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Abstract 

 

The variable plasmonic resonances of metal nanoparticles have many applications across a wide 

range of fields, including the modification of the emission of photoluminescent materials. The 

plasmonic interactions of gold nanoparticles with two types of photoluminescent nanoparticles 

are explored. Plasmonic gold nanoparticles are synthesised: nanorods, bipyramids, and nanostars. 

The concentration of the reagents used in their syntheses are varied to produce nanoparticles 

with both sharp and broad plasmon resonances across the visible and near infrared spectrum, 

from 600 nm to above 1100 nm. The particles are also simulated, to observe the electric field 

enhancements of each particle type. A full investigation into the effect of varying the 

concentration of the reducing agent, l-ascorbic acid, in the synthesis of bipyramids is carried out. 

A nonlinear dependence is found, with a sharp increase at lower l-ascorbic acid concentrations 

and a plateau at higher concentrations, likely due to the change in ratio between l-ascorbic acid 

and HAuCl4. Bipyramids with plasmon resonance wavelengths longer than 1000 nm are 

synthesised without the use of a regrowth step1,2 or reducing seed concentration3, but by only 

varying AA concentration, which has not been previously achieved in the literature. 

Using the high electric field enhancements and small mode volume of the gold bipyramids, 

plasmon-induced two-photon polymerisation is shown. Polymerisation is demonstrated at powers 

far below the threshold typically required, as the bipyramids enhance the electric field of 

incoming laser light. A linear relationship between polymerised area (visible from SEM) and 

applied laser power is discovered, further corroborating this enhancement as the polymerised 

area depends on the electric field strength.  

This enhanced polymerisation allows for spatial confinement of quantum dots. When quantum 

dots are added to the monomer, they remain wherever the solution is polymerised, and all other 

quantum dots are removed. They are trapped at the location of highest field enhancement, by 

design, and thus also interact with the plasmonic bipyramid. This provides a novel fabrication 

method for bipyramid-quantum dot pairs, with quantum dots preferentially confined at one tip of 

a bipyramid. The localisation of the quantum dots in this high field enhancement area results in 

emission rate enhancement and even strong coupling between the quantum dots and bipyramids, 

shown by Rabi splitting in the bipyramid scattering spectra. 

Upconverting nanoparticles of various sizes, dopants, and emission wavelengths are synthesised. 

The dopants, Yb3+, Er3+ and Tm3+, give emission wavelengths from 450-800 nm and the sizes 

obtained by varying synthesis reaction volume and the speed of injecting the nucleation solution 
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were between ≈ 5-40 nm. Layer-by-layer deposition of these particles is carried out, resulting in 

samples with even and consistent upconversion emission. These are topped with polyelectrolyte 

spacer layers followed by nanostars, nanorods and bipyramids, resulting in enhancement by 

nanorods and bipyramids, with bipyramid enhancement of up to 7.5x, the first time such 

enhancement has been demonstrated.  

In order to create samples with higher plasmonic nanoparticle concentrations, spin-coating is 

employed. Multiresonant gold nanostars, coated with silica shells as spacers, are spin-coated atop 

upconverting nanoparticle layers. Samples with high nanostar concentration demonstrate 

enhancement, with nanostar clusters showing enhancement of up to 9.7x. This high enhancement 

value likely occurs due to plasmonic hotspots between the nanostars, and could have applications 

in the enhancement of upconverting nanoparticle emission for use in solar cell efficiency 

improvement4,5. 

  



iii 
 

Declaration 

 

I declare that this thesis has not been submitted as an exercise for a degree at this or any other 

university and it is entirely my own work. Any assistance or collaboration is recognised in the 

acknowledgements and throughout the thesis where applicable. 

I agree to deposit this thesis in the University’s open access institutional repository or allow the 

Library to do so on my behalf, subject to Irish Copyright Legislation and Trinity College Library 

conditions of use and acknowledgement. 

I consent to the examiner retaining a copy of the thesis beyond the examining period, should they 

so wish (EU GDPR May 2018). 

 

Carolyn Elliott 

  



iv 
 

  



v 
 

Acknowledgements 

 

Firstly, I would like to acknowledge and thank my supervisor Prof. Louise Bradley, for giving me 

the opportunity to do my PhD in her group, and for all her guidance, help, and support on my PhD 

journey.  

I would like to acknowledge all the current and past Bradley group members: Dr. Calin Hrelescu, 

Dr. Xia Zhang, Dr. Jorge Garcia, Dr. Oisín McCormack, Dr. Hodjat Hajian, Dr. Sony Udayan, Dr. 

Yongliang Zhang, Dr. Stephen Cunningham, Dr. Julia Lawless, Dr. Fionnuala McGrath, Jing Qian, 

Sara Pelivani, Oleksandra Ivakhno-Tsehelnyk, Kseniia Mamaeva, and Jack Dobie. Thank you all for 

the conversation and tea over the years! A special thanks to Calin for teaching me how to 

synthesise gold nanoparticles, Julia for sharing her knowledge and experience in BP synthesis 

variation, Stephen for his help with Lumerical simulations, Fionnuala for teaching me how to use 

the FLIM, and Kseniia for her collaboration and assistance with the two-photon polymerisation 

project.  

I would also like to thank Dr. Finn Purcell-Milton for his invaluable knowledge in high-temperature 

nanoparticle synthesis, and all his help in designing and carrying out the UCNP syntheses for this 

work.  

I would like to thank my parents, Kevin and Tina, and my siblings, Kate and Ryan, and our family’s 

lovely cat, Cassie, for always supporting me and being there for me. I would like to thank all my 

friends for listening to me talk about nanoparticles for the last five years and always being there 

for a chat or a cuppa, especially Dovy, Gaurav, Jack, Ross, Dáire, Julia, Stephen, Fionnuala, Kseniia, 

Prajwal, Brian, Jorge, Anais, Devika, Romina, Oisín, Killian, Annie, Simon, Dearbhla, Sean, Conor, 

Bláthnaid, all my friends from school and circus, and everyone who joined me on the Thursday 

trips to the Ginger Man. 

Last but not least, I would like to thank my wonderful partner, Hannah O’Brennan. Thank you for 

always being there for me these last 8.5 years, and for making me a million cups of tea while I was 

writing my thesis. I couldn’t have done this without all your love and support. 

  



vi 
 

  



vii 
 

List of Publications and Conference Contributions 

 

1. Carolyn Elliott (2018) “Plasmon Enhanced Upconversion for Biological Applications.” 

Biophotonics and Imaging Graduate Summer School, 28th Aug – 1st Sep 2018, Ballyvaughan, 

Ireland. (Poster) 

2. Carolyn Elliott, Julia Lawless, Calin Hrelescu, A. Louise Bradley (2019) “Multi-resonant 

plasmonic nanoparticles for enhanced light-matter interactions.” IEEE Pride in Photonics 

Workshop, Conference on Lasers and Electro-Optics (CLEO), May 2019, San Jose, USA. (Oral 

Presentation) 

3. Julia Lawless, Calin Hrelescu, Carolyn Elliott, Lisanne Peters, Niall McEvoy, & A. Louise Bradley 

(2020) “Influence of gold nano-bipyramid dimensions on strong coupling with excitons of 

monolayer MoS2.” ACS Applied Materials & Interfaces, 12(41), 46406-46415. 

4. Julia Lawless, Calin Hrelescu, Carolyn Elliott, Lisanne Peters, Niall McEvoy, & A. Louise Bradley 

“Rabi Splitting between Plasmons of Gold Nano-bipyramids and Excitons of Monolayer MoS2 

revealed by Single-particle Dark Field Spectroscopy.” Microscopy Society of Ireland Symposium 

2020, 8th - 10th January 2020, Dublin, Ireland. (Oral Presentation) 

5. Julia Lawless, Calin Hrelescu, Carolyn Elliott, Lisanne Peters, Niall McEvoy, & A. Louise Bradley 

“Rabi Splitting of Gold Nano-bipyramids coupled to Monolayer MoS2.” Physics of Light-Matter 

Coupling in Nanostructures (PLMCN) 2020, 27th - 30th October 2020, Clermont-Ferrand, France 

(Virtual conference). (Poster) 

6. Julia Lawless, Calin Hrelescu, Carolyn Elliott, Lisanne Peters, Niall McEvoy, & A. Louise Bradley 

“Influence of nanoparticle dimensions on Rabi splitting strength.” Conference on Lasers and 

Electro-Optics (CLEO) 2021, 9th - 14th May 2021, San Jose, USA. (Poster) 

7. Julia Lawless, Calin Hrelescu, Carolyn Elliott, Lisanne Peters, Niall McEvoy, & A. Louise Bradley 

“Rabi Splitting of Gold Nano-bipyramids coupled to Monolayer MoS2.” European Materials 

Research Society (EMRS) 2021, 31st May - 4th June 2021, France (Virtual conference). (Oral 

Presentation) 

8. Carolyn Elliott, Calin Hrelescu, Finn Purcell-Milton, Yurii K. Gun’ko, A. Louise Bradley (2021) 

“Plasmon Modulation of Upconversion” Photonics Ireland 2021, 14th - 16th June 2021, Dublin 

(Virtual conference). (Poster) 



viii 
 

9. Julia Lawless, Calin Hrelescu, Carolyn Elliott, Lisanne Peters, Niall McEvoy, & A. Louise Bradley 

“Use of Gold Nano-Bipyramids with monolayer MoS2 for the Manipulation of Rabi Splitting 

Strength.” Photonics Ireland 2021, 14th - 16th June 2021, Dublin (Virtual conference). (Oral 

Presentation) 

10. Julia Lawless, Calin Hrelescu, Carolyn Elliott, Lisanne Peters, Niall McEvoy, & A. Louise Bradley 

“Rabi Splitting using Gold Nano-Bipyramids and Monolayer MoS2.” Conference on Lasers and 

Electro-Optics (CLEO) Europe 2021, 21st - 25th June 2021, Germany (Virtual conference). (Oral 

Presentation) 

11. Julia Lawless, Calin Hrelescu, Carolyn Elliott, Lisanne Peters, Niall McEvoy, & A. Louise Bradley 

“Influence of Nanoparticle Dimensions on Rabi Splitting Strength.” Applied Photonics Physics 

School 2021, 5th - 10th September 2021, Bad Honnef, Germany. (Poster) 

12. Julia Lawless, Calin Hrelescu, Carolyn Elliott, Lisanne Peters, Niall McEvoy, & A. Louise Bradley 

“The Effect of Nano-Bipyramid Size on Rabi Splitting Strength when Coupled to MoS2.” European 

Congress and Exhibition on Advanced Materials and Processes (EUROMAT) 2021, 13th - 17th 

September 2021, Austria (Virtual conference). (Oral Presentation) 

13. Julia Lawless, Calin Hrelescu, Carolyn Elliott, Lisanne Peters, Niall McEvoy, & A. Louise Bradley 

“Size Dependence of Rabi Splitting Using Gold Nano-Bipyramids on Monolayer MoS2.” Smart 

NanoMaterials: Advances, Innovation, and Applications (SNAIA) 2021, 7th - 10th December 2021, 

Paris, France (Hybrid conference). (Oral Presentation) 

14. Carolyn Elliott, Kseniia Mamaeva, Teodora Faraone, Julia Lawless, Colm Delaney, A. Louise 

Bradley (2023) “Plasmonically induced trapping of photoemitters” Photonics Ireland, Limerick, 

Ireland. (Poster) 

15. Kseniia Mamaeva, Carolyn Elliott, Teodora Faraone, Colm Delaney, A. Louise Bradley (2024) 

“Two-photon-polymerization as a method to place a single quantum dot near a single Au 

bipyramid to achieve room temperature strong coupling” Nanophotonics X, SPIE Photonics 

Europe 2024, Strasbourg, France. (In preparation)  



ix 
 

Contents 

 

Abstract ................................................................................................................................................ i 

Declaration ......................................................................................................................................... iii 

Acknowledgements ............................................................................................................................. v 

List of Publications and Conference Contributions ........................................................................... vii 

Contents ............................................................................................................................................. ix 

List of Figures ................................................................................................................................ xii 

1 Introduction ............................................................................................................................... 1 

1.1 Thesis aims ......................................................................................................................... 3 

1.2 Thesis overview .................................................................................................................. 4 

2 Theory and Background ............................................................................................................. 7 

2.1 Plasmonic gold nanoparticles ............................................................................................ 7 

2.2 Weak vs strong coupling .................................................................................................. 11 

2.2.1 Simulating Purcell factor .......................................................................................... 12 

2.3 Two-photon polymerisation ............................................................................................ 13 

2.4 Upconverting nanoparticles ............................................................................................. 16 

2.4.1 Concentration quenching ......................................................................................... 19 

2.5 Conclusion ........................................................................................................................ 20 

3 Methods ................................................................................................................................... 21 

3.1 UCNP synthesis ................................................................................................................ 21 

3.1.1 Ligand exchange ....................................................................................................... 22 

3.2 Nanorod synthesis............................................................................................................ 23 

3.3 Bipyramid synthesis ......................................................................................................... 24 

3.3.1 Bipyramid growth mechanism ................................................................................. 25 

3.4 Nanostar synthesis ........................................................................................................... 26 

3.5 Silica shelling .................................................................................................................... 27 

3.6 Layer by layer deposition ................................................................................................. 28 



x 
 

3.7 Darkfield/brightfield microscopy ...................................................................................... 31 

3.8 Optical spectroscopy ........................................................................................................ 32 

3.9 Electron microscopy ......................................................................................................... 33 

3.10 Fluorescence lifetime imaging microscopy ...................................................................... 34 

3.11 Spin coating ...................................................................................................................... 35 

3.12 FDTD simulations .............................................................................................................. 35 

3.13 Two-photon lithography ................................................................................................... 40 

3.14 Conclusion ........................................................................................................................ 41 

4 Plasmonic Gold Nanoparticles .................................................................................................. 43 

4.1 Introduction ...................................................................................................................... 43 

4.1.1 Spectral range ........................................................................................................... 44 

4.2 Seeds ................................................................................................................................. 45 

4.3 Synthesis differences ........................................................................................................ 46 

4.4 Nanorods .......................................................................................................................... 47 

4.5 Bipyramids ........................................................................................................................ 52 

4.5.1 Aspect ratio ............................................................................................................... 53 

4.5.2 Synthesis variation .................................................................................................... 56 

4.6 Nanostars .......................................................................................................................... 61 

4.6.1 Synthesis variation .................................................................................................... 62 

4.6.2 Single nanostar spectra ............................................................................................ 67 

4.6.3 Comparison of all nanoparticle types ....................................................................... 70 

4.7 Silica coating ..................................................................................................................... 72 

4.8 Conclusion ........................................................................................................................ 74 

5 Bipyramid-Enhanced Two-Photon Polymerisation .................................................................. 75 

5.1 Introduction ...................................................................................................................... 75 

5.2 Bipyramid tuning .............................................................................................................. 78 

5.2.1 Spin-coating .............................................................................................................. 79 

