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We investigate the noise properties of a zero-dimensional InAs quantum dot(QD) embedded in a GaAs-
AlAs-GaAs tunneling structure. We observe an approximately linear dependence of the Fano factor and the
current as a function of bias voltage. Both effects can be linked to the scanning of the three-dimensional emitter
density of states by the QD. At the current step the shape of the Fano factor is mainly determined by the Fermi
function of the emitter electrons. The observed voltage and temperature dependence is compared to the results
of a master equation approach.
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The so-called shot noise has been discussed initially for
vacuum tubes, where the current through the device fluctu-
ates due to the stochastic nature of the electron emission
process.1 A comparable semiconductor device is a single tun-
neling barrier and the observed shot noise follows the same
expression as that in a vacuum tube: Its noise power density
S=2eI is proportional to the average currentI with e being
the electron charge.2 However, it has been shown that the
amplitude of the shot noise for resonant tunneling through a
double-barrier structure is suppressed in relation to the so
called Poissonian value 2eI. The occurrence of a suppression
is independent from the dimensionality of the resonant state:
It has been observed in quantum well structures where the
tunneling takes place through a two-dimensional subband.3,4

Later experiments in systems containing 0-dimensional
states also show a suppression of the shot noise amplitude
below the Poissonian value.5,6 This suppression is caused by
an anticorrelation in the current due to the finite dwell time
of the resonant state in the tunneling structure.7,8

In this paper we present noise measurements on self-
assembled InAs quantum dot(QD) systems. These samples
provide ideal conditions for measuring the characteristics of
single 0-dimensional states since different individual QD’s
can be selected for transport by applying different bias volt-
ages between the source and drain contacts.9–11 In a previous
paper6 we examined transport through an ensemble of quan-
tum dots. Now we explore the regime of transport through an
individual quantum dot in detail.

The active part of our samples consists of a GaAs-AlAs-
GaAs resonant tunneling structure with embedded InAs
QD’s of 10–15 nm diameter and 3 nm height.12 These QD’s
are situated between two AlAs barriers of nominally 4 nm
(bottom) and 6 nm(top) thickness. The thicker barrier is
partially penetrated by the InAs QD’s. This results into an
effective width of 3–4 nm which is slightly thinner than the
bottom barrier. A 15 nm undoped GaAs spacer layer and a
GaAs buffer with graded doping on both sides of the reso-
nant tunneling structure provide three-dimensional collector
and emitter electrodes. Connection to the active layer is re-
alized by annealed Au/Ge/Ni/Au contacts.

About one million QDs are placed randomly on the area
of an etched diode structure of 40340 mm2 area. However,

it has been proven that only a small fractions&1000d of
these QD’s is actually able to participate in the electronic
transport.13

A diagram of the conduction-band profile with one InAs
QD embedded in an AlAs barrier is sketched in the inset of
Fig. 1(a). Due to the small size of the InAs dots the ground
state energiesED,i of all QD’s are larger than the Fermi en-
ergy without applied bias voltage. When applying a finite
bias the zero-dimensional(0D) states of the QD’s inside of
the AlAs barrier can be populated by electrons and a current
through the structure sets on. The largest quantum dots at the
tail of the size distribution with lowest energy are first get-
ting into resonance. The small number of “largest” dots adds

FIG. 1. (Color online) (a) Current-voltage characteristics of a
GaAs-AlAs-GaAs double barrier tunneling structure with embed-
ded InAs quantum dots at a temperature ofT=1.5 K (black line, left
axis) and shot noise amplitudeS as derived from averaging the
curves in(b) for f =1−10 kHz(open symbols, right axis). The scale
of the right axis was chosen such that the black line corresponds on
this axis to the full Poissonian shot noiseS=2eI expected for a
single barrier structure. Inset: Schematic profile of the band struc-
ture at positive bias where resonant tunneling through a QD is ob-
served.(b) Typical noise spectra of the sample for different bias
voltages. The data is smoothed with a 120 Hz boxcar average. The
fluctuations of the signal increase with frequency due to the capaci-
tive loading of the current amplifier.
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the additional selection for measuring transport through
single InAs QD’s.

