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E
nhancement of excitation or emission
rates by noble metal nanostructures
adjacent to a luminophore has been

widely utilized as a way to increase the
intensity of photoluminescence (PL) or elec-
troluminescence.1�9 The enhancement of
absorption or emission rate resulting in a
stronger luminescence arises from the en-
hanced local electric field by the localized
surface plasmon or the modification of the
photonic mode and local dielectric environ-
ment in the vicinity of the metal nano-
structures.5,10,11 Enhancement of excitation
has been extensively studied particularly
with colloidal metal nanoparticles (MNPs)
that exhibit strong plasmon resonance, due
to the relatively easy synthesis of MNPs with
widely tunable resonances in the visible and
near IR spectral region.12�14While suchMNPs
can enhance the excitation of luminophores
via enhanced local electric fields, at close
distances they can also quench the lumines-
cence through energy transfer from the
excited luminophore to the MNPs.15�18

Because of the relatively broad plasmon
spectrum of MNPs compared to the Stokes-
shifted luminescence of typical lumino-
phores, simultaneous enhancement of the
two opposing processes, i.e., excitation and
quenching of emission, is unavoidable in
most cases. For this reason, the difference in
the MNP�luminophore distance depen-
dence of the excitation enhancement and
luminescence quenching has been exploited
to optimize the net plasmonic enhance-
ment of the luminescence.1,18,19

Here, we show that the MNP-induced
quenching of the luminescence from semi-
conductor quantum dots (QDs) can be par-
tially suppressed via fast intraparticle exciton�
dopant energy transfer in doped QDs,
resulting in a stronger net plasmon enhance-
ment of the luminescence. This is shown in
Mn-doped CdS/ZnS QDs that exhibit sensi-
tized Mn luminescence via fast exciton�Mn
energy transfer occurring on a few pico-
seconds time scale.20,21 The sensitized Mn
luminescence is significantlymore red-shifted
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ABSTRACT We show the suppression of luminescence quenching by metal nanoparticles (MNPs) in the

plasmon enhancement of luminescence via fast sensitized energy transfer in Mn-doped quantum dots (QDs).

The rapid intraparticle energy transfer between exciton and Mn, occurring on a few picoseconds time scale,

separates the absorber (exciton) from the emitter (Mn), whose emission is detuned far from the plasmon of

the MNP. The rapid temporal separation of the absorber and emitter combined with the reduced spectral

overlap between Mn and plasmonic MNP suppresses the quenching of the luminescence while taking advantage of the plasmon-enhanced excitation. We

compared the plasmon enhancement of exciton and Mn luminescence intensities in undoped and doped QDs simultaneously as a function of the distance

between MNP and QD layers in a multilayer structure to examine the expected advantage of the reduced quenching in the sensitized luminescence. At the

optimum MNP�QD layer distance, Mn luminescence exhibits stronger net enhancement than that of the exciton, which can be explained with a model

incorporating fast sensitization along with reduced emitter�MNP spectral overlap. This study demonstrates that materials exhibiting fast sensitized

luminescence that is sufficiently red-shifted from that of the sensitizer can be superior to usual luminophores in harvesting plasmon enhancement of

