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Single-electron tunneling through two coupled quantum dots is strongly influenced by the electrostatic
interaction between the dots. At low temperatures, we observe the formation of a molecularlike state in the
double-dot system. The dots are defined by split gates in an AlxGa12xAs-GaAs heterostructure. They are of
different size and coupled in series, leading to two different charging energies. In the linear transport regime we
find the charging diagram for the double quantum dot. This diagram exhibits the operation points of the system
to be employed as an electron pump.

Transport through zero-dimensional electron systems, so-
called quantum dots, is dominated by Coulomb blockade ef-
fects and single-electron tunneling~SET!.1 Apart from these
electrostatic phenomena, quantum effects become observable
in nanoscale semiconductor devices.2,3 The electronic prop-
erties of these single quantum dots have been experimentally
investigated by transport or capacitance spectroscopy2–5 and
led to the expression ‘‘artificial atom.’’

Here, we study the conductance resonances of a double-
dot system~DDS!, consisting of two quantum dots of differ-
ent size coupled in series by a tunneling barrier. In contrast
to measurements on tunneling through a vertical double dot
structure6 our system is realized in a two-dimensional elec-
tron gas~2DEG! by a split-gate technique. The voltages of
the gate electrodes determine the charging diagram of the
DDS. From this diagram we extract the gate voltages at
which our semiconductor DDS can be operated as a single-
electron pump.7 The charging diagram is strongly influenced
by the interactions between the dots. There exist two inter-
action mechanisms: one is the electrostatic influence and the
other is the direct coupling of electron wave functions in the
different quantum dots. Concerning the electrostatic influ-
ence, a shift of the resonance condition for charging one dot
occurs when another electron is added to the other dot. In
these terms, one quantum dot acts as an electrometer mea-
suring the charging process of the other dot, as is known
from metallic systems8 or from using a single split-gate
channel as an electrometer.9 Measurements performed by
Ford et al.10 show some features, which can be related to a
two-dot system, while an electrostatic coupling was also
found by Waughet al.11 In the case of direct coupling, an
interaction of the wave functions is expected to form a mo-
lecularlike state, which can be imagined as a covalent bind-
ing of the two dots by an exchanged electron.12 The Cou-
lomb interaction is clearly seen in the measurements
discussed below and indications for a coherent state within
the DDS are also found.

The double quantum dots for lateral transport experiments
are realized by patterning a 2DEG~90 nm below the sub-
strate surface! with the help of split gates defined by
electron-beam lithography in an AlxGa12xAs-GaAs hetero-
structure grown by molecular beam epitaxy. The carrier den-
sity at a temperature of 4.2 K isns52.1131015 m22 with a
mobility of m579 m2/Vs. The geometry of the split gates is

shown in the SEM micrograph in the left inset of Fig. 1. To
define two quantum dots of different size, the following
negative voltages are applied to the different gates:
VG4,552335 mV, VG6,752343 mV, VG1,2,352767 mV,
andVG9,10521198 mV. The separate definition of the two
different quantum dots is also possible.13

The voltage of one side of the center split gate (VG8) is
varied in order to shift the electrostatic potentials of the
quantum dots. In the description below, this center gate is
called top gate~TG!, since the other top-gate voltages are
kept fixed. The opposite center gate is coupled deliberately to
the lower left gate. A back gate~BG!, situated 0.5 mm be-
neath the 2DEG, is used to additionally shift the electrostatic
potentials of the quantum dots. The small and large quantum
dots will be referred to asA andB, respectively. The con-

FIG. 1. Conductances of the double-dot system vs top-gate
voltageVTG for different back-gate voltagesVBG ranging from -60
V to -25 V. Left inset: SEM micrograph of the split-gate device.
Right inset: simplified circuit diagram of the system.
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ductivity measurements are performed in a3He/4He dilution
refrigerator with a base temperature ofT523 mK by using
common lock-in amplification techniques with an excitation
voltage ofVexc54.6 mV and a frequency ofnexc513 Hz.

