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t is well-known that the local surface

plasmon resonance (LSRP) of metal

nanoparticles (MNPs) can be excited
when the particles are optically irradiated.
The energy of the surface plasmon reso-
nance is found to be dependent on the size,
shape, composition, and organization of
the metal nanostructure. As the LSPR of
MNPs is found to change in response to
the dielectric environment surrounding the
particles, shifts in the peak position of the
LSPR can be followed as a means of detec-
tion of analytes."? Enhancement in the Ra-
man scattering of molecules in the proxim-
ity of MNPs have also been reported, which
gives rise to surface enhanced Raman spec-
tra (SERS) for which detection of signals
down to the single molecule level have
been reported.>* Related to this, it has been
observed that the photoluminescence in-
tensity of quantum dots (QDs) and quan-
tum wells (QWs) can also be enhanced by
the electromagnetic coupling with metal
surface plasmons.®~"" Time-resolved spec-
troscopic studies of QD and QW structures
coupled to MNPs have shown that the ra-
diative decay rate, absorption cross section,
and quantum efficiencies of luminescence
generally increase in the presence of metal
nanostructures due to the increased local
electric field surrounding the irradiated
metal structures. For example, Atwater and
co-workers have shown that for Si nano-
crystals coupled with a rough Au film, that
the quantum efficiency for luminescence
could be increased by ca. 60%.° The extent
of the enhancement that can be achieved
by coupling of QDs to metal nanostructures
or rough films, strongly depends on the
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ABSTRACT Here we present a simple platform for probing plasmon enhanced photoluminescence (PL) of
quantum dots by confocal microscopy. In this study, self-assembled monolayers of silane-derivative molecules
were patterned onto the oxidized GaAs surfaces to direct the attachment of Au or Ag nanoparticles onto the
surface. Following the directed binding of metal nanoparticles (MNPs), a layer-by-layer deposition of oppositely
charged polymers was used to create films with varying thickness by controlling the numbers of deposited layers.
(dSe quantum dots (QDs) of ~4 and 5.5 nm in diameter with 16-mercaptohexadecanoic acid as a surfactant
were then adsorbed onto the outermost polymer layer via electrostatic interactions. Using confocal fluorescence
microscopy, the enhanced PL from the CdSe over the Au or Ag nanoparticle patterns could be imaged directly and
scaled against the regions with no Au or Ag nanoparticles, and the luminescence of the GaAs (as an internal
standard) for different CdSe —metal separations. By using a pattern, PL enhancement as a function of particle-
(CdSe spacing can be readily probed all on a single platform, where the QDs over MNPs and not over MNPs can be
directly compared in the same dielectric environment. The observed luminescence as a function of metal-QD
separation can be readily fit to a combined model of metal —fluorophore fluorescence quenching and local electric
field enhancement.

KEYWORDS: CdSe - patterning of metal on GaAs - metal nanoparticle enhanced
fluorescence - fluorescence resonance energy transfer (FRET) - nanosurface energy
transfer (NSET)

proximity of the QDs to the metal struc-
ture, and has been shown to decay expo-
nentially with increasing distance between
the two. By bringing QDs closer to the
metal, their photoluminescence can be en-
hanced by the locally increased electric
field. However, if the QDs are too close to
the MNP, quenching of the photolumines-
cence is observed. As such, a maximum in
photoluminescence enhancement is found
to occur at an optimal separation depend-
ing on the competitive effects of the dis-
tance dependence of the electric field and
the quenching efficiency. In addition to QD-
particle separation, the structure and type
of metal particles used (e.g., Ag, Au), polar-
ization of the incident light, and the laser
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Scheme 1. Schematic diagram of patterning metal NPs on GaAs. GaAs
substrates are first cleaned and oxidized (A), and then modified with
an APTES SAM (B). A Cu TEM grid is placed on top of SAM-
functionalized GaAs surface and exposed to the UV-ozone for 20 min,
leaving an APTES SAM in the unexposed regions (C). After removing
the grid, the GaAs surfaces are immersed in OTMS solutions for 4 h to
backfill the excavated area (D). The substrates are next soaked in the
desired citrate stabilized Au or Ag NPs aqueous solution where they at-
tach to the amine terminated regions of the surface (E).

power have all been found to influence the extent of
plasmon enhanced photoluminescence. The ability to
quantitatively determine the extent of photolumines-
cence enhancement as a function of QD-metal separa-
tion however can be challenging as artifacts such as
scattering differences between samples, variations in la-
ser intensity, and differences in dielectric medium can
make scaling the luminescence intensities of coupled
and noncoupled quantum dots difficult to evaluate.

