
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Nanoscale

www.rsc.org/nanoscale

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Nanoscale RSCPublishing 

COMMUNICATION 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 1  

Cite this: DOI: 10.1039/x0xx00000x 

Received 00th January 2012, 

Accepted 00th January 2012 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Quantum Dots on Vertically Aligned Gold Nanorod 

Monolayer: Plasmon Enhanced Fluorescence 

  

Bo Peng,
a
 Zhenpeng Li,

a
 Evren Mutlugun,

c
 Pedro Ludwig Hernández 

Martínez,
c 
Dehui Li,

a
 Qing Zhang,

a
 Yuan Gao,

a,c
 Hilmi Volkan Demir,*

,a,c,d
 

and Qihua Xiong*
,a,b

 

 

 

 

CTAB-coated Au nanorods were directly self-assembled 

into a vertically aligned monolayer with highly uniform hot 

spots through a simple but robust approach. By coupling 

with CdSe/ZnS quantum dots, a maximum enhancement of 

10.4 is achieved due to: the increased excitation transition 

rate, radiative rate, and coupling efficiency of emission to 

the far field. 

Plasmonics exhibits the potential to manipulate optics at the sub-

wavelength scale, promising exciting applications including negative 

refractive index media and metamaterials.1-5 The self-assembly of 

monodisperse nanoparticles into ordered structures is an effective 

approach for designing plasmonics.6-9 Spherical Au nanoparticles 

have been manipulated to generate a diverse selection of plasmonic 

topologies such as superlattice sheets,10, 11 chain networks,12  and 

chiral pyramidal structures.13 However, ordered assemblies of 

anisotropic nanostructures, such as Au nanorods, is still very 

challenging, because the anisotropic shape results in various 

assembling behaviours. By the Langmuir–Blodgett technique,14, 15 

hydrophobic polymer-modified Au nanorods were self-assembled 

into monolayer sheets consisting of random horizontal and vertical 

Au nanorods at the air-water interface.16 Recently, based on the 

coffee-ring effect, the evaporation-induced self-assembly have been 

developed.17 During the evaporation of solvent, a flow from the 

inner region replenishes the liquid that is evaporated at the edge. As 

a result, nanorods are transferred to the droplet edge and self-

assembled into ordered multilayer parallel arrays.18, 19 Meanwhile, a 

near-equilibrium status is also formed at the internal region of the 

drying droplet, which contributes to the self-assembly of free 

anisotropic nanostructures to their lowest energy state in solution. 

