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Abstract 
This paper reports  the combined plasmon coupled - surface energy transfer (PC-SET) and a 

distance-dependent model constructed by gold nanoparticles (GNPs) over zinc oxide nanorod 

(ZnO-NR) as a robust and tunable plasmontronic fluorescence regime for the detection of 

rhodamine 6G (R6G). Further, the deposition of metal created extraordinary contact through ZnO-

NR utilizing a rapid thermal process (RTP)  allowing the interaction of plasmon-coupled nature 

and surface energy transfer from the donor (R6G) to the acceptor  (ZnO). The percentage of energy 

transfer efficiency continuously decreased with the increment of GNPs size, shown by 72.93, 

67.52 and 47.86%, corresponding to the increase of the distance between the donor and acceptor 

of 63.03, 67.25, and 82.49 Å, respectively. In other words, the efficiency of PC-SET complied the 

1/d4 distance dependence model between donor and acceptor molecules with the detection of long-

distance ranges from 46.95 – 120 Å. These findings suggest that PC-SET process has a 

more realistic agreement with experimental outcomes and highly supports quenching 

efficiency impacts related to the size of GNPs, in which the smaller size of NPs causes’ greater 

effectiveness towards challenges in light harvest enhanced sensing system. 

Keywords: ZnO-Nanorods, PC-SET model, light-harvesting, GNPs size effect, Schottky barrier 

height (SBH), Plasmontronic- fluorescence sensor 
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1. Introduction 

Over the decades, various methods of synthesis and properties of metal oxide composites 

for the development of sensor applications have been reviewed [1,2]. Among them, noble metal-

semiconductor based plasmonic model has gained considerable attention and its coupled nature is 

a path toward the generation of  multidisciplinary research field. In other words, typically coupled 

nature relies on the interaction between electromagnetic fields and conduction electrons of metal 

together with semiconductor materials. In general, plasmons are regarded as collective oscillations 

of the conduction free electrons  taking part in the plasmonic model as well as in Maxwell 

equations. During the past years, many researchers reported advance techniques and methods for 

plasmonic properties related with surface plasmon polaritons (SPPs) and localized surface 

plasmons (LSPs) which offer broad applications in spectroscopy,photonics, energy devices and 

fluorescence sensing devices [3–7]. All these studies comprise a variety of procedures such as 

absorption, extinction, Rayleigh and Raman scattering, and electron transfer process. Among these 

phenomena, one of the promising techniques is light-harvesting resonance energy transfer between 

molecules in the presence of plasmonic materials where the influence of their tunable nature has 

also been substantially noted [8–10]. On the other hand, noble metal NPs and semiconductor 

nanomaterial have potential applications due to their excellent plasmonic and photocatalyst 

properties. In general, the application of zinc oxide (ZnO) as an optical semiconductor material is 

excellent pertaining to its wide direct bandgap (3.7ev), large exciton binding energy (60 meV) and 

outstanding thermal stability towards trend for plasmonic applications. Moreover, ZnO is 

intrinsically defective upon synthesis; these defects are usually with high foundation energies and 

need to be engineered to make it less defective surface and to contribute charge separation process 

upon light absorption. Oxygen vacancies and zinc interstitials are two predominant intrinsic 
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defects mostly  reported to be favorable for photocatalysis prospects. Later, Bora et al. reported 

that ZnO defects could be controlled by annealing at different temperatures for application in 

optoelectronic devices [11]. The defects have been noted to induce electrons/holes trapping with 

surface adsorbed oxygen and hydroxyl leading to the formation of O2
- over ZnO-NR surface. In 

contrast, metal GNPs and semiconductor material, such as ZnO-NR show essential characteristics 

such as surface plasmon resonance (SPR) as well as Schottky junction based model. Besides, the 

understanding of the FÖrster resonance energy transfer (FRET) method between two different 

dyes or different dipole communication is one of the rising topics nowadays. c A dye is commonly 

used in the biological system for FRET energy transfer study involving the dipole-dipole 

interactions between an excited donor (D) and an acceptor (A) molecules. Since the efficiency of 

FRET depends on the distance of separation between donor and acceptor molecules, the strategy 

towards GNPs size tunability should be meticulously designed. According to FÖrster theory, 

FRET technique is restricted up to the upper limit of separation of only 100 Å. According to 

