PHYSICAL REVIEW B VOLUME 62, NUMBER 23 15 DECEMBER 2000-I

Electron transport through a single InAs quantum dot
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InAs islands were embedded in the channel ohatoped GaAs/AlGaAs high electron mobility transistor
structure and a 60100 nn? 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 thropgh the
shell of a single InAs quantum dé®D) is observed. Our experimental data are in excellent agreement with
calculations based on a simple parabolic quantum dot potential. A Coulomb blockade enert)® ofeV is
determined for electrons in the first excited QD state.

I. INTRODUCTION resonant tunneling diode. GaAs Schottky diodelike samples
with InAs QD’s embedded in an intrinsic GaAs layer be-
Zero-dimensional systems based on semiconductor matéween the doped back contact and the gate circumvent the
rials have attracted more and more attention within the lagproblems mentioned above. Recently, tunneling through the
decade. Those systems are not only interesting for improvedlandp shell was observed in such structufés.
device characteristics, they also allow the study of the behav- FOr in-plane tunneling experiments the islands were em-
ior of electrons and holes in an atomiclike potential. In ad-0€dded in GaAs near the electron channel of a high electron
dition, all these investigations take place on an easy acce§20bility transistorHEMT).”*“In combination with a split
sible energy scale. One of the most interesting materia@@te technique, lateral tunneling through more than 20 QD's
systems for research and applications are InAs selfwas observed in such devices. However, due to the large
assembled islands embedded in a GaAs matrix. Since the§&imber of QD's investigated in parallel, the interpretation of
islands grow self-organized in the Stransky-Krastanowthe!-V curves was again difficult. _ _
growth mode, their fabrication is relatively easy. How- In this paper we report on lateral tunneling experiments
ever, the biggest advantages of this system are the large coirough thep shell of an individual InAs island embedded in
finement and Coulomb blockade energies caused by th€a@As. For these experiments the dot layer was positioned as
small lateral and vertical extensions of the overgrownClose as possible to the electron channel of radoped
islands*® For an InAs quantum dotQD) embedded in AIGaAs/GaAs HEMT structure. In orde_r to achle_ve tunn_el-
GaAs, a height o~4 nm and a radius of£15 nm is easily ing through an |solat_ed dot we _used a lithographic technique
achievable’? Thus, many investigations have been done toPased on the atomic-force microscopgFM) and subse-
get a better understanding of the growt® **and of the duent wet-chemical etching to define a point cont&d) of
optical properties of this material systéAT'®Recently sey- about 60 nm length and 100 nm width. At a QD density of
eral groups have also tried to study the electron transport 10°cm 2 there are at maximum three dots within the
characteristics of this QD system with capacitdné®and I|thograph|cally'def|ned constriction. With increasing gate
tunneling spectroscopy-?? A major problem of tunneling volftage sharp lines appear at the onset of the conductance
experiments is the fact that the QD levels have to be liftegvhich we attribute to electron transport through frehell of
above the GaAs band edge. In principle, there are two ap? Single InAs island. Due to the magnetic momentunmof
proaches to achieve such an energetic situation. For verticaf =1 a splitting of the tunneling features is observed when a
transport experimentgperpendicular to the dot layethe — Magnetic field is applied to the sample in the growth direc-
InAs islands were embedded in between two AlGaAstion. From the magnetic-field-induced shift we extract a Cou-
barriers'’~*° However, the island formation on AlGaAs and lomb blockade energy oEg~12meV for electrons in the
the energetic position of the QD levels with respect to thefirst excited QD state. Our experimental findings are in ex-
GaAs conduction band edge are not well investigated, yet. Igellent agreement witBV experiments, where the dots seem
addition, since thin AlGaAs barriers are necessary for suffito be a bit smaller than the ones discussed in this paper.
ciently high tunneling current signals, it is not certain that all
the dots are totally cappeq With the barrier mategrilaidiym Il EXPERIMENT
segregation makes the situation even wéfs8harp lines
were observed in such resonant tunneling experiments, The samples under investigation were grown in a RIBER
which were attributed to tunneling through one big island,EPINEAT I11I/V molecular-beam epitaxyMBE) system on
although thousands of dots were in the active region of théhe semi-insulating GaAs substrate under an As beam
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equivalent pressure ofX10 ° Torr. For sampleA andB a point contact a)
buffer sequence of 50 nm GaAs and a 150 nm thick GaAs *'“':S'QD

