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Abstract: We present evidence of cavity quantum electrodynamics from a
sparse density of strongly quantum-confined Pb-chalcogenide nanocrystals
(between 1 and 10) approaching single-dot levels on moderately high-Q
mesoscopic silicon optical cavities. Operating at important near-infrared
(1500-nm) wavelengths, large enhancements are observed from devices and
strong modifications of the QD emission are achieved. Saturation
spectroscopy of coupled QDs is observed at 77K, highlighting the modified
nanocrystal dynamics for quantum information processing.
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1. Introduction

Cavity quantum electrodynamics (cQED) experiments have been strongly motivated by the
need for an efficient on-demand single-photon source that is relevant in many quantum
cryptography and quantum information processing applications [1-4]. Charged carriers, or
excitons, in single quantum dots (QD) can be excited in a controllable way to inhibit multi-
photon emission, enabling a sub-Poissonian single-photon source [5,6]. Coupling of QDs to
photonic structures result in a faster recombination rate for the excitons—overcoming
problems due to decoherence in single photon source applications [7,8].

As an alternative to the highly mature domain of self-assembled QDs [9-11] to study
cQED in photonic structures, several novel systems have been proposed—such as nitrogen-
vacancy centers in diamond [12,13] and strongly quantum-confined nanomaterials such as III-
nitrides binary materials with large optical phonon energies to operate at 200K temperatures
[14]. Nanocrystals formed through synthetic routes, such as CdSe and PbS nanocrystals, have
also been used in successfully demonstrating coupled QD-cavity interactions in photonic
structures [15,16], and offer important possibilities towards scalable quantum computation
that are presently unprecedented in self-assembled technologies. Particularly promising
candidates for QED applications are the Pb-chacolgenide nanocrystals, that can be post-
integrated with the vast silicon processing infrastructure [17,18], spatially positioned through
electron-beam lithography in a host resist matrix [16,17,19] or other novel techniques [20,21],
and have exciton ground state transitions in the near-infrared (1.55-um) for direct
compatibility with the embedded fiber communications network. PbS (Se) QDs also exhibit
large exciton Bohr radii compared to the physical dot sizes, resulting in strong quantum
confinement [22-24], and devices incorporating these QDs are capable of room temperature
operation [16-21] allowing remarkable possibilities for integrated photon sources. Prior work
in silicon cavities has been limited to large ensembles of QDs (>10,000) [16-21] due to
poorer detection efficiency of near-infrared photon detectors as well as the long lifetimes of
the PbS QDs, reported to be around 1-2 ps in solution [25-28] and between 100 ns (at 1500
nm) [27] and 2 ps (at 900 nm) [26] in films. Here we examine a few Pb-chalcogenide QDs
coupled to moderately high-Q heterostructured photonic crystal cavities approaching the
single quantum dot limit, enabled through coupling interactions of the QDs with the cavities.
Through non-resonant photoluminescence spectroscopy, excited state saturation is observed at
77 K as an effort to determine the Purcell factor [29], with large (15 X ) emission
enhancements observed for the few QDs on-resonance with the cavity mode.

#115984 - $15.00 USD  Received 19 Aug 2009; revised 16 Oct 2009; accepted 4 Nov 2009; published 23 Nov 2009
(C) 2009 OSA 7 December 2009/ Vol. 17, No. 25/ OPTICS EXPRESS 22476



