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ABSTRACT We have studied the optical properties of three-
dimensionally confined photon states in a spherical microcavity
(the photonic dots) resonantly excited by photons emitted from
semiconductor nanocrystals (the quantum dots). Glass and poly-
mer microspheres with sizes of 2λ < R < 10λ are characterized
by spatially and temporally resolved micro-photoluminescence.
The role of nanocrystal position and orientation is analyzed ex-
perimentally and theoretically. The emission spectra of single,
bulk and hollow microspheres impregnated with CdSe quan-
tum dots and quantum rods are investigated and the modification
of the quantum dot radiative lifetime by the three-dimensional
photon confinement is discussed.

PACS 78.66.Hf; 61.46.+w; 42.60.Da

1 Introduction

Optical microcavities, which confine the propaga-
tion of light in all three dimensions are fascinating research
objects to study light–matter interactions in low-dimensional
systems. They are often called photonic dots (PD) [1, 2], in
analogy to the three-dimensional (3D) electronic confine-
ment in semiconductor quantum dots (QDs). The basic con-
cepts of light–matter interaction in semiconductor micro-
cavities have been demonstrated already in the 1990s (see
for example [3–6] and Refs. therein). Currently, there is an
emerging interest in coupling 3D-confined electronic states
(QDs) with 3D-confined photon states, and promising appli-
cations in advanced optical technologies, quantum optics, and
microsensing are discussed in [7, 8]. In the last few years
a tremendous increase has been observed in reports about
high-finesse spherical microcavities and exploring their use
for frequency standards, modulators, narrow-band light emit-
ters and detectors, ultralow-threshold lasers, building blocks
for photonic structures, or templates for molecule transport
and biosensors (see for example [9–13]).

A substantial part of the research is aimed at the demon-
stration of the basic principles of cavity-quantum electrody-
namics (cavity-QED) by making use of spherical microcav-
ities. Applications were proposed for threshold-less lasers,
single-photon emitters, and quantum information processing.

� Fax: +49-231/755-3674,
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A complex optimization problem has to be solved in order
to obtain the optimum microcavity with a small mode vol-
ume, a high cavity finesse and efficient in- and out-coupling
of emission [14]. The active emitters themselves became
the subject of research, especially their positioning, address-
ing and control. The usual atoms are replaced by artificial
semiconductor nanostructures, such as self-organized QDs or
nanocrystals, with new types of energy levels, fine structure
and optical transition dipole moments etc.

The studies presented in the following are aimed at the
understanding of exciton–electromagnetic field interaction of
II–VI compound semiconductor quantum dots in spherical
microcavities. We study CdSe quantum dots and quantum
rods which show very efficient emission in the visible spectral
range. The investigated microspheres have radii R compa-
rable to the wavelength λ of the quantum dot emission, i.e.
between 2λ < R < 10λ. The discrete photon states of a spher-
ical cavity are characterized by angular (�), azimuthal (m) and
radial (n) quantum numbers for the transverse electric (TEn

�,m)
and transverse magnetic (TMn

�,m) field modes. The microcav-
ities studied typically had a large free spectral range of up to
30 nm, much larger than the homogeneous line-broadening
of single-dot emission, which opens the way towards single-
mode–single-dot coupling.

To describe the “atom”–field interaction (i.e. here the 3D-
confined exciton in the photonic dot), we need to know the
radiative decay rate of quantum dot excitons without cav-
ity Γrad, the decay rate of photons in the cavity Γcav, and
the Rabi frequency Ω = µE/h with µ the quantum dot op-
tical transition dipole moment and E the electric field. Ω is
a measure describing the matter–field coupling strength. In
the weak coupling regime, for example, the relation Ω �
Γ rad, Γcav holds, i.e. spontaneous emission is still dominant.
The spontaneous radiative decay of the exciton is irreversible,
whereas in the strong coupling regime spontaneous emis-
sion becomes a reversible process with Ω � Γ rad, Γcav. The
quantum dot exciton and the cavity then exchange energy
coherently.

To evidence the existence of either weak or strong coup-
ling one is in search of such experimental signatures as the
enhancement of the spontaneous emission rates of confined
excitons in a cavity described by the Purcell factor

F = 3Q

4π2V
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λcav

n

)3

(1)
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in the case of weak coupling [15] or cavity mode splittings by
the Rabi splitting energy

hΩ = |µE| = h
λ

2π

√
3πc

2n3τradV
(2)

in the case of strong coupling [16, 17]. As can be seen from
(1) and (2), the important parameters here are: (i) the mode
volume V of the microcavity as a measure of the electromag-
netic field strength E; (ii) the optical transition dipole moment
µ of the nanoemitter, which gives us directly τrad and the ra-
diative limit in homogeneous line broadening hΓrad [91]; and
(iii) the cavity quality factor Q = ω/Γcav, defined as the ratio
between the resonance energy and the cavity mode width. Q
contains the information about the lifetime of photons in res-
onance with a cavity mode. n is the refractive index of the
semiconductor material and c the vacuum velocity of light.

In this work we give an overview of the current un-
derstanding of light–matter interaction in a microsphere–
nanocrystal system. We use it as a simple model system to
test the potential of microspheres as a tool for demonstrating
cavity QED effects. We show that the use of semiconductor
nanocrystals as photon emitters in 3D-microcavities requires
a careful investigation of the position, orientation and internal
fine structure of the light-emitting materials, as well as cavity
size, shape, refractive index contrast, etc. in order to selec-
tively excite cavity modes with high-Q values and smallest
mode volume V . We start with Sect. 2, in which we charac-
terize the microcavity properties, modelling the nanoemitters
as dipoles and focussing on the effects of a variation of the
nanoemitter position and orientation. In Sect. 3 we introduce
the CdSe quantum dots and rods and give data about their ra-
diative decay times τrad. Sect. 4 finally summarizes the results
obtained when quantum dots/rods are incorporated in pho-
tonic dots.

2 Dipole excitation in a spherical microcavity

Since the work of Mie [18] and Debye [19], the so-
lution to the problem of scattering of electromagnetic waves
by a dielectric sphere is well known. Conventional Mie the-
ory assumes that the incident electromagnetic field is a lin-
early or circularly polarized plane wave which can be rep-
resented by an infinite sum of multipoles. The basic theory
is reviewed in a number of standard references (see for ex-
ample [20–25] and Refs. therein). Detailed work is presently
being performed to study non-linear optical properties, las-
ing and cavity QED properties of microspheres containing
nanometer-sized light-emitting entities (see for example [26–
35] and Refs. therein). The special aspect we want to ad-
dress in this section is the coupling of nanoscopic emitters to
the optical modes of microspheres as a function of position
and orientation of an active optical dipole, the semiconduc-
tor nanocrystal, in the spherical cavity. Our aim is to provide
an overview of peculiarities in the case of dipole excitation of
a spherical microcavity.

Basic studies of the properties of light emitters coupled to
microcavities started first with dye-doped microdroplets and
soon also covered glass microspheres. The first proposals to
engineer both position and orientation of light emitters can be

found in [36–39] using microdroplets doped with special dye
molecules. The use of semiconductor QDs as photon emitters
in 3D-microcavities requires a careful consideration of the
coupling of anisotropic emission to the optical modes of the
microsphere cavity. Most QDs are known to have anisotropies
in their shape, crystal structure or confining potentials. The
control of both position and orientation of the light-emitting
species is thus highly relevant, for example, for controlling the
selective excitation of either TE or TM modes, or for achiev-
ing high coupling efficiency of spontaneous emission into
cavity modes.