luminescence by suppressing quenching.
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from both the exciton absorption and plasmon reso-
nance of the MNP than exciton luminescence. There-
fore, the fast exciton�Mn energy transfer process that
rapidly separates the absorber (exciton) and emitter
(Mn) can reduce the spectral overlap between the
emitter and plasmon resonance of MNPs.22 One might
anticipate that such reduction in emitter�MNP spec-
tral overlap will suppress MNP-induced quenching of
the luminescence, leading to a stronger net plasmon
enhancement of the luminescence in doped QDs
compared to undoped QDs. In order to verify the
expected advantage from sensitized luminescence,
here we made a systematic comparison of lumines-
cence enhancement by Ag-MNPs for both Mn-doped
and undoped CdS/ZnS QDs. To examine this, the net
plasmon-enhanced luminescence of doped and un-
doped QDs were measured simultaneously as a func-
tion of the average distance between a mixed layer of
the two types of QDs and Ag MNP layer formed on a Si
substrate using a patterned array of the Ag MNPs
we have described in previous studies of plasmon-
enhanced luminescence of QDs (Figure 1).23 In this
comparison, Mn luminescence in doped QDs exhibited
a stronger net enhancement than exciton lumines-
cence in undoped QDs at an optimum QD�MNP
distance of ca. 10 nm. At very short QD�MNPdistances
(ca. 2 nm) however, Mn luminescence exhibited a
stronger net quenching than exciton luminescence.
These observations can be described qualitatively
using a kineticmodel, accounting for all of the compet-
ing processes including exciton�Mn energy transfer
and MNP-induced quenching of both exciton and Mn
luminescence. The present study suggests that the
sensitized luminescence from a sufficiently fast do-
nor�acceptor energy transfer can be superior to that
from simple plasmon enhancement of the lumines-
cence alone.

RESULTS AND DISCUSSION

To make a systematic comparison of the plasmon
enhancement of luminescence in Mn-doped and un-
doped QDs, under the same environment and with
the same average QD�MNP distance, a multilayered

structure schematically shown in Figure 1a was fabri-
cated using layer-by-layer assembly. Layers of AgMNPs
andQDs separated by a series of polyelectrolyte spacer
layers were deposited on a Si substrate employing a
previously reported procedure.1,23 The details of the
fabrication and characterization of the structures used
are described in theMethods section. Briefly, patterned
stripes of a single layer of Ag MNP (∼10 nm in di-
ameter) was initially deposited on a Si substrate using
a microcontact printed pattern of (3-aminopropyl)-
triethoxysilane (APTES) as the linker between the Si
substrate and Ag MNPs.24 As demonstrated in our
recent work, this structure creates regions with and
without plasmon enhancement on the same substrate
with minimal variation of the dielectric environment,
enabling a robust measurement of the luminescence
enhancement.23 Figure 1b shows theAFM image of the
Ag MNP-patterned Si substrate. The distance between
the QD and MNP layers was varied by changing the
spacer layer thickness (t). A 1:1 mixture of Mn-doped
and undoped CdS/ZnS QDs of the same diameter and
surface passivation was used to form the top QD layer.
Figure 2 compares the absorption and luminescence

spectra of Mn-doped and undoped CdS/ZnS QDs and
the extinction spectrum of the Ag MNPs. Both Mn-
doped and undoped QDs exhibit nearly identical
absorption spectra, consistent with having the same
particle size observed in TEM (Supporting Information).
The absorption coefficients of the doped and undoped
QDs near the band-edge exciton absorption are also
nearly identical based on elemental analysis.21 This
ensures that both the doped and undoped QDs be-
have identically in the photoexcitation process. The
plasmon resonance of the Ag MNPs near 400 nm
overlaps well with the band-edge exciton absorption
of the QDs centered at 420 nm. Exciton luminescence
from the undoped QDs is centered at 440 nm close to
the exciton band-edge absorption peak, while Mn
luminescence from Mn-doped QDs is significantly
more red-shifted, occurring at ∼600 nm. Due to the
very efficient exciton�Mnenergy transfer occurring on
a few picoseconds time scale, Mn-doped QDs used in
this study exhibit only Mn luminescence without

Figure 1. (a) Multilayer structure fabricated on Si substrate used for the comparison of plasmon enhancement of exciton and
Mn luminescence. (b) AFM image of the patterned Ag MNP layer on Si substrate before adding spacer and QD layer.
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exciton luminescence. The spectral overlap integral
J, defined as

