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ABSTRACT

We have fabricated all-dielectric high-  Q optical pillar resonators with embedded colloidal CdSe/ZnS quantum dots or rods as light emitters by
focused ion beam milling. Three-dimensional light confinement and distinct pillar microcavity modes are observed. Results from a waveguide
model for the mode patterns and their spectral positions are in excellent agreement with the experimental data. Cavities with elliptical cross
sections show higher quality factors in the short axis direction than do circular resonators of the same cross-sectional area.

The efficient coupling of a single-electron to a single-photon lack robustness. Microdisk resonators have ultraQiglalues
system is one of the main challenges in current nanophoto-with large mode volumes. Unfortunately, coupling light
nics. Successful implementation is promising not only for modes in and out of this cavity type is difficult. Micropillar
new fundamental tests of quantum theory but also for cavities, however, show well-collimated photon emissfon.
technological applications. The current need for efficient, This feature renders them very attractive for real-world

robust single-photon sources for quantum cryptography may applications. For example, their narrow emission cone may
serve as one example. After successful demonstrations withiead to efficient coupling into fiber networks. Despite all of

molecules’ atoms? and diamond color centefsemiconduc-  the success of I#V pillar microcavities, a number of
tor single-photon sources based on quantum dots have beegpgjlenges still remain. The deliberate positioning of a self-
demonstratedin recent years, optical cavities in the weak- assembled quantum dot in both the vertical and lateral center
coupling regime have been implemented to increase the |Ight-0f the cavity mode for optimum coupling to the light mode
matter interaction further via the Purcell effé&ven strong has not been solved. Therefore. the recent use of colloidal
Szzg'rngut;i%?r?ré;nai);c?nhcgtgnsagi?jseszmr%?gpzig}'Con'semiconductor nanocrystals for cavity quantum electrody-
resonat(g)r has recently been Fr)e oftiand this work marks namics experiments has received considerable attefition.

y P principle, these quantum dots may be freely positioned on a

the onset of true solid-state quantum optics experiments.Surface by physical or chemical methods. Another problem
Threet f optical caviti hotoni tal i isk :
ree types of optical cavities (photonic crystals, microdisks, of Il -V pillars with the highest quality factolsis the

and micropillars) have been used to achieve strong coupling. ) ) ; . . .
Until now, photonic crystal microresonators have exhibited degrgdau_on of the cavity mirrors in amb!gnt air as a result
the highest ratio of quality factor to mode volume. TQ®/ of oxidation of the AlAs layers. In addition, one of the
ratio is an indicator of the strength of the lighhatter limiting factqrs for even h|g_h@values ofll!—V micropillar
interaction® However, these high values have been achieved '€sonators is absorption in the Bragg mirrSrIherefore,

only with thin freestanding semiconductor membranes, which dielectric mirror materials with a high band gap would be
* Corresponding author. E-mail: rudolf.bratschitsch@uni-konstanz.de preferable. Atiempts to -Comblne Hv qL-JantL-lm dOt-S gr(-)wn
t University of Konstanz. : : 7 by molecular beam epitaxy (MBE) with dielectric mirrors
§Un!versity of East Anglia. have already been madfeHowever, this combination of
University of Dortmund. materials and fabrication methods renders the fabrication
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(a) —— layer pairs each. The measured width of the transmission
oy top resonance is as small as 0.06 nm, which equals our
oy a';?%gr spectrometer resolution. Hence, we derive a lower limit for

CdSe/ZnS S the cavityQ factor of Q = AA/A = 10 000. This value is a

quantum dots ™5 0% ¢ L% . ." $2/2cavity factor of 50 higher than the previously reported recor@of

in polysilazane e — = 186 for a planar Si@TiO, resonator with colloidal
E— | DOttOM semiconductor quantum dots embedded in a polyther.

SO, :_ Bragg The planar dielectric cavity described above provides only
Tio, — | 'O 1D light confinement between the two Bragg mirrors. It may

be viewed as a 1D photonic crystal. As a consequence, light
®) energy (eV) can still leak out in lateral directions. In contrast, pillar
16 2.05 2.04 2.03 microcavities exhibit 3D confinement due to laterally guided

~ modes. To obtain high-quality resonators, such structures are
planar cavity milled into a planar cavity with a focused ion beam (FIB).
14 layer pairs/mirror A secondary electron microscope (SEM) image of a dielectric
pillar resonator is shown in the inset of Figure 2. To
characterize the optical properties and to demonstrate 3D
light confinement inside a single-pillar microcavity, we