A typical current-voltagesI-Vd curve is shown in Fig.
1(a). We observe a steplike increase ofI at bias voltages
VSD.75 mV. Each one of these current steps corresponds to
the emitter Fermi energyEF getting into resonance with the
ground statesED,i of different individual QD’s.

For positive bias voltagesVSD.0 the electron tunnels
first from the back contact through the thicker bottom barrier
onto the resonant state and then through the effectively thin-
ner barrier to the front contact. Thus the emitter tunneling
rate UE is smaller than the collector tunneling rateUC and
the dot is mostly empty. Therefore, the emitter tunneling rate
dominates the current and allows us to study the influence of
the emitter on the noise properties.

For the noise measurements the sample is mounted into a
specially crafted holder that reduces the stray capacitance.
This is necessary since the current noise is measured by a
low-noise current amplifier that tends to increase its internal
noise in case of capacitive loading. We used a current ampli-
fier with bandwidth 10 kHz and inherent noise level of nomi-
nally 10 fA/ÎHz. The output signal is fed into a fast-Fourier-
transform analyzer for spectral decomposition. The sample
holder itself is installed in a4He cryostat with a variable
temperature insert that can be flooded with liquid helium.

In Fig. 1(b) we show noise spectra for different applied
bias voltages after subtraction of the intrinsic amplifier noise
and correction of the amplifier gain. Frequency dependent
1/ f noise appears only for high bias andf ,1 kHz. For
f .1 kHz we observe for the complete voltage range of in-
terest frequency-independent shot noise. We determine the
shot noise amplitude by averaging the spectrum from 1 to 10
kHz. The resulting voltage dependence of the shot noise am-
plitude S is shown by the open circles in Fig. 1(a).

In order to characterize the amplitude of shot noise one
usually compares the measured values to the Poissonian
value 2eI which is observed for tunneling through a single
barrier foreVSD@kBT. The scale of the right axis in Fig. 1(a)
was chosen in such a way that the black line corresponds to
the full Poissonian shot noise. The comparison reveals a sup-
pression of the measured shot noise beneath 2eI which can
be understood as follows: As long as the ground stateED of
a QD is occupied the tunneling of an additional electron
from the emitter is forbidden, resulting in an anticorrelation
of successive tunneling events on a time scale corresponding
to the dwell time of the resonant state. This makes the trans-
port process less “randomized” and consequently the shot
noise is reduced.6

We will now concentrate onto the two well resolved steps
at VSD=80 and 110 mV, denoted with(I) and (II ). Figure
2(a) focuses onto this part of theI-V curve. With increasing
voltageVSD the dot energiesED,i =ED,i

0 −beVSD are lowered
with respect to the emitter(lever armb<0.4). For each reso-
nance level crossing the Fermi energy from empty to occu-
pied emitter states we observe first a steplike increase of the
current. With further decreasing energyED,i the current drops
linearly as indicated by the dashed lines. This nicely matches
the prediction of Liu and Aers14,15 for resonant 3D-0D-3D
tunneling.

The observed linear decrease of the current is related to
the scanning of the density of states(DOS) of the three-

dimensional emitter by the QD ground state. We can describe
this in terms of energy respectively, voltage dependent tun-
neling ratesUE,CsVSDd of emitter and collector. Neglecting
the energy dependence of the wave function overlap14 the
tunneling rates are proportional to the areaAsEDd~ED−EC

in momentum space satisfying energy conservation.15 Thus
UsEDd~ED−EC depends linearly on distance of the dot en-
ergy ED to the conduction band edgeEC. Assuming UE
!UC due to the asymmetric barriers the currentI
<2eUEsVSDd acquires the observed linear dependence.