The conduction through these electron islands defined by
the split gates is governed by the Coulomb blockade effect
~CB!. In Fig. 1 a plot of the conductance at zero drain-source
voltage (VS5VD) as a function of the top-gate voltage
(VTG) is shown for different back-gate voltages (VBG), step-
ping fromVBG5260 V to225 V with a step size of 0.5 V.
Sharp conductance resonances representing single-electron
tunneling are observed as a function of the gate voltages. A
better representation of the DDS’s conductance data is given
in Fig. 2. Here the conductance is represented in a gray scale,
wheresmin50 mS refers to white andsmax>2 mS refers
to black~upper part of Fig. 2!. In the lower part of Fig. 2 the
maximum conductance is set tosmax>0.2 mS, to amplify
the smaller conductance peaks. The important points to be
noted are that in comparison to a single quantum dot, two
gate voltages have to be varied to obtain a complete conduc-
tance resonance pattern. Passing a conductance resonance of
either dotA or B will change the number of electrons in the
DDS by one. This conductance resonance pattern can be in-
terpreted as a charging diagram.

In contrast to the conductance resonances of a single
quantum dot, the resonance pattern of the DDS showstwo
periodic oscillations, referring to thetwo charging or Cou-
lomb blockade energies of two ‘‘single’’ dots. The energies
are given byEC

A5e2/CS
A and EC

B5e2/CS
B , whereCS

A , CS
B

represent the total capacitances of the dotsA andB, respec-
tively. The two kinds of resonances can be clearly distin-
guished in Fig. 2: one with a short period in gate voltage
(dVBG

B ) and a large slope (dVTG
B /dVBG

B ) and the other one
with a long period (dVBG

A ) and a more gentle slope
(dVTG

A /dVBG
A ). The different periodicities of the two dots are

marked in Fig. 2 and have values ofdVBG
A >13V

(dVTG
A >220 mV! for dot A and dVBG

B >2.5 V (dVTG
B >22

mV! for dot B. The perioddVBG
A of dot A varies, as is

known to occur in very small quantum dots.2 The different
slopes result from the different capacitative couplings of the

two dots to the top and back gates~see right inset of Fig. 1!,
which allows us to distinguish the different dots in the mea-
surements. Using the drain source vs top-gate voltage depen-
dence of these oscillations atVBG5250 V for calibration,3

we find values for the Coulomb blockade energies of
EC
A/2>1.8 meV andEC

B/2>0.45 meV. The total capacitances
of the two dots are found to beCS

A5e2/EC
A>45 aF and

CS
B5e2/EC

B>178 aF.
The appearance of two periodicities is readily comprehen-

sible when considering two quantum dots connected in se-
ries. Without any electrostatic coupling a conductance reso-
nance pattern will be found representing the superposition of
the inverse of the conductivities,14 s215sA

211sB
21 . Com-

paring the measured charging diagram of the DDS with the
expected superposition of the resonance patterns of two sepa-
rate dots, we observe a pronounced‘‘anticrossing’’ of the
resonance lines instead of a simple crossing. The ‘‘anticross-
ing’’ of the resonance lines indicates the electrostatic inter-
action between the two dots. The resonances in Fig. 2 can
best be understood in the schematic charging diagram of Fig.
3. Depending on the two gate voltages (VTG andVBG) re-
gions with different numbers of electronsnA andnB in dot
A andB can be distinguished.15 These regions are separated
by boundaries which mark the change of the number of elec-
trons in dotA and/or dotB by one electron. There are three
different boundaries corresponding to the charging of dotA
(a) or of dot B (b) with an electron from the leads~solid
lines!, and the exchange of an electron between both dots
(g, dotted line!. These charging processes are possible when
the following energy conditions in dependence of the gate
voltages VBG and VTG are fulfilled: a, EDD

el (nA11,nB)
2EDD

el (nA ,nB)5eVS ; b, EDD
el (nA ,nB11)2EDD

el (nA ,nB)
5eVD ; g, EDD

el (nA11,nB)2EDD
el (nA ,nB11)50; where

VD andVS give the electrostatic potentials of the drain and
source lead. Using the notation of the circuit diagram~right

FIG. 2. The data of Fig. 1 shown as a gray-scale plot. The
conductance data are represented in the range ofsmin50 mS
~white! andsmax>2 mS ~black!. In the lower part (VBG5260 V
to '247 V! the conductance limits smin50 mS and
smax>0.2 mS are chosen, to enhance the resolution.

