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Fundamental transport processes in ensembles of silicon quantum dots
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For a better understanding of the physical properties of semiconductor quantum dot ensembles, we have
followed the behaviors of the transport and photoluminescence above, at, and below the percolation threshold
of ensembles of Si quantum dots that are embedded in a SiO, matrix. Our study revealed the roles of the
interdot conduction, the single dot charging, and the connectivity in such systems. We conclude that while the
first two determine the global transport, a connectivity dependent migration determines the coupling between

the electrical and optical properties.
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I. INTRODUCTION

In contrast with the many data and the understanding
achieved thus far regarding the optical behavior!? [notably
the photoluminescence (PL)] of single nanocrystalline semi-
conductor (NCSC) quantum dots, the fundamental under-
standing of the transport and optical response of solid-state
ensembles of such dots has not emerged thus far.>= This is in
spite of the significant forward strides that were made in the
many studies of ensembles of ligand-capped semiconductor
quantum dots.%” The solid ensembles consist of “touching”
(but not capped or coalescing) NCSC dots that are usually in
the form of composites® or aggregates of touching dots.? This
is in contrast with arrays of “nontouching” NCSC dots'’
where the experimental observations reflect essentially the
contribution of the individual dots. In particular, the inter-
play between properties of the individual semiconductor
nanocrystallites (NCs) at the quantum confinement
regime'7!! and the connectivity of the system (which is es-
sential for the understanding of the transport properties of the
ensembles) has hardly been studied previously, and when
discussed, it was mainly for ensembles of ligand-capped me-
tallic nanoparticles.'?

The purpose of the present work is bridging between the
physics of the microscopic-quantum regime and the physics
of the macroscopic-classical system. Correspondingly, we at-
tempt to demonstrate the existence of the basic microscopic
processes and their integrated manifestation in the transport
as well as their relation to the optical processes of solid en-
sembles of quantum dots (QDs) by the study of ensembles of
silicon nanocrystallites in the vicinity of the percolation
threshold of the ensembles. Noting that such application of
the percolation threshold regime has not been attempted be-
fore, we fully exploited the advantage of the cosputtering
film deposition technique,'>!'* preparing a series of samples
of silicon NCs, such that each sample consists of a small
increment of the fractional volume content (or density) Ax of
the volume percent of the (crystalline or amorphous) silicon
phase x along a rectangular substrate,'3 and a corresponding
increment Ad in the crystallites size d with respect to its
preceding sample.'* In passing, we note that in contrast with
the case of granular metals,!> this advantage has not been
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fully utilized for the study of ensembles of semiconductor
QDs (Ref. 15) that, as we show below, is quite critical for
the evaluation of the local and global mechanisms that deter-
mine the effects of the above interplay on the transport.
Moreover, working, in contrast with previous works,315 with
a four-probe coplanar configuration, we have ensured that
the results obtained have to do with “bulk” properties of the
QD ensembles.

To set, however, the stage for the description of the sys-
tem that we study, we recall that in granular metals,'>'¢ there
are two contributing conduction routes.'>!” Above a certain
metal grain volume content x,., there is a “continuous” me-
tallic network of coalescing QDs and a metallic bulk-like
conduction dominates. Correspondingly, x. is the classical
percolation threshold.!®!7 For x <x,, the electron transfer be-
tween the individual grains is possible only by tunneling.'3!”
In the latter, the so-called dielectric regime, the grains charg-
ing phenomenon!*!%1% (the “Coulomb blockade”) takes
place and nonlinear current-voltage characteristics (I-V’s) are
observed.!>!3

If the above considerations apply to ensembles of semi-
conductor QDs, one would expect that a bona fide universal
percolation transition of the conductivity, at an x. with a
value of the order observed in granular metals,'>!® and a
transition from linear (or slightly nonlinear in NCSC, due to
the noncoalescence of crystallites which is generally differ-
ent than in the case in granular metals) to nonlinear I-V’s will
be observed, as the value of x is decreased through x,.. The
latter is expected since, as x,. is approached from above, the
conduction in the network will be determined more and more
by the so-called singly connected bonds,'®?° i.e., by rela-
tively isolated QDs, so that the tunneling transport and the
single electron charging events may be disclosed by the
I-V’s.710.13 The experimental challenge in trying to verify the
latter expectations is, of course, to carry out the measurement
for a sample with an x value that is as close as possible to x,.
but to still have a measurable current.