In this paper we present a simple platform in which
the coupling of CdSe quantum dots with Au or Ag
nanoparticles has been quantitatively measured. To ad-
dress some of the above-mentioned challenges, we
have positioned a single layer of quantum dots on top
of arrays of the desired metal nanostructure positioned
in a grid pattern, in which the separation between the
two was controlled with a polymer spacer formed using
layer-by-layer assembly. This simple approach yields a
patterned structure in which the photoluminescence of
the QDs above the metal patterns may be directly
scaled against those not above the metal pattern by im-
aging the structure with confocal fluorescence micros-
copy. Additionally as this structure is built on a
GaAs(100) single crystal, the inherent luminescence of
the GaAs offers the means of scaling each measurement
from sample to sample, aiding in eliminating effects of
scattering or variations in laser intensity. From these
studies we have shown that this simple platform can
be readily made using chemical self-assembly ap-
proaches and adapted to various materials. Here we re-
port two initial studies of the coupling of CdSe quan-
tum dots of ca. 4 and 5.5 nm in diameter, with Au nano-
particles and Ag nanoprisms, respectively, as a function
of metal-QD separation.

RESULTS AND DISCUSSION

Formation of Au or Ag Arrays on GaAs. To directly compare
the effects of metal nanoparticles on the photolumines-
cence of QDs, we created a patterned array of metal
nanoparticles on a GaAs substrate by directing attach-
ment of the metal particles to the surface with an
amine-terminated self-assembled monolayer. This pat-
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terned layer could then be covered by a polymer spacer
layer of varying thickness through layer-by-layer assem-
bly and then coated with a single layer of quantum
dots. Using this approach the ratio of the photolumi-
nescence intensities from the QDs over the metal par-
ticles could be directly scaled against the regions with-
out metal particles in a single photoluminescence
image. Scheme 1 illustrates our method of selectively
patterning Au or Ag nanoparticles (NPs) on the GaAs
surface. While several approaches were tried (see Sup-
porting Information), ultimately the attachment of
alkoxysilane SAMs on the oxidized GaAs surface yielded
the best results in terms of film stability and metal par-
ticle attachment density.

To form the patterned metal grid structure, the
cleaned and oxidized GaAs surface was first coated
with a uniform SAM of the aminopropyltriethoxysilane
(APTES) (Scheme 1B). Following APTES assembly, a Cu
TEM grid was placed in conformal contact with the
GaAs substrate to function as shadow mask, and the
sample was then exposed to UV/ozone to photo-
oxidize the uncovered portions of the SAM layer
(Scheme 1C). Following rinsing, the oxidized SAM was
removed and now the uncovered GaAs regions were
then backfilled with an octadecyltrimethoxysilane
(OTMS) SAM resulting in a patterned array of hydro-
philic and hydrophobic regions on the surface (Scheme
1D). Finally, the sample was immersed in the desired so-
lution of Au or Ag NPs (ca. pH 7) to allow for the cit-
rate stabilized NPs to attach onto the amine rich re-
gions by electrostatic interaction (Scheme 1E). A few
nanoparticles were found to attach to the OTMS re-
gions, but those that did were weakly bound and could
be readily rinsed away.

As the assembly process was carried out in water,
the stability of the SAM is of the utmost importance.
To confirm the high quality and stability of the silane
SAMs formed using this method, Fourier transform in-
frared reflection absorption spectroscopy (FT-IRAS)
measurements were obtained for OTMS SAMs and XPS
experiments were performed for the APTES SAMs on
the oxidized GaAs surface. The FTIR spectra of OTMS
sample showed that the v,,(CH,) asymmetric stretch
was centered around 2917 cm™' (data not shown),
which is characteristic of well-ordered crystalline-like si-
lane SAM.'?'3 After 8 months of air exposure, the OTMS
SAMs were observed to exhibit no observable signal de-
crease for both v(CH,) and v(CH;) stretch modes and the
v,5(CH,) asymmetric stretch was maintained at ca. 2917
cm™ . As compared to SAMs of octadecanethiol on
GaAs, which we also explored for this patterning pur-
pose (see Supporting Information), these films demon-
strated much greater stability, as the octadecanethiol/
GaAs SAMs were found to degrade within a couple of
weeks under ambient conditions. For the APTES SAMs,
a representative survey spectrum of XPS that is shown
in Figure 1 confirms the presence of the APTES SAM on

Wwww.acsnano.org



2
c
=
e
[
©
8
)
Z | IN1s C1s
408 400 392 292 288 284 280
1000 800 600 400 200 0

Binding Energy / eV

Figure 1. X-ray photoelectron survey and high-resolution
spectra for APTES monolayers on GaAs (100). The high-
resolution spectra show the Ga(3d), As(3d), N(1s), and C(1s)
spectral regions which show that the surface is first oxidized
and then covered by the APTES SAM.