5.3 Polymerisation .................................................................................................................. 80 

5.3.1 Power dependence of polymer area/volume .......................................................... 85 



xi 
 

5.4 Addition/localisation of QDs ............................................................................................ 88 

5.5 Strong coupling ................................................................................................................ 92 

5.6 Conclusion ........................................................................................................................ 95 

6 Plasmon Enhancement of Upconversion ................................................................................. 97 

6.1 Introduction ..................................................................................................................... 97 

6.2 Size variation – synthesis ................................................................................................. 98 

6.3 Layer-by-layer deposition .............................................................................................. 102 

6.3.1 UCNPs ..................................................................................................................... 102 

6.3.2 Nanostars ............................................................................................................... 105 

6.3.3 Nanorods ................................................................................................................ 106 

6.3.4 Bipyramids .............................................................................................................. 108 

6.4 Spin coating .................................................................................................................... 112 

6.5 Clusters ........................................................................................................................... 116 

6.6 Conclusion ...................................................................................................................... 119 

7 Conclusion and Future Work.................................................................................................. 121 

7.1 Future work .................................................................................................................... 124 

8 Bibliography ........................................................................................................................... 125 

9 Appendices ............................................................................................................................. 143 

9.1 Python script for masking FLIM images ......................................................................... 143 

9.2 Synthesis parameters ..................................................................................................... 144 

 

  



xii 
 

List of Figures 

Figure 2.1: Schematic representation of a localised surface plasmon in a spherical metal 

nanoparticle. ....................................................................................................................................... 7 

Figure 2.2: (a) SEM image of a gold BP, (b) schematic of a BP showing the directions of the 

transverse and longitudinal plasmon modes. .................................................................................. 10 

Figure 2.3: (a) Electric field intensity enhancement map at 803 nm, showing the excitation of 

plasmon modes and strong field enhancement at the tips of a simulated NS with multiple pointed 

tips. Schematic of the NS, inset. (b) Electric field intensity map at 780 nm for a BP, showing strong 

field enhancement at the tips. ......................................................................................................... 10 

Figure 2.4: Schematic illustrations of (a) scattering enhancement via the Purcell effect  (weak 

coupling) and (b) Rabi splitting in a scattering spectrum (strong coupling). ................................... 12 

Figure 2.5: Jablonski diagram of one- and two-photon excitation followed by fluorescence. ........ 14 

Figure 2.6: Schematic of fluorescence intensity from excitation via a focused laser beam. (a) 

Fluorescence from one photon excitation, spread over the entire illuminated area.  (b) Emission 

from two photon excitation, only seen at the focal point. .............................................................. 14 

Figure 2.7: Jablonski diagram of two-photon excitation followed by intersystem crossing to a 

triplet state. ...................................................................................................................................... 15 

Figure 2.8: Energy level diagrams for different types of upconversion processes, namely excited 

state absorption, energy transfer upconversion, and cooperative sensitisation upconversion36. .. 17 

Figure 2.9: Energy level diagrams of Yb3++ Er3+ and Yb3++ Tm3+ upconversion systems showing a 

two-photon process for Er3+ emission and a three-photon process for Tm3+ emission33,85,86. ......... 18 

Figure 3.1: (a) TEM image of UCNPs. (b) TEM image of UCNPs at higher magnification. ................ 22 

Figure 3.2: SEM images of (a) NRs synthesised using the original synthesis method and (b) NRs 

synthesised using the multistep method with growth solution. Scale is the same for both images.

 .......................................................................................................................................................... 24 

Figure 3.3: (a) SEM image of gold BPs, (b) TEM image of penta-twinned gold seeds (Type II)........ 25 

Figure 3.4: SEM images of (a) seedless and (b) seed-mediated NSs. Scale is the same for both. ... 27 

Figure 3.5: TEM image of silica-shelled gold NSs. ............................................................................ 28 

Figure 3.6: LbL deposition – polyelectrolyte layers for deposition of UCNPs and NSs .................... 30 

Figure 3.7: Schematic of LbL deposition, showing initial buffer layers,  UCNP deposition, spacer 

layers, and NS deposition. ................................................................................................................ 30 

Figure 3.8: Schematic of (a) brightfield microscopy and (b) darkfield microscopy measurement. . 31 

Figure 3.9: Beam path diagram of darkfield/brightfield  reflection microscope with polarised 

output light. ...................................................................................................................................... 32 

Figure 3.10: Diagram of UC emission setup. .................................................................................... 33 



xiii 
 

Figure 3.11: Diagram of PicoQuant MicroTime200 (FLIM). A pulsed laser is coupled in  through the 

Excitation Segment and is reflected onto the sample in the microscope.   The light emitted from 

different areas of the sample is then selected in the  Basic Confocal Unit and detected through the 

Detection Channels. ......................................................................................................................... 34 

Figure 3.12: Yee cell 121, showing the positions where the field components are solved within each 

cell of the simulation mesh. ............................................................................................................. 36 

Figure 3.13: (a) A Yee cell showing 𝐸𝑧𝑖, 𝑗 + 1, 𝑘, 𝐸𝑧𝑖, 𝑗, 𝑘, 𝐸𝑦𝑖, 𝑗, 𝑘 + 1, and 𝐸𝑦𝑖, 𝑗, 𝑘 being used to 

calculate 𝛻𝐻𝑥𝑖, 𝑗, 𝑘, and (b) A Yee cell showing 𝐻𝑧𝑖, 𝑗, 𝑘, 𝐻𝑧𝑖, (𝑗 − 1), 𝑘,  𝐻𝑦𝑖, 𝑗, 𝑘, and 𝐻𝑦𝑖, 𝑗, 𝑘 −

1 being used to calculate 𝛻𝐸𝑥𝑖, 𝑗, 𝑘. ................................................................................................ 38 

Figure 3.14: Colour-coded schematic diagrams of simulated nanoparticles, (a) nanostar,  (b) 

bipyramid, and (c) nanorod, showing their constituent shapes. ..................................................... 40 

Figure 3.15: Optical microscope image of TPL grid, showing the core laser  power (CoreLP) as a 

percentage of maximum power, and the interface (IF)  values which correspond to the vertical 

position of the focal plane. .............................................................................................................. 41 

Figure 4.1: Electric field enhancement images for a three-pointed nanoparticle, at 0° and 90° 

polarisation. Schematic diagram of simulated particle, inset. ......................................................... 44 

Figure 4.2: TEM images of (a) Type I seed, (b) Type II seeds, and (c) Type III seed. (d) TEM image of 

penta-twinned Type III seed, with the 5 side facets outlined. ......................................................... 45 

Figure 4.3: Schematic of gold nanorod and bipyramid syntheses, showing the difference in 

resulting nanoparticles due to using different seed types. ............................................................. 46 

Figure 4.4: Schematic of seed-mediated and seedless gold nanostar syntheses, showing the 

difference in resulting nanoparticles due to presence/absence of seeds and HCl, the order  in 

which reagents were added, and the amount of time taken for the NSs to grow. ......................... 47 

Figure 4.5: (a) Schematic of a gold nanosphere showing the directions of the two degenerate 

plasmon resonances, and (b) schematic of a gold NR, showing the directions of transverse and 

longitudinal plasmon resonance modes. ......................................................................................... 47 

Figure 4.6: Extinction spectra of NRs, varying AgNO3 concentration. SEM images of the NRs, to 

right of graph. .................................................................................................................................. 48 

Figure 4.7: Extinction SPR peak wavelength versus volume of AgNO3 added, over several NR 

batches. ............................................................................................................................................ 48 

Figure 4.8: (a) SEM image of a sample prepared according to NR synthesis procedures, but with 

one-month aged seeds, showing BPs and NSs. (b) SEM image of another sample prepared with the 

same seeds, higher magnification. ................................................................................................... 49 

Figure 4.9: Extinction spectra of various samples synthesised using the second method, along with 

the number of mL of solution B which were added. ....................................................................... 50 



xiv 
 

Figure 4.10: Extinction spectra of NRs showing redshift of peak position upon addition of an extra 

1mL of solution B. ............................................................................................................................. 50 

Figure 4.11: Dependence of peak wavelength on the amount of the growth solution (B) added. . 51 

Figure 4.12: Wavelength differences upon addition of an extra 1 mL of solution B for 3 samples. 51 

Figure 4.13: Map of electric field intensity enhancement at 780 nm, from a simulated BP.  Width 

42 nm, aspect ratio 3.9. .................................................................................................................... 52 

Figure 4.14: (a) Schematic of a gold nanosphere showing two of the degenerate plasmon 

resonances, (b) schematic of a gold BP, showing transverse and longitudinal modes, (c) and (d) 

simulated scattering spectra of a BP, for transverse and longitudinal modes................................. 53 

Figure 4.15: Plot of scattering peak wavelength vs aspect ratio for simulated single BPs in air,  with 

polynomial fit. Simulated scattering spectra, inset. ......................................................................... 53 

Figure 4.16: SEM images of two batches of BPs with length L, width W, and aspect ratio AR: Batch 

A: L=83±5 nm, W=37±3 nm and AR=2.2±0.1, and Batch B: L=96±7 nm, W=32±4 nm, and 

AR=3.1±0.3. Plasmon resonance wavelengths in water, inset. ........................................................ 54 

Figure 4.17: Simulated scattering peak vs aspect ratio of BPs at background indices 1 

(~vacuum/air) and 1.47 (~monomer). Relevant wavelengths for UCNPs (980 nm),  2-photon 

polymerisation (780 nm), and QDs (665 nm) are shown. ................................................................ 55 

Figure 4.18: Extinction cross sections of a BP (AR = 3.86) on glass, showing the redshift from BP 

without polymer to a BP with a polymer lobe around one tip, compared to more extreme redshift 

for BP fully encased in polymer (λ>1000 nm).  Inset: schematic of simulation layout. ................... 56 

Figure 4.19: (a) Extinction spectra of BPs showing wavelength tuning via variation of the volume of 

ascorbic acid (AA) and AgNO3 added. (b) and (c) SEM images of the BP batches with the bluest and 

reddest plasmon resonance wavelengths, respectively. ................................................................. 57 

Figure 4.20: Graph of peak wavelength vs volume of ascorbic acid (reducing agent) added, over 

many synthesis batches. SEM images of very large and very small BPs, inset (same scales). 

Synthesis parameters can be found in Table 3, Appendices. ........................................................... 57 

Figure 4.21: (a) Graph of peak wavelength vs volume of chloroauric acid (source of gold ions) 

added, over two sets of synthesis batches at different silver concentrations. (b) Average peak 

wavelength for each synthesis batch in (a), vs volume of gold added, showing an increase in 

wavelength with increasing gold volume. ........................................................................................ 58 

Figure 4.22: Graph of peak wavelength vs volume of HCl added over various syntheses. Each 

group of points connected by a line is a group of syntheses performed on the same day. ............ 59 

Figure 4.23:  Ensemble extinction spectrum for a batch of BPs in water,  and single particle 

scattering spectrum of one BP from this batch.  SEM image of the single BP (with polymer, see Ch 

5), inset. ............................................................................................................................................ 60 



xv 
 

Figure 4.24: Experimental scattering and scattering cross section  for a BP and an identical 

simulated BP. ................................................................................................................................... 60 

Figure 4.25: (a) Schematic of a NS with multiple pointed tips and (b) Electric field intensity map at 

803 nm, showing the excitation of plasmon modes and strong field enhancement at the tips of a 

simulated NS. ................................................................................................................................... 61 

Figure 4.26: (a) SEM image of a single seedless NS, (b) TEM image of a seedless NS. .................... 62 

Figure 4.27: (a) SEM image of a seed-mediated gold NS, (b) TEM image of two seed-mediated NSs.

 .......................................................................................................................................................... 62 

Figure 4.28: NS extinction spectra for seed-mediated NS batches synthesised using two different 

AgNO3 concentrations. SEM images of NSs from each batch, inset, with same scale bars. ............ 63 

Figure 4.29: NS extinction spectra, varying seed concentration.  SEM images of NSs from each 

batch, inset, with same scale bars. .................................................................................................. 64 

Figure 4.30: Extinction spectra of seed-mediated NSs synthesised varying the order of addition of 

AgNO3 and AA. SEM images of these NSs, right. Scale for all SEM images is the same. ................. 65 

Figure 4.31: Extinction spectra of seed-mediated NSs synthesised with and without HCl. SEM 

images of these NSs, inset. The scale for both SEM images is the same. ........................................ 65 

Figure 4.32: Extinction spectra of two seedless NS batches, at different AgNO3 concentrations 

(Batch B spectra smoothed). Representative SEM images for Batch A, inset (to same scale). ....... 66 

Figure 4.33: Extinction spectra of two seedless NS batches, at different ascorbic acid 

concentrations (Batch B spectra smoothed). SEM images of Batch A NSs, inset (to same scale). .. 67 

Figure 4.34: Single particle scattering spectra (unpolarised light) of two seedless NSs made in the 

same synthesis batch, along with the ensemble extinction spectrum of the whole NS batch in 

water. ............................................................................................................................................... 68 

Figure 4.35: NS1 from Figure 4.34 above – polarisation dependent  scattering spectra showing 

multiple plasmon resonances. ......................................................................................................... 69 

Figure 4.36: (a) Simulated polarisation-dependent scattering of a particular NS, (b) an SEM image 

of this NS, (c) ensemble extinction spectrum for the batch (NS_8) in water, and (d) field 

enhancement (𝐸2 ∝ 𝐼, intensity) at 803 nm and at a polarisation angle of 60° for simulated NS. 69 

Figure 4.37: (a) Simulated polarisation-dependent scattering of a particular NS, (b) an SEM image 

of this NS, (c) ensemble extinction spectrum for the batch (NS_6f) in water, and (d) field 

enhancement (𝐸2 ∝ 𝐼, intensity) at 834 nm and at a polarisation angle of 165° for simulated NS.