Following the above considerations for ensembles of
NCSC, we have prepared (by finding the proper cosputtering
and postdeposition conditions) samples of silicon
nanocrystallites'*?! that exhibit a percolation transition.!%>°
Our results as discussed below not only elucidate the con-
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duction mechanisms but also establish the so far missing link
in the understanding of the relation between the transport and
the photonic (PL) properties of such systems.

In this paper, we give only a brief account of the prepa-
rations of the samples involved in our present study as these
were detailed in our previous papers.!* Similarly, the trans-
port and phototransport measurement techniques were pre-
sented previously in related®?"??> or unrelated'®?} studies.
Here, we only emphasize then the specific details that were
essential for the present work. These and the structural char-
acterization of the samples,'* which are so important for con-
necting the macroscopic observations with the nanostructure
of the system under study, are given in Sec. II. In Sec. III, we
present our macroscopic experimental results, and in Sec. IV,
we discuss them in relation to the nanostructure and the per-
colation model. We also emphasize there the issues associ-
ated with the understanding of the present results in more
detail and our corresponding suggestions.

II. EXPERIMENTAL DETAILS

The films we deposited, usually about 1 wm thick, were
fabricated by the cosputtering of Si and SiO, (Ref. 14) from
two separate targets onto a quartz slide (13 cm long), thus
utilizing the unique ability to produce a series of samples
under exactly the same conditions, but with a controllable
quasicontinuous set of the silicon fractional volume contents
x.!3 After the sputtering, the samples were annealed at
1150 °C under a nitrogen flow, yielding films that appear to
be composed of two immiscible phases, one of silicon nano-
crystallites and the other of an amorphous (mainly SiO,)
matrix. The important point for the present study is that the
electrical and optical properties can be measured with a high
(Ax=2 vol %) resolution of x and a corresponding'* high
resolution (Ad/D = 0.03) of d, where d is the average nanoc-
rystallite diameter for a given x and where D is the d range
which we have along the substrate slide. In our typical
samples the d values were between 3 and 8 nm (i.e., D
=5 nm) for x values between 10 and 80 vol %.'* For the
electrical measurements, we have sputtered 1-mm-wide Al
(or Ag) contacts with a spacing of about 1 mm. It is impor-
tant to note that in our study, the following measures were
taken to ensure that the electrical contacts or the electrical
setup do not play any role in the measured currents. First, the
measurements were carried out in a coplanar configuration so
that the resistance of the bulk was much larger than that of
the contacts. The latter was verified by the fact that the mea-
sured resistance was found to scale with the interelectrode
spacing and that no difference was found between the results
obtained in two-probe and four-probe configurations and/or
when we have exchanged one or two of the coplanar Al
contacts with In contacts. Second, to ensure that no spurious
coupling between the measurement apparatus and the sample
takes place, independent transport measurements were con-
ducted on similarly prepared samples using two very differ-
ent experimental apparatuses.’>>3 From all these tests, we
safely conclude that the measured currents are determined by
the bulk resistance of the samples (the corresponding film
sections around a given x) that are | mm long and have a
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FIG. 1. HRTEM micrograph of a sample of 80 vol % silicon and
20 vol % SiO,. The silicon nanocrystallites that are identified by the
silicon crystal plans are marked by their borders. The rest of the
micrograph appears to represent the noncrystalline Si or SiO,
islands.

cross section for transport of 3 X 1073 mm?. Moreover, this
configuration eliminates possible high-field effects that may
be involved in the transport and the PL. The photoconduc-
tivity was measured by exposing the area between the
contacts (1 X3 mm?) to a He-Ne laser (633 nm, flux of
70 mW/cm?),?® while the PL was measured between pairs
of coplanar contacts by applying an Ar-ion laser
(488 nm, flux of 10 W/cm?). The latter PL measurements
and the analysis of the results that were obtained in
various temperatures have been described in great detail
previously,'* showing, in particular, the expected quantum
confinement relation between the size of the particles and the
photon energy at which the PL has its peak. All the measure-
ments reported here, however, were carried out at room tem-
perature.

