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Electron transport through a single InAs quantum dot
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InAs islands were embedded in the channel of ann-doped GaAs/AlGaAs high electron mobility transistor
structure and a 603100 nm2 constriction was defined by lithography based on the atomic-force microscope and
subsequent wet chemical etching. Compared to an unpatterned device a strong shift of the threshold voltage to
higher gate voltages and well-defined peaks were observed at the onset of the conductance. The energetic
position as well as the magnetic-field-induced shift of the peaks confirm that electron transport through thep
shell of a single InAs quantum dot~QD! is observed. Our experimental data are in excellent agreement with
calculations based on a simple parabolic quantum dot potential. A Coulomb blockade energy of'12 meV is
determined for electrons in the first excited QD state.
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I. INTRODUCTION

Zero-dimensional systems based on semiconductor m
rials have attracted more and more attention within the
decade. Those systems are not only interesting for impro
device characteristics, they also allow the study of the beh
ior of electrons and holes in an atomiclike potential. In a
dition, all these investigations take place on an easy ac
sible energy scale. One of the most interesting mate
systems for research and applications are InAs s
assembled islands embedded in a GaAs matrix. Since t
islands grow self-organized in the Stransky-Krastan
growth mode, their fabrication is relatively easy.1–3 How-
ever, the biggest advantages of this system are the large
finement and Coulomb blockade energies caused by
small lateral and vertical extensions of the overgro
islands.4–6 For an InAs quantum dot~QD! embedded in
GaAs, a height of'4 nm and a radius of'15 nm is easily
achievable.7,8 Thus, many investigations have been done
get a better understanding of the growth,1–3,9–11and of the
optical properties of this material system.12–15 Recently sev-
eral groups have also tried to study the electron trans
characteristics of this QD system with capacitance4–6,16 and
tunneling spectroscopy.17–22 A major problem of tunneling
experiments is the fact that the QD levels have to be lif
above the GaAs band edge. In principle, there are two
proaches to achieve such an energetic situation. For ver
transport experiments~perpendicular to the dot layer! the
InAs islands were embedded in between two AlGa
barriers.17–19 However, the island formation on AlGaAs an
the energetic position of the QD levels with respect to
GaAs conduction band edge are not well investigated, ye
addition, since thin AlGaAs barriers are necessary for su
ciently high tunneling current signals, it is not certain that
the dots are totally capped with the barrier material.8 Indium
segregation makes the situation even worse.23 Sharp lines
were observed in such resonant tunneling experime
which were attributed to tunneling through one big islan
although thousands of dots were in the active region of
PRB 620163-1829/2000/62~23!/15879~9!/$15.00
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resonant tunneling diode. GaAs Schottky diodelike samp
with InAs QD’s embedded in an intrinsic GaAs layer b
tween the doped back contact and the gate circumvent
problems mentioned above. Recently, tunneling through
s andp shell was observed in such structures.24

For in-plane tunneling experiments the islands were e
bedded in GaAs near the electron channel of a high elec
mobility transistor~HEMT!.20–22 In combination with a split
gate technique, lateral tunneling through more than 20 Q
was observed in such devices. However, due to the la
number of QD’s investigated in parallel, the interpretation
the I -V curves was again difficult.

In this paper we report on lateral tunneling experime
through thep shell of an individual InAs island embedded
GaAs. For these experiments the dot layer was positione
close as possible to the electron channel of ann-doped
AlGaAs/GaAs HEMT structure. In order to achieve tunne
ing through an isolated dot we used a lithographic techni
based on the atomic-force microscope~AFM! and subse-
quent wet-chemical etching to define a point contact~PC! of
about 60 nm length and 100 nm width. At a QD density
'1010cm22 there are at maximum three dots within th
lithographically defined constriction. With increasing ga
voltage sharp lines appear at the onset of the conducta
which we attribute to electron transport through thep shell of
a single InAs island. Due to the magnetic momentum ofm
561 a splitting of the tunneling features is observed whe
magnetic field is applied to the sample in the growth dire
tion. From the magnetic-field-induced shift we extract a Co
lomb blockade energy ofEC

p '12 meV for electrons in the
first excited QD state. Our experimental findings are in e
cellent agreement withCV experiments, where the dots see
to be a bit smaller than the ones discussed in this paper6,12

