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We studied photoluminescence �PL� and energy transfer dynamics in CdSe nanocrystal �NC�
assembled monolayers on Au surfaces. The close-packed CdSe NC monolayers were fabricated
using the Langmuir–Blodgett method on spin-coated inert polymer films on rough-surface Au
substrates. The PL intensity and PL decay time were dependent on the distance between the CdSe
NCs and Au surfaces. These observations indicate that the metal-semiconductor distance and the
luminescence-energy dependences of the energy transfer rate can be understood in terms of the
Coulomb interaction between excitons in NCs and plasmons on the Au surfaces. © 2008 American
Institute of Physics. �DOI: 10.1063/1.2906369�

The creation of unique materials and devices on a nanos-
cale level is of great interest from the perspectives of funda-
mental physics and technological applications. One of the
most versatile methods of fabricating such materials is to
assemble nanoscale building blocks. Semiconductor nano-
crystals �NCs� are one of the most promising types of nanos-
cale building blocks because of their size-dependent optical
and electronic properties and their potential for use in opto-
electronic applications such as lasers, light emitting diodes,
and solar cells.1–4 Many studies have focused on explaining
the many unique optical phenomena and energy transfer in
isolated, coupled, and assembled semiconductor NCs.5–10

The electronic interaction of semiconductor NCs with metal
surfaces has attracted special attention from the viewpoint of
plasmonics.11,12 At the nanoscale metal surfaces, surface
plasmons create a strong electromagnetic field, which results
in enhanced photoluminescence �PL� from NCs.13–15 How-
ever, the interaction between luminescent materials and met-
als also increases nonradiative decay rates due to the energy
transfer from luminescent materials to metals via electro-
magnetic interaction,8,13,15 and this results in PL quenching.
Thus, there is still a lot to be learned about the nature and
control of the interaction between semiconductor NCs and
metals.

Time-resolved PL spectroscopy is one of the most useful
methods for understanding the energy transfer between semi-
conductors and metal surfaces. However, it is difficult to
measure the PL dynamics of individual NCs in the picosec-
ond and nanosecond time regions. In addition, the energy
transfer and interaction strength between NC excitons and
plasmons are sensitive to the surface roughness of metal sub-
strates and the local environment around the NCs.5,7 To re-
duce the spatial nonuniformity of samples and to magnify the
observed PL intensities, we fabricated a close-packed mono-
layer of CdSe using the Langmuir–Blodgett �LB� technique.
In this letter, we describe the PL dynamics of close-packed
CdSe NC monolayers on spin-coated inert polymer films on
Au substrates. We controlled the PL decay rate and the PL
intensity by varying the thickness of the polymer between

the CdSe NCs and the Au film. Our observations are ex-
plained in terms of the energy transfer between the semicon-
ductor NCs and the metal surface.

We used CdSe /ZnS core/shell NCs �Evident Technolo-
gies� with an average core size of 5 nm. The details of the
fabrication and characterization of Au films were reported in
our previous paper.7 The Au films with feature surface height
variations of about �5 nm were fabricated on glass sub-
strates at room temperature using an Ar+ sputtering method.
The surface features of the Au film were confirmed by using
an atomic force microscope. The polymethylmethacrylate
polymer thin film was spin coated on the Au films, and then
the close-packed CdSe NC monolayer, as shown in Fig. 1�a�,
was formed using the LB technique. These multilayer sample
structures are illustrated in Fig. 1�b�, where the distance be-
tween the Au surface and the CdSe NCs is defined as �=d
+R, where d is the polymer thickness and R �=5 nm� is the
radius of the CdSe /ZnS NCs. The samples with the distance
of 5, 11, 17, 20, 26, 35, and 43 nm were used. The average
thickness d of the polymer film was determined by ellipsom-
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FIG. 1. �Color online� �a� Typical transmission electron microscope image
of close-packed CdSe NC monolayer. �b� Schematic illustration of the
sample. �c� Time-integrated PL spectrum for samples with distances � of 5,
20, and 43 nm �upper� and for CdSe NCs dispersed in chloroform �lower�.
PL energies are identified by the arrows.
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etry of polymers on Si substrate prepared under the same
conditions because it is difficult to measure the polymer
thickness on rough-surface Au films. We estimated that the
typical errors of the thickness are approximately �5 nm or
less and this is caused primary from the roughness of the Au
films. Time-resolved PL spectra were measured under 150 fs
and 1 kHz pulses at room temperature by a streak camera
and a monochromator. The excitation photon energy was
tuned to 2.75 eV for the band-to-band excitation to eliminate
the plasmon resonance enhancement effect in optical
absorption.7