Persson et al., the validated SET model and mechanism of dye quenching at a metal surface and 

the separation of donor and acceptor follow the d4 distance model [12]. In addition, the technique 

integrating surface energy transfer (SET) between the dye molecule and metal nanoparticles is 

noteworthy since it  enables distance measurement  closely twice as far as FRET. Hence, a 

profound understanding of the large scale surface for photonic applications in the form of light-

harvesting models is pivotal. Although these fundamental inventions gained tremendous attention, 

comparatively little has been discussed or reported concerning the potency of LSPR-coupled 

FRET for fluorescence enhancement. However, modification of the Jablonski model by 

combination with plasmonic metal nanostructures and a superior amount of incident energy can 

be collected by the donors and then transported to the acceptors with improved FRET efficiency. 
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The enhancement in the emission can be due to resonance energy transfer  generally resulted by 

the distance between the metal-semiconductor and the fluorophore. In this regard, FRET and LSPR 

could be coupled together to generate a prompt and strong light harvest fluorescence enhancement 

signal. Some research groups, such as Akhavan et al., reported donor-MNPs-Au acceptor (tri-

layer) in which LSP is supported by MNP-mediated energy transfer [13]. Furthermore, Cushing et 

al. elucidated  the control of hot electron injection and the PIRET processes in metal-

semiconductor heterojunctions for enhancing photo conversion in a semiconductor [14]. Whereas, 

Kim et al. reported FRET channels between LSPR-coupled donors and acceptors and discussed in 

detail about dual enhancement mechanism [15]. On the contrary, the size and shape-dependent 

surface plasmon resonance (SPR) of metal nanoparticles, such as gold or silver, has been broadly 

used in FRET-based sensing model in which the catalytic activity of metal NPs  is alterable   with 

the size of NPs. The metallic nanoparticles, such as gold nanoparticles, are highly noticed for their 

excellent characteristics regarding optical ability, high biocompatibility, and high surface area 

[16]. Additionally, researchers stated that the quenching efficiency of AuNPs increases with the 

larger particle size due to a substantial enhancement in the extinction coefficient and  the spectral 

overlap between the plasmon absorption band of AuNPs and the fluorescence spectra [17,18].  

Some studies denoted that smaller-sized gold nanoparticles reveal stronger fluorescence quenching 

effects on the molecules near the surface and quenching effects decreases with larger AuNPs size 

[19–23]. 

Herein, we introduce a simple, low cost and highly sensitive distance-dependent light-

harvesting FRET-based system, involving a novel surface engineered GNPs over ZnO-NR using 

R6G as donor and ZnO as acceptor. We found out that quantum yield (energy transfer efficiency) 

changed with different GNPs sizes over ZnO-NR as a consequence of  surface area via low-cost 
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solution-based hydrothermal route followed by annealing at different seeding temperatures in the 

first process and the optimization  toward the development of defectless ZnO surface in the 

subsequent process. In order to emphasize the plasmonic activity over ZnO-NR, the surface was 

treated with the gold thin film via thermal evaporation to avoid chemical effects over the device 

during measurement. The improvement of the engineered gold surface was proven effective by 

rapid thermal treatment based on the evaluation of GNPs size via RTP with ~60 s duration and 

interaction of R6G molecule to target the highly analytical optical device as dual enhanced and 

distance-dependent model. In this manuscript, we present a new perspective of analytical model 

for light-harvesting based on plasmon interaction with  the bandgap energy of the nanostructure 

semiconductor materials. Moreover, the size and shape of GNPs, and the kind of support will be  

important factors determining the light-harvesting efficiency of Au-based plasmonic 

photocatalysts. Overall, the development of light-harvesting PC-SET dual enhanced model could 

be developed as a potential platform for interdisciplinary work employing optical devices such as 

in clinical diagnostics, food quality control and drug delivery for biological and chemical 

applications. 

2. Materials and experimental methods 

2.1 The synthesis procedure of ZnO-NR on ITO glass 

A unique combined structure consisting of GNPs over ZnO-NR based on a low-cost solution 

process was prepared for this study. The step by step  process flow in Figure 1 shows the  seeding 

techniques at different temperatures and growth of ZnO-NR using hydrothermal method for the 

application in the plasmontronic-energy transfer-based dual enhanced model. In this case, ZnO 

seed layers were deposited onto ITO coated glass substrate by spin-coating of ZnO precursor 

solution. The solution was prepared by dissolving 5 mM zinc acetate Zn (CH3COO) 2·2H2O (99%, 
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Aldrich) in ethanol (Aldrich). Finally, the as-deposited film substrates were annealed at 400, 450 

and 500°C in air for 30 minutes, respectively, to create ZnO seed layer on ITO. Next, the sustained 

seed layer was dipped vertically into an autoclave Teflon container with an aqueous solution of 

equimolar zinc acetate and hexamethylenetetramine (C6H12N4) (Aldrich) for nanorod growth (1x1 

cm2) in 8 hours.  