II. EXPERIMENT

The samples under investigation were grown in a RIB
EPINEAT III/V molecular-beam epitaxy~MBE! system on
the semi-insulating GaAs substrate under an As be
15 879 ©2000 The American Physical Society
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15 880 PRB 62SCHMIDT, VERSEN, KUNZE, REUTER, AND WIECK
equivalent pressure of 131025 Torr. For sampleA andB a
buffer sequence of 50 nm GaAs and a 150 nm thick Ga
AlAs ~5 nm/10 nm! short-period superlattice were deposit
to smooth out the surface roughness of the substrate.
intrinsic GaAs spacer layer of 625 nm separates the In
system from the buffer layer. The substrate temperature
lowered from 630 down to 520 °C before 2.1 monolay
~ML ! InAs were deposited with a growth rate of 0.02 ML/
After an annealing time of 45 s the dots were capped wit
nm GaAs before the temperature was ramped up agai
630 °C and additional 2 nm GaAs were grown. A 15 n
thick undoped Al0.3Ga0.7As spacer layer suppresses t
influence of the following Si d-doped layer (n'1
31013cm2) on the electrons in then channel of the HEMT
structure. Finally, the sample was capped with 10
Si-doped Al0.3Ga0.7As (n'1018cm3) and 5 nm GaAs
~Si n'1018cm3!.

Hall measurements performed atT54.2 K give an elec-
tron density ofne5531011cm2 in the channel of the tran
sistor. Since the InAs QD’s act as additional scattering c
ters the electron mobility is strongly reduced down tome
51.83103 cm2/V s.

For reproducibility purpose we processed additio
nominal identical devices~sampleC and D! on a second
wafer grown under similar conditions. For this MBE mater
an electron density ofne5331011cm22 and a mobility of
me51.53103 cm2/V s was determined at low temperature

In order to check the influence of the dots on the transp
characteristic of the patterned devices a third HEMT str
ture was fabricated without dots in the channel region. D
to the absence of the dots, the low-temperature mobility
this material increased tome513105 cm2/V s at a carrier
density ofne5331011cm22.

A mesa was etched and Ohmic source drain contacts w
processed on each side. In order to study the quantum tr
port in samplesB, C, D, andE, a constriction was defined o
a mesa by AFM lithography and subsequent wet chem
etching between the source and drain contact@see Fig. 1~a!,
sampleE is without dots in the channel#. Finally the etched
area was covered with a Au Schottky gate to adjust the
tential of the PC and the energy levels of the QD’s w
respect to the Fermi energy of the source contact. Detail
the processing can be found in Refs. 25 and 26. Figure~b!
shows a scanning electron microscope image of the me
lized PC of sampleB. The inset depicts a correspondin
micrograph taken from a reference sample, where the Q
on the surface were grown under similar conditions used
the investigated HEMT structures. Due to the material c
trast between GaAs and InAs, the InAs islands appea
bright spots. A dot diameter of'25 nm was determined fo
the uncapped islands. It can clearly be seen that at a
density of'131010cm22, at maximum, 3 QD’s fit into the
constriction shown in the main frame of Fig. 1~b!

A sinusoidal source voltage ofDUS50.5 mV was applied
to the sample and the drain current was measured as a
tion of the applied gate voltage with a standard lock-in te
nique@compare Fig. 1~a!#. The peak intensity of the transpo
features linearly increases with the modulation amplitu
~checked up toDUS<5 mV!, while their full width at half
maximum remains constant forDUS,1 mV. Thus, atDUS
50.5 mV the data are taken in the linear regime. The lith
s
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graphically defined constriction~Fig. 1! results in a saddle
potential in the channel of the HEMT structure since t
etched grooves affect the two-dimensional~2D! electron gas-
like gate fingers under high reverse bias~see Ref. 27 and
references therein!.

A. Transport through a dot-free quantum point contact

In order to check the quality and functionality of our poi
contact we processed a patterned, as well as an unpatte
HEMT structure based on a material without dots in t
channel. Figure 2 displays the conductance measured on
dot-free samplesE andF. The I -V trace of the unpatterned
device~sampleE! reflects the well-known characteristic of
field-effect transistor. When a negative bias is applied to
gate the channel is depleted and current flow between
source and drain contact is suppressed. Above the thres
voltage U th520.08 V the channel is filled with electron
resulting in a smooth increase of the conductance signa
higher gate voltages until thed-doped AlGaAs region come
into resonance with the Fermi energy and the conducta
saturates.