the oxidized GaAs surface. High-resolution spectra of
the C(1s), N(1s), and Ga(3d) regions show peak binding
energies of 284.8 + 0.1,399.0 + 0.1, and 20.5 = 0.1 eV,
respectively, while the high-resolution As(3d) signal
can be separated into two peaks at 44.8 = 0.1 for As ox-
ides and 42.2 = 0.1 eV corresponding to GaAs bulk.
The XPS data also indicate that a fresh oxidation layer
was readily introduced by UV/ozone and the APTES
monolayers were successfully grown on these surfaces.
Following particle attachment, the resulting grid
structures were examined by AFM. Topographic AFM
images of the patterned Au arrays on GaAs are shown
in Figure 2A—D. The cross-sectional profile (Figure 2B)
reveals that the average height of the Au array is 18 =
2 nm which is consistent with the size of single-layer Au
NPs, suggesting that the interparticle repulsive force
due to the citrate stabilizer was sufficient to prevent the
physical adsorption of a second layer of Au NPs. Simi-
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lar results were also observed for Ag-nanoprism pat-
terns as presented in Figure 2E—H, in which the cross-
sectional analysis shows the average height of ~120
nm in accordance with the edge-length of a silver nan-
oprism, suggesting the Ag nanoprisms stand up face by
face rather than lie down flat and stack on the surface.
As mentioned above, the gold nanoparticles were
found to exhibit an absorption maximum at ~523 nm,
which suggests that the average size is ~18 nm in di-
ameter.' The silver nanoprisms of 100 = 20 nm in
edge-length, which were synthesized from small Ag
nanospheres following the reported photoinduced
transformation method,’ have two broad absorption
peaks around 450 and 670 nm. The extinction spectra
of each however were found to be modified after depo-
sition onto the substrate (determined from deposition
on APTES modified glass coverslips) showing the emer-
gence of an extinction peak at 660 nm for gold NPs
and the broadening of silver-NP plasmon peak at higher
wavelength. These effects can be ascribed to interpar-
ticle coupling and/or disorder of the NP films (Figure
3).1¢17 These interparticle coupling effects will impact
the PL enhancement of QDs based on the degree of
spectral overlap as has been reported previously.®'81°
Controlling CdSe—Metal Distance. Previous work by Kula-
kovich et al. has shown that layer-by-layer polymer as-
sembly can be used to provide a controllable spacing
layer for QD-metal films. Here we have adapted this ap-
proach to our patterned array to also control separa-
tion and test our platform against a known system
(CdSe—Au).” Following creation of the metal grid struc-
ture, the CdSe quantum dots of the desired size were
then attached at controlled distances from the metal
pattern using layer-by-layer polymer assembly. Here, al-
ternating layers of poly(diallyldimethylammonium chlo-
ride) (PDADMAC) and poly(sodium 4-styrenesulfonate)
(PSS) were put on the surface in order to build up films

Distance (um)

Figure 2. Topographic AFM images of the Au and Ag patterned metal nanoparticle arrays on GaAs(100). Au—NP patterns:
(A) 70 x 70 pm? and (B) its corresponding cross-sectional plot (blue line) showing that a single layer of particles is bound
to the surface, (C) 20 x 20 wm? and (D) 10 X 10 wm?2 Ag—NP patterns: (E) 50 X 50 pm? and (F) its corresponding cross-
sectional plot (blue line). (G) SEM image (10 X 10 um?) of the Ag film and a (H) 3-D topographical plot showing the waffle-
like structure of the thick Ag film which corresponds in thickness to the long axis of the Ag nanotriangles used.

www.acsnano.org

L L] el = - . \\\ f/:\
VOL.3 = NO.7 = 1735-1744 = 2009 ACINJANI)

1737



3
m

c
g 3,
(7]

[
o o,
@ o
e} =

<

T T T T T T T T T T T T
300 400 500 600 700 800 900 1000

Wavelength (nm)

Figure 3. UV—uvisible spectra of Ag NPs (solid black line) and Au
NPs (solid red line) on APTES-modified glass with five layers of PSS:
PDADMAC; and photoluminescence of 5.5 nm CdSe (dash black
line) and 4 nm CdSe (dash red line) nanocrystals on top of five lay-
ers of PSS:PDADMAC.

of controlled thickness. This began with a positively
charged layer of PDADMAC, followed by the negatively
charged PSS layer. Terminating with an additional
PDADMAC layer yields a surface with a net positive
charge, onto which our 16-MHA terminated CdSe par-
ticles (which carry a net negative charge at the assem-
bly pH) could then be bound electrostatically (Figure
4A). Importantly, these types of polymer layers have no
optical absorption in the visible region of the spec-
trum and have not been reported to quench QD
photoluminescence.”?° Although the thickness depen-
dence of these different polyelectrolyte layers has been
well determined previously?' for deposition on surfaces
such as polystyrene particles, it is likely that this will dra-
matically vary from surface to surface. As such, to accu-
rately determine the polymer film thickness, in our pat-
terned arrays, a background thickness (D;) was

