordered tissue of the PS medium. However,
after a short time of oxidation (in fact, even after alloying the
contacts at 460 °C), a second transport channel of intercrys-
tallites hopping, which is related to a second MNR, takes
over. Our results provide a support to the assumption that the
second MNR is associated with transport in between the sili-
con nc’s, as this channel of transport persists well into the
second stage of oxidation. In addition, our experimental re-
sults indicate that the activation energy associated with the
dc conductivity has a very weak dependency on the oxida-
tion process; see Fig. 14. Similar phenomenon, e.g., activa-
tion energy of the dc conductivity that is not affected by the
oxidation despite that the transport mechanism is changed
from the first MNR (conduction in the disordered tissue) to a
second MNR (intercrystallites hopping), has also been ob-
served by other groups.?? This result indicates that the acti-
vation energy, associated with the dc conductivity in a given
PS sample, should be independent on the choice of a specific
transport channel (e.g., the MNR) neither on the state of
oxidation. For example, if a geometrical factor such as geo-
metrical constrictions along both transport channels is re-
sponsible for this activation energy, one could explain the
above experimental findings by this model. Such a model of
surface/geometrical constrictions along the conduction paths
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has been proposed by Lehmann et al.*! for explaining the
high resistance of meso-PS. These constrictions, which si-
multaneously affect conduction paths along both the disor-
dered tissue and in between the nc’s, trap charged carriers.
As a result, the trapped charges block the transport channels
by their electric field. It has been estimated that constrictions
as narrow as 10 nm (or less) could cause to a partial blocking
of the current path in relatively thin PS layers.*! These con-
strictions can be viewed as Coulomb blockade centers*? that
require additional thermal activation of the carriers for pass-
ing through them. We emphasize that this picture does not
contradict the pea-pod model’’ neither the distribution of ac-
tivation energies found in Ref. 14, as different PS samples
are characterized by different geometries, length scales and
other statistical parameters that determine the specific value
of the activation energy. Furthermore, such constrictions are
expected to influence both channels of dc-conduction as the
geometry of the PS medium is essentially independent on the
state of oxidation. Let us also point out that our model is
consistent with recent experiments where the /-V character-
istics of relatively thin PS layers at low temperatures have
been found to be dominated by the Coulomb blockade
mechanism.*?

Up to now, all transport phenomena discussed so far (e.g.,
dc and ac conductivities at mid and high temperatures) seem
to consistently follow the dual transport route model. Let us
turn now to the low-temperature CC relaxation process,
which requires a more careful analysis in view of this model.
Here, we argue that this relaxation process takes place in
between the silicon nc’s. This conclusion is based on the
results shown in Fig. 6, where the amplitude of the CC re-
laxation process has been found to be essentially indepen-
dent on the time of oxidation during the first stage of oxida-
tion. On the other hand, the CC relaxation times and, in
particular, the CC activation energies show a considerable
dependency on the state of oxidation during the first stage of
oxidation (see Figs. 7 and 8). We also notice that the CC
relaxation cannot be considered as a simple mobility edge
hopping*® via extended states or via band tails as in the case
of dc conduction as this is a thermally activated process of
the form 77'=7,'exp(~Ecc/kT). Therefore, we suggest that
the CC process is related to a thermally activated tunneling
and hopping in between silicon nc’s via localized states lo-
cated in the disordered tissue that wrap the nc’s. A simple,
semiquantitative model of sequential tunneling in between
adjacent nc’s, is presented at the inset to Fig. 8. In this
model, carriers (most likely, holes'®) in the nc’s are thermally
excited into a higher excited state located at (average) en-
ergy, Ecc, above the ground state. This activation energy,
which allows hopping of thermally excited carriers via shal-
low traps in the surrounding tissue, is determined by those
traps located in the disordered tissue. Hence, modeling the
nc’s by a simple rectangular well with a potential energy V,
(where we have neglected the external voltage drop across
the barrier that is expected to be much smaller compared to
V) then, the additional barrier energy that the carriers should
tunnel through is ~(Vy—Ecc). Accordingly, the tunneling
probability 7 can be approximated as follows:
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T ~ ~2L\2my(Vo=Ecc)lh , (5)

