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The oscillator strength in CdSe/CdS colloidal dot-in-rods
is evaluated and assessed to be of ~1.5. On the basis of
this finding, the possibility to reach the strong coupling
regime with photonic crystals nanocavities is discussed.
In spite that carefully choosing the cavity parameters the

1 Introduction Light-matter coupling in nano- and
micro-cavities is a fundamental research field which allows
the investigation of intriguing Quantum Electro Dynamic
(QED) phenomena, such as exciton-polaritons [1] and the
generation of non-classical light fluxes [2]. When an opti-
cal emitter is placed in a resonant cavity and the energetic
distributions of the two systems allow an interaction be-
tween the two oscillators, two different phenomena, known
as weak and strong coupling, can be observed [3]. In the
weak coupling regime, the spontaneous emission rate of an
emitter X interacting with an optical mode C is modified
by a factor which depends on how the energy is confined
inside the cavity [4]. Instead, in the strong coupling condi-
tion the interaction between X and C leads to a coherent
exchange of energy between them, thus resulting in vac-
uum Rabi oscillations [3].

Both these types of interactions have been widely in-
vestigated in the infrared spectral region by using epitaxi-
ally grown materials, such as quantum wells, quantum
wires and quantum dots (QDs) and advanced optical reso-
nators such as Bragg reflectors based microcavities
photonic crystals (PhC) defects and microdisks [1, 5-8].
On the other hand, an emerging technology is based on the

strong coupling regime could be analytically achieved at
room temperature, theoretical considerations show that
the typical Rabi doublet cannot be resolved. The work
draws also a viable strategy toward the observation of the
strong coupling at cryogenic temperatures.
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chemical synthesis of high luminescent QDs, so called col-
loidal nanocrystals (NCs). These emitters are crystalline
structures with a size smaller than the Bohr radius, thus al-
lowing discrete energy levels and the investigation of
quantum mechanisms also at room temperature. Moreover,
the low cost synthesis procedure and their versatility make
them appealing materials for several fields, such as non
classical quantum communications and biology [2, 9]. In
order to rule their emission properties, several NCs compo-
sitions and shapes have been proposed in past years, allow-
ing polarized emission and very high quantum yields [10,
11]. If colloidal NCs applications are still limited by sev-
eral drawbacks, such as blinking, spectral diffusion, low
oscillator strength and short coherence times, it has been
recently demonstrated that by engineering the environment
surrounding the quantized levels the blinking phenomenon
can be overtaken [12, 13]. Among the proposed strategies
to realize asymmetric core/shell structures, the dot-in-rod
(DR) configuration, in which the CdSe spherical core is
surrounded by an elongated CdS rod-like shell [14], pre-
sents several properties that make it very promising to
reach the strong coupling regime. It has been demonstrated
that such nanosystems are characterized by a shorter ex-
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cited state lifetime compared to spherical nanocrystals and
that the elongated shape leads to a strong electric field in-
side them [15]. These two parameters are strictly linked to
the so called oscillator strength, which plays a key role in
the dynamic of strongly coupled systems [16]. Indeed, with
elongated-core NCs, so called nanorods (NRs) [17] the
strong coupling regime has been reached at cryogenic tem-

perature by coupling them with dielectric nanospheres [18].

The goal of this paper is to evaluate if CdSe/CdS DRs

are suitable quantum emitters for strongly coupled systems.

In the following, the concept of strong coupling will be in-
troduced and the fundamental parameters which must be
ruled to reach this regime will be discussed with particular
attention to the strong coupling of a single colloidal NC in
a PhC cavity. The oscillator strength of an isolated DR will
be measured by means of time resolved spectroscopy in
order to understand if these nanoclusters are suitable to
reach the strong coupling regime.

2 The strong coupling regime A system consti-
tuted by a QD (emitting at Zwy) strongly coupled to an op-
tical mode in a photonic cavity (at energy fiwc) is de-
scribed by the Hamiltonian [19]

H=ha)ca+a+ha)xb+b+g(a+b+ab+), )

where a and b are the cavity and exciton operators, respec-
tively. The last term describes the linear coupling between
X and C. The coupling constant g is a fundamental pa-
rameter to design a strongly coupled system and is bound
to the properties of both X and C. By taking into account
the relaxation terms of both X and C and if the detuning
between X and C is zero (hwy=hwc~hw,) the eigen-
energies of a strongly coupled system are given by the fol-
lowing expression:
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where yc and yy are the linewidths (full width at half
maximum) of C and X, respectively. When the X-C inter-
action becomes larger than the combined X-C decay rate
(assumed as threshold ¢), i.e.

