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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.
[S0031-9007(97)02436-8]

PACS numbers: 73.23.Hk, 73.40.Gk, 73.61.Ey

Quantum dots are zero-dimensional systems whiclrigure 1(b) shows the conduction-band profif¢z) of
exhibit confinement in all three dimensions of space. Richthe heterostructure in growth direction for zero bias and
spectra of discrete single- and many-electron states df = 200 mV. It was calculated with a Poisson solver in
such “artificial atoms” were studied by single-electronThomas-Fermi approximation. From the wafer we fab-
tunneling (SET) and capacitance spectroscopy [1]. SETicated free-standing pillars with Ohmic contacts [2] and
through quantum dots, which are coupled via tunnelingneasured their d&(V) curves in a dilution refrigerator at
barriers to two contacts, leads to steps in the currenthe base temperature 8f= 23 mK.
voltage curvel(V), whenever discrete dot levels become In order to characterize the heterostructure, we dis-
energetically available for transport [2—4]. cuss thel(V) curve of a large-area sample with, =

Recently, researchers focused on the interplay of tw@ um pillar diameter plotted in Fig. 2(a). It exhibits
quantum dots in series coupled by a central tunnelingwo clear peaks due to resonant tunneling through two-
barrier [5—14]. The bulk of existing work considers the dimensional subbands which are formed by vertical quan-
intradot and interdot Coulomb interaction in double-dottization in the double-quantum well [see Fig. 1(b)]. For
systems (DDS) with many electrons [8—14]. SET be-zero bias, the lowest levels of the identical quantum
tween weakly coupled dots was interpreted as a sequential
process which requires two discrete levels in the dots to
be lined up in energy (taking due account for charging ef- (a) (b)
fects). This condition is fulfilled only at certain specific
bias voltages which leads to sharp peaks in/it¥®) curve
[6,10]. Experiments on strongly coupled DDS provided Ee
evidence for coherent interdot coupling [11,12].

In this Letter, we investigate th&ngle-particle regime c Wt | carssi e
of a strongly coupled DDS which was fabricated by Emitter

imposing a submicron lateral confinement on a triple- gm m vty
barrier heterostructure. Th&V) curve exhibits steps é:m
reminiscent of SET in single dots. We attribute these anm
current steps to SET through discrete single-particle state:
extended over both identical dots due to coherent interdot -
coupling. Thus, our DDS represents an ionized “artificial ~** .
hydrogen molecule.” From the magnitude of the steps, —=
we estimate the energy-relaxation time in the DDS. V = 200 mV
The triple-barrier heterostructure was grown by
molecular-beam epitaxy on am'-type GaAs substrate.
As shown in Fig. 1(a), the undoped active layers com-
prise two 6 nm GaAs quantum wells and B which are  FIG. 1. (a) Sketch of a vertically coupled double-dot device.
strongly coupled to each other by a 1 nm thin centePashed lines define the depletion layer at the pillar surface,
AlAs barrier and weakly coupled to twe-doped contact which confines the electrons to the central core of the pillar.

. . ) . . (b) Conduction-band profiles of the heterostructure Wor= 0
layers by 4 nm thick AlAs barriers. The Si doping profile and 200 mV. Thick lines represent the subband edges of the

of the contact layers is graded from X 10" cm™  gouble-quantum well, thin lines the related discrete double-dot
to zero adjacent to the undoped triple-barrier regionlevels. Insets show corresponding wave functions.
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i AR A andB are formed [see Fig. 1(a)]. Note that the current
peaks are slightly shifted to higher bias voltage compared
to the large-area sample as a consequence of the lateral

3 20 confinement. The electronic diametéy of the dots is
= 10 i much smaller than the pillar diameter due to a depletion
I layer at the pillar surface. By comparing the peak currents
0.0 1 of the large-area sample and the submicron device, we
; 5'_ estimated, = 70 and 85 nm at the low- and high-bias
z 1 peaks, respectively. The most striking feature in Fig. 2(b)
£ 1.0F is the staircaselike fine structure superimposed on the