The I -V characteristics of sampleF, however, behaves
completely different. A strong shift of the threshold voltag
to higher gate voltages can be observed caused by the sa
potential in the constriction. In addition, the conductance s
nal shows a steplike increase which is characteristic for b
listic electron transport through a PC device.27 The conduc-
tance is not exactly quantized by 2e2/h due to additional
series resistances but meanwhile exact quantization
achieved with similar devices.28 It is important to note that
all these measurements were done atT54.2 K which dem-
onstrates the excellent quality of our quantum point cont

FIG. 1. ~a! Schematic of the HEMT structure used for our sing
dot experiments.~b! displays a SEM image of the metallized P
region. The inset shows a SEM micrograph of InAs quantum d
grown on the surface of a reference sample.
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devices and the large energy separation of'20 meV be-
tween the 1D subbands in the lithographically defin
constriction.28 The approximately constant gate voltage d
tance between adjacent conductance steps reflects the
bolic character of the saddle potential in they direction ~as-
suming a linear dependence of the Fermi level in the chan
on the applied gate voltage!. The blowup of the conductanc
of sampleF demonstrates the sharp featureless onset of
signal between 0.1 V<U<0.3 V ~inset of Fig. 2!. Again, this
indicates the excellent quality of the PC and the smoothn
of the saddle potential. In a trough-shaped potential electr
can be trapped in the tunneling regime and Coulomb blo
ade oscillations should occur at the onset of theI -V trace.

B. Single dot spectroscopy

If there is a QD in the constriction the potential drops
the InAs-rich region due to the band gap offset between In
and GaAs~Fig. 3!. Of course, Fig. 3 is only a schematic o
the potential landscape. The real potential is more com
cated due to strain effects and In/Ga alloying. Neverthel
caused by the saddle potential environment the 0D level
the QD in the constriction are lifted above the Fermi ene
of the source and drain contact. By changing the gate volt
UG the saddle potential of the PC and the energy levels
InAs QD’s within the constriction are shifted relative to th
Fermi energy of the source (EF,S) and drain (EF,D) contact
~see Fig. 3!. A peak appears in the conductance when a
level comes into resonance with the Fermi level of the sou
contact and electrons are able to tunnel through the QD l
from the source into the drain region. As soon as the
level is shifted belowEF,D the electron is trapped in the do
In order to achieve tunneling again an additional gate volt
has to be applied to the sample to overcome the repul
force of the trapped negative charge~Coulomb blockade!.

Shapes of pyramids, cones, discs, and lenses~Ref. 29 and
reference therein! have been reported for InAs islands em

FIG. 2. Conductance signal of sampleE and F measured atT
54.2 K with a modulation amplitude ofDUs50.5 mV. In contrast
to the regular HEMT structure sampleE, the signal of the quantum
point contact deviceF is characterized by a steplike increase
flecting ballistic electron transport through 1D subbands. The m
nified signal of sampleF in the inset shows no peaklike structure
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bedded in GaAs but the actual shape of the overgrown c
ter is not unambiguously identified so far. However, the d
under investigation show the same electrical as well as o
cal behavior as the lens-shaped islands described in R
4–6, 13, and 16. The 3D Hamiltonian of a lens-shaped
can be separated into a component parallel and perpendi
to the dot layer.12,30 Since the height of the overgrown is
lands is only a few nm,31 the confinement in growth direction
is very strong and only one bound state exists in thez direc-
tion. A simple two-dimensional parabolic QD potenti
seems to be good enough to roughly describe the electr
structure of the InAs islands in the lateral direction.12,30,32,33

Since the energetic distance between the QD ground s
and the wetting layer ground state is approximately 180 m
and the energy separation of 45 meV between adjacent
levels is constant in a parabolic potential, we estimated 4
5 electronic levels in the QD.5 This is also in good agreemen
with strain-induced photoluminescence measurements d
by other groups.34 However, due to Coulomb effects only th
ground and first excited state can be investigated by cap
tance spectroscopy5,6,12 and by the experiments described
this paper.