Thickness, D,
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Figure 4. (A) Schematic cross-sectional view of the sample showing
that polymers and 4 nm QDs were deposited onto Au-NP arrays on
GaAs in sequence. (B) AFM topographic image of different layers of
polymers deposited on pure GaAs substrates without metal patterns

which were removed by scratching. (C) The polymer thickness on
bare GaAs (D;) measured from AFM versus the number of polyelec-
trolyte layers.
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determined by tapping-mode AFM after slightly scratch-
ing through assembled polymer films with varying num-
bers of layers on the oxidized GaAs surface (Figure 4). Ex-
tending this to the patterned grid such as for the Au—NP
system, illustrated in Figure 4A, once the value of D, is de-
termined, the thickness of polymer thin films above Au
NPs, D, can be simply derived from the following
relationship:

H+4+D,=4+ D+ 18(nm) (1)

where 4 nm is the average diameter of the CdSe QDs, 18
nm is the average diameter of the Au nanoparticles, and H
is the height difference between the regions with and
without Au NPs after coating of the polyelectrolyte spac-
ers and CdSe QDs, as determined from the topographic
AFM images (e.g., Figure 5A). Plotting the value, D;,
against different numbers of polymer layers (Figure 4C)
shows a nonlinear increase in film thickness with the
number of layers.

Photoluminescence Measurements. By using patterns of
Au or Ag NPs on the GaAs surface, the environment of
the CdSe QDs could be separated into two parts: re-
gions with and without NPs under the polymer spacer
layer. To measure the relative photoluminescence of
the two regions, the sample was imaged using a confo-
cal fluorescence microscope with an Ar ion laser at 488
nm as the excitation light. The PL intensity of CdSe over
the NPs could then be directly normalized to those of
the adjacent CdSe without NPs. Figure 5B shows a typi-
cal luminescence spectrum within this ensemble. The
peak around 585 nm originates from CdSe QDs and the
peak around 845 nm is from the GaAs background. Al-
though the PL intensity from the GaAs background
should remain constant during each experiment, un-
desired fluctuations of laser power can occur from
sample to sample. Thus, by using GaAs as the support
background, we could use the PL intensity from GaAs as
a built-in reference to normalize the PL intensity of the
QD:s for each individual measurement. A representative
PL image plotted using the CdSe emission spectrum, in-
tegrated from 500—650 nm clearly shows that the lumi-
nescence of the QDs over the Au pattern is enhanced
relative to the nonmetal containing regions (Figure 5C).
From the cursor profile (Figure 5D) it can be seen that
in this case the QDs over the metal particles show nearly
twice the intensity of those not over the metal.

One challenge in quantifying the extent of the pho-
toluminescence enhancement is that reflection or scat-
tering of the laser source by the MNPs might re-excite
the CdSe QDs and thus results in an artificial increase in
CdSe PL. To examine the possibility of this factor, the
sample was scanned with a low laser power (70
nW/um?) and a confocal scanning image was gener-
ated by collecting the 488 nm laser spectrum itself (Fig-
ure 6A). The results indicate that the gold NPs strongly
absorb the laser light owing to their broad absorption
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Figure 5. (A) Topographic AFM image of CdSe QDs deposited on 19 layers of polymer over a Au-NP patterned GaAs sur-
face. The top-right inset magnifies a 10 x 10 um? area. (B) A representative emission spectrum from the film in panel A shows
both the CdSe and GaAs emission at ca. 585 and 845 nm, respectively. (C) A false color photoluminescence image of 4 nm
CdSe QDs above nine layers of polymers on Au-NP patterned GaAs surfaces (the z-scale bar is from 7—23 au). The image is
produced by integrating the spectral region for the CdSe from 500—650 nm. (D) The cross-sectional plot corresponds to the
white line in panel C, illustrating the relative photoluminescence enhancement.

around 523 nm rather than reflect/scatter the laser
light. As shown in Figure 6B, the laser intensity above
the regions of Au NPs (white spot) shows 48% lower in-
tensity than that above the regions without Au NPs
(red spot). Nevertheless, based on this, the relative ab-
sorption is insignificant and can be neglected when
higher laser powers (ca. several tens of pW/um?) are
used for the PL measurements. Similar results for PL en-
hancement of CdSe QDs of 5.5 nm in diameter were ob-
served on Ag-NP arrays (Figure 7).

