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Control of Vertically Coupled InGaAs=GaAs Quantum Dots with Electric Fields
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Controllable interactions that couple quantum dots are a key requirement in the search for scalable solid
state implementations for quantum information technology. From optical studies of excitons and
corresponding calculations, we demonstrate that an electric field on vertically coupled pairs of
In0:6Ga0:4As=GaAs quantum dots controls the mixing of the exciton states on the two dots and also
provides controllable coupling between carriers in the dots.
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FIG. 1. PL spectra from a single In0:6Ga0:4As=GaAs CQD with
6 nm (left panel) and 5 nm separation (right panel) for varying
electric field E. U is the potential applied to the structure. Left
inset: Sketch of CQD structure along growth direction. Vertical
(tilted) arrows indicate intradot (interdot) excitons. Right inset:
Sketch of CQDs in a diode structure.
The interdisciplinary field of quantum information pro-
cessing not only offers insight into the interface between
quantum and classical behavior, but it also opens important
technological opportunities ranging from encryption and
quantum communication ultimately to quantum computing
[1,2]. Quantum information is represented by a linear
combination of two states, j0i and j1i, on a quantum bit
(‘‘qubit’’), as j’i � �j0i � �j1i. For systems to be scal-
able up to large numbers of qubits and to be integrated into
conventional electronics, solid state implementations are
needed, and quantum dots (QDs) with their sharp atomic-
like states currently are a major focus of such investiga-
tions [3].

Quantum gates between two qubits perform the essential
logic operations. From a linear combination state on one
qubit A, j’iA � �j0iA � �j1iA, a gate operation produces
an entangled state of two qubits, A and B, as j�i �
�j0iAj0iB � 	j1iAj1iB. This is done by turning on a physi-
cal interaction between the qubits [4]. The most critical
need in developing quantum gate implementations is to
obtain controllable interactions between pairs of qubits.
These interactions must be coherent so that the quantum
information is retained. To date, proposals for quantum
gates from QDs often have involved highly demanding
nanoscale fabrication to manipulate the coupling between
dots [4,5].

In undoped QDs, two exciton states (ground and single
exciton) can be used to represent the qubit levels. Here we
demonstrate controlled coupling between exciton states in
QDs with an electrical gate [6]. Our approach is illustrated
in the upper left sketch of Fig. 1 where an electric field
manipulates the state coupling in the two dots by bringing
them into and out of resonance [7]. Excitons in ‘‘vertically
coupled’’ self-assembled InAs=GaAs QDs have been
studied earlier [8–10]. Recently evidence for the coherence
of these states was obtained from anticrossings in their fine
structure and diamagnetic shifts [11]. The coupling be-
tween these excitons arises from the overlap of the electron
and hole �e; h� wave functions and from Coulomb inter-
actions between them [12]. To apply an electric field to
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such a pair of coupled quantum dots (CQDs) along the
direction joining them, the structures sketched in the upper
right inset of Fig. 1 were fabricated.

Self-assembled In0:6Ga0:4As=GaAs QDs with nominal
separations of d � 4, 5, and 6 nm were prepared. These
QDs have smaller interdot separations, and consequently
larger energy differences between their confined electronic
states, than do those studied earlier [11,13]. The back gate
is a conventional laser contact, and the front gate consists
of two Al layers, separated from the back gate by
�0:8 �m. The first front gate layer with a thickness of
�100 nm has small holes formed by lithography with
diameters down to �200 nm to isolate a single pair of
CQDs. To obtain a homogeneous field along the growth
direction, a second, optically transparent layer with a
thickness of �5 nm is evaporated on top of the first layer.
Optical excitation and luminescence collection are done
through the holes in the mask. These CQD structures were
1-1  2005 The American Physical Society
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FIG. 2. Calculated energies of four lowest lying exciton states
of In0:6Ga0:4As=GaAs CQDs with 6 nm separation vs electric
field E. Widths of lines are proportional to transition oscillator
strengths.
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FIG. 3. Calculated wave functions of the lowest two exciton
states in In0:6Ga0:4As=GaAs CQDs as functions of electron and
hole coordinates along the axis joining the dots. Electric field
E � 0 is given in the upper panels and E � 6:4 kV=cm (repre-
senting a potential of 0.6 V) is given in the lower panels. The
dots are located at 	3 nm along the growth direction.
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studied by photoluminescence (PL) at T � 2 K with an
Ar� laser for excitation. The emission was dispersed by a
double monochromator (f � 0:6 m) and detected by a
LN2-cooled charge coupled device camera. Negative volt-
ages give a reverse bias and positive voltages a forward
bias. For forward bias there are leakage currents, and thus
there are only small internal electric fields, and correspond-
ingly little change in the spectra occurs.