14
12

10F FWHM = 0.06 nm

— | p— -

cavity transmission (a.u.)
(0]

6 Q = 10000 7 perform stationary microphotoluminescence experiments in

4t i a confocal microscope setup equipped with a He-flow

2 cryostate. The temperature is seflte- 10 K. A continuous
wave solid-state laser at 532 nm is focused via a microscope

0 . L ! h S - . :

602 604 606 608 610 612 objective (NA= 0.7) onto a single resonator to optically

wavelength (nm) excite the quantum dot ensemble embedded in the pillar
cavity. The emitted light is collected by the same objective
Figure 1. (a) Schematic drawing of a dielectri¢2 planar cavity and separated by a dichroic beam splitter before being fed
gg?:iztr:‘ge%fd%o i?]i@;ﬂgf Eirlgggnrgiréogscfé?‘facgf’e(/é“%gﬂi”mtggoninto a spectrometer (1200 lines/mm, 0.06 nm resolution) with
spectrum of a planar Féa\)//ity with 14pbottom an top Bragg layer an attached P.eltler-cooled CCD camera. Flgurg 2b shows
pairs, showing a quality factor of 10 000. the photoluminescence emission from aurB-diameter
micropillar cavity fabricated from a planar resonator with
In this letter, we present a new robust, all-dielectric, igh- ~ Seven layer pairs per mirror. In addition to the spectral
optical pillar microcavity with embedded colloidal semicon- esolution, we also obtain 1D spatial information on the CCD
ductor quantum dots. A planar dielectric cavity designed for image in the direction of the entrance slit of the monochro-
a resonance wavelength of 605 nm is fabricated (Figure 1a)mator (top of Figure 2b). Clearly, the mode patterns are
first by radio frequency (RF) magnetron sputtering of the different for higher-lying modes. The spatially integrated
bottom Bragg mirror. It consists of several alternating high emission spectrum is shown at the bottom of Figure 2b,
and low refractive index Ti@and SiQ layer pairs with which consists of multiple resonances representing confined
thicknesses of 61 and 104 nm, respectively. A Bragg mirror light modes in the optical resonator. The inhomogeneously
with high reflectivity in the visible part of the spectrum forms broadened emission of the quantum dot ensemble outside
as a result of multiple interference. TheTiO,) = 2.47 and the microcavity is centered at 630 nm and has a full-width
n(Si0,) = 1.46 refractive indices guarantee a high contrast at half-maximum (fwhm) of 28 nm. Hence, the fundamental
of An = n(TiO,)/n(Si0,) = 1.69, which is favorable for high ~ mode of the pillar microcavity is close to the peak emission
mirror reflectivities. Subsequently, a Si@wyer is sputtered  of the quantum dots. The density of nanocrystals in the active
onto the bottom Bragg mirror, representing the first of three layer is on the order of 200m~2. The spectral positions of
components of the centrdl2 cavity. In the second step, the cavity resonances have been calculated by modeling the
colloidal CdSe/ZnS core/shell semiconductor quantum dots pillar cavity as a waveguide with an effective refractive
dissolved in toluene are mixed with liquid polysilazane (NP index. First, the longitudinal modes in a planar cavity with
110-05, Clariant Ltd.) and spin coated onto the Siyer. the same layered structure as for the pillar resonator are
Polysilazane solidifies in ambient air and transforms into a calculated via the transfer-matrix method. In that way, we
SiO, layer of 50 nm thickness. In this way, colloidal obtain the electric field amplitude in a direction perpendicular
semiconductor quantum dots are embedded in all-dielectricto the layers. An effective refractive indey averaging over
surroundings. To complete the central cavity layer of exact the entire pillar cavity is then obtained by weighting the
A2 thickness (207 nm), additional Si@s sputtered onto  refractive index at each point in space with the longitudinal
the solidified polysilazane layer with embedded quantum electric field amplitude:nes = f n(2):|E(2)|¥max |E(2)|?.
dots. Finally, the top Ti@SiO, Bragg mirror is deposited  The electromagnetic field in the lateral direction may now
via sputtering. Figure 1b shows a white-light transmission be calculated by modeling the pillar microcavity as a
spectrum through such a monolithic planar glass cavity with homogeneous dielectric waveguide of cylindrical shape with
embedded CdSe/ZnS quantum dots and 14 top and bottorran index of refractiome. By solving the transverse wave
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Figure 2. (a) Simulated pillar microcavity mode patterns of a@-diameter micropillar resonator. (b) Top: Spatio-spectrally resolved
photoluminescence emission from colloidal CdSe/ZnS quantum dots ima@ameter micropillar resonator. Bottom: Spatially integrated
photoluminescence emission. Calculated mode positions are indicated by red lines. Inset: SEM image of the investigated pillar microcavity.