 .......................................................................................................................................................... 70 

Figure 4.38: (a), (b) SEM images of a gold NR and a gold BP, respectively. (c) TEM image of a 

seedless gold NS. (d) SEM image of a seed-mediated gold NS. ....................................................... 71 

Figure 4.39: Comparison of extinction spectra for NRs, BPs, and NSs............................................. 71 



xvi 
 

Figure 4.40: TEM images of seedless NSs with ≈(a) 18 nm silica shell and (b) 11 nm silica shell 

(same scale). ..................................................................................................................................... 72 

Figure 4.41: Extinction spectra of NS batches with and without silica shells. NS1: 60 µL AA, 200 µL 

HAuCl4. NS2: 40 µL AA, 180 µL HAuCl4. ............................................................................................ 72 

Figure 4.42: (a) Silica-shell-thickness dependence of scattering of simulated nanostar NS_8,  (b) 

electric field intensity map for NS with 10 nm silica shell compared with  (c) electric field intensity 

map for NS with no silica shell.......................................................................................................... 73 

Figure 5.1: (a), (c) SEM images of the hybrid nanocube-polymer-QD structure, created using a 

diagonally polarised laser beam (a), and a laser polarised along the cube side (c), λ = 780 nm.  A 

bare nanocube SEM image is added to contrast with the shape of the polymer shell.  (b), (d) FDTD 

image of the field modulus |E| around the nanocube in polymer from images  (a) and (c), 

respectively, λ = 780 nm. Reproduced from Ge et al.25. .................................................................. 77 

Figure 5.2: (a) Extinction cross section and (b) map of electric field intensity enhancement at 780 

nm, from a simulated BP, taken along the midpoint of the BP. Width 42 nm, length 163.8 nm, 

aspect ratio 3.9. Plasmon resonance wavelength in air: 778 nm..................................................... 77 

Figure 5.3: Extinction spectra (rescaled) in water of BPs showing wavelength tuning  via variation 

of the volume of ascorbic acid, HCl, AgNO3, seeds, and HAuCl4 added.  Synthesis parameters can 

be found in Table 4, Appendices. ..................................................................................................... 78 

Figure 5.4: SEM images of BPs used for 2-photon polymerisation samples,  with different 

lengths/aspect ratios. Imaged on silicon substrate. ......................................................................... 79 

Figure 5.5: Laser-irradiated areas with (a) high concentration of BPs/spheres and  (b) low 

concentration of BPs/spheres inside. ............................................................................................... 80 

Figure 5.6: Scattering spectra and corresponding SEM images of single BPs (with polymer). ........ 81 

Figure 5.7: (a) SEM image of BP showing polymer around its tip. Laser power: 5%/2.5 mW.  (b) 

SEM image of BPs outside of the laser-written area, showing no polymer. .................................... 82 

Figure 5.8: (a) A smaller sized BP, showing evidence of polymerisation.  (b) Single particle darkfield 

scattering of a similar BP. ................................................................................................................. 82 

Figure 5.9: SEM images of (a) BPs treated with 3% power, with sharper tips, and (b) a BP treated 

with 7% power, showing melting. Both images show evidence of polymerisation around the BPs.

 .......................................................................................................................................................... 83 

Figure 5.10: Graph of BP length vs laser power used during 2-photon lithography. ....................... 84 

Figure 5.11: DFM image of BPs/spheres without being exposed to the laser (left) and having been 

irradiated at 5% power (right). Selected SEM images of unmelted and melted BPs, inset. ............ 84 

Figure 5.12: Average area of polymer around the BP visible in SEM vs incident power in % of 50 W. 

Interface value = 0.1. Red point at 3.5% power has been excluded as an outlier, as very few 

successfully polymerised single BPs were found at this power. ...................................................... 85 



xvii 
 

Figure 5.13: Electric field enhancement map of a BP, showing areas of high field enhancements at 

780 nm unpolarised incident light. Simulated using FDTD. ............................................................. 86 

Figure 5.14: SEM images of (a) a BP with polymer along one side and one tip and (b) a BP with 

polymer only at one tip. Polymer shown in yellow (false colour). Both were treated with the same 

laser power. Same scale for both images. ....................................................................................... 87 

Figure 5.15: FLIM image showing lifetime and fluorescence intensity of a slide with no BPs, with a 

concentration of 9.9 µg/mL QDs in the polymerisation solution. This square was written with 30% 

on the outside edge, and 2% inside (below polymerisation threshold), and thus there is no 

polymer (and so no light-emitting QDs) inside the square. ............................................................. 88 

Figure 5.16: (a), (b) Fluorescence intensity and average lifetime maps, respectively, of a 2-photon 

polymerised sample. (c) Mask based on (a) and (b), with transparent pixels representing areas of 

increased intensity and decreased lifetime, relative to surrounding pixels. The black lines demarc 

the edges of the polymerised square. (d) SEM image of the same sample, overlaid with markings 

for each area shown through the mask which contained a nanoparticle. The mask was developed 

in collaboration with Kseniia Mamaeva. .......................................................................................... 90 

Figure 5.17: SEM image of a section of a sample, overlaid with markings for each area shown 

through the mask from Figure 5.16(b) which contained a nanoparticle. Inset: magnified image of a 

BP with a small cluster, along with its corresponding darkfield scattering spectrum. .................... 91 

Figure 5.18: DF scattering spectrum of two single BPs with polymer + QDs from same sample, 

showing (a) strong coupling, and (b) no strong coupling. Inset: SEM images of same BPs. ............ 92 

Figure 5.19: Graph of polymer area vs applied laser power, for  strong coupled and non-strong 

coupled BPs. ..................................................................................................................................... 94 

Figure 6.1: TEM images of UCNP samples, (a) large and Er3+-doped, and  (b) small and Tm3+-doped, 

imaged by collaborator Dr. Finn Purcell-Milton............................................................................... 98 

Figure 6.2: Upconversion emission of UCNP samples doped with  (a) Er3+ and (b) Tm3+, under 

2.00W 980 nm laser illumination. .................................................................................................... 99 

Figure 6.3: UCNP diameter averaged over several syntheses using dry methanol  (treated with 

desiccant to remove water) or wet methanol (untreated).............................................................. 99 

Figure 6.4: TEM images of (a) large-scale UCNP batch, showing significant variation in particle sizes 

(some smaller and some larger), and (b) large scale UCNP batch using slow injection rate, showing 

mainly small particles with one larger particle. ............................................................................. 100 

Figure 6.5: TEM images of UCNPs with average diameters (a) 40.8 ± 4.2 nm (≈ 41 ± 4 nm) and (b) 

5.28 ± 0.08 nm (≈ 5.3 ± 0.1 nm). Same scale for both. (c) Upconversion emission of these same 

UCNPs, scaled to 450 nm peak, showing difference in peak ratios. .............................................. 101 



xviii 
 

Figure 6.6: (a) Silica encapsulated UCNPs: a plate of silica showing many UCNPs within it,  (b) an 

aggregate of NSs + UCNPs in silica shells, and (c) UCNPs in silica shells, from a batch of 

simultaneously shelled NSs + UCNPs .............................................................................................. 102 

Figure 6.7: Upconversion emission of Tm3+-doped UCNPs with PAA ligand,  (a) in aqueous solution 

and (b) deposited on glass via LbL (sharp line at  500 nm due to noise in measurement or 

subtracted background). ................................................................................................................ 103 

Figure 6.8: Emission from LbL samples created using Er3+- and Tm3+-doped UCNPs. .................... 103 

Figure 6.9: Upconversion emission from a Tm-UCNP LbL sample, showing emission from three 

areas. Sharp lines at 500 and 650-750 nm due to noise in measurement or subtracted background.

 ........................................................................................................................................................ 104 

Figure 6.10: SEM images of LbL samples with UCNPs, created via dipping in (a) fresh UCNP 

solution, and (b) a previously used UCNP solution. The particle concentrations are  (a) 332 and (b) 

206 particles/µm2. Same scale used for both images. ................................................................... 104 

Figure 6.11: (a) and (b), SEM images of LbL samples prepared with NSs. The concentration of NSs 

deposited on (b) is 2x the concentration deposited on (a). (c) Single particle scattering spectra of a 

NS, varying the polarisation. .......................................................................................................... 105 

Figure 6.12: Schematic of UCNP enhancements and inter-particle distances in  LbL samples with 

high and low NS and UCNP concentrations.................................................................................... 106 

Figure 6.13: (a) Extinction spectrum of LbL sample made using synthesised gold NR batch, showing 

plasmon peak from spheres in solution (around λ = 550 nm) and longitudinal NR peak (around λ = 

860 nm). (b) DFM image of a LbL sample showing the NRs (visible as green dots) on its surface. 107 

Figure 6.14: (a) Graph of upconversion emission of an LbL sample with  UCNPs+NRs, 

demonstrating enhancement in one area (with a NR cluster).  (b) DFM image of this LbL sample, 

showing the NR clusters. ................................................................................................................ 108 

Figure 6.15: SEM images of LbL samples with BPs; (a) a low concentration (0.35 particles/µm2), (b) 

a higher concentration (3.10 particles/µm2) and (c) the highest concentration (6.82 particles/µm2). 

Same scale for all images. (d) Extinction spectra of the samples in (a) – (c). Peak extinction values 

a: 0.0, b: 0.00639, c: 0.02836. ........................................................................................................ 109 

Figure 6.16: Extinction and emission spectra of two LbL samples made with UCNPs and 2 different 

BP concentrations. Additionally, the emission spectrum of a background sample made with only 

UCNPs. ............................................................................................................................................ 110 

Figure 6.17: (a) emission of UCNPs with and without 980 nm BPs, at sample areas with increasing 

BP concentrations (part of an additional peak due to scattering of the incoming 980 nm laser light 

visible at right of graph), (b) enhancement across these areas of the sample. ............................. 111 

Figure 6.18: (a) Diagram of sample and detection setup. NSs have a silica shell thickness of 10 ± 1 

nm. (b) Power-dependent NS-enhanced UC emission spectrum of Yb, Er- doped NaYF4 UCNPs. 112 



xix 
 

Figure 6.19: DFM image of a spin-coated sample, Sample 16, featuring a “coffee stain”  type 

irregular film of NSs, showing regions of high and low NS concentrations (high  within the “coffee 

stain” and even higher at its edge, and low outside the “coffee stain”).  The NSs are visible as red 

dots. ............................................................................................................................................... 113 

Figure 6.20: DFM image of the spin-coated sample from Figure 6.19, at 5x higher magnification, 

showing the distances between individual NSs in the low concentration region, and the clustering 

of NSs at the  edge of the “coffee stain” region. ........................................................................... 113 

Figure 6.21: (a) Sample 17, comparison of integrated areas under 545 nm peak (i.e. peak emission 

intensity), with and without NSs, (b), (c), and (d), enhancement factors of the three peaks for 

samples 15, 16, and 17, respectively. ............................................................................................ 114 

Figure 6.22: Log-log plot of peak area (∝ intensity) vs power, with slopes:  520 nm Peak: 2.4 ± 0.4, 

545 nm Peak: 2.2 ± 0.1, 655 nm Peak: 2.7 ± 0.4.  Average slope over all samples and peaks: 2.6 ± 

0.1................................................................................................................................................... 115 

Figure 6.23: Energy level diagrams of Yb3++ Er3+upconversion system, showing (a) two-photon 

processes and (b) three-photon processes for Er3+ emission. ....................................................... 116 

Figure 6.24: (a) Upconverted emission at 2.00W excitation with and without NSs, showing the 

enhancement of each of the main peaks, as well as the appearance of a small peak at around 408 

nm. (b) Overlap of emission spectrum of UCNPs with in-solution extinction spectra of these NSs. 

The UCNP absorption peak and excitation wavelength is shown by the dashed line. .................. 116 

Figure 6.25: Integrated area of the 540 nm upconverted emission peak with and without NSs, 

showing the threshold at which upconverted emission could be measured. ............................... 117 

Figure 6.26: DFM image of a spin-coated sample, showing a large cluster of silica-shelled NSs,  

with the cluster inset at 5x higher magnification to show the scattering of the individual NSs. .. 118 

 

  



xx 
 

 



1 
 

1 Introduction 

 

For centuries, humans have studied and interacted with light. In order to observe the night sky 

and magnify microscopic objects, the telescope and compound microscope were invented at the 

end of the 16th and start of the 17th centuries, attributed to Hans and Zacharias Janssen and Hans 

Lipperhey, respectively6,7. While these inventions and previous inventions such as spectacles 

allowed for the manipulation of light, the physics governing its behaviour was still not well 

understood, only considering light as rays.  

The discovery of Snell’s law improved the understanding of refraction of light through materials of 

different refractive indices8. This corresponded with one theory of light emerging at the time, that 

of light as a wave. This theory was championed by Christiaan Huygens, who developed a complete 

theory of light including laws for refraction and reflection. This was opposed by the theory of light 

as a set of moving particles, advocated for by Isaac Newton9. In 1802, Thomas Young 

demonstrated experimentally the wavelike properties of light using a double slit experiment10. 

The description of light as specifically an electromagnetic wave was put forward by James Clerk 

Maxwell, when he developed a theory for electromagnetic radiation that showed magnetic and 

electric fields propagated through space at the speed of light, thus supposing that they were 

indeed light11. In 1888, Heinrich Hertz demonstrated the existence of transverse electromagnetic 

waves propagating through space, proving Maxwell’s theory12. This electromagnetic description of 

light paved the way for the field of photonics. In 1911, Albert Einstein published his findings on 

the photoelectric effect, finding that light was made up of photons of discrete energies13, leading 

to the more complete understanding of light as both a wave and a particle, and winning him the 

Nobel Prize in 1922. This theory allows for the comprehension of light absorption and emission by 

photoluminescent materials, as individual photons are absorbed and emitted, promoting and de-

exciting electrons to and from energy levels within molecules or nanomaterials.  

In 1959, Richard Feynman gave his well-known lecture titled “There’s Plenty of Room at the 

Bottom”, discussing the possibilities that miniaturising materials to the nanoscale could offer14. 

This was the dawn of the era of nanomaterials and nanoscience, and what followed was a rapid 

increase in advancement of the science in this area. Nanomaterials or nanoparticles generally 

have a size from 1-100 nm for one or more dimensions, and represent a type of material with 

properties very different from a single molecule, or from the macroscopic properties of the bulk 

material15.  
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In recent years, a great many techniques have been developed for the fabrication of 

nanomaterials, which can be grouped mainly into “top-down” and “bottom-up” techniques. Top-

down techniques commence with a larger amount of the bulk material and remove material to 

obtain nanoscale structures. Such methods include photolithography and focused ion beam 

lithography, which can create detailed nanoparticle arrays, and mechanical exfoliation to obtain 

2D materials from bulk materials such as graphene and MoS2
16,17.  Bottom-up techniques begin 

with only a few atoms or molecules of a given material, which build upon each other to form a 

larger nanoscale material18. Bottom-up techniques include chemical vapour deposition, 

nanoparticle synthesis, and sputtering. While both types of technique have advantages and 

disadvantages, the sharp features obtained using bottom-up chemical synthesis, as well as its 

comparative ease and lower cost, make it ideal for use in creating the nanoparticles used in this 

work. 

The study of light at the nanoscale is called nanophotonics. Metal nanoparticles are of particular 

interest in nanophotonics due to their localised surface plasmon resonance (LSPR), an oscillation 

of the conduction electrons confined to the surface of the nanoparticle when hit by an incident 

electromagnetic wave. This occurs for metal nanoparticles close to the size of the wavelength of 

light, and their shape and size modify the wavelength of their resonance. At resonance, plasmonic 

nanoparticles can be used to modify the emission of other emitters in their vicinity. Evidence of 

plasmonic nanoparticles can be seen as far back as the 4th century in the Lycurgus cup, a Roman 

artefact which demonstrates different colours in reflection and transmission19. Since then, the 

understanding of plasmonic nanoparticles has improved, with Faraday predicting the dependence 

of gold nanoparticle colour due to LSPR peak wavelength on particle size in 1857, and Turkevich 

demonstrating this experimentally in 195420,21. In more recent years, they have been further 

explored and used for many applications, including emission enhancement22 and plasmonic 

confinement and trapping23. 

