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Meyer-Neldel-like manifestation of the quantum confinement effect in solid ensembles
of semiconductor quantum dots
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We report clear crystallite size dependencies of the transport and phototransport properties in solid-state
ensembles of semiconductor quantum dots. By finding a Meyer-Neldel-like behavior for the former and by
comparing the experimental results with computer simulations for the latter, we show that the above depen-
dencies are associated with the quantum confined induced variation of the band gap in the individual dots.
These findings go beyond the available knowledge of interparticle conduction mechanisms by providing a basis
for the corresponding physical statistics of such quantum dot ensembles.
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While the single semiconductor quantum dot is relatively
well understood,'~* the understanding of the physical
properties’>™ of dense ensembles of quantum dots (QDs) is
still at a rudimentary level. In particular, while considerable
advances in the evaluation of the optical properties®® and in
the interdot conduction mechanisms> in such ensembles
have been reported, no correlation was made between their
macroscopic, disordered-semiconductorlike transport and
phototransport properties,”°~!” and the quantum confinement
induced level shifts in the corresponding individual nano-
crystallites (ncs). In this Brief Report, we report such corre-
lations for a prototype of these ensembles and show that
these correlations result primarily from the corresponding
relative shift between the edge of the ensemble’s conducting
miniband and the Fermi level of the macroscopic ensemble.
Our study then goes beyond all previous studies that were
concerned essentially with the intercrystallite conduction
mechanism? and not with the statistical physics, i.e., the car-
rier concentration aspect of the transport in these ensembles.

To illustrate the limited information available for solid
state ensembles of semiconductor QDs, let us consider first
the fundamental property of the conductivity activation en-
ergy E, that is defined by

o= oy exp(— EJ/kT), (1)

where o is the measured conductivity in the dark, oy is the
fitted conductivity prefactor, and k7 is the thermal energy. As
far as we know, models that correlate the value of E, and the
ncs diameter, d, have been proposed previously only for po-
rous silicon.!9 In the latter system, however, the involvement
of the silicon disordered tissue that encapsulates the
crystallites'! and the Coulomb blockade there!> makes the
interpretation'® of the corresponding electrical transport ob-
servations quite indirect. In contrast, in the system of CdSe
ncs which is the best representative system of semiconductor
quantum dots,” the ncs (and, in particular, the value of d) are
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usually>®!13 well characterized (see below) and the geometri-

cal connectivity of the system is simple.’

Considering the fact that CdSe QDs serve as a prototype
of quantum dot systems'>3 and that data on these and other
systems can be found in the literature'~ let us review briefly
in this Brief Report only the information concerning the
E,(d) dependence in ensembles of such dots. Closely packed
CdSe ncs that are separated from each other by 1-nm-thick
ligands yielded® E, values in the 0.1-0.2 eV range, but the
scattering in those data did not allow the authors to derive a
clear correlation between these values and the values of d.
This was also the case with various solid (physically depos-
ited) systems of CdSe ncs.'*~'® A clearer correlation was
found, however, in films prepared by chemical-bath
deposition!” but, in one case, these results were attributed to
doping effects at the grain boundaries and, in another, the
relation between the E, values and the quantum confinement
has not been discussed. In all the above studies, the values of
o, have not been reported. However, noting the results of
Ref. 17, we adopted a similar chemical-bath deposition
technique'® for our present study of the macroscopic trans-
port properties. In particular, using undoped films of the
same thickness (200 nm) has enabled us to attribute the ob-
served E, and o values more directly to the d values in our
ncs that are in the quantum confinement regime (d
<11.2 nm) of CdSe.!? The interpretation that we suggest for
the corresponding dependencies follows the self-consistent
picture that we found here between the dark and the pho-
totransport properties.

We have previously characterized the microstructure of
our deposited films and their optical transmission.'3!® The
size distribution of the crystallites at a given sample was
found to be centered around a diameter d with a distribution
width of about d/5. The d values, in the range of
7.5—12.5 nm, were determined by the temperature of the
chemical solution used in the deposition process.!® Our
transport and phototransport measurements have been car-
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FIG. 1. The observed dependence of the dark conductivity acti-
vation energy on the mean crystallites diameter in our correspond-
ing solid-state ensembles of CdSe quantum dots. The lines shown
are guides to the eye.

ried out in the coplanar configurations that have been de-
scribed previously.'?° The optical transmission spectra that
we found were very similar to those found® for closely
packed ensembles of CdSe quantum dots and they have
shown'® that for the 7.5<d<10.5 nm range, the change in
the optical gap AE, is about 0.3 eV.