Few previous studies have reported the formation of multilayer 

vertical arrays by decreasing the electrostatic repulsive force via 

modifying Au nanorods with weak polar ligands instead of 

cetyltrimethyl-ammonium bromide (CTAB).20, 21 Until recently, 

there are only few reports on the directional self-assembly of CTAB-

stabilized Au nanorods into vertically aligned multilayer arrays.22, 23 

Recently, our group has shown that it is possible to directly self-

assemble CTAB-coated Au nanorods into highly organized vertical 

monolayer arrays by synergistically controlling the electrostatic 

repulsive force and van der Waals attractive force.24  

      In the past decade, plasmonics has been proven to enhance or 

quench fluorescence as a function of distance between the surface 

plasmon and fluorophores.25-30 The previous reports focused their 

research on the interactions between fluorophores and single Au 

nanoparticle,31 single silver nanoprisms,32 and Au disk or hole 

arrays.33 However, a handful work reported the resonant energy 

transfer based on the metallic colloid arrays as surface plasmonic 

system.34, 35 Moreover, many colloid substrates suffer from poor 

reproducibility of “hot spots”. Herein, we demonstrate a simple yet 

robust approach to directionally assemble CTAB-coated Au 

nanorods into a vertically aligned monolayer and investigate the 

energy transfer between plasmonic array and monolayer CdSe/ZnS 

quantum dots (QDs). The vertically aligned Au nanorod monolayer 

exhibit a strong, reproducible, and highly homogeneous distribution 

of hot spots. Our experiments show that the Au nanorods with the 

aspect ratio from 2.1 to 3.2 can be self-assembled into a vertically 

aligned monolayer and the electrostatic force and van der Waals 

force predominate in the self-assembly. The SiO2 films were coated 

on the vertically aligned Au nanorod monolayer by sputter 

deposition as a spacer to tune the distance between plasmonic 

monolayer and QDs. A distinct plasmonic enhancement property 

was uncovered and a maximum fluorescence enhancement of 10.4 

was achieved at a 20 nm SiO2 spacer. Fluorescence-lifetime imaging 

microscopy (FLIM) was used to measure the lifetime of QDs, which 

decreased from ~4.1 ns to minimum, ~0.9 ns, due to the increased 

radiative decay rate. Therefore, the plasmonic monolayer arrays, due 

to its enhanced optical density of states, can serve as 2D optical 
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materials such as directionality controller, light enhancers, colour 

filters, and ultrasensitive SERS sensors.36-38   

      Based on the evaporation-induced strategy, CTAB-coated Au 

nanorods with the aspect ratio of ~2.7, which were synthesized by 

seeded growth method,39 were self-assembled into a vertically 

aligned monolayer on Si substrates when the Debye length was 3.0 

nm (Fig. 1a). The Au nanorods in the monolayer are aligned to a 

hexagonal close-packed structure. The inset in Fig. 1a shows the 

three-dimensional schematic diagram of the arrays. The interior gap 

distance between two adjacent Au nanorods is ~7.7 nm. Fig. 1b 

exhibits the monolayer structure in a vivid fashion. Surprisingly, the 

vertically aligned hexagonal Au nanorod bi-layer was formed in the 

case that the Debye length decreased to 1.3 nm by adding NaCl (Fig. 

1c) and the interior gap distance is ~3.4 nm, which corresponds to 

the length of a CTAB bi-layer.17, 40 Our approach can be extended to 

other Au nanorods with different aspect ratio. Fig. 1d shows the 

absorption spectra of different Au nanorods. The longitudinal 

plasmon bands are 656, 680, 717, 755 and 780 nm, where the aspect 

ratio are 2.1, 2.3, 2.7, 2.9 and 3.2, respectively. And the diameters of 

the corresponding Au nanorods are ~45.4, 42.6, 39.8, 32.3 and 27.3 

nm, while the lengths are ~94.2, 96, 100.5, 94.1, and 88.2 nm, 

respectively.     

           

Fig. 1 SEM image of vertically aligned Au nanorod monolayer: (a) top view, (b) view 

from the edge. The insets in (a) show the schematic picture of vertically aligned self-

assembled Au nanorod monolayer. (c) The side-view SEM image of vertically aligned 

hexagonal Au nanorod bi-layer. (d) The absorption spectra of Au nanorod aqueous 

solution. The longitudinal plasmon bands are 656, 680, 717, 755 and 780 nm, 

respectively.    

      During the self-assembly of Au nanorods, there are three forces: 

