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ABSTRACT  

The influence of gold nanoparticle concentration on signatures of localised surface 

plasmon mediated Förster resonant energy transfer is investigated in a quantum dot - gold 

nanoparticle sandwich structure. At lower gold nanoparticle concentrations localised 

surface plasmon mediated Förster resonant energy transfer enhancement of the acceptor 

emission is observed. At higher gold nanoparticle concentrations the acceptor emission is 

reduced, despite faster localised surface plasmon enhanced Förster resonant energy transfer 

rates being achieved. This is attributed to competition between localised surface plasmon 

mediated Förster resonant energy transfer and gold nanoparticle quenching effects.  
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INTRODUCTION 

It has been predicted theoretically1 - 3 that localized surface plasmons (LSP) supported by 

metal nanoparticles (NPs) can strongly enhance Förster resonant energy transfer (FRET)4 – 

a dipole-dipole interaction mechanism – between donor and acceptor species. FRET has 

been proven to be a working mechanism for sensors,5 - 7 energy harvesting structures8, 9 and 

light emitting devices,10 - 13 and thus, LSP mediated energy transfer could improve the 

efficiency and sensitivity of such FRET based devices. A few experimental demonstrations 

of LSP enhanced FRET have been reported over the past years.14 – 23 In order to implement 

this effect in applications it is important to experimentally control LSP FRET. However, 

the analysis and investigation of the different parameters influencing this process is 

complicated by the fact that the LSPs do not only affect FRET between the donor and 

acceptor species, but also have an impact on the optical properties of the donors and 

acceptors directly, in form of PL quenching and enhancement.24 – 35 

Due to their narrow and tunable emission bands,36, 37 semiconductor quantum dots (QDs) 

have been widely used to investigate FRET8, 38 – 42 as well as direct LSP quenching27 – 30 

and enhancement.31 – 34 Furthermore, first experimental proofs of SP enhanced FRET have 

been reported in mixed donor-acceptor QD layers17 – 19 as well as for separated QD 

structures.20 These mostly focus on the evaluation of the improvement of FRET 

efficiencies, rates and / or Förster radii compared to QD FRET structures without metal 

NPs. From the work on the direct impact of LSPs on the optical properties of fluorophores, 

it is known that LSP quenching, as well as enhancement, effects depend crucially on the 

optical properties of the metal NPs and fluorophores as well as the separation between 

them.25, 26, 29 – 32, 35 However, so far, only little has been reported on the impact of other 

important parameters, such as QD and metal NP concentration, metal NP-QD separations, 
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emission and absorption wavelengths of the QDs and metal NPs on the LSP FRET 

properties. 

The focus of the work presented here lies on the influence of the gold NP concentration 

on the signatures of LSP mediated FRET in an acceptor QD-gold NP-donor QD sandwich 

structure. Varying the gold NP concentration reveals (i) LSP FRET enhancement of the 

acceptor emission at lower gold NP concentrations and (ii) gold NP quenching dominated 

acceptor emission at higher gold NP concentrations even though the FRET rate is further 

enhanced. 

 

EXPERIMENTAL SECTION 

Sandwich structures were prepared by a layer-by-layer (LbL) assembly technique.43 The 

sandwich structures include an acceptor QD layer, an intermediate gold NP layer and a top 

donor QD monolayer, each separated by polyelectrolyte (PE) spacer layers. The PE layer 

thicknesses were validated by X-ray diffraction measurements. For comparison, reference 

structures comprised of single donor or acceptor monolayer, donor or acceptor monolayers 

on a gold NP monolayer as well as donor-acceptor bilayer structures were also 

investigated. 

The donor and acceptor QD layers were prepared with negatively charged CdTe QDs, 

stabilized by thioglycolic acid in aqueous solution.44 The donor QDs, with a diameter of 

2.5 nm, have a central emission wavelength of 559 nm, while the acceptor QDs, with a 

diameter of 3.3 nm have an emission peak at 623 nm. The QD size as well as the 

concentration in the deposited monolayers were determined from absorption spectra,44 

measured with a double beam UV-Vis Spectrometer (Shimadzu UV-2401 PC). The gold 

NPs used were positively charged colloidal gold NPs, stabilized by 4-
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dimethylaminopyridine (DMAP),45 with an average diameter of 5.5 nm. Gold nanospheres 

of this dimension are suitable for LbL prepared structures with well-defined separations 

between the constituent layers.20 The gold NP concentration in the layers was tuned by 

varying the immersion time from 1 to 20 minutes in a M 101 7  gold NP solution and the 

gold NP layer concentration was determined from their absorption spectra with the 

