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This work explores the origins of nonzero multiphoton emission probability for quantum dots
embedded in photonic crystal nanocavities using different excitation energies to inject excitons into
either the GaAs barrier or the quantum-dot excited state. The detected multiphoton events are
established to arise from both the recapture of excitons and background emissions from the wetting
layer tail states. The exciton emission is analyzed using rate-equation calculations, which suggest
that multiphoton emission is dominated by the recapture effect. © 2009 American Institute of

Physics. [DOL: 10.1063/1.3125222]

The exploitation of semiconductor self-assembled quan-
tum dots (QDs) to develop a solid-state single photon
emitter is currently of interest for quantum information
applications.l_4 To produce on-demand single photon turn-
stiles, QDs were incorporated into an optical cavity to en-
hance the spontaneous emission (SE) rate and the photon
extraction efficiency. Various monolithic optical cavities in-
cluding microdisks,’ microposts,z’s’6 and photonic-crystal
nanocavities (PC-NCs)*’ have been adopted, of which PC-
NCs are the most frequently employed to enhance the SE
rate because of their high quality factor (Q) and small modal
volume (V,,).* High-coupling-efficiency single-mode single
photon emitters” and ultralow-threshold self-tuned QD
lasers® have been demonstrated using such PC-NCs. How-
ever, the probability of unwanted multiple photon emissions
is usually found to increase when the single-QD line is spec-
trally resonated with (or even somewhat detuned from) the
PC-NC cavity modes,*’ especially when electron-hole pairs
are generated in barrier materials. The multiple photon emis-
sions are attributable to the recapture of excitons in the fast
radiative QDs,lO as well as to the QD background.s’g’9 Since
multiple photon emission limits the range of applications of
single photon emitters—particularly to electrically driven de-
vices in which carriers are injected into barrier materials, the
major contributions must be examined. This study explores
the origins of the nonzero multiphoton emission probability
from QDs that are embedded in PC-NCs, using different ex-
citation schemes—injecting excitons into either the GaAs
barrier or the QD excited state. This work shows that the
detected multiphoton events involve both the recapture of
excitons and background emissions from the wetting layer
(WL) states. Finally, the recapture of excitons is analyzed
using rate-equation-model calculations.

Self-assembled QD samples were grown on a GaAs
(100) substrate by metal-organic chemical vapor deposition.
After a 500-nm-thick Al,3Gag,As sacrificial layer was de-
posited on the substrate, a 190 nm GaAs waveguide layer
with a layer of low-density (~3 um™) In,sGaysAs QDs
(Ref. 11) embedded at the center was then grown. The
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PC-NC used herein is the L3 defected cavity, which was
fabricated by electron-beam lithography with air-hole period
a=300 nm and radius r=0.31a.’

The coupling of QD emissions with the PC-NC cavity
mode was examined by measuring microphotoluminescence
(uPL) at liquid He temperature, using either an He-Ne laser
or a Ti:sapphire laser as a pumping source. Photon correla-
tion measurements were made using a Hanbury—Brown and
Twiss setup to record the second-order correlation function
¢?(7). Both uPL and correlation measurements have been
described in detail elsewhere.'? Correlation measurements
were made under pulsed excitations using a mode-locked
Ti:sapphire laser, which delivered a 3 ps pulse train at 76
MHz.

Two representative PC-NCs (A and B) were utilized
herein to explore the photon statistics of single QDs that
resonated with, or were somewhat detuned from, the cavity
mode. Figure 1 shows the uPL spectra of both cavities at
different excitation powers (P). For PC-NC A, a broad band
WL emission near 1.36 eV and cavity mode emission
near 1.315 eV are observed. At lower P, the single exciton
line (X) of the QD in this cavity was closed to 1.316 €V,
which is on resonance with the cavity mode, as has been
verified by power-dependence and polarization-resolved
measurements.'> The MPL spectra of PC-NC B, which is
shown in Fig. 1, exhibited similar spectral features, except
that the X line of the QD in this cavity is detuned from the
cavity mode by about 10 meV.
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FIG. 1. The wPL spectra reveal QD exciton (X), PC-NC cavity mode and

WL emissions for PC-NC A and PC-NC B at an excitation energy of 1.96
eV and pumping powers of 1.25 uW (top) and 2.5 nW (bottom).
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FIG. 2. (a) Second-order correlation functions g (7) for PC-NC A and B at

E.=1.55 eV. (b) Power dependence of gf)z) at excitation energies of 1.55
eV (@) and of excited state of QD (0J).