where m; and m, are the holes effective masses in the nc’s
and in the barriers and d and L are the average sizes of the
nc’s and the tunnel barriers respectively. Therefore, the tun-
neling time in between the nc’s can be estimated as follows:

l _ VZEcc/ml

T(ECC) -~ e—2L\52m2(V0—ECC)/h. (6)
70 2d

From this simple model of thermally activated hopping we
find that In 7= K\V,—Ecc, where K is a constant that de-
pends on the masses and the geometry of the system. The
solid line in Fig. 8 represents a fitting of the experimental
data to the above model of thermally activated hopping in
between the silicon nc’s. From the fitting we find V,
=0.69+0.01 eV. This potential energy is expected to be
smaller than the activation energy for dc conduction
(~0.85 eV, see Fig. 14) as the distance walked by the carri-
ers before the electric field changes its polarity is smaller
than the average distance between constrictions. We would
like to emphasize that our simplified model ignores details of
the hopping process in the surrounding tissue. The influence
of the tissue on the hopping process has been taken into
account by setting up the activation energy E-c according to
the (relative) energy of the impurity states in the surrounding
tissue. Yet, the effect of oxidation on the CC activation en-
ergies and the relaxation time prefactors has been found to be
consistent with this picture. For nonoxidized PS the mea-
sured activation energy is about ~0.68 eV (very close to V;
see Fig. 8) meaning that the impurity states in the disordered
tissue behave as shallow traps giving rise to a fairly good
conduction of this tissue. Oxidation gives rise to a decrease
of Ecc (see Fig. 8) meaning that these traps become more
profound and localized in the surrounding tissue**~*that, in
turn, becomes less conductive. This mechanism gives rise to
a simple relation between the relaxation time prefactors and
the activation energies as follows:

R
T = To.cc eXp(K\NVy— Ecc), (7)

where 7, ¢ is the relaxation time prefactor of the conductive
(nonoxidized) tissue (e.g., Ecc= V). This is also the expres-
sion used for the fitting (solid line) shown in Fig. 8.
Finally, let us discuss the origin of the high-temperature
CD relaxation process; see Fig. 13. We would like to point
out that the CD process in all oxidized PS samples is char-
acterized by fairly slow relaxation times, of the order of few
seconds, and a weak dependency on temperature. Such slow
relaxation times and temperature dependencies exclude the
possibility that the CD process can be linked to a simple
electronic transport via the nc’s (this process cannot be asso-
ciated with a transport in the disordered tissue as the process
persists up to the second stage of oxidation where the disor-
dered tissue has already been oxidized). A similar dielectric
behavior, with very slow relaxation times of the order of few
milliseconds up to few seconds, has been found in other
porous insulating matrices such as borosilicate glasses.*’*8
In those porous insulators, the appearance of slow relaxation
times and small activation energies has been attributed to
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interfacial polarization created at the interface of the host
matrix and the walls of the pores.*” We assign the high tem-
perature CD relaxation process in the oxidized PS samples to
a similar phenomenon where thermally activated charged
carriers, which can hope in between the nanocrystals (see the
second MNR of intercrystallites hopping), are trapped at the
host matrix-air interface. Such a process gives rise to a
buildup of a space charge polarization field that is character-
ized by a macroscopically large charge separation. This
mechanism of interfacial polarization provides a simple ex-
planation to the appearance of long relaxation times that are
required to activate the macroscopic interfacial polarization.
The process dominates at high temperatures where a suffi-
cient number of thermally activated carriers are available to
construct the interfacial polarization. However, the relaxation
times associated with this process have a weak dependency
on temperature as the activation of the interfacial polariza-
tion is determined mainly by the fractal geometry of the
pores and the (oxidized) host matrix. Our model is consistent
with a recent observation of slow luminescence decay times
from oxidized PS, of the order of few seconds, which were
also assigned to trapped charges in oxidized PS.*’ Also, other
models for PL from silicon nc’s embedded in PS and in SiO,
emphasize the role of oxygen traps.'%>! Following these
findings, we can now provide a simple explanation to the
high temperature relaxation process that appears in nonoxi-
dized PS. In Ref. 16 we have found that in nonoxidized PS
the high-temperature relaxation process is characterized by a
multiple Arrhenius behavior (or other, more complicated fit-
ting functions). Based on the current analysis, we suggest
that the multiple Arrhenius behavior of nonoxidized PS
should be assigned, again, to interfacial polarization. How-
ever, as opposed to oxidized samples, in nonoxidized PS the
interfacial polarization can be constructed via both hopping
in between the nanocrystals as well conduction along the
disordered tissue. Both channels of conduction are allowed
in nonoxidized PS and contribute to trapping of charged car-
riers at the host matrix-air interface. It is the contribution of
both transport channels to interfacial polarization that makes
the high-temperature relaxation process in nonoxidized PS, a
more complicated process with multi-Arrhenius behavior as
found in our experiments and in Ref. 16.