The plasmon enhancement of the QD photolumi-
nescence was found to depend on the number of
polymer layers which controls the QD-metal separa-
tion (Figure 8). For the Au—NP system, the enhance-
ment was found to reach a maximum at nine layers
of polymer, corresponding to ~10.8 nm. For the
Ag-NP system, the maximum peak was at five layers
of polymer (~7.7 nm). An overall maximum en-
hancement by a factor of 2 was observed in both
the CdSe—Au and CdSe—Ag systems, and is consis-
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tent with previous results for coupling between
CdSe and Au nanoparticles.” These results can be
partially attributed to the locally enhanced electric
field surrounding the MNPs under illumination,
where the maximum field enhancement should oc-

480 495 510
Wavelength (nm)

Figure 6. (A) A confocal scanning microscopy image generated by
collecting the 488 nm laser line on nine layers of polymers depos-
ited upon Au-NP patterned GaAs surfaces (the z-scale bar is from
50—850 au). (B) Spectra on the GaAs background (red circle) and
Au-NP patterned (white circle) regions. The red line and the black
line represent the averaged spectrum of the reflected laser light of
red circle and white circle areas in panel A, respectively.
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Figure 7. (A) False color photoluminescence image of 5.5
nm CdSe QDs above five layers of polymer on a Ag-NP pat-
terned GaAs surface (the z-scale bar is from 165—300 au)
and (B) its cross-section analysis along the white line. (C) The
corresponding confocal image at the same scanning region
generated by collecting the 488 nm laser line on five layers
of polymers deposited upon Ag-NP patterned GaAs surfaces.
(D) Reflected laser light from the GaAs background (green
circle) and the Ag-NP patterned (white circle) regions. The
green line and the black line represent the averaged spec-
trum of green circle and white circle areas in panel C,
respectively.

cur at the closest QD-metal separation distance.?
At such close QD-particle distances however com-
petitive mechanisms such as quenching prevail due
to electron transfer or nonradiative energy transfer
from the QDs to the metal.22~?7 As such, these two
mechanisms compete with each other and thus ren-
der a distribution of PL enhancement as a function
of separation between the QDs and MNPs (Figure 8).
When the QDs are more than 20 nm away from the
MNPs, there is little to no coupling observed be-
tween the QDs and the MNPs. For the CdSe—Au sys-
tem, the trend in photoluminescence enhancement
as a function of distance was found to be highly re-
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Figure 8. PL intensity enhancement of CdSe QDs versus
number of polymer layers between QDs and Au (black
squares)/Ag (blue triangles) NPs. The upper x-axis indicates
the calibrated thickness of corresponding polymer spacer
(D) above metal NPs as illustrated in Figure 4A.
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producible. For the CdSe—Ag system, however, a
large standard deviation in the photoluminescence
intensity was observed for small separations. We at-
tribute this to the much larger surface corrugation of
the Ag films, due to the much larger particles and
degree of inhomogeneity in their size (~100 = 20
nm).

While the measured enhancement for the
CdSe—Au was consistent with previous reports, the
observed enhancement for the Ag system was lower
than we expected considering the typically large en-
hancements for other optical properties such as
SERS signals for Ag as compared to Au materials. In
one previous report, coupling between InGaN with
rough Ag films was shown to yield enhancements by
as much as 14-fold.® One might also expect that Ag
nanoprisms should offer higher enhancement than
the Au nanoparticles because the larger local elec-
tric field typically surrounds the sharp points of a Ag
nanoprism. Several factors may contribute to the
lower than expected enhancement. In particular, our
yield of complete photoinduced conversion of Ag
nanospheres to nanoprisms was found to be only
~50% on the basis of the UV—visible spectra and
TEM images (Supporting Information, Figure S2),
such that ca. half of the Ag NPs in the films are non-
resonant with both the CdSe QDs as well as the ex-
citation laser. The intrinsic low-coverage of citrate-
coated Au or Ag NPs on the surfaces may also
partially explain the lower than expected enhance-
ment.?® Lastly, it has also been demonstrated that
the angle of the incident light and polarization can
greatly influence the local-field enhancement for
materials with sharp geometries such as nanoprisms,
which we did not vary in our measurements.'”? As
such, each of these factors likely contribute to the re-
duced PL enhancement by the citrate-covered Ag
nanoprisms.

Mechanism. To elaborate on the experimental results
to determine if the distance dependence we observed
is reasonable, we separated the interactions between
QDs and MNPs into two factors: PL quenching due to
energy transfer from the QDs to the MNPs and the elec-
tric field induced PL enhancement from MNPs on the
QDs. Here, due to the complexity of the CdSe—Ag sys-
tem, we will only examine the CdSe—Au system. Based
on the competing factors of quenching and electric
field enhancement, the final apparent enhancement of
the PL intensity can be depicted as

/

L= Pq X Pe )
Where [ is the PL intensity of QDs over the MNP-
coated GaAs surface; [y is the PL intensity of QDs with-
out MNP coupling; Pq and P are the quenching factor

and enhancement factor, respectively, as described in
eqs 3 and 4 later. For the PL quenching part, an energy

Wwww.acsnano.org



transfer mechanism has been successfully employed in
various systems including dye—dye, MNP—dye, and
QD—dye platforms.3*~32 To simplify our system, we will
assume that for each QD there is only one MNP nearby.
It should be noted that experimentally, based on the av-
erage surface coverage of the QDs and metal nanopar-
ticles determined by AFM measurements, that there
are ca. three to four QDs per Au particle. On the basis
of the relative particle sizes and their average surface
coverage, statistically this ratio yields nearly one QD per
MNP in close enough proximity to experience PL en-
hancement. The next closest QDs would be ca. 40 nm
from a MNP, and based on our measurements may con-
tribute ca. 20% to the measured PL enhancement. Un-
der these conditions, the PL quenching factor can be
written as?73334