AlAs (5 nm/10 nm short-period superlattice were deposited
to smooth out the surface roughness of the substrate. An
intrinsic GaAs spacer layer of 625 nm separates the InAs
system from the buffer layer. The substrate temperature was
lowered from 630 down to 520°C before 2.1 monolayer

. . — > L)
(ML) InAs were deposited with a growth rate of 0.02 ML/s. y& X InAs-QDs
After an annealing time of 45 s the dots were capped with 8 )
. source drain gate
nm GaAs before the temperature was ramped up again to 3 voltage current voltage ¢
630°C and additional 2 nm GaAs were grown. A 15 nm I I

thick undoped AJsGa,;As spacer layer suppresses the
influence of the following Si 5doped layer (~1

X 10"3cn?) on the electrons in tha channel of the HEMT
structure. Finally, the sample was capped with 10 nm
Si-doped A} Ga-As (n~10¥cn®) and 5 nm GaAs
(Si n~10%cn).

Hall measurements performed B&4.2K give an elec-
tron density ofn,=5x 10 cn? in the channel of the tran-
sistor. Since the InAs QD’s act as additional scattering cen-
ters the electron mobility is strongly reduced down @
=1.8X10%cn?/Vs.

For reproducibility purpose we processed additional

nominal identical device¢sampleC and D) on a second FIG. 1. (a) Schematic of the HEMT structure used for our single
wafer grown under similar conditions. For this MBE material qot experiments(b) displays a SEM image of the metallized PC

an electron density ofie=3x 10" cm 2 and a mobility of  region. The inset shows a SEM micrograph of InAs quantum dots
we=1.5x10° cn?/V s was determined at low temperatures. grown on the surface of a reference sample.

In order to check the influence of the dots on the transport
characterlstlc_of the p_atterned de_wces a third HEMT strucgyraphically defined constrictiotFig. 1) results in a saddle
ture was fabricated without dots in the channel region. Dugygtential in the channel of the HEMT structure since the
to the absence of the dOtS, the |OW—temperature m0b|l|ty (0] tched grooves affect the two_dimensiom) electron gas-

this material increasled E%elelOB cnf/V's at a carrier  Jike gate fingers under high reverse biaee Ref. 27 and
density ofn,=3x10"cm™2 references therejn

A mesa was etched and Ohmic source drain contacts were
processed on each side. In order to study the quantum trans-
port in sample®, C, D, andE, a constriction was defined on
a mesa by AFM lithography and subsequent wet chemical In order to check the quality and functionality of our point
etching between the source and drain confasee Fig. 1a), contact we processed a patterned, as well as an unpatterned,
sampleE is without dots in the channklFinally the etched HEMT structure based on a material without dots in the
area was covered with a Au Schottky gate to adjust the poehannel. Figure 2 displays the conductance measured on the
tential of the PC and the energy levels of the QD’s withdot-free sample& andF. Thel-V trace of the unpatterned
respect to the Fermi energy of the source contact. Details afevice(sampleE) reflects the well-known characteristic of a
the processing can be found in Refs. 25 and 26. Figuvg 1 field-effect transistor. When a negative bias is applied to the
shows a scanning electron microscope image of the metaiate the channel is depleted and current flow between the
lized PC of sampleB. The inset depicts a corresponding source and drain contact is suppressed. Above the threshold
micrograph taken from a reference sample, where the QD’soltage Uy,= —0.08V the channel is filled with electrons
on the surface were grown under similar conditions used foresulting in a smooth increase of the conductance signal at
the investigated HEMT structures. Due to the material conhigher gate voltages until th&doped AlGaAs region comes
trast between GaAs and InAs, the InAs islands appear @sto resonance with the Fermi energy and the conductance
bright spots. A dot diameter 6£25 nm was determined for saturates.
the uncapped islands. It can clearly be seen that at a dot The |-V characteristics of samplg, however, behaves
density of~1x10cm™2, at maximum, 3 QD's fit into the completely different. A strong shift of the threshold voltage
constriction shown in the main frame of Figlbl to higher gate voltages can be observed caused by the saddle