Our previously presented typical o(T) dependencies have
clearly shown'? two types of behaviors that are easily corre-
lated with two types of samples,'® those on which we could
measure the electrical conductivity only above relatively
high (about 200 K) temperatures and those on which we
could measure the conductivity down to the liquid N, tem-
perature. Following our previous x-ray data,'® we know that
the samples with d<<10.5 nm consist only of hexagonal-
wurtzite (HW) crystallites (circles in Figs. 1-3), while
samples with d>11 nm consist only of cubic zinc-blende
(ZB) crystallites (squares in Figs. 1-3). An intermediate case
of a sample with d=10.7 nm (a triangle in Figs. 1-3) is a
mixture of the two phases.
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FIG. 2. A Meyer-Neldel-like plot of the dark conductivity pref-
actor as a function of the activation energies given in Fig. 1 for the
three crystallite-size regimes studied in the present work.
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FIG. 3. The measured dependence of the electron’s mobility-
lifetime product (dashed curve) and the corresponding light inten-
sity exponent (solid curve) on the measured conductivity activation
energy in the series of the studied ensembles (i.e., on the crystallites
size as given in Fig. 1) at 250 K. The curves shown are guides to
the eye.

Analyzing our o(7) data'® according to the parameters of
the Arrhenius plot [Eq. (1)] in the 200-300 K range yielded
the E,(d) dependence that is shown in Fig. 1. We see first a
clear transition at d= 11 nm, which corresponds well to the
transition from the HW-type to the ZB-type samples. The
scattering in the data does not allow the derivation of an
exact functional dependence of E, on d but the strong mono-
tonic decrease of E, with increasing d, within the samples of
the HW phase, is clear, indicating a shift AE, of about
0.3 eV. This is in excellent agreement with the optical shifts
AE, of others'® and ours'® and, thus, with the simplest sug-
gestion that AE, has to do with a quantum confinement ef-
fect. This is also consistent, of course, with the fact that the
excitonic Bohr radius of CdSe is 5.6 nm (Ref. 1) suggesting
that the observed transition in E,(d) is also a signature of the
transition to the weak confinement regime in CdSe.

Turning to the oy values, we plot their dependence on E,,
in Fig. 2. We see that, for very small E, values (i.e., the large
d values of the ZB phase), the oy, values (squares) are inde-
pendent of d and that, for the mixed phase sample (triangle),
the results are intermediate between those of the ZB samples
and those of the HW samples (circles). The fact that there is
no monotonic transition from the ZB to the HW behavior
indicates that a simple semiconductor model (e.g., an in-
crease in donor concentration, the dashed line) cannot ac-
count for the behavior presented by the solid line (also, see
below). The interesting finding in Fig. 2, however, is that for
the larger d values of the pure HW phase, we find a depen-
dence (the solid line) that follows a very well-defined Meyer-
Neldel rule (MNR).!"2!-23 This dependence does not extend
into the very small d samples (encircled dots) where there is
a scatter of the log(oy) values. Noting that the optical gap E,
was found!® also to be changing through this latter d range
of strong confinement, while o here does not, one can
speculate that the transport character changes (e.g., from
weaker to stronger coupling) as we go from the intermediate
d (MNR-like behavior) regime to the strong confinement
(small d) regime.
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Returning to the MNR behavior (the solid line in Fig. 2),
we further analyze the MNR dependence according to the
relation'!?!

log, (o) =1og,(Byng) + Eo/Eyvng» (2)

finding the MNR parameters Bypg=4 X 107" (Q cm)~! and
Eyving=0.014 eV. These values show that the present system
is remarkably different from that of, for example, hydrogen-
ated amorphous silicon'"?! where, typically, Bynr=6
X 1070 (2 cm)™! and Epng=0.04 eV. The importance of this
difference is that it shows that a very different mechanism
controls the conduction process in each of the systems. In
particular, the much smaller By in the case of CdSe nano-
crystals suggests a conduction process with a lower probabil-
ity than the one that is determined by extended states in
disordered (amorphous) semiconductors. This, in turn, sup-
ports our previous suggestion'® of hopping conduction be-
tween the corresponding distributed quantum confinement
shifted levels of adjacent crystallites rather than between de-
fect and band-tail states in a disordered bulk material.

The above statistical shiftlike behavior appears, then, to
be a clear indication of the increase of the separation be-
tween the conduction band edge E. and Ej with decreasing
d. This behavior can result, in principle, from either an in-
crease of the band gap E, while E is pinned, or from the rise
of Er due to an increase of the donor concentration with
increasing d. While the above discussed former scenario that
yields the MNR behavior is consistent with the optical
data,""31% the latter scenario is only consistent with an ob-
served inverse MNR behavior? such as the one from the ZB
to the HW doping-defect transition?* (the dashed line in Fig.
2).