Another more recent result of the theory of light as a wave and photons is a full understanding of 

photopolymerisation. Photoactivators typically absorb single photons of blue light to enter an 

excited state, which then creates a free radical which commences a polymerisation chain 

reaction. This can also occur with the absorption of two red/near-infrared photons, known as 

two-photon polymerisation. Photopolymerisation has been used in dentistry24 and to confine 

emitters25 such as quantum dots, which themselves have many applications such as for light 

harvesting in solar cells26, and as single photon emitters. 

Lanthanides (Ln), or rare earth metals, first isolated in the 1700s in Ytterby, Sweden, possess 

unique luminescent properties due to their 4f orbitals that have made them useful across a 

variety of fields. In the 1960s, rare earth metals began to be used in cathode ray tube televisions 
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as bright, coloured emitters (the first being a Eu-doped phosphor)27,28. The transitions between f 

orbitals are formally Laporte forbidden, and thus the lifetimes of lanthanide emissions are very 

long. This has allowed them to be an ideal addition to the gain medium and light emitting 

components of lasers29, as the necessary population inversion is easier in materials with long 

emission lifetimes30. Nd:YAG lasers are very commonly used today, but Er, Yb, Tm, and Ho can 

also be used in lasers31. Lanthanides also have sharp emission bands, with emission wavelengths 

across the visible and IR regions32. 

Ln3+-doped phosphors can undergo upconversion, wherein two photons are sequentially 

absorbed by a molecule or nanoparticle, and a single photon of higher energy is emitted. This is 

facilitated by the use of one Ln3+ ion as an activator which absorbs the photon and transmits it to 

a second Ln3+, the sensitiser, which then absorbs a second photon, and emits33. The emission in 

this case can be strengthened by choosing a non-centrosymmetric host lattice, which alters the 

energy levels of the system and results in the “forbidden” transitions becoming more allowed. 

NaYF4, NaEuF4, or NaGdF4 are preferred lattices which have been extensively used34,35. 

Upconverting materials have seen recent interest in the form of nanoparticles, which can be used 

for applications where the size is limited. Upconverting nanoparticles have a wide variety of uses, 

such as in the enhancement of solar cell efficiency by absorbing light with lower energy than the 

bandgap and emitting light which can be absorbed by the solar cell4,36–38, and in biological 

applications such as diagnostics and therapeutics (light emitted being used to photoactivate drug 

molecules)39,40. However, their efficiency remains low due to quenching effects from their small 

size, and methods to overcome this low efficiency are currently being extensively researched41–44. 

 

1.1 Thesis aims 

The overall aim of this thesis is to investigate the interactions of plasmonic nanoparticles with 

nanoemitters, with the goal of enhancing their emission. To do this, several objectives were 

identified. The first objective was to synthesise various types of plasmonic gold nanoparticles, and 

to tune their plasmon resonance peak positions over a large wavelength range (from 665 nm to 

980 nm), so that they can interact with both types of nanoemitters (upconverting nanoparticles 

and quantum dots). The second was to utilise these plasmonic nanoparticles to trap quantum 

dots using plasmon-enhanced two-photon polymerisation, requiring the demonstration of 

plasmon-induced subthreshold two-photon polymerisation around the plasmonic nanoparticles, 

and the co-location of quantum dots with the plasmonic nanoparticles. The third objective was to 

synthesise upconverting nanoparticles, and deposit them alongside plasmonic nanoparticles in 

order to demonstrate plasmonic enhancement of upconversion. 
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1.2 Thesis overview 

In this thesis, Chapter 2 provides the theory and background underpinning the work. The theory 

of plasmons, specifically localised surface plasmons and their resonances and effects in metal 

nanoparticles, is introduced. Weak and strong coupling regimes between emitters and plasmonic 

nanostructures are compared, and the theory and simulation of the Purcell factor are discussed. 

The mechanism of two-photon absorption, photopolymerisation, and their combination (two- 

photon polymerisation) are described. Upconversion luminescence is discussed, along with the 

physics of upconverting nanoparticles, the reasons for their low efficiency, and potential methods 

for enhancing their emission. 

Chapter 3 describes the methods used for synthesising nanoparticles, preparing samples, and 

characterising them. The synthesis methods for lanthanide doped NaYF4 upconverting 

nanoparticles, gold nanorods, gold bipyramids, and gold nanostars are provided. The method for 

coating these nanoparticles with silica shells is also described, as well as two methods for 

depositing nanoparticles onto substrates: layer-by-layer deposition and spin coating. Various 

characterisation methods are outlined, namely darkfield and brightfield microscopy, optical 

extinction and emission spectroscopies, scanning and transmission electron microscopies, and 

fluorescence lifetime imaging microscopy. The calculations and methods utilised for FDTD 

simulations (using commercial Lumerical software) are included. Finally, the chemicals and 

techniques used to create samples using two-photon lithography are detailed. 

Chapter 4 covers the variation in the synthesis of the plasmonic gold particles, and the resulting 

plasmon resonances. It discusses the desired plasmon resonance wavelengths for use in Chapters 

5 and 6. The influence of seed type and crystallinity on final nanoparticle shape is noted. The 

variation of final nanoparticle plasmon peak wavelengths upon adjusting reagent concentrations 

is explored, especially in the case of l-ascorbic acid concentration. Simulated and synthesised 

bipyramids of different aspect ratios are analysed and the relationship between aspect ratio and 

longitudinal plasmon resonance wavelength described. Final nanoparticle spectra and shapes are 

varied via changing seed concentration. The coating of nanostars with varying thicknesses of silica 

shells is also demonstrated.  

Chapter 5 concerns the plasmon enhancement of two-photon polymerisation in order to trap 

quantum dots and plasmonically modify their emission. The background and evidence in the 

literature for a similar system is laid out. The size tuning of the relevant plasmonic particles, gold 

bipyramids, as well as the spin coating of these particles onto substrates, is described. Evidence of 

two-photon polymerisation (below the typical threshold laser energy required) in the vicinity of 

the plasmonic bipyramids is provided. The dependence of the volume of polymer visible around 
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the bipyramids on the applied femtosecond laser power is shown. The addition of quantum dots 

to the polymerised areas, via their inclusion in the precursor monomer solution, is described, as is 

fluorescence and lifetime data demonstrating their co-location with the bipyramids. Strong 

coupling of the quantum dots and bipyramids is shown.  

Chapter 6 discusses the plasmon enhancement of upconversion. The synthesis of upconverting 

nanoparticles is described, including the varying of their sizes and the dopants contained within 

them. The layer-by-layer deposition of upconverting nanoparticles and plasmonic nanoparticles is 

described. Gold nanostars, nanorods, and bipyramids are deposited, with highly concentrated 

nanorods and bipyramids giving enhancement. Higher concentrations of nanostars on spin-coated 

samples are shown. Evidence of higher upconversion enhancement by nanostar clusters than by 

any less concentrated nanostar layers is provided. 

Chapter 7 includes a conclusion based on the results put forth in the thesis, and a description of 

potential future work on the topics presented in the thesis.  
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2 Theory and Background 

 

2.1 Plasmonic gold nanoparticles 

When conduction band electrons rapidly oscillate in a conducting material (such as a metal) in 

response to an external electric field, a quantum of this oscillation is called a plasmon. Plasmons 

which are confined to the surface of a metal (i.e. its interface with a dielectric medium) are known 

as surface plasmons (SPs), and they can interact very strongly with passing photons45. In planar 

metallic structures, these SPs can propagate, however when the size of a structure is smaller than 

the wavelength of light, the SP is confined to the nanostructure’s surface, resulting in a localised 

surface plasmon (LSP), as shown in Figure 2.1. 

 

Figure 2.1: Schematic representation of a localised surface plasmon in a spherical metal 
nanoparticle. 

In bulk metals, the plasmon wavelength is controlled only by the materials (metal and dielectric) 

being used, but in smaller plasmonic structures the resonant frequency of the surface plasmons is 

also controlled by both the size and shape. Plasmonic structures can couple with light at their 

different resonant frequencies, known as a localised surface plasmon resonance (LSPR). These 

resonances include the dipole mode, quadrupole mode, octupole mode, and higher order modes. 

For structures much smaller than the wavelength of light, the dipole mode resonance is 

dominant46. Nanoparticles are particularly useful as plasmonic structures as, due to their small 

size, they can be incorporated in various applications where a planar structure might not be 

appropriate, such as in-vivo (for imaging etc). Nanoparticles also provide an opportunity for very 

high field enhancement and have a very small mode volume, strongly confining the 

electromagnetic field. 
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In order to describe the conditions for resonance in a nanoparticle, we consider a spherical 

metallic nanoparticle, with diameter less than the wavelength of light, surrounded by an isotropic 

dielectric material, in a uniform static electric field with amplitude 𝐸0. For this quasi-static 

approximation, the size of the particle, 𝑑, must be much less than the wavelength of light; 𝑑 ≪ 𝜆. 

The polarisability of a nanoparticle, 𝛼𝑃, is the ratio of the dipole moment, 𝜇, induced by an 

applied electromagnetic field, and the amplitude of the electric displacement field, 𝐷. This is 

shown in Equation (1): 

 𝛼𝑃 =
𝜇

𝐷
=

𝜇

𝜀0𝜀𝑑𝐸0
  (1) 

with 𝜀0 and 𝜀𝑑 being the permittivity of free space and of the dielectric material, respectively. For 

such a nanoparticle with radius 𝑅, the polarisability of the nanoparticle is: 

 

 
𝛼𝑃 = 4𝜋𝑅3

𝜀(𝜔) − 𝜀𝑑

𝜀(𝜔) + 2𝜀𝑑
 

(2) 

where 𝜀(𝜔) is the wavelength-dependent permittivity of the metal. The polarisability of the 

nanoparticle is greatly enhanced when the denominator of the fraction in Equation (2) above, 

𝜀(𝜔) + 2𝜀𝑑, is minimised, i.e., when 𝜀(𝜔) = −2𝜀𝑑 (or, to be exact, when 𝑅𝑒[𝜀(𝜔)] = −2𝜀𝑑). This 

is when the system is at resonance. Given this resonance condition (the Fröhlich condition), 

metals such as Au and Ag are optimal for plasmon resonances in the visible region, as they have 

negative values for the real part of their permittivity in this region of the spectrum47. However, 

due to the rapid tarnishing of silver nanoparticles in ambient conditions48, this work will only be 

concerned with Au nanoparticles. It can also be shown that when 𝜀𝑑 increases, for example when 

changing the medium from air to water or to silica, the resonance will red-shift49, as has been 

seen in Sections 4.5.2 and 4.7, respectively. 

However, this quasi-static model does not take into account the impact that the size of 

nanoparticles has on the energy of the resonance, and is only applicable for particles less than ≈ 

100 nm49. Mie theory, first developed by Gustav Mie in his 1908 paper, “Beiträge zur Optik trüber 

Medien, speziell kolloidaler Metallösungen”50, can be used to describe the interaction of light with 

larger particles, of a size closer to the wavelength of light. Mie theory predicts a redshift of the 

spectral position of the dipole resonance as the size of a particle increases. This can be 

understood by considering that the surface charges on opposite sides of the particle are now 

further apart from each other. Thus, the charges interact less, and the restoring force for the 

oscillation of the charges decreases49,51. This lowers the resonance frequency, resulting in the 

redshift of the resonance. 

While Mie theory only describes the interaction of light with spheres, particles of other shapes 

demonstrate similar resonances and size dependences. Simulations based on Mie theory have 
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been used to show the redshift of gold nanorod resonances with an increase in aspect ratio52. Mie 

theory has been used in this work to calibrate simulations, by first modelling spheres and 

comparing simulated results to the analytical solutions to ensure accuracy, and subsequently 

expanding the simulations to more complex geometries. The variation of plasmon resonance of 

several nanoparticle shapes can be seen in Chapter 4. 

The scattering and absorption of nanoparticles are strongest at their resonant frequency. The 

extinction cross section of a nanoparticle (𝜎𝑒𝑥𝑡) can be expressed as the sum of the absorption 

and scattering cross sections (𝜎𝑎𝑏𝑠 and 𝜎𝑠𝑐𝑎𝑡𝑡): 

 𝜎𝑒𝑥𝑡 = 𝜎𝑎𝑏𝑠 + 𝜎𝑠𝑐𝑎𝑡𝑡 (3) 

The extinction cross section of a nanoparticle is very large, up to 10x larger than the geometric 

cross section of the particle53,54. The size of the extinction cross section represents the strength of 

the particle’s interaction with incident light. Simulating 𝜎𝑒𝑥𝑡 for different particle shapes and sizes 

can allow their plasmon resonances to be tuned, and the results applied to tuning their shapes 

and sizes synthetically. Synthetic tuning of the nanoparticles is carried out by varying the 

concentrations of various reagents such as HCl, AgNO3, HAuCl4 (gold precursor) and l-ascorbic 

acid, as well as the seed concentration. This tuning, as well as a discussion of the growth 

mechanism of bipyramids, can be seen in Chapter 3, Sections 3.2, 3.3, and 3.4. 

If excited resonantly, as discussed above, the surface plasmon resonance of a nanoparticle can 

enhance the absorption and scattering of incoming light. Various nanoparticle shapes exist which 

can couple with more than one frequency, for example nanoparticles with an elongated axis in 

one direction might plasmonically couple with two different frequencies, one along the longer 

axis (longitudinal mode) and one along the shorter axes (transverse mode). The lower frequency 

coupling with the longer axis of the nanoparticle can again be understood as occurring due to the 

increased distance between surface charges on opposite sides of the particle along this axis. Some 

examples of these elongated particles are gold bipyramids (see Figure 2.2(a) and (b)) and 

nanorods (NRs). Gold bipyramids (BPs) have very sharp tips, which can lead to larger field 

enhancements than are seen with NRs, as field enhancements are proportional to the curvature 

of a surface55,56 due to the higher concentration of conduction electrons on a very curved surface. 
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Figure 2.2: (a) SEM image of a gold BP, (b) schematic of a BP showing the directions of the 
transverse and longitudinal plasmon modes. 

Gold nanostars (NSs) are nanoparticles with multiple sharp tips. The tips, the core, and a core-tip 

hybridisation of the NSs can give rise to multiple different SPRs. The sharpness of the tips can also 

cause significant enhancement of the electric field (see Figure 2.3(a)). These advantageous 

properties mean that NSs have been used to enhance many optical phenomena, including Raman 

scattering and fluorescence57. Their multiple resonances and tunability mean that they can be 

used to enhance light across the optical spectrum and could potentially be used to enhance 

multiple wavelengths simultaneously. 