Pauli’s principle allows us to load each quantum lev
with two electrons. Consequently, two conductance pe
are expected for electron transport through thes shell ~la-
beleds and s8 in Fig. 2—Coulomb blockade effect!. Since
the degeneracy of the first excited state is twofold in
parabolic approximation, four resonances should be obs
able for the first excited state~labeledp, p8, p9, p- in Fig.
2—Coulomb blockade plus degeneracy!.

The main frame of Fig. 4 displays the conductance m
sured on the dot sampleA and B, respectively. Since there
are InAs islands in the channel region the conductanc
strongly reduced in the unpatterned~sampleA! as well as in
the patterned device~sampleB! compared to the sample
without dots in the channel~see Fig. 2!. As expected sample
A shows theI -V trace of a regular HEMT structure since th
lateral electronic coupling between adjacent QD’s is we

-
g-

FIG. 3. Schematic of an InAs island in the center of the P
saddle potential. The 0D QD levels are labeleds and s8 for the
ground state andp, p8, p9, andp- for the first excited state. The
energy levels of each shell are separated by the Coulomb bloc
energy. A tunneling current flows when the energetic position o
QD level is below the Fermi energy of the source contactEF,S and
above the Fermi energyEF,D in the drain contact region~dashed
arrow!. At high gate voltages the saddle potential is shifted bel
EF,S and the electrons drift through continuum states giving rise
a continuum signalI PC.
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15 882 PRB 62SCHMIDT, VERSEN, KUNZE, REUTER, AND WIECK
and significant current flows only when the 2D level of t
triangular-shaped channel potential is filled with electro
The I -V characteristics of sampleB, however, behaves com
pletely different. A strong shift of the threshold voltage
higher gate voltages can be observed caused by the sa
potential in the constriction~compare Figs. 2 and 3!. In ad-
dition four sharp peaks~labeledp, p8, p9, p- in Fig. 4!
appear at the onset of the conductance which are well re
ducible at different cold cycles. Only a small gate volta
shift appears caused by a slightly different charge distri
tion in the surrounding of the constriction. However, t
number and relative position of the peaks remain const
Similar features can be found also in other PC devices w
InAs QDs in the channel region. The inset of Fig. 4 displa
the interesting gate voltage regime of sampleB compared to
the conductance signal of samplesC andD. It is important to
note that the gate voltage distance ofDUp,p'17 mV be-
tween the tunneling featuresp and p8 is roughly the same
between all adjacent conductance peaks in samplesB, C, and
D ~see also arrows in the inset of Fig. 4!. This behavior
reflects a nearly constant Coulomb blockade energy in
investigated QD samples and is also observed in other
vices having only a few dots within the constriction.

Figure 5 directly compares theI -V signal of the QD
sampleB with the conductance of the dot free quantum P
device sampleF. Since theI -V trace of sampleB shown in
Figs. 4 and 5 have been measured at different cold cyc
both figures nicely demonstrate the reproducibility of the Q
transport resonances which appear right below the c
tinuum signal~dashed circle!. Due to the high scattering rat
caused by the dots in the channel, the conductance
samplesB, C, andD never reaches the ballistic regime. Thu

FIG. 4. Conductance of sampleA andB measured atT54.2 K
with a modulation frequency off 5512 Hz and a modulation am
plitude of DUSD50.5 mV, respectively. The signal of sampleB is
multiplied by a factor of 25. The transport resonances through
Coulomb blocked first excited QD levels are labeled byp, p8, p9,
and p-. The inset shows in detail the interesting gate voltage
gime of sampleB compared to the conductance of the referen
samplesC andD. The conductance of sampleD is multiplied by a
factor of 20 at low gate voltages. The voltage distance betw
adjacent arrows and the conductance peaks of sampleB ~labeled
p,p8,p9,p-! are approximately the same reflecting a constant C
lomb blockade energy of the investigated InAs-QD’s.
.
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the continuum signal of the dot samples is much smaller t
the ballistic signal of 2e2/h577mS. Consequently, in the
QD devices it is not possible to observe the steplike incre
of the PC conductance which is characteristic for ballis
electron transport through a 1D system~sampleF!. Instead,
broad resonances characterize the continuum transpo
sampleB for U.0.25 V ~see Fig. 5!. Their linewidth and
their voltage separation is strongly increased compared to
peaks attributed to the InAs QD. We explain these featu
by electron transport through continuum states of the
potential which are strongly modified by the QD in the ce
ter of the constriction~arrows in Fig. 5!.

