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This paper concerns optically driven quantum logic devices based on semiconduc-
tor quantum dots. It provides a brief review of recent theoretical and experimental
progress towards building such devices and a description of a possible direction of
further research. We consider both the exciton and the electron spin as a poten-
tial qubit. Quantum dot fabrication and single dot spectroscopy studies are briefly
discussed followed by a description of experimental demonstrations of basic quan-
tum logic operations. A scheme for a scalable quantum computer based on optical
control of electron spins localized in quantum dots is described in detail. Impor-
tant lessons as well as challenges for future research are summarized.
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1. INTRODUCTION

Semiconductor quantum dot (QD) studies have evolved from ensembles to
single and coupled dots, opening up the possibility of building quantum
devices based on the existing infrastructure for quantum optoelectronic
semiconductor fabrication. It is believed that these dots may be used
as the basic building blocks for future quantum information processing
devices. The focus of this paper is on building optically driven quantum
logic devices based on semiconductor QDs. We aim to provide a simple
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review of the rapid theoretical and experimental progress made in the past
few years and discuss the future directions.

Following the first theoretical proposal!) to use optical excitation in
confined semiconductor systems for quantum computation, early optical
spectroscopy studies of single quantum dots demonstrated the existence of
isolated optical excitations®?) and provided the promising prospect that
such localized excitations may be controlled individually and used as car-
riers of quantum information.) More detailed exciton-based proposals of
implementation followed.>?) Following studies of the coherent nonlinear
optical response® and coherent optical control® at the single dot level, an
experimental breakthrough was made in 2001 when several groups demon-
strated Rabi oscillations of excitons confined in single quantum dots using a
variety of optical techniques.(!®-13) Rabi oscillation of a qubit is an essential
forerunner to arbitrary single qubit operations.

The essence of quantum computation and information processing lies
in the generation of entanglement of qubits. Theoretical studies show that,
while not scalable, two excitons in a single dot can be used to demon-
strate simple quantum algorithms such as the Deutsch-Jozsa algorithm
with pulse-shaping techniques for quantum operations.”” Quantum coher-
ence between arbitrary states within the computation basis was shown to
persist for the lifetime of dipole transitions.(!*1® Entangled states of two
polarized exciton states in a single dot were created and detected opti-
cally.(1410) A key experimental demonstration of the capability of coherent
control of excitons for conditional quantum operations is the demonstra-
tion of a simple two-bit quantum gate based on two excitons confined in
a single quantum dot.(!?

A proposal for a scalable system is based on using single electron spins,
with much longer coherence times than the above systems based on excitons,
residing in closely spaced quantum dots with gate control of spins in sepa-
rate dots.!® There is considerable experimental effort currently directed at
developing appropriate gate control of the spins. Optically driven electron
spins confined in QDs is a promising alternative to electronic control for
future quantum information processing since the speed for optical opera-
tions can easily exceed a THz.(1>2) The recent demonstration of fabrica-
tion of structures, where one extra electron is confined in a single dot,?!
has been a promising step towards achieving these proposals.

For charged quantum dots of the above type, optical excitation cre-
ates a charged exciton (trion), which can be used to rotate the electron
spin.?? This charged exciton state thus serves as an auxiliary state that
provides optical access to the electron spin. Currently, the properties of
negatively charged dots and, in particular, of trions are being studied
intensely.(??
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In this review, we follow a particular framework for universal quan-
tum computation®® of defining qubits, the single qubit operations and
the two-qubit conditional operations on demand, initialization and read-
out. We discuss the experimental demonstrations achieved so far based on
exciton qubits, and describe proposals for the next generation of systems
based on manipulation of spin qubits.