corresponding extinction cross section.46, 47 

All structures were prepared on quartz substrates covered with an initial PE buffer layer 

with an approximate thickness of 12 nm. The acceptor-gold NP separation and gold NP- 

donor separation were set to 12 nm and 3 nm, respectively, as this structure has been 

previously shown to exhibit clear signatures of LSP enhanced FRET.20 A schematic of the 

sandwich structure is shown in Figure 1(a). The LSP resonance of the gold NPs, with an 

absorption peak at 532 nm, overlaps well with the donor photoluminescence (PL) emission 

and acceptor absorption peak, as can be seen in Figure S1 provided in the supporting 

information. Additional details on the sample preparation and the solution concentrations 

used for the deposition can be found elsewhere.41, 48 

Signatures of LSP-FRET were characterized using PL, photoluminescence excitation 

(PLE) and time-resolved PL measurements. The QD PL and PLE spectra were recorded at 

room temperature with a Perkin-Elmer LS 55 fluorescence spectrometer using excitation 

provided by a pulsed Xenon lamp. For the PL spectra an excitation wavelength of 400 nm 

was used. Time-resolved donor PL decays were measured using a 500 nm broad band-filter 

with a full width at half maximum of approximately  nm 570  , to record the emission 

from the donor QDs only. The decay signal was recorded using a x40 objective lens over 

an area of 80 x 80 m2
 (150 x 150 pixels) with a PicoQuant Microtime 200 time-resolved 

confocal microscope with 150 ps time resolution. Picosecond excitation pulses at a 
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wavelength of 470 nm were provided by a LDH-480 laser head, controlled by a PDL-800B 

driver (PicoQuant), with an average power of 16 nW. Typically a repetition rate of 10 

MHz and an integration time of 4 ms per pixel were used. All PL spectra and decay 

measurements were repeated at more than one position on each sample to confirm sample 

uniformity, as well as reproducible excitation and collection conditions.  

 

RESULTS AND DISCUSSION 

As mentioned above, the investigation of the effect of LSPs on FRET between QDs is 

complex in that the gold NPs not only mediate energy transfer over a larger separation,20 

but they also have a direct influence on the QD PL which depends on the QD-gold NP 

separation and gold NP concentration.25, 26, 29 – 33 For the QDs and gold NPs used in this 

study only PL quenching was observed for bilayer structures comprised of a QD 

monolayer on a gold NP layer, for both the donor or acceptor QDs (as can be seen from the 

PL ratios presented in Figures 2 and the lifetime data shown in Figure 3, which will be 

discussed in more detail later). Characterization of the LSP FRET sandwich structure after 

the deposition of each constituent layer revealed that at an acceptor-gold NP separation of 

12 nm there is no emission visible from the acceptor QD monolayer. The acceptor 

emission is only recovered after the donor QD layer has been deposited, providing 

evidence for LSP FRET.20 This structure is well suited to investigation of LSP FRET as the 

signatures such as enhancement of the acceptor emission can be clearly identified with 

LSP FRET and not LSP emission enhancement effects. 

Typical spectra for the acceptor-gold NP-donor sandwich structure with different gold 

NP concentrations can be seen in Fig. 1(a). The spectrum of a reference bilayer structure 

without gold NPs and a layer separation of 21 nm is also included. For the reference 
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bilayer a separation of 21 nm was selected as it corresponds to the total separation between 

the donor and acceptor layers in the sandwich structure. As can be seen, for the lowest gold 

NP concentration investigated (blue line), the acceptor emission is increased relative to that 

of the reference structure without gold NPs (open squares), whereas the donor emission is 

slightly decreased. With increasing gold NP concentration, both the donor and acceptor 

QD emission are decreasing. 

 

Figure 1. (a) Emission spectra of acceptor-gold-donor sandwich structures with different 

gold NP concentrations as well as a reference bilayer structure without gold NPs. A 

schematic of the sandwich structure is shown in the top left corner. (b) Acceptor PLE 

spectra of an acceptor-donor bilayer structure (separation 21 nm, black line) and the full 

sandwich structure with an acceptor-gold separation of 12 nm, a gold-donor separation of 3 

nm and a gold NP concentration of 21710026.0  mcAu  (blue line). For reference the 

normalized gold NP absorption (open black squares) and donor PL emission (green line) 

are also included. The inset shows the acceptor PLE spectra of an acceptor monolayer 

(open, dark red squares) and an acceptor monolayer on a gold NP layer (separation 12 nm, 

red line). 
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Further evidence for LSP FRET can be seen in the PLE spectra of a sandwich structure 

