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ABSTRACT: We investigate photoluminescence from individual “giant”
CdSe/CdS core/thick-shell quantum dots (gQDs) placed near an epitaxial
Ag film with an atomically smooth surface. The key observation is that the
lifetimes of the gQDs are drastically reduced and exhibit a remarkably narrow Vs
distribution compared to the gQDs deposited on a thermally deposited Ag film.
The larger variations in gQDs’ lifetimes on the thermally deposited Ag film
arise from excitonic coupling to localized surface plasmons associated with
nanoscale surface corrugations of different heights. A calculation is performed
based on a simple model system of a QD coupled to a metallic nanosphere.
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The calculation shows that the QD lifetime initially shortens and reaches a

saturated value with increasing radius of the metal nanoparticle (MNP). Because the epitaxial film can be treated as a sphere with
an infinitely large radius, the calculation confirms and explains the different QD dynamics near the two types of Ag films as
observed experimentally. Our studies demonstrate that epitaxial Ag films serve as an ideal material platform for reliable control
over the QD lifetime and may lead to improved photodetectors and light emitting devices requiring fast response or modulation.
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he lifetime of an emitter is not an intrinsic property of the

emitter itself. Instead, it is determined by both the emitter
and the photonic density of states of the environment
surrounding it. This concept lays the foundation of controlling
emitter dynamics through cavity quantum electrodynamics
using structures such as photonic crystals. Plasmonic cavities in
the form of metallic films and nanostructures have also been
explored for this use due to their high photonic density of states
and small mode volumes.' ™ An emitter placed near a
plasmonic cavity is affected in multiple ways: an increase in
its excitation rate due to the strong near-field, an increase of its
radiative decay rate (Purcell effect), and an increase of its
nonradiative decay rate due to nonradiative energy transfer."””
The latter two effects combine to strongly reduce the emitter’s
total excited state lifetime. For example placing a single gold
nanoparticle in the immediate proximity of a quantum dot
(QD) can decrease the QD lifetime by 2 orders of magnitude
or more."”

A simple model system for investigating modified single
emitter dynamics via exciton—plasmon interaction is a
semiconductor QD near a planar metal film. A number of
studies have explored this geometry and reported reduced
lifetimes, modified second order autocorrelation (g!?) photon
statistics, and altered blinking behavior.””~"* In these previous
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studies, a key challenge to quantitatively predict the modified
photoluminescence (PL) properties due to exciton—plasmon
interaction lies in the large variations of each QD’s local
environment due to nanoscale roughness on the metal surface.
This variation raises concerns about repeatability and reliability
in the performance of devices incorporating QDs and metallic
films.

Recent progress in growing high quality single crystalline
metal films using molecular beam epitaxy has made it possible
to produce Ag films with an atomically smooth surface.”* In
this paper, we re-examine the modification of the QD PL
lifetimes due to exciton—plasmon interaction by studying
individual CdSe/CdS core/thick-shell “giant” QDs (gQDs)
placed near such a film. In a way, gQDs act as nanometer-scale
sensors that interrogate the local photonic density of states. We
found that the lifetime of gQDs near an atomically smooth Ag
film displays both a greater reduction in lifetime and a
significantly narrower distribution of lifetimes in comparison to
dots placed near metal films prepared with conventional
thermal evaporation methods. We performed a calculation that
reproduced qualitatively the lifetime distribution near the two
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types of Ag films. Our work demonstrates reliable control of
emitter properties using the Ag films with atomically smooth
surfaces and the great promise of such films in nanophotonic
applications.

We first describe the two types of Ag films used in our
experiments: one grown with molecular beam epitaxy on a Si
substrate and another prepared using a standard thermal
evaporation process. The epitaxially grown Ag film was capped
first with ~1.5 nm of MgO and then with 2 nm of Al,O;. These
oxide layers serve to prevent the Ag film from oxidation and
degradation in ambient environment and increase the
separation between the gQDs and Ag film as a result. The
thermally grown Ag was capped with 3 nm of Al,O; using
atomic layer deposition. Atomic force microscopy (AFM)
images were taken to characterize the surface topology of the
capped Ag films, as shown in Figure 1. The thermally deposited
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Figure 1. AFM scans of Ag films: (a) AFM scan of the rough Ag film
used in this work; the color bar spans 35 nm. A line cut along the red
line is plotted above the scan. (b) AFM scan of the atomically smooth
Ag film; the color bar spans 2 nm.