 

Figure 2.3: (a) Electric field intensity enhancement map at 803 nm, showing the excitation of 
plasmon modes and strong field enhancement at the tips of a simulated NS with multiple pointed 
tips. Schematic of the NS, inset. (b) Electric field intensity map at 780 nm for a BP, showing strong 

field enhancement at the tips.  
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2.2 Weak vs strong coupling 

In materials such as semiconductors and insulators, when a photon is absorbed by the material, it 

promotes an electron (e-) from the valence band to the conduction band, leaving behind a 

positively charged “hole” in the material (h+). This e--h+ pair forms a quasiparticle known as an 

exciton, first described in 1931 by Frenkel58. The electron and hole orbit each other in a bulk 

material, at a distance known as their “Bohr radius”, but when the size of the material is smaller 

than this radius, such as in the case of a quantum dot, the exciton energy is greatly increased59. 

The exciton energy changes with the degree of quantum confinement, and is thus dependent on 

the size of the quantum dot60,61. When the electron and hole recombine, a photon is emitted. 

When such an emitter is placed in the vicinity of a plasmonic structure with a plasmon resonance 

at a similar energy to the exciton energy, the two can couple together. There are two coupling 

regimes: weak coupling and strong coupling, characterised by an increase in coupling strength, 𝑔, 

from 𝑔 < 1 to 𝑔 ≥ 1. 

In the case of weak coupling, the photoluminescence of an emitter can change; its intensity can 

be enhanced or quenched and its radiative and nonradiative decay rates can be altered. The 

Purcell effect describes the enhancement or quenching of the emission of a system, via changing 

the spontaneous emission rate of the atoms/molecules involved. It was first described by Purcell 

in 1995 for an emitter in a microcavity62. The Purcell factor, 𝐹𝑃, is defined as 

𝐹𝑃 =
𝛾𝑐
𝛾0

 

where 𝛾𝑐 is the spontaneous emission rate in a cavity and 𝛾0 is the spontaneous emission rate in 

free space. The Purcell factor is proportional to 𝑔259.  

In this weakly coupled system, the excitation rate and emission rate are both affected by coupling 

to the plasmonic structure. The field enhancement of the plasmonic structure enhances the 

excitation rate of the emitter, and the presence of the plasmonic structure also modifies the 

emission rate. The wavefunctions of the emitter and the plasmonic structure are not affected by 

weak coupling. A discussion of the simulation of the Purcell factor can be seen in Section 2.2.1. 

In the case of strong coupling, the wavefunctions of the emitter and plasmonic structure are 

mixed together, forming two distinct new energy levels. The photon and exciton combine to form 

a hybrid light-matter quasiparticle called a polariton. Strong coupling occurs when the energy 

transferred between the plasmonic structure and the exciton is larger than the energy dissipated 

by each63. This phenomenon is called Rabi splitting, and can be seen in a splitting of peaks in the 

emission spectra of the system, as well as in the scattering and absorption spectra64. The 
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difference in scattering spectra for weakly and strongly coupled system can be seen in Figure 2.4 

below. 

 

Figure 2.4: Schematic illustrations of (a) scattering enhancement via the Purcell effect  
(weak coupling) and (b) Rabi splitting in a scattering spectrum (strong coupling). 

 

2.2.1 Simulating Purcell factor 

In order to simulate the Purcell factor for an emitter near a plasmonic structure using FDTD 

simulations (see Section 3.12), there are certain values which cannot be calculated directly. The 

Purcell effect can be expressed as: 

 𝛾𝑒𝑚

𝛾𝑒𝑚
0 =

𝛾𝑒𝑥𝑐

𝛾𝑒𝑥𝑐
0 ∗

𝑄𝐸

𝑄𝐸0
 

(4) 

or Fluorescence enhancement = excitation rate enhancement of fluorophore 

after optical excitement ∗ quantum efficiency enhancement. 

 

where the 0 superscript indicates a measurement in free space, 𝛾𝑒𝑚 is the fluorescence emission 

rate, 𝛾𝑒𝑥𝑐 is the excitation rate, and 𝑄𝐸 is the quantum efficiency of the fluorescence process, 

with 𝑄𝐸0 = 1. 

Plasmonic nanoparticles can enhance the emission of fluorophores in two ways, as described in 

Section 2.2: excitation enhancement and emission enhancement (enhancing the quantum 

efficiency of the fluorescence emission rate). These are simulated separately. Excitation 

enhancement can be expressed as follows: 

 𝛾𝑒𝑥𝑐

𝛾𝑒𝑥𝑐
0 =

|𝐸|2

|𝐸0|2
, 

(5) 

where |𝐸| is the modulus of the electric field. A TFSF (total-field scattered-field) light source is 

used to excite the plasmonic particle, and a frequency monitor used to measure the field 

enhancement (|𝐸0|2 ≡ 1). 
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Fluorescence enhancement involves using a dipole source to represent the fluorophore. It is 

placed at the position with maximum field enhancement. The quantum efficiency of fluorescence 

emission is expressed as: 

 𝑄𝐸 =
𝛾𝑟𝑎𝑑

𝛾𝑟𝑎𝑑 + 𝛾𝑙𝑜𝑠𝑠 + 𝛾𝑛𝑜𝑛𝑟𝑎𝑑
 (6) 

Where 𝛾𝑟𝑎𝑑  is the decay rate of excited states which give photons that leave the system by 

radiation and 𝛾𝑙𝑜𝑠𝑠 is the decay rate of excited states which give photons that are lost/absorbed in 

the system. 𝛾𝑛𝑜𝑛𝑟𝑎𝑑 is the nonradiative decay rate. As this is not an electromagnetic decay, it 

can’t be modelled by FDTD, and is taken to be 0. For a radiative dipole transition: 

 𝛾

𝛾0
=

𝑃

𝑃0
 

(7) 

Where 𝛾 is the decay rate and 𝑃 is the radiated power. Thus, the quantum efficiency can be 

expressed as: 

 
𝑄𝐸 =

𝑃𝑟𝑎𝑑

𝑃𝑟𝑎𝑑 + 𝑃𝑙𝑜𝑠𝑠
 

(8) 

 

𝑃𝑙𝑜𝑠𝑠 cannot be measured directly in the system. 𝑃𝑟𝑎𝑑 + 𝑃𝑙𝑜𝑠𝑠 is the total electromagnetic decay 

rate, represented by total power injected by the dipole source, and 𝑃𝑟𝑎𝑑 is the power detected by 

a power transmission box around the plasmonic particle. These powers can be used to calculate 

the enhancement of the quantum efficiency (QE), taking 𝑄𝐸0 = 1. Thus, the overall fluorescence 

enhancement can be calculated from the excitation enhancement at the excitation wavelength, 

multiplied by the quantum efficiency enhancement at the emission wavelength (from Equations 

(5) and (8)): 

 𝛾𝑒𝑚

𝛾𝑒𝑚
0 =

|𝐸|2

|𝐸0|2
∗

𝑃𝑟𝑎𝑑

𝑃𝑟𝑎𝑑 + 𝑃𝑙𝑜𝑠𝑠
 

(9) 

 

2.3 Two-photon polymerisation 

Two-photon absorption is a nonlinear optical process wherein two photons are simultaneously 

absorbed by an atom or molecule. The process was first conceived of by Maria Göppert-Mayer in 

her 1931 dissertation, “Über Elementarakte mit zwei Quantensprüngen”65, however it was not 

experimentally shown until 1961, when Kaiser and Garrett demonstrated the generation of blue 

light (λ = 425 nm) via two-photon excitation of a CaF2:Eu2+ crystal with red light (λ = 694.3 nm) 

from a maser66. Two-photon absorption is a third-order (𝜒(3)) nonlinear optical process67, and can 



14 
 

occur in both centrosymmetric and non-centrosymmetric materials, unlike second-order 

nonlinear processes which can only occur in non-centrosymmetric materials68. 

 

Figure 2.5: Jablonski diagram of one- and two-photon excitation followed by fluorescence. 

Figure 2.5 is a Jablonski diagram showing the energy levels of an atom/molecule and the 

excitation of an electron to a higher energy state via one- and two-photon excitation. This is 

followed by non-radiative relaxation of the electron to a lower vibrational level in the electronic 

excited state, then emission of a photon as the electron returns to the electronic ground state 

(fluorescence). For the one photon process, the intensity of the emission (𝐼𝑒𝑚) is proportional to 

the intensity of the excitation (𝐼𝑒𝑥), 𝐼𝑒𝑚 ∝ 𝐼𝑒𝑥. As the process is a nonlinear two photon process, 

the intensity of the emission is proportional to the square of the intensity of the excitation, 𝐼𝑒𝑚 ∝

𝐼𝑒𝑥
2 69. 

 

Figure 2.6: Schematic of fluorescence intensity from excitation via a focused laser beam. (a) 
Fluorescence from one photon excitation, spread over the entire illuminated area.  

(b) Emission from two photon excitation, only seen at the focal point.  
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Figure 2.6 shows the fluorescence intensity obtained from a focused laser beam (a double cone, 

represented here in 2 dimensions), in the case of one- and two-photon excitation. For emission 

from one-photon excitation, fluorescence occurs over the entire illuminated area (Figure 2.6(a)). 

For emission from two-photon excitation, fluorescence only occurs at the focal spot (Figure 

2.6(b)), as the fluorescence depends nonlinearly on the illumination intensity70. The intensity of 

one-photon fluorescence is Gaussian in shape, whereas the intensity of two-photon fluorescence 

is Gaussian-squared in shape. Also, the threshold intensity required for two-photon excitation 

fluorescence is higher than for the one-photon case, thus fluorescence will only occur in a region 

of very high excitation intensity (i.e., the focal volume). 

 

Figure 2.7: Jablonski diagram of two-photon excitation followed by intersystem crossing to a 
triplet state. 

In some cases, a molecule will undergo intersystem crossing to a triplet excited state (a state with 

unpaired electrons). The Jablonski diagram of this process is seen in Figure 2.7. Such molecules 

can then undergo a reaction called α-cleavage, wherein the α-carbon bond in the molecule in 

either excited state (singlet or triplet state) dissociates, leaving two molecular fragments, each 

having one of the electrons in the bond71. This occurs more rapidly from the triplet state than the 

singlet state72. These resulting molecular fragments, each with one unpaired electron, are free 

radicals. Materials which can carry out this process can initiate and propagate further reactions, 

and are called photoinitiators (in this case, Type I)71,73. 

When a photoinitiator is combined with a monomer, the radicals initiate a polymerisation chain 

reaction74. First, the photoinitiator (𝐼) splits into two radicals (𝑅•), as described above. 

𝐼 → 2𝑅• 
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Secondly, the radicals react with the monomer (𝑀), forming a polymer radical, which then 

continues to propagate a chain reaction, resulting in the growth of long polymer chain radicals 

(𝑃𝑛
∙ ). 

𝑅• + 𝑀 → 𝑃1
• 

⋮ 

𝑃𝑛
• + 𝑀 → 𝑃𝑛+1

•   

Finally, two polymer radicals react together and form covalent bonds, or one transfers a hydrogen 

atom to the other, resulting in either one or two stable polymer chains, terminating the chain 

reaction. 

𝑃𝑛
• + 𝑃𝑞

• → 𝑃𝑛+𝑞  𝐨𝐫  𝑃𝑛 + 𝑃𝑞  

This process, when initiated by two photon absorption, is two-photon polymerisation. Two-

photon polymerisation is frequently used in 3D microfabrication (two-photon lithography). A 

liquid consisting of monomer and photoinitiator is dropped onto a substrate, and a femtosecond 

infrared laser is used to write the desired 3D shape. As shown in Figure 2.6, the volume in which 

the laser provides sufficient intensity to cause two-photon absorption is very small, due to the 

high threshold intensity required and the dependence on the square of the incoming light 

intensity. Because of this, two-photon lithography can achieve much smaller features than 

traditional one-photon lithography, allowing for sub-diffraction limited feature sizes75,76. The 

unpolymerised monomer solution is then washed away, leaving solid 3D polymer structures with 

very fine features. 

As the two-photon polymerisation process requires very high powers, it can potentially be 

instigated at lower powers by plasmonic nanoparticles which increase the light intensity in their 

vicinity, as discussed in Section 2.1. This can be used to trap quantum emitters close to these 

plasmonic nanoparticles25, which is discussed further in Chapter 5.  

 

2.4 Upconverting nanoparticles 

Upconversion is a non-linear optical process wherein two or more photons of low energy incident 

light are sequentially absorbed by a sensitiser ion, their energy transferred to an activator ion, and 

a photon of higher energy light emitted by this activator ion33. As the process involves photons 

being absorbed into real energy levels within the ion, it can be up to 11x more efficient than other 

non-linear processes such as second harmonic generation77. This process can convert infrared 

light into higher energy IR, visible, or UV light, making it of particular interest for biological 
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applications due to the possibility of using excitation light within the biological transparency 

window (750-1000 nm)78. 

The main types of upconversion processes are: excited state absorption (ESA), energy transfer 

upconversion (ETU), and cooperative sensitisation upconversion (CSU)36. While Er3+ ions have the 

required energy level configuration for ESA, the higher efficiency of Yb3+-Er3+ ETU means it is much 

more likely36. The mechanisms of ESA, ETU, and CSU are shown in Figure 2.8 below. 

 

Figure 2.8: Energy level diagrams for different types of upconversion processes, namely excited 
state absorption, energy transfer upconversion, and cooperative sensitisation upconversion36. 

Excited state absorption (ESA) is a straightforward UC process involving only one ion, where a 

photon with energy matching a particular excited state is absorbed, bringing the ion to that 

excited state (E1). Another photon is absorbed with energy matching the next excited state (E2). 

The total energy is then released as an emitted photon while the ion decays to the ground state. 

Energy transfer upconversion (ETU) requires a second ion as activator and the first ion as 

sensitiser. The sensitiser ion absorbs the energy of a photon, becoming excited to state E1. This 

energy is transferred to a nearby activator ion, which is excited to its first excited state E1 while 

the sensitiser ion returns to the ground state. The process then happens a second time, with the 

activator ion subsequently being excited from state E1 to E2. An upconverted photon is then 

emitted by the activator ion from E279. 

Cooperative sensitisation upconversion (CSU) involves three ions. Ions 1 and 3 are sensitisers and 

ion 2 is the activator. Ions 2 and 3 absorb one photon each, bringing them to their excited states 

E1. They then simultaneously transfer the energy to the activator ion, exciting it to a higher 

excited state, E2. 

ETU does not require the excitation photon energy to be resonant with multiple transitions 

between energy levels (unlike ESA). It is the most efficient type of upconversion and is the type 

used in the upconversion systems of this project. For a two-photon system, at low powers, 

upconversion intensity is proportional to the incident power squared (𝐼 ∝ 𝑃2), and generally for 
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an n-photon process, 𝐼 ∝ 𝑃𝑛80. The power dependence of upconversion emission is discussed in 

Section 6.4. 