rising edge of both current peaks. Similar staircases were
previously observed as a consequence of SET through
NN ) discrete levels in single quantum dots [2—4]. In contrast,
200 250 300 sequential SET through two quantum dots in series was
V (mV) shown to lead to sharp peaks in th€/) curve [6—10].
Hence, we rule out that the staircases in Fig. 2(b) arise
from elastic sequential tunneling but interpret our data in
terms of SET through discrete states extended over both
dots due to coherent interdot coupling. Note moreover
that we attribute oscillatory features on the plateaus of
wells split into two levelsEs and E,g with symmetric  the current steps to density-of-states fluctuations in the
and antisymmetric wave functions, which are completelycontacts [16].
delocalized over both wells [upper inset of Fig. 1(b).] The single-particle states of the DDS are the eigen-
From the Schrodinger equation, we obtain a symmetricfunctions of the HamiltonianH = p?/2m* + V(r),
antisymmetric gap oAsqs = Eas — Es = 13 meV. In  where m* is the effective electron mass. The problem
experiment, the current peaks occur at bias voltages afeparates intoH = H, + H; with H, = p2/2m* +
V > 200 mV. Under such conditions, the two lowest V,(z) andH| = pﬁ/zm* + Vy(ry), since the confinement
states are mainly localized in either wellor B [lower  potential of the DDS splits intd/(r) = V,(z) + Vj(xy).
inset of Fig. 1(b)], and their calculated energy split-The eigenvalues off, coincide with the subband edges
ting exceeds the zero-bias gap considerably— E; >  E; andE, of the laterally unconfined case. Denoting the
35 meV > Agys. The localization influences the emitter- eigenvalues off with E,;, we obtain two ladders of
and collector-barrier tunneling ratéy andI'c since the  discrete single-particle levels, + E,; andE, + E,; as
probability density of the wave functions at one bar-exact eigenvalues », ; of H.
rier is by almost 2 orders of magnitude higher than For zero bias the DDS is empty, because all discrete
at the other one, i.el't < I't and Tz > T'z. The levels lie above the chemical potentjaf! in the emitter
low-bias peak in Fig. 2(a) is the consequence of resofFig. 1(b), top]. The current is basically zero. By
nant tunneling through subband 1, whereas the high-biagpplying a bias voltagd/, the DDS levels are reduced
peak arises from tunneling into subband 2. As the enin energy with respect to the electrochemical potential
ergy splitting E, — E; exceeds the LO phonon energy, of the emitter [Fig. 1(b), bottom]. If the accumulation of
inelastic intersubband scattering is very efficient. In or-more than one electron in the DDS at a time is irrelevant,
der to check the relevance of such processes, we peturrent steps with magnitude
formed photoluminescence measurements. Even when
the electrons were injected into subband 2, we found only Al = 2el'glc/(2TE + T¢) 1)
recombination from subband 1, in agreement with pre-
vious work [15]. This demonstrates that the relaxationarise from consecutive tunneling of single electrons
rate '] exceeds the tunneling rates (in particuld¥).  through the device [17], whenever a single-particle level
Thus, the high-bias peak results from an inelastic sequerk, ,,; falls below the electrochemical potential of the
tial process consisting of emitter-barrier tunneling intoemitter. The positions of these current steps
subband 2, relaxation to subband 1, and collector-barrier
tunneling. Vit = (Eijong — M%h)/eal/z (2
Figure 2(b) displays thé(V) curve of a device with
d, = 250 nm pillar diameter. It shows less-pronouncedprovide direct experimental access to the single-particle
peaks compared to the large-area sample (only the risingvels of the DDS 4,,, denote the voltage-to-energy
edge of the second peak is visible). The submicron deviceonversion coefficients tf ;) [18].
exhibits, in addition to the vertical quantization, a lateral In our experiment we observe two separaf¥) stair-
confinement due to mid-band-gap Fermi-level pinning atases. As the low-bias peak in thé’) curve of the large-
the pillar sidewalls. Thus, two disk-shaped quantum dotsrea device arises from tunneling through subband 1, we
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FIG. 2. (a)I(V) curve of a sample wit@ wm pillar diameter.
The inset illustrates relevant tunneling and relaxation processe
(b) I(V) curve of a device with 250 nm pillar diameter.
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attribute the low-bias staircase to SET through the corre-
sponding DDS level&, , ;. Charging of the DDS with
more than one electron at a time is extremely improb-
able in this regime, since tunneling electrons can much
easier leave than enter the DDB, < T'l). Therefore,
only single-particle states contribute to SET. In the regime
between the two staircases the current decreases slightly.
This indicates (i) that low-energy DDS levels are lost for
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SET by being pulled below the conduction-band edge in
the emitter and (ii) that the coupling strength between the
emitter and high-energy DDS levdly ,, ; is reduced. The 1.0
current rises again at the threshold of the high-bias stair-

case which we relate to SET into the DDS leveéls, ,

since the high-bias peak in th€V) curve of the large-

area device results from tunneling into subband 2. If

the relaxation ratd’2| from E,,; to E, ., exceeds the
tunneling rates, the amount of charge accumulation is d
termined byl'z andT'¢.. As the height of the collector bar- ¢, ves are taken in steps of 0.4 T betwar 0 and 16.4 T
rier is reduced by the bias voltage compared to the emittesnd vertically offset for clarity.