R
Fd(λ) εa(λ)λ

4 dλ, where Fd(λ) and εa(λ)
are the normalized luminescence spectrum of donor
and the molar extinction spectrum of Ag MNP, respec-
tively, was 2 orders of magnitude smaller for Mn
luminescence compared to the exciton luminescence.
Figure 3a and b show the representative false-color

images of the luminescence intensity from the fabri-
cated multilayered structures under 405 nm excitation
at two chosen spacer layer thicknesses (t), t = 3 (a) and
9 nm (b). The luminescence was imaged with a CCD
camera and bandpass filters centered at 450 and
600 nm for exciton andMn luminescence, respectively.
The line profiles of the intensity ratio (I/I0) are also
shown below each luminescence intensity image,
where I and I0 are the intensities from the regions with
and without Ag MNPs, respectively. Figure 3c com-
pares I/I0 with varying spacer layer thicknesses for both
exciton (blue) and Mn luminescence (red). The max-
imum net enhancement occurs at a spacer layer thick-
ness of t= 9 nm for both exciton andMn luminescence.

At this thickness, the Mn luminescence exhibits a
stronger net enhancement than the exciton. With
increasing thickness I/I0 gradually decreases, while
maintaining a net enhancement of the luminescence.
At shorter spacer layer thicknesses (e.g., t < 5 nm),
where the MNP-induced quenching of the lumines-
cence outweighs the plasmon-enhanced excitation,
the luminescence exhibits net quenching; that is, I/I0
is <1. Notably at the shortest spacer layer of t < 2 nm,
the Mn luminescence exhibits a stronger net quench-
ing than exciton luminescence in contrast to the
stronger net enhancement observed at t = 9 nm. The
comparison of the effect of the Ag MNP/polyelectro-
lyte layer on the reflection and scattering efficiency of
the Si substrate at 450 and 600 nm indicates that the
presence of themultilayer structure does not introduce
any wavelength dependence of the overall lumines-
cence photon collection efficiency (see Supporting
Information). Therefore, the difference in I/I0 in Figure 3c
reflects the actual differences in net plasmon enhance-
ment of the two different emitters.
The important feature in Figure 3c is the stronger net

enhancement (at t= 9 nm) and stronger net quenching
(at t < 2 nm) of Mn luminescence compared to exciton
luminescence, despite the same level of excitation
enhancement in both doped and undoped QDs. The
observed difference in I/I0 between doped and un-
doped QDs can be attributed to the following factors:
(i) differences in the MNP-induced quenching of ex-
citon and Mn and (ii) competition between exci-
ton�Mn energy transfer and other exciton relaxation
channels. To obtain a better understanding of the
different behaviors of I/I0 observed for the doped and
undoped QDs, we used a kinetic model shown in
Figure 4a that includes all the major competing pro-
cesses in the doped and undoped QDs adjacent to Ag
MNP. In this model, kr,i, knr,i, kQ,i (i = ex, Mn) represent
the rate constants for the radiative relaxation, non-
radiative relaxation in the absence of Ag MNP and
quenching by Ag MNP, respectively, for both exciton

Figure 2. Comparison of the absorption (solid lines) and
luminescence (dashed lines) spectra of the Mn-doped (red)
and the undoped (blue) CdS/ZnS QDs. Extinction spectrum
of the Ag MNPs is shown as a black solid line. The QD lumi-
nescence and Ag MNP extinction spectra are normalized.

Figure 3. False-color images of Mn luminescence from the multilayered structure shown in Figure 1 with spacer layer
thickness of 3 nm (a) and 9 nm (b). The bottom panels show the line profile of the intensity ratio (I/I0) for Mn (red) and exciton
(blue) luminescence at the region indicatedwith white dashed lines vertically averaged over 20 μm. (c) I/I0 for exciton andMn
luminescence at different spacer layer thicknesses (t).
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(i = ex) and the excited state of Mn (i = Mn). Here, kET
represents the rate constant for exciton�Mn intrapar-
ticle energy transfer in Mn-doped QDs. In this model,
we excluded the plasmon enhancement of the radia-
tive decay rate of the exciton in the consideration of
the factors contributing to the enhancement of lumi-
nescence intensity. In principle, the MNP plasmon can
enhance both the excitation rate and the radiative
decay rate to varying degrees depending on the details
of the geometry of the plasmonic structure and the
spectral overlap between the interacting transitions
and excitation wavelength.25,26 Under our experimen-
tal conditions, where the spectral overlap is maximized
among excitation wavelength, the plasmon of the
isolated colloidal Ag MNP, and exciton absorption of
the QD, the enhancement of radiative decay of the
exciton is considered to be significantly less important
than the excitation enhancement. This assumption is
supported by the earlier studies that examined the
enhancement of the local electric field and radiative
decay rate of an emitter by the colloidal Ag MNPs,
where the enhancement of the radiative decay rate
was significantly weaker than enhancement of the
local electric field at the relevant QD�MNP distances