2. Cavity system

Our mesoscopic optical cavity (Fig. la) consists of a silicon-on-insulator heterostructured
photonic crystal lattice [30,31], which confines modes exhibiting wavelength-scale
[~1. Z(Mn) ] volumes. Our design has heterostructured lattices a;, a,, and a; of 410, 415 and
420 nm respectively to achieve mode-gap-type confinement. These designed optical cavities
offer a smoother electric field envelope function at the heterostructure boundaries for higher
Qs, differing from earlier QD-cavity studies involving point-defect cavities. The optical cavity
has designed air hole radii » of (118-, 124-, and 130-nm) with a thickness ¢ of 0.61 a; (250
nm) on a Si0, insulator substrate. The designed cavity field profiles (E, which are the
dominant modes) (Fig. 1c) are calculated from complete 3D finite-difference time-domain
(FDTD) that solves the time-dependent Maxwell’s equations with subpixel accuracy [32]. The
side profiles of the fields emphasize that while the surface QDs do not see the field maximum,
they are still able to couple effectively into the mode due to the evanescent field at the
silicon/air interface, with 44% of the field amplitude at the silicon/air interface instead of the
cavity maxima. The sparse density of surface QDs (Fig. 1a) does not significantly change the
cavity mode field distribution.
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Fig. 1. (a) Scanning electron micrograph (SEM) of a multistep heterostructure cavity with few
quantum dots at the cavity, on the device surface. (b) Schematic of the mode-gap cavity
confinement. The white regions show photonic bandgaps for in-plane wavevectors. The curve
represents 1-D field intensity (IE,/*) computed using 3D FDTD (c) Top- and side views of the
cavity field-mode (IEXIZ) computed with the 3D FDTD method. r = 0.3024a,;, where the other
definitions are the same as in Fig. a.

3. Device fabrication and experiments

Our samples are fabricated in a 248 nm lithography CMOS foundry, with low (sub-20 A)
statistically quantified disorder [33]. This fabrication technique allows for on-chip devices
with near-identical device performances and quality factors for the same design, and validates
the mature silicon CMOS infrastructure for fabricating near-infrared optical components. The
cavities consist of two primary designs (6- or 40-linearly missing holes), with varying
waveguide-cavity coupling for planar characterizations. We use resonant cross-polarization
spectroscopy [34,35] for characterization of the cavity mode and find this technique to be
more reliable than traditional waveguide based measurements for passively characterizing the
system, due to the inherent device architecture. The cavities typically exhibit Os between 200
and 500, although our 3D FDTD calculations predict higher Qs (theoretical O 5240). The
discrepancy is primarily due to fabrication for a cavity mode that admits low tolerance in
error. The colloidal Pb-chalcogenide (PbS) QDs are synthesized using standard methods [36—
38], dispersed in chloroform, and exhibit a photoluminescence spectrum centered at 1460 nm
with a large spectral width AA of ~150 nm at room temperature with a <10% size dispersion.
The QDs are obtained from Evident Technologies, and are carefully integrated through a spin-
coating procedure that results in a sparse distribution of single dots on the device surface (Fig.
2a). Through passive cross-polarization characterization measurements of the cavities with
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and without quantum dots, we can confirm that the surface QD do not induce any degradation
in the cavity Q.

PbS QDs are reported to possess a barrierless rapid Auger recombination that is controlled
by the QD size [39,40], allowing multi-exciton suppression and antibunching for single-
photon applications [41,42]. The Pb-chalcogenide system also has order-of-magnitude
comparable oscillator strengths to CdSe colloidal QDs, supporting efforts in strong light-
matter coupling [43-45]. At sub-1-um wavelengths with silicon detectors, recent
measurements have remarkably isolated single Pb-chalcogenide QDs [46], although the
linewidths are unusually large, which may be a result of spectral diffusion and power
broadening. At the longer 1.55 um near-infrared communication wavelengths, detection of a
few or a single Pb-chalcogenide QD is even more challenging, even with our state-of-the-art
non-silicon detectors and avalanche photodiodes, and must rely on cavity-enhanced
spontaneous emission dynamics to shorten the radiative lifetime for enhanced photon counts.
As we show below, our cavity-enhanced experiments allow for the detection of approximately
less than 10 QDs at 1.55 um wavelengths.