2 (7 c~7x )2
P>l (3)

16
the real part of £, and E. are different [Re(E.)# Re(E.)]
and the two oscillators allowed to coherent exchange en-
ergy. In this picture the coupling constant g is related to the
oscillator strength of X (f) and to the modal volume (V) of
C by Eq. (3):
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where m is the free-electron mass and ¢jand &, are the di-
electric constant of the vacuum and of the relative dielec-
tric constant of the medium. The photoluminescence (PL)
spectrum of this system, according with Ref. [3], is:
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Figure 1 Threshold ¢ as a function of the cavity Q-factor (red
dashed line) and coupling constants g° for several values of f and
a modal volume V=0.48(M/n)’. Black dots refer to the graphs of
Fig. 2.
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From Eq. (3) it is clear that the higher the cavity modal
volume, the lower the coupling constant between X and C.
The best way to obtain a low modal volume is to use a PhC
based nanocavity [20]. In the visible spectral range these
resonators present lower quality factors with respect to the
infrared wavelengths because of the low refractive index of
transparent materials between 500 nm and 700 nm [21].
However, V is preserved and the modal function can be
confined in a volume lower than the cubic wavelength. In
particular, the nanocavity proposed in Ref. [22] gives the
possibility to work with resonant modes having a modal
volume from V=0.48 (A/n)’ to ¥=0.7 (A/n)’ and, impor-
tantly, a quality-factor (Q-factor) tunable over a broad
range in a simple way, with a maximum value of Q~800.
Let’s suppose that a single colloidal DR emitting at
hawy=2.072eV with a room temperature linewidth of
yx=10meV [15] is localized in the center of a PhC cavity
with a quality factor Q=(Awc)/ yc. Figure 1 reports the be-
haviour of the threshold t= (iwc/O-yx)*/16 as a function of
the cavity Q-factor. When the cavity linewidth approaches
yy the threshold ¢ is minimized and the condition (3)
achievable also for lower oscillator strength. For example,
as shown by the continuous lines in Fig. 1, the higher fthe
wider the interval of Q for which g’>¢. However ¢ is an as-
ymptotic threshold in respect to O, i.e. limg_,. t= vx'/16,
and ¢ can be overtaken also for high Q and g>yy/4. This is
justifiable in a simple way: if f'is not enough to allow a co-
herent exchange of energy between X and C this could be
compensated by approaching the two energy configura-
tions themselves.

An experimental evidence that the strong coupling
condition regime is reached is represented by a doublet in
the PL spectrum. However, because of the relation be-
tween Eq. (4) and Eq. (2), a non-zero difference between
Re(E.) and Re(E) is not a sufficient condition for the ob-
servation of two different peaks in S(Ziw). Some examples
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of the possible situations are reported in Fig. 2 with refer-
ence to the points evidenced in Fig. 1. Figure 2 shows that
below the threshold ¢ (i.e. Re(E+)=Re(E.)) the two eigen-

states are frequency-degenerate leading to a single PL peak.

The point (b) is instead just above the threshold # and the
non-degeneracy of the eingen-states is clearly visible.
However, a single peak in the spectrum is still present be-
cause the vacuum Rabi splitting is signifantly smaller than
the spectral width of each peak. This is not the case of Fig.
2(c), in which the PL spectrum is modified by the presence
of the vacuum Rabi oscillations by virtue of a stronger os-
cillator strength (i.e. g”>> 7).

As we will discuss in the following, the oscillator
strength of colloidal NCs at room temperature is extremely
low. In spite of that, for low f, the condition Re(E.)#Re(E.)

is fulfilled, and the strong coupling is theoretically reached.

However, as in the case of Fig. 2(b), the observation of
strong coupling features would not be possible by PL
measurements because the doublet state is not evident in
S(hw).
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Figure 2 Photoluminescence spectra (black continuous lines)
computed via Eq. (5) for the points (a), (b) and (¢) of Fig. 1. Col-
oured dashed line represents the eigenstates.

3 Methods and techniques

3.1 Colloidal dot-in-rods synthesis The
CdSe/CdS DRs were synthesized using the procedure re-
ported in Ref. [14]. The CdSe cores were prepared by mix-
ing TOPO (3.0g), ODPA (0.280g) and CdO (0.060g) in a
50 mL flask, heated to ca. 150 °C and exposed to vacuum
for ca. 1 hour. Then, under nitrogen, the solution tempera-
ture was increased to above 300 °C to dissolve the CdO
until it turns optically clear and colorless. Then 1.5 g of
TOP was injected in the flask and heated to 360 °C. After
that, a Se solution in TOP (0.058 g Se + 0.360 g TOP) was
quickly injected in the flask and the reaction was stopped
after 1 min by removing the heating mantle. CdSe seeds
were precipitated with methanol, redissolved in toluene,
reprecipitated with methanol, and finally dissolved in 1mL
of TOP.