A sinusoidal source voltage &fUs=0.5mV was applied potential in the constriction. In addition, the conductance sig-
to the sample and the drain current was measured as a funegal shows a steplike increase which is characteristic for bal-
tion of the applied gate voltage with a standard lock-in techdistic electron transport through a PC devféérhe conduc-
nique[compare Fig. (a)]. The peak intensity of the transport tance is not exactly quantized byeZh due to additional
features linearly increases with the modulation amplitudeseries resistances but meanwhile exact quantization was
(checked up tAAUg=<5 mV), while their full width at half  achieved with similar deviced. It is important to note that
maximum remains constant fatUs<1 mV. Thus, atAUg  all these measurements were dondl at4.2 K which dem-
=0.5mV the data are taken in the linear regime. The litho-onstrates the excellent quality of our quantum point contact

A. Transport through a dot-free quantum point contact
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FIG. 3. Schematic of an InAs island in the center of the PC
saddle potential. The OD QD levels are labekdnd s’ for the
0,0 — L ) L . ground state ang@, p’, p”, andp” for the first excited state. The
02 00 02 04 06 08 energy levels of each shell are separated by the Coulomb blockade
gate voltage (V) energy. A tunneling current flows when the energetic position of a

QD level is below the Fermi energy of the source conet and

FIG. 2. Conductance signal of samgteand F measured afl above the Fermi energlir  in the drain contact regiofdashed
=4.2 K with a modulation amplitude akUs=0.5mV. In contrast  arrow). At high gate voltages the saddle potential is shifted below
to the regular HEMT structure samgig the signal of the quantum Ef s and the electrons drift through continuum states giving rise to
point contact devicd= is characterized by a steplike increase re-a continuum signalpc.
flecting ballistic electron transport through 1D subbands. The mag-
nified signal of samplé in the inset shows no peaklike structure. bedded in GaAs but the actual shape of the overgrown clus-
ter is not unambiguously identified so far. However, the dots

devices and the large energy separation~a0 meV be- under investigation show the same electrical as well as opti-

tween the 1D subbands in the lithographically definedcal behavior as the lens-shaped islands described in Refs.

constriction:® The approximately constant gate voltage d|s-4_6’ 13, and 16. The 3D Hamiltonian of a lens-shaped QD

tance between adjacent conductan(_:e steps .refle_cts the PAL3n be separated into a component parallel and perpendicular
bolic character of the saddle potential in thelirection (as-

. i . : to the dot layet>3° Since the height of the overgrown is-
suming a linear dependence of the Fermi level in the Chann‘?ﬁnds is only a few nni! the confinement in growth direction

OP the a{arl):he(zjd gate \t/oI;[aget'lr']he l?]lowufp Otf th? conduct?niethis very strong and only one bound state exists inzl@ec-
of sampier demonstrates the sharp feaiure:ess onset o on. A simple two-dimensional parabolic QD potential

.S'g.nal between 0.1?¢Us0.3V(|nset of Fig. 2. Again, this seems to be good enough to roughly describe the electronic
indicates the excelle_nt quality of the PC and the ?’moomnesﬁructure of the InAs islands in the lateral directidRo-32:33
of the saddle po?entlal. In atr_ough-s_haped potential eIeCtronéince the energetic distance between the QD ground state
can be tyapped in the tunneling regime and Coulomb bIOCkénd the wetting layer ground state is approximately 180 meV
ade oscillations should occur at the onset of ithé trace. and the energy separation of 45 meV between adjacent dot
levels is constant in a parabolic potential, we estimated 4 to
5 electronic levels in the QBThis is also in good agreement
If there is a QD in the constriction the potential drops inwith strain-induced photoluminescence measurements done
the InAs-rich region due to the band gap offset between InAdy other groups? However, due to Coulomb effects only the
and GaAs(Fig. 3). Of course, Fig. 3 is only a schematic of ground and first excited state can be investigated by capaci-
the potential landscape. The real potential is more complitance spectroscop§'?and by the experiments described in
cated due to strain effects and In/Ga alloying. Neverthelesghis paper.
caused by the saddle potential environment the 0D levels of Pauli’s principle allows us to load each quantum level
the QD in the constriction are lifted above the Fermi energywith two electrons. Consequently, two conductance peaks
of the source and drain contact. By changing the gate voltagare expected for electron transport through shehell (la-
U the saddle potential of the PC and the energy levels obeleds ands’ in Fig. 2—Coulomb blockade effectSince
InAs QD’s within the constriction are shifted relative to the the degeneracy of the first excited state is twofold in the
Fermi energy of the sourcéef g) and drain Eg p) contact — parabolic approximation, four resonances should be observ-
(see Fig. 3. A peak appears in the conductance when a QDable for the first excited statgabeledp, p’, p”, p” in Fig.
level comes into resonance with the Fermi level of the sourc@—Coulomb blockade plus degeneracy
contact and electrons are able to tunnel through the QD level The main frame of Fig. 4 displays the conductance mea-
from the source into the drain region. As soon as the QDsured on the dot sampl& and B, respectively. Since there
level is shifted belovEg  the electron is trapped in the dot. are InAs islands in the channel region the conductance is
In order to achieve tunneling again an additional gate voltagstrongly reduced in the unpatternezhmpleA) as well as in
has to be applied to the sample to overcome the repulsivihe patterned devicésampleB) compared to the samples
force of the trapped negative char@@oulomb blockade without dots in the channébee Fig. 2 As expected sample
Shapes of pyramids, cones, discs, and le(Re$. 29 and A shows thd -V trace of a regular HEMT structure since the
reference therejnhave been reported for InAs islands em- lateral electronic coupling between adjacent QD’s is weak