van der Waals force, depletion force and electrostatic force, whose 

energy is defined by EVdw, Edep, Eele, respectively. Van der Waals and 

depletion force are the attractive forces and electrostatic force is the 

repulsive force. The attractive forces push Au nanorods to approach 

together, where the repulsive forces make the nanorods move away 

from each other. Therefore, the synergy between the repulsive force 

and attractive force ensures the alignment of Au nanorods at the 

equilibrium status, rather than random aggregation. We calculated 

EVdw, Edep and Eele for five kinds of Au nanorods with 656, 680, 717, 

755 and 780 nm plasmon band as a function of edge-to-edge gap size 

in the case that the Debye length was 3.0 nm. EVdw and Edep can be 

obtained by the previous reports.20, 41  For all Au nanorods, EVdw is 

much larger than Edep. Both EVdw and Edep increase as the gap size 

decrease (Fig. 2a). But EVdw and Edep decrease as plasmon band 

increase from 656 nm to 780 nm.  To calculate Eele
 
between two 

adjacent Au nanorods, the Derjaguin’s approximation is used.42 We 

assume the Au nanorod consists of many slices of parallel thin 

plates, which contribute to Eele.
40 Fig. 2c shows that Eele

 
decreases 

with the increasing gap size and also decreases as the plasmon band 

of Au nanorods increase from 656 to 780 nm. We define the total 

interaction energy
 
by ETotal = EVdw + Edep + Eele, which first decreases 

to a minimum and then increases as the gap size increases. However, 

for all Au nanorods with different plasmon bands, the total energy is 

minimized at 7.5 nm gap size, which indicates that all Au nanorods 

can be self-assembled into a vertically aligned monolayer. When the 

Debye length is decreased to 1.3 nm by adding NaCl, the calculated 

minimum ETotal is achieved at a gap size of 3.9 nm. However, the 

lowest limit we can achieve in aligned Au nanorod monolayer is 

~6.7 nm. Therefore, vertically aligned Au nanorod bi-layer is formed 

to achieve the lowest energy state. In our experiments, the edge-to-

edge gap size of bi-layer arrays is ~3.4 nm in the case that the Debye 

length is 1.3 nm. We suggest that the CTAB molecules are inter-

digitated when they approach to touch each other, which leads to 

strong depletion force.17 Therefore, the experimental gap size is a 

little smaller than the calculated data. 

 

Fig. 2 Interaction free energy as a function of gap size in the case that the Debye length 

k -1 is 3 nm: (a) van der Waals force, EVdw, (b) depletion force, Edep, (c) electrostatic 

repulsive force, Eele, (d) total interaction energy, defined by ETotal = EVdw + Edep + Eele. 

      We focused on the monolayer arrays consisting of Au nanorods 

with a longitudinal plasmon band at 717 nm and investigated the 

energy transfer between plasmonic array and monolayer CdSe/ZnS 

QDs. Sputtered SiO2 layer was used as a spacer to control the 

distance between plasmonic monolayer and QDs (Figure 3a). 10 µL 

CdSe/ZnS QDs hexane dispersion was drop-cast onto the surface of 

acetonitrile in a Teflon well (~ 2 × 2 × 2 cm3).6 A monolayer 

quantum dot (QD) self-assembled film was formed within 5 s and 

then transferred onto the vertically aligned Au nanorod monolayer 

(Figure 3b). The absorption peak of vertically aligned monolayer 

consisting of Au nanorod with 717 nm plasmon band is ~610 nm 

checked by CRAIC 20 microspectrophotometer (Figure 3c). The 

polarization of white light was parallel to the interparticle distance. 

Therefore, the transverse plasmon modes interact attractively and 

these underwent a red shift from ~520 to ~610 nm.43 The 

photoluminescence (PL) of CdSe/ZnS QD monolayer with and 

without plasmonic coupling was measured by a home-built system. 

A 532 nm laser was used as the excitation, whose polarization 

direction was along the side of Au nanorod hexagon in the vertically 

aligned monolayer. Figure 3d shows the room-temperature steady-

state PL spectra of CdSe/ZnS QD monolayer on Si substrates and the 

vertically aligned Au nanorod monolayer, respectively. The PL peak 
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is at ~614 nm, which is close to the absorption peak of Au rod 