of this study.27 While the model can be more refined
with the inclusion of the enhancement of radiative
decay rate, we used the simplified model excluding it
since the essential features of the data shown in
Figure 3c can be captured with less complexity of the
model. In addition, in our studywith randomly oriented
dipoles of an ensemble of QDs, the magnitude of
plasmon enhancement is averaged over many differ-
ent dipole orientationswith respect to the electric field.
Therefore, the dipole considers only the average plas-
mon enhancement without explicit consideration of
the dependence of the dipole orientation.
In the undoped QDs, the relative enhancement of

exciton luminescence by the Ag MNP located at dis-
tance d from QD, Iex(d)/I0, is determined by the excita-
tion enhancement factor (PE,ex) and quenching factor
(PQ,ex) for the exciton luminescence as shown in eq 1.
PE,ex represents the excitation enhancement by the
plasmon-enhanced local electric field. The quenching
factor for the exciton, PQ,ex, can be expressed as the
ratio of the rate constants of all the competing
processes,28 where only kQ,ex depends on d. PQ,ex is
often expressed as 1/(1 þ (RQ,ex/d)

n), where RQ,ex is the
distance at which kQ,ex(d) = kr,exþ knr,ex and n varies
between 3 and 6 depending on the geometric arrange-
ments of interacting dipoles.29�32

Iex(d)=I0 ¼ PE, ex(d) PQ, ex(d)

¼ PE, ex(d)
kr, ex þ knr, ex

kr, ex þ knr, ex þ kQ, ex(d)

 !

¼ PE, ex(d)
1

1þ (RQ, ex=d)
n

 !
(1)

IMn(d)=I0 ¼ PE, ex(d) QYET(d) PQ,Mn(d)

¼ PE, ex(d)
kET

kr, ex þ knr, ex þ kQ, ex(d)þ kET

 !

� kr,Mn þ knr,Mn

kr,Mn þ knr,Mn þ kQ,Mn(d)

 !

� PE, ex(d)
1

1þ (RET=d)
n

� �
1

1þ (RQ,Mn=d)
n0

 !
(2)

In Mn-doped QDs, IMn(d)/I0 is determined by the
excitation enhancement factor for the exciton (PE,ex),
exciton�Mn energy transfer quantum yield (QYET) in
the presence of a AgMNP and the quenching factor for
Mn luminescence (PQ,Mn) as described in eq 2. Both the
doped and undoped QDs have the same PE,ex, since
their absorption spectra near the band-edge are iden-
tical. PQ,Mn is expressed as the ratio of the rate con-
stants of the relevant competing processes or in terms
of RQ,Mn defined similar to RQ,ex. Here, RQ,Mn represents
the average behavior of many Mn2þ ions doped in the
QD. The energy transfer quantum yield (QYET) can also

Figure 4. (a) Kinetic scheme of the photophysical processes
in Mn-doped QD adjacent to Ag MNP. (b) d-Dependence of
QYET (dashed),PQ,Mn (red), andPQ,ex (blue) in eqs 1 and2. See
the text for the parameters used for this plot. (c) d-Dependence
of I/I0 for Mn (red) and exciton (blue) luminescence calcu-
lated from eqs 1 and 2 using the same set of parameters
used in (b).
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be expressed as the ratio of the rate constants.
Since kET . kr,ex þ knr,ex for Mn-doped QDs used in
this study,20,21 QYET can be approximated as 1/(1 þ
(RET/d)

n), where RET is the distance at which kQ,ex(d)=
kET. For the Mn-doped QDs used in this study, kET was
∼2.5 � 1011 s�1, which is 1�2 orders of magnitude
larger than kr,exþ knr,ex according to our recent study on
the dynamics of energy transfer in Mn-doped QDs.20,21