 

Fig. 1. Schematic diagram of the experimental process as light-harvesting plasmontronic model 

2.2 ZnO-NRs based plasmontronic – SET electrodes  

After the growing process of ZnO-NR, different gold layer thickness over ZnO-NR via thermal 

evaporator was deposited at 3, 5 and 7 nm, respectively. For the deposition of gold, evaporation 

method was conducted to avoid chemical methods and reactions over the sensing area. In addition 

to the creation of GNPs over ZnO-NR, rapid thermal process (RTP) at 650°C with 60 seconds over 

the gold-coated surface was employed to generate the GNP islands. X-ray diffraction (XRD) 

analysis of ZnO Nanorods and composite with GNPs were examined using a Cu Kα radiation 

(Bruker Germany). Surface morphological images and elemental analysis were taken from field 
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emission scanning electron microscope combined with energy-dispersive spectroscopy (EDS) 

(FE-SEM, JEOL JSM-7500F). Thermal evaporator with a deposition rate of 1 Å/s under 106 m 

Torr pressure adjustment was applied. Rapid Thermal Anneal model SJ-RTA1000M-V (SJ High 

Technology, Taiwan) was used afterward to generate Au nano-island structure. Time-resolved 

measurements (TRPL) were made with 405 nm excitation and analyzed using time measurement 

histogram accumulating real-time processor by UniDRON with TCSPC (UniNano Biotech Co., 

Ltd., New Taipei, Taiwan).  The fluorescence lifetime was fitted by a bi-exponential decay model 

using Fluo-Fit software. 

2.3 Fluorescence signal detection based on nanomaterial  

Fluorescence detection is a powerful tool with a comprehensive range of applications in chemical 

and biological sciences. The need for ultrasensitive biological and chemical assay and the trend 

towards the biofunctionalization of nanomaterial has developed one of the newest fields in optical 

devices [24]. Due to the unique properties of nanomaterial, the biofunctionalized nanoparticles can 

yield a synergistic outcome in catalytic activity and biocompatibility to signal amplification in a 

new generation nanosensing optical devices. Mostly, metal nanoparticles promote direct electron 

transfer between the biomolecules and electrode surface and have a great ability for specific 

recognition and signal detection in optical, electrochemical, and photo-electrochemical models 

[25]. Among them, plasmontronic is one of the emerging techniques that takes advantage of 

plasmon electron properties to yield novel interactions between metal-semiconductor devices. To 

validate plasmontronic effect due to metal-semiconductor, we put R6G (10-4M) at the device and 

dried it over the surface to measure its response using the TRPL measurement method for possible 

conditions.   
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3. Results and discussion  

3.1 Surface Characterization and proposed device model 

The synthesized ZnO Nanorods and gold decorated ZnO sample was examined by XRD, FE-SEM, 

and EDX analysis for structural and morphological identification. Fig. 2 (A) describes the nature 

of the  hexagonal ZnO-NR with corresponding peaks of (100), (002), (101), (102) planes. After 

the decoration of gold over ZnO surface, newly (111) peaks were generated as a consequence of 

the deposition of gold (Inset) Fig. 2(B). All the peaks of ZnO could be indexed to hexagonal ZnO 

with lattice constants of a = 3.285, c = 5.126. The spacing values and relative intensities of the 

peaks greatly coincide with the JCPDS card no. 36-1451 for ZnO and 65-2879 for Au [26]. The 

effects of ZnO seeding temperature on the morphological properties of the structure were  shown 

in the change of ZnO-NRs diameter and density at 400, 450 and 500 °C seeding temperatures, 

respectively, where the length of NRs was approximately 1.5 to 2 µm as displayed in Fig. 2B by 

cross section of ZnO-NR [27]. It is denoted that the diameters of the nanorods were also increased 

with the higher  pre-annealing temperature of the seed layers, which may be due to the 

enhancement of the grain size of the seed layers. However, the formed nanostructures significantly 

affected the photon absorption efficiency at different annealing temperatures due to different 

morphology of ZnO-NRs. Similar results were reported previously by other groups in which 

clearly relate to solution method and seeding temperature [28]. RTP  plays an important role on 

the island surface properties and  is  considered as one of  GNPs patterning techniques over ZnO-

