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A quantum point contact placed close to a quantum dot can be used as a charge detector with time
resolution to monitor the charge flow on the level of individual electrons. The current through the
quantum point contact may take two possible values corresponding to the situation of an additional
electron being on or off the quantum dot. Time traces of such two-level behavior allow to measure
the average current, the tunnel rates in and out of the quantum dot, the time-dependent fluctuations
of the current !noise", as well as higher-order current correlations. This high-sensitivity method to
measure charge flow can also be used to detect time-resolved single-electron interference. © 2009
American Institute of Physics. #DOI: 10.1063/1.3116227$

I. INTRODUCTION

Electron transport through semiconductor quantum dots
can be understood using the concepts of Coulomb blockade
as well as sequential and cotunneling through a double bar-
rier system.1 The current through a quantum dot is limited by
the tunnel barriers which can be tuned by gate voltages. For
typical transport measurements at temperatures below 100
mK the smallest detectable currents are of the order of 10 fA
using typical measurement times of about 1 s per data point.
This corresponds to a rate of electrons passing the quantum
dot of about 100 kHz. A typical current signal therefore av-
erages over many elementary charges. Noise measurements
are a powerful tool to investigate correlations in the current
flow which are related to the particular mesoscopic device
under investigation. Current correlations are much more dif-
ficult to measure than the current itself and require typical
current levels of nanoampere if conventional amplifiers and
correlation techniques are used. Here we demonstrate that a
quantum point contact, or more generally a constriction,
placed close to a quantum dot can be used to monitor the
current flow in a time-resolved fashion. This gives access to
ultrasensitive current measurement down to attoampere,
high-resolution measurements of the noise and even higher-
order correlations in current flow as well as interference ex-
periments on the level of individual electrons.

II. TIME-RESOLVED ELECTRON TRANSPORT

The sample shown in the left part of Fig. 1 is based on a
Ga#Al$As heterostructure with a two-dimensional electron
gas !2DEG" 34 nm below the surface. It was fabricated by
local oxidation with a scanning force microscope !SFM".2

The 2DEG is depleted below the oxide lines written on the
GaAs surface #bright lines in the top left of Fig. 1$ thus
defining the quantum dot connected to source and drain con-
tacts as well as the constriction placed above the quantum
dot.

As a bias is applied across the quantum dot electrons
may flow from source to drain, if a quantum state is in the

bias window !see schematic in the lower right part of Fig. 1".
For all experiments presented here the electronic temperature
is of the order of 100 mK. The thermal broadening in the
leads is much smaller than the applied bias. We can therefore
safely neglect temperature-activated processes. Because of
Coulomb blockade, electrons have to pass sequentially
through the quantum dot. Since the quantum dot and the
quantum point contact are close to each other they are elec-
trostatically coupled. If an additional electron occupies the
quantum dot the potential in the neighboring quantum point
contact is affected and the current is reduced. Therefore the
quantum point contact can be used as a sensor for the aver-
age charge occupation of the quantum dot.3

If the tunnel barriers are raised by appropriate gate volt-
ages the transfer rate of the electrons through the dot is re-
duced and the current becomes too small !less than 10 fA" to
be measured by conventional means. However, the charge
sensor can still be used to monitor the average charge occu-
pation of the dot. If the current through the quantum point
contact is measured as a function of time, it becomes pos-
sible to detect the electrons in a time-resolved fashion as
they pass the quantum dot.4,5 A typical time trace of such a
situation is displayed in the upper right of Fig. 1. In this case
the current in the detector drops from about 6 to about 3.5
nA as an additional electron occupies the quantum dot. The
downturns in this trace reflect the situation when an electron
enters the dot from the source contact. The upturns corre-
spond to the situation that an electron leaves the dot to the
drain contact. Since the bias applied across the dot is much
larger than the thermal energy kT we can safely neglect ther-
mal processes which could also reverse the direction of elec-
tron transport.

