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Spectroscopy of the Single-Particle States of a Quantum-Dot Molecule
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We investigate low-temperature transport through two identical vertically coupled quantum dots
in a triple-barrier heterostructure. The current-voltage curve exhibits two series of current steps
of different magnitude. On the basis of magnetotunneling measurements, we relate the current
steps to the single-particle levels of a quantum-dot molecule. From the absence of many-particle
phenomena, an upper limit of 1 ns is determined for the energy-relaxation time in the double-dot system.
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Quantum dots are zero-dimensional systems whic
exhibit confinement in all three dimensions of space. Ric
spectra of discrete single- and many-electron states
such “artificial atoms” were studied by single-electron
tunneling (SET) and capacitance spectroscopy [1]. SE
through quantum dots, which are coupled via tunnelin
barriers to two contacts, leads to steps in the curren
voltage curveIsV d, whenever discrete dot levels become
energetically available for transport [2–4].

Recently, researchers focused on the interplay of tw
quantum dots in series coupled by a central tunnelin
barrier [5–14]. The bulk of existing work considers the
intradot and interdot Coulomb interaction in double-do
systems (DDS) with many electrons [8–14]. SET be
tween weakly coupled dots was interpreted as a sequent
process which requires two discrete levels in the dots t
be lined up in energy (taking due account for charging ef
fects). This condition is fulfilled only at certain specific
bias voltages which leads to sharp peaks in theIsV d curve
[6,10]. Experiments on strongly coupled DDS provided
evidence for coherent interdot coupling [11,12].

In this Letter, we investigate thesingle-particle regime
of a strongly coupled DDS which was fabricated by
imposing a submicron lateral confinement on a triple
barrier heterostructure. TheIsV d curve exhibits steps
reminiscent of SET in single dots. We attribute these
current steps to SET through discrete single-particle stat
extended over both identical dots due to coherent interd
coupling. Thus, our DDS represents an ionized “artificia
hydrogen molecule.” From the magnitude of the steps
we estimate the energy-relaxation time in the DDS.

The triple-barrier heterostructure was grown by
molecular-beam epitaxy on ann1-type GaAs substrate.
As shown in Fig. 1(a), the undoped active layers com
prise two 6 nm GaAs quantum wellsA and B which are
strongly coupled to each other by a 1 nm thin cente
AlAs barrier and weakly coupled to twon-doped contact
layers by 4 nm thick AlAs barriers. The Si doping profile
of the contact layers is graded from2 3 1018 cm23

to zero adjacent to the undoped triple-barrier region
4 0031-9007y97y78(8)y1544(4)$10.00
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Figure 1(b) shows the conduction-band profileV szd of
the heterostructure in growth direction for zero bias an
V  200 mV. It was calculated with a Poisson solver in
Thomas-Fermi approximation. From the wafer we fab
ricated free-standing pillars with Ohmic contacts [2] and
measured their dcIsV d curves in a dilution refrigerator at
the base temperature ofT  23 mK.

In order to characterize the heterostructure, we dis
cuss theIsV d curve of a large-area sample withdp 
2 mm pillar diameter plotted in Fig. 2(a). It exhibits
two clear peaks due to resonant tunneling through two
dimensional subbands which are formed by vertical quan
tization in the double-quantum well [see Fig. 1(b)]. For
zero bias, the lowest levels of the identical quantum

FIG. 1. (a) Sketch of a vertically coupled double-dot device
Dashed lines define the depletion layer at the pillar surface
which confines the electrons to the central core of the pillar
(b) Conduction-band profiles of the heterostructure forV  0
and 200 mV. Thick lines represent the subband edges of th
double-quantum well, thin lines the related discrete double-do
levels. Insets show corresponding wave functions.
© 1997 The American Physical Society
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FIG. 2. (a)IsV d curve of a sample with2 mm pillar diameter.
The inset illustrates relevant tunneling and relaxation process
(b) IsV d curve of a device with 250 nm pillar diameter.

wells split into two levelsES and EAS with symmetric
and antisymmetric wave functions, which are complete
delocalized over both wells [upper inset of Fig. 1(b).
From the Schrödinger equation, we obtain a symmetr
antisymmetric gap ofDSAS  EAS 2 ES ø 13 meV. In
experiment, the current peaks occur at bias voltages
V . 200 mV. Under such conditions, the two lowes
states are mainly localized in either wellA or B [lower
inset of Fig. 1(b)], and their calculated energy split
ting exceeds the zero-bias gap considerably,E2 2 E1 .