arrays. Therefore, a maximum coupling between PL and the 

scattering of vertically aligned Au nanorod monolayer can be 

achieved, which influences the enhancement of QD emission.44 A 

pronounced SiO2 spacer dependence is spotted from Figure 3c. We 

evaluate the enhancement factor (EF) using EF = I/I0, where I and I0 

are the PL intensities of CdSe/ZnS QD monolayer with and without 

the vertically aligned Au nanorod monolayer, respectively. The PL 

intensities are extracted and EF is plotted versus SiO2 spacer in 

Figure 3e. When the SiO2 spacer thickness is ~5 nm, the PL of the 

QD monolayer on vertically aligned Au nanorod monolayer is 

quenched.22 When we systematically change the separation between 

QDs and the plasmonic array, we have clearly observed the distance 

dependent PL enhancement. The PL intensity with plasmonic 

coupling at a 10 nm SiO2 spacer is slightly larger than that of QD 

monolayer without plasmonic coupling. When the SiO2 spacer is 

further increased to ~50 nm, the PL intensity of QD monolayer on 

the vertically aligned Au nanorod monolayer is comparable to the PL 

signal of the QD monolayer on Si substrates within the experimental 

error, which indicates that the plasmonic coupling has barely any 

effect to the PL when the spacer is larger than ~50 nm. In our 

experiments, PL exhibits a local maximum at ~20 nm SiO2 spacer as 

also in agreement with the previous reports.35, 45  Generally speaking, 

the incident light is confined into a small spatial space by the surface 

plasmon, resulting in a strong local electromagnetic fields, |E|. The 

coupling of the excited dipole with plasmons not only has a great 

effect on both nonradiative and radiative mode of the transition 

dipole, but also increases the absorption of incident light.46 The 

competition of nonradiative and radiative mode determines the PL 

quenching and enhancement. In the case of PL quenching, the 

nonradiative energy transfer from fluorophores to plasmonic 

monolayer predominates. Both the small distance and the large 

spectral overlap between PL spectra and plasmon band are great of 

benefit to a fast nonradiative energy transfer from the excited dipole  

  

Fig. 3 (a) Schematic picture of the coupling of vertically aligned Au nanorod monolayer 

and CdSe/ZnS QDs monolayer films. SiO2 layer is used as a spacer to control the 

distance between plasmonic monolayer and QDs. (b) TEM image of monolayer films of 

CdSe/ZnS QDs (QDs) with PL emission at 614 nm. (c) Normalized absorption spectrum 

of vertically aligned monolayer consisting of Au nanorods with 717 nm plasmon band. 

(d) Photoluminescence spectra of CdSe/ZnS QDs monolayer films on vertically aligned 

Au nanorod monolayer. The silica spacer thickness is 5, 10, 15, 20, 25, 30, 40, and 50 

nm, respectively. Non-monotonous behaviour is noticed. (e) Plot of calculation (black 

line + circle, the red circle show the theoretical data at the experimental spacer 

thickness) and experimental (red line + star) enhancement factor as a function of the 

silica spacer thickness.  

to the plasmon.  In the case of the PL enhancement, first of all, the 

absorption increases due to the increase of |E|, 
2γ ∝ ⋅exc p E , where 

p is the transition dipole moment of the fluorophores.25 Second, the 

radiative rate is enhanced significantly due to Purcell effect.29, 44, 47, 48 

Because the radiative rate is related to |E|2, 
2 0∝sp

rad radr E r , where the 

radiative decay rate with and without plasmonic coupling are sp

radr
 

and 0

radr .33 Therefore, the enhancement factors are large enough to 

exhibit the increase of PL intensity.31, 35, 46 In our case, the plasmon 

resonance frequency (~610 nm) corresponds to the emission 

frequency (~614 nm) of CdSe/ZnS QDs. Therefore, the coupling of 

QD emission to the far field is increased by the scattering of Au 

nanorod monolayer arrays, which also induces PL enhancement.44 

      To theoretically estimate the enhancement factor, we consider 

two main assumptions. First, we calculate the normalized rate of 

energy dissipation due to a radiative dipole on top of a metallic 

surface. Second, we estimate the electric field enhancement due the 

surface plasmon of the metallic nanorod where the cylinder surface 

plasmon is approximated to a disk. The total effective electric field 

of one unit in the vertically aligned monolayer is assumed to be 6 

time stronger than one disk because the Au nanorod are aligned in a 

hexagonal close packed structure. Therefore, the intensity 

enhancement factor is defined as 
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where 0/P P  is the normalized rate of energy dissipation of a 

radiative dipole defined as49, 50 
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where ( ) ( )s
r s   and 

( ) ( )p
r s  are the reflection coefficients for s- and 

p-polarized waves, respectively, defined as 
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where ε i   and ik   are the dielectric constant and wave vector of the 

medium 1 (SiO2 spacer) and  2 (Au rod). And the electric field 

enhancement factor due to the presence of metallic nanostructure is 

defined as51 
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where ( )0 ,  andωE r ( ),ωMetalE r  are the electric field without and 

with metallic nanostructure, respectively. The electric field for the 

cylinder with radius “a” is 
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where ρ  is the radial component of the electric field perpendicular 

to the cylinder axis. z is the z component of the electric field 

parallel to the cylinder axis. As shown in Figure 3e, the numerical 

calculation results are in good agreement with our experimental data.