Commonly, upconverting materials comprise trivalent lanthanide ions (Ln3+) embedded in a host 

matrix. The upconversion emissions from these ions result from intra-4f transitions of electrons, 

which are parity forbidden in centrosymmetric environments (Laporte’s Rule: transitions between 

electronic orbitals must result in a change in parity from symmetric to asymmetric or vice versa81). 

However, these transitions can become weakly allowed by placing the Ln3+ ions in an asymmetric 

crystal environment, which gives rise to mixing of electronic states, resulting in slight overlap with 

states of a different parity. Thus, in order to obtain the strongest emission, it is necessary to use 

host materials with asymmetric hexagonal crystal structures rather than the centrosymmetric 

cubic phase of the same material33,82.  

The host matrix should also be a material with low phonon energy such as a fluoride, to minimise 

nonradiative decay pathways which could reduce the lifetime of the excited state and hence 

reduce the overall upconversion efficiency33,45. Oxide materials, while similar in structure to some 

fluoride materials, should not be used, as they have higher phonon energy and will ultimately 

result in higher amounts of quenching83,84. Consequently, hexagonal-phase rare-earth fluoride 

crystals, such as NaYF4, are commonly used materials for upconversion, and thus NaYF4 is the host 

material being used in this project. The dopants used are Yb3+ (sensitiser) and either Er3+ or Tm3+. 

Their energy level diagrams are shown in Figure 2.9. 

 

Figure 2.9: Energy level diagrams of Yb3++ Er3+ and Yb3++ Tm3+ upconversion systems showing a 
two-photon process for Er3+ emission and a three-photon process for Tm3+ emission33,85,86. 

Upconversion can occur both in bulk materials and in nanoparticles. Upconverting nanoparticles 

(UCNPs) are of particular interest to the scientific community. While they are typically synthesised 

in organic solvents, they can be made water dispersible using ligand exchange or shells, making 

them more biocompatible87,88. Their anti-Stokes emission makes them useful in the realm of bio-

imaging, diagnostics, and therapeutics, as they absorb light within the near infrared biological 

transparency window (800-1000 nm, resulting in increased penetration depth) and emit higher 
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energy light, which can then be used for imaging or photoactivation of drug molecules39,40. The 

NIR excitation wavelength also minimises background autofluorescence33,89, a significant issue in 

bio-imaging which occurs when irradiating with higher energy light, as well as and reducing 

photodamage to biological samples by requiring lower excitation powers due to the transparency. 

They can also be used in photovoltaics, where they can absorb light with less energy than the 

bandgap of the photovoltaic material (which cannot be absorbed by the solar cell) and upconvert 

it into higher energy light which can be absorbed4,36–38. This improves the efficiency of the cell. 

Upconversion emission is also highly photostable89,90, with long lifetimes (on the order of ≈ 100 

µs91), and gives continuous emission over time with no bleaching92 which is desirable for most 

applications. Their small size also means that they can be incorporated easily into biological 

materials or solar cells. 

 

2.4.1 Concentration quenching 

A significant obstacle to high upconversion efficiencies is concentration quenching77. In order for 

any upconversion to occur, there need to be sensitiser and activator ions present. Decreasing the 

distance between these ions can enhance the efficiency of the energy transfer from sensitiser to 

activator82, however past a certain concentration the decreased inter-dopant distances can give 

rise to both non-radiative cross relaxation and energy migration to surface sites (leading to 

surface quenching). The high surface-to-volume ratio in nanoparticles makes this surface 

quenching much more likely than in bulk materials93. These effects result in a considerably lower 

quantum yield of UC luminescence for small unmodified particles (<0.1%)35, which is much lower 

than other emitters which use single photon fluorescence. Solvents can also interact with the 

surfaces of the UCNPs, particularly water, which strongly quenches upconversion luminescence94. 

This low efficiency increases the excitation powers needed in order to produce upconversion 

luminescence. However, UCNPs remain popular despite their low efficiency, as they are small and 

can be easily processed in solution. Hence a solution to overcome the low efficiency is needed in 

order to be able to take full advantage of these particles for biological imaging and solar cell 

applications. 

Some current counteraction methods for concentration/surface quenching include homogeneous 

doping43 (to prevent localised concentration quenching), and coating the UCNPs with a passive or 

active shell44. Passive shell coating involves coating the particle with an inert (undoped NaYF4 host 

lattice) or amorphous (another material such as silica) shell, to prevent energy from migrating to 

the particle surface, reduce surface quenching effects and prevent solvent quenching. Active shell 

coating instead requires the shell to be a partially doped host lattice. The shell contains sensitiser 
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ions, which can absorb light and transfer the energy to core emitters. The shell protects the core 

emitters from surface quenching. 

The most frequently used wavelength for exciting UCNPs is 980 nm. However, water strongly 

absorbs at this wavelength which can instigate heating, and is not ideal for any biological 

applications which require penetration deep into tissues95. One method of preventing this is dye 

sensitisation. This involves the use of a dye molecule, which has a large 𝜎𝑎𝑏𝑠 and thus can 

effectively absorb light at a wavelength closer to 800 nm and transfer energy nonradiatively to 

sensitiser ions, which begin the upconversion process. This has been done using several IR dyes, 

such as IR-806 and IR-80841,42. This means that lower incident light power is required, and the 

wavelength no longer overlaps so strongly with the water absorption peak. Additionally, any 

process which can enhance UCNP absorption or efficiency can reduce water heating via simply 

reducing the input power needed for the UC process. 

The objective in this work is to investigate plasmon enhancement of upconversion. This has been 

carried out previously77,96–98, however enhancement with nanostars has not been shown99,100. The 

multiple tips of NSs give them the potential to enhance several wavelengths of light at once, 

which could be used to enhance both absorption and emission of UCNPs. The sharp tips of both 

NSs BPs could also potentially offer an avenue to enhancement of upconversion, due to their 

strong field enhancements at the tips. 

 

2.5 Conclusion 

In this chapter, the theory and background underpinning the work in this thesis is described. The 

theory of plasmon resonances as they appear in metal nanoparticles has been laid out, as well as 

their coupling to emitters. This is the background for Chapter 4, concerning plasmonic 

nanoparticles, as well as Chapters 5 and 6, which utilise these nanoparticles for enhancement and 

trapping of emitters. The mechanism of two-photon polymerisation has been explained, as a 

background to the results in Chapter 5 on the plasmonic enhancement of this process and its use 

to trap quantum dots. Additionally, the process of upconversion in upconverting nanoparticles 

has been discussed, as well as the reasons for their low efficiency. This motivates Chapter 6, 

where the synthesis of upconverting nanoparticles and their enhancement by plasmonic 

nanoparticles is covered. 
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3 Methods 

 

All chemicals used were obtained from Merck/Sigma Aldrich. 

3.1 UCNP synthesis 

Lanthanide-doped NaYF4 UCNPs were synthesised using a modified protocol based on those of 

Wang et al. and Wisser et al.101,102. First, 0.2 M aqueous solutions of Lanthanide acetate salts 

(LnCH3COOH) were mixed in the appropriate ratios to achieve UCNPs of different sizes and 

emission wavelengths. The ratios used were 80% Y, 18% Yb, 2% Er for the Er-doped UCNPs, and 

79.5% Y, 20% Yb, 0.5% Tm for the Tm-doped UCNPs. 

These were added to a flask along with 35 mL octadecene (ODE) and 15 mL oleic acid (OA). The 

mixture was heated to 150°C in order to form lanthanide-oleate complexes (precursor for the 

UCNPs). A mixture of solutions of NH4F (0.4 M, 16.5 mL) and NaOH (1 M, 5 mL) in methanol was 

then made up and injected into the cooled solution to nucleate the growth of the UCNPs. The 

temperature was raised to 50°C and left there for 40 mins to grow the nuclei. The solution was 

heated to 100°C to boil off the methanol and kept at 100°C under vacuum for 25 mins. 

The solution was then heated to 315°C under argon for 1hr to facilitate further growth of the 

particles. For size variation, a fraction of the Y was replaced with Gd, the ratios of ODE and OA 

were varied, and the time at 315°C was varied. It should also be noted that injection speed has a 

significant impact on the size of the particles, with a slower injection speed resulting in much 

smaller UCNPs.  

The UCNPs were then washed three times using ethanol. The particles were precipitated from the 

solution using ethanol, centrifuged, and then redispersed in a small amount of cyclohexane or 

toluene. This was repeated 3 times and the particles redispersed in cyclohexane or toluene. Figure 

3.1 shows TEM (transmission electron microscopy) images of a batch of the synthesised UCNPs. 
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Figure 3.1: (a) TEM image of UCNPs. (b) TEM image of UCNPs at higher magnification. 

 

3.1.1 Ligand exchange 

As the UCNPs were capped with oleate ligands, and synthesised and dispersed in non-polar 

solvents, they were not soluble in water. In order to render them suitable for use in aqueous 

solutions for applications such as layer-by-layer deposition or silica shelling, ligand exchanges 

were performed.  

For the first ligand exchange (to facilitate silica shelling), an oleate-citrate ligand exchange was 

carried out103. 5 mL of trisodium citrate in water (0.2 M, adjusted to pH 4 using HCl) was mixed 

with oleate-capped UCNPs (dispersed in 5 mL of hexane). This was mixed for 3 hours, the aqueous 

phase removed, and the citrate-UCNPs precipitated using acetone. The particles were 

centrifuged, the supernatant removed, and the particles redispersed in 5 mL trisodium citrate 

buffer solution (pH 7) in order to further remove remaining oleic acid. This mixture was mixed for 

2 hours and the citrate capped UCNPs were precipitated with acetone. They were washed with 

acetone and water and centrifuged three times and redispersed in ≈ 2 mL Millipore water. 

For smaller UCNPs, a larger volume of solvents were required to disperse the particles fully, and 

to precipitate them later. 1 mL of UCNPs in toluene was added to 19 mL hexane (across two vials). 

15 mL citrate buffer solution (aqueous, 0.2 mM) was added to each vial and left to mix for 48 

hours. Acetone was added to bring the total solution volume up to 600 mL. The particles were 

centrifuged, redispersed in 5 mL citrate buffer solution (0.2 mM), and left to mix for 2 hours. They 

were washed with acetone and water and centrifuged three times and redispersed in ≈ 3 mL 

Millipore water. 

For the second ligand exchange (used to prepare for layer-by-layer deposition), poly(acrylic acid) 

(PAA) was used to replace the initial oleate ligands104. 2 mL PAA in ethanol (MW 1800g/mol, 1 

wt%) was mixed with 1 mL UCNPs in chloroform (1 wt%) and stirred overnight (at sufficient speed 

to make a vortex in the liquids) to facilitate the ligand exchange at the interface between the 
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solvents. Centrifugation was carried out for 30 minutes at 14000 rpm. The particles were washed 

with ethanol 3 times, centrifuged, and finally redispersed in Millipore water. 

3.2 Nanorod synthesis 

HAuCl4 and CTAB solutions were made ahead of time and diluted/used as necessary, whereas 

NaBH4 decomposes rapidly in water to form hydrogen gas105, ascorbic acid can oxidise at room 

temperature if reaction vessels are not perfectly devoid of metals106, and AgNO3 decomposes 

when exposed to light107. Thus, these latter solutions were made on the day of the synthesis, and 

not in advance. 

Monocrystalline gold seeds (“Type I seeds”) (following the methods from Nikoobakht et al.108, also 

Liu et al.56) were synthesised as follows: 0.25 mL HAuCl4 (10 mM) was added to 10 mL 

cetyltrimethyl-ammonium bromide (CTAB)(0.1 M) at 30 °C. 0.6 mL fresh NaBH4 (10 mM) was 

added to the solution while stirring. This was then stirred for 5 min to ensure the remaining 

NaBH4 was fully decomposed and that the reaction was finished. The seeds were kept at room 

temperature. 

After the seeds were grown, the synthesis was carried out similarly to that of the BPs (Section 

3.3), in order to obtain short (𝜆𝑆𝑃𝑅 ≤ 850 nm) NRs. 0.5 mL HAuCl4 (10 mM) and 0.1 mL AgNO3 (10 

mM) were added to a vial along with 10 mL CTAB (0.1 M). This was then acidified with 0.2 mL HCl 

(1.0 M). This step was added by Liu et al.56 in order to prevent growth of the NRs into a dumbbell 

shape (causing plasmon resonance blue-shift109,110) after synthesis. 80 µL of l-ascorbic acid (0.1 M) 

was then added to reduce the gold ions, followed by 24 μL of the type I seeds. A smaller volume 

of the type I seeds is used than the type II seeds for the BPs, because type II seeds are larger and 

therefore the number of individual seeds to nucleate nanoparticle growth is lower56. The vial was 

then placed into a water bath at 30 °C, for 2 hours until the reduction of the gold ions and growth 

of the NRs were completed. These NRs were short, with aspect ratios (defined as length of NR 

along its longest axis divided by its width) ≤ 4.7. These short NRs can be seen in the scanning 

electron microscope (SEM) image in Figure 3.2(a). 

The volume of AgNO3 added was varied in order to vary the SPR wavelength of the NRs. The silver 

concentration affects the length of the NRs108. 

In order to grow longer NRs (to obtain wavelengths closer to the 980 nm excitation wavelength of 

the UCNPs, as described in Chapter 6), a binary surfactant mixture of benzyldimethylhexadecyl-

ammoniumchloride (BDAC) and CTAB was used. A solution (A) was made of a 2.7 molar ratio of 

BDAC/CTAB in water (5 mL 0.15 M BDAC + 0.100 g CTAB). A ratio of 2.7 favours less NS growth 

than other ratios108. The BDAC/CTAB were dissolved by sonication. 200 µL AgNO3 (4.0 mM) was 

added, followed by 5.0 mL HAuCl4 (1.0 mM). 12 µL of seeds were added to initiate the NR growth. 
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A growth solution (B) was then made, with the same BDAC/CTAB ratio. 5.0 mL of the BDAC/CTAB 

mixture was added to 200 µL AgNO3 (4.0 mM). 5 mL HAuCl4 (0.5 mM) was then added, followed 

by 36 µL ascorbic acid (77.8 mM). 1.0 mL of this solution (B) was added to solution A every 20 

minutes. With each addition of 1.0 mL of solution B, the plasmon resonance wavelength could be 

expected to redshift. Additions continued until the necessary plasmon wavelength was reached. 

NRs with larger aspect ratios (defined as the length of a particle along its long axis divided by its 

length along the short axis) synthesised using this method are shown in Figure 3.2(b). 

 

Figure 3.2: SEM images of (a) NRs synthesised using the original synthesis method and (b) NRs 
synthesised using the multistep method with growth solution. Scale is the same for both images. 

 

3.3 Bipyramid synthesis 

Penta-twinned gold nano BPs were grown using the silver-assisted growth method developed by 

Liu and Guyot-Sionnest56, based on work by Jana et al.111. All solutions are aqueous unless 

otherwise stated. First, penta-twinned gold seeds (“Type II seeds”) were synthesised. 250 µL 

sodium citrate (10 mM) and 125 µL HAuCl4 (10 mM) were added to a vial, with 9.63 mL water 

added (resulting in final concentrations of 0.5 and 0.25 mM, respectively). To this solution 0.15 mL 

of fresh NaBH4 solution (10 mM) was added at room temperature and the solution thoroughly 

inverted to ensure complete mixing. This was then aged at room temperature for 2 hours, before 

use in the synthesis, and discarded after 1 week. 