B. Single dot spectroscopy
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FIG. 4. Conductance of sampfeandB measured al=4.2 K FIG. 5. Comparison between the conductance of safded
with a modulation frequency of=512 Hz and a modulation am- F. The QD resonances are labeled by a dashed circle. The broad
plitude of AUgp=0.5mV, respectively. The signal of samBeis resonances in theV trace of sampleB are attributed to electron
multiplied by a factor of 25. The transport resonances through théransport through continuum states in the point contacows.
Coulomb blocked first excited QD levels are labeledphy’, p”,

and p”. The inset shows in detail the interesting gate voltage re'the continuum sianal of the dot samples is much smaller than
gime of sampleB compared to the conductance of the referenc 9 P

€, .. . .
samplesC andD. The conductance of samplzis multiplied by a the baII!StIC _Sl_gnal of éz/.h:77/’LS' Consequentb” in the
factor of 20 at low gate voltages. The voltage distance betweef?D deVICes itis not possible to observe the steplike increase
adjacent arrows and the conductance peaks of samlabeled  ©f the PC conductance which is characteristic for ballistic
p.p’.p".p") are approximately the same reflecting a constant Coul€ctron transport through a 1D systésampleF). Instead,
lomb blockade energy of the investigated InAs-QD’s. broad resonances characterize the continuum transport of

sampleB for U>0.25V (see Fig. 5. Their linewidth and
and significant current flows only when the 2D level of thetheir voltage separation is strongly increased compared to the
triangular-shaped channel potential is filled with electron.peaks attributed to the InAs QD. We explain these features
Thel-V characteristics of sampR, however, behaves com- by electron transport through continuum states of the PC
pletely different. A strong shift of the threshold voltage to potential which are strongly modified by the QD in the cen-
higher gate voltages can be observed caused by the sadd&r of the constrictiortarrows in Fig. 5.
potential in the constrictioficompare Figs. 2 and)3In ad- In contrast to the dot sample®, C, and D no peaked
dition four sharp peakglabeledp, p’, p”, p” in Fig. 4  structure can be observed at the onset of the conductance of
appear at the onset of the conductance which are well repréampleF (see also inset of Fig.)2 Since the nanolitho-
ducible at different cold cycles. Only a small gate voltagegraphic processing was the same for all investigated PC
shift appears caused by a slightly different charge distribusamples, etching damages or tunneling through edge states
tion in the surrounding of the constriction. However, thecannot be responsible for the conductance peaks of samples
number and relative position of the peaks remain constanB, C, andD between 0.15 ¥ U;<0.25V (Fig. 4). Thus, we
Similar features can be found also in other PC devices withattribute these resonances in the/ trace to tunneling of
InAs QDs in the channel region. The inset of Fig. 4 displayselectrons through the Coulomb-blocked shells of individual
the interesting gate voltage regime of sampleompared to  InAs QD’s embedded in the PC potential.
the conductance signal of samp@sndD. It is important to The continuum signal of the PC shows no abrupt onset
note that the gate voltage distance &8, ,~17mV be-  but gradually increases due to tunneling through the saddle
tween the tunneling featurgsand p’ is roughly the same point potential of the constrictioficompare also the-V
between all adjacent conductance peaks in santhl€sand trace of sampleE between 0.25%¥Ug<0.3V and of
D (see also arrows in the inset of Fig).4This behavior sampleC between 0.2 Uz<0.24V in Figs. 5 and 7, re-
reflects a nearly constant Coulomb blockade energy in al$pectively. Since the energetic position of the QD levels is
investigated QD samples and is also observed in other deight below the continuum, the related transport resonances
vices having only a few dots within the constriction. overlap with this featureless background and the signal does