2. QUBITS IN SEMICONDUCTOR QUANTUM DOTS

Optical excitation of an electron into the empty conduction band of
a semiconductor leaves a hole in the valence band. The electron and hole
attract each other via the Coulomb interaction and form a bound-state
exciton. The quantum dot serves as a trap with an effective potential for
the electron and one for the hole as shown in Fig. 1(a). Because the band
gap forms an excitation barrier, the effect of the Coulomb interaction of
the large number of electrons in the ground state with the excited electron
simply renormalizes its attraction with the hole by a dielectric constant
and its mass in combination with the influence of the crystal poten-
tial.Unless there are too many excited electrons, the electron-hole pair
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Fig. 1. Optical control of exciton-based qubits and spin-based qubits. (a) The single par-
ticle energy levels in a neutral dot indicating the optical excitation of an exciton qubit; (b)
the excitation diagram of a two-exciton system confined in a single dot; (c) the single par-
ticle energy levels in a dot indicating the electron spin and the optically controlled exciton;
(d) spin manipulation through the Raman process of the two lowest spin states and the trion
state.
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behaves remarkably like a positronium atom. The presence and absence of
an exciton in a dot can serve as a qubit.

In an alternate scenario, one can dope each QD with a single elec-
tron. The spin of each localized electron then serves as a qubit. The state
of the single electron spin is controlled via a stimulated Raman transition
via the trion (electron-exciton) state®? as illustrated in Fig. 1(c) and (d).

Laser pulses on the order of tens of femtoseconds are readily avail-
able in laboratories nowadays. The interaction energy of the excitons and
the Zeeman energy of the spin levels are both of the order of meV. To
minimize unintended dynamics of the unselected states in either the exci-
ton or the spin qubit system, the pulse width cannot be arbitrarily short.
Nevertheless, optically driven logic devices can be operated at clock speeds
approaching the THz regime. Pulse shaping schemes(”-?? can be imple-
mented to prevent the addition of errors in logical qubits. The clock speed
of the operations is thus orders of magnitude faster than electrical or
microwave control for the same spin qubit system.

Minimizing the errors in quantum operations caused by dephasing
(and hence reducing the demand for error corrections) requires complet-
ing quantum operations before the system loses quantum coherence. The
exciton coherence is limited by radiative recombination, whose time ranges
from 100 ps in the large interface fluctuation dots® to 1 ns in the self-
assembled dots.2>27) For operations of ps duration, the number of possi-
ble operations is 102-103, which is currently believed to be insufficient for
error correction. Shorter pulses are not viable, since the resultant increase
in bandwidth results in excitation of other unintended states which com-
promises device performance.

The coherence time scale for electron spin based qubits is expected
to be much longer, in the range of 1-100 us.®® Electron spins make bet-
ter qubits obviously from this perspective. Optical manipulation of a single
electron spin is still a challenging task at this point. Initial demonstrations
towards building quantum dot logic gates were based on excitons. How-
ever, such optical manipulation of exciton-based qubits is in fact a signifi-
cant component of what is needed to optically control a single electron
spin, and hence is the penultimate demonstration leading to an optically
driven spin-based quantum logic device.

3. FABRICATION OF QUANTUM DOTS AND SPECTROSCOPY
STUDIES OF SINGLE DOTS

Using advanced semiconductor fabrication technologies such as molec-
ular beam epitaxy (MBE), coherent (defect free) islands spontaneously
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form on an initially flat 2-dimensional layer in the Stranski—
Krastanow growth mode of a highly strained system. Such a self-assembled
mechanism is a rapid method to produce quantum dot arrays. Steady
progress has been made in terms of fabricating quantum dots with more
regular shape, size and positions.?”) This type of quantum dot is believed
to be promising for practical applications involving a large number of
quantum dots and has been widely studied. Many challenges remain but
already the properties of single pairs of vertically coupled dots have been
explored optically.®? Other groups are attempting to develop laterally
coupled dots, which may be necessary to scale to larger numbers of qubits.
Considerable effort is needed, but researchers should eventually be able
to provide designer QD molecules. For entanglement of two qubits from
two dots on demand, it is better to have no interaction between two
dots during quiescence but the two dots must be sufficiently close for
the optical induction of qubit interaction such as via the optical RKKY
interaction.(1)