Subsequently, 0.5 mL HAuCl4 (10 mM) and 0.1 mL freshly prepared AgNO3 (10 mM) were added to 

a 10 mL solution of cetyltrimethylammonium bromide (“CTAB”, 0.1 M). To this, 0.2 mL HCl (1.0 M) 

was added in order to acidify the solution. 80 µL freshly prepared l-ascorbic acid (0.1 M) was 

added, reducing the gold ions from Au(III) to Au(I). 80 µL of the gold seed solution was added as 

the last step, for the reduced gold to grow upon. The reaction was performed in a water bath at 



25 
 

30-31 °C and was completed within 2 hours. The nanoparticles were then washed twice by 

centrifugation and redispersed in approx. 300 µL of Millipore water. 

 

Figure 3.3: (a) SEM image of gold BPs, (b) TEM image of penta-twinned gold seeds (Type II). 

Figure 3.3 shows electron microscope images of BPs and their seeds. BPs always sit on a substrate 

on one facet, with one end at the substrate and another end pointing slightly upwards112.  

The concentrations of the reagents in this synthesis was varied in order to obtain BPs with a range 

of lengths and aspect ratios, further to that previously reported by our group17. The 

concentrations of AgNO3 and l-ascorbic acid could be varied in order to change the aspect ratio 

(
𝑙𝑒𝑛𝑔𝑡ℎ

𝑤𝑖𝑑𝑡ℎ
) of the particles. The seed and HAuCl4 concentrations could be varied to alter the size of 

the BPs, as fewer seeds or a higher gold concentration will result in larger particles.  

3.3.1 Bipyramid growth mechanism 

The penta-twinned crystal structure of the Type II seeds remains in the final nanoparticles, 

resulting in penta-twinned gold BPs56 which are very monodisperse, resulting in very sharp 

longitudinal plasmon resonances. Liu and Guyot-Sionnest demonstrated that the unique growth 

mechanism using AgNO3 was the reason for this seed structure persistence. The addition of 

AgNO3 slows the overall growth, allowing the gold atoms to deposit in the most energetically 

favourable location, introducing no new defects. 

The presence of CTAB in solution results in a more rapid growth along the twinning axis of the 

seeds ([110] direction) than perpendicular to it, as the CTAB preferentially binds to the side {100} 

faces113. This should result in 1D nanoparticles with flat {100} faces (NRs), however the sides of 

the BPs are stepped (11n) facets, which are very energetically unfavourable and do not typically 

form in gold nanoparticle syntheses. The presence of AgNO3 provides the opportunity for these 

(11n) facets to form. 
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Monolayers of silver can deposit on gold via underpotential deposition, where a metal can adsorb 

from a solution at less negative potentials than are required for it to deposit on itself114. Silver can 

only be deposited on gold in bulk in basic conditions, but underpotential deposition allows a 

monolayer to be deposited as long as the bulk work function of the adsorbing metal is lower than 

that of the adsorbate115. This is the case for silver and gold, and so some silver is deposited on the 

nanoparticles during the growth. 

The (11n) facets have a very open structure, which allows the adsorbed silver atoms to experience 

a much larger attractive potential than on other facets such as [111] or [100]. This results in the 

Ag(I) ions stabilising the growth of these stepped facets, preventing them from disappearing and 

forming NRs, resulting in the final BP shape.  

 

3.4 Nanostar synthesis 

Nanostars (NSs) were synthesised using either a seed-mediated or seedless growth procedure 

involving the reduction of gold in HAuCl4 from Au(III) to Au(0) by ascorbic acid (AA), in the 

presence of CTAB as a stabilising agent, and AgNO3 as a structure directing agent.  

For the seed mediated method (adapted from Fales et al.116), first 3.5 nm seeds (“Type III”) were 

made using the method from Jana et al. 111. 250 µL sodium citrate (10 mM) and 250 µL HAuCl4 (10 

mM) were added to a vial, followed by 9.5 mL water (resulting in final concentrations of 0.5 mM 

for each of sodium citrate and HAuCl4). 0.3 mL NaBH4 (0.1 M) solution was added to this, followed 

by shaking. This reduced the gold to form small seed particles. The seeds were allowed to grow 

for at least 3 hrs before use. 

100 μL of these seeds were then added to 10 mL HAuCl4 solution (0.25 mM), after adding 10 μL 

HCl (1 N) to modify the pH. To this solution was added 100 μL AgNO3 (2 mM) and 50 μL ascorbic 

acid (0.1 M), either simultaneously or by adding the silver solution, agitating the mixture, and 

then adding the ascorbic acid solution. This order, as well as the precise quantities of each 

reagent solution, was varied to obtain different NS morphologies and optical properties. After 

synthesis, 100 μL CTAB (0.1 M) was added to the solution to stabilise the NSs. The solutions were 

washed (centrifuged, the supernatant removed, and the NSs redispersed in water) 2-3 times and 

kept without redispersing for further use. An SEM image of some seed-mediated NSs can be seen 

in Figure 3.4(b) below. 

For the seedless method, 3 mL CTAB (0.1 M) and 1.748 mL Millipore water were added to a vial, 

along with 200 μL HAuCl4. 40 μL ascorbic acid (0.1 M) was added to this solution, followed by 

shaking, changing the solution colour from pale yellow to colourless. Subsequently, 20 μL AgNO3 
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was added, and the solution was shaken again. It was then placed in a 30-31°C water bath for 3 

hours. In this time, seeds formed and then grew further into NSs. After approximately 20 minutes 

a blue colour was visible in the solution. The solutions were washed 2-3 times and the NSs kept 

for further use. This gave NSs with fewer and larger tips than those of the seed mediated NSs, as 

can be seen in the SEM image of seedless NSs in Figure 3.4(a). 

 

Figure 3.4: SEM images of (a) seedless and (b) seed-mediated NSs. Scale is the same for both. 

 

3.5 Silica shelling 

The NS silica shelling procedure was carried out using the method of Munkbhat et al.117. In order 

to add silica shells to the NSs, first a CTAB to MPEG ligand exchange was performed. The NSs were 

added to a 10 mL solution of MPEG-SH (5 x10-6 M) and left for 1hr. They were then washed and 

redispersed in 9 mL ethanol + 2 mL water.  100 μL NH4OH was added, and 30 μL TEOS (10% v/v in 

ethanol), and the solution was left to stir overnight. The solution was then washed 3 times, 

followed by redispersing in ethanol. Figure 3.5 below shows a TEM image of gold NSs, each 

surrounded by a silica shell.  
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Figure 3.5: TEM image of silica-shelled gold NSs. 

To silica-shell UCNPs, 1 mL citrate-capped UCNPs was added to 9 mL IPA. 1.2 mL ammonia (25%) 

was added, stirred at 34°C for 10 min, followed by the addition of 29 µL TEOS. The solution was 

left to react for 75 min. It was then centrifuged, redispersed in 25 mL water, centrifuged, 

redispersed in 4 mL water, centrifuged a final time, and redispersed in ~ 1.1 mL water. 

To add a silica shell to the UCNPs and NSs together, 4 mL worth of MPEGylated NSs was cleaned 

and redispersed in 2 mL water + 9 mL ethanol. 25 µL of citrate-capped UCNPs were added to the 

11 mL solution. 100 µL NH3 + 30 µL TEOS (10% in ethanol) were then added to the solution, which 

was allowed to stir overnight. By varying the concentrations of nanoparticles added, the silica 

shell thickness could be varied from ≈ 10 to ≈ 20 nm. 

 

3.6 Layer by layer deposition 

Layer-by-layer (LbL) deposition, a method first developed by Decher et al.118, was selected in 

order to allow for the attachment of two water-dispersible particles together in a controllable 

manner. LbL was carried out using methods previously used in the group119. Glass or quartz slides 

were cleaned using ultrasonication in Millipore water and subsequently dipped in a sequence of 

polyelectrolyte solutions in order to obtain a smooth, evenly charged substrate on which to 

deposit the charged UCNPs and NSs. In between each dipping, the glass slides were agitated in 

Millipore water (18.2 MΩ) for one minute. This removed any polyelectrolyte molecules which had 

not been fully electrostatically attached to the surface, preventing them from electrostatically 

attaching to each other in solution rather than to the slides. 
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The polyelectrolytes used were polyethyleneimine (PEI+), poly (diallyldimethylammonium 

chloride) (PDDA+), and poly(sodium styrene sulfonate) (PSS-). The solutions used were:  

• PSS stock: 543 g PSS (molecular weight ≈ 70,000) in 10 mL water. 

• PDDA stock: 20% w/v PDDA (molecular weight 100,000-200,000) in water. 

• 0.5 M PSS LbL solution: 2.240 mL PSS stock, 4 mL NaCl, 18 mL water. 

• 0.5 M PDDA LbL solution: 680 µL PDDA stock, 4 mL NaCl, 20 mL water. 

• PEI LbL solution: 20 µL PEI in 21.58 mL water) 

The charges in the NaCl cause the polyelectrolyte molecules to contract, giving rise to the specific 

layer thicknesses (7 nm per bilayer119) desired. 

For quartz substrates (100 mm x 120 mm x 1.5 mm), the substrate can be treated to induce a 

native negative charge. The substrate was sequentially sonicated in the following solutions:  

• Millipore water – 10 min 

• 1 M NaOH (4-5 g of NaOH in 75 mL Millipore water) – 15 min 

• Ethanol + NaOH (4-6 pellets in ethanol) – 15 min 

• Fresh Millipore water – 10 min 

For glass slides (100x120x1 mm), the native charge cannot be induced. Therefore, glass slides 

were dipped in a solution of PEI (+) and left for 20 minutes, as PEI sticks strongly to the glass 

substrate and provides a charged surface onto which the subsequent layers can attach. They were 

then rinsed for 1 min.  

After these initial charges were applied to the substrates, they were dipped in alternating 

solutions of PSS (-) and PDDA (+) for 10 minutes each, again rinsing for 1 min after each dip. Either 

7 or 8 layers of the PSS and PDDA were applied (depending on the charge of the nanoparticle 

which was to be attached afterwards) as a buffer layer, to ensure a smooth surface onto which 

the nanoparticles could be attached119. Using 7 layers, the top layer would be PSS (-), and using 8 

layers, the final layer would be PDDA (+). Finally, the slides were dipped in the nanoparticle 

solution and rinsed for 1 min. The UCNPs had a negative charge due to the PAA ligand, so they 

were attached onto a final layer of PDDA (+). The NSs were positively charged due to their CTAB 

ligand, so they were deposited onto a layer of PSS (-). These two cases can be seen in  Figure 3.6 

below. 
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Figure 3.6: LbL deposition – polyelectrolyte layers for deposition of UCNPs and NSs 

After this, alternating layers of PSS and PDDA (starting with the electrolyte of opposite charge to 

the deposited nanoparticle) were applied to act as a spacer between the first nanoparticle layer 

and the second nanoparticle layer. When the desired spacer thickness was reached, the slides 

were dipped in the second nanoparticle solution and then rinsed for 1 min. The schematic for a 

sample with buffer layers, UCNPs, a spacer layer, and NSs is shown in Figure 3.7 below. 

 

Figure 3.7: Schematic of LbL deposition, showing initial buffer layers,  
UCNP deposition, spacer layers, and NS deposition. 
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3.7 Darkfield/brightfield microscopy 

Darkfield and brightfield microscopy were carried out using a custom-built setup, with a 

microscope from Olympus, and an Andor Solis 303i spectrometer. The setup for brightfield and 

darkfield microscopy can be seen in Figure 3.8 below. 

 

Figure 3.8: Schematic of (a) brightfield microscopy and (b) darkfield microscopy measurement. 

Single particle scattering spectra were measured using an air-cooled CCD (charge coupled device), 

with the microscope in darkfield mode. The spectra were taken by selecting an area on a solid-

state sample containing one metal nanoparticle, and another area with no nanoparticle as a 

background. The resulting scattering spectra were calculated as 
(scattering−background)

background
, to give the 

spectrum of the nanoparticle alone. 

Polarisation-dependent single particle scattering measurements were taken by illuminating the 

sample in darkfield mode with unpolarised white light, and by polarising the output light with an 

adjustable polariser before it reached the spectrometer. A diagram of the polarisation-

dependence setup is shown in Figure 3.9 below. 
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Figure 3.9: Beam path diagram of darkfield/brightfield  
reflection microscope with polarised output light. 

 

3.8 Optical spectroscopy 

UV-Visible extinction spectroscopy was carried out using a Cary 50 UV-Vis Spectrophotometer, 

with zero- and background-correction using a cuvette of the solvent used for each of the samples. 

UC Emission spectroscopy of liquid and solid samples was carried out on a custom-built setup (See 

Figure 3.10 below). They were excited using the M Series 980nm Laser (2.5 W, continuous wave 

laser) from Dragon Lasers, and a 950 nm shortpass filter was placed in front of the spectrometer 

to protect it from the high laser intensity.  

In the case of solid samples, a sample of UCNPs on glass substrates (created using LbL or spin-

coating) were placed in front of the objective and the laser focused onto the sample at an angle to 

avoid reflecting too much laser light into the spectrometer. The sample could be moved vertically 

and horizontally to investigate different areas of the sample. The laser spot could be aligned using 

a strongly emitting Er3+-doped sample, by coupling in white light along the detection pathway, 

and aligning the bright green emission in the laser spot to this white light spot.  
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Figure 3.10: Diagram of UC emission setup. 

In the case of liquid samples, the removable mirror was placed in the setup, the solution 

containing UCNPs was placed in the cuvette holder, and the UC emission was collected at a right 

angle to the laser path, to avoid directly shining the laser light into the spectrometer. 

 

3.9 Electron microscopy 

Transmission electron microscopy (TEM) was carried out using the JEOL 2100 at acceleration 

voltage 120kV. High-resolution TEM of UCNPs was carried out by Dr. Finn Purcell-Milton from the 

Gounko group using the Titan TEM. Scanning electron microscopy (SEM) was carried out using the 

SEM Ultra (Zeiss). All SEM images were taken using 5.00 kV power unless otherwise stated.  

To prepare nanoparticles for SEM imaging, the nanoparticles needed to be deposited from 

solution onto a substrate. This was carried out by drop-casting 1.5 µL of concentrated 

nanoparticle solution onto a small substrate made of polished silicon. This was then left to allow 

NP deposition for 20 seconds, and most of the liquid then removed via pipette. The sample was 

left to air dry. The substrate was then affixed to an SEM stub using carbon tape, and two pieces of 

carbon tape connected from the stub to the top of the substrate to ensure good conductivity. 