FIG. 3. A magnified part of the charging diagram in Fig. 2 is
shown schematically. Different regions of Coulomb blockade~CB!
are characterized by their charging state, e.g., (nA ,nB) specifies the
CB area withnA electrons in dotA andnB electrons in dotB. Full
circles (d) denote the electron transfer process through the double-
dot system sketched in the upper part of the inset, which corre-
sponds to the counterclockwise pathe. The empty circles (s) can
be interpreted as the hole process~lower part of the inset!, which
corresponds to the clockwise pathh.
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inset of Fig. 1! the electrostatic energy can be written as

EDD
el 5

1

2
QiC̃i jQj1QiT̃ikVk , ~1!

regarding the Einstein sum convention withi , j5A,B, and
k denoting all gate and lead contributions. The chargesQA
and QB are integer multiples of the electron charge,
QA52nAe andQB52nBe. The inverted capacitance ma-
trix C̃i j comprises the capacitance relations of the single dots
and of the coupled system. The diagonal termsC̃ii}1/CS

i

determine the charging energies of the isolated dots, while
the off-diagonal elementsC̃i j}Cid /(CS

i CS
j ) with iÞ j and

C̃AB5C̃BA are responsible for the ‘‘anti-crossing.’’ The val-
uesCS

i ( i5A,B) are the total capacitances of the single dots
which are found by the summation over the geometrical ca-
pacitances of the whole dot system.Cid denotes the interdot
capacitance. The matrixT̃ik}@Cik /CS

i 2CidCjk /(CS
i CS

j )#
( iÞ j ) is dimensionless and describes the capacitative cou-
pling of the dotsA andB to the back gate, the top gates, and
the leads.

For a DDS a conductance resonance is found when an
electron is tunneling throughboth dots. The conditions for
such a process are met, whenever three boundaries in the
charging diagram~Fig. 3! meet in a point.These triple points
determine the gate voltages at which the DDS can be em-
ployed as a single-electron pump.7 We can distinguish two
kinds of triple points, marked by a filled circle (d) and an
open circle (s), which correspond to different transfer pro-
cesses. The first process (d) is given by the following se-
quence of transitions: (nA ,nB)→(nA11,nB)→(nA ,nB11)
→(nA ,nB). This is marked by the counterclockwise pathe
in the charging diagram and is illustrated in the upper inset
of Fig. 3 as an electron sequentially tunneling from one lead
to the other. The energy conditions for these transitions are
EDD
el (nA,nB)1eVS5EDD

el (nA11,nB)5EDD
el (nA,nB11). The

second process (s) is characterized by the sequence
(nA11,nB11)→(nA11,nB)→(nA ,nB11)→(nA11,nB11),
marked by the clockwise pathh. This can be interpreted
as a sequential tunneling of a hole in a direction opposite to
the electron, as is shown in the lower part of the inset
of Fig. 3. In this case the energy conditions for the
transitions areEDD

el (nA11,nB11)2eVD5EDD
el (nA11,nB)

5EDD
el (nA ,nB11).16 From the energy conditions for both

processes (d and s) it is found that the displacement
~dashed line betweene and h) of the two triple points is
proportional to the interdot capacitanceCid . For electrostati-
cally decoupled dots, i.e.,Cid→0, the triple points are at the
same position in the charging diagram. The electrostatic cou-
pling lifts the degeneracy of these points and results in a
splitting of the resonance conditions for different tunneling
processes through the DDS.