A time trace like the one displayed in the upper right of
Fig. 1 contains a lot of information. Counting the downturns
!or upturns" as a function of time gives the mean current
through the quantum dot. A statistical analysis of the high
!low" current states allows to extract the rates for the source
!drain" tunneling rates separately.6 A closer inspection of the
count rate also allows to measure noise and higher-order cor-
relations in the current.6

For a further analysis we follow the framework devel-a"Electronic mail: ensslin@phys.ethz.ch.

JOURNAL OF APPLIED PHYSICS 105, 122401 !2009"

0021-8979/2009/105"12!/122401/4/$25.00 © 2009 American Institute of Physics105, 122401-1

Downloaded 07 Sep 2009 to 192.33.102.26. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1063/1.3116227
http://dx.doi.org/10.1063/1.3116227


oped in the so-called full counting statistics.7 This method
relies on the evaluation of the probability distribution func-
tion of the number of electrons transferred through a conduc-
tor within a given time period. One starts from a long time
trace similar to the one shown in the upper right of Fig. 1.
This time trace is divided into smaller intervals of equal
length. Then one identifies intervals with a certain number of
events and plots the number of intervals found as a function
of the number of events in each interval. This procedure
results in data such as the one plotted in Fig. 2. The bars
arise from the analysis of experimental data and the red line
is the calculation.7 The only adjustable parameter is the scale
for the vertical axes, since the number of counts depends on
the length of the time trace.

The two distributions shown in Fig. 2 result from data
taken on the same sample for slightly different gate voltage
settings. While the mean of both distributions is about the
same, the width differs by about a factor of 1.5. This means

that the mean current flow for the two gate voltage settings is
about the same while the noise level differs by about a factor
of 2. The numbers indicated in the inset of the two figures
show the tunnel rates for source and drain contacts for the
two situations. In Fig. 2!a" the two tunnel rates differ by
more than a factor of seven. This means that the total current
is mostly determined by the thicker tunnel barrier and the
situation of tunneling through a single barrier is recovered.
This corresponds to classically independent particles follow-
ing a Poisson distribution which is characterized by a ratio of
the current noise with respect to the current, also called the
Fano factor, of 1. For the presentation shown in Fig. 2!a" this
means that the width of the distribution !i.e., noise" is about
the same as the mean of the distribution !i.e., current". In the
situation shown in the Fig. 2!b" the tunneling rates for the
source and drain barrier are about the same. The tunneling-in
rate of an electron is not only determined by the source tun-
nel barrier, but also by the fact that an electron may not enter
an occupied quantum dot because of Coulomb blockade.
This additional correlation between successive electrons
leads to a reduction in noise, or a Fano factor below one,
meaning that the width of the distribution is smaller than its
mean.

A more systematic analysis is presented in Fig. 3. The
horizontal axis is the asymmetry of the tunnel barriers. For a
given gate voltage setting the tunnel barriers can be deter-
mined from time traces such as the one shown in Fig. 1.
From these time traces the asymmetry of the two barriers can
be calculated without any adjustable parameter. The vertical
axis in Fig. 3!a" is the Fano factor, i.e., the ratio of the width
and the mean of the distribution. In Fig. 3!b" the same data is
shown, but this time for the ratio of the third and the first
moment of the distribution. The dotted line follows the cal-
culation in Refs. 8 and 9 as indicated by the equations which

FIG. 1. !Color online" Left: SFM micrograph of the structure. Yellow lines indicate oxide lines written with the atomic force microscope in the surface of the
AlGaAs heterostructure. The potential landscape of the electrons residing in the 2DEG 34 nm below the surface is very similar to the potential profile of the
oxide lines. Upper right: typical time trace of a quantum point contact signal measured as electrons tunnel into and out of the quantum dot. Lower right:
schematic diagram of the energy levels in the quantum dot and the corresponding chemical potentials in the source and drain leads. The applied bias is larger
than the thermal smearing kT in the source and drain contacts !adapted from Ref. 6".

