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Terahertz-frequency electronic coupling in vertically coupled quantum dots
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We have studied terahertz absorption of samples containing two layers of self-aligned,
self-assembled InAs quantum dots separated by a thin GaAs barrier. The vertically coupled dots
were charged with electrons by applying a voltage bias between a metal gate and a doped layer
beneath the dots. For a positive gate bias corresponding to flatband conditions, an absorption peak
was observed near 10 mef2.4 TH2. The absorption is attributed to the inhomogeneously
broadened transition between the quantum mechanically split I¢kelsding and antibonding

state$ in the vertically coupled quantum dots. @000 American Institute of Physics.
[S0003-695(100)04252-7

Self-assembled semiconductor quantum dots are thre@olarized perpendicular to the growth direction, intraband
dimensionally confined nanostructures which have beemabsorption has been reported in standard self-assembled
studied extensively in recent years. The optoelectronic propguantum dots at energies above 40 nféV.
erties of quantum dots can be tailored by adjusting their size, The investigated samples were grown by molecular
shape, and composition during growth. However, the tunindpeam epitaxy. A typical structure is shown in Fig. 1. The
of energy levels in quantum dots is limited by the kineticsfield-effect structure consisted of a GaAsloped backcon-
and thermodynamic processes which govern the growtHact, an undoped GaAs layer, an AlAs/GaAs blocking bar-
This limitation is not present in quantum wells, where waverier, and a GaAs cap layer. The quantum dot carrier popula-
functions can be engineered by stacking quantum wells wittion was controlled by an Al Schottky barrier. Au/Ge/Ni was
different thicknesses and compositions. Electronic couplingvaporated and alloyed to contact theloped back layer.
of quantum dots, i.e., growth of artificial quantum dot mol- The quantum dot molecules were grown in the undoped
ecules, represents a major step in tailoring the electroniGaAs layef® Three different types of InAs/GaAs molecules
properties of nanostructuréBesides greater flexibility, the were investigated: “asymmetric” moleculgsample A, 7
electronic coupling between quantum dots allows one to shiftm GaAs barrier thicknegs where the quantum dot vertical
optical transitions to a specific spectral range, like the terasizes were intentionally different=1.5 nm height for the
hertz(THz) spectral range. Coupled quantum dots with THz-first quantum dot layer ane:6 nm height for the second dot
frequency transitions have been proposed as quantum bits lyer; and symmetric quantum dot moleculsamples B and
a semiconductor-based quantum comp®iter. C) where the dots were simild6 nm height and separated

Vertically coupled quantum dots can be obtained by dif-by a GaAs barrier with two different thickness@sand 7.5
ferent means. Starting from coupled two-dimensional heterodm for samples B and C, respectively
structures, lateral confinement can be achieved by etching The quantum dots are lens shaped with a typical diam-
using standard nanolithography techniques, or by depositingter of 20 nm. Under the growth conditions, a significant
a metallic gate on top of a heterostructure. Vertical electroniéntermixing between In and Ga is expected to occur, thus
coupling between quantum dots has been observed expeffading to the formation of InGaAs quantum dots. For infra-
mentally by conductance measurementsnother route to
electronic coupling relies on stacking self-assembled quan-
tum dots. Electronic coupling, mainly governed by the bar-
rier separation thickness, is allowed due to the strain-field-
assisted vertical self-organization of the quantum dots.
Electronic coupling between stacked quantum dots has al- GaAs 30nm
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ready been observed by photoluminescence spectroécopy, p

and investigated theoreticalfy. However, no direct mea- s

surement of the absorption between the quantum mechani- ;

cally split bonding and antibonding states of the coupled dots GaAs 25nm
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energy levels of vertically coupled dots, active for THz elec-
tric field polarized in the growth direction. For electric field

SI-GaAs substrate + GaAs 100nm

FIG. 1. Schematic structure of sample B. The inset shows the conduction
dpresent address: IEF-B&20, UniversiteParis XI, 91405 Orsay, France; band edge profile under two different applied gate volta@eand 0.8 V,
electronic mail: phill@ief.u-psud.fr respectively.
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FIG. 2. Capacitance of sample C as a function of the applied gate voltage.
The capacitance is measured at 4.2 K. The inset shows the capacitance of . .
sample A(dashed lingand B (full line). The capacitance was measured at 30 40 50

34 Hz with a 5 mVtickle amplitude. The successive loading 9f and Energy (meV)
wetting layer states is indicated.

FIG. 3. Normalized far-infrared transmission of sample B as a function of
the applied gate voltage. The curves have been offset for clarity. The inset
red measurements, an Al metal film was evaporated on thghows a comparison between the normalized transmission of sanifié B

backside of the sample to form an infrared wave guide. Usl_ine) and the transmission of sample(dotted ling (1 V gate voltagg
ing a Fourier transform infrared spectrometer, far-infrared
light was injected through the cleaved edge of a 7 mm long_g 4 v, respectively than in sample C, indicating that the
sample’ The sample was mounted in a liquid helium cooled ground states of the quantum dots are closer to the band edge
cryostat in front of a 1.8 K bolometer. of GaAs in samples A and B. This feature is attributed to a

N The capacitance between the Schottky contact and thgrger confinement energy which is expected from the re-
n”-buried backcontact of the different samples was meagjyced vertical thickness of the first layer of dots in sample A
sured in order to calibrate the relationship between appliedng to a slight variation of composition or height for sample
voltage and quantum dot carrier concentration. The capacg. The loading of the electrons in the (p) states of the

tance of sample C is shown in Fig. 2 as a function of thesecond layer of sample B is expected to occur around 0.01 V
applied bias. The resonances observed in capacitance reflegtsg \).