For our sample with a Fermi energyEF<14 meV and an
energy-to-voltage conversion factor ofb<0.4 the current
falls back to zero when the distance to the onset voltage
exceedsDV<35 mV, since then the QD ground state with
energyED,i moves below the conduction band edgeEC of the
emitter. This agrees with the extrapolation of the current pla-
teau by the dashed lines towardsI =0 in Fig. 2(a).

The aforementioned approximate linear dependence of the
current is mirrored in the behavior of noise properties. In
Fig. 2(b) we plot the Fano factora defined as the ratioa
=S/2eI of the measured noiseS to the full Poissonian shot
noise 2eI. At the step edges of the current we observe maxi-
mal noise suppression, respectively minimala. With further
increase ofVSD the Fano factor rises approximately linearly
until the next quantum dot comes into resonance. In a previ-
ous experiment6 the quick succession of new QD’s lead to
the observation of a series of peaks ina. In the present
sample the large spacing of the quantum dot energies allows
us to observe and extrapolate the linear dependence of the
Fano factor for a single resonance. We find a valuea<1 for
the sameVSD value at which the current vanishes.

We can calculate the expected Fano factor using a master
equation approach following Kiesslichet al.16,17 (see also

FIG. 2. (Color online) (a) I-V characteristics for the transport
through the first(I) and second(II ) lowest lying resonance levels.
Each corresponds to a different InAs dot in between the barriers.
The dashed lines are guides to the eye to show the linear behavior
of the current and its extrapolation to zero(see text). (b) Measured
Fano factor a=S/2eI of the InAs QD’s. The data have been
smoothed with a five-point boxcar average. Again the dashed lines
are guides to the eye for the linear behavior.
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Ref. 18). For a spin degenerate ground state and forbidden
double occupancy due to Coulomb blockade we find

a = 1 −
4QEQC

s2QE + QCd2 < 1 − 4
QEsVSDd

QC
+ OSQE

2

QC
2 D . s1d

Here we have setfEsEd=1 and fCsEd=0 for the emitter and
collector Fermi functions. In the second step we kept only
terms of orderQE/QC. We also omit the voltage dependence
of QC as it changes only weakly in the relevantVSD window:
Due to the large bias voltage the electrons tunnel into collec-
tor states at energies high above the Fermi energy and the
conductance band edge. The change in the collector tunnel-
ing rate is only of orderEF /eVSD<0.1 for a change ofVSD
from the step edge to vanishing current for a single reso-
nance.

With Eq. (1) we easily understand that the linear behavior
of the Fano factor has the same origin as the linear behavior
of the current, namely, the linearly vanishing tunneling rate
QEsVSDd~V0−VSD with V0 the voltage at whichED crosses
EC. Near this pointQE!QC and we observe essentially
single barrier tunneling with full Poissonian shot noiseS
=2eI and thusa=1.

The smallest value of the Fano factor ofa<0.55 shows
up at the current step edge of QD(II ) in Fig. 2. Following
Eq. (1) this corresponds to an asymmetry of the tunneling
ratesQC/QE<4. In case of QD(I) the asymmetry is in-
creased since the maximal suppression isa<0.62, corre-
sponding toQC/QE<6. This difference most likely stems
from the height distribution of the InAs QD’s resulting in
differing effective thicknesses of the collector barrier.

We will now concentrate our analysis onto the tempera-
ture dependence of transport through QD(II ) which yields a
larger current and thus a stronger noise signal. Figure 3 dis-
plays the measured current and Fano factor for two different
temperatures. The temperature mainly affects the step edge:
When shifting the resonant levelED through the Fermi en-
ergyEF the current changes smoothly due to the finite width
of the Fermi function. In a first approximation this could be
modeled by a voltage and temperature dependent tunneling
rate QE

TsT,VSDd~ fE fT,EDsVSDdg A fEDsVSDdg with AsEDd
the area in momentum space as described above andfE

−1=1
+exphfEDsVSDd−EFg /kBTj the Fermi function. In this de-
scriptive approach the tunneling rate is proportional to the
occupied density of states fulfilling energy conservation. For
a more rigid evaluation we use a master equation
approach16,17 which yields the following formulas for the
currentI and the Fano factora:

I =
2efE QEsVSDdQC

s1 + fEd QEsVSDd + QC
, s2d

a = 1 −
4fE UEsVSDdUC

fs1 + fEd UEsVSDd + UCg2 . s3d

The equations were derived for a spin degenerate quantum
dot with forbidden double occupancy due to Coulomb en-
ergy.

