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We study the coupling of colloidal thick-shell CdSe/CdS nanocrystals with amorphous gold films (AFs) and
crystalline gold platelets (CPs) at 4 K. Time resolved experiments show that the photoluminescence lifetime
increases from 2.4 ns (AF) to 5.1 ns (CP) due to the reduction of Joule losses. The comparison of the experimental
results with numerical predictions shows that the radiative quantum efficiency is at least twice higher (=20%)

for the crystalline structure.
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I. INTRODUCTION

Since their first synthesis in 2008 [1,2], colloidal semicon-
ductor CdSe/CdS nanocrystals (NCs) with a thick shell have
attracted a great interest. The major effect of the thick shell
is to suppress the long off-fluorescence periods ubiquitous in
single NC experiments [3].

Additionally, the thick shell acts as a highly efficient spacer
when such NCs are coupled to plasmonic structures and min-
imizes the emission quenching by excitation of lossy surface
plasmons and subsequent ohmic dissipation. In spite of this,
the radiative quantum efficiency rarely exceeds a few percent
at visible wavelengths [4].

Generally, the reduction of Joule losses in plasmonic struc-
tures can be obtained by lowering the temperature or minimiz-
ing the surface roughness. At 4 K, electron-phonon scattering
is strongly reduced and the propagation length of surface
plasmons increases [5,6]. Recently, we have demonstrated the
reduction of ohmic losses when thick-shell NCs are coupled
to an evaporated gold film at 4 K [4]. Between 293 and 11 K,
the fluorescence decay rate is reduced by a factor of 2.3 while
the radiative quantum efficiency is three times higher.

Alternatively, reducing the surface roughness or increasing
the crystallinity of the plasmonic structure strongly reduces
the damping of the surface plasmon polariton [7,8].

In this paper, we combine cryogenic temperature operation
and the use of single crystalline gold microplates to further
reduce the Joule losses. Individual CdSe/CdS NCs are cou-
pled to an amorphous film or a large single crystalline gold
microplates of similar thickness and probed by time resolved
photoluminescence at 4 K. We show that the mean lifetime
increases from 2.4 ns (amorphous film) to 5.1 ns (crystalline
microplates). From these values and theoretical predictions,
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we deduce that the radiative quantum efficiency is at least
twice higher in the case of a crystalline structure.

II. EXPERIMENTS

A. Samples

The amorphous flat gold films (AFs) were fabricated un-
der ultrahigh vacuum (10~ torr) by thermal evaporation of
gold on a cleaned glass coverslip (1 in. diameter) at room
temperature. The duration of the deposition is fixed so that
the gold mass, measured with a quartz balance, corresponds
to a thickness of 25 nm. The roughness is determined by
atomic force microscopy. For a 1 um x 1 um surface, the
RMS roughness is 1.1 nm.

The crystalline gold microplates (CPs, Fig. 1) are syn-
thesized by the chemical reduction of tetrachloroaurate(III)
salts in the presence of aniline [9]. A 10-mM solution of
Au(Ill) salts in ethylene glycol (EG, 18.2 mL) is heated
under stirring for 20 min prior to the addition of 180 L
of 0.1 M aniline. The solution is then stored unstirred for
one day at room temperature. The resulting microplates have
sizes in the range from 500 nm to approximately 8 um. By
centrifuging the suspension at 4300 g for 2 min, the size
distribution can be narrowed down to 1-5 pwm. The thickness
of the microplates measured by atomic force microscopy
(AFM) is 25 & 5 nm. The excess of EG and aniline is removed
by centrifugation and redispersion in a 10/90 ethanol/water
mixture. The suspension is drop-casted onto a precleaned
ITO-coated glass slide in order to obtain a uniform density
of approximately one microplate per 10 x 10 um? area. The
adsorbed EG and aniline capping layer are removed by a
mild oxygen plasma treatment. The rms roughness of the
plasma-cleaned microplates is 0.65 £ 0.15 nm.

The CdSe/CdS core-shell NCs are chemically synthesized
following the protocol described in [10]. The core diameter
is 3 nm while the shell thickness is 8 nm. The ligands
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FIG. 1. SEM image of plasma-cleaned microplates on ITO/glass
substrate. Inset: three-dimensional (3D) view of an AFM image of a
30-nm-thick microplate.

surrounding the individuals NCs have a mean length of 2 nm.
The shell and the ligands act as a spacer and we model in
the following the single NCs as a degenerate dipole [11]
localized 11 nm above the surface they were spin-casted on.
The mean emission wavelength is respectively 620 nm at
room temperature and 590 nm at 4 K.