2.1 Dipole position

With Fig. 1 and Fig. 2, we illustrate the effect of
quantum dot position on the coupling of the quantum dot

FIGURE 1 a Calculated electromagnetic field intensity (|E|2) in and out-
side a spherical microcavity of R = 3 µm radius for the case of excitation
by a single dipole at z = −2.8 µm. The arrows indicate the dipole orienta-
tion d ‖ z. Left: dipole resonant with the TM1

38,0 mode (λ = 638.595 nm, the
color-coded intensity scale is logarithmic and covers 40 dB), right: dipole
resonant with the TM2

33,0 mode (λ = 645.717 nm, the color-coded intensity
covers 60 dB). The marker corresponds to 3 µm. b Square of the magnitude
of the electric field as a function of radial coordinate z for positive z values,
opposite to the location of the dipole, calculated for the case of resonance
with one of the four modes TM1

38,0, TE1
38,1, TM2

33,0, and TE2
33,1 and plotted

on a logarithmic scale. The arrow indicates the position of the dipole on the
opposite side of the sphere (z = −2.8 µm). For TM modes d ‖ z and for TE
modes d ‖ x is assumed. Note that for TM-resonances there is a discontinu-
ity at the microsphere surface due to the radial component of the electric field
present in these modes. Insert: Mie spectrum for a sphere with R = 3 µm and
refractive index n = 1.5
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FIGURE 2 The calculated total power emitted by an oscillating dipole as
a function of dipole position, normalized to the power emitted by the same
dipole in bulk glass. Note the logarithmic scale. The dipole is oriented ra-
dially (||z, see Fig. 1) in the case of TM resonances and tangentially to
the sphere surface (||x) in the case of TE modes. The corresponding wave-
lengths of the different modes are 638.595 nm (TM1

38), 645.717 nm (TM2
33),

648.769 nm (TE1
38), 653.905 nm (TE2

33).

emission to modes of the microsphere with radial quantum
numbers n = 1 and n = 2. The electromagnetic field distri-
bution in and outside the spherical microcavity is calculated
semi-analytically using the multiple multipole (MMP) tech-
nique [40] for the case of resonance with exemplary TM
and TE modes of a microsphere (R = 3 µm radius, refrac-
tive index n = 1.5), excited by a resonant dipole positioned
0.2 µm below the sphere surface. Fig. 1a shows the result
for the case of resonance with two TM modes with differ-
ent radial quantum numbers at adjacent wavelengths: TM1

38 at
638.595 nm and TM2

33 at 645.717 nm. In both cases the field
is highly concentrated at the poles of the sphere and close
to the sphere surface. The angular quantum number � indi-
cates how many maxima can be observed in the internal field
distribution as a function of the polar angle from 0 to 180◦,
while the radial quantum number n gives the number of max-
ima (or, alternatively, the number of nodes) of the intensity in
the radial coordinate. As can be seen, for higher radial quan-
tum numbers the E-field starts to extend into the inner part
of the sphere, resulting in an increase of the effective mode
volume.

In Fig. 1b the radial intensity distribution is shown for
dipole excitation in resonance with the TM modes of Fig. 1a,
as well as for resonance with TE modes in the same range of
wavelengths. For the n = 1 modes, the field is maximum at
z = 0.95 R in the case of the TE1

38 mode and at z = 0.93 R
for the TM1

38 mode. The n = 2 modes exhibit two main in-
tensity maxima inside the sphere as a function of the ra-
dial coordinate. Here the field is maximum at z = 0.84 R
in the case of the TE2

33 mode and at z = 0.82 R for the
TM2

33 mode. The effect of strong field concentration close
to the sphere surface in the case of n = 1 modes becomes
even more pronounced for microspheres with sizes consid-
erably larger than the wavelength λ. For smaller spheres
with R < λ, the field distribution develops more towards
a homogeneous one [41].

It should be remarked that even though the dipole is reso-
nant with the indicated mode in each case, a large number of

other modes are also excited by the same dipole and contribute
to the field. This also explains why the intensity minimum for
the n = 2 modes between the two main maxima in Fig. 1b
does not correspond to zero intensity, in contrast to the pure
n = 2 modes of the bare sphere. Furthermore, we will show
cases below where the dipole, although resonant with an op-
tical mode of the sphere, is not able to excite the resonance
at all.

In Fig. 2 the total emitted power is plotted as a function
of dipole position along the z axis. It shows that the optimum
dipole position is just below the sphere surface (z = 0.93 R for
the TM1

38 mode, z = 0.95 R for the TE1
38 mode, z = 0.83 R for

the TE2
33 mode, and z = 0.81 R for the TM2

33 mode), and coin-
cides rather precisely with the intensity maxima of the corres-
ponding modes. Moreover, the total emitted power maps out
qualitatively the intensity distribution of the resonant modes
in the spatial region where these modes have appreciable in-
tensity. The emitted power is reduced, however, close to the
center of the sphere for all modes considered. In addition, for
resonances with the n = 2 modes, a suppression of the emitted
power occurs in the region between the two intensity maxima
of these modes. The reduction of the emitted power amounts
to 60% in the intensity minimum of the TE2

33 mode, com-
pared to a dipole embedded in bulk glass. This corresponds
to a lengthening of the radiative lifetime in the weak-coupling
limit. In contrast, a dipole located at the optimum position
obviously couples very efficiently to the high-Q modes with
n = 1, as can be seen from the very large values of the normal-
ized emitted power (1910 for the TM1

38 mode). For a dipole
located in the interior of the sphere, the total emitted power ap-
proaches that of a dipole embedded in bulk glass, except at the
center of the dipole.

To optimize the emitter position, we proposed in [42] the
concept of a hollow polymeric microsphere doped with CdSe
nanocrystals and demonstrated the efficient excitation of dis-
tinct, spectrally well-separated n = 1 cavity modes while cav-
ity modes of higher radial quantum numbers n > 1 were sup-
pressed (see Sect. 4.1).

FIGURE 3 Scattering spectrum of a microsphere (R = 2.5 µm radius,
n = 1.5) in vacuum, excited by a plane wave, calculated via standard Mie
theory (blue graph, linear scale on the left) and power emitted by the sphere,
when the latter contains a radiating dipole (1 Debye) 0.2 µm below the sphere
surface and oriented parallel to the z axis (green graph) or parallel to the x
axis (red graph), respectively (logarithmic scale on the right). The emission
spectra for dipole excitation are calculated by means of the MMP technique
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FIGURE 4 Calculated electromagnetic intensity (|E|2) in and outside a spherical microcavity (sphere radius R = 2.5 µm, refractive index n = 1.5) for the
case of excitation by a single dipole located on the z-axis at z = −2.3 µm aligned in two different directions. The dipole emission is chosen to be resonant to
the TE1

32-mode (λ = 632.83 nm, figures (a–c) and (g–i)), or to the TM1
32-mode (λ = 621.44 nm, figures (d–f) and (j–l)), respectively. The two columns on the

left contain plots of the intensity in the xz- (a,d,g,j) and yz-planes (b,e,h,k) for the dipole oscillating in the x- (a–f) and z-directions (g–l), respectively. Each
rectangular plot represents an area of 20×20 µm2. The intensity scale is logarithmic in the two columns of images on the left and covers 60 dB. The maximum
intensity in a–c is normalized to 1.0. In (d,g,j) the maximum field intensity is given with respect to (a).The third column shows the three-dimensional intensity
distributions on the inner surface of the sphere on a linear intensity scale. Note that the mode designations TE and TM only indicate the mode in resonance
with the dipole. In d–i these modes are not actually excited, and, hence, the field distribution is not even approximately that of the resonant mode (see text)
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2.2 Dipole orientation

