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Zinc Oxide (ZnO) nanorods (NRs) have been demonstrated as a promising platform for enhanced fluorescence-based 

sensing. It is, however, desirable to achieve a tuneable fluorescence enhancement with these platforms so that the 

fluoresence output can be adjusted based on the real need. Here we show that the fluorescence enhancement can be 

tuned by changing the diameter of the ZnO nanorods, simply controlled by potassium chloride (KCl) concentration during 

synthesis, using arrays of previously developed aligned NRs (a.k.a. aligned NRs forest) and nanoflowers (NFs). Combining 

the experimental results obtained from ZnO nanostructures with controlled morphology and computer-aid verification, we 

show that the fluorescence enhancement factor increases when ZnO NRs become thicker. The fluorescence enhancement 

factor of NFs arrays is shown to have a much stronger dependency on the rod diameter than that of aligned NRs arrays. 

We prove that the morphology of nanostructures, which can be controlled, can be an important factor for fluorescence 

enhancement. Our (i) effort towards understanding the structure-property relationships of ZnO nanostructured arrays and 

(ii) demonstration on tuneable fluorescence enhancement by nanostructure engineering can provide some guidance 

towards the rational design of future fluorescence amplification platforms potentially for bio-sensing. 

Introduction 

Fluorescence-based biosensing1–4 is a widely adopted 

approach for early-stage diagnosis but still faces challenges,5,6 

such as sensitivity, high throughput capability and adjustable 

sensing signal output. ZnO7–9 is a semiconducting piezoelectric 

material with a direct band gap (3.37 eV) and large exciton-

binding energy (60 mV)7 which can form various 

nanostructures6–8,10–23 via numerous established processes. Its 

usefulness has been demonstrated in a broad range of 

applications, such as solar cells11,24, piezoelectric 

nanogenerators25,26, light emitters27 and optical waveguides28. 

Recently, non-toxic ZnO nanostructures, such as aligned 

nanorods (NRs) forest and nanoflowers (NFs), have been 

fabricated as low-cost platforms for fluorescence 

enhancement, which can amplify the signal of fluorescence-

based sensors.6,12,29–39  

The most accepted mechanism to explain the fluorescent 

enhancement is the large evanescent electric field excited 

around the surface of the ZnO structure, that leads to 

increased  excitation of the fluorophore.33,40,41 Previous 

modelling studied by Börner et al.
42 showed evanescent 

electric field enhancement close to the surface of the ZnO. 

Their analysis over a range of rod diameters, between 300-

1000 nm, suggests that such enhancement is a geometry-

dependent phenomenon. When NRs are sufficiently close 

together, the evanescent fields of adjacent rods may overlap 

constructively in the space, further increasing the overall 

electric field.33,40  Using finite difference time domain (FDTD) 

analysis, our group previously investigated electric field 

enhancement due to aligned ZnO NR arrays of 70 nm 

diameter, excited by a normally incident electric field at 

wavelengths of 530 nm and 650 nm, respectively.12 The work 

showed that the electric field enhancement could account for 

the increase in fluorescence for aligned NR arrays, which was 

less than 1 order of magnitude. In the same study the 

fluorescent enhancement due to NFs was also studied under 

the same conditions and was found to be about 4 times higher 

than for aligned NRs, once corrected for increased surface area 

available for fluorophore attachment.  

Whilst our NF system12,16 [ZnO rods grown on polystyrene 

spheres (PS)] shows superior performance in terms of 

fluorescence enhancement across the visible-light spectrum, it 

remains unclear to us whether the enhancement based on NFs 

can be tuned for the benefit of practical usage. The capability 

to tune the fluorescence enhancement on the same type of 

enhancement platform is quite useful, as it can offer the 

adjustability for signal output to prevent issues like signal 

saturation. 

Recent advancements in ZnO nanostructure11,22,32,36,43 

synthesis enable us to achieve very good control on the 

morphology of NFs. Such development renders us capable of 

understanding the relationship between nanostructure and 
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fluorescence enhancement with real samples. In this work, by 

controlling a single variable (i.e. KCl concentration during 

hydrothermal growth), we managed to tune the diameter of 

ZnO rods, so as to change the morphologies of both ZnO 

aligned NR forests and NFs. The relationship between the 

fluorescence enhancement and the diameter of ZnO rods, for 

both types of ZnO arrays, was investigated experimentally 

(Scheme 1). To provide further insights, finite-difference time-

domain (FDTD) modelling was carried out to simulate the 

electric field enhancement. The results show that the NF 

arrays produce larger fluorescent enhancements. The increase 

in rod diameter is found to be more effective in fluorescence 

enhancement for the NF arrays, than the NR ones.  