Figure 1�c� shows typical time-integrated PL spectra of
the CdSe NCs monolayer films for different distances �. PL
peak energies of these spectra roughly correspond to the PL
spectrum of CdSe NCs dispersed in chloroform, as shown in
the lower part of Fig. 1�c�. However, we note that the PL
energy of the close-packed CdSe monolayer shifts to a lower
energy level compared to the case of the solution sample and
that the PL peak energy slightly depends on the polymer
thickness. These spectral changes suggest that energy trans-
fer occurs between CdSe and CdSe NCs, and between CdSe
NCs and metal surfaces.

We measured the time-resolved PL spectra to more di-
rectly study the energy transfer dynamics. Figure 2�a� shows
the decay curves of PL intensities of approximately 2.0 eV in
samples with various distances �. The PL lifetime in the
close-packed monolayer film is shorter than that in chloro-
form solutions. This reduction suggests that the PL lifetime
in the CdSe monolayers on the glass is governed by the
nonradiative recombination of excitons in NCs and the en-
ergy transfer from small NCs to large NCs, which have lower
exciton energies. Furthermore, the PL decay increases with
decreased values of �, the distance between the Au surface
and the CdSe NCs monolayer. This can be attributed to en-
ergy transfer from NCs to surface plasmons of the Au
surfaces.

Figure 2�b� summarizes the distance dependence of the
PL lifetime and the time-integrated PL intensity. Here, the
decay time �PL is defined as the time at an intensity of I0 /e,
where I0 is the PL intensity at zero delay time. There is a
close relationship between the PL decay rate and the PL
intensity. The reduction of both the PL lifetime and the PL
intensity simultaneously occur. PL quenching only occurs in
the CdSe NCs monolayer in close proximity to the Au films.

In the NCs-metal complexes, the PL lifetime can be de-
scribed as

�PL
−1 = �int

−1 + �ET−sem
−1 + �ET−metal

−1 , �1�

where �int
−1 is the exciton decay rate in NCs including radia-

tive and nonradiative recombination, �ET−sem
−1 is the energy

transfer rate between CdSe NCs, and �ET−metal
−1 is the energy

transfer rate from CdSe NCs to surface plasmons of the Au
substrates. Since the �int

−1 and �ET−sem
−1 are independent of the

distance �, the distance-dependent �PL
−1 means that the energy

transfer rate from NCs to Au surfaces determines the PL
dynamics, �ET−metal

−1 ��int
−1+�ET−sem

−1 and �PL
−1 ��ET−metal

−1 in the
CdSe NCs monolayer in close proximity to the Au films.
Considering the Coulomb interaction between excitons and
plasmons, the distance dependence of the energy transfer rate
is usually given by �ET−metal

−1 ��−x, where x=4 in the surface
energy transfer approximation16 and x=6 in the point dipole
approximation.17 The solid and dashed curves in Fig. 2�b� are
the result of fitting, �PL

−1 =a+c�−x and IPL�1 / �a+c�−x�,
where a=0.25 ns−1 is the PL decay rate on the glass substrate
and c is fitting parameter. In this case, the obtained value,
x�3.1, is closer to x=4 than x=6. Consequently, the dis-
tance dependent PL dynamics shows that the PL dynamics is
determined by energy transfer between excitons and surface
plasmons.