In Figs. 3 and 4 we analyze the role of the orien-
tation of the light-emitting dipole, represented, for example,
by an anisotropic CdSe nanocrystal as the nanoscopic light
emitter. Figure 3 shows an illustrative calculation of the total
power emitted by a single oscillating dipole, d = 1 Debye, in
a spherical cavity (R = 2.5 µm radius, refractive index n =
1.5) as a function of the wavelength and the dipole orienta-
tion, when the dipole is located close to the inner surface of the
sphere. Comparison with the Mie scattering spectrum under
plane-wave excitation (blue spectrum) shows that dipole exci-
tation results in a weighting of the different TE and TM mode
amplitudes. If the dipole, assumed to be located on the z-axis,
oscillates in the z-direction, TM modes are exclusively ex-
cited (green spectrum). This is caused by the fact that only the
TM modes have an electric field component in the radial di-
rection. The dipole oscillation in the x-direction (tangential to
the surface of the sphere), however, excites predominantly TE
modes (red spectrum). In both cases n = 1 modes are strongly
favored by dipole excitation for the assumed dipole position,
and the excitation of these modes is extremely efficient com-
pared to plane-wave excitation. For the resonances shown in
Fig. 3, a maximum quality factor Q = ωcav/∆ωcav = 105 is
calculated for the microsphere of R = 2.5 µm and refractive
index n = 1.5 [43].

For the case of resonance with two representative TE
and TM modes, the electromagnetic field intensity (modu-
lus of the squared electric field amplitude) in and outside
of the spherical microcavity is plotted in Fig. 4 for the two
dipole orientations, radial (‖ z) and tangential (‖ x), respec-
tively. In Fig. 4a–f, the dipole oscillates in the x-direction,
in Fig. 4g–l in the z-direction. In agreement with the pre-
vious Fig. 3, it is easily recognized again that a dipole on
the z axis at the assumed position and oscillating in the
x direction excites predominantly TE modes, whereas the
same dipole excites exclusively TM modes when it is os-
cillating in the z direction. The resonances are actually not
or only weakly excited in the cases of figures (d–i). This
result is different from the case of plane-wave excitation,
but similar to the case of excitation by s- or p-polarized
evanescent waves [44]. Moreover, from figures a–c and j–
l, it is obvious that a dipole oscillating in the x direction
excites TE modes with azimuthal quantum number m = 1,
whereas a dipole oscillating in the z direction excites TM
modes with m = 0. This fact is easily explained by the
translation addition theorem of vector multipoles, which im-
plies that the azimuthal quantum number is conserved when
a given multipole is expanded into multipoles centered at
a different position on the z axis. It should be noted that
the m = 1 and m = 0 modes, which are strongly dominat-
ing in figures a–c and j–l, respectively, are very different
from the whispering-gallery modes excited, for example, by
evanescent waves.

The active control of the polarization state of microcavity
photons has been demonstrated by us by using quantum-
confined semiconductor nanorods as highly polarized na-
noemitters. The efficient confinement of photons sponta-
neously emitted by nanorods into single transverse electric
(TE) cavity modes is achieved, while transverse magnetic

(TM) modes are suppressed. These experimental results will
be discussed in Sect. 4.3.

3 CdSe nanocrystals as the dipole emitter

Semiconductor nanocrystals are attractive nano-
meter-sized photon emitters for applications in optical mi-
crocavities. Their wide spectral tunability, high quantum
efficiency and possible manipulation on a single-dot basis
make them good candidates as active optical materials. Quan-
tum dots were found to possess a narrow emission spectrum
and superior photostability, as compared to conventional dye
molecules. Our nanocrystal-emitters have to be character-
ized with respect to such important properties as radiative
lifetimes, homogeneous line broadening and polarization
anisotropies in the emission characteristics. The ideal emitter
should have a large optical transition dipole moment and emit
light whose polarization couples efficiently to the modes of
the microcavity. It should show a monoexponential lumines-
cence decay determined only by its radiative lifetime without
complicating fine structure. Its homogeneous spectral line
width should be of the order of the highest Q cavity-mode
widths in the QD spectral emission range. Such an emitter,
however, is hard to find, and one is confronted with an opti-
mization problem, which we will discuss in this Section.

3.1 Synthesis

The common method of synthesizing highly lumi-
nescent II–VI semiconductor nanocrystals is based on high-
temperature reactions of organometallic precursors in a highly
coordinating medium. For the synthesis of CdSe nanocrystals,
usually trioctylphosphine selenide and dimethylcadmium are
used as the precursors. The reaction is carried out in tri-
octylphosphine oxide (TOPO)/hexadecylamine mixture at
a temperature above 200 ◦C (see, for example, [45, 46] and
references therein).

The high processing temperature and optimized concen-
trations of reagents allow nanocrystals to be obtained with
a photoluminescence (PL) quantum yield exceeding 70% at
room temperature (see, for example, [47] and Refs. therein).
Figure 5 (left part) shows representative absorption and pho-
toluminescence spectra of two CdSe quantum dot ensem-
bles prepared for our experiments. Controlled variation in the
quantum dot size results in a spectral tunability of the emis-
sion wavelengths between 530 nm and 680 nm. Caused by the
manifest size distributions, both absorption and PL spectra of
nanocrystal ensembles are inhomogeneously broadened with
a full-width at half-maximum (FWHM) of ∼ 80–120 meV.

The photoluminescence yield of CdSe nanocrystals is
sensitive to the surrounding media and easily quenched by
water, oxygen etc. In order to increase the stability of CdSe
nanocrystals, they are chemically covered with layers of
wide gap semiconductor material like ZnS, ZnSe, CdS. The
core/shell CdSe/ZnS nanocrystals show excellent stability of
photoluminescence even in biological environments [48, 49].
Non-optimum growth conditions and environments affect
not only the PL efficiency but also modify the population
dynamics (see for example [50, 51] and Refs. therein). To
avoid non-radiative recombination via surface traps, only
those nanocrystal preparation routes which result in both high
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FIGURE 5 Left: Absorption and emission spectra of CdSe nanocrystals
of different average sizes. As the result of size variations, the emission
wavelengths can be tuned between 530 nm and 680 nm. The peaks in the
absorption spectra indicate the quantum confined electron–hole pair states.
Right: Photoluminescence decay of standard TOPO-capped CdSe quantum
dots (top), and core-shell CdSe/ZnS quantum dots (bottom) measured at
T = 20 K. The detection energy is tuned into the low-energy side of the
emission spectrum

quantum efficiency and no fast initial decay components in
the luminescence dynamics are appropriate for our studies
(see also Sect. 3.2). As can be seen from Fig. 5 (right part)
core/shell CdSe/ZnS nanocrystals fulfil these conditions at
low excitation power. In contrast to CdSe quantum dots with
the usual TOPO-capping, no fast initial decay is observed,
indicating the low concentration of surface traps. It should
be mentioned here that fast initial decays can be enhanced
or even produced by strong optical pumping (sometimes be-
lieved to represent the possibility of increasing the signal for
nanocrystals of low efficiency). The creation of more than
one electron–hole pair per nanocrystal opens additional re-
combination channels involving many-particle processes like
biexciton decay or Auger recombination. In our experiments,
we avoided the effects of high excitation density by meas-
uring first the power-dependent decay times to derive the
low-density limit experimentally.