NR in correlation with gold layer thickness [29].  
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Fig.2 (A) XRD analysis of ZnO-NR & Au over ZnO-NR (Inset Fig.) (B) The  length of ZnO-NR 

(C-E) EDX analysis of GNPs over ZnO-NR and its atomic % effect due to gold thickness layer 

In Fig. 2 (C, D, and E), the EDX measurement confirmed the presence of gold atomic content over 

the ZnO-NR surface. The atomic content of Au showed the tendency to elevate after the decoration 

of ZnO-NR with Au film, with the percentage of 0.78 %, 1.55 %, and 2.92 % for deposited Au 

film with the thickness of 3, 5 and 7 nm, respectively. In contrast, from Raman spectrum analysis,  

we observed  that ZnO-NR grown under different seeding temperatures demonstrated  peak 

reduction with the higher seeding temperature. This indicates  the oxygen vacancy can be 

suppressed successfully as well as the improvement of the crystalline structure with decreasing 

oxygen vacancy [27].  

A similar concept from photoluminescence measurement and the defects modeled during the 

chemical process were likely to be an oxygen vacancy and interstitial oxygen  pertaining to the 

green and yellow bands in PL.  From the defect point of view, there are two types of oxygen defects 
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which belong to green and yellow bands. Two impurity levels boosting the electron-hole pair 

separation rate in ZnO Nanorods are produced in the presence of oxygen vacancies and interstitial 

oxygen defects. The drop of PL emission intensity as the effect of higher annealing temperature 

implies the reduction of oxygen defects in ZnO-NRs [30]. Outcomes indicate that after the 

deposition of GNPs over ZnO-NR with different surface defect densities, the establishment of the 

Schottky junction between Au and ZnO is  affected. Similar results were reported by Bora et al. 

which revealed that at the higher annealing temperature of ZnO-NR, the surface defects were 

minimized. The phenomenon confirms easy injection of the electrons during the Schottky junction 

model (SBH) and temperature effects as shown in schematic Fig. 3C [31]. Not only that, the same 

concept was claimed by Hwang et al., in a study of  GNPs@ ZnO-NR interface annealing at 450°C 

which retained the lowest barrier height (0.67 eV) in comparison to the samples annealed at 350°C 

with a barrier height of 0.72 eV [32]. From the above discussion, it  is notable that oxygen vacancy 

and surface defects on the ZnO surface also plays a vital role in photocatalytic and surface 

plasmonic activity [33].  Furthermore, Fig S7 Illustrates the UV–Vis absorption spectra of ZnO 

and different size of GNPs over ZnO due to RTA treatment over the surface. ZnO-NR shows no 

band at visible region as well as no plasmon nature. But the spectrum of nanocomposite at different 

size of GNPs clearly display an absorption in the visible region attributed to the localized surface 

plasmon band at around 500 to 660 nm wavelength. However, in this research, high density of 

GNPs was well distributed over ZnO-NR via RTP treatment and found to be actively taking part 

for a plasmonic PC-SET dual distance-dependent energy transfer for optoelectronic applications.  
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Fig.3 Illustration of mechanism & plasmontronic-fluorescence signal detection model (A) 

Schottky junction based plasmonic model and energy diagram (B) coupling between gold 

nanoparticles and distance aspect ratio (C) Energy diagram of temperature-dependent Schottky 

barrier height (SBH) model 

From previously reported data, we summarized the proposed theory of LSPR-FRET and distance-

dependent model focusing on the existing models in PC-SET as plasmon coupled aspects for light 

harvest fluorescence sensing model. Thus, existing models connected with PC-SET are (A) 

Schottky junction-based plasmonic model and energy diagram   explaining the detail  mechanism 

of plasmon excitation of GNPs over ZnO-NR and the   suitability of energy diagram for electron 

injection as well as the transfer of the electrons to fulfill SPR signal existence model [34]. (B) The 

GNPs which  essentially contributes in coupling interaction. These coupling interactions should 

depend not only on the distance for the coupling between GNPs, but also on energy similarly 

possessed by these waves  coupling between gold nanoparticles themselves  in regards with 

distance and particle aspect ratio or diameter [35,36]. (C) Energy diagram of temperature-

dependent Schottky barrier height (SBH) in which was found here that at high-temperature, SBH 
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would be reduced and electron could be injected easily from metal to semiconductor to form a 

route for plasmonic appearance [31].  The detailed schematic and explanation of energy diagram 

as development of light-harvesting plasmontronic fluorescence can be seen in Fig. 3.  

