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Abstract

We report experimental studies on lateral transport in self-organized
quantum dots. We find that below 100 K, conduction occurs through
interdot hopping and that experimental results are described quite well by a
variable-range hopping model. In the hopping regime, the in-plane
conductance varies as G = Gqexp[(—Ty/T)'/*], and Ty, is found to be
7100-9400 K. We have also observed a large negative magnetoresistance in
this structure.

Electronic phenomena in self-organized quantum dots have (a) (b)
interested researchers for quite some time [1-6]. In particular,
lateral transport in structures including these dot layers has
attracted significant attention [7-10]. The self-organized dot
system is highly suitable for studying conduction mechanisms
in localized states in a quasi-zero-dimensional space. In
figure 1(a), we show a schematic of the density of states in
a system of self-organized dots. Theoretical and experimental
results show that there are at least two states, shown as E; E B Ec
and E,, where the electronic wavefunction is substantially
localized within each dot and there are extended states starting ~ (©)
at Ec, where the electronic wavefunction is spread over the
entire sample [3,4]. Due to the size fluctuations in the dots,
the localized states have a certain spread over energy (about
30-50 meV) as shown in figure 1(a).

From the description given above we can expect several
interesting regimes of transport in the lateral plane of the dots:
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dots. As in amorphous materials, we expect variable-
range hopping where the probability of an electron
hopping to a neighbouring site depends on the distance
to that site and the difference in energy between that site
and the starting energy. Such hopping is mediated by
phonons.

(c) At higher temperatures than the case above, but at
similar electron densities, we expect that electrons are
thermally excited to the extended states and transport
occurs primarily through the extended states.

(d) At high electron densities, the extended states are
occupied. In this case, transport is essentially similar to
transport in degenerate semiconductors.

In this paper, we examine all these regimes using a gated
device. However, due to the its interesting nature, we focus
our discussions on the regime of variable-range hopping.

We etched mesas in the shapes of bars into the
heterostructure which were grown by molecular beam epitaxy
(MBE) and are shown in figure 1(b). The quantum dots are
approximately pyramidal with a base length of about 20 nm,
a height of 6-8nm, and a density of 10'°-10'! dotscm™2,
as observed by atomic force microscopy (AFM) and cross-
section transmission electron microscopy (XTEM) [4]. We
then evaporated and annealed Ni/Ge/Au contacts. To enable
us to modulate the Fermi level and individually explore the
various conduction regimes describe above, we also formed
a Schottky gate by Ni/Au evaporation. The device is 50 um
long and 80 um wide.

To estimate electron densities, we performed a self-
consistent calculation of the one-dimensional Schroedinger
and Poisson equations assuming two states (four electrons)
per dot. The band diagrams, calculated at 50 K, are shown in
figure 1(c). At zero gate voltage, we find that we have a large
density of carriers in the well, however by lowering the gate
voltage to —0.4V, we find that the Fermi level drops below
the energy of the bottom of the well. At Vg = —0.4V we
calculate the electron density in the well to be 3 x 10° cm™2
and three electrons per dot.

The results of resistance measurements conducted on this
device are shown in figure 2(a). As would be expected for
either thermally activated conduction or hopping conduction,
the resistance decreases with increasing temperature. In the
former mechanism, without sufficient thermal energy to excite
electrons above the bandgap discontinuity, most electrons
are trapped in the confined dot states and therefore cannot
contribute to conduction. In the latter conduction mechanism
because phonons are required to conserve energy in during
a hop, the higher phonon density at a higher temperature
increases the hopping rate and thereby increases conductivity.
Our data exhibit two distinct slope regions, which we attribute
to these two conduction mechanisms. The breakpoint between
the conduction regimes is at about 100 K.

Above 100K, the dominant conduction mechanism is
thermal activation, which is characterized by a temperature-

dependent resistance:
Ec—E
Ry = Ro(T) exp (%) M

The temperature dependence of Ry is due to the temperature
dependence of resistivity in the Aly ;5Gag gsAs layer, which is
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Figure 2. (a) Resistance of InAs quantum dot layer for several gate
voltages. At high temperatures thermally activated conduction
dominates, but at low temperatures hopping conduction dominates;
(b) the Fermi level position in the dots extracted from the data;

(c) measured and calculated resistance shown in a magnified
temperature range within the hopping conduction regime.
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negligible compared to the exponential factor. The slope of
the curves in this conduction region gives the position of the
Fermi level, which is plotted in figure 2(b).