In Fig. 2 the triple points are clearly seen together with
the resonances marking the charging of dotA. The resonance
corresponding to the charging of dotB is well pronounced in
the upper right part of the measured charging diagram. The
exchange of an electron between the dots~conditiong) oc-
curs without a charge transfer from one lead to the other,
thus, no conductance resonance is caused by this transition
alone~dotted line in Fig. 3!. Extending the resonance lines,

the honeycomb pattern of Fig. 3 is found, formed by the
Coulomb blockade regions. The splitting of the triple points
caused by the electrostatic interdot coupling appears as an
‘‘anticrossing’’ of the resonance lines.

The mutual electrostatic influence can be identified by the
steps found in the resonance lines which corresponds to a
fixed charging process of one dot. This is best seen in the
lowest resonance line of Fig. 2 aroundVBG5255 V, which
represents the charging of dotA. At certain positions, steps
occur resulting from the charging of dotB. As dot B is
charged with another electron, a sudden change in the elec-
trostatic potential of dot A is induced, which shifts the reso-
nance condition. Thus, dotA acts as an electrometer measur-
ing the charging processes of dotB. The step size is
proportional to the strength of the electrostatic interdot cou-
pling.

The observation of the conductance resonances away
from the triple points contradicts the model of a strictly se-
quential tunneling process~see Fig. 2!. The exchange of an
electron between the dots without altering the total number
of electrons in the system suggests the formation of a coher-
ent mode in the DDS. Similar to the symmetric and antisym-
metric wave functions in a double square-well potential17 or
the covalent binding in a molecule,12 the electron in this
mode cannot be localized in one of the dots. This coherent
mode extends in the region between the splitted triple points
~see pointse andh in Fig. 3!.

Since the temperature introduces a dephasing
mechanism,18 thus destroying a coherent mode, we deter-
mined the charging diagram as a function of the temperature.
In Fig. 4 the diagram is shown at low and high temperatures
(Tl523 mK andTh51.6 K!. The encircled regions mark
some of the conductance peaks split due to the Coulomb

FIG. 4. Charging diagram of the double-dot system, taken at
different temperaturesT523 mK ~upper plot! and 1.6 K ~lower
plot!. The gray-scale is given in the limitssmin50 mS ~white! and
smax>3 mS ~black!. The arrows mark two triple points and the
valley between them. In the inset the complete temperature depen-
dence of the points marked by the arrows is given in a double-
logarithmic representation.
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interaction between the dots. The positions marked by the
arrows refer to two triple points and to the transition region
between them, the so-called valley. In the inset of Fig. 4 the
full temperature dependences of the valley of conductance
and the two conductance triple points are given. As can be
seen, the valley has a high conductivity at low temperatures,
which saturates at temperatures below 100 mK, while at
higher temperatures its conductance is considerably more
suppressed than the triple points conductance. AtT51.6 K
the decrease in conductance in the valley is almost 75% of
the low temperature value. This behavior is also found for
other valleys. Assuming sequential tunneling, conductance
resonances are expected revealing a temperature-dependent
broadening only, whereas the observed drasticdecreasein
conductance withincreasingtemperature indicates the exist-
ence of a coherent mode in the DDS.This delocalized mode
represents a molecular like state in the DDS. At higher tem-
peratures this state is dephased and only sequential tunneling
is of importance. Thus, the molecularlike state decays into
states localized at the two different ‘‘artificial atoms.’’

In summary, we presented transport measurements of a
coupled DDS with two quantum dots of different size. The
charging diagram of the DDS is determined by varying two
gate voltages as external parameters. The triple points of this
diagram are associated with the sequential tunneling of an
electron, respectively of a hole through the DDS. They de-
note the voltages at which the device can be employed as a
single-electron pump. The finite electrostatic coupling of the
dots leads to an ‘‘anticrossing’’ of the conductance reso-
nances. The existence of a coherent tunneling mode in the
DDS is indicated by the fast decrease of conductance with
increasing temperature.
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