. ) . . energy (eV)
equationt®> we finally determine the cavity modes of the 208 206 204 202 200 198

pillar. The calculated mode positions indicated by red lines
in Figure 2b are in excellent agreement with the values =
obtained in the experiment. We also obtain the spatial mode &
patterns depicted in Figure 2a from the simulations. Becaused
the recorded photoluminescence emission provides us Wi'[h..i.-l
1D spatial resolution along the entrance slit of the spectrom—'t_:.
eter, the CCD image at the top of Figure 2b can be directly =
compared to a 1D vertical cut in the center of the calculated
2D mode patterns of Figure 2a. For example, the HE11 mode
shows one intensity maximum, and the first excited modes
(HEO1, HE21) consist of two vertically displaced compo-
nents. As is the case with the mode positions, calculatedgigyre 3. Left: Spectrally resolved photoluminescence emission
mode patterns are in excellent agreement with the experi-from colloidal CdSe/ZnS quantum dots in circular micropillar
mental data. resonators with 1.am and 920 nm diameters. Vertical lines indicate
To investigate the role of light confinement further in these calculated mode positions. Right: SEM images of circular micro-
microresonators, pillars with different diameters have been Pill" résonators with 1.5m and 920 nm diameters.
milled out of a planar cavity with seven layer pairs per the diameter of the pillar is reduced. In addition, the cavity
mirror. Figure 3 shows the spectrally resolved photolumi- mode spacing increases with smaller pillar diameters and
nescence (PL) emission from colloidal CdSe/ZnS quantum hence demonstrates stronger light confinement.
dots in two micropillar resonators with diameters of  Via FIB etching, we have also fabricated pillar resonators
1.52 um and 920 nm, respectively. The PL emission with elliptical cross sections (Figure 4a). This particular shape
unambiguously shows 3D light confinement. The funda- results in a splitting of the degenerate fundamental mode
mental mode of the resonator shifts to higher energies whenobserved in a pillar cavity with a circular cross section into
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Figure 4. (a) SEM image of a micropillar resonator with an
elliptical cross section. (B factors of micropillar resonators with
circular (red dots) and elliptical (black squares) cross sections. For
the elliptical pillar, theQ values of modes polarized along the short
axis are plotted.

two orthogonal modes with linear polarization. Surprisingly,
we find a systematically high&p factor for light polarization
along the short axis of the elliptical pillar compared to that
for circular ones (Figure 2b). This result is opposite of reports
on micropost resonators based on the-Mmaterial system,
where theQ factor in direction of the long axis is favor-
ablel®17In Il =V micropillars, the central-cavity layer is
typically made of the high-index material. The cavify
factor is governed by the angle of incidence of light entering
a Bragg mirror from the central cavity layer. When the
Brewster angle is reached, the Bragg mirrors loose their
reflectivity in one polarization direction. As a consequence,
the Q factor of the cavity drops dramatically. This effect
leads to differences in the quality factor between the long
and short axes of an elliptical HV pillar resonator of
500%?%" In our A/2-dielectric cavity system, the central cavity
layer is made of low-index material. Here, the Brewster angle
is never reached, preventing the sudden drop in Bragg mirror
reflectivity. In our case, the enhancement in Qeactor
along the short axis of an elliptical pillar microcavity
compared to that for a circular pillar with the same cross-
sectional area (Figure 4b) stems from a different effect: if
light is polarized along the short axis of an elliptical pillar,
then it is laterally more confined than for a circular pillar of

the same cross-sectional area. Therefore, the confined mode
is less susceptible to light scattering due to surface roughness

which we consider to be the main limiting factor for tQe
values of the current microresonators.

In summary, we have fabricated all-dielectric micropillar
cavities with circular and elliptical cross sections containing
colloidal CdSe/znS quantum dots. The high quality factors
of the cavities are mainly due to embedding the semiconduc-
tor nanocrystals into a high band gap dielectric layer. We
find systematically higher quality factors along the short axis
of elliptical pillars compared to those for circular ones. In

these single-electron hybrid devices. However, recent progress
in photostability due to the fabrication of colloidal quantum
dots with multiple protective shells is very promisitg?

Our photonic platform is suitable not only for semiconductor
nanocrystals but also for embedding other nanoemitters of
light, such as defect centers in diamond nanocry3tals
organic dye molecule®.This route may lead to a new class

of robust active optical quantum devices based on single
nanoobjects.
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