Figure 2(a) plots the measured second-order correlation
functions ¢@(7) for both the PC-NC A and B under pulsed
laser excitations at 1.55 eV. Despite the clear signature of
photon antibunching observed at zero delay (7=0) for both
cavities, some non-negligible multiphoton events were still
detected, particularly for the PC-NC A, where the QD emis-
sion is on resonance with the cavity mode. For an ideal
single photon emitter, 30 '=0 s expected. However, the mea-
sured go ) values for the PC-NC A (on resonance) and the
PC-NC B (off resonance) were 0.15 and 0.06, respectively;
both increased with P [Fig. 2(b)]. The markedly higher mul-
tiphoton probability in the case of QD-cavity resonance is
attributable to the exciton recapture effect. For the above
band gap excitations, excitons were first created in the GaAs
barrier, followed by a fast relaxation into the WL state and
then captured by the QDs. When the exciton lifetime in the
QD (7qp) is short, some residual excitons remain in the WL
after the QD emission. These long-lasting residual excitons
would be recaptured into the QD after the recombination of
the preceding exciton, causing multiphoton emissions in the
same excitation cycle. This effect is expected to be stronger
at higher P because of the presence of more long-lasting
excitons in the WL state, in consistence with our experimen-
tal results.'®

The exciton lifetimes for QDs were determined by mak-
ing time-resolved PL measurements. The emission lifetimes
for the QDs in PC-NC A is 7qp 4=0.28 ns, considerably
shorter than that for QDs in the absence of PC (7gp
=0.65 ns), because of QD-cavity resonance. For PC-NC B, a
slightly longer QD emission lifetime 75pp=0.94 ns was
found, indicative of a suppressed SE rate into the photonic
band gap owing to cavity detuning. The measured lifetime
Tqp,A 18 shorter than 7qp 5, indicating that recapture of exci-
tons are more significant for the on-resonance case. How-
ever, multiple photon emission probability still occurred in
an off-resonance case, implying that the multiple photon
emission in our experiments was not solely due to the exci-
ton recapture: background emission also contributes.

Since the WL behaves as an exciton reservoir during the
recapture processes, optical excitation via QD excited states
with energies below the WL may reduce the multiple photon
emissions. Indeed, resonant excitations to the excited state of
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FIG. 3. (a) wPL spectra of PC-NC A, showing the superposition of X and
background line shapes at E.,=1.55 and 1.354 eV. (b) Power-dependent
intensities of X (/y) and background (/) at excitation energies of 1.55 eV
(@) and of excited state of QD ([J).

single excitons ensures the generation of only one exciton
per pulse since the excited states of biexcitons or multiexci-
tons are a few meV’s apart due to the few-particle Coulomb
interactions.” To identify the QD excited states of single ex-
citon, uPL excitation spectroscopy was performed, deter-
mining that the excited-state energies were 1.354 and 1.350
eV for the PC- NC A and B, respectively. Figure 2(b) plots
the measured go as a function of P for the two cavities
under QD excited-state excitations. gg was substantially re-
duced for both cavities, indicative of a reduced multiphoton
emission probability due to the inhibited exciton recapture
effect.