In contrast to the dot samplesB, C, and D no peaked
structure can be observed at the onset of the conductanc
sampleF ~see also inset of Fig. 2!. Since the nanolitho-
graphic processing was the same for all investigated
samples, etching damages or tunneling through edge s
cannot be responsible for the conductance peaks of sam
B, C, andD between 0.15 V,UG,0.25 V ~Fig. 4!. Thus, we
attribute these resonances in theI -V trace to tunneling of
electrons through the Coulomb-blocked shells of individu
InAs QD’s embedded in the PC potential.

The continuum signal of the PC shows no abrupt on
but gradually increases due to tunneling through the sad
point potential of the constriction~compare also theI -V
trace of sampleE between 0.25 V,UG,0.3 V and of
sampleC between 0.2 V,UG,0.24 V in Figs. 5 and 7, re-
spectively!. Since the energetic position of the QD levels
right below the continuum, the related transport resonan
overlap with this featureless background and the signal d
not go to zero between adjacent tunneling peaks.

In capacitance-voltage (CV) spectra taken on similar QD
samples the charging of the ground~s shell! and first excited
state~p shell! is clearly observable before charging of th
wetting layer results in a strong increase of the capacita
signal.5,12–16According to these experiments the QD can
loaded at maximum with six electrons~two in thes shell, and
four in thep shell!. The features related to the tunneling in
the s shell are separated by a Coulomb blockade energy

e

-
e

n

-

FIG. 5. Comparison between the conductance of sampleB and
F. The QD resonances are labeled by a dashed circle. The b
resonances in theI-V trace of sampleB are attributed to electron
transport through continuum states in the point contact~arrows!.
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EC
s '20 meV. For thep shell we expect four peaks which a

approximately equidistant in energy~separated by the Cou
lomb blockade energy ofEC

p '12 meV!.6,12 Due to confine-
ment and Coulomb effects, the energetic distance betw
the Coulomb blockeds- and the lowestp-charging features is
approximatelyEsp'55 meV.

Consequently, in our tunneling experiments we would
pect two peaks at low gate voltages~tunneling through thes
shell! then a voltage~energy! gap followed by four nearly
equidistant peaks before electron transport through the
tinuum of the PC starts resulting in a more or less feature
current signal. In the other way round, when we leave
continuum and enter the tunneling regime with decreas
gate bias, we expect four equidistant peaks~tunneling
through thep shell!, then a gap and two additional pea
reflecting tunneling through thes shell. Since we only ob-
serve four equidistant peaks in the conductance of sampB
right below the transport continuum, we relate these peak
electron transport through thep shell of a single InAs QD.
According to the strong decay of the tunneling features
Fig. 4 ~caused by the increasing barrier heights at low g
voltages! electron transport through thes shell cannot be
observed under our experimental conditions~it is expected at
U<0.09 V!. This interpretation is in good agreement wi
Refs. 4 and 35 where charging of the QD ground state fr
a 3D electron reservoir through a triangular GaAs bar
was completely suppressed. In addition, magnetic-field
periments give also some evidence for this interpretation