We are able to visually image single PbS QDs using a scanning electron microscope
(SEM) and confirm it with atomic force microscopy measurements. All the results reported in
this work are achieved with QDs in a single layer on the silicon device surface. Figure 2a
shows an SEM image of a very sparse density of dots («50 per um?) positioned on a
heterostructure cavity, while Fig. 2b shows the intensity of the calculated cavity field-mode at
the device surface. Fig. 2c shows the microphotoluminescence spectroscopy of QDs at this
density coupled to our high-Q photonic crystal cavities at room-temperature. Even with an
upper limit of 10 to 20% QDs coupled to the cavity mode due to polarization and
spatial/spectral matching requirements afforded by a room-temperature broadened single QD
linewidth, we infer remarkably low coupled-QD numbers ranging between 1 and 10. At this
density, QD coupling to the cavity mode occurs in between 10 to 20% of our devices. We
examine the spectroscopic characterization for three different hole radii in the heterostructures
(design radii r = 130, 124, and 118-nm shown in shades of blue) and confirm the blue shift in
the photoluminescence peak as predicted in the blue-shifted cavity resonance with increasing
hole radii. The QDs are pumped non-resonantly with either a 632 nm or 980 nm laser with
excitation fluences estimated betwen 10 to 300 kW/cmz, collected with a 100x (numerical
aperture of 0.7) objective, and dispersed with a 32-cm monochromator into a liquid nitrogen-
cooled germanium detector. The high excitation fluences are related to the small absorption
cross-sections offered by these dots [47], random linear polarization of the source, and due to
focusing issues associated from the non-resonant pumping scheme. At this low QD density
coverage, we note photoluminescence of the background QDs is embedded beneath the noise
floor, and only QDs with emissions enhanced through the cavity can be observed. We
emphasize that with less than 10 estimated PbS QDs coupled to our nanocavities, the intensity
contrast over the noise floor is observed in the range of 10 to 15x from our different samples,
with the noise floor raised due to the high pump powers from the 980 nm laser, to about twice
the detector dark noise. Additionally, in order to confirm that the radiation from the QD is
from coupling to the cavity mode, we passively measure the mode at 1560 nm using a cross-
polarizer setup utilizing reflection spectroscopy and measure a cavity Q of around 200. By
comparing the results of the QD-characterized and passive cavity measurements, we clearly
see the effect of the coarse PL measurement resolution (required to observe the single-dot
levels; 4 nm) — the peak intensity of emission should actually be much higher than observed.
As an additional confirmation of this effect, we use high density QDs (<1000 per um?) to
decorate a cavity mode at higher resolution (1 nm), and observe spectra that closely resemble
our cross-polarization data.

The strongest intensity contrast is typically observed at the 124-nm hole radii samples,
possibly due to QD availability at that wavelength. Due to the strong correlation between the
QD-coupled and passive cavity spectra (which emphasizes TE polarization of the observed
mode), we are confident that coupling occurs to the heterostructure cavity mode.
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Fig. 2. (a) SEM of less than 50 dots in the heterostructure cavity region. Circles are used to
highlight regions of random QD localization after spin-coating. Scale bar: 500 nm (b) |E,F* for
the calculated field profile (r = 124 nm) at silicon slab surface. (c) Schematic of the vertical
pump/collection experiment for QD coupling measurements as well as the cross-polarization
measurements with the blue region being the region of the confined cavity mode. (d) PL
spectra of dots at the cavity region for design radii of 130, 124- 118 nm dots (left to right,
blue), at room temperature. The device shown in (a) corresponds to the second mode.
Additionally a high resolution scan (1 nm) of the QD photoluminescence (gray) is shown for a
large QD density at a cavity region for a device with design radius of 124 nm. The green curve
is the passive cross-polarization characterization for the cavity shown at 1560 nm.

We note that AFM topography of the devices confirm that our PbS QD-induced surface
roughness over the cavity is less than 4-nm (root-mean-squared), on parity with state-of-the-
art InAs cavity-QD systems [48], and confirmed the very few QDs on the devices. We also do
not observe any localization of QDs on the hole-sidewalls or on the bottom (Si/SiO,)
interface.