In order to fit the theoretical expression for the current
IsVSDd [Eq. (2)] and the Fano factorasVSDd [Eq. (3)] to the

experimental data we use the following procedure: The ratio
of the tunneling ratesQC/QE=4.4 at the step edge is de-
duced from the Fano factor while the absolute valueQC
=2.43109 1/s is gained from a fit of the current. The lever
armb=0.35 and the dot energy were chosen for a best match
of the step edge, and the linear extrapolation ofQE regarding
to the scanning of the emitter DOS was fitted to the further
evolution of the Fano factor on the current step. For best
agreement we include the contributions of QD(I) and QD
(III ) which are relevant at the onset of current through QD
(II ) and forVSD.127 mV where transport through QD(III )
sets in. As described in Ref. 6 for transport through multiple
dots we useI =oI i and a=osI i / Idai with I i and ai for each
dot given by Eqs.(2) and (3).

In Fig. 3 we show the results of the afore discussed pro-
cedure for currentI and Fano factora in comparison to the
experimental data for two different temperatures. It is evi-
dent that both the current through QD(II ) and the corre-
sponding noise suppression can be described satisfactorily by
the above sketched model. Also the peak in the Fano factor
at VSD<128 mV is well described by the sum of contribu-
tions from QD(II ) and QD(III ) which confirms Ref. 6 where
several peaks ina were observed at each onset of current
through an additional quantum dot.

This dependence of the Fano factora on VSD underlines
unambiguously that the suppression of the shot noise is in-
deed linked to the ratio of the tunneling rates since due to the
3D-0D-3D tunneling in our experiment we are able to tune

FIG. 3. (Color online) (a) Modeling of the currentI for transport
through quantum dot(II ). Symbols denote measured data, lines are
the result of the model[Eq. (2)], extended with contributions of QD
(I) and(III ). The comparison of two different temperatures demon-
strates the softening of the step edge due to the Fermi distribution.
(b) Same for the Fano factora, which is modeled by Eq.(3). The
data for the Fano factor have been smoothed with a five-point box-
car average.
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QE in relation toQC. Furthermore we can conclude that the
crossover from full shot noisea=1 into the suppression is,
just as the step edge of the current, governed by the Fermi
function fE of the emitter.

Nevertheless, we observe some deviations from our
simple model and we will discuss these now. We observe
some fine structure in the current and the shot noise in the
“plateau” region which is caused by the fluctuations of the
local density of states of the emitter.19

However, the main difference between the experiment and
the theoretical model is the overshoot of the currentI directly
after the step edge for 110 mV&VSD&113 mV. Most prob-
ably this is related to a Fermi-edge singularity(FES) that
was shown to enhance the tunneling near the threshold when
the QD state is resonant with the emitter Fermi energy. It is
caused by a Coulomb interaction of the fluctuating charge on
the QD and the emitter electron reservoir.11,20 Interestingly
the Fano factor does also reveal a stronger shot noise sup-
pression below the value given by Eq.(3). For increased

temperature the overshoot of the currentI has virtually van-
ished as expected for a FES effect.11,20 Also the additional
suppression of the Fano factor below the single particle ex-
pectation[Eq. (3)] has vanished. Therefore we assume that
both features are caused by the same physical process, that is
electron-electron interaction.

To conclude, we have measured the shot noise suppres-
sion for resonant 3D-0D-3D tunneling through a single InAs
QD. We could show that the Fano factora is linked to the
ratio of the tunneling rates through emitter and collector bar-
rier, QE and QC, respectively. We model the observed volt-
age and temperature dependence of current and shot noise
following a master equation approach and find in general a
good agreement.
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