Another model system studied extensively is the natural quantum
dot formed due to interface fluctuations in narrow quantum wells fol-
lowing growth interruption. The monolayer high islands provide the
necessary quantum potential to localize spins and excitons. The most
direct evidence of such localized excitons is provided by images taken
by near-field optical microscopes.3'33) Besides near field microscopes,
other approaches to achieve high spatial resolution include the use of
shadow masks or mesas to limit the area of optical excitation. In this
way single dot spectroscopy shows extremely sharp resonances.>? Such
spectra can only be observed at the single dot level—ensemble mea-
surements show broad energy spectra due to inhomogeneous broaden-
ing as a result of fluctuations in size and shape of the large number of
dots.

Nonlinear spectroscopy measurements using continuous wave (CW)
lasers have confirmed that pure dephasing processes are reduced as a result
of reduced interaction between localized excitons.®) Furthermore, such
CW spectroscopy studies have enabled detailed studies of biexciton for-
mation in single dots, providing important information such as binding
energy and nonradiative coherence times.(!”) Transient nonlinear studies
on self-assembled QDs have turned out to be quite challenging and have
required wave-guide structures to enhance the interaction length in initial
studies. Such measurements have revealed long dephasing times of a few
hundred picoseconds.?>-29) In addition, optically induced entanglement of
two orthogonally polarized exciton transitions in ensembles of InAs dots
have been measured.*
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4. OPTICAL COHERENT MANIPULATION OF EXCITON QUBITS

Universal computation may be achieved by quantum algorithms
consisting of sequences made up from a set of arbitrary one-qubit
operations and one entanglement creating two-qubit logic gate, such as a
controlled-NOT (CNOT) gate or a square-root swap gate or a phase gate.
A CNOT gate has now been demonstrated using two exciton qubits in
a single quantum dot('”) based on the demonstration of Rabi oscillations
and production of entangled states.!?)

We note that a two-bit system in a single quantum dot forms
the basis for the device where the necessary coupling is provided by
the enhanced Coulomb interaction as a result of quantum confinement.
Fig. 1(b) shows the excitation level diagram of such a two-exciton sys-
tem. This simplest two-bit system involves the crystal ground state (]00)),
two distinguishable excitonic states with orthogonal polarizations (|01) and
[10)) and the biexciton state (|11)). It is important to note that the qubits
are defined in the basis of the Bloch vectors of the exciton pseudo-spins.
The value 1 (0) corresponds to the presence (absence) of an exciton with
the Bloch vector pointing up (down).

An important feature evident in the excitation picture is the large
binding energy of the biexciton state due to the three-dimensional quantum
confinement in QDs. The binding energy varies with the size of QDs, typ-
ically in the range of 3-4 meV. The large binding energy implies the fol-
lowing: the excitation of one exciton leads to a different excitation energy
of the other exciton, shifting it down by an amount equal to the binding
energy. This feature gives rise to the characteristic conditional dynamics
needed for building a CNOT gate.

Biexcitons confined in a single quantum dot have been identified opti-
cally, and Rabi oscillations of the exciton to biexciton transition have also
been demonstrated.(!” An important achievement of such a demonstration
is that the 7 pulse can serve as the operational pulse of a CNOT gate. The
performance of this exciton-based CNOT gate can be examined by com-
paring the physical truth table shown in Fig. 2 with the ideal one. Like a
classical gate, the truth table provides the population of each state at the
output corresponding to a particular input. As an example, if the input
state of the system is 10, after the gate operation, the populations in states
(00, 01, 10, 11) are (0.14, 0.06, 0.17, 0.63) respectively, as opposed to the
ideal (0, 0, 0, 1).