(d/RY)™

= (3)
1+ (d/R)™

Q

where d is the MNP—QD separation distance; Rq is the
Forster like radius at which 50% of the fluorescence is
quenched; nq is the dependence of fluorescence
quenching on the MNP—QD separation distance. For
the Forster dipole—dipole energy transfer or fluores-
cence resonance energy transfer (FRET) mechanism,°
the energy transfer quenching exhibits an (d/Rq)® de-
pendence. While for other mechanisms such as the
nanosurface energy transfer (NSET) process, nq will
equal 4.273>36 Yun et al. has claimed to be able to distin-
guish between FRET and NSET processes by control-
ling the distance between a Au NP and a dye.* As such,
by fitting our photoluminescence enhancement data
we will also attempt to do the same.

For the PL enhancement part, it has been theoreti-
cally and experimentally demonstrated that the en-
hancement efficiency depends on the spectral overlap
between donor emission and LSPR of MNPs and is pro-
portional to the near field electric field intensity of the
metal surface.’” 3 Here, we simplify the enhancement
model via the following equation:

Reg\"e
P, = (E) +1 (4)
where Re is a constant for the MNP—QD separation at
where we observe twice the luminescence enhance-
ment, d is the same MNP —QD separation distance in
eq 3, and ng is the distance dependence power.

To apply these models to our data, the experi-
mental data of the Au—QD system (Figure 8) was fit
using eq 2, combined with eqgs 3 and 4, where nq was
set to 4 or 6 and Rq was calculated directly for ei-
ther the FRET or NSET models based on the materi-
als (see Supporting Information). All of the other pa-
rameters, d, Rg, and ng, were left to be freely variable
in the fit. If the fit to the data is better for nq = 4,
this would suggest that the NSET mechanism domi-
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Figure 9. Fitting results for PL intensity enhancement for
the Au—QD system for (A) nq = 4 and (B) nq = 6. The data
points are from Figure 8. Only 0—50 nm of separation is
shown to highlight the fit near the peak position. The or-
ange and red solid lines represent the apparent PL enhance-
ment as described in eq 2 for the NSET and FRET mecha-
nisms. The green and blue dashed curves depict the
quenching and enhancement factors as described in eqgs 3
and 4, respectively.

nates the energy transfer quenching processes.
However, if a better fit is obtained for nq = 6, this
would be indicative of a FRET mechanism being the
major contributor to the quenching of the QD PL.
The fitting of our results for both nq = 4 and 6 are
shown in Figure 9, in which the green and blue dashed
lines represent the curves for quenching and electric
field enhancement as a function of MNP—QD separation
distance, respectively. From these results, it can be seen
that when nq = 6 a much better fit to the data is found,
suggesting that the FRET mechanism seems to dominate
in our system. This finding is consistent with earlier stud-
ies of ZnS capped CdSe coupled to Au nanoparticles via
peptide tethers.?’

CONCLUSIONS

Using a patterned array of metal particles, photolu-
minescence enhancement for CdSe coupled to Au
nanoparticles and CdSe coupled to Ag nanoprisms
was investigated as a function of the CdSe-metal sepa-
ration distance. The use of a patterned array allowed for
the photoluminescence enhancement to be readily
scaled between regions with and without metal par-
ticles and account for any scattering or differences in di-
electric medium that could influence the determina-
tion of the relative enhancement, all in a single
experiment. The PL enhancement of CdSe coupled to
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Au and Ag particles was found to peak at a factor of 2
at distances of ~11 and 8 nm, respectively. The result-
ing data can be explained by the competition between
energy transfer quenching and plasmon-assisted en-
hancement of the QD photoluminescence and could

METHODS

Preparation of Silane Monolayers. Single side polished GaAs(100)
substrates (AXT, 400 wm, Si-doped, University Wafer, Inc., Bos-
ton, MA) were etched and cleaned following the procedures de-
scribed previously by Jun et al. to remove the native oxide us-
ing dilute acid and base solutions.*® Briefly, the GaAs samples
were immersed into 1:20 NH,OH/H,0 solution for 1 min and then
rinsed liberally with high purity (18.2 M() - cm) water (NAN-
Opure Diamond, Barnstead), followed by ethanol. The GaAs sub-
strates were immediately immersed into a 1:10 HCl/ethanol solu-
tion for 1 min. The substrates were subsequently rinsed with
copious ethanol, blown dry with streaming nitrogen, and treated
with UV/ozone for 20 min to make a fresh oxide layer on the
GaAs surfaces. Self-assembled monolayers (SAMs) of
3-aminopropyltriethoxylsilane (APTES, purchased from Gelest,
Inc.) were formed by immersion of the freshly oxidized GaAs sub-
strates in 5 mM APTES in ethanol for 12 h. After being taken
out from the solution of APTES, the SAM-modified substrates
were rinsed with ethanol and blown dry under a nitrogen stream
in preparation for patterning. AFM measurements of these films
suggest that only a monolayer is formed on the oxidized GaAs
surface as no domain structures are observed and the film ex-
hibit the same roughness as the underlying surface.