To characterize our system of nanocrystallites embedded
in a SiO, matrix, we obtained images of high-resolution
transmission electron microscopy (HRTEM).'# In Fig. 1, we
show HRTEM taken at x=80 vol %. The silicon crystal
planes disclose the NCs (encircled by white loops). The other
areas in the image, i.e., the noncrystalline areas, consist of
amorphous silicon and/or SiO, glass areas.”* Following the
fact that our HRTEM images of the low x (x<<20 vol %)
regime have revealed isolated spherical nanocrystallites,'*
the present images suggest that as the percolation threshold
of touching crystallites, x., is approached from above, the
NC network becomes sparse and isolated crystallites become
the tunneling bridges or the singly connected bonds®® be-
tween various parts of the percolation backbone.

III. EXPERIMENTAL RESULTS

Turning to the results of the conductivity and photocon-
ductivity measurements, we see in Fig. 2 that their depen-
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FIG. 2. The dependence of the dark conductivity and the pho-
toconductivity on the silicon content in a typical cosputtered film.
For this film, there is a sample at x=39 vol % silicon that is very
close to the percolation threshold but still has a measurable
conductivity.

dence on x can be well fitted by the theoretical percolation
behavior of oo (x—x,)!, where ¢ was found to be very close
to the universal?®* value of 2. This behavior (of =2) was
verified on many series of samples by the best fit of the
corresponding log-log plots using the procedures that we ap-
plied previously to other systems.?® The only essential differ-
ence that we found for films prepared under different condi-
tions was the value of their x.. These values in our many
samples were in the 25-50 vol % range (as in granular
metals'>1%). For example, for the data shown in Fig. 2, the ¢
value was determined to be 2.1+0.2 and the value of x,. was
determined to be 38+1 vol %. One should note, however,
that in the present work, our purpose was not the determina-
tion of a very accurate value for 7, as we did in Ref. 26, but
rather to establish that we have a bona fide percolation net-
work in order to lay the basis for the interpretation of the
following experimental results.

While such confirmation of percolation theory have been
given previously for various composites,”!>1026 we are not
aware of such fits for NCSC systems in the quantum confine-
ment regime. In particular, this has not been done for photo-
excited carriers in this regime, and the similar simultaneous
percolation behavior of both kinds of conductivity has not
been demonstrated. In fact, the application of the photocon-
ductivity to quantitatively characterize the percolation be-
havior is quite rare though it has been done, for example, on
a system of dye-sensitized TiO, films in which the TiO,
crystallites have a diameter of 19 nm.?’ The confirmation of
the percolation behavior is of importance here in order to
establish that, with the additional consideration of the images
shown in Fig. 1, we have a genuine percolation transition
around which we can study the so far unstudied properties of
the “dielectric-like” regime'® in a system of semiconductor
quantum dots. In the present context, the similar dependence
of the conductivity and photoconductivity means that this
dependence is not determined by the carrier concentration
but rather by their interdot “mobility” and the network con-
nectivity. As explained above, we were interested in ap-
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FIG. 3. An illustration of (a) a DBTJ and (b) the expected “criti-
cal crystallite” DBTJ (a singly connected bond in the present per-
colation networks) which connects, by “sequential” tunneling,
larger parts of the system.

proaching the percolation threshold as close as possible with
the hope to correlate the macroscopically measured /-V char-
acteristics with the local intercrystallite conduction mecha-
nism. The way we expected this to happen is presented in
Fig. 3. This figure illustrates that, from the percolation con-
nectivity point of view, the QD in Fig. 3(b) is a singly con-
nected bond,?®?> while from the local-physical behavior
point of view, it yields the double barrier tunnel junction’-!
(DBTYJ) configuration that is illustrated in Fig. 3(a).