Below 100K at sufficiently negative gate biases, the
thermal energy of electrons is insufficient to overcome the
activation barrier, and hopping conduction dominates. When
Ec — Ep > 40meV, electrons are primarily confined to
the ground state where they are strongly localized. We are
unable to measure the conductivity of electrons in these states
since the current levels are comparable to the background
noise current. This is expected since electrons are strongly
localized in the ground state and there is negligible overlap
between the electron wavefunctions of neighbouring dots.

For the case where Ec — Er < 40 meV, electrons reside
in the excited state where the electron wavefunctions are less
localized. Here, at low temperatures, we expect that Mott’s
model [11] of variable-range hopping conductivity may be
applicable. The planar distribution of confined states leads
toa T7~1/3 law [12, 13], resulting in a hopping rate of

~ T, 1/3 ,
P =vpexp || == ; 2)
where
T — 27a? 3)
* T IN(Epks'

« is the decay rate of the quantum dot wavefunction (i.e.
W ~ exp(—aR)) and vy, is the phonon frequency. The
conductance is directly proportional to the hopping rate:
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R is the average hop distance. Figure 2(b) shows the hopping
region magnified and plotted on a 7~!/3 axis, as is suggested
by the model. We plot the results for Vg < —0.4 V. Above
this gate voltage, there is significant conduction in the well and
extended states. The solid line is the fit to the datain accordance
with equation (4) resulting in Ty ranging from 7100 to 9400 K.
It should be noted, however, that the validity of the fit cannot be
conclusively affirmed due to the limited range of the measured
resistance values. Equation (3) allows us to estimate « if we
can approximate the density of dot states, which is the ratio of
the dot density (10" dots cm™2) to the photoluminescence
line-width (250 meV) yielding N (Eg) ~ 2x10'2eV~!cm™2.
Using the Ty = 8100 K, the average value, we calculate 1 /o ~
250 A, a reasonable value for the extent of an excited state
wavefunction. At this gate voltage (—0.4 V), the Fermi level
is about 40 meV below the band-edge discontinuity according
to equation (1), so electron occupation of the excited states is
expected.

In materials where hopping is the mechanism responsible
for conductivity, negative magnetoresistance (MR) has often
been observed [14, 15]. Thus, we measured the MR of the self-
organized quantum dot material to see if a similar phenomenon
can be observed. The measurements were conducted with the
magnetic field perpendicular to the sample surface. The MR
of an ungated device, shown in figure 3(a), reveal a large

“

$ s v 4 T U ¢ U ¢ © v

300K

160K
DRI

Magnetoresistance

0 1 2 3 4 5
Magnetic Field [ T]

0.975

0.95 1

Magnetoresistance

0.925

0.9

o 05 1 15 2 25 3 35 4
Magnetic Field [ T]

Figure 3. (¢) MR measured on an ungated InAs quantum dot layer.
Negative MR is observable below 160 K and increases in magnitude
at lower temperatures. The data is fit with AR/R o« B"; (b)) MR
measured on a gated InAs quantum dot layer.

negative MR, observable at ambient temperatures as high
as 160K. At lower temperatures, the negative MR becomes
more pronounced. We find a field dependence of the MR:
AR/R o B" for fields greater than approximately 1 T, but for
lower fields the magnitude of the MR is smaller than would
be expected from this relationship. The exponent ranges from
n=0.3at10Kton = 0.6at 65 K. A power law has previously
been found in amorphous Ge [16]. On the same heterostructure
which was grown at a different time, we conducted a similar
measurement using a gated device as shown in figure 3(b). As
the Fermi level is driven deeper into the dots (i.e. Vg is made
more negative), the magnitude of the negative MR increases.
While the observation of a pronounced negative MR adds
support to the assertion that conduction in the self-organized
quantum dot system is via hopping, it should be noted that
hopping is not the only phenomena which can explain it.

In conclusion, we studied lateral electron transport in
self-organized quantum dot systems. At low temperatures,
T < 100K, hopping conduction dominates while at higher
temperatures, thermal activation of carriers is more prevalent.
In the hopping regime, we use the Mott model fit to the
observed data. The self-organized quantum dots also exhibit
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a large negative MR up to 160 K which further reinforces the
hypothesis that hopping exists at a sufficiently low temperature.
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