X-ray Photoelectron Spectroscopy. To evaluate the surface chemis-
try XPS data were acquired with a Kratos Axis ULTRA X-ray pho-
toelectron spectrometer equipped with a 165 mm hemispherical
electron energy analyzer. The incident radiation was the Mg Ka
X-ray line (1253.6 eV) with a source power of 180 W (15 kV, 12
mA). The analysis chamber was maintained at a steady base pres-
sure of <6 X 107° Torr during sample analysis. Survey scans of
up to 1100 eV were carried out at an analyzer pass energy of 160
eV with 1.0 eV steps and a dwell time of 300 ms. Multiplexed
high resolution scans of the Ga(3d), C(1s), As(3d), and N(1s) re-
gions were taken at a pass energy of 40 eV with 0.1 eV steps and
a dwell time of 60 ms. The survey and high resolution spectra
were obtained with averages of 5 and 50 scans, respectively. The
C(1s) peak at 284.8 eV was set as a reference for all XPS peak po-
sitions to compensate for energy shifts due to the spectrometer
work function.

Synthesis of CdSe QDs. Trioctylphosphine oxide (TOPO)-
passivated CdSe spherical nanocrystals were synthesized from
well-established solvothermal methods.*'#? A 250 mg portion of
CdO with 2.85 g hexadecylamine, 1.15 g TOPO, and 1.09 g tetra-
decylphosphic acid were degassed under reduced pressure at
110 °C for 1 h. Then, under nitrogen, the solution was heated to
300 °C until it became optically clear. A 0.5 g portion of tri-n-
butylphosphine (TBP) was injected and the temperature was re-
duced to 260 °C; 0.8 g of a 10% by weight Se powder in TBP so-
lution was then quickly injected. When the desired size was
reached, the flask was cooled down to 60 °C and 10 g of
nonanoic acid was added. Methanol was used to clean the solu-
tion and the nanocrystals were subsequently resuspended in
toluene. Cleaning with methanol was repeated three times. Ex-
change of surfactant group from TOPO to water-soluble group
was performed as follows.* First, 20 mg of 16-
mercaptohexadecanoic acid (16-MHA) was dissolved in 15 mL
of methanol. The pH of the solution was adjusted to 10—11 us-
ing tetramethylammonium hydroxide and 20 mg of CdSe nano-
crystals were added to this solution. The mixture was refluxed
under nitrogen atmosphere for 6 h. To clean the nanocrystals, a
mixture of ethyl acetate and ether was used to precipitate the
particles which could then be resuspended in methanol. Subse-
quent cleanings used only ethyl acetate to precipitate the par-
ticles. After the final cleaning, the 16-MHA-passivated CdSe were

be fit to a simple model combining these two effects.

This simple platform which can be fabricated using di-
rected assembly approaches should be readily adapt-

able to probing photoluminescence enhancement for
a range of other materials.

resuspended in water. The particle size was determined by TEM
(see Supporting Information).

Synthesis of Gold and Silver Nanoparticles. Two types of particles
were investigated in this study, Au nanoparticles and Ag nano-
prisms. Au nanoparticles were prepared by reducing HAuCl, (Alfa
Aesar, 99.99% purity) with sodium citrate.* The size of the
citrate-stabilized gold NPs was determined to be ~18 nm in di-
ameter based on the maximum surface plasmon absorbance in
the UV—visible spectra (USB-ISS-UV/vis, Ocean Optics Inc.) at 523
nm. AFM images of isolated Au particles also confirmed the size
to be 18 = 2 nm. The Ag nanoprisms, were synthesized by first
creating spherical silver NPs by the reduction of AgNOs (Sigma,
99+% purity) with NaBH, in an ice bath.*> Here, 1 mL of 10 mM
AgNO; in water was injected into 99 mL of 1 mM NaBH, and 0.3
mM sodium citrate aqueous solution. The color of this mixed so-
lution turned to yellow immediately (Figure S2A) and was kept
stirring in an ice bath for 30 min. The photochemical shape con-
version of spherical Ag NPs into flat nanoprisms was carried out
by exposure to a white fluorescent lamp (15 W) for ~72 h with a
sample-source distance of ~5 cm. The color of the Ag NPs solu-
tion changed from yellow to green (Figure S2A) gradually during
the period of illumination. The average edge length and thick-
ness of triangular Ag nanoprisms measured by TEM (vide infra)
were 100 = 20 nm and 12 = 3 nm, respectively (Figure S2C). Ap-
proximately 50% of the Ag nanoparticles were found to be com-
pletely converted to nanoprisms.