 

To understand the coupling of plasmonic monolayer and QDs, 

fluorescence-lifetime imaging microscopy was used to obtain time-

resolved fluorescence spectroscopy, which is critically dependent on 

the distance between the plasmonic monolayer and QDs. Figure 4a 

shows the microscopic image of the vertically aligned Au nanorod 

monolayer (yellow color) coated by CdSe/ZnS QD monolayer film. 

The SiO2 spacer is 10 nm. From the crack band of QD monolayer 

films, it clearly shows that the QD monolayer films are darker than 

Si substrates and cover on the vertically aligned Au nanorod 

monolayer. Figure 4b shows the FLIM image of QD monolayer 

corresponding to Figure 4a. The crack band of QD monolayer film is 

vivid. The lifetime of CdSe/ZnS QD monolayer on vertically aligned 

Au nanorod monolayer is much shorter than that on Si substrates, 

which indicates that the lifetime of QDs decreases due to plasmonic 

interaction. Figure 4c shows time-resolved PL spectra of CdSe/ZnS 

QDs. The SiO2 spacer thicknesses are 0, 5, 10, 15, 20, 25, 30, 40 and 

50 nm, respectively. All the time-resolved PL decay curve can be 

well fitted as a bi-exponential function,

( ) ( )1 1 2 2( ) exp expτ τ= − + −I t A t A t , with two time constants: a fast 

decay (
1τ ) accompanied by a long-living emission (

2τ ), where ( )I t  

is the PL intensity.52, 53  The results are consistent with previous 

studies. The fast decay 
1τ  is associated with recombination of 

carriers from the delocalized states in the core region, where the 

slow decay 
2τ  originates from recombination of carriers from the 

localized states at the hetero-interface.54, 55 The average lifetime is 

defined by
1 1 2 2τ τ τ= × + ×a a , where 

1a  and 
2a  are the fraction of 

1τ  and
2τ , respectively. For CdSe/ZnS QDs on Si substrates, the 

lifetime is τ = 4.1±0.1 ns (τ1 = 2.3±0.3 ns and τ2 = 10.3±2.1 ns). 

Figure 4d shows the lifetime τ as a function of SiO2 spacer 

thickness. The lifetime was obtained by measurement and statistical 

analysis of many CdSe/ZnS QD monolayer on the vertically aligned 

Au nanorod monolayer (>10). The decay lifetimes τ are 2.4±0.14, 

2.0±0.2, 1.8±0.15, 0.9±0.1, 1.9±0.25, 2.6±0.16, 3.5±0.21, and 

3.7±0.2 ns in the case that SiO2 spacer thickness is 0, 5, 10, 15, 20, 

25, 30, 40 and 50 nm, respectively. The lifetime first achieves a 

minimum at a 20 nm spacer and then increase, which is 

corresponding to the PL enhancement results, where the 

enhancement of 10.4 times is maximized at a 20 nm spacer. It is 

important to note that the trends of τ1 and τ2 as a function of silica 

spacer thickness are same with τ, as shown in the insets in Figure 4d. 