FIG. 2. !Color online" Statistical distribution of the number n of electrons
entering the QD during a given time. The two panels, !a" and !b", correspond
to two different values of the tunneling rates, obtained for different values of
the gate voltage. The time is chosen in order to have the same mean value of
number of events for both graphs. We have checked that this choice does not
affect the results. The line shows the theoretical distribution. The tunneling
rates are determined experimentally, and the theoretical curves are calcu-
lated following Ref. 7 !adapted from Ref. 6".
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are shown in the lower left corners of Figs. 3!a" and 3!b". No
adjustable parameters are used. Longer time traces allow for
better statistics and the determination of higher-order mo-
ments of the distribution.10 Theory assumes a detector with
infinite bandwidth and time traces with infinite length. Both
quantities are finite in the experiment but can be measured.
The typical bandwidth in our setup is around 30 kHz and is
limited by the cabling of the cryostat and the amplifiers. The
finite bandwidth and the length of the time traces can be
explicitly taken into account for a quantitative comparison of
experiment and theory.11

III. TIME-RESOLVED DETECTION OF SINGLE
ELECTRON INTERFERENCE

The interference of phase-coherent particles is one of the
hallmarks of quantum mechanics to demonstrate the wave-
particle duality. Usually interference experiments are done
with a beam of particles !photons, electrons, atoms, etc.". In
order to demonstrate that it is really the wave packet com-
posed of one particle which interferes with itself, it is neces-
sary to make sure that only one particle is in the experimen-
tal setup at a given time. For massive particles such an
experiment was performed by Tonomura et al.12 who sent
electrons one by one through an electron microscope which
had a double slit arrangement before the detection screen. A
similar experiment in a solid-state environment requires the
exquisite control of the relevant quantum mechanical degrees
of freedom. A screen with spatial resolution is difficult to
realize in a mesoscopic device. Therefore we use an
Aharonov–Bohm-type setup where the relative phase of the
two interfering trajectories can be tuned by a magnetic flux.

The sample is shown in Fig. 4!a". Electrons enter from
the source contact !S" into the double dot !1,2" and then
leave to the drain contact !D". The two dots 1 and 2 are
coupled by two tunnel barriers. The oxide dot in the center
between the two dots makes sure that electron going from
dot 1 to dot 2 have two possible paths which is required for
an interference experiment. The schematic in Fig. 4!d" indi-
cates the tunnel rates extracted from experiments not shown
here.13 With our detector bandwidth of 30 kHz we can mea-
sure the tunneling rates between source and dot 1 and be-
tween dot 2 and drain. The tunneling rate between the two
dots is of the order of gigahertz and too fast to be detected by
our setup. Three typical time traces are shown in Fig. 4!b".

They are color-coded with respect to the schematics pre-
sented in Fig. 4!c" which indicate the relevant arrangement
of the involved energy levels tuned by suitable gate voltages.
These time traces allow to extract tunnel rates as well as
higher-order correlations in the tunneling processes as de-
scribed before for a single quantum dot. In addition the am-
plitude of the time traces indicates the location of the elec-
tron distribution which is monitored. The blue time trace has
the smallest amplitude because the electrons being detected
reside in quantum dot 2 which is farthest away from the
charge detector. The yellow time trace, on the other hand, has
the highest amplitude, since it reflects tunneling events be-
tween the source contact and dot 1, which is closest to the
detector. The time trace shown in magenta is for the situation
where tunneling events between the two dots are possible
since the levels are aligned. The tunneling events occur on
time scales !gigahertz" much faster than what can be re-
solved by the detector !kilohertz". Nevertheless, the ampli-
tude of the magenta-colored time trace is between the ampli-
tudes of the blue and the yellow time traces since in the
intermediate case the monitored events are related to elec-
trons residing in a state which extends into both quantum
dots. The events which are related to electron tunneling
events between either source or drain and the double dot do
not depend on the interference of the two partial waves
around the center of the dot. The tunneling events between
the two dots, which do contain the interference information,
are too fast and not accessible for our detector due to band-
width limitations. It will be an interesting experimental prob-
lem in the future, whether and how a detector with a higher
bandwidth may allow for which path detection and therefore
lead to a reduction in the amplitude of the phase coherent
signal.