the successive loading of the quantum dots states with The normalized far-infrared transmission of sample B is
electrons*® Starting from the negative voltages, the first shown in Fig. 3 for different gate voltages. The inset shows
resonance at-0.78 V corresponds to the loading of one 3 comparison between the normalized transmission of
electron into the s ground state of the first quantum dot layelsample B and sample A. The normalized transmission is de-
The second capacitance resonance; @63 V, corresponds  fined as the ratio between the transmission at a given gate
to the loading of a second electron in the ground state of thgoltage divided by the transmission measured for a negative
dots. This peak is shifted in energy due to the COU|Omb-gate V0|tagd—1 V) where the guantum dots are empty. Two
blockade effect? Because of the broadening of the peaks,absorption resonances can be observed in Fig. 3. The first
the loading of the ground state of the second layer is maske@eak absorption resonance, with a maximum around 22
by the capacitance associated with the first layer and cannegeV, is observed for gate voltages larger than 0.6 V. The
be clearly distinguishetf For these negative gate voltages, second absorption resonance has a peak around 12 meV,
the electric field shifts the ground states of the quantum dotpecomes as large as 5.5%, and is clearly observed for gate
far from resonance with one another, and the electronic Stata@ltages above 0.65 V. For gate voltages larger than 0.7 V,
are mostly localized in each quantum dot. Abov®.3 V,  the spectra remain unchanged, thus indicating that higher
the loading of thep-excited states is observed. An averagebiases do not affect the charging condition of the quantum
occupation of six electrons per dot in the first layer is ob-dots'* The 22 meV absorption is also observed in sample A
tained for a gate voltage around 0.2—0.3 V. Considering theinder similar bias conditions. However, as indicated by the
lever arn? ([distance of the quantum dots above theinset, the broad absorption band maximum at 12 meV is
backgatd/[depth of the backgate~1/7) and the interaction clearly not present in sample A, thus ruling out the origin of
between both layerS the loading of the electrons in the the absorption as a defect absorption.
s(p) states of the second layer is expected to occur around We have identified four processes which could possibly
—0.27 V (0.27 V). A weak shoulder is effectively observed give rise to an absorption peak at THz frequencies in samples
around 0.25 V on the capacitance spectrum. At higher voltA and B: (1) transitions between the tunnel-split energy lev-
ages(0.5 V), the increase of the capacitance indicates theels of the coupled wetting layer$2) bound-to-continuum
occupation of the two-dimensional states of the wetting laytransitions between the states of quantum dots and the
ers. The flatband condition occurs for a gate voltage close twetting layers,(3) intersubband transitions in an accumula-
0.7-0.8 V, when the gate voltage offsets the Schottky bartion layer which might be formed at high positive gate biases
rier. Note that in this case, the states of both layers are atthe GaAs/AlAs interface just above the quantum dot layers
occupied and can become hybridized between bonding andee Fig. 1, and (4) transitions between the tunnel-split
antibonding states. states of the vertically coupled quantum dots. We can safely
Capacitance—voltage spectra for samples A and B ardiscard thes—p transition as a possible source of absorption
shown in the inset. The first electrons are loaded into the firshround 10 meV. Photoluminescence shows that the in-plane
dot layer in samples A and B at higher voltag€sl5 and confinement is not significantly modified by the vertical
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stacking of the quantum dots. Tkep transition is therefore 02y \ ' '
expected to occur around 50 mé&\Both samples A and B 0.4V Sample €
exhibit an absorption near 22 meV. A simple calculation 045V

(i.e., 0.5-nm-thick two-dimensional InAs layers separated by 0.5V WL
7-nm-thick GaAs barrigrpredicts the splitting of the bound g |oov T
states of the wetting layers to be at 24 meV. We therefore £ 107

assign the 22 meV absorption td), transitions between £ |08V

tunnel-split states of the wetting layers, and turn our atten- = joov »
tion to the broad absorption near 12 meV observed in sample 3 oosv s X
B but not in sample A. This is unlikely to be associated with E L1V L
(2), bound-to-continuum transitions betwegnstates and z el
wetting layers. In this case, the transition energy would shift 50 . ;((
significantly as more carriers are added in the quantum dots.

Such transition would also be observed in sample A where, T

at flatband, electrons are loaded in thand in thes andp 0 10 20 30

states in the first and second layer, respectively. It is also Energy (meV)

unlikely that the 12 meV absorption is associated wWih _ _ . .
FIG. 4. Normalized far-infrared transmission of sample C as a function of

mter;subband transitions in 'an accumulation Id}?eﬁ’rewous the applied gate voltage. The curves have been offset for clarity. The inset
studies have not observed intersubband absorption from suekplains schematically the spectra evolution.

an accumulation layer in samples containing quantum dots.

If such an absorption were present in these samples, it would The disappearance of the 10 meV absorption above 1.1
be expected in both samples A and B. The remaining posskV in sample C suggests that thestates are completely filled
bility is (4), transitions between the tunnel-split “bonding” at these gate voltages. This quenching is in agreement with
and “antibonding” states of the vertically coupled quantum capacitance spectra which indicate that all phetates(eight
dots. This assignment explains the following observationselectrong are likely to be populated in sample C. On the
The absorption is not observed in sample A since the quarether hand, in the sample B dots with higher confinement,
tum dot sizes are too dissimilar. This bonding-antibondingthe charging effects prevent the loading offaéllectrons and
absorption can only be observed for voltages close to théhe THz absorption spectrum does not change above 0.85 V.

flatband condition, since it requires the quantum dots to be

loaded with electrons while the energy levels are brought The authors gratefully acknowledge generous support

into resonance and consequently split between bonding arfem ARO DAAG55-98-1-0366, the ONR-MFEL program,
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