In order to obtain a preferred axis growth for the CdS
shell, ODPA (0.290 g), HPA (0.080 g), TOPO (3.0 g) and
CdO (0.060 g) were mixed in a three-neck flask, heated at
150 °C, and pumped to vacuum for ca. 1 hour. The tem-
perature was first increased up to 300 °C and stabilized at
350 °C after the injection of 1.5 g of TOP. Then a solution
of S in TOP (0.120 g S + 1.5 g TOP) containing 8x10™ mol
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of readily prepared CdSe nanocrystals (diameter c~2.7 nm)
dissolved in TOP was quickly injected in the flask. The
shells were allowed to grow for about 6-8 minutes after the
injection, after which the heating mantle was removed. The
resulting nanocrystals (mean length 30 nm) were precipi-
tated with methanol, washed by repeated re-dissolution in
toluene and precipitation with the addition of methanol. At
the end they were dissolved in toluene.

3.2 Optical characterization A nanomolar solution
of DRs diluted in toluene was dropcasted on a microscope
coverslip. A circularly-polarized picosecond-pulsed laser
(at a wavelength of 404 nm) was focused on the sample by
means of a microscope air objective. The single DR emis-
sion was collected through the same objective and sent into
a Hanbury-Brown and Twiss setup based on two avalanche
photodiodes. The collected signals were elaborated by
means of a time-resolved data acquisition card (Time-
Harp200, Picoquant). By triggering the acquisition with the
laser pulses individual photon-detection events with their
absolute arrival time and their delay from the laser pulse
were recorded, thus allowing to analyze the PL time traces
and the radiative decay behavior of the system under inves-
tigation, up to a time-resolution of 36ps. In order to con-
firm that the measurements were carried out on a single
nanoparticle, antibunched measurements were performed
as explained in Ref. [23]. All measurements were per-
formed at room temperature in air at the single NC level.

4 Experimental results and discussions Equa-
tion (4) and Fig. 1 show that the emission oscillator
strength f'is one of the parameters which define the regime
of the coupled system. f can be expressed as a function of
the radiative decay rate 1/tyx,, i.e.

bme, ¢ 21

2
qn Ty

7

— (6)
where ¢ is the electron charge. The average lifetime of the
transition X (1x) can be estimated by fitting the decay
curve obtained by the delays histogram between the laser
pulses and the received photons. A typical decay behaviour
measured on a single DR is reported in Fig. 3; the experi-
mental data are well fitted by a mono-exponential decay
function ¢ and Tx has been assessed to be ~11ns. It is
evident that this method estimates the total decay rate
(1/1x), which is the sum of the radiative recombination rate
and the non radiative one (1/txy,), i.€.

1ttt %

TX TX r TX nr

Counts (log. scale)

15 20 25 30 35 40
t (ns)

Figure 3 Decay curve measured on an isolated DR (blue dots)
and its exponential fit (red dashed line).
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Figure 4 (a) Luminescence spectra for several values of the os-
cillator strength and Q=300. (b) Spectral position of the eigen-
modes for several values of Q and as a function of f.

However it has been demonstrated that for colloidal NCs
and DRs the internal quantum efficiency approaches 100%
[14, 24]. As a consequence, the non radiative rate can be
considered negligible and the estimated tx assigned to
purely radiative processes, i.e. Tx=Tx,. By considering
tx~11 ns the oscillator strength obtained via Eq. (6) can be
assessed to be 1.5. Lifetime measurements as a function of
the intensity power were also performed. Consistently with
the results reported in ref. [15], the lifetime of the excited
state is almost constant at values of ~11 nm.

On the basis of the discussion in Section 2, we can in-
fer that, for a cavity with V~0.48(/n)’, a Q-factor between
150 and 400 is needed to reach the strong coupling regime
with a DR characterized by an oscillator strength of f=1.5.
However these parameters lead to the condition of Fig.
2(b), in which the strong coupling is theoretically achieved
but not experimentally observable. Moreover, it has been
demonstrated that colloidal nanorods presents a lifetime at
cryogenic temperatures of 7,<Ims [18] leading to a higher
oscillator strength. For example f~20 for 7,=800ps can be
obtained via Eq. (6). Figures 4(a) and (b) display that for
these values fthe doublet is clearly visible in the PL spec-
trum and that the two eigenmode are not degenerated,
making us to envision the possibility to observe the strong
coupling between a colloidal dot-in-rod and a photonic
crystals cavity at cryogenic temperatures.

5 Conclusions In summary, we discussed the possi-
bility to reach the strong coupling regime with colloidal
dots-in-rods. The oscillator strength of DRs has been
measured by time resolved spectroscopy, assessing a value
of /~1.5 at room temperature. Moreover, photonic crystals
nanocavities have been suggested as appealing nanostruc-
tures to achieve this result because of their extremely low
modal volume and the possibility to tune the quality factor
of the resonant mode. Taking into account the obtained os-
cillator strength, analytical computations showed the pos-
sibility to achieve a strong coupling which nevertheless
does not lead to a visible doublet in the PL spectrum.
However, taking into account a decreasing of the DRs life-
time at cryogenic temperatures, the possibility to experi-
mentally observe the vacuum Raby splitting in the investi-
gated system can be envisioned.
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