2768

OPTICS LETTERS / Vol. 35, No. 16 / August 15, 2010

Highly anisotropic decay rates of single quantum
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We have measured the variation of the spontaneous emission rate with polarization for self-assembled single
quantum dots in two-dimensional photonic crystal membranes. We observe a maximum anisotropy factor of 6 be-
tween the decay rates of the two bright exciton states. This large anisotropy is attributed to the substantially different

projected local density of optical states for differently oriented dipoles in the photonic crystal.

Society of America
OCIS codes: 350.4238, 230.5298, 300.6470.

In the past few decades, there has been considerable in-
terest in applying photonic crystals (PCs) for controlling
the spontaneous emission (SE) of embedded emitters,
which may find applications in diverse areas, such as
quantum information science, efficient lasers, and LEDs.
Originally proposed by Yablonovitch [1], the experimen-
tal progress has been delayed due to the lack of suffi-
ciently high quantum efficiency emitters and PCs. The
first experimental demonstrations of control of the spon-
taneous emission rate have appeared recently using
colloidal quantum dots in three-dimensional opal PCs
[2] and self-assembled quantum dots (QDs) or quantum
wells in two-dimensional (2D) photonic crystal mem-
branes (PCMs) [3-5] or PC cavities [6]. The latter tech-
nology has proven very successful due to the excellent
optical properties of self-assembled QDs [7], the ability
to optically address single QDs [4], and the strongly mod-
ified optical local density of states (LDOS) in PCMs [8].
Hitherto, plenty of research has been focused on the SE
behavior of QDs embedded in PCs with defects [6,9,10]
(e.g., a cavity or waveguide). PCs without defects have
important merits, since they are less sensitive to spectral
or spatial tuning of the QDs, thus providing a versatile
method of controlling the SE rate of QDs. Recently it
was theoretically proposed that the SE rate in a PC
can be highly anisotropic depending on the orientation
of the transition dipole moment of the emitter [11], which
may be employed to enhance effects of quantum interfer-
ence between the two radiating states [12] of relevance
for quantum information applications. However, so far,
no corresponding experimental demonstration has been
reported to our knowledge. Here we experimentally de-
monstrate such a pronounced anisotropy by carrying out
time- and polarization-resolved SE measurements on a
single QD addressing two orthogonally polarized bright
exciton states. In this process, we probe the anisotropy
of the vacuum electromagnetic field in the PCMs, which
was not addressed experimentally previously.

When optically exciting a QD, choosing the sample
growth direction [001] as the quantization axis (2) for
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angular momentum, one lifts an electron (S,, = j:%) to
the conduction band, leaving a heavy hole (J;,, = :i:%)
in the valence band, which can form four possible exci-
ton states (|k.e)): [3.-1), [-3.1), [3.)), |-3.-1). We
note that the light holes (J,, = j:%) can be neglected
as the degeneracy of the light and heavy holes is lifted
by the strain causing the QDs [13]. The four exciton
states are categorized into two groups according to
the values of their total angular momentum: bright states
(J, ==+1) and dark states (J, = +2), where only the
bright states are optically active. Because of the reduced
symmetry of self-assembled QDs and anisotropic ex-
change interactions, the two bright states are separated
in energy (typically 0-30 peV) and usually denoted as X
or Y states according to their dipole orientations ([110] or
[110]). The photonic crystal patterns fabricated by elec-
tron-beam lithography can be aligned readily to these
axes because they are normal to the natural cleave
planes of standard (001) GaAs wafers. The QD SE decay
curves are, in general, bi-exponential, where the fast
component, which is considered here, is due to recombi-
nation of the bright exciton transitions, while the slow
component is due to dark-state recombination mediated
by spin-flip processes [14]. Polarization-resolved SE mea-
surements enable addressing each of the orthogonally
polarized bright exciton states individually and thereby
allow us to probe the anisotropy of the vacuum electro-
magnetic field in the PCM. We quantify the polarization
dependence by defining the anisotropy factor " E%,

where yx (yy) represents the decay rate of the X(Y)
states.

In our experiment, we used a standard micro-
photoluminescence (uPL) setup, see Fig. 1 of [9]. The
sample is a GaAs PCM with a layer of self-assembled InAs
QDs of density 80 yum=2 embedded in the center of the
membrane, as shown in Fig. 1(a). The excitation laser
is a pulsed diode laser at 780 nm (1.59 eV) with a repeti-
tion rate of 20 MHz. To facilitate polarization-resolved
measurements, a polarizer consisting of a half-wave plate
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and a polarization beam splitter is used in the detection
path. The excitation intensity used in the measurements
is about 300 mW/cm?, which is below the exciton satura-
tion level, so that only photon emission from the ground
state is observed. The ground-state emission energy is
centered at 1.36 eV with an inhomogeneous broadening
of 140 meV. The resolution of the monochromator is
about 120 peV, which is larger than the energy splitting
between the two bright states. However, they can still be
separated by their different polarizations.

In our experiments, we investigated about 30 different
QDs positioned in seven different PCMs, with the lattice
parameters ranging from 260 to 325 nm. For the sake of
exploiting a pronounced 2D PC bandgap effect, we chose
QDs in PCMs with /a = 0.30, where 7 is the radius of the
air holes and a is the lattice constant. For comparison, we
also measured decay curves of four QDs positioned out-
side the PCMs. For each QD, the photoluminescence
(PL) was projected onto different polarization directions
by controlling the detection half-wave plate.