The behavior expected following the illustration of Fig. 3
was confirmed by the most significant feature of the I-V
characteristics that we found in the threshold regime, i.e., the
existence of a “voltage gap” that does not exist in the
“above-threshold” regime. This bias gap, as shown in Fig. 4,
is clearly reminiscent of the observations in a single DBTJ of
a semiconductor quantum dot.”!° In principle, the observed
bias gap for x in the vicinity of x,. can be associated with
resonant tunneling and/or a Coulomb blockade.”?® While
there are only very few works in which the first mechanism
appears to be present in a system of silicon
nanocrystallites,”®3? there are numerous results that support
the presence of the latter mechanism, at least in small or
dilute ensembles of silicon nanocrystallies.?>3!-3 In fact, the
comparison of the present results with the many results ob-
tained on two-dimensional arrays of Si NCs or on a collec-
tion of a few QDs, which have been attributed to a simple
sum of single dot charging events and that have
disclosed'%?23% ¢ bias gap of the order found here, further
indicates that the latter gap is dominated by a “Coulomb
gap” phenomenon that is associated with very few QDs, as
suggested by the model given in Fig. 3. Of course, the real
Coulomb gap value is smaller than the observed bias gap
since the latter is due to the voltage distribution in the
“leads” [see Fig. 3(b)] and in the DBTJ.7-?8

In order to get an independent evidence that in our
samples we are dealing mainly with a Coulomb-gap-like
charging effect, we have prepared samples as above, but on
conducting silicon substrates. This, perpendicular to the film,
“vertical” configuration enables the measurement of the
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FIG. 4. Normalized (at 20 V) current-voltage characteristic of a
sample with x=60 vol % silicon (dashed curve) and current-voltage
and photocurrent-voltage characteristics of the sample with x
=39 vol % silicon (solid and dotted curves). These samples belong
to the series of samples the conductivity “profile” of which was
shown in Fig. 2. The value of 1 corresponds to 51 nA for the first
sample and 2 nA for the dark current and 0.16 nA for the photo-
current of the latter sample.

capacitance-voltage (C-V) characteristics?>3%37 on these

samples. Using an “upper” Hg electrode and the silicon sub-
strated films, Antonova et al.’® have found on our samples
that there was hardly measurable stored charge for the x re-
gime above [x>(x.+3) vol %] and “far” below [x<(x,
—14) vol %] the percolation threshold that was in this case
at x.=34 vol %. There was, however, an appreciable charge
stored, at, and in the region close below x.. The peak of the
stored charge was found at x=(x,—8) vol %. The percolation
threshold was identified in that vertical configuration by a
sharp drop in the macroscopic resistance perpendicular to the
film. Considering these results and comparison with the
above-mentioned results on the charging effects,??31:32:33
there is very little doubt left that the behavior shown in Fig.
4 is associated with the charging of the “singly connected”
nanocrystallites around the percolation threshold. In passing,
we note that while the C-V measurements are very useful for
the determination of the charge stored in various semicon-
ductor systems,3®37 the corresponding “two terminal” con-
figuration, as explained above, does not allow the proper
evaluation of the bulk transport mechanism due to the pos-
sible contribution of contact effects.