Experimental 

Materials 

Polystyrene (PS) spheres of diameter 800 nm (10 wt.%) were 

bought from Bangs Laboratories Inc., USA. The following 

materials were purchased from Sigma-Aldrich Co. and used as-

received: sodium hydroxide (99+%), zinc acetate dihydrate 

(99+%), 2-aminoethanol (99+%), 2-methoxyethanol (99.8%), 

zinc nitrate hexahydrate (99+%), hexamethylenetetramine 

(HMT, 99+%), polyethylenimine (PEI) branched , (3-

glycidyloxypropyl) trimethoxysilane (GPTS, 98+%), phosphate 

buffered saline (PBS) and biotintylated bovine serum albumin 

(bBSA, 80+%). KCl (99+%), ethanol absolute AnalaR 

NORMAPUR® (99.8+%) and super premium glass microscope 

slides were purchased from VWR International, LLC and used 

as-received. Streptavidin (SA) conjugated dye, Alexa Fluor® 

700 (AF700) was purchased from Invitrogen™ Thermo Fisher 

Scientific Inc. 

ZnO Nanorods (NRs) Forest and Nanoflowers (NFs) 

Fabrication 

NFs were formed by growing ZnO nanorods (NRs) on PS as 

described previously.12,16 A closed-packed polystyrene 

monolayer on a bare glass was initially formed using a liquid 

interface-mediated method.12,44 It was then converted to a 

non-close-packed PS monolayer by oxygen plasma size 

reduction12,45,46 using Etchlab 200 (SENTECH Instruments 

GmbH). The diameter of the PS spheres was reduced from 800 

nm to 400 nm. 

The method used for depositing the seed layer for aligned 

NR forest is well documented.12,22 For our procedure 0.75 M 

zinc acetate dehydrate and 2-aminoethanol were dissolved in 

2-methoxyethanol. After glass substrates were spin coated 

with the precursor solution (500 rpm followed by 2000 rpm for 

30 s respectively), they were heated on a hotplate at about 

300 � for 10 min after each coating procedure. Samples were 

coated 3 times and then annealed at 450 � for 60 min in a 

furnace.  

As for NFs, the seed layer precursor of NFs is 0.2 M zinc 

acetate dehydrate and 2-aminoethanol dissolved in 2-

methoxyethanol. Samples were initially prepared by spin 

coating (2000 rpm for 40s) with the precursor solution on the 

above-mentioned non-close-packed PS monolayer. They were 

then annealed at 95 °C for 40 min after each coating 

procedure. Each sample was coated and annealed 3 times. 

Both aligned NR forests and NFs were grown in a water 

bath at about 90 °C for 45 min. The aqueous solution for 

hydrothermal growth consisted of 25 mM HMT, 25 mM  zinc 

nitrate respectively, and 10 mM PEI. KCl (in quantities shown 

in Table S1) was added to the solution. The grown samples 

were rinsed with purified water and air-dried in ambient 

laboratory conditions. 

Fluorophore Attachment 

GPTS treatment for sample surfaces is described in the work 

reported by Hu et al.6,30 Samples were incubated with diluted 

GPTS solution (5% v/v in ethanol absolute) for 2h. They were 

then rinsed with ethanol absolute. The general procedures of 

bBSA and fluorophores attachment are described by Xie et al.47 

Briefly, as-received bBSA solution was diluted with PBS 

solution to be 100 mg/ml. Incubation lasted for 1h. After 

incubation, samples were rinsed with PBS solution and dried 

by blowing air. After bBSA attachment, samples were 

incubated with fluorophore (diluted with PBS solution, 6.25 

μg/ml).  Samples were finally rinsed with PBS solution and 

dried using compressed air. 

Characterization Methods 

Scheme 1. The schematic illustration for the morphological effect on the 

tuneable fluorescence enhancement using (a and b) ZnO aligned NR forests 

and (c and d) NFs. The flower structure shows more significant fluorescence 

enhancement than the aligned NR forests. Furthermore, increase in the 

diameter of ZnO rods appears to be more effective to further enhance the 

fluorescence on the NFs than on the aligned NR forests. 
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SEM images were obtained using a LEO Gemini 1525 field 

emission gun scanning electron microscope (FEG-SEM). 