Not only the size of nanocrystals can be controlled during
the synthesis, but also the shape. Introducing special chem-
ical regulators of growth into the reaction mixture, such as
alkylphosphonic acids, one can obtain CdSe rods or even
more exotic tetrapods and teardrops. As has been reported
in [52–55], CdSe quantum rods can be synthesized with
aspect ratios as large as 5 to 1 and with highly polarized
emission.

For our studies, we prepared CdSe nanorods with opti-
cal properties shown in Fig. 6. The low-temperature absorp-
tion spectrum is characterized by a blue-shifted absorption
peak due to quantum confinement and an efficient PL peak
with an inhomogeneous broadening of 75 meV (excitation at
488 nm with 8 mW focussed to a spot of 70 µm). The inset ev-
idences the high degree of linear polarization of about 70%,

FIGURE 6 Low-temperature absorption and photoluminescence spectrum
of CdSe nanorods. The average rod size derived from high-resolution TEM
images is 7 nm in diameter and 35 nm in length. The inset shows the degree of
linear polarization for single CdSe nanorod emission measured at T = 300 K

FIGURE 7 Low-temperature spectrum of a single CdSe nanorod measured
at T = 5 K with an integration time of 1 s

measured here for single nanorod emission at room tempera-
ture. The low-temperature single nanorod spectrum is shown
in Fig. 7. The spectral line shape and width here are deter-
mined by the spectral jitter during the signal accumulation.
The second peak in the single-rod emission spectrum is sep-
arated by the LO-phonon energy of CdSe and explained by
a phonon-assisted process. Taking into account the long inte-
gration time, the measured PL linewidth of 1.5 meV is an up-
per limit for the single-rod homogeneous linewidth and even
smaller values, similar to CdSe nanocrystals, can be expected.

3.2 Dynamics of luminescence

To study the modification of the quantum dot
spontaneous-emission rate in a microcavity (Purcell effect,
see Sect. 4.2), first we need to know the QD radiative de-
cay time Γrad in free space. In the strong confinement regime,
i.e. for QD sizes smaller than the bulk exciton Bohr radius,
R < aB, optical transition probabilities are determined by the
strength of the electron–hole exchange interaction causing
a fine structure splitting of the transition to the electron–
hole pair ground state |0〉. In Fig. 8, we give an overview of
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FIGURE 8 The scheme of the relaxation and recombination pathways of photo-excited electron–hole pairs in different types of CdSe quantum dots: col-
loidal nanocrystals (left) and epitaxially grown CdSe islands embedded in a ZnSe quantum well (right). Γ

bright
rad is the radiative recombination rate for the

optically allowed transition from |±1〉 states to the ground state |0〉 and Γ dark
rad is the same for forbidden transitions from |±2〉 states. γbd is the bright-dark

state transition rate, γnr are non-radiative recombination rates, γrel are relaxation rates, γth are thermal population rates. The kinetic models for ensembles of
colloidal nanocrystals additionally take into account energy transfer rates γET between nanocrystals. γt characterizes a decay channel which can be thermally
activated and then refills the bright state (see text). |exc〉 denotes higher excited QD-states. In epitaxially grown QDs |2D〉 denotes states in the surrounding
quantum well. For δ0, δ1, and δ2 see text

similarities and differences in the currently known recom-
bination and relaxation processes for different types of QD
samples. Colloidal CdSe nanocrystals and epitaxially grown
CdSe islands embedded in ZnSe are promising candidates
for microsphere and microdisc cavities and hence both com-
pared here with respect to their similarities and differences.
All QD types have the following in common: (i) the exchange
interaction splits the lowest electron–hole pair state into dark
states (total angular momentum ±2, optically forbidden) and
bright states (total angular momentum ±1, optically allowed).
Thus we have to consider two radiative transition rates with
Γ

bright
rad � Γ dark

rad ; (ii) the bright |±1〉-dark- |±2〉 state splitting
depends on the confinement potential and may vary between
0.1 and 15 meV [56–60]. A thermal population of the bright
state |±1〉 from the dark state |±2〉 with the rate γth is pos-
sible which results in the temperature dependence of the ob-
served decay behaviour [61, 62]; (iii) efficient trap processes
can cause fast initial decay components, unless the traps be-
come saturated or have negligible concentrations; (iv) in QD
ensembles, energy transfer processes with rates γ ET can con-
tribute to the bright and dark state population. Photons emitted
by smaller QDs can be absorbed by larger QDs or energy can
directly be transferred via Förster-energy transfer [63]. The
energy transfer processes have been added in the left scheme,
as examples, by the rates γ ET; and (v) asymmetries in the dot
shape or confining potentials result in additional fine structure
of the confined electron–hole pair ground and excited states.

In nanocrystals and epitaxially grown islands, a differ-
ent way of labelling the fine structure has been established
in the literature, although the underlying physics causing the
splittings is the same exchange interaction. For example, in
nanocrystals, five exciton states were considered in [56, 57],
produced by the exchange interaction and non-spherical

shape (not shown in the left part of Fig. 8). The five levels are
assigned to the angular momentum projection ±2, ±1L , 0L ,
±1U , 0U , where U and L denote upper and lower states with
the same projection. Transitions between the crystal ground
state to states with ±2 and 0L are dipole forbidden, while
transitions to states ±1L , ±1U , and 0U are dipole allowed.
The states lowest in energy are those with the labels ±2 and
±1L which are plotted in the left scheme as dark |±2〉 and
bright |±1〉 states. The bright–dark splitting energies in CdSe
nanocrystals vary between 1 and 15 meV for sizes between
3 nm < R < 1.5 nm. At low temperature, thermal activation
is only discussed for the |±2〉 to |±1〉 transition because of
the large energy separation calculated for the transition to the
higher dipole-allowed states ±1U and 0U . The thermal refill-
ing rates γth cause the complex temperature dependence of the
decay times.

The usual classification of the fine structure levels in epi-
taxially grown CdSe QDs is sketched in the right part of Fig. 8.
In anisotropic CdSe islands embedded in a wide-bandgap
quantum well, the exchange interaction splits the heavy-hole
exciton state likewise into a bright state |±1〉 and a dark state
|±2〉 classified by a splitting energy δ0 according to [60]. For
QDs of cylindrical symmetry (point group symmetry D2d),
however, the dark state is split further by a splitting energy
δ2 into a doublet. Further symmetry lowering splits the bright
state by a splitting energy δ1 into two states which recombine
to the ground state by emitting linearly polarized light. Since
the splitting energy δ0 is again only a few meV, a thermal refill-
ing with γth of the bright state |±1〉 from the dark state |±2〉
with increasing temperature is possible, resulting again in the
temperature dependence of the decay behavior [62].

The main differences in the recombination dynamics of
CdSe nanocrystals and epitaxially grown CdSe islands em-
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bedded in ZnSe quantum wells are: (i) The creation of electron
hole–pairs proceeds via two different absorption processes.
In nanocrystals, the absorption process is only possible into
excited states of the quantum dot itself and governed by the
nanocrystal absorption cross section. In epitaxially grown is-
lands the pump is usually resonant to the quantum well ab-
sorption, i.e. resonant to a two-dimensional (2D) nanostruc-
ture with a high density of absorbing states. (ii) In epitaxially
grown CdSe islands it is assumed that the energy separation
with respect to the next higher state in energy is much smaller
than in nanocrystals. Thermal escape into these states, orig-
inating either from the next higher confined QD state, from
fine structure splittings or from the surrounding QW, is no
longer negligible. (iii) The presence of additional charges or
charge fluctuations seems to influence the nanocrystal dy-
namics [64], also evidenced by the observation of blinking,
spectral wandering and similar phenomena. Charged excitons
(trions) or excitons bound to charged traps (donor-bound exci-
tons) represent an additional channel which can be thermally
activated and contributes then to a decay time similar to the ex-
citon decay, resulting also in temperature-dependent dynam-
ics. Such a channel is introduced as γt in the left decay scheme
for nanocrystals. In epitaxially grown islands such a process
might also be present, but is probably less important because
of the more efficient population of the bright state via the
quantum well population. (iv) In epitaxially grown islands,
the present density of the quantum dots is not high enough to
enable Förster-energy transfer processes. The scheme in the
right part of Fig. 8 is a typical single-dot scheme, usually ap-
plied in case of CdSe islands.