35 meV . DSAS. The localization influences the emitter
and collector-barrier tunneling ratesGE andGC since the
probability density of the wave functions at one bar
rier is by almost 2 orders of magnitude higher tha
at the other one, i.e.,G1

E ø G
1
C and G

2
E ¿ G

2
C. The

low-bias peak in Fig. 2(a) is the consequence of res
nant tunneling through subband 1, whereas the high-b
peak arises from tunneling into subband 2. As the e
ergy splitting E2 2 E1 exceeds the LO phonon energy
inelastic intersubband scattering is very efficient. In o
der to check the relevance of such processes, we p
formed photoluminescence measurements. Even wh
the electrons were injected into subband 2, we found on
recombination from subband 1, in agreement with pr
vious work [15]. This demonstrates that the relaxatio
rate G

21
rel exceeds the tunneling rates (in particularG

2
C).

Thus, the high-bias peak results from an inelastic seque
tial process consisting of emitter-barrier tunneling int
subband 2, relaxation to subband 1, and collector-barr
tunneling.

Figure 2(b) displays theIsV d curve of a device with
dp  250 nm pillar diameter. It shows less-pronounce
peaks compared to the large-area sample (only the ris
edge of the second peak is visible). The submicron dev
exhibits, in addition to the vertical quantization, a latera
confinement due to mid-band-gap Fermi-level pinning
the pillar sidewalls. Thus, two disk-shaped quantum do
es.
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A andB are formed [see Fig. 1(a)]. Note that the curre
peaks are slightly shifted to higher bias voltage compa
to the large-area sample as a consequence of the la
confinement. The electronic diameterde of the dots is
much smaller than the pillar diameter due to a deplet
layer at the pillar surface. By comparing the peak curre
of the large-area sample and the submicron device,
estimatede ø 70 and 85 nm at the low- and high-bia
peaks, respectively. The most striking feature in Fig. 2(
is the staircaselike fine structure superimposed on
rising edge of both current peaks. Similar staircases w
previously observed as a consequence of SET thro
discrete levels in single quantum dots [2–4]. In contra
sequential SET through two quantum dots in series w
shown to lead to sharp peaks in theIsV d curve [6–10].
Hence, we rule out that the staircases in Fig. 2(b) ar
from elastic sequential tunneling but interpret our data
terms of SET through discrete states extended over b
dots due to coherent interdot coupling. Note moreov
that we attribute oscillatory features on the plateaus
the current steps to density-of-states fluctuations in
contacts [16].

The single-particle states of the DDS are the eige
functions of the HamiltonianH  p2y2mp 1 V srd,
where mp is the effective electron mass. The proble
separates intoH  Hz 1 Hk with Hz  p2

z y2mp 1

Vzszd andHk  p2
ky2mp 1 Vksrkd, since the confinemen

potential of the DDS splits intoV srd  Vzszd 1 Vksrkd.
The eigenvalues ofHz coincide with the subband edge
E1 andE2 of the laterally unconfined case. Denoting th
eigenvalues ofHk with En,l, we obtain two ladders of
discrete single-particle levelsE1 1 En,l andE2 1 En,l as
exact eigenvaluesE1y2,n,l of H.