V. CONCLUSIONS

To conclude the main findings of this work, let us discuss
a comprehensive picture that summarizes the various trans-
port phenomena in PS; see Fig. 15. In principle, there are
two transport routes that are related to the two basic compo-
nents of the PS medium. These are the disordered tissue that
surrounds and wraps the nc’s and the nc’s themselves. In
nonoxidized PS both components of the PS medium contrib-
ute simultaneously to the transport. For example, both the LF
and the HF relaxation processes coexist in the (nonoxidized)
PS medium at mid temperatures. During oxidation there are
two stages that affect both the transport and the PL from the
PS medium. At the first stage of oxidation, the disordered
tissue is oxidized and silicon-hydrogen bonds are replaced
by silicon-oxygen bonds. During this stage, the transport
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FIG. 15. (Color online) Schematic illustration and summary of
the various transport channels in PS. The dashed line represents
transport routes in the disordered tissue including dc conduction via
narrow constrictions (first MNR) and anomalous ac conduction (LF
process). The bold dash line represents transport channels associ-
ated with hopping in between the nc’s. The red open circles stand
for geometrical constrictions along the transport path for both cases.

channels that take place in the disordered tissue are gradually
blocked and eventually disappear from the dielectric re-
sponse spectrum. This includes the LF relaxation process and
the dc conductivity associated with the first MNR. All other
transport channels that are related to hopping in between the
silicon nc’s are not affected at this stage of oxidation. During
the second stage of oxidation only those channels that are
related to intercrystallites transport persist. This includes the
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CC relaxation, the HF process and the second MNR that is
related to dc conduction. Our model also provides a simple
explanation to the relatively large energies required to acti-
vate dc conduction that are due to narrow geometrical con-
strictions along the transport path that act as Coulomb block-
ade barriers. On the other hand, the energies required for
activating the CC relaxation and the ac conduction are con-
siderably smaller as the distances walked by the carriers are
much shorter. Finally, at high temperatures there is another
relaxation process of interfacial polarization that is related to
a space charge polarization buildup at the interface of the
pore’s walls. This process is similar to relaxation processes
observed in other porous glasses and is not related directly to
the silicon nc’s but rather to the mechanism that generates
the macroscopic space charge polarization on the walls of the
pores.

Our last comment is related to the expressions used to
describe the CC and the CD relaxation processes; see Eqs.
(1) and (4) respectively. In the literature there is a very lim-
ited discussion about the physical mechanisms that are re-
sponsible to the appearance of either expression.”? Our find-
ings suggest that the CC relaxation process is associated with
local interactions such as the dipole-dipole interactions. In
PS this is related to intercrystallites hopping for which the
CC process seems to provide the best description. On the
other hand, the CD mechanism should be assigned to inter-
action of the local dipoles with the host matrix, as in the case
of interfacial polarization found in our PS media. However,
the universality of this rule has to be experimentally investi-
gated in other materials systems and to be verified theoreti-
cally. These topics are behind the scope of this work.
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