Figure 5 directly compares the-V signal of the QD not go to zero between adjacent tunneling peaks.

sampleB with the conductance of the dot free quantum PC  In capacitance-voltageQV) spectra taken on similar QD
device sampld=. Since thel-V trace of sampld shown in  samples the charging of the groufsishel) and first excited
Figs. 4 and 5 have been measured at different cold cyclestate(p shel) is clearly observable before charging of the
both figures nicely demonstrate the reproducibility of the QDwetting layer results in a strong increase of the capacitance
transport resonances which appear right below the corsignal>!?~*®According to these experiments the QD can be
tinuum signal(dashed circle Due to the high scattering rate loaded at maximum with six electroftsvo in thes shell, and
caused by the dots in the channel, the conductance dbur in thep shel). The features related to the tunneling into
samplesB, C, andD never reaches the ballistic regime. Thus,the s shell are separated by a Coulomb blockade energy of
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E¢~20meV. For thep shell we expect four peaks which are 8 ™ o
approximately equidistant in energgeparated by the Cou-
lomb blockade energy dE2~ 12 me\).5? Due to confine-
ment and Coulomb effects, the energetic distance between
the Coulomb blocked- and the lowesp-charging features is
approximatelyEg,~55 meV.

Consequently, in our tunneling experiments we would ex-
pect two peaks at low gate voltag@snneling through the
shel) then a voltaggenergy gap followed by four nearly
equidistant peaks before electron transport through the con-
tinuum of the PC starts resulting in a more or less featureless
current signal. In the other way round, when we leave the
continuum and enter the tunneling regime with decreasing
gate bias, we expect four equidistant pealtsnneling
through thep shel), then a gap and two additional peaks
reflecting tunneling through the shell. Since we only ob- 0 P p"
serve four equidistant peaks in the conductance of saBiple 005 010 015 020 025
right below the transport continuum, we relate these peaks to
electron transport through theshell of a single InAs QD.
According to the strong decay of the tunneling features in k|G, 6. Conductance of sampk measured aB=0, 2.4, 4.8,

Fig. 4 (caused by the increasing barrier heights at low gateynd 7.2 T. An offset is added for clarity. At low applied gate volt-
voltage$ electron transport through the shell cannot be ages U<0.13V) the signal is multiplied by factors of 10 and 100,
observed under our experimental conditidit$s expected at  respectively. The markers in the inset resemble the relative gate
U=<0.09V). This interpretation is in good agreement with voltage position&\Ug(B) of the tunneling featureg’ andp” with
Refs. 4 and 35 where charging of the QD ground state fromespect to the voltage position pf at B=0 T. Open and closed

a 3D electron reservoir through a triangular GaAs barrieisymbols are taken at different cold cycles. The triangular markers
was completely suppressed. In addition, magnetic-field exreflect the voltages distance of the equivalent lepelandp” taken

periments give also some evidence for this interpretation. from Fig. 4. The solid lines display the calculated magnetic-field
dependence of Fock-Darwin levels fitted to the pedkwith a

phenomenologically added shift of 17 mV arising from the Cou-
C. Magnetic-field dependence lomb blockade.

voltage (mV) 1

conductance (arb. units)

gate voltage (V)

Figure 6 displays the magnetic-field dependence of the ) . ] .
conductance of samplB. At high magnetic fields the con- based on a two-dimensional parabolic QD potential where
ductivity of the 2D electron gas in the source and drain conthe magnetic-field-induced energy shifelated to the ener-
tact regions is significantly modified and the resulting@etic positionE; _; of shellp’ atB=0T) is given by*
Shubnikov—de Haas oscillations interfere with the tunneling
features discussed above/%0.15V). In addition, caused AEy (B)=(N+1)AQ+mi We El,l(B=OT)—ﬁ&,
by another experimental environment the spectra are more 2 ’ 2
noisy and slightly shifted to lower voltages. However, the
magnetic-field-dependent behavior of the transport feature N=n,+n_, m=n,—n_, n,,n_eNg, (1)
labeledp’ andp” is clearly resolveddashed arrows in Fig.