C. Magnetic-field dependence

Figure 6 displays the magnetic-field dependence of
conductance of sampleB. At high magnetic fields the con
ductivity of the 2D electron gas in the source and drain c
tact regions is significantly modified and the resulti
Shubnikov–de Haas oscillations interfere with the tunnel
features discussed above (U.0.15 V). In addition, caused
by another experimental environment the spectra are m
noisy and slightly shifted to lower voltages. However, t
magnetic-field-dependent behavior of the transport fea
labeledp8 andp9 is clearly resolved~dashed arrows in Fig
6!. Since the voltage distance between the peaks incre
with B, we assume that electron transport through thep shell
~labeledp in Fig. 4! cannot be detected with the setup us
for our B-field experiments. This statement will be justifie
later. The markers in the inset of Fig. 6 display the g
voltage position of peakp8 and p9 versus magnetic field
The peaks are related to the position of resonancep8 at B
50 T. The data represented by the open and full symbols
taken at different cold cycles and demonstrate the reprod
ibility of the B-field shift of the peaks. The triangular mark
ers display the voltage distance of resonancep8 and p9 de-
termined from Fig. 4. Since the magnetic momentum of
peaks ism561, the related magnetic-field-induced shift
the conductance resonances is completely different.6 While
the feature labeledp8 shifts to lower voltages with increasin
magnetic field (m521), peak p9 (m511) remains ap-
proximately constant in energy, due to the magnetic-fi
dependence of the 2D emitter states. The solid lines in
inset of Fig. 6 display a fit of Fock-Darwin states to o
experimental data. As already mentioned above the theo
en
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based on a two-dimensional parabolic QD potential wh
the magnetic-field-induced energy shift~related to the ener-
getic positionE1,21 of shell p8 at B50 T! is given by36,37

DEN,m~B!5~N11!\V1m\
vc

2
2E1,21~B50T!2\

vc

2
,

N5n11n2 , m5n12n2 , n1 ,n2PN0 , ~1!

V5Av0
21vc

2/4, vc5
eB

m*
, E1,21~B50T!52\v0 .

An energy between thes (N50) and p shell (N51) of
\v0'45 meV was extracted from photoluminescence a
capacitance experiments done on the same and sim
samples.5,12 Effective masses between 0.06•m0<m*
<0.08•m0 (m0 is the free-electron mass! are reported for
electrons in InAs QD’s.6,12 Thus, we used the effective mas
of GaAs bulk material (m* 50.067•m0) in our calculations.
The additional energy term\vc/2 in Eq. ~1! reflects the in-
fluence of the magnetic field on the 2D electron gas in
source and drain contact, respectively. As soon as a mag
field is applied in the growth direction, edge states a
formed at the saddle potential of the PC.38,39 The electrons
are now emitted from the lowest edge state which shifts w
1/2\vc to higher energies in respect to the conduction ba
edge.

As already mentioned above the combination of quant
numbersn150 andn251 results in an energy decrease

FIG. 6. Conductance of sampleB measured atB50, 2.4, 4.8,
and 7.2 T. An offset is added for clarity. At low applied gate vo
ages (U,0.13 V) the signal is multiplied by factors of 10 and 10
respectively. The markers in the inset resemble the relative
voltage positionsDUG(B) of the tunneling featuresp8 andp9 with
respect to the voltage position ofp8 at B50 T. Open and closed
symbols are taken at different cold cycles. The triangular mark
reflect the voltages distance of the equivalent levelsp8 andp9 taken
from Fig. 4. The solid lines display the calculated magnetic-fi
dependence of Fock-Darwin levels fitted to the peakp8 with a
phenomenologically added shift of 17 mV arising from the Co
lomb blockade.
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the QD levelp8 with increasing magnetic field. The Cou
lomb blocked shellp9, however, is characterized byn151
andn250 and shows almost no magnetic-field dependen
Peakp8 is well resolved in our experiments. So, we took
magnetic-field-induced energy shiftDE1,21 and the related
change of the gate voltage positionDUG,p8(B)5UG,p8(B)
2UG,p8(B50T) to determine a transformation factora
5(1.4760.13)/e from a fit between the calculated and th
experimental data:

DUG,p8~B!5a•DE1,21 . ~2!

A conversion factor a'1.8/e was extracted from the
temperature-dependent broadening of the transport fea
labeledp in Fig. 4. This value is a bit higher than the on
determined from magnetic-field experiments. However,
linewidths of the QD resonances of samplesB andC are not
only affected by temperature. Fora51.8/e a full width at
half maximum of onlyDU5a•3.52•k•T52.3 mV should
be observed atT54.2 K.40 The experimentally determine
value for samplesB andC is DU'5 mV. Due to tunneling
times of 10211s, lifetime broadening can be neglected~'10
meV!. We attribute this additional broadening to enhanc
Coulomb scattering at the potential of the charged QD’s
the channel of the 2D emitter system. An electron mobi
of m'0.2 m2 V s results in an energy fluctuation ofDE
>\/2t5\em/2m* '4 meV. The resulting broadening o
DU'1.834 meV/e'7 mV is in good agreement with ou
experimental findings. Since the temperature dependenc
this mechanism is not known, it is difficult to extract a re
able conversion factor from activation measurements.