Figure 1(b) shows typical decay curves for two QDs,
where QD A is inside a PCM, and QD B is in the unpat-
terned substrate while being close in emission energy
to QD A. Three decay curves for QD A are displayed cor-
responding to different polarization components 0° (i.e.,
H), 70°, and 90° (i.e., V). We clearly observe that the SE
rate is strongly dependent on polarization, illustrating that
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Fig. 1. (a) Scanning electron micrograph of the sample, in

which a layer of self-assembled InAs QDs (red color) is em-
bedded in the center of a GaAs PCM. The X and Y axes marked
on the sample represent the X and Y dipole orientations ([110]
or [110)), respectively. (b) Three decay curves for QD A (inside
PCM, a = 320 nm, emission energy 1.274 eV) corresponding to
0° (blue, upper curve), 70° (cyan, middle curve) or 90° (green,
lower curve) polarization. Also shown are two decay curves for
QD B (outside PCM, emission energy 1.267 eV) for 0° (blue
curve) and 90° (green curve) polarizations that are almost on
top of each other. The red curves are bi-exponential fits to
the decay curves.

August 15, 2010 / Vol. 35, No. 16 / OPTICS LETTERS 2769
X and Y bright excitons decay significantly differently in
the PCM due to the anisotropic vacuum fluctuations
experienced by the QD. Note that the polarization-
dependent decay rate reported here is fundamentally
different from the anisotropic intensity distribution mea-
sured, e.g., for PC cavities in [15]. For comparison, no such
anisotropy is observed in the reference measurements on
QD B. The SE rate is found to be strongly inhibited in the
PCM with inhibition factors differing for the X and Y
states. By comparing QDs A and B, we derive an inhibition
factor of 15.8 for the X state and 6.5 for the Y state.

The PL decay rate and intensity obtained when probing
different polarizations for QD A are presented in Fig. 2.
Polarizations H and V correspond to probing the two
orthogonally polarized bright states X and Y, while inter-
mediate directions probe a combination of the two bright
states. Note that this implies that only in the former case
are the decay curves strictly bi-exponential functions.
However, this model turns out to model the decay curves
rather well also for intermediate polarization settings,
and the goodness-of-fit (y%) varying between 1.0 and
1.4 is found for the complete dataset. The PL intensity
shows a maximum (minimum) value at H (V) polariza-
tion, which is opposite to the decay rate. This is expected
since a stronger inhibition of the decay rate caused by the
2D photonic bandgap (PBG) means that less light propa-
gates in the plane of the PCM, i.e., the emission efficiency
in the direction normal to the PCM will be higher due to
energy redistribution [3]. The PL intensity variation with
polarization 0 is observed to follow the simple relation
1= # + &%005(29), where Iy and Iy are the inten-
sities of the X and Y exciton states, respectively; see
Fig. 2. This can be easily understood as the result of ap-
plying polarization projection measurements on two
orthogonal states.

Figure 3 shows the anisotropy factor of decay rates for
all the measured QDs measured on PCMs with various
values of the lattice constant. Note that all measurements
presented are for QDs emitting within the 2D PBG of the
PCMs [8], and all the QDs have fixed orientations of the
transition dipole moment along the directions X and Y.
The orientations of these dipole moments in relation to
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Fig. 2. (Color online) PL decay rates and intensities versus po-

larization for QD A. The square points (triangular points) are

experimental results for decay rates (intensities). The solid

curve is the fitted result with a cosine function, and the dashed

curve is a guide to the eye.
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Fig. 3. (Color online) Measured anisotropy factor of decay
rates between X and Y states. The triangular points represent
QDs inside PCMs (with seven different lattice parameters); the
circular points represent QDs outside PCMs, and the dashed
horizontal line separates regions yy > yy and yx < yy.

the photonic crystal pattern have been indicated in the
inset of Fig. 1(a). In the experiment, recording either
an H or a V polarized photon corresponds to selecting
light from an exciton with an X or a Y oriented transition
dipole moment, respectively. As a result, the maximum
and minimum value of decay rates locate either at H
or V polarizations. Large variations are observed be-
tween the individual QDs in the PCM with a maximum
value of about 6. This directly demonstrates the large an-
isotropy of the vacuum electromagnetic field in a PC that
was theoretically proposed in [11]. This anisotropy gives
rise to substantial differences in the projected LDOS,
leading to the different decay dynamics of X and Y ex-
citon states. For comparison, reference QDs in a bulk
substrate showed no anisotropy in the decay rates for
the two orthogonally polarized states.

To conclude, we have systematically measured the
polarization-dependent SE rate for self-assembled single
QDs inside PCMs and obtained a maximum anisotropy
factor of decay rate between the X and Y states of 6.
Our measurement results demonstrate the large aniso-
tropy of the vacuum electromagnetic field inside PCMs
[§,11], which is a crucial condition for achieving quantum
interference between two closely lying energy levels [12]
that could enable demonstration of fascinating phenom-

ena, such as lasing without inversion or quantum beats.
Therefore, our experiment is not only vital in realizing
complete control on the SE of single QDs with PCs,
but also enables fundamental quantum optics experi-
ments with practical systems.
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