PL spectra for a single CQD structure with 6 nm barrier
are shown in Fig. 1 (left panel). At low electric field E, the
spectra are dominated by a single feature that shifts to
lower energies with increasing E for reverse bias. For
higher fields, a second feature appears, and the lower
feature becomes relatively less intense. Similar spectra
for a CQD with 5 nm barrier are shown in the right panel
of Fig. 1, for which the higher energy feature appears at
higher voltages.

To understand these results, we consider an electron-
hole pair in a CQD with an electric field E along the
direction joining them, as in Fig. 1. We have calculated
the orbital energies and wave functions of the four lowest
exciton states �i, i � 1; . . . ; 4 of one e, h pair in an
In0:6Ga0:4As=GaAs QD pair. The theoretical approach
and results for zero field are discussed in Ref. [14].
These states arise from the lowest s-like carrier states of
each QD. They are obtained by diagonalizing the
Hamiltonian

H �

V0
D te � Ve0 th � Vh0 Veh

te � Ve0 V10
I � eEd Veh th � Vh1

th � Vh0 Veh V01
I � eEd te � Ve1

Veh th � Vh1 te � Ve1 V1
D

0
BBB@

1
CCCA

(1)

in the basis j0; 0i, j1; 0i, j0; 1i, j1; 1i that give the four
possible locations of the e and h in the CQD structure [15].
The first index indicates that an electron is in the (0) dot or
in the (1) dot, and the second index does the same for the
hole. te�th� are the tunneling amplitudes for an e�h� be-
tween the dots. The V’s are the Coulomb interaction ma-
trix elements involving the e, h pair [16], which depend
on d. eEd is the potential drop over the distance d be-
tween dots. The calculations are made using cylindrical
In0:6Ga0:4As=GaAs QDs of height 3 nm with finite vertical
potential offsets [17]. The e�h� states are calculated adia-
batically [18], which gives parabolic effective potentials in
the lateral direction, and the matrix elements in Eq. (1)
were calculated from them. We find that electric field
dependences discussed here are not sensitively dependent
on the parameter choices.

The energies are shown as functions of E in Fig. 2, and
the wave functions of the two lowest exciton states �1 and
�2 at E � 0 are shown in the upper panels of Fig. 3 as
functions of the e, h coordinates in the vertical direction.
The wave functions spread over the two dots and are
composed of j0; 0i and j1; 1i intradot and of j1; 0i and
15740
j0; 1i interdot excitons. The relative amplitudes of the
features in each wave function are determined by ViD �

VijI , te and th. The line widths in Fig. 2 are proportional to
the exciton oscillator strengths, which are given by the
probability of e and h being at the same position, i.e., by
the wave function amplitude at re � rh. For E � 0, �1

and �4 are orbitally symmetric and optically bright, and
�2 and �3 are orbitally antisymmetric and dark, as can be
seen for �1 and �2 in Fig. 3.
1-2



0.6

0 2 4 6 8

-0.4V high energyV
]

magnetic field [T]

PRL 94, 157401 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
22 APRIL 2005
The experimental electric field dependences in Fig. 1 are
accounted for by the two lowest states �1 and �2 in Fig. 2.
When an electric field is applied, the intradot and interdot
components of �1 and �2 become increasingly decoupled
(lower panels in Fig. 3). For increasing field, �1 moves to
lower energy, becomes less intense and approaches a de-
coupled, optically inactive interdot exciton j1; 0i. �2 be-
comes more intense with increasing field as it approaches
an optically active intradot exciton j0; 0i [19].