3.2 Modified Jablonski diagram and dual enhanced light-harvesting mechanism of energy 

transfer 

As previously studied by many research groups, transfer of energy and distance-dependent theory 

near metallic islands are mostly employed. However, applying metal-enhanced fluorescence 

(MEF) and interface with ZnO semiconductor as PC-SET dual enhanced model have emerged as 

a potential new core technique in optical devices [37]. Therefore, demonstrations and applications 

of MEF with semiconductor exploiting the effect of local field enhancement generated near 

metallic structures are considered novel techniques [38]. Metals can intensely interact with the 

incident light and yield concerted electrical fields with a localized charge density oscillation. In 

general as per classical Jablonski diagram, photon absorption results in a fluorophore in the first 

singlet state S1. The fluorophore can then emit a photon or radiate energy with a rate constant Γ, 

which is called as the radiative decay rate. The fluorophore can also return to the ground state by 

non-radiative decay with a rate (Knr) or due to some other quenching process (Kq). The quantum 

yield (Q0) of a fluorophore reflects a competition between emission of a photon and the non-

radiative decay process. 

0

nr q

Q
K K



 

 -------------------------(1) 

The fluorescence lifetime or decay time is the meantime a fluorophore remains in the S1 state and 

is given by: 

0

1

nr qK K
 

  
 ---------------------------(2) 
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The unique possibilities for modified Jablonski diagram are due to changes in excitation and 

emission levels. A metal particle can amplify the incident light field by interactions of the light 

with the free mobile electrons in the metal. For a fluorophore at an appropriate distance from a 

metal surface, the quantum yield (Qm) and lifetime (τm) are given by: 

m
m

m nr q

Q
K K



  

 -----------------------(3) 

1
m

m nr qK K
 

   
 ------------------------(4) 

Notably, under the same conditions, the proximity of a fluorophore to a metal can increase the 

radiative rate due to addition of Γm. This increases the quantum yield and decreases the lifetime.  

The fluorescent molecule (R6G) near the metal surface shows a competent coupling between the 

electromagnetic field and spatially confined free-electrons indicating higher emission intensity in 

the form of fluorescence [39]. Another substantial factor in this technique is the plasmon-coupling 

effect facilitated by a non-radiative interaction. If the plasmon and the fluorophore are at an optimal 

distance, the energy transfer between them is dominated [40]. However, surface energy transfer 

(SET) networks between LSPR-coupled donor and acceptor as the dual enhanced mechanism 

based on FRET theory and LSPR can be coupled to induce strong light harvesting fluorescence 

signal as presented in Fig. 4 (A). 
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Fig. 4 (A) Modified Jablonski diagram with fluorophore-metal-semiconductor interactions (B) 

Energy level diagram and possible electron transfer mechanism of Au/ZnO system in the  

presence of R6G (LSPR & SET as dual enhancement mechanism & model) 

Consequently, during lifetime measurement, no noticeable change in thelifetime was observed for 

the control sample (Table S1), yet, the mechanism might be different from that in metal-enhanced 

fluorescence (MEF) based PC-SET model. Our objective was to control the lifetime using a 

different substrate with and without GNP over ZnO-NR as explained in energy transfer model-

based TRPL. Conversely, the development of energy transfer model at the Au/ZnO interface can 

be explained from the energy diagram in which a Schottky barrier generated when the work 

function of the metal (5.1 eV) is higher than the electron affinity of the semiconductor (4.3 eV). In 
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the first step upon excitation of light (405 nm), the electrons from the lowest unoccupied molecular 

orbital (LUMO) of dye are transported to the conduction band of ZnO via tunneling effect across 

a thin layer of gold.  In the second step, upon excitation of light absorbed by the dye, the injected 

electrons into the gold nanoparticles embedded in the surface of the ZnO-NR trigger the 

accumulation of electrons in the Au nanoparticles. As a result, the Fermi energy of the Au 

nanoparticles is dragged closer to the conduction band (CB) of the ZnO and the transfer of 

electrons from the Au nanoparticles to the CB of ZnO could occur to establish charge equilibrium 

in the system as presented in Fig. (4B). Additionally, a similar mechanism has been reported where 

the Schottky barrier formed at the Au–ZnO interface reduces the charge recombination by blocking 

the transfer of electrons from ZnO to the dye and thus, improving the characteristics of DSSC solar 

cells [9,41].  