The variation of the source modulation amplitude resu
in a conversion factor ofa'1.53/e ~for a dot in the center of
the constriction and neglecting any series resistances!, which
is similar to the one determined by magnetic field and a
vation measurements. From the gate voltage separa
DUp,p8'17 mV between the conductance peaksp andp8 in
Fig. 4 it is possible to extract a Coulomb blockade energy
EC

p '12 meV for electrons in the QDp shell (a51.47/e,
from magnetic-field experiments!. This is in excellent agree
ment with the value determined experimentally and predic
theoretically by other groups.6,12 The magnetic-field-
dependent behavior of the Fock-Darwin levelsp9

DUG,p9~B!5a•~DE1,11EC
p !, ~3!

also agrees reasonably well with our measured data~inset of
Fig. 6!. However, since the experimentally observed pe
are superimposed to an increasing background signal~com-
pare Fig. 3!, it is difficult to determine their exact gate vol
age position.

In our magnetic-field measurements the conductance
nal through thep shell of the QD seem to be below th
detection limit of our experimental setup. The intensity dr
of peakp8 with increasing magnetic field confirms this in
terpretation. Since the QD levelp8 shifts to lower energies
the height of the tunneling barriers increases with magn
field. This results in a decreasing tunneling probability a
finally p8 vanishes forB.7.2 T ~Fig. 6!. Consequently, an
energy shift ofDE.13 meV~equivalent to a voltage shift o
DU.20 mV, a51.47/e! of the QD levelp8 is enough to
suppress the tunneling current. Since the energetic dist
e.
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between the QD levelp and p8 is of the same order o
magnitude, electron transport through thep shell should be
hardly resolvable. The QD ground state is even lower
energy~energetic distance between thes and p shell is ap-
proximately 45 meV!. Thus, lateral tunneling through thes
shell cannot be observed in this configuration.

D. Multi-dot spectroscopy

Now, we focus on the transport characteristic of deviceC
andD ~inset of Fig. 4!. The conductance of sampleC shows
a large voltage gapDU between the last pronounced tunne
ing feature~labeledp-! and the continuum signal~Fig. 7!.
This effect can be explained by an asymmetric position
the QD in respect to the center of the PC potential~see Fig.
8!. When the QD is positioned, for example, on the left slo
of the saddle potential its 0D states are lowered in energy
DEC compared to a QD in the center of the constrictio
Consequently, the energy distanceDE between the upper
most QD levelp- and the PC continuum is also increas
~and with it the gate voltage differenceDU5a•DE!. How-
ever, due to the asymmetric position of the QD, the thickn
as well as the height of the tunneling barrier on the right s
of the dot is increased~compare Fig. 8!. Thus, electron trans
port is only observable through the dot levelsp9 and p-,
respectively, and the intensity of the related conductance
nal is strongly reduced.

With this interpretation it is also possible to explain th
unusual relative intensities of the individual conductan
peaks of sampleD. While in samplesB and C the peak
intensity gradually increases with the gate voltage~reflecting
the decreasing tunneling barrier at higher gate voltages!, the
conductance of sampleD behaves completely different
Transport resonances 1, 2, and 3 in Fig. 9 gradually incre
in intensity. The tunneling current of peak 4, however,
strongly reduced. Additionally, at least transport resonanc
and 2 of sampleD seem to consist of a set of narrow pea
next to each other.

FIG. 7. Conductance of sampleC measured atT54.2 K with a
modulation frequency off 5512 Hz and a modulation amplitude o
DUSD50.5 mV.
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This behavior can be explained by the dot distributi
shown in the intensity plot of the PC potential sketched
Fig. 10~a!. Since QD1 is slightly shifted to the left out of the
center of the PC, its 0D levels are lowered in energy byDE1

C

compared to a centered dot~see schematic potential at neg
tive x values in Fig. 10!. Consequently, less gate voltage
necessary to achieve tunneling through the energy level
QD1. However, a large gapDU15a•DE1 appears in the
conductance after level 3 of QD1 is shifted below the Ferm
energy of the source contact and before the electrons are
to drift from the source to the drain region through the P
continuum~Fig. 9!. Thus, the transport characteristic of QD1

is similar to the one already discussed in sampleC.