The scheme of Fig. 8 describes experiments under low
excitation conditions, i.e. the number of electron–hole pairs
per nanocrystal is assumed to be well below one and effects
of multiple electron–hole pair populations are neglected. Re-
cently, the nanocrystal absorption cross section was success-
fully determined in [65, 66] to be σ ∼ 10−15 cm2. Therefore,
the experimental conditions can easily be adjusted to maintain
the low-excitation limit in the excitation intensity.

From the above discussion we can derive an optimum
nanocrystal type suitable for experiments aimed at the mod-
ification of the radiative transition rates via coupling to the
optical modes of a microcavity (see Sect. 4.2). For these ex-
periments we have to select CdSe nanocrystals with larger
sizes (smaller bright–dark splitting) and work at tempera-
tures for which the thermal energy is large enough to ensure
a sufficient population of the bright state. Under such con-
ditions, the measured dynamics should be most sensitive to
the change of the radiative decay rate Γ

bright
rad of the bright

state. We have to avoid the fast initial decay due to popu-
lation of traps by careful synthesis of CdSe/ZnS core/shell
nanocrystals. Since we work with ensembles of quantum dots,
we have to take into account the energy transfer from smaller
to larger QDs, which can be done by choosing an appropri-
ate detection energy. This is illustrated in Fig. 9, which shows
the variation in the decay characteristics within the inhomo-
geneously broadened emission band of the CdSe nanocrys-
tals used for our experiments. The decay times have been
determined for different spectral positions taken within the
inhomogeneously broadened PL band of CdSe nanocrystals
with a center wavelength of 615 nm at T = 5 K. Fast ini-

FIGURE 9 a Decay times derived for different spectral positions within the
inhomogeneously broadened PL band of CdSe nanocrystals with a center
wavelength of 615 nm at T = 5 K. The decay curves at the high-energy side
are characterized by fast initial decays due to energy transfer and are fitted
by a bi-exponential function (red and blue symbols), while the decay at the
low-energy side is described by an almost monoexponential nanosecond de-
cay time (black symbols, compare also the inset). b Ratio of the slow and fast
components relative to the sum determined for different spectral positions
within the PL band of the CdSe nanocrystals (black symbols). At energies be-
low 2.0 eV, the fast initial decay is small and the overall decay approaches
a single time constant in the nanosecond range

tial decay constants are observed at the high-energy side of
the PL-band, i.e. energy relaxation from excited quantum dot
states to ground states of the same or another dot can take
place. The PL-dynamics at higher energy are characterized
by a two-component decay, while detection at the low-energy
side does not show the fast initial component. Because of
the fast time constants of the initial decay component in the
∼ 100 ps range, we cannot unambiguously assign the energy
transfer to a Förster-type process [63]. More probably, it is
a photon-mediated emission/reabsorption process, but fur-
ther studies are required to clarify this question. At energies
below 2.0 eV, the fast initial decay becomes negligible and
the overall decay approaches a single time constant of a few
nanoseconds.

The slow decay component found at all detection energies
is a few nanoseconds, indicating a decay channel dominated
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by Γ
bright
rad . In the literature, experiments which are aimed at

the determination of the radiative lifetime for the optically al-
lowed transition under optimum elimination of non-radiative
trapping processes, report times in a range between 1 ns and
30 ns for Γ

bright
rad and nanocrystal sizes between R = 1.8 nm

and R = 4 nm [61, 64, 67] at low temperature. A Γ
bright
rad of sev-

eral or tens of nanoseconds has been also observed in photon
anti-bunching experiments in [65].

3.3 Emission of single nanocrystals

Spectral diffusion and fluorescence intermittency
(blinking with “on–off” behavior) are long-debated features
for wet-chemically prepared single nanocrystals [64, 68–71].
Based on the observed power laws of the on- and off-time
probabilities and the detailed kinetics of the fluorescence
intermittency, different mechanisms like the quantum-jump
model, Auger ionization, thermally activated kinetics, hop-
ping and tunnelling, and fluctuating electronic and/or struc-
tural environments of individual nanocrystals are presently
discussed (see [71] and Refs. therein). A simple model to ex-
plain blinking of QDs is based on the idea that the charge
state of a quantum dot may change due to carrier escape. The
simultaneous changes in the surrounding local electric fields
result in correlations between intensity fluctuations and spec-
tral diffusion.

FIGURE 10 Room-temperature emission spectrum of single CdSe QDs: Red
curves show single CdSe nanocrystals, without cavity, taken at different
observation times, to illustrate the blinking effect associated with spectral dif-
fusion in nanocrystals. Blue curves show the same experiment for a single
QD but now bound to a PD. The emission of the QD switches two very sharp
modes of high Q (mode width below spectral resolution). The signal from the
scattered laser light is shown too, to exclude any correlation with fluctuations
in pump intensity. The spectra are recorded 2 s apart

To demonstrate the possibility of coupling only a sin-
gle QD to a single cavity mode, we may exploit the effect
of photoluminescence-blinking from single nanocrystals. Be-
side photon correlation techniques such as anti-bunching ex-
periments [65, 72], the finding of blinking may serve as a good
indication of a pure single-dot emission. In a single micro-
sphere containing only a single CdSe QD, the QD should
switch single modes “on” and “off” according to its blink-
ing frequency. This is illustrated in Fig. 10, which shows the
blinking for a QD on a glass microsphere (QD@PD) com-
pared to a single QD without cavity recorded at room tem-
perature. The emission of the quantum dot switches two very
sharp modes of high Q. In the process of spectral diffusion,
the cavity might act as a spectral filter, which allows only the
observation of nanocrystals without spectral jumps or with
spectral shifts equal to the cavity mode separation [73].

3.4 Homogeneous line broadening

Temperature-dependent single-dot emission spec-
troscopy and spectral hole burning are the most widely used
experimental methods for studying homogeneous line broad-
ening in nanocrystals. The analysis of line shapes in single-dot
emission is complicated by the problem of spectral diffusion
and power broadening. A strong dependence of single-dot line
widths on excitation intensity, wavelength, temperature and
integration time is found [68–70]. The low-temperature line
widths observed in PL spectra are of the order of 100 µeV.
Because the reported values are often resolution limited, they
can be considered as an upper limit for the actual homoge-
neous line broadening. High-resolution spectral hole-burning
has been applied in [74, 75] and a zero-phonon line width
(FWHM) as narrow as 6 µeV has been measured in wet-
chemically prepared CdSe/ZnS core/shell nanocrystals at
T = 2 K. The temperature dependence of the homogeneous
line width has been investigated by means of accumulated
photon echo techniques at very low temperatures down to
0.6 K [76]. The Fourier-cosine transform of bi-exponential
decays in the accumulated photon echo signal yields a nar-
row Lorentzian superimposed on a broader background
band. At very low temperature the line-broadening mech-
anism is assigned to the interaction with confined acoustic
phonons [59, 74, 77]. For the CdSe/ZnS core/shell nanocrys-
tals used in our experiments, room-temperature single-dot
spectroscopy reveals PL bands of ∼ 60 meV [73]. At T < 20 K
the single-dot PL line width drops below 200 µeV (see Fig. 14
in Sect. 4.2), i.e.,for our microcavities, the condition of similar
quantum dot and cavity line widths can be fulfilled in a tem-
perature range T < 20 K.