Ag film has surface corrugation with large height variations,
visible from a line cut through the AFM image. The root-mean-
square (RMS) variation of the island heights is 3.57 nm shown
in Figure la. In contrast, the AFM image taken from the
epitaxial Ag proves the atomic smoothness of the surface. The
height variation across the smooth Ag film is less than the 0.4
nm resolution limit imposed by noise inherent to the AFM scan
shown in Figure 1b; the thickness of a single Ag atomic layer is
approximately 0.25 nm. Recent experiments characterizing
fundamental properties of single crystalline Ag have also shown
that these high quality films exhibit lower loss and support
surface plasmon polaritons with long propagation distance,
exceeding what has been considered possible based on the
widely cited permittivity constants.””> Because of their
different surface topology, we anticipate that gQDs placed on
these Ag films would interact with different surface plasmon
modes and, therefore, exhibit different PL properties.

We use specially synthesized CdSe/CdS gQDs (Methods)
with a core diameter of approximately 3.5 nm and a shell
thickness of ~8 nm, leading to a diameter of 19.5 nm for the
whole gQD. gQDs were chosen as they exhibit the unique
properties of bein§ nonblinking and highly resistant to
photobleaching.”>~*° In addition, the increased shell thickness
compared to standard core/shell QDs reduces nonradiative
energy transfer to plasmonic nanostructures. gQDs were
prepared on three different substrates: a glass substrate as a
reference and the two types of Ag films. The QDs were drop-
cast onto these substrates at densities of ~0.1 gQD/um?. The
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experimental setup used for measuring PL lifetime from
individual gQDs is described in detail in Methods.

We investigate PL from many individual gQDs on each of
the three different substrates and present the results in Figure 2.
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Figure 2. Statistical comparison of PL properties of gQDs on glass,
rough Ag and smooth Ag films: (a) A typical PL lifetime measurement
of a single gQD on each substrate. (b) Statistical distribution of gQD
PL lifetimes on each substrate; inset shows a detailed distribution of
gQD lifetimes on smooth Ag in ns. (c) Statistical distributions of
average PL intensity on each substrate.

The second order correlation g(z) measurements are performed
to confirm that individual gQDs are measured (see Supporting
Information for details). The representative exciton lifetime
decays for a single gQD on each of these substrates are shown
in Figure 2a. It is apparent that the gQD lifetime on Ag films is
significantly reduced from the values observed on glass
substrates. Because there are usually known variations in
lifetime between gQDs, we investigate ~30 different gQDs on
each type of substrate. The statistical results of the lifetime
measurements are shown in Figure 2b. The mean values and
standard deviations of these measurements provide a better
characterization than ensemble measurements of many gQDs,
which provide only an averaged behavior but no information on
the variations between gQDs. The statistical analysis of these
measurements yields the average gQD lifetime and the standard
deviation as the following: 33 + 11 (glass), 6 + 2 (rough Ag
film), and 0.6 + 0.2 ns (epitaxial Ag film). The absolute value of
the standard deviation is expected to be smaller for a smaller
mean value for the case of the atomically smooth film.
However, the same ratio between the mean lifetime and the
standard deviation for these two types of films is a coincidence
because the distributions have different origins. The lifetime
distribution quoted for the epitaxial film is close to the temporal
resolution limit of our instruments after signal deconvolution.
Nevertheless, we expect some remaining variations in lifetimes
due to variations in QD properties and the different nanocrystal
crystalline axis orientations leading to different orientation of
dipole moments with respect to the metal surface. In contrast,
the broader lifetime distribution near the thermally evaporated
film mainly arises from variations in the local plasmonic modes
and their coupling to the QDs.
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PL intensity on three different substrates did not exhibit
obvious differences. The gQD PL intensity near a Ag film is
determined by the increased excitation rate by the near field of
the film, modified decay rates, and excitation conditions. While
an Ag film usually enhances the excitation rate of QDs due to
the strong near field, it also increases both the radiative and
nonradiative decay rate. Furthermore, our experiments were
performed using a pulsed excitation source, where the laser
repetition rate limits the photon cycling rate. These effects
combined to produce only small differences in the total gQD
PL intensity on the two types of Ag films.

To provide a more quantitative explanation for the difference
between gQD lifetimes on the two types of Ag films, we
perform a calculation to model the coupling of a point dipole to
plasmonic modes supported by these films. The fluctuations of
the rough surface of the thermally grown Ag film are treated as
spherical metal nanoparticles (MNPs) with varying diameters,
while the epitaxial film is treated as a MNP with an infinitely
large radius. We lack precise information on the shape and size
of the surface nanostructures. This model is intended to only
capture the QD dynamics qualitatively. The interaction
strength between the MNPs and a QD decreases rapidly with
increasing distance. Therefore, to a good approximation, the
interaction of the QD with the rough Ag surface can be
described by a single, spherical MNP surrounded by a capping
layer as illustrated in Figure 3a. In this picture, the MNP
represents the nearest convexity on the surface.