The nonzero géz)~0.03 at QD excited-state excitations
suggest that there still have some sources of background
emissions other than the recapture effect. Figure 3(a) shows
the spectra of X lines taken from the PC-NC A at different
excitation energies. One can see that the PL background
level is almost the same for both cases, regardless of how the
excitons were created, i.e., either into the GaAs barrier or the
QD excited state. The background PL is very likely to arise
from the emission of WL tail states® as well as the other
QDs. For the latter, the PL of the other QDs may cou é)le into
the spectral window of interest via phonon mediation™ and/or
photon induced shake up process9 even if the emission en-
ergy of each QD is different. In our case, the major contri-
bution to background PL is WL tail states rather than the
other QDs because each PC-NC contains only two to three
QDs (estimated from QD density). Figure 3(b) plots the
power dependence of exciton (Iy) and background (/) inten-
sities for both cavities. In which I saturates at P= P, (be-
cause of the formation of biexciton) and I increases persis-
tently with P. Since the cavity has less absorption for
excited-state excitation than for above-band-gap excitation,
the pumping must be stronger to yield Iy and I signals for
the former. The power dependence of the background emis-
sion ratio §=1g/(Ig+Iy) is then demonstrated by using P as
the normalization factor. From Fig. 4(a), £ depends only on
the normalized pumping power (P/P), and which is inde-
pendent of the excitation energies E,. Also, the PC-NC A
had a larger & than PC-NC B, indicating that the cavity mode
also enhances the background emission. Figure 4(a) reveals
that ¢ is independent of E,,, despite the measured g ) shows
a strong E., dependence. Hence, the measured g?z) under
excited-state excitations can be regarded as the multlphoton
probability of the background emission g B 0 Accordingly, as
shown in Fig. 4(b), the contribution of exciton-recapture
gR,0 at the above-band-gap excitation can be deduced from
LD _ @ @
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FIG. 4. (a) Normalized power dependence of background ratios & at exci-
tation energies of 1.55 eV (@) and of excited state of QD ([J). (b) Normal-
ized power dependence of gz)z) at excitation energies of 1.55 eV (®) and of
excited state of QD (OJ). (c) Normalized power dependence of measured
(symbols) and calculated (lines) gg}), with 7,=0.57 ns (from TRPL) in
Eq. (1).

The exciton recapture g(z) can be analyzed using rate-
equation calculations. If the exciton number at WL is nyy.,
while those populating at the QD’s empty state, exciton state
and biexciton state are ng,, ny, and n,y, respectively. For
ny(t) +ny(t) +n,x(t)=1, the time evolution of this system is
expressed as'”

dnyy, nwi, nwi
= Ty 4 -
dt Teap T
dny nwp nwi, ny nNpx
di 7-cap cap Tx Tox
dnyy  nwy Nox
L (1)
dt Teap Tox

where 7y, Ty, and 7, are recombination lifetime of exciton,
biexciton, and exciton in the WL state, respectively, and 7.,
is the capture time of excitons into the QDs from WL. After
exciton recombines, the QD is at empty state, and ny=1.
Then, gg}) is given by

o _ JInyny(t + 7)drdr
SkOZ T T nyyar P

Figure 4(c) plots the calculated power-dependent g() for
PC-NC A and B,"” and reveals that the calculations agree
closely with the measurements, confirming that the measured
g R 0 is dominated by exciton recapture rather than other pos-
sible mechanisms.>® The best fitting 7,, for PC-NC A and B
is about 45 ps, which is comparable to values presented else-
where (10-40 ps).'* The slightly longer capture time in this
work may arise from the low QD density in the samples.15
The calculatlons also indicate that 7, is an important pa-
rameter for g R 0 At a fixed nyy, a shorter 7, can result in a
lower gRO because the biexciton population increases with
the reducmg Teap» Which leads to a much faster nyy, decay
rate than ’Tm-) Although a reliable means of controlling 7,, is

2)
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yet available, applying an electric field® or increasing the
temperature ~ may be help to reduce 7.,

In summary, the origins of the nonzero multiphoton
emission probability for QDs embedded in PC-NCs were
investigated. Above barrier excitations usually lead to a con-
siderable multiphoton probability, that arises from both the
recapture of excitons and background emission. Excitations
via the QD excited state substantially inhibit exciton recap-
ture and the detected multiphoton events can in principle be
attributable to the background emissions from WL tail states.
The effect of exciton recapture is analyzed using rate equa-
tion calculations. This study suggests that exciton recapture
can be suppressed by reducing the capture time of excitons
into the QDs, which suppression is important to the quality
control of a single photon emitter—especially the electrically
driven single photon emitter, in which the electrons and
holes are injected from buffer layers.
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