Turning to our study of the relation between the PL and
the transport properties, we prepared a ten times thicker
(10 wm) film than in the above-discussed samples (and in
the samples that we have studied intensively before!#), al-
lowing us to follow the PL dependence of x as close as
possible to x,. To appreciate this observation, we plot in Fig.
5 the peak PL intensity as a function of x for various photon
energies. Noting that for the observed spectral range the
spectrum is associated with the quantum confinement
regime,”*3? each photon-energy represents a particular value
of d. That the latter is the case in our samples is well borne
out by the monotonic correlation that we found previously'*
between the peak energy of the PL spectra of a sample, of a
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FIG. 5. The typical photoluminescence peak intensity for vari-
ous photon energies as a function of the silicon volume content. In
the inset, we show the corresponding dependence of the dark con-
ductivity (full squares) and the photoconductivity (open circles) on
the silicon content as well as the fitted curves to the prediction of
percolation theory.

given x, with the center of the distribution of its crystallite
diameters. In the inset of Fig. 5, we show the percolation
behavior of the conductivity and photoconductivity in the
present particular sample. It is clearly seen that these trans-
port properties and the PL are exclusive. Studying many
films that were prepared under different conditions, we found
that while there may be some overlap between the conduc-
tivity “tail” and the PL tail, there is never such an overlap
between the PL and the photoconductivity tail, i.e., the latter
two are completely exclusive (see below).

The most conspicuous observation in Fig. 5 is the three
orders of magnitude rise and decay of the PL with x. Com-
bining this observed decay, as x approaches x,. from below,
with the increasing dispersive nature of the PL that we found
previously'# [by time resolved PL (TRPL)], we associate the
two phenomena with the increasing probability of the opti-
cally generated carriers to migrate to the environment of the
isolated QD in which these carriers were generated. Such a
mechanism has been proposed originally (solely on the basis
of TRPL) for porous silicon*” and later for ensembles of Si
QDs.*! Here, however, following the observed percolation
behavior of the photoconductivity, we apply percolation
theory from which we know?%2! that finite clusters of touch-
ing QDs [see Fig. 3(b)] grow sharply and appreciably in a
universal manner as x increases toward x.. This can be ap-
preciated semiquantitatively by considering the fact that the
average cluster size increases from d (say, at x=0, see HR-
TEM images in Ref. 14) to d[(x,—x)/x.]™" [where v=0.88
(Ref. 20)] as x approaches x, from below. This will be here
from about 3d at x=20 vol % to about 10d at x=27 vol %.
The corresponding increase will yield then a much larger
probability for the separation of the a priori quantum con-
fined photoexcited electron-hole pairs and, thus a much
weaker radiative recombination (i.e., a weaker PL). The way
we present our PL data in Fig. 5 helps to appreciate this
argument as follows. In this figure, we see that for low x
values, the increase of the PL with x depends strongly on d
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(noting that each photon energy represents a given crystallite
size d, see above), while for the higher x values (all still in
the x<x,. regime), the decay of the PL with x appears to
follow a universal-like (d-independent) behavior. Now, the
initial rise of the PL with x is well understood in terms of the
increase of the concentration of the QDs with x, since the
preference of the various QD concentrations is determined
by the combination of the preparation parameters (mainly
annealing?* and oxidation) and the value of x. On the other
hand, our observation of a universal-like decrease of the PL
with x dominates over the effect of the particular d values (in
our corresponding 3—6 nm d range, see above). Such a be-
havior is well in accord with the expected strong universal
increase?®?! of the size of the finite (connected crystallites)
clusters as x approaches x,. from below, implying also an
increasing universal-like migration probability with increas-
ing x. The latter thus overshadows possible milder
d-dependent effects.'* The association of the above drop of
the PL with the increase in the cluster size (for x<x,) is well
supported by the above-mentioned peak in the stored charge
below x,, since as x, is approached from below, the carriers
migration within the larger cluster facilitates their motion to
the contacts within the time of the transport measurement, on
one hand, and the separation of the electron-hole pair from
the confined crystallite volume in which they were gener-
ated, within the time of the radiative recombination, on the
other hand.

The above-mentioned general and complete exclusion of
the photoconductivity and the PL is well understood then by
our above-suggested migration model as due to the compe-
tition between the short enough radiative recombination time
that is induced by the quantum confinement® (reflected
by the high PL intensity) and the migration-nonradiative
recombination*®*! (reflected by the magnitude of the photo-
conductivity). The latter overcomes the former as the prob-
ability for migration increases, i.e., as the QD clusters grow,
when the percolation threshold is approached.