Figure 4 gives the observed positions of the two spectral
features for three different dot separations versus voltage.
The qualitative behavior of the different samples is similar,
with a second spectral feature appearing only for increas-
ing field. The higher energy feature appears at higher
electric field for smaller dot separations, as expected,
because higher fields are required to overcome the greater
tunneling for closer dots. Further, the energy splitting
between �1 and �2 increases in going to narrower bar-
riers. The symbols in the inset of Fig. 4 give the fields for
the onset of the second spectral feature vs dot separation,
which have been determined from results from several
CQDs for each d. The data are in good agreement with
the calculations shown by the line.

In order to verify that the higher lying spectral line
appearing in Fig. 1 cannot be attributed to charged exciton
emission, we have also done studies in magnetic fields
along the symmetry axis. Figure 5 shows spectra for bias
U � 0 (left panel) and for U � �0:4 V (right panel) for
varying magnetic fields. For U � 0 a doublet splitting is
observed for the single line in Fig. 1, and it has a splitting
of 1.3 meV at 8 T. For U � �0:4 V, the spin splitting of
the lower line is 1.1 meV at 8 T. The higher energy line
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FIG. 4. Experimental results for positions of spectral features
vs electric field for CQDs with separations of 4, 5 and 6 nm. The
right panel gives experiment and calculations (solid line) of the
electric field for onset of second spectral feature. In the calcu-
lations the upper line was taken to appear at a field for which its
intensity rises to 20% of the lower line intensity.
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shows a splitting of 1.7 meV. The spin splitting should be
the same for a neutral and for a charged exciton because for
both the splitting is determined by the g factors of the
recombining electron and hole only with a total angular
momentum M � 	1 [20]. Because the higher and lower
lying lines have different splittings at the same U, the
upper line should not be attributed to charged exciton
recombination. The difference between the g factors of
the low energy lines forU � 0 and �0:4 V comes from the
distortion of exciton wave function by the electric field. On
the other hand, �1 and �2, have different orbital functions
at the nonzero field and therefore have different g factors,
consistent with the observations.

We also note that the picture of the exciton states given
here is consistent with the diamagnetic shifts of the spectral
lines in Fig. 1. The inset of Fig. 5 gives the diamagnetic
shifts of the U � 0 and �0:4 V lines for QDs separated by
6 nm. The shift of the U � 0 line is to a good approxima-
tion equal to half the sum of the shifts of the two lines at
�0:4 V, which is in accord with our calculations within a
few percent. The basic physics can be seen by noting that at
high electric field the states �1 and �2 are approximately
an intradot and an interdot exciton with corresponding
diamagnetic shifts. For the present QDs for which the
tunneling energies (te � th) exceed the Coulomb energies
(ViD � VijI ), atU � 0 �1 is 
 0:5�j0; 0i � j0; 1i � j1; 0i �
j1; 1i� for which the diamagnetic shift is half the sum of the
shifts of an interdot and an intradot exciton.
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FIG. 5. PL spectra of an In0:6Ga0:4As=GaAs CQD for varying
magnetic fields oriented along the molecule axis. The left (right)
panel shows data for U � 0 (U � �0:4 V). The inset gives
measured diamagnetic shifts of the emission lines at U � 0
and U � �0:4 V for an In0:6Ga0:4As=GaAs CQD with 6 nm
separation.
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In summary, we have demonstrated control of the hy-
bridization of electron-hole pair states in CQDs with an
electric field, which comes mainly from modifying the
relative energies of the two QDs with the field. The tunnel
and Coulomb interactions, which determine the coupling,
control the entanglement of qubit gates in several systems:
(i) If two excitons are introduced into a CQD structure by
coherent optical techniques, electric field pulses would
control the entanglement between them. (ii) The two
Zeeman levels of an excess carrier spin also provide an
attractive representation of a qubit in part because of
evidence that their dephasing times are long [21]. The
interactions between two spin qubits as well as those for
two exciton qubits result from carrier tunneling between
dots and Coulomb interactions, and they are described by
the parameters obtained here. (iii) In addition, quantum
gates between the electron and hole states in a pair of QDs
have also been advanced [22] in which case entanglement
can be obtained directly from the present work on excitons.
Finally we note that (i) the electric field dependences of the
spectra, (ii) the diamagnetic shifts of the two spectral
features, and (iii) the systematic dependences of these
features on separation all are consistent with quantum
mechanical, coherent coupling between the dots studied
here.
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