The observed stronger net enhancement or net
quenching of Mn luminescence compared to the ex-
citon luminescence shown in Figure 3c can be ex-
plained with this model when the following two
conditions are met: (i) exciton�Mn energy transfer is
much faster than exciton relaxation (kET . kr,exþknr,ex)
and (ii) the Mn excited state experiences less MNP-
induced quenching than the exciton, i.e., PQ,Mn(d) >
PQ,ex(d). The first condition is readily met in the doped
QDs used in this study as mentioned above. The
second condition is expected to be satisfied because
of the weaker donor�acceptor spectral overlap of
the Mn�MNP pair than in the exciton�MNP pair if
the dominant quenching mechanism involves energy
transfer to the localized surface plasmon of Ag MNP.
When these two conditions are met, it follows that
RET < RQ,Mn < RQ,ex if the quenching mechanism is the
same for bothMn and exciton luminescence, i.e., n = n0.
The corresponding distance dependence of QYET, PQ,Mn,
PQ,ex, and the resulting I/I0 are shown in Figure 4b and c,
respectively. Thecurves in theseplotswere calculatedwith
the following set of parameters for the qualitative compar-
isonwith theexperimentaldata rather thanshowing thefit
to the experimentally measured I/I0: RET = 3.7 nm, RQ,Mn =
13 nm, RQ,ex = 14.8 nm, n= n0 = 6. The details of the choice
of the parameters in this analysis and the limitation of the
model are described in the Supporting Information.
Below we examine the different distance depen-

dence of I/I0 for exciton and Mn luminescence in more
detail. At large QD�MNP distances (region 1), where
the quenching is negligible compared to the other
competing processes, both PQ,ex and PQ,Mn are close to
1. QYET is also close to 1 in this regime since kET. kQ,ex.
Therefore, both exciton and Mn luminescence exhibit
similar I/I0, which is slightly larger than 1. At shorter
QD�MNP distances, where the quenching is not neg-
ligible, I/I0 of the Mn and exciton luminescence will
behave differently depending on the relative magni-
tudes of PQ,ex and QYETPQ,Mn. At intermediate QD�
MNP distances (region 2), where QYET is still close to 1,
theMn luminescence can takemaximum advantage of
the plasmon-enhanced excitation and the compara-
tively weaker luminescence quenching than that of the
exciton. The experimentally observed behavior in
Figure 3c near t = 9 nm belongs to this regime. As
the QD�MNP distance continues to decrease (region 3),
the rapid drop in QYET offsets the advantage of the
weaker quenching of Mn, eventually leading to stron-
ger net luminescence quenching of the Mn than the

exciton. Such behavior is observed in Figure 3c at
t < 2 nm. The model described by eqs 1 and 2 success-
fully describes the observation qualitatively. On the
other hand, this model overestimates the dependence
of I/I0 on the thickness of the spacer layer, since it does
not account for the distribution of the QD�MNP inter-
particle distances inherent in the multilayer structures
used in this study (see Supporting Information). The
distribution of the QD�MNP distances partially smears
out the distance dependence of I/I0, which results in
the less pronounced dependence of the experimen-
tally measured I/I0 on the spacer layer thickness than
the model predicts. The above analysis suggests that
other donor�acceptor systems exhibiting sensitized
luminescence froma sufficiently fast energy transfermay
also benefit from the reduced MNP-induced quenching.
In the caseof theMn-dopedQDs, suchabenefit hasmore
practical significance, since theMn luminescence is often
stronger and more robust than exciton luminescence
even without the plasmon enhancement.22,33

We also attempted to gain further insights into the
difference in MNP quenching of exciton and Mn
luminescence by measuring the time-resolved lumi-
nescence intensities as a function of the spacer layer
thickness (t). Figure 5a and b show the semilog plots
of the normalized time-resolved Mn and exciton lumi-
nescence intensities respectively at varying values of t.