Quantum coherence and entanglement are critical to the superior per-
formance of quantum logic devices compared to classical devices. The
complete wavefunction immediately following a pulse that simultaneously
excites both excitonic states can be written as ¥ = Cy|00) + C,|01) +
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Fig. 2. Truth table of the numerically simulated CNOT gate using experimentally obtained
parameters. In an ideal gate, the four highest bars are 1 and the others are 0.

C_|10) + C4_|11). The existence and duration of quantum coherence
between arbitrary states in the computational basis was first measured in
the weak excitation regime in a series of nonlinear spectroscopy studies
using CW lasers.®: 1415 The creation of a specific entangled state requires
laser pulses with pulse area (time-integrated electric field interaction) of
~ . In an experiment aiming to create the Bell state |01) +|10) using =
pulses coupled to both orthogonal excitons, coefficients were estimated to
be Cp=048,C,=C_=0.62,C,_ =0, leading to entanglement entropy as
high as ~0.7. The above discussion has assumed a pure quantum state fol-
lowing the optical excitation. Ref. 16 provides a more complete discussion
of the mixed state entanglement. The temporal evolution of the non-radi-
ative Raman coherence between states |01) and |10) was directly resolved
in quantum beats measured in differential transmission (DT) geometry as
shown in Fig. 3. The Raman coherence time was determined from the
envelop decay of the beats, and was found limited by the lifetimes of
the exciton transitions even in the strong field regime, thus showing that
the potential coupling to other states under the high intensity optical field
did not result in any detectable unintended dynamics or decoherence.

An extended definition of gate fidelity,®> Tr[pp (1) pr (t)] , measures
the overlap between the gate-produced mixed state denoted by the physi-
cal density matrix rp and the ideal one ry, averaged over all possible initial
states. Accounting for dephasing, the fidelity of the CNOT gate was calcu-
lated to be 0.7 assuming that the initial states can be prepared perfectly.(!?)
An ideal gate would have fidelity of 1 while any real gate would have fidel-
ity between 0 and 1. Long operational pulses and short dephasing times
due to fast recombination, a consequence of the large dipole moment in
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Fig. 3. An entangled state involving two polarized excitons confined in single dots was
created and detected optically as evidenced by quantum beats between states |01) and |10)
shown. The quantum coherence time between these two states is directly extracted from the
decay of the envelope.

natural QDs, are two key issues that lead to fidelity below one for the gate.
The combination of a short operational pulse (1 ps) and long population
relaxation times (200 ps) with no pure dephasing would lead to a much
improved gate with fidelity, (F), as high as 0.97 with the optimal separa-
tion between pulses.

In order to increase the quantum operations beyond one dot, inter-
dot exciton interaction is required. One proposal is to use an electric field
to increase the dipole-dipole interaction between two excitons in separate
dots.©©) Dynamic control of the electric field means some sacrifice of the
clock speed of the optical control. Another proposal is to put the dots in
an optical cavity so that the cavity mode can serve as a data bus for the
exciton qubits.(36-37)

5. OPTICAL CONTROL OF SPIN QUBITS IN QUANTUM DOTS

In this section we describe a scheme for a quantum computer that
can be scaled up to many qubits based on optical control of the electron
spin. The system consists of a 2-dimensional array of self-assembled quan-
tum dots in a plane normal to the growth axis of an epitaxial cake of
III-V semiconductors. Each dot is charged with one electron whose two
spin states in the lowest orbital serve as the fundamental qubit.

A set of qubit operations required for universal quantum computation
(consisting of arbitrary single qubit rotations and a suitable conditional
two-qubit operation) are proposed using coherent optical control of
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off-resonance Raman processes which involve the spin states in a static
magnetic field transverse to the growth direction. Since the shortest dot-
center to dot-center distance will be tens of nanometers, current near-
field optics capability is unable to address two neighboring qubits. To
circumvent this problem, we have developed the zip-code concept of light
covering an area containing a dozen or so of dots. Within each zip-code,
frequency selection is used to carry out the quantum operations on one
or two desired spins. The unintended dynamics of the other spins is elim-
inated by laser pulse shaping.