3.3 Time-Resolved photoluminescence (TRPL) Study & development of light-harvesting PC-

SET dual enhanced model: 

The time-resolved photoluminescence (TRPL) aqueous solution of R6G dye in the presence of 

GNPs over ZnO-NR as plasmonic energy transfer model is depicted in Fig. (5-7). For the TRPL 

study, a lifetime of R6G, ZnO and related composite hybrid materials at the different conditions 

with the tunable size of GNPs can be used to investigate the charge transfer deactivation process 

during reactions. Here, we also reported non-plasmonic and plasmonic energy transfer without 

GNPs as R6G/ITO, R6G/Au/ITO and R6G/RTP-Au/ITO analyzed from TRPL data in the 

supplementary material (Table. S1). It was analyzed that the system was less effective without 

ZnO-NR in control sample as shown in Fig. S1. In this context, the fast decay component (Ƭ1) can 

be attributed to non-radiative recombination originating from free exciton state, and slow decay 

component (Ƭ2) is ascribed to radiative bound exciton states [42]. From bi-exponential fitting data, 
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component (Ƭ1) and (Ƭ2) vary after the decoration of gold over ZnO-NR with composite materials 

and tunable nature of GNPs size as well as the average lifetime.  

TRPL Bi-exponential profile was fitted with this following equation 

                                    
1 2

1 2

( ) exp exp
t t

I t A A
 

    
    

    --------------------(5) 

Where I (t) is intensity, τ1 and τ 2 are decay times, and A1 and A2 are relative magnitudes. 

                    Average lifetime  
 2 /av i i i iA A    

 --------------------------(6) 

The photoluminescence decay time of the R6G dye solution without gold is a single exponential 

model, and the value is 3.51 ns in which the decay lifetimes of dye molecules in the presence of 

GNPs over ZnO-NR are fitted by bi-exponential decay (eq.5). The tabulated data (Table.S2) 

summarizes the time constants and relative amplitudes for three different seeding temperature of 

ZnO-NR grown and compares them by bi-exponential fits. According to the reported PL studies, 

the seeding temperature at 400 and 450°C exhibit an extrinsic defect over ZnO surface with the 

low performance for a stable device due to surface defects (Table S2 (A-B)) [43]. In our study, at 

500°C, high temperature-annealed ZnO had fewer defects and its results were consistent with 

reported data as well as its intrinsic nature as demonstrated in Fig. 7B. As can be checked (Table 

S2(C)), at 500°C seeding temperature, the fast components are 3.97, 4.49 and 5.21 ns and slow 

components are 0.20, 0.18 and 0.21 ns with R6G dye solution in the presence of GNPs over ZnO-

NR. The average lifetime increased with the value of 0.95, 1.14, and 1.83 ns, respectively, 

following the subsequent thickness of 3, 5 and 7 nm   GNPs layer over ZnO-NR. This finding 

confirms the plasmon coupled-SET as a dual enhanced energy transfer model as shown in the drop 

of an average lifetime from 1.25 to 0.95 ns in the presence of GNPs over ZnO after RTP treatment 
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whichapparently proves the transfer of energy from donor to acceptor. This outcome is in a good 

agreement with previously reported work on the fluorescence lifetime decrement when R6G 

interacting with the spherical, shaped, and capped Au NPs [44].  

Hende, the energy transfer efficiency from dye to Au nanoparticles can be calculated by using this 

equation: 

                           
 (%) 1 /DA DET   

 ----------------------------(7) 

From previously reported works of literature, a significant number of theoretical modeling and 

experiments has claimed that the molecular interaction of a dye with a dipole is damped by the 

reaction of a nearby metal NPs [45,46]. Moreover, quenching and enhancing of the fluorophore 

intensity are linked to a space mechanism connecting the dipole of the donor and the gold NP as 

acceptor as the possible interfaces with free electrons. Researchers also reported that because small 

metal NPs are not actively involved in the SPR mechanism, they cannot accept more energy on 

the surface [18,47]. Another aspect is that smaller NPs are better for a plasmonic model and its 

related applications [19,22,48,49]. However, the smaller GNP size is highly noted to be the least 

intrusive component in biological system and applications. A previous study has reported that the 

efficiency of FRET depends on the inversed sixth power of the distance of separation between 

donor and acceptor. However, FRET model is restricted on the upper limit of only 100 Å because 

the energy transfer becomes too weak [50]. Using similar postulation, Chance et al. described the 

rate of energy transfer from a dipole to a metallic surface and interband transition [45]. This was 

further extended by Persson et al., to the metal’s conduction electrons and known as surface energy 