Figure 5. Time-resolved (a) Mn and (b) exciton lumines-
cence intensity at various polymer spacer layer thicknesses.
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For this measurement, the entire area of the Si sub-
strate was covered with Ag MNPs, and the rest of the
multilayer structure was fabricated identically to the
one shown in Figure 1a. The average lifetime decreases
with the decrease of the spacer layer thickness for both
exciton (τex) and Mn (τMn) luminescence as summar-
ized in Table 1. Both τex and τMn exhibit a comparable
relative decrease as the spacer layer thickness changes
from t = 37 to 10 nm. On the other hand, τMn decreases
significantly less than τex at t = 2 nm. This indicates that
the quenching effect of Ag MNP on luminescence is
weaker in Mn than for the exciton at this spacer layer
thickness, consistent with our expectation. However, it
is not straightforward to quantitatively measure the
quenching kinetics as a function of QD�MNP distance
from the time-resolved luminescence data obtained
from the multilayer structure due to the heterogeneity
of the quenching kinetics. There are two main sources
of the heterogeneity influencing the MNP-induced
quenching kinetics in the multilayer structure used in
this study. One is the distribution of QD�MNP inter-
particle distances (d) for a given spacer layer thickness
(t) as discussed earlier. The other is themigration of the
emitting states within the QD layer, which is unequal
between the exciton andMn excited states. Excitons in
undoped QDs can migrate away from the initial excita-
tion site via interparticle Förster resonance energy
transfer (FRET) in a relatively close-packed QD layer.34�37

This can distort the distance dependence of the quench-
ing kinetics especiallywhen theAgMNP layer is not close
packed. The comparison of the time-resolved exciton
luminescence in both solution and film samples indicates
that interparticle FRET in the layer of QD film occurs on
the ∼ns time scale34,38 (see Supporting Information).
Trapping of the exciton by various different trap sites at
different energy levels adds an additional complexity to
the interpretation of time-dependent luminescencedata.
The trapping of the exciton and thermal detrapping
result in multiexponential decay of the luminescence
and is often responsible for a slow decay component in

time-resolved luminescence data since the detrapping of
the exciton acts as a slowly leaking source of exciton
luminescence. Such complexity also makes it difficult to
define a single average lifetimeof exciton that can readily
be used in the evaluation of the quantum yield that
usually assumes the competition among the first-order
(single-exponential) processes. On the other hand, the
Mn excited state is highly localized on the Mn2þ ion and
stays within the initially excited QD due to very rapid
exciton�Mn energy transfer.39 The fact that the solution
and dense film samples of Mn-doped QDs exhibit the
identical luminescence decay indicates the absence of
migration of the Mn excited state via FRET. Studies of
isolatedQD�MNPpairswithknown interparticledistances
are needed to obtain more accurate kinetic information.
One interesting observation from the time-resolved

luminescence measurements is that MNP-induced
quenching of the Mn luminescence is still quite sub-
stantial, while it is weaker than in the exciton lumines-
cence. Since the spectral overlap integral J of Mn�Ag
MNP is 2 orders of magnitude smaller than that of the
exciton�Ag MNP, RQ,Mn should be approximately half
of RQ,ex assuming the quenching of luminescence via

FRET, where the Förster distance is proportional to J1/6.40

In this case, eq 1 and eq 2 predict a much stronger sup-
pression of the Mn luminescence quenching than was
observedexperimentally. This suggests that anadditional
quenching mechanism that is less sensitive to the donor�
acceptor spectral overlap integral, such as quenching via

electron�hole excitation near the Fermi level, may be
partially involved in quenching of Mn luminescence.32