IV. DISCUSSION

In the work reported in this paper, we have examined the
effect of the connectivity, in ensembles of semiconductor
quantum dots, on the transport and optical response of the
corresponding systems. In these systems, the local connec-
tivity is determined by the tunneling of charge carriers be-
tween adjacent nanocrystallites similar to the case encoun-
tered in granular metals in the dielectric regime.!>!6-13
Correspondingly, the closer the semiconductor quantum dots
to each other (that follows the increase in their concentra-
tion), the larger the distance to which the charge carrier can
wander from the individual crystallite at which it was (ther-
mally, optically, or electrically) excited. In other words, the
tunneling-connected'®?* quantum dot clusters grow in size
with the increase of their concentration, as predicted by per-
colation theory.'®? This growth proceeds until at a certain
concentration, the percolation threshold x,, an infinite cluster
forms. It is apparent then that upon the increase of the cluster
sizes, a “delocalization”*? of the carrier from its confinement
in the individual quantum dot to larger regions of the en-
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semble will take place, i.e., the charge carrier will belong to
a cluster of quantum dots rather than to an individual quan-
tum dot. This, in turn, will also yield a corresponding de-
crease in the local charging energy in comparison with that
of the single isolated dot.

In the present work, we essentially followed the effect of
this delocalization on both the electrical and optical proper-
ties that we found to be well correlated as follows. As long as
the clusters are small enough, they “keep” the carrier that
resides in them and become charged when an excess charge
carrier reaches them, as in the well-known cases of granular
metals'® and single semiconductor quantum dots.” As in
those cases, transport through the system can take place only
if a corresponding charging (or Coulomb) energy is pro-
vided. If this energy is provided electrically, a “bias gap” is
observed.” Once there is no confined charge, or the single
electronic charge is spread over a large cluster, the diminish-
ing charging energy is followed by the shrinking of the bias
gap. In particular, above the percolation threshold, the charge
carriers can reach the electrodes more readily and no bias
gap is expected. The results shown in Fig. 4 are well in
accordance with this physical picture. Comparison of these
results with the expectations that follow Fig. 3 further con-
firms our suggestion that one can mimic the microscopic
double barrier tunnel junction using a macroscopic system
by taking advantage of the possible “isolation” of the single-
quantum-dot-like effects close to the percolation threshold.
This was, of course, possible here by carefully using a co-
planar configuration that has enabled us to reliably evaluate
the transport properties of the bulk, rather than the more
commonly used®!943-46 vertical configuration in which the
experimental findings may reflect a mixture of bulk and con-
tact contributions.

Turning to the optical properties, we know that the
electron-hole pairs are generated by the illumination in the
semiconductor quantum dots. If a dot belongs to a cluster,
the probability of recombination of a pair generated in it
decreases with the increase of the cluster size, since the con-
finement of the two carriers is eliminated. Correspondingly,
the increase in the connectivity, and thus in the electrical
conductivity of the ensemble (that follows the increase in the
concentration of the quantum dots), will be accompanied by
the decrease of the probability for the radiative electron-hole
recombination events. Following the above physical picture,
this trend is accompanied by the decrease of the stored
charge in the bulk of the system as well as by the increase in
the transport via the systems. In other words, the PL and the
transport will be mutually exclusive. Indeed, the results
shown in Fig. 5 account well for this expectation.

The above, rather simple, picture of the effect of the con-
nectivity on the transport and the light emission, which was
the concern of the present work, provides, however, only the
very gross fundamental basis for the discussion of the trans-
port in ensembles of semiconductor quantum dots, beyond
the quite well understood transport via the individual quan-
tum dot.” In what follows, we briefly review then some rel-
evant issues that need to be resolved (and the current diffi-
culties in resolving them) in order to get a more detailed
understanding of the results shown in Sec. III.