In order to overcome our experimental bandwidth limi-

FIG. 3. !Color online" !a" Second and !b" third normalized central moments
of the fluctuations of n as a function of the asymmetry of the tunneling rates.
The dashed lines are the theoretical predictions. No fitting parameters have
been used since the tunneling rates are fully determined experimentally.
!adapted from Ref. 6"

FIG. 4. !Color online" !a" Double quantum dot used in the experiment.
Yellow lines are written with a scanning force microscope on top of a
semiconductor heterostructure and represent the potential landscape for the
electrons. The QDs !marked by 1 and 2" are connected by two separate
arms, allowing partial waves taking different paths to interfere. The current
in the nearby !IQPC" is used to monitor the electron population in the system.
!b" Time traces for three different arrangements of the dot levels and the
Fermi levels in source and drain. !c" Schematic of the level arrangement
with color code numbered I, II, and III related to the three time traces in !b".
!d" Schematic of the tunnel rates connecting the double dot to source and
drain !kilohertz" as well as the tunnel rate between the two dots !gigahertz".
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tations the sample has been tuned to a special regime which
is indicated in Fig. 5!a". In this configuration the tunneling-in
process brings an electron from the source contact via cotun-
neling through dot 1 directly into dot 2. The tunneling-out
process is a standard sequential tunneling process from dot 2
into the drain contact. The rate of the tunneling-in process is
limited by the tunnel barrier between source and dot 1 and
therefore slow and measurable by our detector. At the same
time this process contains two possible trajectories around
the center antidot and therefore the relative phase between
these partial waves can be tuned by a perpendicular magnetic
field.

Figure 5!b" shows the experimentally measured count
rate versus magnetic field applied perpendicular to the
sample plane. A clear B-periodic pattern arises whose peri-
odicity agrees with an estimate based on the characteristic
enclosed area of the trajectories. In contrast to most
Aharonov–Bohm experiments performed on open geometries
!e.g., Refs. 14 and 15" the amplitude of the oscillatory signal
is more than 90% of the total signal. For electrons cotunnel-
ing through dot 1 there is only a discrete state and no elec-
trons from a surrounding Fermi sea for phase-breaking scat-
tering processes are available. A more detailed analysis of
the relevant time traces allows to determine the tunneling-in
and tunneling-out rates as well as the noise and higher
correlations.16 This way one can show that only the
tunneling-in rates containing the two partial waves around
the antidot are periodic in magnetic field, while the
tunneling-out rates are independent of magnetic field. Upon
reversal of the bias direction across the double dot the mag-
netic field dependence is exchanged between the two rates.16

IV. CONCLUSIONS

Time-resolved charge detection is a well-developed tool
also used for the investigation of single-spin dynamics.17 We
have demonstrated that this method is versatile to investigate
weakly coupled quantum dots where the tunneling currents
are too small to be measured by conventional means. In ad-
dition ultralow noise levels can be measured with noise pow-
ers about six orders of magnitude smaller than accessible by
standard measurement techniques. With improved statistics

also higher-order correlations in the electron flow can be
measured. The general detection technique of a constriction
which is capacitively coupled to a nearby quantum dot has
been extended to InAs nanowire quantum dots,18 graphene
nanostructures,19 and single hole devices realized on AlGaAs
heterostructures.20 Also the backaction of a highly biased
quantum point contact measuring the charge occupancy of a
nearby double dot has been investigated.21 Future experi-
ments will work toward increased bandwidth in order to
measure faster processes and in the end reach the regime of
real quantum detection.
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FIG. 5. !Color online" !a" Energy level configuration of the double quantum
dot. Electron transport from source to QD2 is possible by means of cotun-
neling. !b" Number of electrons arriving at QD2 within a fixed period,
measured as a function of magnetic field. The count rate shows an oscilla-
tory pattern with a visibility higher than 90%. !adapted from Ref. 16"
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