6). Since the voltage distance between the peaks increases eB

with B, we assume that electron transport throughgtisaell Q=\wst wl4, we=rs E1-1(B=0T)=2fw,.
(labeledp in Fig. 4) cannot be detected with the setup used

for our B-field experiments. This statement will be justified An energy between the (N=0) andp shell (N=1) of
later. The markers in the inset of Fig. 6 display the gateh wy~45meV was extracted from photoluminescence and
voltage position of pealp’ and p” versus magnetic field. capacitance experiments done on the same and similar
The peaks are related to the position of resongmicat B samples:'? Effective masses between 0.06,<m*

=0 T. The data represented by the open and full symbols are0.08 m, (m, is the free-electron mapgsare reported for
taken at different cold cycles and demonstrate the reprodulectrons in InAs QD'$:12 Thus, we used the effective mass
ibility of the B-field shift of the peaks. The triangular mark- of GaAs bulk material fi* = 0.067 mg) in our calculations.

ers display the voltage distance of resonapteandp” de-  The additional energy terrhw /2 in Eq. (1) reflects the in-
termined from Fig. 4. Since the magnetic momentum of theluence of the magnetic field on the 2D electron gas in the
peaks ism= * 1, the related magnetic-field-induced shift of source and drain contact, respectively. As soon as a magnetic
the conductance resonances is completely diffétanthile  field is applied in the growth direction, edge states are
the feature labelef’ shifts to lower voltages with increasing formed at the saddle potential of the B&® The electrons
magnetic field h=—1), peakp” (m=+1) remains ap- are now emitted from the lowest edge state which shifts with
proximately constant in energy, due to the magnetic-fieldl/2 w. to higher energies in respect to the conduction band
dependence of the 2D emitter states. The solid lines in thedge.

inset of Fig. 6 display a fit of Fock-Darwin states to our As already mentioned above the combination of quantum
experimental data. As already mentioned above the theory isumbersn, =0 andn_=1 results in an energy decrease of
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the QD levelp’ with increasing magnetic field. The Cou- ' ' v
lomb blocked shelp”, however, is characterized by, =1

andn_=0 and shows almost no magnetic-field dependence. 03
Peakp’ is well resolved in our experiments. So, we took its
magnetic-field-induced energy shiftE; _, and the related
change of the gate voltage positidilUg ,/(B)=Ug y/(B)
—Ug,p(B=0T) to determine a transformation facter
=(1.47+x0.13)/e from a fit between the calculated and the
experimental data:

sample C C
0.2t P

AUgp(B)=a-AE; ;. 2) o1k L

p"l

conductance (uS)

A conversion factor «~1.8k was extracted from the
temperature-dependent broadening of the transport feature p'
labeledp in Fig. 4. This value is a bit higher than the one
determined from magnetic-field experiments. However, the 00F
linewidths of the QD resonances of sampBandC are not
only affected by temperature. Far=1.8f a full width at
half maximum of onlyAU=«-3.52 k- T=2.3mV should
be observed aT=4.2K.*° The experimentally determined gate voltage (V)
value for sampleﬁ andC is AU~5 mV. Due to tunneling
times of 10 **s, lifetime broadening can be negleciedl0 . - . .
ueV). We attribute this additional broadening to enhancedzgduzt(')og :T:'\B/quency of =512 Hz and a modulation amplitude of
Coulomb scattering at the potential of the charged QD’s in~ °° '
the channel of the 2D emitter system. An electron mobilitypetween the QD levep and p’ is of the same order of

of u~0.2nf Vs results in an energy fluctuation &E  magnitude, electron transport through ihehell should be

=hi[2r=fieu/2m*~4 meV. The resulting broadening of hardly resolvable. The QD ground state is even lower in
AU~1.8x4 meV/e~7 mV is in good agreement with our energy(energetic distance between th@nd p shell is ap-

experimental findings. Since the temperature dependence gfoximately 45 meV. Thus, lateral tunneling through the
this mechanism is not known, it is difficult to extract a reli- shell cannot be observed in this Conﬁguration_

able conversion factor from activation measurements.