4 Quantum Dots in Photonic Dots

4.1 Preparation and optical characterization

In the literature one can find reports about CdSe
nanocrystals as active optical emitters in planar optical cav-
ities [78, 79] and three-dimensional (spherical) optical cav-
ities [2, 42, 61, 73, 80] consisting of micrometer-sized poly-
meric, glass or fused-silica spheres. Different methods have
been tested by us to optimize both the Q-factor and emit-
ter position/orientation. All microspheres used had sizes
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between 1.5 µm < R < 6 µm, a good compromise between
high Q and small mode volume. The first type of quantum
dot in a photonic dot structure realized in our investigations
was a monolithic polymeric (PMMA) microsphere, homoge-
neously doped with (CdSe)ZnS core/shell nanocrystals [2].
This was followed by hollow microspheres [42]. Commer-
cially available glass microspheres, usually produced via fast
melting of fine monodisperse glass powder in the flame flow
and subsequent solidification, are also used as a nanocrys-
tal template because of their nearly perfect sphericity and
surface smoothness, as the result of the surface tension in
a liquid glass microdroplet. The chemical attachment of
nanocrystals to the glass surface was achieved by using bi-
functional molecules, like mercaptopropyltrimethoxysilane
(MPTS) [73]. A prolonged treatment of glass microspheres
in a water-free MPTS solution results in the formation of
a MPTS monolayer via Si–O–Si chemical bonds between
MPTS silane groups and the glass SiO2 cage. The MPTS mer-
captogroups remain free for further attachment of (CdSe)ZnS
core/shell nanocrystals via Zn–S bonds. The Q factor of
glass microspheres routinely exceeds 10 000. Since the load-
ing of glass microspheres with high concentrations of CdSe
nanocrystals is difficult to achieve, we utilized commer-
cially available polystyrene microspheres with very high
Q ∼ 10 000 for experiments with high nanocrystal concen-
trations. Polystyrene (PS) easily dissolves in chloroform and
other chloroorganic solvents, but not in alcohols. In an ap-
propriate mixture of chloroform and 2-propanol (ca. 1 : 10
v/v), the outer shell of PS microspheres partially swells and
the nanocrystals may penetrate the surface of the micro-
sphere from the solution. Subsequent removal of the solvent
results in the capture of nanocrystals inside the subsurface
region of the microspheres, where the coupling of nanocrys-
tal emission to cavity modes with radial quantum number
n = 1 is maximum. This “penetration” method is suitable
for impregnation of PS microspheres either by nanodots or
nanorods. The nanorods may also be attached to the sur-
face of a PS microsphere by an electrostatic method. This
method is based on the electrostatic interaction between the
negatively charged surface of PS microspheres and positively
charged nanorods or nanodots. Most of the commercially
available pure PS microspheres with no special functional sur-
face groups exhibit a strong surface negative charge in the
solution due to presence of surface sulfate groups. In order to
make nanorods or nanodots highly positively charged, the sta-
bilizing layer of TOPO/HDA molecules on the surface of the
nanocrystals is replaced by 2-(dimethylamino)ethanethiol hy-
drochloride. The nanocrystals are very soluble in water and
strongly adhere to the surface of the negatively charged PS
microspheres. Such a preparation results in a tangential align-
ment of nanorods with respect to the microsphere surface (see
Sect. 4.3).

The optical characterization has been performed by ap-
plying imaging spectroscopy at the diffraction limit, com-
bined with a polarization-sensitive mode-mapping method
and comparative mode calculations based on standard Mie
theory and the semi-analytical multiple-multipole technique.
The emission of QD-doped spheres is spectrally and spatially
resolved by mapping the intensity across a sphere on and off
resonance to cavity modes for a fixed polarization plane (see

FIGURE 11 Measured spectrum of CdSe QDs bound to the surface of
a R = 1.8 µm microsphere (λexc = 488 nm, T = 300 K, Iexc = 20 W/cm2).
The mode quantum numbers are assigned using Mie theory. The right in-
set shows the microscopic image of the microsphere, spectrally resolved
at the TE1

22-resonance (unpolarized detection). The left inset shows the po-
larizer orientation, for which the mode mapping is performed at 572.1 nm
(TM1

22), 584.1 nm (TE1
22) and 579.5 nm (background). The lower part shows

the two-dimensional intensity scans (a–c) for the spectral positions indicated
by arrows in the spectrum

Fig. 11). A polarizer inserted into the optical beam path in
front of the detection system selects only signals from QDs
which emit components of the electromagnetic field parallel
to the orientation of the polarizer. For a fixed polarizer orien-
tation parallel to the z-axis, the TE modes should appear as
bright spots in the equatorial plane whereas the TM modes
have their main intensity perpendicular to the TE modes and
form spots at the poles (for details see [43]). The experimen-
tal concept of polarization-sensitive mode mapping represents
a convenient tool for determining the polarization properties,
in particular for larger microspheres, without performing ex-
tensive numerical calculations.

In Figs. 12 and 13 we give an overview of the typical
spherical microcavities used in our experiments. Figure 12
shows the emission spectrum for a single, hollow microcav-
ity excited by the 488nm-line of an Ar+-laser. The doping
of the polymer PMMA (poly-methylmethacrylate) with CdSe
QDs is described in [2, 42]. The most important advantage
of hollow spheres, as compared to bulk spheres, is the con-
trolled arrangement and fixation of the light-emitting dipoles
close to the surface of the microcavity. To evidence the ori-
gin of the observed peaks from a 3D-cavity effect, the mode
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FIGURE 12 Room-temperature emission spectrum of a single, hollow mi-
crosphere of Rout = 3± 0.25 µm outer radius and d = 0.6± 0.1 µm shell
thickness, excited by an Ar+-ion laser and measured by use of a 20×/0.4 NA
microscope objective, an imaging spectrometer and a CCD-camera. For com-
parison, the calculated cross section of light scattering is shown for a hollow
PMMA sphere of Rout = 2.781 µm, Rin = 2.267 µm and n = 1.5 (blue), and
for a bulk PMMA sphere of the same size (red). The inset shows a typical
microscope image of a hollow polymer microsphere

spectrum has been calculated for the parameter of the hol-
low cavity and compared with the experiment, as shown in
Fig. 12. Good agreement is obtained for a hollow sphere with
Rout = 2.781 µm, Rin = 2.268 µm (outer and inner radii), and
n = 1.5 for the index of refraction of the QD-doped polymer
(n = 1.0 for air inside and outside the hollow sphere). The
mode separation is very sensitive to the shell thickness d and
cannot be reproduced by fitting the spectra by a bulk sphere
of same Rout. The theoretical spectra of the confined micro-
cavity states predict spectrally well-separated high-Q modes
(up to 105) for the radial quantum number n = 1. The exper-
imentally obtained spectrum shows that the radiation emitted
by the CdSe QDs excites predominantly the cavity modes of
highest Q formed by those n = 1 modes, which have a single
maximum in electromagnetic energy density close to the sur-
face, just at the position of the QDs. Q values between 2000
and 4000 can easily be achieved in the prepared microspheres.