The first and foremost difficulty that one encounters in
trying to quantitatively account for the results shown in Figs.
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2 and 4 is that there is, at present, no acceptable picture
concerning the details of the transport mechanism in dilute
systems of Si quantum dots (say, similar to the model of the
dielectric regime in granular metals'?). This is in spite of the
numerous papers that have discussed this subject.®43-4¢ This
situation appears to be a result of the experimental and the-
oretical difficulties in performing and interpreting the results
of the most straightforward tool for the evaluation of the
transport mechanism, i.e., the temperature dependence of the
electrical conductivity, o(T). The very high resistance of the
corresponding samples does not enable such measurements
in the coplanar configuration (of the type we use here), and
almost all the reported o(T) measurements were carried out
in the vertical (perpendicular to the film surface) configura-
tion. This, as pointed out in Secs. I and II, yields a mixture of
bulk and contact effects. Moreover, even in the vertical con-
figuration, the range of the temperatures used was usually
too narrow for the derivation of reliable o(7T) power-law de-
pendencies that may shed light on the transport mechanism.

On the theoretical end, one notices that even for the much
simpler system of granular metals'? that provides a simple
basic reference for the transport in semiconductor quantum
dots,® there is still an ongoing controversy regarding the in-
terpretation of the o(T) dependence.'®47-*° For example, tun-
neling via optimal paths under Coulomb blockade and hop-
ping in a disordered system are predicted to have similar
o(T) dependencies that do not enable a unique interpretation
of such data. This, of course, further aggravates the compli-
cations that are added when one considers semiconductor
quantum dots. In the latter system, there are the additional
effects of level quantization and resonant tunneling;?%-30-9
the possible contribution of interparticle interfaces® and,
most importantly, the source of the charge carriers and the
corresponding carrier statistics remain unspecified. In fact,
there were so far only very few attempts that considered this
problem.>? Usually, the o(T) results are discussed in terms of
a specific charge-transfer mechanism (say, hopping), but
there is usually no account of the entities between which the
hops take place (e.g., defects, surfaces, and quantum dots),
the energy levels that are involved (e.g., in the quantum
dot*»233 as suggested in other quantum dot ensembles>*),
and the origin of the carriers that do the hops. It is not sur-
prising then that so many transport mechanisms have been
suggested in order to interpret the various data on the trans-
port in ensembles of Si quantum dots by different authors.
These include thermal emission,** tunneling through
barriers,* tunneling under Coulomb blockade,’> various
kinds of hopping,***¢ and space-charge transport.®

In contrast, it is well known that the current-voltage char-
acteristics that are associated with single semiconductor
nanocrystallites show very clearly that the transport through
those crystallites is controlled by tunneling and by Coulomb
blockade effects.” Correspondingly, while recognizing the
fact that the details of the transport mechanisms, in en-
sembles of silicon nanocrystallites, are not established yet,
the basis given by the latter effects and the strong evidence
for tunneling (or various hopping) processes and charging
events in dilute ensembles of silicon quantum dots!02%3+3>
enable us to discuss our results within the framework of se-
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quential tunneling under Coulomb blockade conditions,!? as

we have done in the present work. At present, it appears then
that one would need evidence beyond the o(T) dependence
to reliably establish the transport mechanisms in ensembles
of silicon quantum dots beyond the above general frame-
work. Such support can come mainly from local probe
microscopy’® or from additional experimental methods that
address particular aspects of the problem.> In the present
work, we overcome one of these aspects by showing the
same behavior of the conductivity and photoconductivity,
thus suggesting that the carriers in the system originate from
the nanocrystallites. An extension of such a study can further
enable to separate mobility and carrier concentration effects,
as we demonstrated recently for ensembles of CdSe quantum
dots.™*