Reflection measurements were carried out by using Cary 5000 

UV-vis-NIR spectrometer. All fluorescence emission spectra 

presented in this paper were obtained from non-polarised 

light using a Fluorolog Tau 3 system from HORIBA Jobin Yvon 

with 450 W Xe lamp excitation. Fluorescence spectra were 

corrected for the spectral response; scattered excitation light 

was blocked by long-pass filters. Alexa Fluor 700 (AF700) was 

excited at 690 nm with an emission measurement range of 

710-780 nm. 

FDTD Modelling  

FDTD modelling was carried out using the Open Source MEEP 

package.48 For the aligned NR arrays the model consisted of 

ZnO NRs with diameters between 40 nm and 85 nm and height 

170 nm on a glass surface. The aligned array model consisted 

of ZnO NRs in a hexagonal array with centre-to-centre 

separation of 300 nm. The excitation was an incident plane 

wave of wavelength 650 nm. The refractive index of the ZnO at 

650 nm was taken as being ca. 2.  

The NF array on the PS spheres was not modelled, since 

the topology could not be easily described in the FDTD model 

and the diffuse scattering inferred a large degree of 

randomness. Nevertheless, some insight was gained by 

considering two closely spaced nanorods, including where 

adjacent NRs are not aligned vertically, to simulate the effect 

of adjacent ZnO NRs on a polystyrene sphere. In this case we 

considered an isolated pair of nanowires, rather than an array, 

which was accomplished using perfectly matched layers (PML) 

to terminate the FDTD workspace, rather than use periodic 

boundary conditions to simulate an infinite array.  

In both FDTD models the resolution required was found 

using numerical convergence testing. A resolution of 5 nm was 

found to give good convergence for each model. The electric 

field plots were obtained using Matlab scripts which took the 

output of the FDTD simulations for points around the ZnO 

nanowires and solved Equation 1 in the main text. 

Results and discussion 

ZnO NRs can grow in the presence of acetate, formate, and 

chloride ions21. Meanwhile, Downing et al.
22 reported the 

effects of KCl concentration on the morphology of ZnO NRs. 

One of the conclusions drawn from their work is that the 

diameters of NRs will increase with increasing KCl 

concentration, as KCl can stabilise the polar (0002) plane 

facilitating the lateral growth of NRs.22 PEI, however, can 

hinder the growth in non-vertical directions.11 The grown 

diameter of ZnO NR, therefore, is a result of the competition 

between KCl and PEI. As described in the Supplementary 

Information, aligned NR forests and NFs were prepared by 

forming ZnO NRs on a flat glass substrate and on a pre-treated 

PS monolayer supported by glass respectively. In order to 

achieve arrays of aligned NRs and NFs with well-controlled rod 

diameters, we synthesised the NRs with different diameters by 

keeping the PEI concertation as a constant but varying the KCl 

concentration (Table S1). 

Figure 1. (a) Bright field transmission electron microscopy (BFTEM) image of ZnO nanorods for NFs. (b) High resolution 

transmission electron microscopy (HRTEM) image for the region highlighted in red square in (a). (c) Diameter of ZnO rods 

on NFs can be controlled by the concentration of KCl (aq) used during the hydrothermal growth. The diameter can be 

approximated as a linear function of KCI concentration (mean diameter = m.concentration+c), where m=0.112±0.013 and 

C =38.6±2.4. SEM images of NFs formed at various concentrations are also shown. Each scale bar indicates 1 µm. 
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Transmission electron microscopy (TEM) images (Fig. 1a & 

b) show an inter-planar spacing of ca. 5.2 Å, which matches 

with the d(0001) for wurtzite ZnO49 (i.e. the plane normal to c-

axis, shown in Fig. S1), confirming the longitudinal axis of the 

as-grown NR along the c-axis of wurtzite ZnO. Scanning 

electron microscopy (SEM) images of NFs samples obtained 

with various KCl concentrations (summarised in Fig. 1c) show 

that the rod diameter increases with KCl concentration. More 

quantitative results, for both the NRs and NFs, are given in Fig. 