barrier, charging is improbabld'z < I'l). In contrast,

strong charging is the consequence when the relaxatiogaircase.

is negligible, sinzce elezctrons can much easier enter tha{i\/ely in good agreement with the data of the low-
leave the DDSI'; > I'c). In this case, the consideration piaq” staircase [e.g., compare the two lowest curves in
of single-particle levels is not sufficient but many—electronFigS. 4(a) and 4(b)]. This confirms the absence of charg-

states have to be taken into account. . .ing. Thus, the low- and high-bias staircases reflect the
Therefore, the key question is whether the relaxation INingle-particle levels, ,; and E,,; of the DDS.

the DDS is faster than tunneling as observed in large-area F, 4 quantitative analysis, we calculate the bias-
devices. To answer this question, we consider the mag”{/'oltage differences of Fig. 4 according to Eq. (2),

tude of the current steps: The step heighit = 200 pA
of the high-biasl(V) staircase exceeds the valid, =~ (Vijamis = Vipao0) = (Eng — Eoo)/earn.  (3)
4 pA of the low-bias staircase by 2 orders of magnitudeassuming the potentialVj(ry) = %m*w%rﬁ of a 2D
[comparable to the height ratio of the current peaks in théyarmonic oscillator for lateral confinement, we have
I(V) curve of the large-area device]. According to Eq. (1)
the smaller one of the two tunneling rates limits the stepE,; = 2n + 1 + |l|)\/(ﬁwo)2 + (ho /2 + (/2)ho.
height. ThusAI, would be limited byl'Z if there were no )
relaxation in the DDS, whil@& [, is limited byl"}g. Within

this picture, the step heights of both staircases should be
of the same order of magnitude in contrast to our data.
If, however, the relaxation is faster than tunnelidd; is
determined by['# (>>T'%) and therefore much larger than
AIL, in agreement with experiment. Hence, we conclude
thatno charging occurs, i.e., the high-bias staircase corre-
sponds to the single-particle stat€s,; of the DDS.

In order to support our model, we applied a magnetic
field B || I. The field increases the lateral confinement
shifting the ground-state enerds o of H| to higher val-
ues. Therefore, the first current steps of the t¥)
staircases which we relate ;9o and E,oo shift in
Figs. 3(a) and 3(b) to higher bias voltage. To elimi-
nate the magnetic-field dependence of the emitter states 1Y F A R
[4], we take the position of the first step as reference 0 4 8 1216 0 4 8
and plot in Fig. 4(a) the differencdg, ,; — Vi of the B (T)
low-bias staircase. They move monotonouslyldaer o .
biag/energy at high magnetic fields. Such a field de-FIG. 4. Magnetic-field dependence of the current-step posi-

d . ted for the sinal ticle | Is of tions (solid circles) of the low- and high-biagV) staircases
pendence 1S expected for the single-particie levels o "[’(a) and (b)]. The step positions are plotted with respect to the

disk-shaped quantum dot [19]. Figure 4(b) shows theyosition of the first step and compared with the single-particle
corresponding differences, ,,; — V20 Of the high-bias spectrum of a 2D harmonic oscillator (solid lines).
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&-IG. 3. Magnetic-field dependence of the low- and high-bias
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for the eigenvalues off| in a magnetic fieldB || I tion of discrete states extended over both identical dots
with w. = eB/m* [19]. First, we consider the data of due to coherent interdot coupling. Thus, the DDS rep-
the low-bias staircase in Fig. 4(a) and determit@,  resents an ionized artificial hydrogen molecule which is
from the zero-field values of the two lowest differencesdetuned by the applied bias voltage. From the absence of
as hiwg = ea;(Vig+1 — Vippo). Estimatinga; = 0.46 many-particle phenomena, we conclude that the energy-
from the Poisson solver for the level ,;, we obtain relaxation rate in the DDS exceeti®’ s™!.

hwo = 5.3 meV. With this value, we calculate the com- We thank B. Schoénherr for reactive-ion etching, D.
plete setV, ,; — Vo0 from Egs. (3) and (4). The agree- Bertram for optical measurements, and U. Bockelmann,
ment between theory and experiment in Fig. 4(a) is fairlyB. Farid, J.H. Oh, and J. Weis for discussions. This
good. Close to degeneracies in the theoretical data, howvork was funded by the Bundesministerium fir Bildung,
ever, intricate anticrossings are observed experimentallyWissenschaft, Forschung und Technologie.
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