For zero bias the DDS is empty, because all discr
levels lie above the chemical potentialm

ch
E in the emitter

[Fig. 1(b), top]. The current is basically zero. B
applying a bias voltageV, the DDS levels are reduced
in energy with respect to the electrochemical potentialmE

of the emitter [Fig. 1(b), bottom]. If the accumulation o
more than one electron in the DDS at a time is irreleva
current steps with magnitude

DI  2eGEGCys2GE 1 GCd (1)

arise from consecutive tunneling of single electro
through the device [17], whenever a single-particle lev
E1y2,n,l falls below the electrochemical potential of th
emitter. The positions of these current steps

V1y2,n,l  sE1y2,n,l 2 mch
E dyea1y2 (2)

provide direct experimental access to the single-parti
levels of the DDS (a1y2 denote the voltage-to-energ
conversion coefficients toE1y2) [18].

In our experiment we observe two separateIsV d stair-
cases. As the low-bias peak in theIsV d curve of the large-
area device arises from tunneling through subband 1,
1545
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attribute the low-bias staircase to SET through the cor
sponding DDS levelsE1,n,l. Charging of the DDS with
more than one electron at a time is extremely impro
able in this regime, since tunneling electrons can mu
easier leave than enter the DDSsG1

E ø G
1
Cd. Therefore,

only single-particle states contribute to SET. In the regim
between the two staircases the current decreases sligh
This indicates (i) that low-energy DDS levels are lost fo
SET by being pulled below the conduction-band edge
the emitter and (ii) that the coupling strength between t
emitter and high-energy DDS levelsE1,n,l is reduced. The
current rises again at the threshold of the high-bias sta
case which we relate to SET into the DDS levelsE2,n,l,
since the high-bias peak in theIsV d curve of the large-
area device results from tunneling into subband 2.
the relaxation rateG21

rel from E2,n,l to E1,n0,l0 exceeds the
tunneling rates, the amount of charge accumulation is d
termined byG2

E andG
1
C. As the height of the collector bar-

rier is reduced by the bias voltage compared to the emit
barrier, charging is improbablesG2

E , G
1
Cd. In contrast,

strong charging is the consequence when the relaxat
is negligible, since electrons can much easier enter th
leave the DDSsG2

E ¿ G
2
Cd. In this case, the consideration

of single-particle levels is not sufficient but many-electro
states have to be taken into account.

Therefore, the key question is whether the relaxation
the DDS is faster than tunneling as observed in large-a
devices. To answer this question, we consider the mag
tude of the current steps: The step heightDI2 ø 200 pA
of the high-biasIsV d staircase exceeds the valueDI1 ø
4 pA of the low-bias staircase by 2 orders of magnitud
[comparable to the height ratio of the current peaks in t
IsV d curve of the large-area device]. According to Eq. (1
the smaller one of the two tunneling rates limits the ste
height. Thus,DI2 would be limited byG2

C if there were no
relaxation in the DDS, whileDI1 is limited byG

1
E. Within

this picture, the step heights of both staircases should
of the same order of magnitude in contrast to our da
If, however, the relaxation is faster than tunneling,DI2 is
determined byG2

E s¿G
1
Ed and therefore much larger than

DI1, in agreement with experiment. Hence, we conclu
thatno charging occurs, i.e., the high-bias staircase cor
sponds to the single-particle statesE2,n,l of the DDS.

In order to support our model, we applied a magne
field B k I . The field increases the lateral confineme
shifting the ground-state energyE0,0 of Hk to higher val-
ues. Therefore, the first current steps of the twoIsV d
staircases which we relate toE1,0,0 and E2,0,0 shift in
Figs. 3(a) and 3(b) to higher bias voltage. To elim
nate the magnetic-field dependence of the emitter sta
[4], we take the position of the first step as referen
and plot in Fig. 4(a) the differencesV1,n,l 2 V1,0,0 of the
low-bias staircase. They move monotonously tolower
biasyenergy at high magnetic fields. Such a field de
pendence is expected for the single-particle levels of
disk-shaped quantum dot [19]. Figure 4(b) shows th
corresponding differencesV2,n,l 2 V2,0,0 of the high-bias
1546
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FIG. 3. Magnetic-field dependence of the low- and high-bi
IsV d staircases [(a) and (b)] of the submicron devicesB k Id.
Curves are taken in steps of 0.4 T betweenB  0 and 16.4 T
and vertically offset for clarity.

staircase. Their magnetic-field dependence is qual
tively in good agreement with the data of the low
bias staircase [e.g., compare the two lowest curves
Figs. 4(a) and 4(b)]. This confirms the absence of cha
ing. Thus, the low- and high-bias staircases reflect t
single-particle levelsE1,n,l and E2,n,l of the DDS.