B. Experimental setups

The NC stock solution is diluted and spin coated on a glass
coverslip, the AF or the CP so that single NCs fluorescence
can be characterized with a confocal microscope. The NCs
were deposited using the same protocol. Since the bare gold
surface of CP is plasma cleaned while the evaporated AFs are
obtained under ultravacuum, we can assume that the distance
d between the NCs and the CP surface and the AF surface
are identical. A cryogen-free setup (Cryostat attoDRY 1100,
low-temperature confocal microscope attoCFM-I, Attocube,
numerical aperture objective = 0.82) provides measurements
without any drift for several hours. Optical excitation is ob-
tained with a pulsed supercontinuum laser (NKT Photonics
SuperK EXTREME, A = 485 nm, pulse duration ~150 ps).
The emission is detected with an avalanche photodiode (MPD,
50 ps time resolution) linked to a counting module (PicoHarp
300 module, Picoquant, 64 ps time resolution). The instru-
mental function response (IRF) of the experimental setup is
then of the order of 200 ps.

III. RESULTS AND DISCUSSION

In all the following experiments, low power excitation
(mean power ~400 nW, pulse width ~200 ps, repetition rate
= 20 MHz) is used such that the probability to generate one
electron-hole pair per pulse prevails. The photoluminescence
(PL) decay of single NCs deposited on a glass coverslip is
first characterized at 4 K [Fig. 2(a)]. Under air and at room
temperature, CdSe/CdS NCs are known to switch between a
neutral and an ionized state. However, under vacuum, thick-
shell NCs deposited on a glass coverslip remain ionized [12].
This observation is first explained by the removal of ligands
induced by the vacuum generation and the resulting apparition
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FIG. 2. PL decays of single NCs on glass (a), AF (b), and CP
(c),(d). The NC remains in the ionized state (a) or in the neutral state
(b),(c). The red lines represent monoexponential fits providing the
trion lifetime (a) and exciton lifetime (b),(c). For (d), the NC switches
between the neutral and the ionized states and biexponential decay is
measured (red line).

of dangling bonds that cannot be saturated by the atmo-
sphere. Moreover, ionized states become very stable since
no neutralization can occur through charge transfer between
air molecules and the surface of the NC [13,14]. At 4 K,
the Auger recombination of the trion is also inhibited which
leads to a pure radiative recombination. We then find that the
mean radiative lifetime of the trion on a glass coverslip is
6.8 £ 1.2 ns (average over 18 NCs).

We now compare this result to the ones obtained when
the NCs are coupled to the AF or the CP. In contrast,
NCs coupled to the AF or the CP are not systematically
ionized. This can be explained by taking into account the
work function (WF) of gold as well as the CdS and SiO,
electron affinities (EAs) and ionization energies (IEs) [15].
For gold, the WF ranges between 4.6 and 5.5 eV depending
on parameters such as crystallinity, roughness, and exposition
to air [15,16]. These values are close to the EA and IE of bulk
CdS which are respectively 4.7 and 7.1 eV [17] as confirmed
by the measurement of a small barrier height (~0.5 eV) of
Au/CdS/SnO,/In-Ga structures [18]. Even if this analysis
does not take into account the nanometric size of the CdS
shell and the presence of ligands, these data suggest that
charge exchanges between the NCs and the surface are eased
in the case of a gold film. On the contrary, the IE of SiO,,
that is an insulator, is as high as 8 eV while the EA is
as low as 0.9 eV [19], meaning that SiO, cannot provide
a charge (electron or hole) to an ionized NC with a CdS
shell. Under vacuum, neutralization after photoionization of
the NC can then occur on the gold structures in strong contrast
with the silica coverslip. Experimentally, we observed that the
neutralization process is more efficient in the case of AFs
when compared to CPs. Moreover, a nearby plasmonic gold
structure enhances the fluorescence processes compared to
charge trapping outside the NC core [20]. The stability of the
neutral state therefore increases as the exciton recombination
occurs at a faster rate than the charge escape.
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The advantage of considering the excitonic state versus the
trion one is that its decay rate is lower and its measurement
is less affected by the time resolution of the setup. As already
stated by Schwartz et al., the stability of the neutral state is
all the greater as the repetition rate of the laser is lower [21].
In our experiments, we promote the neutral state stability by
reducing the repetition rate of the laser to 20 MHz, for which
we observe that the contribution of the exciton recombination
becomes significant while a good signal-to-noise ratio is
preserved.

In the following, the PL decay of single NCs is fitted by
a single exponential when it remains neutral [Figs. 2(b) and
2(c)] or by a biexponential when it switches between neutral
and ionized states [Fig. 2(d)]. For the AF, the mean excitonic
lifetime is about 2.4 4 0.3 ns (average over 11 NCs). Since the
decay rate of the trion is twice greater than the excitonic one in
the absence of Auger recombination [22], this corresponds to
a Purcell factor (defined as the decay rate enhancement due to
the gold structure, taking the glass coverslip as the reference)
F, of 2 x6.8/2.4=5.7+1.2, a value close to the one we
have previously reported for the decay rate enhancement for
NCs of similar sizes deposited on a flat gold film at 4 K [4].
Importantly, the Purcell factors for the amorphous and crys-
talline structures show low dispersion that can be attributed
to small dispersion of the distance between the NCs and the
gold film (11 £ 1 nm) originating from the size dispersion of
NCs. This low dispersion ensures that the gap between the F),
factors comes from the gold crystallinity.