~ The variation of the source modulation amplitude results D. Multi-dot spectroscopy

in a conversion factor ot~ 1.53k (for a dot in the center of o

the constriction and neglecting any series resistaneesch Now', we focu§ on the transport characteristic of devices
is similar to the one determined by magnetic field and actj@ndD (inset of Fig. 4. The conductance of sampleshows
vation measurements. From the gate voltage separatidh!2'9€ voltage gapU between the last pronounced tunnel-
AU, ,~17mV between the conductance pegkandp’ in N9 feature(labeledp™) and the continuum signaFig. 7).

Fig. 4 it is possible to extract a Coulomb blockade energy off Nis effect can be explained by an asymmetric position of
ER~12meV for electrons in the QI shell (a=1.47k, the QD in respect to th?. center of the PC poter(sae Fig.
from magnetic-field experimentsThis is in excellent agree- 8). When the QD is positioned, for example, on the left slope

ment with the value determined experimentally and predicte f the saddle potential its OD states are lowered in energy by

; . EC compared to a QD in the center of the constriction.
theoretically by other grougs? The magnetic-field- .
dependent behavior of the Fock-Darwin levpls Consequently, t,,h,e energy dlstaM£ betw_een the_ upper-
most QD levelp” and the PC continuum is also increased

AUg (B)=a-(AE; 1 +ER), (3y  (and with it the gate voltage diff'e'renweu =a-AE). How-
ever, due to the asymmetric position of the QD, the thickness
also agrees reasonably well with our measured daszt of  as well as the height of the tunneling barrier on the right side
Fig. 6). However, since the experimentally observed peaksf the dot is increase@ompare Fig. 8 Thus, electron trans-
are superimposed to an increasing background sigiuh-  port is only observable through the dot levg$ and p”,
pare Fig. 3, it is difficult to determine their exact gate volt- respectively, and the intensity of the related conductance sig-
age position. nal is strongly reduced.

In our magnetic-field measurements the conductance sig- With this interpretation it is also possible to explain the
nal through thep shell of the QD seem to be below the unusual relative intensities of the individual conductance
detection limit of our experimental setup. The intensity droppeaks of sampléD. While in samplesB and C the peak
of peakp’ with increasing magnetic field confirms this in- intensity gradually increases with the gate voltéglecting
terpretation. Since the QD level shifts to lower energies, the decreasing tunneling barrier at higher gate voltaghe
the height of the tunneling barriers increases with magnetigonductance of sampl® behaves completely different.
field. This results in a decreasing tunneling probability andTransport resonances 1, 2, and 3 in Fig. 9 gradually increase
finally p’ vanishes folB>7.2T (Fig. 6). Consequently, an in intensity. The tunneling current of peak 4, however, is
energy shift ofAE>13 meV(equivalent to a voltage shift of strongly reduced. Additionally, at least transport resonance 1
AU>20mV, a=1.47F) of the QD levelp’ is enough to and 2 of sampld seem to consist of a set of narrow peaks
suppress the tunneling current. Since the energetic distanext to each other.

e AU—!

0,12 0,16 0,20 0.24

FIG. 7. Conductance of samp&measured at =4.2 K with a
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FIG. 8. () Schematic gray scale graphic of the saddle potential ~FIG. 10.(a) Schematic gray scale graphic of the saddle potential
of sampleC with a QD in the constriction. The position of the dot of sampleD with two QD’s in the constriction. The positions of the
is slightly shifted to the left out of the center of constrictidh) dots are slightly shifted to the left (QIPand to the right (QB) out
shows the PC potential along the solid line showii@n Compared  of the center of constrictionb) depicts the PC potential through
to a QD in the center of the constriction the dot potential shownQD, and QL along the solid lines shown ifa), respectively. The
here is lowered in energy hXE®. Due to the barrier heighAE QD levels responsible for the conductance peaks in Fig. 7 are la-
electron tunneling is possible only through the QD ley@#landp” beled with 1-4.
[arrows in(b)].