We calculate the decay kinetics of the QD coupling to a
MNP explicitly taking into account multipolar surface plasmon
modes. Furthermore, we assume a normal distribution of
diameters to calculate the distribution of lifetimes. The
calculation of the QD lifetime follows the theory previously
developed by Welsch et al.””** and Hughes et al.””*° For small
MNP radii, the QD lifetime decreases monotonically with
increasing MNP radius as shown in Figure 3b. The distribution
of QDs’ lifetime due to the MNP’s diameter distribution is
shown in Figure 3¢, yielding the mean value in lifetime of 9.9
ns. Consistent with the experimental observation, the calculated
lifetime exhibits an asymmetrical distribution. The interval that
contains ~31.7% probability (1o interval) to each side of the
mean corresponds to a calculated lifetime of 9.9 — 2.8 + 3.4 ns,
respectively.

In contrast to the wide distribution of the gQD lifetime near
the rough thermally evaporated film, this distribution near an
epitaxial film is significantly narrower. Our calculation suggests
that the exciton lifetime as a function of the MNP radius
reaches a minimum near ~35 nm. For MNP with larger radii,
the gQD lifetime fluctuates but remains close to ~1 ns. Thus, a
narrow distribution of gQD lifetime near the epitaxial film is
consistent with our calculation in which the epitaxial film is
treated as an infinitely large MNP. These results are also
consistent with an alternative model that we have analyzed
(results not included explicitly here). In this alternative model,
we studied how the QD lifetime changes near a perfectly flat
metal slab with increasing thickness. Our calculation suggests
that QD lifetime near a metal slab no longer changes once the
slab thickness exceeds tens of nanometers.

Qualitatively, the QD lifetime initially decreases with
increasing MNP radius because the MNP dipole moment and
thus the coupling strength with the QD increases. Higher
multipole contributions become more important with increas-
ing radius, essentially leading to a more efficient decay and a
shorter QD lifetime. The near field confinement and high

1087

a) b) 50
Detector e Fe.
RS
.
—_ data
_ 2 10 =, °
QD d < L
2 s .
D) ¢
5
MNP 1 b °
¥ ® oo
0.5 Lo
5 10 50 100
MNP Radius [nm]
Radius
C) ) adius [nm]
5 10 15 20 25

Rel. Probability [a.u.]

25

Lifetime [ns]

Figure 3. Calculation of QD lifetimes near a metallic sphere. (a)
Rough Ag surface is treated as MNPs of varying diameter surrounded
by a capping layer of Al,O;. The QD is treated as a point dipole
located at the center of the giant colloidal QD. The whole setup is
aligned along the z axis. (b) Lifetime as a function of radius: The
dependence of the lifetime on the radius is monotonic for radius < 35
nm. At radius = 35 nm, the curve has a minimum at 0.6 ns. For higher
radii the lifetime fluctuates around 1 ns which can be ascribed to the
lifetime of a dot on a slab. We fit the small radius region in order to
calculate the lifetime distribution. (c) Lifetime distribution: Based on
the AFM scans we assume a normal distribution of mean 9 nm and
variance 3 nm for the MNP radii (gray dashed line). Using this
distribution and the fit function from (b), we can calculate the
statistical distribution of QD lifetimes on the rough Ag surface (black
line). The mean of this distribution is 9.9 ns, and the 1 ¢ interval is the
gray shaded area.

density of photonic states associated with the MNP are mainly
responsible for QD lifetime reduction. This confinement effect
becomes less pronounced when the MNP radius further
increases and saturates. The theory seems to generally
overestimate the lifetimes, which is likely to be a systematic
error. For example, the spacing between the QDs and the films
is not accurately known due to uncertainties in the thickness of
the oxide layers. To achieve a further reduction of QD lifetime,
one may choose QDs with a thinner shell or a better spectral
alignment between the exciton and plasmon resonance energy.

In summary, we have investigated how gQD dynamics are
modified near Ag films. We demonstrate that the morphology
of the films plays a key role in lifetime reduction. By using
epitaxial Ag films with atomically smooth surfaces, one can
observe drastically reduced gQD lifetimes. More importantly,
the reduced lifetimes exhibit a very narrow distribution,
demonstrating reliability and reproducibility in lifetime control,
which is often missing in previous studies of QDs coupled to a
thermally evaporated Ag film. Our calculation shows that the
QD lifetime initially drops with increasing MNP radius but
saturates beyond a certain MNP size. This saturation effect
together with the atomically smooth surface of the epitaxial Ag
film is responsible for the narrow distribution of gQD lifetimes.
Hybrid photonic devices incorporating both semiconductor
emitters and metallic structures will benefit from better decay
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dynamics control as demonstrated in our studies. More
dramatic QD lifetime reduction has been achieved via coupling
to plasmonic antennas.”’ However, the simple geometry used
in our studies does not require the precise placement of the
QDs at the gap of an antenna and removes the influence from
variations in plasmonic nanostructures (e.g, size and shape),
enabling reliable lifetime control as demonstrated. We
anticipate that progress in synthesis and growth of smooth
metallic films will lead to other exciting progress in the fields of
plasmonics and hybrid nanophotonics.