When CPs are used, the position of the NCs is random.
We considered the emitters located at a distance d exceeding
dmin = 1 um from the edges of the CPs. Otherwise, the
surface plasmon polariton (SPP) launched by the NC could
be reflected so that the CPs could not be compared to an
infinite flat film. In the following, we will check this hy-
pothesis considering the SPP propagation length dy,, is high
enough. The shape of the Au particle has then no effect.

The dramatic effect of the gold crystallinity on the coupling
between a gold film and a single NC is first evidenced by the
large increase of the mean exciton lifetime, which reaches
5.1+ 1.3 ns (average over 10 NCs) (F, =2 x 6.8/5.1 =
2.7 £ 0.8), suggesting a drastic reduction of the Joule losses
for the CP.

Since the roughness of the AF and CP films is of the order
of 1 nm, its effect on the NCs fluorescence enhancement can
be neglected. The coupling between the single NCs and the
gold structures is modelled through the gold film dielectric
constant € alone. For gold €, values have been reported in
several references [23,24]. However, the thickness as well as
the elaboration process have to be considered [25]. € also
strongly depends on the temperature operation [7,26].

In the presence of the plasmonic film, one can distin-
guish three main relaxation channels for the dipolar emission:
(i) radiative emission, (ii) surface plasmon coupled emission
(SPCE) with the excitation of the Au/air and the Au/glass
SPPs, and (iii) lossy waves. Considering a distribution of
NCs showing a random orientation and using the Chance,
Prock, and Silbey model [27,28], we calculated the total decay
rate ', the radiative decay rate I'yq, and the SPCE rates
Lo, I‘?;l/)glass for a large range of values of the real «,,
and imaginary parts ¢; of the dielectric function €. Practically,

20
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FIG. 3. Calculated Purcell factor F, = T/ "giass as a function of
the real and imaginary parts of the gold film dielectric function. Solid
and dashed lines refer to iso-F), and iso-QE, respectively. Diamonds
indicate some values of the gold dielectric function taken from the
literature: Coste et al. [4], Johnson and Christy (JC) [23], Olmon
et al. [29], Werner et al. [30], and Weaver et al. [31].

the total decay rate is numerically computed from the Weyl
momentum spectrum representation of the dipolar emission
that is an expansion over plane and evanescent waves. The
radiative contribution is obtained by limiting the expansion
to the plane waves only. Similarly, limiting the expansion
to the SPP momentum, we estimate the SPCE rates. The
corresponding Purcell factor is shown in Fig. 3.

In a previous study [4], we measured by spectrophotometry
the real €, and imaginary parts €; of € at 590 nm for AF (11 K)
and found €, = —14.4 and ¢; = 3.0 which gives Fp = 5.3, in
agreement with the experimental value of Fp = 5.7. We also
compute the far-field dipolar emission 'y, so that the radia-
tive quantum efficiency (QE = Iy /ior) has been inferred to
be equal to 10%. A structuration of a crystalline gold surface
could then be used to decouple the bound Au/glass SPP to the
far field and increase the collection efficiency [32,33].

Concerning the CPs, they are too small to perform such
spectrophotometric experiments. Only Fp can be measured.
However, the model enables us to plot the iso-QE and iso-
Fp lines. Figure 3 shows that for Fp = 2.7, the QE ranges
between 20% and 40% for the considered range of €, and
€;. The QE for the CP is then at least twice larger when
compared to the AF, confirming the drastic reduction of Joule
losses. The estimated coupling rate to the gold/air SPP 8 =
WA /T also increases from about 8% for AF to 17%
for CP. Finally, we also calculate that the propagation length
gold/air SPP is around 2 um. An upper value of the reflection
coefficient of the SPP at the CP edge can be estimated as
follows. First, a dielectric model for guided SPP [34] leads
to a reflection coefficient at normal incidence of R = (ng,p —
1)/ (ngpp + 1) ~ 2% where ngpp ~ 1.03 is the SPP effective
index. In addition, an overestimated value of 20% can be
estimated from plasmonic Bragg mirror [35]. Considering an
order of magnitude of 20% for the reflection coefficient of the
SPP at the CP edge, this Lgpp value implies that the relative
amplitude of the reflected SPP is lower than 5% for a NC
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located at a distance dy,;, greater than 1 um from the CP edge.
This means that the CP can be considered as a flat film in our
experiments.

IV. CONCLUSION

In conclusion, our results demonstrate that a large increase
of the QE of thick-shell CdSe/CdS NCs coupled to ultra-
thin 2D gold structures is obtained at 4 K by using single
crystalline gold microplates. While cryogenic temperature
operation alone enables us to reach QE values close 10%,
the presented results demonstrate that the replacement of
amorphous gold by crystalline gold enables us to exceed 20%.

These results are particularly important and promising for
further coupling NCs to plasmonic structures when quantum

plasmonics applications are foreseen. Future efforts can now
be devoted to fabricate structures that couple the surface
plasmon emission into the light cone.
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