S2 & S3, by measuring sufficient amount rods with ImageJ. It 

should be noted that for analytical purposes, we have assumed 

the cross-section of ZnO rods to be circular. From Fig. S4, 

between 50 mM KCl (aq) and 300 mM KCl (aq), we see that 

there is a linear relationship between KCl concentration and 

the mean diameter of the ZnO NRs. The overall results are 

consistent with those reported by Downing et al.
22. The KCl 

concentration has a slightly larger impact on the diameter of 

aligned NRs than the NFs (Fig. S2 & S3). We consider this to be 

due to the larger surface area of NF’s substrate (i.e. more of 

NRs grown on NF’s substrate per unit projection area). The 

effective KCl concentration for NF samples can be lower than 

that for aligned NR samples.  

In order to understand the morphological effect on the 

fluorescence enhancement of both aligned NR forests and NFs, 

a fluorophore, Alexa Fluor® 700 (AF700), was attached on the 

functionalised ZnO nanostructures (detailed in Supplementary 

Information). The emission spectra (710-780 nm) using AF700 

on aligned NR forest (Fig. 2a) and NFs (Fig. 2b) prepared with 

different KCl concentrations were obtained. For both types of 

samples the intensities are higher than that found on bare 

glass (a control sample). Emission peaks were found at the 

wavelength of ca. 728 nm. There are tiny peak shifts around 

this wavelength, possibly caused by local molecule-molecule 

and molecule-nanostructure interactions.  

The enhancement factor12 is applied to evaluate the effect 

of aligned NRs and NFs with different rod diameters on 

fluorescence spectra. As shown in Fig. 2c, the enhancement 

factor of aligned NRs increases marginally from ca. 3 to ca. 7 as 

a function of the diameter of NRs (from ca. 53 nm to ca. 93 

nm). In contrast, for NFs, it increases from ca. 19 to ca. 29 with 

diameter of NRs increasing from ca. 42 nm to ca. 72 nm (Fig. 

2c).  Our results for aligned NRs forest is consistent with the 

results from Yin et al.
31 using aligned NRs on Si substrate (6-

fold enhancement for thicker NRs compared with thinner 

ones). It has been understood that enhancement by aligned 

NRs is due to enhanced electric field at the outer radius of the 

ZnO, at the air-dielectric interface50. Previous work by our 

group12 showed an enhancement factor for AF 647 of less than 

an order of magnitude for aligned NRs with diameter 70 nm, 

height 170 nm and centre-to-centre separation of 150 nm. This 

correlated well with the electric field enhancement calculated 

by electromagnetic modelling. The results obtained in this 

work for aligned NRs show similar enhancement factors. 

As reported previously NF arrays can achieve much larger 

fluorescent enhancement than aligned NR forests.12 Fig. 2c 

shows that the NRs diameter has a more significant impact on 

the enhancement for NF arrays than that for aligned NR 

forests. A previous study16 of the optical properties of ZnO NF 

Figure 2. Fluorescence spectra for a) aligned NRs; b) NFs growing with different KCl concentrations;(c) Enhancement 

factors versus diameter for aligned NRs and NFs. 
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and NR arrays observed that, for NF arrays, the diffuse 

reflection is dominant. Reflection measurements of NF arrays 

(Fig. S5) indicate that the diffuse reflection is not only 

dominant, but also enhanced with the increase in rod diameter 

in the NF array. This indicates a strong degree of randomness 

in the array, which increases with diameter of the rods, 

otherwise the reflection would be predominantly specular.  
Using FDTD analysis12  we have investigated the electric 

field enhancement due to aligned ZnO NR arrays excited by a 

normally incident electric field at a wavelength of 650 nm. The 

electric field enhancement is found by considering the local 

electric field at the position and wavelength of excitation, E(xd, 

λex) and is given by: 
2

2

i

| E( , ) |

| E |

d ex
x λ

χ =                                                             (1) 

where Ei is the magnitude of the incident electric field. The 

results are shown in Fig. 3, and show an increased electric field 

between the NRs as the diameter increases. This is to be 

expected since the gap between the NRs is reduced, enabling 

strong interaction between evanescent fields of neighbouring 

rods.  

The randomness of the NF array makes it difficult to 

develop a representative electromagnetic model for predicting 

the electromagnetic field enhancement. However, we can 

consider two nanowires in isolation rather than in an array, 

which would be more representative of NRs with random 

orientation. Two cases are considered, one for parallel rods 

and the other where one NR is slanted at 10 degrees, to 

replicate the fact that they are on a spherical surface, e.g. a PS 

sphere. The detailed modelling information is provided in the 

Supplementary Information.   