4. Cryogenic measurements

We next examine cryogenic tuning of the exciton and cavity lines, ranging from 4K to 300K,
as shown in Fig. 3. The corresponding typical QD densities (<1000 per pum?; still in a
monolayer) for these measurements are shown in Fig. 4a. The relatively high concentration of
QD helps to map out the changes in the background PL spectrum with changing temperature.
We confirm that the ensemble QD line red-shifts with decreasing temperature with an overall
peak shift from 1460 nm at room-temperature to 1600 nm at 4K. We observe that the shift is
piecewise linear as reported in other studies [49]. The red-shift in emission peak is consistent
with calculations presented in literature for lead-salt quantum dots with 6 nm diameters [50].
The PL intensity at the peak of QD emission increases as the temperature is decreased from
room-temperature until a maximum intensity is observed at 160 K, with a decrease in peak
intensity for further reduction in temperature. For solely the exciton state, we also note that
the strongest photoluminescence is observed at 160K, possibly due to redistribution of carriers
in the presence of defects and thermal excitation [49] although ambient conditions inside the
cryostat may also be responsible. Gaussian approximations to the QD emission, and
Lorentzian fits to the cavity mode (that underestimate the cavity Q due to the limited
spectrometer resolution) are included in Fig. 3 for clarity.
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Fig. 3. PL spectra of dots at cavity (r = 124 nm) at 4, 77, 160, 220 and 295 K, showing the
cavity mode being decorated at all temperatures. Gaussian fits to the QD PL spectrum, as well
as Lorentzian fits to the cavity line are also shown.

We find in the QD spectroscopy measurements for this device that the cavity mode
remains visible at all scanned temperatures, with intensity enhancements (2 to 4 x ) over the
background QDs as shown in Fig. 4b. The observed enhancements are higher at low
temperature. The cavity line has a slight blue-shift (60 pm/K) when cooled, and the blue-shift
is attributed to the well-known silicon refractive index-dependence of 1.86 X 107°K! [51].
However the results are not typical of every device. At room temperature, the QDs at this
density in all devices can couple effectively to the cavity modes through phonon-mediated
interactions (room-temperature dephasing). At cryogenic temperatures, QD coupling to the
cavity mode is observed to be less efficient with the mode and is only observed in 20% of
devices which might arise from a reduced single dot linewidth at 4K, although this effect has
not been demonstrated for single PbS QDs [46] in literature. The effectiveness of the cavity in
redirecting incoherent QD radiation at room-temperature (where the QD linewidths are broad)
to the cavity mode is promising for many quantum information systems applications [52].
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Fig. 4. (a). SEM of typical QD coverage for the results in Fig. 3, showing single QDs at
concentrations of <1000 per um” Scale bar: 100 nm (b) QD intensity contrast (I.) over the
background (Igc) as a function of temperature.

Due to the moderate Q of the devices, the maximum Purcell factors [27],

_3 (A)(e
FP_47z2(nj (Vj M

are calculated to be between 12 and 20. The Purcell factor expression is ideally suited for a
simple two-level system, and it remains to be verified whether the complex exciton structure
of PbS QDs [45,53,54] presents a different domain for cavity QED. The high visibility (10-15
x ) of the very low density of QDs far above the uncoupled QDs is not purely through
enhanced collection efficiencies for the cavity-emitted photons (<8%), and strongly suggest
spontaneous emission enhancements.

5. Saturation Spectroscopy

In order to further support this spontaneous emission enhancement,, a delayed onset of
emission saturation for QDs coupled to the cavity mode can be used to demonstrate the
Purcell effect [48,55] based on the idea that a QD coupled well with the cavity mode exhibits
a faster radiative recombination rate through the Purcell effect. On resonance with the cavity,
mode, it should therefore take more photons to saturate the QD (ground state) emission. This
approach was chosen instead of a direct QD lifetime measurement due to the low photon
counts and higher dark counts in the near-infrared. We perform saturation spectroscopy of few
QDs coupled to the cavity at 1.55-um wavelengths at 77K, comparing between dots at the
resonance peak and away from the resonance peak as the only experimental possibilities.
Figure 5a shows the sample used in this study, with measured QD coverage of approximately
50 dots per um” derived from the SEM. Figure 5b shows the PL spectrum of dots, showing a
peak at the cavity resonance at 1505 nm with an intensity contrast of 15 at 77K. The estimated
number of QDs with emission in the observed spectrum in this experiment is between 5 and
10. The power-saturation of QDs at the resonance peak (1505 nm) and off-peak (1515 nm) is
shown in Fig. Sc. The photoluminescence intensity at 1515 nm shows a linear increase with
pump power at low excitation, and then a saturation of the signal at high pumping rate.
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Fig. 5. (a). SEM of approximately 50 QD per um? at the cavity mode (scale bar: 500 nm) for
the device used for power-saturation measurements (different from device shown in Fig. 3). (b)
PL spectra of QDs at the cavity showing the cavity mode with an intensity contrast of >15 over
the background. (c) Power saturation measurements for dots at 1505 and 1515 nm showing a
delayed onset of saturation (shown by the arrows) for dots at the peak of emission. This is
performed at 77K. The value of Py, is estimated around 5 mW.