We classify the errors in quantum operations into two classes: the
unintended dynamics due to the discrete states in the dots and the deco-
herence effects due to the coupling of the spin degrees of freedom with the
environment defined as any system with a continuum of degrees of free-
dom such as the electromagnetic field and the solid vibrations. The direct
spin dephasing time is long because of the weak spin flip terms. The opti-
cal decoherence incurred by the optical processes, potentially the strongest
component of decoherence, is minimized by keeping the Raman processes
off-resonance. The advantage of the optical control is then the fast (sub-
nanosecond) clock speed in relation to very long spin dephasing time (pos-
sibly close to milliseconds).

5.1. Qubit Initialization

The system needs to be prepared initially to a specific state, say, all
spins down. The qubit initialization is to be carried out by first splitting
the two spin states in each dot with a constant magnetic field and then
optical pumping of the spin up state to the trion state allowing time for
relaxation into the spin down states.(38:3%

5.2. Measurement

Measurement can be carried out through optical recycling transitions
between a specific electron spin state and the corresponding trion state
under resonant optical excitation. The transition will occur only if the
electron is in the targeted spin state. A photon will be emitted after each
cycle until there is a spin flip process of the trion or electron, providing a
burst of photons.3®)

5.3. Arbitrary One-qubit Operations

The use of coherent circularly polarized light propagating along the
growth axis of the semiconductor layers (denoted as the z-axis) for the
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Raman process shown in Fig. 1(d) can produce a single qubit rotation
only about the z-axis. We have designed a method for a rotation about
any axis through any angle by utilizing a static magnetic field pointing
away from the z-axis and with sufficient Zeeman splitting so that two
pulses of different frequencies can separately address the optical excita-
tion (lowest energy trion) of each spin state without interfering with the
other state.?” The three parameters of an arbitrary rotation, such as
the Euler parameters or the orientation of rotation axis relative to the
magnetic field and the angle of rotation are determined by the relative
phase and Rabi frequencies of the two applied pulses connecting the two
spin states to the trion state and their common detuning from the trion
state.

While we make use of the off-resonance Raman process in the adi-
abatic regime, our pulse design is conceptually from that for the popu-
lation transfer using stimulated Raman adiabatic passage (STIRAP).(40)
While both methods involve coherent control of the three-level system,
STIRAP uses the dark optical dressed state to affect the population trans-
fer whereas we use the other two dressed states to make a spin rotation.
The “counter-intuitive” sequence of two pulses used in STIRAP requires
the foreknowledge of the initial and the final state, which cannot be used
as a qubit operation in quantum computing. Our design for a qubit oper-
ation makes use of the remaining two states and works for an arbitrary
initial spin state.

5.4. Two-qubit Logic Gate

The principle is based on Ref. 19, optically creating a Heisenberg
interaction between two spins in two nearest neighbor dots as illustrated
in Fig. 4(a). The amount of rotation between the two antiparallel spin
states shown in Fig. 4(b) can be controlled by the time duration of the
optical pulse. For example, an effective 7/2 pulse yields a qubit swap.
However, to reduce the addressing problem because of the current focus-
ing limit of the optical field, the intermediate state of the excited trion
should be chosen to be the common bound states of the two dots. The
dots are designed with the ground states of the electrons in different dots
isolated from one another but with the first or higher excited states hav-
ing overlapping wave functions between the nearest neighbors as shown in
Fig. 4(b). Thus, for the single-qubit operation, the lowest trion used for
the intermediate Raman state is isolated in a dot, whereas for the two-
qubit operation, the excited trion state is designed to cover two and only
two neighboring dots.
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Fig. 4. Optical control of two spins in two separate dots. (a) The single particle energy level
scheme; (b) the same process in terms of the four states of the two spins and the excited
states with the addition of an exciton.