(blue line) with a low gold concentration shown in Figure 1(b) in comparison with a 

similar bilayer structure without gold NPs (black line). There is no difference in the 

acceptor PLE spectra without donor QDs (included in the inset of Fig. 1(b)), indicating that 

there is no direct acceptor enhancement by layers with a low gold NP concentration at this 

gold NP-acceptor separation. The PLE spectrum of the sandwich structure, however, 

shows higher emission than the bilayer structure without gold NPs and an additional 

feature between 530 to 590nm. This feature appears at wavelengths where the donor 

emission and the LSP absorption peak (also included in the Figure) overlap. This is 

evidence of LSP mediated energy transfer from the donors to the acceptors at acceptor-

donor separations at which normally no energy transfer is observed. 

 

Figure 2. (a) PL ratio of the acceptor emission in a sandwich structure, 

BLAccSandwichAcc II ,, , and an acceptor on gold structure, MLAccgoldonAcc II ,, , as a function of 

the gold NP concentration. The line represents a fit of the PL quenching with theory for the 

acceptor on gold structure. (b) Gold NP concentration dependence of the PL ratio of the 

donor emission in a sandwich structure, BLDonSandwichDon II ,, , and a donor on gold 
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structure, MLDongoldonDon II ,, . The line represents a fit of the donor PL quenching on gold 

with theory. 

For a more quantitative analysis, the changes in the donor and acceptor emission 

properties are compared to those of only donor or acceptor QD monolayers on gold NP 

layers. To correct for variations due to small differences in the QD concentration, the 

relative emission with respect to structures with the same QD concentration but without 

gold NPs, i.e. a donor-acceptor bilayer structure or pure QD monolayer, was calculated. 

The PL ratio for the acceptor emission in the sandwich structure relative to the bilayer 

structure with no gold NP layer, BLAccSandwichAcc II ,, , is shown as a function of the gold 

NP concentration in Fig. 2(a). Also plotted is the PL ratio for the acceptor on gold 

structures relative to an acceptor monolayer, MLAccgoldonAcc II ,, . The trend measured for 

the acceptor on gold structures is fitted with a theory for non-radiative energy transfer 

between two planes – the fit with a FRET or nanometal surface energy transfer model 

results in the same concentration dependence.30 In particular, even values larger than 1 are 

observed for the two lowest gold NP concentrations investigated, corresponding to an 

absolute acceptor emission increase compared to bilayer structures with the same acceptor 

concentration but no gold NPs. The increase of the acceptor emission in the sandwich 

structure over that of the acceptor on gold structures decreases, however, with increasing 

gold NP concentration, reflecting the competition of two effects: the acceptor emission 

enhancement due to LSP FRET and the direct acceptor QD emission quenching by the 

gold NPs. 

This competition is further evidenced in the LSP FRET enhancement of the gold 

quenched acceptor PL, AuAccI  , summarized in Table 1. These values have been 
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calculated from the PL ratios for the sandwich structure relative to the bilayer structure, 

BLAccSandwichAcc II ,, , shown in Fig 2(a) and the values of the PL ratio of the acceptor on 

gold structure relative to the acceptor monolayer, MLAccgoldonAcc II ,, , at the same gold NP 

concentration which were obtained from the fit included in Fig. 2(a). As can be seen, the 

LSP FRET enhancement of the gold quenched acceptor PL is highest for the second lowest 

gold NP concentration investigated and decreases with further increase of the gold NP 

concentration. This shows that at higher gold NP concentrations the direct quenching by 

the gold NPs dominates the acceptor emission. 

The donor PL ratio, plotted as a function of the gold NP concentration in Fig. 2(b), 

shows a trend opposite to that of the acceptor PL ratio. The donor emission in the sandwich 

structure is always lower than that expected for a donor on gold structure with the same 

gold NP concentration. The trends of increased acceptor emission and the decreased donor 

emission are again clear evidence for LSP mediated FRET from the donor to the acceptor 

QDs in the sandwich structure. Furthermore, the difference between the donor PL ratio 

emission in the sandwich structure and that for the donor on gold is seen to increase with 

increasing gold NP concentration indicating that FRET to the acceptor QDs via the gold 

NPs is increasing. 

The donor PL decay properties are an important signature of FRET and can be used to 

further evaluate the LSP FRET. The main impact of LSP enhanced FRET is seen in the 

short lifetime component in this structure for these particular QDs.20 Examples of the 

measured PL decays are given in the inset of Fig. 3. Firstly, it can be noted that the donor 

PL decay for the sandwich structure is faster than for the donor on gold structure with 

similar donor and gold NP concentrations. It can also be seen that the PL decay lifetime 

shortens with increasing gold NP concentration in the sandwich structure. The gold NP 
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concentration dependence of the relative donor lifetime for the sandwich, 

BLDonSandwichDon ,,  , and donor on gold structures, MLDongoldonDon ,,  , is shown in Fig. 3. 