The other important issue concerning our present paper is
the relation between the bias gap found in Fig. 3 and the
microscopic Coulomb (charging) energies expected”'*¢ in
the system. While we have previously considered some as-
pects of the charging effects and tunneling in a chain of
nanoparticles>® following the simple Sheng model,'* we re-
alize that a quantitative theoretical consideration of the
present system requires quite an elaborate theory or simula-
tion. This is so, even though the basic physics is as outlined
above, i.e., the observed bias gap is the sum of the voltage
drop across the large (“almost percolating”) clusters [see Fig.
3(b)], which are the leads to the single quantum dot (or a
small set'® of such dots) that is charged, and the Coulomb
energy of the latter. The Coulomb energy is of the order of a
tenth of an eV.”!%% To correspondingly account then quan-
titatively for the observed bias gap is not straightforward
even for the single quantum dot,'%?® the triple junction is
more complicated,’” and our case of a multijunction has not
even been attempted thus far. While very crude models
exist, 9% in a more detailed model, one will have to consider
nontrivial routes (in which the Coulomb blockade may or
may not play some role), more specifics of the tunneling
mechanism (tunneling probabilities), and the variations in
the tunneling barrier widths and heights as well as the dot
sizes along the current path. Here, it appears that local probe
microscopies’?>*® or the use of controllable small
ensemble!?>% can provide essential parameters, with which
one can try and fit possible models for this rather compli-
cated system of solid ensembles of semiconductor quantum
dots.

The third central issue is the interpretation of the PL de-
cay characteristics in Fig. 5 in terms of the present, migration
within a cluster of quantum dots, model. We first note that
while the previous works that have considered the nonradia-
tive recombination'**%4! are related in many ways to the
model suggested here, their picture is based on “migration”
to the surface or the interface with an adjacent quantum dot,
while in the present study, we suggest quite a different model
that is associated with a transport process that enables the
electron-hole separation within a cluster, where the size of
the latter follows the predictions of percolation theory.”? We
note that, in general, the problem of the PL decay with x has
hardly been considered previously and that the finding of the
common (d-independent) PL decay (with x) characteristics is
in accord with the universal increase of the average cluster
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size and, thus, can be used as a guide concerning the domi-
nant process in models that will try to account for this decay.
However, the development of an appropriate quasiquantita-
tive model for the observed behavior will have to take into
account the tunneling probabilities and the radiative and non-
radiative recombination probabilities (or decay times'**)
that are involved in the recombination processes. Again, such
models, when available, will have to be compared with (the
already available®®) various measurements on a single dot or
a small cluster of quantum dots. Also, using, in addition to
the present sample configuration, a vertical configuration by
which high fields can be applied and yield a pair separation
seems promising for a more quantitative account of the rela-
tion between local transport and carrier recombination.%! On
the theoretical end, a possible starting point may be the con-
sideration of the recombination processes in ensembles® and
coupling that with the above-mentioned information on the
clusters (that is determined by the concentration of the dots)
and with the percolation-tunneling models.?> The qualitative
picture that we can derive at present is based on the compe-
tition mechanism that we suggested. This mechanism, as
noted above, explains well our observations. Of course, as
we noted above, for a more detailed and/or quantitative dis-
cussion, one should involve not only the percolation statistics
that we considered here but also the additional parameters of
the tunneling and the efficiencies of the radiative and nonra-
diative processes.

We see then that for both the electrical and the optical
properties, further theoretical developments are required in
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order to quantitatively account for the observed behavior of
these properties beyond the theory of the single semiconduc-
tor quantum dot and beyond the qualitative physical picture
that we derived above. It also appears that, on the experimen-
tal end, local probe spectroscopies and their application to
small isolated clusters of variable sizes can indicate the ap-
proximations that can be made when one considers macro-
scopic ensembles. On the other hand, the present work has
shown, as concluded below, that the basic microscopic pro-
cesses can be studied on a macroscopic system if it provides
the special network that one encounters around the corre-
sponding percolation threshold.

In conclusion, in this paper, we presented two phenomena
around the percolation transition in ensembles that consist of
semiconductor quantum dots. Following these findings, we
are now able to suggest the basic physical mechanisms that
dominate the transport behavior of quantum dot solid en-
sembles below (migration), at (Coulomb blockade), and
above (tunneling) their percolation threshold.
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