For a quantitative analysis, we calculate the bia
voltage differences of Fig. 4 according to Eq. (2),

sV1y2,n,l 2 V1y2,0,0d  sEn,l 2 E0,0dyea1y2 . (3)

Assuming the potentialVksrkd 
1
2 mpv

2
0r2

k of a 2D
harmonic oscillator for lateral confinement, we have

En,l  s2n 1 1 1 jljd
q

sh̄v0d2 1 sh̄vcy2d2 1 sly2dh̄vc

(4)

FIG. 4. Magnetic-field dependence of the current-step po
tions (solid circles) of the low- and high-biasIsV d staircases
[(a) and (b)]. The step positions are plotted with respect to t
position of the first step and compared with the single-partic
spectrum of a 2D harmonic oscillator (solid lines).
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for the eigenvalues ofHk in a magnetic fieldB k I
with vc  eBymp [19]. First, we consider the data o
the low-bias staircase in Fig. 4(a) and determineh̄v0

from the zero-field values of the two lowest difference
as h̄v0  ea1sV1,0,61 2 V1,0,0d. Estimatinga1  0.46
from the Poisson solver for the levelsE1,n,l , we obtain
h̄v0  5.3 meV. With this value, we calculate the com
plete setV1,n,l 2 V1,0,0 from Eqs. (3) and (4). The agree
ment between theory and experiment in Fig. 4(a) is fair
good. Close to degeneracies in the theoretical data, h
ever, intricate anticrossings are observed experimenta
This indicates that the rotational symmetry of our DDS
not perfect. The lateral extension of the ground state c
be estimated as the distancedc  2

p
2h̄ympv0 between

the classical oscillator-turning points at energyE0,0. Our
result ofdc ø 40 nm is smaller than the electronic diame
ter de ø 70 nm at the low-bias current peak, where als
excited states with a larger lateral extension contribu
to SET (states of zero-field energyMh̄v0 have a clas-
sical diameter of

p
M dc). From the data of the high-bias

staircase in Fig. 4(b), we determineh̄v0 according to the
procedure described above for the low-bias staircase. C
culatinga2  0.29 for E2,n,l , we obtainh̄v0  4.8 meV.
This value is strikingly close to that determined forE1,n,l,
which illustrates the homogeneity of the lateral confin
ment of our DDS.

Now, we discuss the efficient relaxation from th
DDS levels E2,n,l to E1,n0,l0 , for which we collected
strong evidence from both the heights and magnet
field dependence of the current steps. As the relaxat
rate G

21
rel exceeds the tunneling ratesG

1
E , 107 s21 and

G
2
E , 109 s21 [estimated fromDI1 and DI2 according

to Eq. (1)], the relaxation occurs on a ns time scale
faster. In contrast to large-area devices, LO phonon p
cesses cannot account for the relaxation in the DD
as they are energetically limited to very specific va
ues of the applied bias voltage. Moreover, LA an
LO 1 LA phonon scattering were predicted to becom
inefficient in small quantum dots at high LA phonon en
ergies [20]. Our SET experiment gives no evidence f
this “phonon-relaxation bottleneck.” Note, however, th
other relaxation mechanisms such as Coulomb scat
ing with free electrons in the contacts may be releva
as well [21].

In summary, we investigated single-electron transp
through a vertically coupled double-dot system. Tw
series of current steps with different heights were o
served in theIsV d curve. Their magnetic-field depen
dence agrees with that of the single-particle levels of
2D harmonic oscillator. Our results support the form
s
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tion of discrete states extended over both identical do
due to coherent interdot coupling. Thus, the DDS rep
resents an ionized artificial hydrogen molecule which
detuned by the applied bias voltage. From the absence
many-particle phenomena, we conclude that the energ
relaxation rate in the DDS exceeds109 s21.
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