transfer (SET) [12]. Later, Gersten-Nitzan models were also used for the modeling of dipole-dipole 

interactions with plasmonic gold NPs, however, it’s not suitable to explain both the distance 

dependence and quenching efficiency of dye together precisely [51]. According to Persson and 
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Lang model, the momentum and energy conservation in the dipole induces the creation of electron-

hole pairs on a surface and is also suitable and useful for modeling this system [12]. Because of 

this model, the rate of energy transfer is calculated using the Fermi golden rule which is related to 

excited-state molecule with the simultaneous scattering of an electron in the neighboring metal to 

above the Fermi level. However, in regards with  the conservation of momentum, to be considered 

plasmonic, the excitation of an electron-hole pair must coincide with an electron-electron and 

electron-surface potential scattering. Based on Persson model, the detail derivation of the damping 

rate to a surface of a noble metal is presented in the supporting file wherein final, the distance 

between donor and acceptor was obtained by using the following formula: 

                                            

1/4

0

1
1d d

ET

 
  

  -------------------------------- (8) 

From the proposed above model, the calculated d values between donor and acceptors at all 

possible condition and together with three different seeding temperatures of ZnO-NR can be 

explained (Table S2). From equation (4), the efficiency of (surface energy transfer) SET depends 

on the inverse fourth power of the distance and separation between donor and acceptors, d0 

represents the quenching distance (details can be found in the supplementary file with help of Eq.4 

to 6). From the tabulated d values and TRPL, the distance value changes along with the size of 

GNPs, respectively. We can see that at 400 & 450°C seeding temperature of ZnO, the distance 

between donor and acceptor values  dropped from 120, 111 to 64.83 & 52.15 Å altogether with 

the changes of GNPs size as displayed in in Fig.5 & 6 (A, B and C). From the graphs, it is 

noticeable that the energy transfer efficiency (ET %) and distance dependence are inconsistent 

with each other. But at 500°C seeding temperature of ZnO, the distance between donor and 

acceptor leveled up from 63.03 to 82.49 Å altogether with the changes of GNPs size as well as the 
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loss of ET efficiency (%). From Fig.7 (A, B, C), it is elucidated that energy transfer efficiency 

(ET) and distance dependence are opposite and consistent with each other. This outcome follows 

well the plasmon coupled-SET proposed a model for a strong dual enhanced nature of the device. 

More importantly, it was observed that the attachment of dye molecules also varied with the shape-

changing of Au nanoparticles. It is exciting to note that a similar trend is observed in the FRET-

based model, but its values are restricted to the upper limit of 100 Å. Hence, in the present study, 

it is indicative that the energy transfer process from dye to GNPs over ZnO follows a surface 

energy transfer (SET) process and a 1/d4 distance dependence model. 

 

Fig.5 Time Constants (τ) and Relative Amplitudes, and Bi-Exponential Fits of the PL Decay 

Profiles for (A) TRPL response at 400°C; and (B) Average lifetime and (C) respective energy 

transfer and distance-dependent values related to GNPs size over ZnO-NR 

 

Fig.6 Time Constants (τ) and Relative Amplitudes and Bi-Exponential Fits of the PL Decay 

Profiles for (A) TRPL response at 450°C; and (B) Average lifetime and(C) respective energy 

transfer and distance-dependent values `related to GNPs size over ZnO-NR 
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Fig.7 Time Constants (τ) and Relative Amplitudes and Bi-Exponential Fits of the PL Decay 

Profiles for (A) TRPL response at 500°C; and (B) Average lifetime and (C) respective energy 

transfer and distance-dependent values related to GNPs size over ZnO-NR 

3.4 Size-Dependent Fluorescence and Quenching Effect 

Based on our analysis and results, we believe that the quenching effect in nanoparticles is size-

dependent and can be explained using modified Jablonski diagram based on plasmon-coupled 

energy transfer efficiency and distance-dependent model. The coupled plasmon transitions 

typically involve between the donor emission and acceptor absorbance in FRET as PC-SET 

models. Initially, a donor fluorophore absorbs the energy due to the excitation of incident light and 

transfers the excitation energy to an adjacent ZnO-NR as the acceptor as displayed in Fig. 4A & 

B. From our experimental data, an ascending trend of the relative lifetime was observed as the 

fluorophore moved farther away from the particle surface as displayed in Fig.8 (A) where the 

distance changed with different GNPs sizes reflecting the effects of seeding temperature over ZnO-