The lifetimes are given as relative values with respect to donor lifetimes in donor 

monolayers with the same QD concentration in order to correct for differences arising from 

variations in the donor concentration.48 The measured lifetimes for all sandwich and 

reference structures are given in the supplementary information. 

 

Figure 3. Relative donor lifetime in a sandwich structure, BLDonSandwichDon ,,  , and a 

donor on gold structure, MLDongoldonDon ,,  , calculated as a ratio with the respective donor 

lifetimes in a donor QD monolayer with the same QD concentration. The line indicates a 

fit of the lifetimes in a donor-gold structure with theory for quenching by non-radiative 

energy transfer. Shown in the inset is a close-up of the first 3 ns of the donor PL decay in 

two sandwich structures (grey and black line) with different gold NP concentrations (black 

line: -217 m 10086.0 Auc , grey line: -217 m 10092.0 Auc ) as well as for a donor on gold 

structure with similar donor and gold NP concentrations (green line). 

In line with increasing donor emission quenching, the decrease of the short component of 

the donor PL lifetime - with respect to the lifetime determined for the donor on gold 
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structures without acceptor QDs - is stronger with increasing gold NP concentration. 

Comparing the short donor lifetime component in the sandwich structures with the values 

of the donor lifetime for a donor on gold structure at the same gold NP concentration, 

taken from the fit with theory for quenching by non-radiative energy transfer (line), shows 

that the FRET rate, LSPFRETk  , (also given in Table 1) increases from   1ns 26   to 

  1ns 3.01.2   with increasing gold NP concentration from -2
Au m c 1710063.0   to 

-2m 1710092.0  . At the lowest NP gold concentration investigated, -2
Au m c 1710026.0  , 

the difference between the donor lifetime of the sandwich structure and that from the fit to 

the donor on gold data is within the error on the lifetime measurements, and consequently 

this sample is not included in the below discussion of the FRET rate. However, the smaller 

lifetime difference at the lower concentration further demonstrates that the FRET rate is 

even slower at lower concentrations. The error on the calculated FRET rate reduces with 

increasing Au NP concentration and a clear trend of increasing LSP FRET rate with 

increasing Au NP concentration over the range studied is observed, in agreement with the 

shortening of the PL decays as shown in Fig. 3. 

Several theoretical and experimental reports in the literature have shown that energy 

transfer between QDs can be well described by the theory of FRET between two dipoles, 

despite the relatively large size of the QDs.40,41,48,49 In comparisons of experiment and 

theory the CdTe QDs were approximated as spheres, and the QD radii were used in the 

calculation of the centre-to centre separations.41,48 This approximation is further supported 

by the agreement between the theoretical and experimental data for the dependence of the 

1s-1s electronic transition on the QD size, in which the QDs have also been treated as 

spheres.44,50 The relative increase of the FRET rate and efficiency due to the interaction 

with the LSPs can be determined by comparison with values calculated from FRET theory, 
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as previously reported.20 The theoretical calculations of the FRET rate (given in equation 

1) and the FRET efficiency (equation 2) are based on a Förster radius of  nm 2.09.30 R  

which was determined from the spectral overlap of the donor emission and acceptor 

absorption and a donor-acceptor centre-to-centre separation of  nm 7.14.23  . 
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An average FRET rate of   11 ns200 500 
 theoryFRETk , with an average expected 

FRET efficiency,  %06.012.0 theoryFRETE , is found for the bilayer structures with no 

gold nanoparticles and a centre-to-centre donor-acceptor separation of  nm 7.14.23  , 

given in Table 1. Variations in the acceptor and donor QD concentration (the latter 

impacting on the donor lifetimes48), result in a spread in the FRET rates calculated for each 

sample. The theoretically expected FRET rates and efficiencies for each sample are 

provided in Table S1 in the supporting information along with the details of the parameters 

relevant for the calculations, such as the QD concentrations. 