The excited trion energies of the two dots are brought to coincidence
by the dynamic Stark shift (second-order ac electric field induced energy
change) while the relevant energy levels from the other dots are kept
away from the optical frequencies used. Under ideal operation conditions,
the detuning from the intended intermediate state is always less than the
energy differences between the intermediate state and other states. To
refine the operation for less than ideal circumstances, we propose pulse
shaping, to be discussed in Sec. 5.5.

5.5. The Possibility in Principle of Building a Large Quantum Computer

The problem of addressing specific single or two qubits belongs to
the realm of the avoidance of unintended dynamics. Its solution is key
to both specific quantum operations and to the scalability of the com-
puter. In NMR,“D a sequence of pulses in time is used to accomplish
an operation. In quantum optics,*? a pulse is shaped in the frequency
domain to acquire a certain shape in the time domain without drastically
increasing the operation time. The pulse shaping approach for quantum
operations”-*3%Y in frequency space uses a broader bandwidth than the
interdot and intradot energy differences to gain a short operation time.
The idea is to use the flexibility of the pulses to return the unintended
dynamics to a net zero at the end of the operations.
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The use of the frequency space avoids the time consumed by pulse
sequencing in NMR depending on the principle of spin echo, which the
dot system cannot afford because of its much shorter decoherence time.
The energy difference for unintended dynamics to arise is 0.1-1% of the
laser bandwidth, one to two orders of magnitudes smaller than the NMR
design. Our approach does not so much eliminate the unintended dynam-
ics by interference to render the undesired level dark as to bring the
recalcitrant electron back to its original state at the end of the pulse. It is
possible to limit the overhead of pulse shaping to have a power-law depen-
dence on the number of qubits.”) We have simulated a few pulse-shaping
operations to study their performance quality’-*?) but much work for the
spin operations remains to be carried out.

5.6. Decoherence

There are two sources of decoherence. One is spin relaxation whose
time is long, as discussed above, although the transverse relaxation time
T, in a single dot has yet to be measured. The decoherence due to the
optical processes during the operations involving the additional excitons
could be fast and has to be ameliorated by design, such as detuning or
pulse shaping.

6. SUMMARY

The experience of building quantum logic devices based on optically
driven quantum dots has provided the basis for moving from the exci-
ton qubit to the spin qubit. Many benchmark features predicted for zero-
dimensional systems have been readily observable in the model system of
natural dots formed by interface fluctuations once the technical challenges
of nano-optical probing to enable the study of individual quantum dots
were overcome. The body of work has shown that the quantum dots do
indeed have the optical features of sharp energy level structure associated
with atomic systems and that decoherence effects that are associated with
the continuum states of higher-dimensional structures are not an issue
in these systems, in general. Multiple reports of exciton Rabi oscillations
demonstrated on different types of quantum dots verify the robustness of
such qubit rotational operations. Evaluation of the performance of the
these systems show surprisingly high fidelity for initial studies, and fur-
ther progress in materials development and the application of optical pulse
shaping and coherent control techniques will surely result in considerable
improvement.
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While further development of exciton based qubit systems will
undoubtedly lead to impressive performance, much of the future work
will be focused on extending the exciton system to the A system of
Fig. 1(d) by doping a QD with a single electron. Moving to the spin
based qubit will lead to longer coherence times with the promise of
improved performance as aimed at quantum computing. The challenges
here lie in developing further control of materials fabrication, which will
be paired with more sophisticated schemes for optical excitation and
coherent control. Full characterization of the density matrix will be essen-
tial for complete understanding of the system, and means for reliable read-
out and initialization will need to be experimentally investigated.

Advances in materials work combined with new optical probing and
coherent optical control developments have enabled surprisingly fast devel-
opment of optically driven quantum dot systems for quantum information
processing. Innovative proposals by many groups have identified several
approaches now to extend this work in a scalable manner.(18-20.24.36.37)
Many critical questions remain, however, and further work is required in
all areas.
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