CONCLUSION

In this study, we showed that sensitized Mn lumi-
nescence arising from the fast exciton�dopant energy
transfer occurring on a few picoseconds time scale
exhibits a stronger plasmon enhancement of lumines-
cence than the exciton due to a suppression of MNP-
induced quenching of the luminescence. The rapid
energy transfer that separates the absorber (exciton)
and emitter (Mn) in time can partially separate the
plasmon enhancement of the excitation from the
MNP-induced quenching processes, both of which
results from the presence of the plasmonic MNPs.
When combined with the reduced spectral overlap
between the sensitized Mn luminescence and MNP
plasmon, as compared to the exciton luminescence, the
Mn luminescence inMn-dopedQDs exhibited a stronger
net plasmon enhancement than the exciton at the
optimum separation between the MNP and QD layers.

METHODS
Synthesis of the Mn-Doped and Undoped CdS/ZnS Core/Shell Quantum

Dots. Mn-doped and undoped CdS/ZnS core/shell QDs were
synthesized following previously reported procedures.21,41,42

Briefly, the CdS core was synthesized by injecting 2.0 mL of
octadecene (ODE) solution with sulfur (0.25 M) to a mixture of
ODE (12.0 mL), CdO (125 mg), and oleic acid (2.02 g) at 250 �C
and growing at 240 �C. The rinsed CdS core was further coated

TABLE 1. Average Luminescence Lifetime of Exciton (τex)
and Mn (τMn) from the Undoped and Mn-Doped QDs,

Respectively, at Varying Spacer Layer Thicknesses (t)

t τex (ns) τMn (ms)

no Ag MNPa 17.41 1.91
37 nm 16.68 1.78
10 nm 12.88 1.22
2 nm 4.78 0.96

a Lifetime measured on Si substrates without underlying Ag MNP layer.
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with a ZnS shell via the SILAR (successive ionic layer adsorption
and reaction) procedure using ODE solutions of sulfur (0.25 M)
and zinc stearate (0.25 M) as the precursors. Doping with Mn2þ

ions was achieved by adding a Mn precursor (manganese
diethyldithiocarbamate in oleylamine) at the chosen step
during the SILAR process. In this study, Mn2þ ions were doped
at the interface of the CdS core (1.8 nm in radius) and ZnS shell
(1.8 nm in thickness). Since the cation and anion layers are
added sequentially, the step at which the Mn precursor is
introduced determines the radial location of the dopant. Details
of the doping procedure can be found elsewhere.21 In order
to make the water-soluble QDs required for the deposition of
the QD layer from the aqueous solution, ligand exchange was
performed to replace the original surfactant with mercaptoun-
decanoic acid (MUA). The ligand exchange was performed by
adding the QDs into a mixture of methanol, acetone, and MUA
at pH 10 adjusted with tetramethylammonium hydroxide. The
resulting MUA-passivated QDs were precipitated and rinsed
with a 1:1 mixture of ethyl acetate and petroleum ether before
finally redispersed in Millipore water.