Both τ1 and τ2 are minimized in the case of a 20 nm silica spacer. The 

decrease of life time is corresponding to the pronounced 

enhancement of PL. Therefore, the increased radiative rate is large 

enough and contributes to the PL enhancement, although plasmon 

coupling enhances both radiative and nonradiative rate.32, 46 

Generally speaking, three factors determine the overall PL 

enhancement: increased transition rate of electrons, increased 

radiative rate due to the coupling of the excitons with plasmons, and 

enhanced coupling efficiency of the fluorescence emission to the far 

field.44 When CdSe/ZnS QDs are excited by the incident photons, 

the electrons in the valence band transfer into conduction band. The 

transition rate can be enhanced by surface plasmon, because the 

photon absorption of QDs is increased by plasmonic coupling.25 

Meanwhile, the vertically aligned Au nanorod monolayer reflects the 

incident photons to excite CdSe/ZnS QDs again, which also 

contribute to the enhancement of transition rate.34 When exciton 

recombination induces PL emission, a new modified radiative decay 

rate is induced due to plasmonic coupling, new

radr . Therefore, the 

radiative decay rate is accelerated, 0= +sp new

rad rad radr r r , where sp

radr and 

0

radr  are the radiative decay rate with and without plasmonic coupling, 

respectively.34 Furthermore, the correspondence between plasmon 

resonance frequency (~610 nm) and emission frequency (~614 nm) 

enhances the coupling efficiency of emission to the far field. 

Therefore, the PL of CdSe/ZnS QDs is enhanced by plasmons. 

Therefore, we suggest that the increased excitation transition rate, 

 

 
Fig. 4 (a) Optical microscopy image of vertically aligned Au nanorod monolayer 

covered by CdSe/ZnS QD monolayer films. The SiO2 spacer is 10 nm. (b) Fluorescence-

lifetime microscopy image of CdSe/ZnS QD monolayer films corresponding to (a). The 

corresponding vertically aligned Au nanorod monolayer covered by QD monolayer in 

(a) are shown in the white dotted circles. The bare CdSe/ZnS QD monolayer is outside 

of the golden yellow in (a). The lifetime of CdSe/ZnS QDs is shortened vividly on the 

vertically aligned Au nanorod monolayer. (c) Time-resolved fluorescence spectra of 

CdSe/ZnS QD monolayer films on vertically aligned Au nanorod monolayer. The silica 

spacer thickness is 5, 10, 15, 20, 25, 30, 40, and 50 nm, respectively. The solid lines are 

fits to the data using an exponential decay function as described in the text. (d) The 

average lifetime τ as a numerical function of the silica spacer thickness. The lifetime was 

obtained by measurement and statistical analysis of (b). The insets show τ1 and τ2 versus 

the silica spacer thickness, respectively. 
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radiative rate of excition recombination for emission, and coupling 

efficiency of emission to the far field lead to the enhancement of 

CdSe/ZnS QD monolayer films, which have been proved by 

previous reports in theory and experiment. 33, 44, 56, 57 

Conclusions 

In summary, vertically aligned Au nanorod monolayers with ~7.7 

nm edge-to-edge gap size have been prepared by the evaporation-

induced self-assembly strategy at the internal region of drying 

droplet, where a near-equilibrium status is formed. This approach is 

extended to Au nanorods with the aspect ratio of 2.1, 2.3, 2.7, 2.9 

and 3.2, where the longitudinal plasmon bands are 656, 680, 717, 

755 and 780 nm, respectively. A vertically aligned Au nanorod bi-

layer is formed by decreasing the Debye length to 1.3 nm. During 

the self-assembly of Au nanorods, the electrostatic force and van der 

Waals force predominate, determining the self-assembling behavior 

of Au nanorods. Based on the vertically aligned monolayer 

consisting of Au nanorods with a longitudinal plasmon band at 717 

nm, we investigate the energy transfer between the plasmonic 

monolayer and CdSe/ZnS QDs. The SiO2 films deposited by 

sputtering are used as the spacer to control the distance between the 

plasmonic array and QDs. The CdSe/ZnS QD monolayer is coated 

on the vertically aligned Au nanorod monolayer. A maximum 

enhancement of 10.4 times is achieved at the 20 nm spacer, where 

the life time of CdSe/ZnS QDs is minimized to 0.9 ns. The PL 

enhancement is due to three components: the increased excitation 

transition rate of electrons from valence band to conduction band, 

the increased radiative rate in the case of exciton recombination for 

emission, and the increased coupling efficiency of PL to the far field 

through the scattering of the vertically aligned Au nanorod 

monolayer. 
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A vertically aligned CTAB-coated Au nanorod monolayer was formed by the evaporation-induced self-assembly, which provides a 

unique anisotropic plasmonic system to investigate the energy transfer between the plasmonic array and fluorophores.
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