Patterning of Metal Nanoparticles. Various approaches were ex-
plored for the attachment of Au and Ag nanoparticles to the
GaAs surface (see Supporting Information) with the optimal pro-
cedure described here. Briefly, the synthesized MNPs were
bound to an oxidized GaAs surface by attachment to a pat-
terned layer of APTES on the surface (vide supra). Patterned
arrays of the APTES SAMs were created on the oxidized GaAs sur-
face by photolithography. Here, a grid pattern was generated
on the GaAs surface using a TEM grid (T2000-Cu, Electron Micros-
copy Inc.) as a shadow mask. The TEM grid was placed on top
of the APTES-modified GaAs and the mask/substrate framework
was exposed to UV/ozone (\ery = 185 and 254 nm) at a distance
of ~1 cm away from the sample for 15 min. After selective
photo-oxidation of the APTES SAM, the TEM grid was removed
from the surface and the substrate was rinsed with ethanol and
then immersed into a 5 mM solution of
n-octadecyltrimethoxysilane (OTMS) in toluene for 4 h, allowing
the OTMS SAM to grow and fill in the exposed GaAs regions. This
resulted in a patterned array of hydrophobic and hydrophilic re-
gions on the surface. After patterning, the surfaces were rinsed
in sequence with toluene, ethanol, and water, followed by a
soaking in one of the citrate-stabilized Au or Ag nanoparticle so-
lutions for 12 h to allow for attachment of the MNPs onto APTES
SAMs by electrostatic attraction. Following nanoparticle attach-
ment, the samples were rinsed copiously with water to remove
any Au or Ag NPs nonspecifically bound to the hydrophobic re-
gions of the surface.

Layer-by-layer Deposition of Polymers. To control separation dis-
tance between the patterned MNPs and the CdSe, a polymer
spacer formed by layer-by-layer assembly was used. Here, a posi-
tively charged polymer solution was prepared by adding 0.5 M
NaCl to an aqueous 5 pL/mL poly(diallyldimethylammonium
chloride) (PDADMAC) (Aldrich, 20 wt % in water, M,, =
10 0000—200 000) solution. For the negatively charged polymer
solution, an aqueous solution of 1 mg/mL poly(sodium
4-styrenesulfonate) (PSS) (Aldrich, M,, = 70 000) containing 0.5
M NaCl was prepared. To create different thicknesses of polymer
layers, the patterned metal arrays on GaAs (carrying net nega-
tive charge) were immersed into the PDADMAC solution for 30
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min to allow for full adsorption of a single layer. The substrate
was then rinsed liberally with water and followed by dipping into
the PSS solution for the second layer polymer adsorption. For
multilayer deposition, this cycle was repeated, with the outer-
most layer always terminating in a positive layer of PDADMAC
to allow for the further attachment of negatively charged 16-
mercaptohexadecanoic acid terminated CdSe QDs.

Sample Imaging. AFM images were acquired with a combined
confocal fluorescence/atomic force microscope (WITec Alpha300
R, Germany) under ambient conditions (24 + 2 °C). All AFM im-
ages were acquired in tapping mode using commercially avail-
able aluminum-coated silicon AFM tips from Nanoscience Instru-
ment (Phoenix, AZ) with nominal tip radii of less than 10 nm
and nominal spring constants of 48 N/m. Images were acquired
at a resolution of 512 X 512 lines at a scan rate of ~1 Hz. The
photoluminescence spectra were collected using an Ar ion laser
at 488 nm (~70 wW/pm?) as the excitation source with a typical
integration time of 36 ms/pixel. A Nikon 100X (0.9 NA) objec-
tive was utilized for imaging and spectral data acquisition and
the laser was focused to a spot size of ~1 um?. The spectral data
were acquired with an Acton triple grating spectrometer with
an Andor Peltier cooled (—66 °C) CCD detector. High resolution
images are obtained by integrating the complete photolumines-
cence spectra for the given region of interest (500—650 nm for
the 4 nm CdSe QDs, 550—700 nm for the 5.5 nm CdSe QDs, and
750 — 900 nm for the GaAs) at each image pixel (typically 200
X 200 pixels per image). Scanning electron microscopy (SEM) im-
ages were obtained with a Joel 6400 SEM under vacuum. All
samples for SEM imaging were modified by Au sputtering to in-
crease the conductivity and decrease the effects of charging.
Transmission electron micrographs (TEM) of the synthesized
CdSe nanoparticles were acquired using a JEOL 2010 transmis-
sion electron microscope at an acceleration voltage of 200 kV.
Samples were prepared using copper grids from Ted Pella. A
drop of CdSe solution, in toluene, was dropped onto the grid
and allowed to evaporate at room temperature (see Supporting
Information).
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