We use P, to denote the power at which saturation occurs for these dots that are slightly
detuned from the peak of the cavity mode, meaning that the rate of exciton occupation
exceeds the rate of radiative recombination in these dots. We then examine the signal nearly
exactly on-resonance with the cavity mode and observe a slightly delayed onset of saturation
where a ~10% increase in pumping rate (P,, / P,y ) is observed as shown by arrows in Fig. Sc.
A comparison with QDs completely off-resonance with the cavity line would show further
differences in saturation, but due to the very low (less than 50 QD per um?®) dot densities, the
photon counts are below the dark counts in the near-infrared. We note that, since the QDs are
off-resonantly pumped, the pumping rate is matched for both cases. Moreover, to ascertain the
excited saturation against other artifacts such as QD photobleaching, measurement drift or
nonlinear absorption, we also vary the pump powers non-monotonically in the measurements.
For even lower QD densities such as at a single QD per um?, the delayed onset of saturation
can offer an opportunity to experimentally observe QD radiation above the noise floor using
high excitation powers. While the results do not allow for a direct estimation of the Purcell
factor, the observed delayed saturation onset (10%) for the dots emitting at the peak of the
cavity emission qualitatively shows a spontaneous emission enhancement on resonance with
the cavity mode.

We note that we did not observe blinking for our few QDs. Although blinking of colloidal
QDs can be perceived as a drawback for single photon source applications, recent remarkable
efforts have significantly suppressed blinking in nanocrystal QDs, through growth of a thick
shell or modification of surface environment [56,57]. The several coupled QDs estimated here
are based on SEM imaging, and it is further likely that some QDs are not active. The devices
are therefore expected to be already approaching single dot operation. Compared to smaller
PbS QDs with lower photostability, we find these dots to be highly stable under laser
excitation, with similar emission levels from the cavity region. We emphasize that the ability
to isolate a few quantum dots at the cavity region based on solvent-dilution and post-
fabrication integration of QD is an extremely powerful technique. For a single-QD device, the
ability to exchange dots based on whether the dot and cavity emission match is not possible in
self-assembled semiconductor systems, but is possible here, through selective e-beam
lithography techniques that we have proposed earlier. Q values in excess of 1000 are easily
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achievable in the silicon photonic crystal cavity system, and may allow larger photon counts
for time-resolved lifetime measurements for a sparse strongly-enhanced sample through an
enhanced Purcell effect, and for photon coincidence measurements of the single Pb-
chalcogenide quantum dot at 1.55-um, and for further elucidation of the radiative dynamics of
single quantum dots.

In summary, we present our observations of few (1 to 10) strongly quantum-confined PbS-
chalcogenide QDs coupled to high-Q heterostructured photonic crystal cavities with efficient
performance at room-temperature, presenting a clear improvement from previous studies with
ensemble QDs. The examined QD-cavity system exhibits markedly enhanced emission (at 4K
and higher temperatures), as evidenced by the sharp intensity enhancements on-resonance for
a few QDs, and excited state saturation on-resonance with the mesoscopic cavity mode. These
interactions permit the advancement of hybrid silicon-based mesoscopic systems in the
context of quantum information processing.
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