FIG. 3. �Color online� PL lifetime in the CdSe /Au sample with distances of
20 nm �solid triangle�, 26 nm �solid square�, and 43 nm �open square� as a
function of PL energy, and in the CdSe NCs on glass substrate and in
chloroform solution.

FIG. 2. �Color online� �a� PL decay dynamics for vari-
ous distances of � �5, 20, 26, and 43 nm� between NCs
and gold substrates. The PL intensity was spectrally in-
tegrated between 2.00 and 2.03 eV. �b� PL lifetime and
time-integrated PL intensity as a function of the dis-
tance between the CdSe NCs monolayer and the Au
film. The solid and dashed curves are fitting ones, �PL

−1

=a+c�−x and IPL=1 / �a+c�−x�, respectively.
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Figure 3 shows the PL decay rate ��PL
−1� for various

samples as a function of the PL energy. For all monitored
photon energies, the PL lifetimes of NCs decrease with a
decrease in �, the distance between NCs and Au surfaces. In
addition, the energy dependence of the PL decay rate de-
pends on the distance �; thin films exhibit small PL energy
dependence. This indicates that the energy transfer from
CdSe NCs to the Au film becomes the primary channel, more
than that between CdSe NCs in the samples with small val-
ues of �. In the �=43 nm film, however, the PL decay rate
and its energy dependence are similar to those on the glass
substrate. These results show that in the large � samples the
energy transfer channel from excitons to plasmons is negli-
gibly small and the PL dynamics is determined by the energy
transfer between CdSe NCs. The energy dependence of the
PL decay rate in the small � samples reflects that of the
energy transfer rate from NCs to surface plasmons.

Finally, we comment on the energy dependence of the
energy transfer rate from NCs to Au surfaces shown in Fig.
3. Here, we use a dipole approximation assuming that the
rough Au films are large Au NCs, and both CdSe and Au
NCs are a point dipole. In this simple model, the energy
transfer time is analytically given by17

�ET−metal
−1 ��PL� � �exc

2 Im� �metal��PL� − �b

�metal��PL� + 2�b
� , �2�

where �PL is the PL frequency, �exc is the dipole moment of
an exciton in the NCs, �metal is the dielectric constant of Au
NCs, and �b is the background dielectric constant. Calcula-
tion results using Eq. �2� are shown in Fig. 3, where �b is 2.2
�the dielectric constant of the polymer� and �exc

2 is assumed
to be constant. We attempted to reproduce the experimental
data on the 20 nm films in Fig. 3 by adjusting the value of
�exc

2 . The best-fit results for the 20 nm films are indicated
with a dotted curve. The energy dependence of the dielectric
constant �metal determines that of the energy transfer rate in
the thin polymer samples. For all the samples with various
distances �, the energy dependence of the PL decay rate was
reproduced well as a function of both the energy dependence
and the � dependence ��ET−metal

−1 ��−x� of the energy transfer
rate, as shown by dotted lines. In the thick polymer sample,
the discrepancy between the experimental results and the fit-
ted curve is due to the contribution of the energy transfer

between CdSe NCs. It is clear that the energy transfer to the
surface plasmons can be temporally and spectrally tuned by
controlling the interaction between the semiconductor NCs
and metal films.

We have examined the PL dynamics and energy transfer
in CdSe NC monolayers on Au surfaces as a function of the
distance between the CdSe NCs and the Au surfaces. The PL
decay rate increases and the PL intensity decreases with a
decrease of the CdSe–Au distance. Rapid energy transfer oc-
curs from excitons in NCs to plasmons on rough metal sur-
faces. The energy transfer mechanism is understood as an
electromagnetic interaction between CdSe NCs and Au
substrates.