FIG. 8. ~a! Schematic gray scale graphic of the saddle poten
of sampleC with a QD in the constriction. The position of the do
is slightly shifted to the left out of the center of constriction.~b!
shows the PC potential along the solid line shown in~a!. Compared
to a QD in the center of the constriction the dot potential sho
here is lowered in energy byDEC. Due to the barrier heightDE
electron tunneling is possible only through the QD levelsp9 andp-
@arrows in~b!#.

FIG. 9. Conductance signal of sampleD (T54.2 K, f
5272 Hz, DUSD50.2 mV!. The signal is multiplied by a factor o
20 at low gate voltages. The arrows mark the tunneling resona
~labeled 1–4! caused by QD1 and QD2, respectively.DU1 andDU2

describe the distance between the PC continuum signal and
tunneling resonance 3 and 4, respectively.
of

ble

QD2 seems to be positioned close to an equipotential
defined by the center of the PC potential since its upperm
tunneling resonance~labeled 4 in Figs. 9 and 10! is right
below the PC continuum (DU25a•DE2 in Fig. 9!. A posi-
tion in the center of the saddle potential is very unlikely d
to the low intensity of the transport resonance. Thus,
assume that QD2 is shifted slightly to the edge of the PC
~Fig. 10!. In this case the tunneling barrier is enhanced
DE2

T and the thickness of the left barrier is strongly increas
compared to a centered QD. Both lead to a low intensity
the tunneling features assigned to QD2. These consideration
are also valid if electrons tunnel from QD2 through the center
of the PC potential. Since tunneling through levelp18 , p19,
andp1- of QD1 @labeled 1, 2, 3 in Fig. 10~b!# takes place at
approximately the same gate voltages as tunneling thro
p2 , p28 , andp29 of QD2 @labeled also 1, 2, 3 in Fig. 10~b!#,
the intensity of the related tunneling features is enhan
~see Fig. 9!. However, the peaks in the conductance a
dominated by the electron transport through QD1 due to a
reduced tunneling barrier height compared to QD2 (DE1
,DE21DET). This interpretation is confirmed by
magnetic-field experiments since the voltage position of
transport resonances 2, 3, and 4 in Fig. 7 are independe
an applied magnetic field up to 3 T. So far, QD1 and Q
were considered independently. However, as already m
tioned above each resonance QD1/2 in Fig. 9 consists
set of narrow lines. In contrast to the electron transp
through one QD in the constriction~sampleB andC!, these
lines seem to be only thermally broadened. Activation m
surements result in a conversion factor ofa51.6/e which is
in good agreement with the values already discussed in p
graphC. We attribute the fine structure to coupling pheno
ena between the energy levels of QD1 and QD2.41 Since the
narrow lines are grouped together, these effects seem t
weak compared to the observed Coulomb blockade energ
12 meV. This is in good agreement with ensemble meas
ments. In capacitance experiments Coulomb blockade eff
are well resolved and the observed broadening is domin

l

n

es

he

FIG. 10. ~a! Schematic gray scale graphic of the saddle poten
of sampleD with two QD’s in the constriction. The positions of th
dots are slightly shifted to the left (QD1) and to the right (QD2) out
of the center of constriction.~b! depicts the PC potential throug
QD1 and QD2 along the solid lines shown in~a!, respectively. The
QD levels responsible for the conductance peaks in Fig. 7 are
beled with 1–4.
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by the size distribution of the dots and not by electrosta
effects of charging one dot on the electronic structure of
adjacent one.42 The electronic coupling~formation of mo-
lecular states! between the QD’s is also weak since abso
tion ~photocurrent! and emission~photoluminescence! spec-
tra reveal the same line shape reflecting again the
distribution of the dots. Thus, the probability of interdot ca
rier relaxation is low.10

III. CONCLUSION

In conclusion AFM lithography and subsequent w
chemical etching were used to define a narrow PC
60 nm3100 nm in an-doped HEMT structure. While an un
patterned device shows a smooth field effect transistor c
acteristic, a strong shift of the threshold voltage and p
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