For the largest gold NP concentration of -217 m 10092.0 Auc  a FRET rate of 

  1ns 3.01.2   and a FRET efficiency of  %121  are determined from the short donor 

lifetime component, while theory predicts a FRET rate of   1ns200 005   and a FRET 

efficiency of  %06.012.0   for this large donor-acceptor separation. This corresponds to 

an increase of the FRET rate by a factor of ~200 and a ~150 fold enhancement of the 

FRET efficiency. Including all the uncertainties on the experimentally measured quantities 

results in relatively large errors on the calculated FRET rates and efficiencies, but despite 
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this the enhancements are significant. Furthermore, by calculating back with equation (1) 

and (2) the apparent Förster radius 0R  in the sandwich structure can be determined from 

the measured FRET rate and efficiency. The values of 0R  for the sandwich structures with 

different gold NP concentrations are also included in Table 1. For the highest gold NP 

concentration investigated,  nm 4.04.90 R  is determined, increased by )%20240(   

over the nm0.2)(3.9  in a bilayer structure without gold NPs. 

 

Table 1. Different parameters determined for the sandwich structures with varying gold 

NP concentration ( Auc ): absolute acceptor PL change ( AccI ) (a), gold quenched acceptor 

FRET PL enhancement ( AuAccI  ) (b), inverse FRET rates measured in the sandwich 

structure ( 1
LSPFRETk )(c), FRET efficiency ( LSPFRETE  ) determined experimentally for the 

SP sandwich structure, and Förster radius ( 0R ) determined from experimental data. 

Auc  

 217 m 10   
AccI  (a) 

[%] 
AuAccI   (b) 

[%] 

1
LSPFRETk  [ns] LSPFRETE   

[%] 
0R  [nm] 

0   500±200(c) 0.12±0.06(c) 3.90.2 

0.026 + 19 34 - 1.590.04 5.91.4 

0.063 + 14 49 62 8.60.2 8.20.5 

0.086 - 13 24 2.90.4 16.90.5 9.20.4 

0.092 - 30 2 2.10.3 211 9.40.4 

(a) The absolute acceptor PL change ( 1,,  BLAccSandwichAccAcc III ) was determined 

from the integrated acceptor emission in the sandwich structure ( SandwichAccI , ) and that of 

the acceptor-donor bilayer reference ( BLAccI , ). 

(b) The gold quenched acceptor PL enhancement ( 1,,   goldonAccSandwichAccAuAcc III ) 

was calculated from the integrated acceptor emission in the sandwich structure 
( SandwichAccI , ) and that for a corresponding acceptor on gold structure ( goldonAccI , ). 
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(c) The values given correspond to the average calculated FRET rate, 1
 theoryFRETk , and 

FRET efficiency, theoryFRETE  , for a bilayer structure with no gold NP layer and centre-to-

centre donor-acceptor separation of  nm 7.14.23  . 
 
In Table 1 the inverse FRET rate, 1

LSPFRETk , the absolute acceptor emission change 

(compared to the bilayer structure without gold NPs), AccI , as well as the enhancement of 

the acceptor emission from the sandwich structure relative to the reference acceptor on 

gold structure (which exhibits quenched acceptor emission), AuAccI  , are summarized for 

the different gold NP concentrations. At the low to intermediate gold NP concentrations an 

enhancement of the acceptor PL is observed. At the lowest concentration investigated the 

LSP FRET enhancement of the acceptor PL is greater than the quenching by the gold NPs 

and an absolute acceptor emission increase of %19 AccI  is observed. Although the LSP 

FRET rate increases with increasing gold NP concentration, the effect of direct PL 

quenching of the QDs by the gold NPs does too. Consequently, the competition between 

LSP FRET enhancement of the acceptor PL and direct PL quenching leads to a maximum 

enhancement of the gold quenched acceptor PL of %49 AuAccI . At the highest gold 

NP concentrations investigated, where the LSP FRET rate is the highest, the acceptor PL 

enhancement is low due to the larger direct acceptor emission quenching. 

 

CONCLUSIONS 

In conclusion, we have presented further evidence for LSP enhanced FRET in QD 

sandwich structures with an intermediate gold NP layer and investigated the influence of 

the gold NP concentration on the signatures of LSP FRET. In the low to intermediate gold 

NP concentration range an enhancement of the acceptor emission can be observed. An 

absolute acceptor emission increase of 19% with respect to an acceptor-donor bilayer 
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structure without gold NPs was realized at the lowest gold concentration investigated, 

whereas a 49% enhancement of the acceptor emission relative to that quenched by the gold 

NPs was achieved at a slightly higher gold NP concentration. Even though the highest 

FRET rates were achieved at the highest gold NP concentrations, the acceptor emission 

enhancement was reduced for these conditions due to dominating direct quenching by the 

gold NPs. This clearly shows that careful engineering of the metal NP and QD properties, 

including the metal NP concentration, is necessary to obtain an optimized LSP FRET 

effect. 
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