Fig. 4 shows that for closely spaced NRs (i.e. not in a 

periodic array) the electric field enhancement is closer to the 

base of the rod, where the ZnO NR meets the PS. Even when 

the rods are not perfectly parallel (Fig. 4b) there is still 

significant electric field enhancement in the space between 

the rods. Based on this electromagnetic modelling we consider 

it likely that, for NF arrays, the fluorophores are captured and 

retained in areas of high electric field - where the NRs connect 

to the PS spheres - and this may be a contributing factor in 

their enhancement. It should also be noted that comparing the 

scale (colour-maps) for Fig. 3 and 4 that the isolated pairs have 

a factor of 2 higher electric field magnitudes in the gap.  It also 

needs to be recognized that the measurement of diffuse 

reflection is a far-field measurement, and so is not directly 

related to the magnitude of the electric near-field around the 

ZnO surface. Nevertheless, a large diffuse scattering would 

appear to indicate that strong fluorescent enhancement will 

occur and that the randomness of the array is an important 

parameter. Further enhancement by NFs would also be 

expected due the increased surface area due to the PS 

spheres, as there is a significant increase in surface area for 

the NF case.12 Therefore, we postulate that the total increase 

in fluorescent enhancement for the NF array is a combination 

of the increased surface area (for fluorophore attachment) and 

the electric field intensity also being higher in the regions 

where there is fluorophore attachment.    
The advanced material synthesis to form controllable ZnO 

nanostructures, controlled by a single variable (KCl 

concentration), allows us (i) to perform a systematic study of 

fluorescence enhancement versus diameter of ZnO NRs in two 

different arrangements (i.e. NFs and aligned NRs forest) and 

(ii) to illustrate the tuneable nature of the enhancement 

platforms. By comparing the fluorescence enhancement over 

NF arrays and aligned NR arrays with a range of NR diameters, 

we further confirm that NFs are superior to aligned NR forests 

for fluorescence enhancement. Apart from being able to 

enhance the fluorescence more significantly using a certain 

fluorophore,12 the enhancing capability of NFs can be 

improved/tuned to a larger extent with the increased NR 

diameter. Here, we show a prototypical example to 

demonstrate that morphology of nanostructures can influence 

their fluorescence enhancement performance. The tuneable 

nature of the fluorescence-enhancing platforms provide a 

working strategy (i) to improve the fluorescence signal output 

Figure 3. FDTD Electric field enhancement for different diameter ZnO 

aligned NRs at 650 nm. (Height 170 nm and centre to centre separation is 

300 nm).

Figure 4. FDTD Electric field enhancement between two ZnO NRs of 

diameter 85 nm. (a) For two parallel rods (b) Where the right hand NR is at 

an angle of 10 degrees to the vertical. In both cases the height of both NRs 

is 170 nm and centre to centre separation at the base is 300 nm. 
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and (ii) to customise the enhancement based on morphology 

control, which can benefit the development of next generation 

enhancement platform for fluorescence-based bio-sensing. On 

a more general level, the idea that can be extracted from our 

working system about using nanostructures obtained by 

controlling single factor (e.g. chemical concentration, 

temperature, growth duration, etc.)22,51–55 to achieve desired 

and tuneable functionality can be transferred to other systems 

where processing-structure-property relationship matters. 

Conclusions 

In this work ZnO aligned NR and NF arrays with NRs diameter 

between ca. 40 nm and ca. 100 nm were fabricated by 

changing the KCl concentration (50-300 mM for aligned NRs; 

100-300 mM for NFs). Larger NRs were obtained by increasing 

the KCl concentration. It has been demonstrated that 

increasing the diameter of NRs improves the fluorescence 

enhancement for both aligned NR forests and NFs, but more 

significantly for NFs. We show that ZnO NFs arrays cannot only 

effectively enhance the fluorescence of fluorophore but also 

exhibit tuneable fluorescence-enhancing capability. On a more 

general level, our understanding of morphology-dependent 

fluorescence enhancement can offer the opportunity to 

fabricate better and customisable fluorescence-enhancing 

platforms with controlled nanostructure morphology for 

applications, such as biosensing. 
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Table of content figure. We investigate a tuneable 

fluorescence enhancement effect for fluorescence-based 

biosensingwith ZnO aligned nanorod forest and nanoflower 

arrays with controlled morphology. 
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