The authors would like to thank K. Hosoki, K. Matsuda,
and S. Yamamoto for their helpful discussions. Part of this
study was supported by a Grand-in-Aid for Scientific Re-
search from JSPS and by GCOE program.

1L. E. Brus, J. Chem. Phys. 80, 4403 �1984�.
2V. I. Klimov, A. A. Mikhailovsky, S. Xu, A. Malko, J. A. Hollingsworth,
C. A. Leatherdale, H.-J. Eisler, and M. G. Bawendi, Science 290, 314
�2000�.

3V. L. Colvin, M. C. Schlamp, and A. P. Alivisatos, Nature �London� 370,
354 �1994�.

4A. J. Nozik, Physica E �Amsterdam� 14, 115 �2002�.
5K. T. Shimizu, W. K. Woo, B. R. Fisher, H. J. Eisler, and M. G. Bawendi,
Phys. Rev. Lett. 89, 117401 �2002�.

6O. Kulakovich, N. Strekal, A. Yaroshevich, S. Maskevich, S. Gaponenko,
I. Nabiev, U. Woggon, and M. Artemyev, Nano Lett. 2, 1449 �2002�.

7Y. Ito, K. Matsuda, and Y. Kanemitsu, Phys. Rev. B 75, 033309 �2007�.
8Z. Gueroui and A. Libchaber, Phys. Rev. Lett. 93, 166108 �2004�.
9E. Dulkeith, M. Ringler, T. A. Klar, J. Feldmann, A. M. Javier, and W. J.
Parak, Nano Lett. 5, 585 �2005�.

10C. R. Kagan, C. B. Murray, M. Nirmal, and M. G. Bawendi, Phys. Rev.
Lett. 76, 1517 �1996�.

11S. A. Maier and H. A. Atwater, J. Appl. Phys. 98, 011101 �2005�.
12E. Ozbay, Science 311, 189 �2006�.
13K. Okamoto, S. Vyawahare, and A. Scherer, J. Opt. Soc. Am. B 23, 1674

�2006�.
14Y. Fedutik, V. V. Temnov, O. Schöps, U. Woggon, and M. V. Artemyev,

Phys. Rev. Lett. 99, 136802 �2007�.
15S. Kühn, U. Håkanson, L. Rogobete, and V. Sandoghdar, Phys. Rev. Lett.

97, 017402 �2006�.
16B. N. J. Persson and N. D. Lang, Phys. Rev. B 26, 5409 �1982�.
17A. O. Govorov, G. W. Bryant, W. Zhang, T. Skeini, J. Lee, N. A. Kotov,

J. M. Slocik, and R. R. Naik, Nano Lett. 6, 984 �2006�.

133118-3 Ueda, Tayagaki, and Kanemitsu Appl. Phys. Lett. 92, 133118 �2008�

Downloaded 16 Nov 2009 to 130.54.110.32. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp

http://dx.doi.org/10.1063/1.447218
http://dx.doi.org/10.1126/science.290.5490.314
http://dx.doi.org/10.1038/370354a0
http://dx.doi.org/10.1016/S1386-9477(02)00374-0
http://dx.doi.org/10.1103/PhysRevLett.89.117401
http://dx.doi.org/10.1021/nl025819k
http://dx.doi.org/10.1103/PhysRevB.75.033309
http://dx.doi.org/10.1103/PhysRevLett.93.166108
http://dx.doi.org/10.1021/nl0480969
http://dx.doi.org/10.1103/PhysRevLett.76.1517
http://dx.doi.org/10.1103/PhysRevLett.76.1517
http://dx.doi.org/10.1063/1.1951057
http://dx.doi.org/10.1126/science.1114849
http://dx.doi.org/10.1364/JOSAB.23.001674
http://dx.doi.org/10.1103/PhysRevLett.99.136802
http://dx.doi.org/10.1103/PhysRevLett.97.017402
http://dx.doi.org/10.1103/PhysRevB.26.5409
http://dx.doi.org/10.1021/nl0602140