B METHODS

Preparation of Epitaxial and Thermally Evaporated
Ag Films. The epitaxial Ag film was prepared using molecular
beam epitaxy following a refined two-step growth process. First,
a small amount of Ag (~20 monolayers) was evaporated at a
slow deposition rate of ~1 A min onto a liquid nitrogen cooled
Si(111) substrate (~90 K). Then, the temperature was slowly
raised to room temperature to naturally anneal the sample. The
final film thickness was determined by the number of iterations
of this two-step process. A commercial Knudsen cell was used
as the Ag evaporator to ensure a precise and stable deposition
rate. The thickness of the films was measured by a quartz
crystal monitor during growth. The thermally evaporated film
was prepared in a commercial deposition system. A vacuum
chamber was evacuated to ~5 X 10~° Torr and growth of Ag
began at a deposition rate of ~0.5 nm/s. A total of 50 nm of Ag
was deposited. A thin oxide layer, ~3 nm of Al,O;, was then
grown onto the bare Ag surface using atomic layer deposition.

gQD Preparation. CdSe/CdS gQDs were synthesized
according to a modified successive ionic layer adsorption and
reaction (SILAR) method for monolayer-by-monolayer shell
addition.” In this way, CdS shell (monolayer thickness: 0.3375
nm) was added to CdSe QD cores (3.5 nm diameter).
Ultradilute solutions were deposited onto the three substrates
to obtain a dot density of ~0.1 gQD/um?. Importantly, dilution
of the stock gQD solution was conducted immediately prior to
sample preparation to avoid gQD aggregation that occurs at
very low solution concentrations. Absorption spectroscopy and
TEM are used to determine the gQD core size, and TEM is
used to assess the final gQD size. Ensemble photoluminescence
measurements showed a PL peak at ~640 nm.

PL Measurements. The excitation source was a picosecond
pulsed diode laser (PicoQuant) with a central wavelength of
405 nm and a variable repetition rate; we used repetition rates
between 1 and S MHz. The laser is focused through a
microscope objective (100X Olympus, N.A. = 0.80) to a spot of
~0.5 pm diameter. The PL was collected through the same
objective lens. Excitation power was held constant, and typical
time-averaged powers ranged from 1.5 to 7 nW with varying
repetition rates. The PL was collected through the same
objective lens. The collected signal was sent through a 50/50
beam splitter for g'? measurement. The single photons were
detected by a pair of avalanche photodiodes (APDs, Perkin &
Elmer) and the APD outputs were sent to the correlated single
photon counting electronics (PicoQuant HydraHarp 400).
Time gated g(z) analyses were performed following a procedure
as previously described.””**

Theory. We use the theoretical framework developed by
Welsch et al.””** and Hughes et al.””*" to describe the modified
QDs lifetime near a metal nanoparticle. Within this framework,
the electromagnetic modes supported by arbitrary spatial
structures including dissipating dielectrics are rigorously
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quantized, while the geometry of the system is included via
the classical dyadic Green’s function. We assume a spherical
MNP, surrounded by a spherical, dielectric shell of AL,O; (n ~
1.8)** in vacuum (n = 1), that is, a spherically three-layered
system”” illustrated in Figure 3a. Complex dielectric response of
the MNP is modeled using data obtained from the atomically
smooth Ag film*' and fitted with a fourth order polynomial.
The QD is assumed to be a point dipole located at the center of
the giant colloidal CdSe/CdS QD (with a diameter of ~19.5
nm). The emission spectra at detector position are given by

d-G(r, ry, )@ — @) :

? wdz - - de(uzd-Gs(r, ry, ®)(0 — ay)-d/ (heyc®)

S(r, w) =

Here Gy(ryrpw) is the classical Green’s function of the
spherically layered MNP—coating—vacuum system, @, is the
transition frequency of the QD and d is the associated
transition dipole moment. In Figure 3a, the geometry of the
system is illustrated. The outline of the full calculation can be
found in the Supporting Information; for further details, we
refer to the literature, that is, refs27—30. The spectral shape is a
Fano resonance instead of a Lorentzian, as shown in Figure S2
in the online Supporting Information. Lifetimes are determined
via fitting using an exponential function in the time domain.
The lifetime distribution is calculated by fitting the dependence
of the lifetime on the MNP radius as shown in Figure 3b.
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