NR. Distance-dependent ranges do not restrict the FRET model until 100 Å as shown by the dotted 

line in Fig. 8 (A) [52]. The observed phenomena were supported by the findings of Chhabra et al., 

which report that the distance dependence of surface energy transfer behavior, i.e., quenching 

efficiency, is proportional to 1/d4.60 Conversely, it is noted that metallic particles or colloidal 

particles affect the radiative energy rates of fluorophore dye close to the surface, and surface 

energy transfer (SET) changes subsequently. It indicates that fluorescence quenching of nearby 
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molecules is due to small GNP size. Therefore, the emission near the surface of the GNP over ZnO 

might be quenched by the energy-transfer mechanism where the quenching efficiency affects the 

size of GNPs Fig.8 (B).  

 

Fig.8 (A) Characteristics of average lifetime vs distance between donor and acceptor; (B) 

Quenching efficiency variation vs GNPs size. 

The stronger quenching efficiencies with smaller sizes of GNPs were  in a linear correlation with 

previously published results on the size-dependent quenching by gold nanoparticles on 

fluorescence dye. The reason being for this condition can be due to the fact  that (1) the bigger 

GNPs have the lower surface area with a progressive decrease in particle size and can accumulate 

a large number of probe molecules around the gold particles. As a result, smaller particles become 

more proficient quenchers of molecular fluorescence than the larger ones. (2) Quantum yield is 

primarily governed by the non-radiative lifetime and can be approximately equal to radiative 

lifetime. Researchers also reported similar results highlighting that the rate of non-radiative 

lifetime increment with particle size is much higher than the radiative lifetime [43]. From the above 

discussion and reported results, it is evident that strong self-assembly of GNPs over ZnO-NR 

provides a robust plasmonic surface in which the proposed energy transfer model is highly 
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potential towards the development of the distance-dependent light-harvesting dual enhanced-

fluorescence sensors. 

Table 1. Comparison table of previously published plasmon coupled fluorescence emission 

based on FRET model. 

S. 

No

. 

Types of 

Material/Synthesis/platform model 

Maximum 

transfer 

efficiency 

(%) 

Detection of 

fluorescence 

emission  (As 

distance ranges) 

A0 

Ref. 

 

 

1. Au NPs/ Solution-based /FRET 55  

86.06 to 102.47 

[53] 

2. Au@ZnO/ Core-shell colloidal 

approach/FRET 

72.6 67.6 to 88.2 [44] 

3. Au NP-dye conjugate / Chemical synthesis/ 
SPR / NSET 

 n/a 68.75 to 118.1 [54] 

4. Au/CdSe (QD)/ Chemical/ Colloidal 
method/FRET 

40.9 95.3 to 110.3 [55] 

5. Acriflavine (Acf)-R6G/ FRET 55.4 74.3 to 61 [7] 

6. GNP–dye/ Solution method / FRET n/a n/a [18] 

7. CDs to MoS2/ Hydrothermal/ Sono chemical 

method/ FRET 

50 n/a [24] 

8. BODIPY–AuNPs composite/ Solution 
method/Chemical process/ FRET 

n/a  n/a [25] 

9. GNPs@ZnO-NR/ Solution-based 

hydrothermal method/thermal 

evaporative/ SPR-FRET(Light harvesting 

mechanism) 

89.74 46.95 - 120 Present 

work 
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4. Conclusions 

In summary, we have demonstrated a simple, low-cost solution-based defectless ZnO-NR at 

different seeding temperatures and compared GNPs coated nanostructure over ZnO-NR with other 

prospective applications together with dual enhanced nature. Additionally, we studied the effect 

of GNP size and energy transfer efficiency between the dye and Au nanoparticles over ZnO-NR 

with time-resolved spectroscopy. From the above results, a higher value of distance-dependent 

was achieved in the proposed structures with the decrease of energy transfer efficiency (ET) 

correlated to GNPs size over ZnO-NR. Our result affirms that the energy transfer efficiency and 

distance-dependent do not necessarily increase or decrease together in a plasmonic and non-

plasmonic system. However, the larger GNPs with lower surface area and progressive decrease in 

particle size can accumulate a large number of probe molecules around the gold particles. 

Therefore, smaller particles become more proficient quenchers of molecular fluorescence than the 

larger ones. Overall, the proposed development of a light-harvesting PC-SET as dual enhanced 

sensing model is a novel challenging approach and remarkably envisaged to fill the niche for 

interdisciplinary works such as in food quality control and drug delivery as a new generation of 

optical device applications. 
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