Beside the fabrication of self-made hollow microspheres
with only moderate values of Q, another route for prepar-
ing microsphere cavities with Q ≥ 104 values is the surface
coverage of commercially available polymeric and glass mi-
crospheres with very high surface quality material with high

FIGURE 13 a Emission spectra of a R = 2.25 µm microsphere covered by
a high concentration of CdSe quantum dots (black) and a R = 1.4 µm mi-
crosphere covered by a low QD-concentration (blue), b Emission spectra for
two different CdSe nanocrystals: dots with RQD = 2.5 nm (blue) and rods
with RQR = 3.5 nm and 35 nm in length (red) attached to a glass and polymer
microsphere of similar radius R, c The spectrum shows the highest quality
factor Q measured for a R = 2.5 µm glass microsphere surface-impregnated
with CdSe quantum dots. The spectral resolution is 20 µeV. All spectra were
taken at T = 300 K

transparency and sphericity. By varying the nanocrystal con-
centration, both high- and low-loaded microspheres can be
prepared with radii in the range between 1.5 µm and 10 µm.
Figure 13a shows spectra of polymer microspheres (Poly-
styrene (PS)) of two different sizes surface-impregnated with
CdSe nanocrystals in two different concentrations: a small
R = 1.4 µm sphere loaded with a low concentration of CdSe
QDs and a larger, R = 2.25 µm sphere doped with a very high
concentration of CdSe QDs. The typical features one can find
are: (i) in the case of a high CdSe concentration, a stronger
background emission and stronger mode damping in the spec-
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tral range overlapping with the absorption spectrum, while
at low CdSe concentration the absorption is negligible and
almost no background is seen; and (ii) a large free spec-
tral range of about 15 nm between adjacent modes in case
of small spheres while the mode number increases rapidly
for larger radii. In both spectra of Fig. 13a the same size of
CdSe QD’s is used (RQD = 2.5 nm), i.e. the envelope of the
cavity mode spectrum is given by the ensemble PL spectrum
of the QDs. The Q values are higher for the larger spheres
(4000 < Q < 8000) but can still be as large as Q ∼ 1000 for
the smallest spheres of R ≈ 2λ. In our experiments, small
polymer and glass microspheres with similar refractive index
n yield comparable Q values.

With Fig. 13b, we illustrate how the cavity emission can
be spectrally tuned over a spectral range between 550 nm and
725 nm using different types of CdSe nanocrystals. Through
implementation of other types of II–VI nanocrystals, like
ZnSe, CdTe and PbSe, the spectral range may be extended
from the UV to the near-IR region. Thus, semiconductor
quantum dots are very attractive nanoemitters for microcavity
applications. In Fig. 13c, we show an example of the high-
est Q value we could achieve in our samples. A value of
Q ∼ 20000 is measured for a R = 2.5 µm glass sphere surface
covered with a very low concentration of CdSe nanocrystals.
Since the cavity Q factor is directly related to the lifetime of
the photon in the cavity, we can estimate here a time constant
τcav ≈ 10 ps, i.e. in low-Q modes light decays quickly while
narrow, high-Q modes retain light longer.

4.2 Purcell-Effect

The studies of the quantum dot–electromagnetic
field interaction in cavities and of modified spontaneous emis-
sion constitute the growing field of cavity quantum electro-
dynamics based on semiconductors. The inhibition and en-
hancement of the spontaneous emission, i.e. the search for the
Purcell effect in semiconductors (see Sect. 1), is studied for
III–V quantum dots in epitaxially grown microstructures [81–
83] and CdSe nanocrystals in three-dimensional microcavi-
ties (glass or polymeric microspheres) [61, 73]. Illustratively
speaking, the Purcell effect is a typical phenomenon observed
in the weak quantum dot–cavity coupling regime: the spon-
taneous emission is still dominant over induced emission due
to the self-emitted field, but modified by the modified dens-
ity of photon states as a result of photon confinement in the
microcavity.

As has been discussed in the previous Sections, the experi-
mental proof of the Purcell effect is confronted with several
experimental obstacles, such as the background from emis-
sion in higher radial modes, the strong decrease in signal
when the wavelength is tuned out of cavity resonances, the
size-, intensity-, energy- and surface trap-dependent decay
of the quantum dot emission, the temperature-dependence of
both dark–bright splitting and homogeneous linewidths of
the quantum dots, etc. In our experiments, we compared the
luminescence decay at low temperature at wavelengths reso-
nant to cavity modes for different glass microspheres (R be-
tween 2 µm and 4 µm) and for nanocrystals prepared under
the same chemical conditions, but deposited on glass sub-
strates. We avoided the effects of high excitation density by

FIGURE 14 Modification of photoluminescence decay measured for opti-
mum experimental conditions, i.e. detection in the low-energy tail of the en-
semble emission of RQD ∼ 2.5 nm CdSe nanocrystals resonant to a Q ∼ 7500
cavity mode (bottom) and compared with CdSe nanocrystals prepared by the
same chemical process, but deposited on a glass substrate (top). T = 20 K,
λdet = 586.7 nm, excitation by a 120-fs pulse at 445 nm (frequency-doubled
Ti:Sa laser), detection spatially, spectrally and temporally resolved using
a microscope objective (spatial resolution 0.5 µm), an imaging spectrometer
(spectral resolution 0.1 nm), and a streak camera (time resolution 20 ps). In-
set: Spectral line widths at T = 20 K measured in a separate experiment with
highest spectral resolution for a representative single CdSe QD (blue) and
a representative PD mode (black)

measuring first the power-dependent decay times to derive the
low-density limit experimentally in order to ensure that the ex-
cited number of electron–hole pairs per nanocrystal was less
than one. The observed changes in lifetime varied by a factor
of two to five, depending on the cavity mode Q-factor, and the
size of the nanocrystals (selected by the detection energy).

Representative luminescence decays are shown in Fig. 14.
The most pronounced modification of the measured photolu-
minescence decay rates is found by selecting optimum experi-
mental conditions: the almost monoexponential decay with-
out a cavity (1.2 ns) is modified in resonance with a cavity
mode (220 ps) by a factor of approximately five. A tempera-
ture of T = 20 K was chosen in the experiment in order to
adjust the homogeneous line broadening of the single QD to
a value equal or smaller than the cavity mode width (see inset
of Fig. 14. Since the time-averaged spectrum of a single QD
is influenced by spectral wandering, we expect even smaller
homogeneous broadenings for shorter integration times). The
cavity-induced enhancement in the photoluminescence decay
rate was observed in particular for larger nanocrystals with
negligible exchange splitting of the lowest electron–hole pair
state [73].

4.3 Nanorod orientation and β-factor

In Sect. 2 we discussed how the excitation of cav-
ity states depends on the orientation of the dipole, i.e. here the
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CdSe nanorod axes (Figs. 3 and 4). Thus, an active polariza-
tion control and an efficient coupling of spontaneous emission
into cavity modes is feasible if the properties of the photon-
emitting species in the cavity can be designed by engineering
the orientation of the optical transition dipole moment. In
this Section we demonstrate the concept of aligned semicon-
ductor nanorods to achieve high coupling coefficients β of
spontaneously emitted photons into microcavity modes. The
preparation and optical properties of the nanorods used are de-
scribed in Sect. 3. We apply here the wet-chemical preparation
method for CdSe nanorods described in [52, 55, 84], allowing
us to use them for controlling the microsphere emission by the
engineering of nanorod orientation.