QD, seems to be positioned close to an equipotential line
This behavior can be explained by the dot distributiondefined by the center of the PC potential since its uppermost
shown in the intensity plot of the PC potential sketched intunneling resonancéabeled 4 in Figs. 9 and 10s right
Fig. 10@). Since QN is slightly shifted to the left out of the below the PC continuumAU,=a-AE, in Fig. 9). A posi-
center of the PC, its OD levels are lowered in energ;Alﬁif tion in the center of the saddle potential is very unlikely due

compared to a centered d@ee schematic potential at nega- to the low intensity of the transport resonance. Thus, we
-omp o P 92" 5ssume that QPis shifted slightly to the edge of the PC
tive x values in F|_g. 1 Congequently, less gate voltage IS( ig. 10. In this case the tunneling barrier is enhanced by
nQe[;: es;%%;se?d;ﬁ: t;nn;llrbg EqrouAgE thae egaerrgﬁr:et\::is % E; and the thickness of the left barrier is strongly increased
ld ) ft | gl 39 ?‘ Dl)s_ T}th dlb ?p the Fermi compared to a centered QD. Both lead to a low intensity of
conductance after level 3 of QIis shifted below the Fermi the tunneling features assigned to QDhese considerations
energy of the source contact and b_efore j[he electrons are al Se also valid if electrons tunnel from QEhrough the center
to drift from the source to the drain region through the PCOf the PC potential. Since tunneling through leygl, p.,

continuum(Fig. 9). Thus, the transport characteristic of QD andp!’ of QD; [labeled 1, 2, 3 in Fig. 1®)] takes place at

is similar to the one already discussed in sanle approximately the same gate voltages as tunneling through
p., p5, andp; of QD;, [labeled also 1, 2, 3 in Fig. 19)],

06 . the intensity of the related tunneling features is enhanced
sample D (see Fig. 9. However, the peaks in the conductance are
dominated by the electron transport through ,Qide to a
reduced tunneling barrier height compared to QRAE;
<AE,+AEy). This interpretation is confirmed by
magnetic-field experiments since the voltage position of the
transport resonances 2, 3, and 4 in Fig. 7 are independent of
an applied magnetic field up to 3 T. So far, QD1 and QD2
were considered independently. However, as already men-
: E tioned above each resonance QD1/2 in Fig. 9 consists of a
iz—(-’/\‘\ P AU set of narrow lines. In contrast to the electron transport

i-——AU1—’5 . through one QD in the constrictiojsampleB and C), these
1 2 3 4 lines seem to be only thermally broadened. Activation mea-
: surements result in a conversion factoraof 1.6/ which is
in good agreement with the values already discussed in para-
graphC. We attribute the fine structure to coupling phenom-
FIG. 9. Conductance signal of samp® (T=4.2K, f €na between the energy levels of QD1 and @bgince the
=272 Hz,AUgp=0.2mV). The signal is multiplied by a factor of Narrow lines are grouped together, these effects seem to be
20 at low gate voltages. The arrows mark the tunneling resonance¥€ak compared to the observed Coulomb blockade energy of
(labeled 1-%caused by Qpand QD, respectivelyAU; andAU, 12 meV. This is in good agreement with ensemble measure-
describe the distance between the PC continuum signal and th@ents. In capacitance experiments Coulomb blockade effects
tunneling resonance 3 and 4, respectively. are well resolved and the observed broadening is dominated

QDs
1/2
QDs | ap

1/2
QDs

12

04

02

conductance (a. u.)

0,0

0,15 0,20 0,25
gate voltage (V)
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by the size distribution of the dots and not by electrostaticmounced peaks at the onset of the conductance were observed
effects of charging one dot on the electronic structure of arin the etched sample. These transport features are well repro-
adjacent oné? The electronic couplingformation of mo-  ducible and can be observed also in other PC devices with
lecular statesbetween the QD’s is also weak since absorp-InAs QD’s in the channel region. We attribute the transport
tion (photocurrentand emissior(photoluminescengespec- resonances to electron tunneling through prghell of indi-
tra reveal the same line shape reflecting again the sizeidual InAs QD’s within the lithographically defined con-
distribution of the dots. Thus, the probability of interdot car- striction. Electron transport through the QD ground state is
rier relaxation is lowt° not observable under our experimental conditions. The
magnetic-field-dependent shift of the peaks confirms our in-
IIl. CONCLUSION terpretation and is reproduced well by calculations based on

. ] a simple parabolic quantum dot potential.
In conclusion AFM lithography and subsequent wet

chemical etching were used to define a narrow PC of
60 NnmXx 100 nm in an-doped HEMT structure. While an un-
patterned device shows a smooth field effect transistor char- The financial support by the Deutsche Forschungsgemein-
acteristic, a strong shift of the threshold voltage and proschaft(GK 384) is gratefully acknowledged.
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