In trying to provide independent evidence for our inter-
pretation of the above MNR in terms of a quantum confine-
ment induced band shift, we studied the phototransport of the
system. In Fig. 3, we show then the results of the measure-
ments of the photoconductivity oy, and its light intensity
exponent v, (defined by oy, G, where G is the photocar-
rier generation rate?2>2%) that we measured as a function of
E, (i.e., of d). Two transitions in the d dependence of the
mobility-lifetime product of the majority carriers (the elec-
trons here) (u7), (=0,,/qG, where g is the elementary elec-
tronic charge) are clearly seen. These transitions take place
at the same d values that we found for the transitions in the
dark conductivity data. The results shown in Fig. 3(a) indi-
cate that in the small d (strong confinement) regime, the
dependence of (u7), on d is the strongest, it weakens in the
“intermediate confinement” regime, for which we found the
MNR, and is practically nonexistent in the ZB regime. On
the other hand, as seen in Fig. 3(b), the value of 7,(d)
changes significantly only in this intermediate confinement
regime. We do well know,?>?® from the simplest possible
model of an n-type photoconductor, that for a single
trapping-recombination level, E,, a y,~0.5 value is typical
for an E, that lies below Ep, while it reaches a y,~ 1 value
when E, lies at (within a couple of kT’s) or above Ep. This is
consistent with our model as follows. The observed behavior
is known?>?° to result if E is relatively pinned and E, is
shifted upward through Ej (here with decreasing d, i.e., with
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FIG. 4. The simulated dependence of the electron’s mobility-
lifetime product (dashed curve) and the corresponding light inten-
sity exponent (solid curve) on the bottom of the conduction band or
the energy gap (i.e., on the crystallites size) in the corresponding
CdSe quantum dots. The model used in the simulations is of a
pinned Fermi energy and a single-level recombination center in a
semiconductor which shifts simultaneously with the bottom of the
conduction band. The band-gap range, E.—E,, considered here is
typical of CdSe Qds (Refs. 1 and 8). The parameters used were
E =0, E.—E;=0.75 eV, Er=1.1 eV, the density of states of both
band edges was taken as 2.5 10" cm™3, the concentration of the
recombination centers was taken as 10'7 cm™, and their capture
coefficients for both electrons and holes was taken as 107! cm? s,
The electron mobility value was taken as 1 cm?/V s and the tem-
perature as 250 K.

increasing E,). On the other hand, since the separation of E,
and E; is determined by atomic forces, these two levels are
expected to shift upward together with the decrease of d.
This is in full accordance with our optical data'® and the
expected quantum confinement. If, as above, we assume then
that E is relatively pinned (with respect to the variations in
d), the fact that E,=Ep+E, implies that the E,(d) behavior is
induced by the quantum confinement. Hence, our dark con-
ductivity results, the observed optical shift of E, and the
v,(d) behavior, are all consistent with the upward shift of E,
with decreasing d. It is important to note that the well-known
difficulty of distinguishing between mobility and concentra-
tion variations, so typical for semiconductors, is removed in
the evaluation of 7, since this quantity depends only on the
recombination kinetics and not on the transport
mechanism.>26

To rigorously support the above scenario, we have con-
ducted a comprehensive simulation study (such as in Ref.
20) of the effects of the relevant energy level shifts on the
phototransport properties. Preferring simplicity to compre-
hensiveness in this presentation of our study (in particular,
by leaving out mobility variation effects), we consider here
only the very simple case of a pinned Fermi level with a
single level of recombination centers E, that (in contrast to
all cases treated previously in the literature>-2%) shifts simul-
taneously with E.. Indeed, the results we present in Fig. 4
clearly show the decrease of (u7), and the increase of 7y,
with the simultaneous upshift of E,. and E,. These, in particu-
lar the behavior of 7,, which depends solely>>-° on the po-
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sitions of E., E,, and Ep, are in full accordance with the
expected increase of E, (or E.—Ey or E.—E,, i.e., the band
gap here) that we observed in Fig. 3. The increase of E, with
decreasing d, as shown in Fig. 1, associates then the behavior
exhibited in Fig. 3 with the quantum confinement effect in
the individual crystallites.

One should note, however, again, that, in principle, the
results shown in Fig. 1 can be accounted for by a second
scenario; i.e., that for some “unknown” reason there are more
donorlike states with the increase of d, and thus the corre-
sponding observed decrease of E, with d has to do with a
“pinned” E,. and an upshift of E. If this would have been the
case, we should have that with increasing d there should also
be a relative rise of Er with respect to E, and, thus, an in-
verse behavior to the one shown in Figs. 3 and 4 should have
been observed, i.e., that y, should increase from % to 1 (or
stay at 1) and (u7), should decrease with increasing d in
contrast with our observations. Our comprehensive pho-
totransport study shows, then, that the relative shift of the
electronic levels with respect to a pinned (or relatively
pinned) E is responsible for the various d dependencies that
we found in this study. This, and the fact that the correspond-
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ing variations of energy levels in the individual crystallites
take place in the strong-to-intermediate quantum confine-
ment regime (8<<d=<11.2 nm) of CdSe, provide, then, a
clear evidence for the transport manifestation of the latter in
solid-state ensembles of QDs.

In conclusion, we have shown that, in a solid ensemble of
quantum dots, the macroscopic electrical properties reflect
the quantum confinement effect in the individual crystallites.
In particular, the behavior of the dark conductivity and the
phototransport parameters were shown to result from band-
gap broadening in the individual dots. In turn, the application
of the concept of a macroscopic Fermi level to such en-
sembles is concluded to provide a very useful tool for the
analysis and understanding of the transport in them. The
transport parameters that we derived in this study also indi-
cate, however, that the carrier propagation is determined by a
low probability process that is associated with a relatively
strong localization of the charge carriers in the quantum dots.
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