Fabrication and Characterization of the Multilayered Structure on the
Ag MNP-Patterned Substrate. Clean Si(111) substrates were pre-
pared by immersing the wafer in piranha solution at 100 �C for
1 h and rinsing with Millipore water. To make the stripe-
patterned layer of APTES used as the linker between the
substrate and Ag MNPs, the microcontact printing method
was used.24 The polydimethylsiloxane (PDMS) stamps used for
this purpose were made using a Si template having 12 μmwide
stripe patterns with a pitch of 9 μm. The inking of the PDMS
stampwith APTESwas done by dropping a 1%aqueous solution
of APTES on top of the stamp. After removing the excess APTES
solution with dry nitrogen from the PDMS stamp, a patterned
APTES layer was transferred to the Si substrate by making a
direct contact between the stamp and the substrate. TheAPTES-
patterned Si substrate was dried for 1 h and subsequently
immersed in the aqueous solution of Ag MNPs (Sigma-Aldrich,
10 nm in diameter) for 45 min to allow the selective adsorption
of Ag MNPs to the APTES-coated region. After rinsing the
substrate with Millipore water, the resulting structure on the
Si substrates was patterned stripes of AgMNPs. A representative
topographic image of the patterned Ag MNP layer on the Si
substrate obtained with an atomic force microscope (AFM,
Agilent Technologies 5500) is shown in Figure 1b. The polyelec-
trolyte spacer layer that separates the Ag MNP layer and QD
layer was formed on top of the Ag MNP layer using a layer-
by-layer deposition method.1,23 Oppositely charged layers of
poly(diallyldimethylammonium chloride) and poly(sodium
4-styrenesulfonate) were alternately deposited from 0.5 M NaCl
solutions of the polyelectrolyte. The thickness of the spacer
layer was changed by varying the total number of layers
deposited. The thickness of the spacer layer was measured
from the topographic AFM images of the covered versus
uncovered regions of the substrate obtained with a WITec
Alpha 300 AFM (see Supporting Information). The roughness
of the polyelectrolyte layer surface in the AFM image is ca.
(1 nm, while the actual surface roughness could be larger due
to the finite lateral dimension of the AFM tip. The QD layer was
deposited on top of the outermost spacer layer by dipping the
substrate in the aqueous solution of a 1:1 mixture of Mn-doped
and undoped QDs for ∼1 min and rinsing the substrate
thoroughly with Millipore water. All AFM images were acquired
under ambient conditions in tappingmode using commercially
available aluminum-coated silicon AFM tips from Nanoscience
Instruments (Phoenix, AZ, USA) with nominal tip radii of less
than 10 nm and nominal spring constants of 48 N/m.

Imaging of Plasmon-Enhanced Luminescence Intensity on the Pat-
terned Structure. The luminescence from the QD layer formed on
the Si substrate was imaged with a home-built microscope
constructed with a 50� objective (Nikon, CFI L Plan EPI SLWD)
and a tube lens (Nikon, f = 200 mm). A liquid nitrogen-cooled
CCD (Princeton Instruments, PI-LCX) was used as the imaging
device, and a 405 nm CW diode laser (Crystalaser) was used as
the excitation source. The laser beam directly illuminated the
entire imaging area (0.5 � 0.5 mm2) of the Si substrate. The
detailed construction and arrangement of the optical elements

in this setup are described in the Supporting Information. A
long-pass filter (410 nm) was used to block the excitation light
reaching the CCD. Bandpass filters centered at 450 nm (fwhm =
60 nm) and 600 nm (fwhm = 10 nm) were used to record the
images of exciton and Mn luminescence, respectively.

Time-Resolved Luminescence Intensity Measurements. The time-
resolved luminescence was measured using two different
methods. For the Mn luminescence, a pulsed nitrogen laser
(Stanford Research Systems, NL100, 3.5 ns pulse width) cen-
tered at 337 nm and photomultiplier tube (Hamamatsu, 982R)
were used in conjunction with a digital oscilloscope (LeCroy,
WaveAce). A 500 nm long-pass filter was used to prevent the
excitation light from reaching the detector. For the exciton
luminescence, a time-correlated single photon counting
(TCSPC) technique was used to measure the time-resolved
luminescence. A pulsed diode laser (Picoquant, 80 ps pulse
width) centered at 405 nm operating at 10 MHz was used as the
excitation source. The exciton luminescence filtered with a
450 nm bandpass filter (fwhm = 50 nm) was detected with a
TCSPC-enabled PMT, with channel binning of 32 ps over the full
time window (100 ns) of the measurement. The time-resolved
exciton luminescencewas obtained at several different areas on
the substrate on a confocal microscope (Olympus, FV-1000)
using a fluorescence lifetime imaging technique. The average
lifetimes (τav) reported in Table 1 are τav = ∑(aiτi

2)/∑(aiτi), where
ai and τi are the amplitude and time constant obtained from the
multiexponential fit of the data.
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