We impregnated polymeric microspheres of R = 1.4 µm
radius specifically with nanorods using two methods: (i) an
electrostatic attachment method which results in a single
monolayer of tangentially aligned nanorods on the sphere sur-
face and (ii) a subsurface impregnation which gives a higher
concentration of less perfectly oriented nanorods. The con-
trol of the cavity mode polarization by nanorod alignment
was examined by comparing the cavity emission of micro-
spheres of similar size measured under identical experimental
conditions, but doped either with almost isotropic CdSe nan-
odots or anisotropic CdSe nanorods. The cavity mode polar-
ization was determined experimentally using the polarization-
sensitive mode mapping described in Sect. 4.1 and [43]. Fig-
ure 15b shows the cavity spectrum for CdSe quantum dots
positioned in a thin subsurface layer, ensuring low losses and
resulting in Q = hω/∆hω values of about 1000 for the small
R = 2λ cavity. For quantum dots, the full cavity mode spec-
trum was observed with peak intensities given by the envelope
of the ensemble emission. Figure 15a shows the spectrum for
the same microsphere size, but now with tangentially aligned
CdSe nanorods prepared by method (i). As can be clearly
seen, the TM-mode intensity is drastically reduced, as pre-
dicted from the discussion of Fig. 3. Still, the spacer molecule
used in the preparation method (i) causes losses in the coup-
ling efficiency, which result in a PL background (subtracted
in Fig. 15b) and somewhat smaller Q values between 300 and
600. The tangential nanorod alignment results in efficient ex-
citation of the transverse electric field modes, while transverse
magnetic modes are suppressed, and an active control of the
mode spectrum is achieved in this way [85].

The more efficient excitation of TE cavity polarization
states by tangentially aligned CdSe nanorods is likewise ev-
idenced in the pump power dependence of the microcavity
emission, shown in Fig. 16. The nanorod alignment results in
a non-linear increase in TE-mode intensities and in a very effi-
cient coupling of spontaneous emission into solely TE modes.
At highest pump power the spectrum is dominated by only
two TE-polarized modes.

The analysis of such intensity characteristics as shown in
Fig. 16 opens a way to a more detailed understanding of such
cavity parameters as photon occupation numbers or threshold
intensities. Presently, however, such experiments are faced
with the problem of photodegradation. In an attempt to over-
come this problem, pulsed excitation and thick, close-packed
nanorod layers were employed recently [86]. Based on our
results from both dots and rods, we consider CdSe nanorods
as one of the most photostable nanoemitters. In particular,

FIGURE 15 Control of the cavity photon polarization by oriented nanorods:
a Microsphere spectrum (R = 1.4 µm) excited by CdSe quantum dots show-
ing the full set of cavity modes represented by the sum of the two subsets
of TE (blue) and TM (red) mode spectra. The peak heights of the corres-
ponding TE and TM modes are determined by the envelope spectrum of the
ensemble emission. b The same for CdSe nanorods, showing pronounced TE
cavity modes and almost complete suppression of TM modes. T = 300 K.
Excitation at 488 nm

we expect in low-temperature experiments a conservation
of the number of active nanoemitters, allowing us in future
to make an exact measurement of the intensity-dependent
input/output characteristics to infer further important micro-
cavity parameters, such as the so-called β value characterizing
the coupling coefficient of spontaneous emission into a cav-
ity mode. Microcavities which allow one to bring the mean
cavity photon number close to unity are attractive research
objects for investigating the threshold-less laser, as proposed
in [87]. The best β values for II–VI-based microcavities have
been reported for planar cavities with β ∼ 10−2 [88]. With
a simple rate-equation system, such as that presented, for ex-
ample, in [89], we have calculated the cavity photon number
as a function of pump power using a parameter set appropri-
ate to our quantum dot/microsphere system. Figure 17 shows
for a fixed nanocrystal number of N0 = 104 in resonance with
a cavity mode the corresponding curves with β as the parame-
ter. The chosen N0 corresponds to a standard preparation route
yielding a monolayer of uncoupled nanocrystals covering the
sphere surface. As can be seen, for low β values, the typical
threshold behavior can be realized if sufficiently high pump
power is applied. Such threshold characteristics have been re-
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FIGURE 16 The change in TE mode intensities with increasing cw pump
power: a Two spectra at low and high pump power normalized with respect
to the central TE mode intensity at 693 nm. b Pump-power dependent dif-
ference ∆PL of the mode under consideration (full circles – TM mode at
671 nm, open circles – TE mode at 731 nm, squares – TE mode at 657 nm)
with respect to the central mode at 693 nm. T = 300 K, excitation at 488 nm

FIGURE 17 Coupling coefficient β of spontaneous emission into a cavity
mode calculated for a parameter appropriate for describing CdSe quan-
tum dots coupled to a R = 2.5 µm microsphere: σ = 4× 10−16 cm2 for the
quantum dot absorption cross section, N0 = 104 for the number of nanocrys-
tals resonant to a single cavity mode, 300 µeV for the cavity mode width,
τrad = 2 ns and τnr = 1 µs for the radiative and non-radiative decay times.
The dashed line characterizes the threshold at which the mean cavity photon
number is unity

ported for low-Q microcavities loaded with nanocrystals of
high concentration under pulsed excitation [73, 79, 86]. The
transition to threshold-less input–outpout characteristics has
not been demonstrated yet. While theoretical estimates for
quantum dot/sphere systems are promising [90], the major
experimental problem consists of the development of suitable
photon detection techniques, which allow measurement of the
photon number p0 and its statistics accurately, and the prob-
lem of nanocrystal degradation resulting in a non-constant N0.

5 Outlook

Experimental results for the weak coupling regime
have been obtained, but the experimental observation of
strong coupling is still not reported yet. It turns out that we
have to solve a complex optimization problem, both for cavity
and quantum dot parameters [7, 14]. The cavity should show
a large ratio Q/V , i.e. large Q and small mode volume V ,
a requirement, however, which can not be fulfilled simultan-
eously and has thus to be optimized. Our microsphere with
radii between 2 µm and 3 µm showed cavity mode widths
of 100 µeV, which is of the order of the calculated vacuum
Rabi splitting energy for CdSe quantum dots (Fig. 18). The
Rabi splitting energy has been estimated here taking into ac-
count the refractive index difference between semiconductor
and glass or polymer according to [91]. The observation of
mode splitting has been reported; however, it has to be clar-
ified that the splitting is not caused by sphere asphericities
etc. The nanocrystalline system can be engineered by optimiz-
ing the exchange splitting, i.e. the energy difference between
bright and dark states. The shape variation also implies an
engineering of optical transition dipole moments (and perma-
nent dipole moments as well). We expect that a radiative decay
time variation within a factor of ten should be possible. The
analysis of the photon statistics for the emitted photons, the
control of position and concentration of the nanoscopic emit-
ters, the combination of concepts developed for microspheres
with other types of three-dimensional microcavities are inter-

FIGURE 18 The calculated Rabi splitting energy for CdSe quantum dots
plotted as a function of the inverse effective cavity volume 1/V in units
of (λ/n)−3, compared to the experimental mode linewidths measured for
the microsphere cavities studied here. For the radiative lifetime of the CdSe
nanocrystals 1 ns is assumed, and an emission wavelength at 550 nm
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esting tasks for future research. The nanocrystal/microsphere
system is a cheap and excellent model system to learn about
cavity quantum electrodynamics with semiconductor quan-
tum dots, and many results can be generalized to other
semiconductor-based microcavities.
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