For samples with non-conductive substrates (such as glass, as in the samples in Section 3.13), the 

samples were plasma coated with 20:80 gold:palladium (5 nm). Conductive substrates such as 

silicon were left as-is. 
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3.10 Fluorescence lifetime imaging microscopy 

For fluorescent samples (such as those described in Chapter 5), fluorescence lifetime imaging 

microscopy (FLIM) was carried out using a PicoQuant MicroTime200, which is detailed in Figure 

3.11 below. (SPAD = single photon avalanche detector. CCD = charge coupled device. FC/APC = 

fibre channel/angled physical contact.) 

 

Figure 3.11: Diagram of PicoQuant MicroTime200 (FLIM). A pulsed laser is coupled in  
through the Excitation Segment and is reflected onto the sample in the microscope.   

The light emitted from different areas of the sample is then selected in the  
Basic Confocal Unit and detected through the Detection Channels. 

The system is a time-resolved confocal microscope. A pulsed laser with an appropriate emission 

wavelength (lower than that of the fluorescent quantum dots in the sample) was chosen for each 

measurement. Bandpass filters were chosen at the excitation and emission wavelengths and 

placed in the system at the Excitation Filter and Detection Filter Wheel respectively. The sample 

was placed in the microscope and brought into focus, and a region of interest was selected. The 

laser was switched on and a small detection area selected by the Basic Confocal Unit. The stage 

was then moved to raster across the entire region of interest, and fluorescence lifetime and 

intensity data were collected from all detection areas within this region via the single photon 

avalanche detectors. 
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3.11 Spin coating 

For gold nanoparticles (NSs, BPs), the nanoparticles were diluted in ethanol (typically around 5 µL 

with 400 µL ethanol), and then dropped onto a glass/ITO/silicon substrate in a spin coater. The 

sample was then spun at 500 rpm for 60 seconds, 2500 rpm for 5 seconds, and 5000 rpm for 50 

seconds (to dry the sample). 

For the UCNP/UCNP+NS samples, 100 µL UCNPs in cyclohexane were mixed with 500 µL PMMA 

(0.1 wt% in toluene) and dropped onto a glass slide. This slide was then spun at 1000 rpm for 60s, 

2500 rpm for 5s, and 5000 rpm for 50s. After spinning, the slide was baked for 60s at 180°C in 

order to solidify the PMMA. 10 µL of varying concentrations of NSs in ethanol were then dropped 

onto the UCNP layer on the glass slide, which was then spun using the same speeds as above and 

any remaining ethanol allowed to evaporate. 

 

3.12 FDTD simulations 

Finite difference time domain (FDTD) simulations were performed using commercial Lumerical 

software. Lumerical provides many light source options; dipoles, plane wave sources, and total-

field scattered-field sources (TFSF – needed to simulate scattering of small particles). A 3D 

rendering of the photonic structures is created, and the material’s optical properties (via n and k 

values) are assigned to each. A large 3D mesh is automatically calculated based on preselected 

mesh accuracy and the material refractive index (conformal meshing – mesh size ∝ wavelength 

per refractive index unit120) and placed over the entire simulation region. The mesh size is 

manually reduced around areas where there are regions of interest and any sharp corners or 

curves, in order to get as faithful a representation of the shape as possible in the simulation, 

allowing for more accurate results.  

Boundary conditions are either set as perfectly matched layer (PML), which absorb incoming light 

and minimise reflections, or symmetric/antisymmetric. Symmetric or antisymmetric boundaries 

are chosen when the electric field or magnetic field are parallel to the boundary, respectively, in 

order to reduce the simulation region and simulation time. The simulation ends after a certain 

amount of time, or when the E field reaches a steady state with the energy remaining in the 

system at a certain fraction of the injected energy. 

FDTD as a method was first proposed by Yee in 1966121 and popularised by Taflove and Brodwin in 

1975122,123, and it involves solving Maxwell’s equations on a discrete mesh. The derivatives in 

Ampere’s and Faraday’s Laws are replaced with finite differences. The electric and magnetic field 
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components, E and H, are spaced apart by half a mesh step (
Δ𝑥

2
, 
Δ𝑦

2
, and 

Δ𝑧

2
), and calculated at half 

a time step apart (
Δ𝑡

2
). The equations based on these are used to calculate the future fields.   

Maxwell’s curl equations for an isotropic medium are evaluated, to calculate E and H at each 

point in the mesh: 

 𝜕𝐷⃑⃑ 

𝜕𝑡
= 𝛻 × 𝐻⃑⃑  

(10) 

 𝐷⃑⃑ (𝜔) = ε0𝜀𝑟(𝜔)𝐸⃑ (𝜔) (11) 

 𝜕𝐻⃑⃑ 

𝜕𝑡
= −

1

𝜇0
∇ × 𝐸⃑  

(12) 

where 𝐷⃑⃑ , 𝐻⃑⃑ , and 𝐸⃑  are the displacement field, the magnetic field, and the electric field, ε0 and 𝜇0 

are the permittivity and permeability of free space, and 𝜀𝑟(𝜔) is the complex relative permittivity 

of the material used.   

 

Figure 3.12: Yee cell 121, showing the positions where the field components are solved within each 
cell of the simulation mesh. 

Every point in the simulation mesh represents one Yee cell (see Figure 3.12 above). The electric 

and magnetic field components (𝐸⃑ 𝑥, 𝐸⃑ 𝑦, 𝐸⃑ 𝑧, 𝐻⃑⃑ 𝑥, 𝐻⃑⃑ 𝑦, and 𝐻⃑⃑ 𝑧) are distributed in separate locations 

around the cell. The curl of the electric and magnetic fields are calculated using a leapfrog time-

stepping algorithm124 with time step Δ𝑡. 𝐸⃑  is measured at times 𝑡, 𝑡 + Δ𝑡, 𝑡 + 2Δ𝑡, etc., and 𝐻⃑⃑  is 

measured at times 𝑡 +
1

2
Δ𝑡, 𝑡 +

3

2
Δ𝑡, 𝑡 +

5

2
Δ𝑡, etc. The leapfrog algorithm is expressed as follows: 
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𝐸⃑ 𝑡+Δ𝑡 = 𝐸⃑ 𝑡 + 𝛼(∇ × 𝐻⃑⃑ 𝑡+

1
2
Δ𝑡) 

(13) 

 
𝐻⃑⃑ 𝑡+

3
2
Δ𝑡 = 𝐻⃑⃑ 𝑡+

1
2
Δ𝑡 + 𝛽(∇ × 𝐸⃑ 𝑡+Δ𝑡) 

 

(14) 

where 𝛼 and 𝛽 are simulation parameter-dependent proportionality terms. 

Equations (10), (11), and (12) above are equivalent to the below scalar equations, where 
𝜕𝐸⃑ 

𝜕𝑡
 is 

given by the curl of the 𝐻⃑⃑  field as follows: 

 𝜕𝐻𝑧

𝜕𝑦
−

𝜕𝐻𝑦

𝜕𝑧
= 𝜀0𝜀𝑟

𝜕𝐸𝑥

𝜕𝑡
 

(15) 

 𝜕𝐻𝑥

𝜕𝑧
−

𝜕𝐻𝑧

𝜕𝑥
= 𝜀0𝜀𝑟

𝜕𝐸𝑦

𝜕𝑡
 

(16) 

 𝜕𝐻𝑦

𝜕𝑥
−

𝜕𝐻𝑥

𝜕𝑦
= 𝜀0𝜀𝑟

𝜕𝐸𝑧

𝜕𝑡
 

(17) 

And 
𝜕𝐻⃑⃑ 

𝜕𝑡
 is given by the curl of the 𝐸⃑  field as follows: 

 𝜕𝐸𝑧

𝜕𝑦
−

𝜕𝐸𝑦

𝜕𝑧
= −𝜇0

𝜕𝐻𝑥

𝜕𝑡
 

(18) 

 𝜕𝐸𝑥

𝜕𝑧
−

𝜕𝐸𝑧

𝜕𝑥
= −𝜇0

𝜕𝐻𝑦

𝜕𝑡
 

(19) 

 𝜕𝐸𝑦

𝜕𝑥
−

𝜕𝐸𝑥

𝜕𝑦
= −𝜇0

𝜕𝐻𝑧

𝜕𝑡
 

(20) 

 

FDTD can solve these equations ((15) – (20)) using the materials’ optical properties and initial 

fields, by substituting the derivatives for finite differences. 

The derivative of any function 𝑓(𝑥) can be expressed as: 

 
𝑓′(𝑥) = lim

Δ𝑥→0

𝑓(𝑥 + Δ𝑥) − 𝑓(𝑥)

Δ𝑥
 

(21) 

 

This can be approximated as the below forward difference (Equation (22)) for small values of Δx (a 

Taylor expansion ignoring higher order errors). The value of is chosen to be very small to get as 

close to 0 as is practically possible. The smaller the timestep and step in space, the more accurate 

the simulation. 

 
𝑓′(𝑥) ≈

𝑓(𝑥 + Δ𝑥) − 𝑓(𝑥)

Δ𝑥
 

(22) 

 

However, the central difference approximation is more accurate than Equation (22) above, and so 

the derivative is approximated as: 
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𝑓′(𝑥) ≈

𝑓(𝑥 + Δ𝑥) − 𝑓(𝑥 − Δ𝑥)

2Δ𝑥
 

(23) 

 

FDTD uses the central difference approximation to carry out its calculations.  

 

Figure 3.13: (a) A Yee cell showing 𝐸𝑧
𝑖,(𝑗+1),𝑘

, 𝐸𝑧
𝑖,𝑗,𝑘

, 𝐸𝑦
𝑖,𝑗,(𝑘+1)

, and 𝐸𝑦
𝑖,𝑗,𝑘

 being used to calculate 

𝛻𝐻𝑥
𝑖,𝑗,𝑘

, and (b) A Yee cell showing 𝐻𝑧
𝑖,𝑗,𝑘

, 𝐻𝑧
𝑖,(𝑗−1),𝑘

,  𝐻𝑦
𝑖,𝑗,𝑘

, and 𝐻𝑦
𝑖,𝑗,(𝑘−1)

 being used to calculate 

𝛻𝐸𝑥
𝑖,𝑗,𝑘

. 

As can be seen in Figure 3.13(a) above, the curl of 𝐸⃑  is used to calculate the 𝐻⃑⃑  field. This involves 

the use of the surrounding 𝐸⃑  field components, 𝐸𝑧
𝑖,(𝑗+1),𝑘

, 𝐸𝑧
𝑖,𝑗,𝑘

, 𝐸𝑦
𝑖,𝑗,(𝑘+1)

, and 𝐸y
𝑖,𝑗,𝑘

, at time 𝑡, in 

order to calculate ∇𝐻𝑥
𝑖,𝑗,𝑘

. This is expressed as follows: 

𝐸𝑧
𝑖,(𝑗+1),𝑘|𝑡 − 𝐸𝑧

𝑖,𝑗,𝑘|𝑡
Δ𝑦

−
𝐸𝑦

𝑖,𝑗,(𝑘+1)|𝑡 − 𝐸𝑦
𝑖,𝑗,𝑘|𝑡

Δ𝑧
= −𝜇0

𝐻𝑥
𝑖,𝑗,𝑘|

𝑡+
1
2
Δ𝑡

− 𝐻𝑥
𝑖,𝑗,𝑘|

𝑡−
1
2
Δ𝑡

Δ𝑡
 

(24) 

An analogous method can be used to find ∇𝐻𝑦
𝑖,𝑗,𝑘

 and ∇𝐻𝑧
𝑖,𝑗,𝑘

. Similarly, Figure 3.13(b) above 

shows the curl of 𝐻⃑⃑  being used to calculate the 𝐸⃑  field. This involves the use of the surrounding 𝐻⃑⃑  

field components, 𝐻𝑧
𝑖,𝑗,𝑘, 𝐻𝑧

𝑖,(𝑗−1),𝑘
,  𝐻𝑦

𝑖,𝑗,𝑘, and 𝐻𝑦
𝑖,𝑗,(𝑘−1)

, at time 𝑡 +
1

2
Δ𝑡. 

𝐻𝑧
𝑖,𝑗,𝑘|

𝑡+
1
2
Δ𝑡

− 𝐻𝑧
𝑖,(𝑗−1),𝑘|

𝑡+
1
2
Δ𝑡

Δ𝑦
−

𝐻𝑦
𝑖,𝑗,𝑘|

𝑡+
1
2
Δ𝑡

− 𝐻𝑦
𝑖,𝑗,(𝑘−1)|

𝑡+
1
2
Δ𝑡

Δ𝑧
= 𝜀0𝜀𝑟

𝐸𝑥
𝑖,𝑗,𝑘|𝑡+Δ𝑡 − 𝐸𝑥

𝑖,𝑗,𝑘|𝑡
Δ𝑡

 

(25) 

An analogous method can be used to calculate ∇𝐸𝑦
𝑖,𝑗,𝑘

 and ∇𝐸𝑧
𝑖,𝑗,𝑘

. 
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The time signal of the dipole, plane wave, of TFSF source, 𝑠(𝑡), is a pulse. This can be transferred 

to the frequency domain by taking the Fourier transform.  

 
𝑠(𝜔) = ∫𝑒𝑖𝜔𝑡𝑠(𝑡)𝑑𝑡 

(26) 

Ideally, we could choose the pulse to be a dirac delta function, and the value of 𝑠(𝜔) would be 1. 

Thus, we could find the response from the simulated system at every frequency by only carrying 

out one simulation. However, it increases accuracy and efficiency to excite the system using a 

short pulse. The pulse is chosen so the spectrum |𝑠(𝜔)|2 has a large value over the range of 

frequencies in which we are interested. 

The simulation returns the electric field in the system which arises in response to the input pulse 

𝑠(𝑡): 

 
𝐸⃑ 𝑠𝑖𝑚(𝜔) = ∫𝑒𝑖𝜔𝑡𝐸⃑ (𝑡)𝑑𝑡 

(27) 

However, as this depends on the system and the specific source used, it is more useful to measure 

just the impulse response of the system. This is achieved through continuous wave normalisation, 

by dividing by the source pulse: 

 
𝐸⃑ (𝜔) =

𝐸⃑ 𝑠𝑖𝑚(𝜔)

𝑠(𝜔)
 

(28) 

 

The magnetic field is similarly normalised: 

 
𝐻⃑⃑ (𝜔) =

1

𝑠(𝜔)
∫𝑒𝑖𝜔𝑡 𝐻⃑⃑ (𝑡)𝑑𝑡 =

𝐻⃑⃑ 𝑠𝑖𝑚(𝜔)

𝑠(𝜔)
 

(29) 

 

These normalised values are independent of the pulse used and are thus more useful values to 

compute. 

The Poynting vector is the directional energy flux of an electromagnetic field. It is calculated as 

the cross product of the electric field and the complex conjugate of the magnetic field: 

 
𝑃⃑ (𝜔) =

𝐸⃑ 𝑠𝑖𝑚(𝜔) × 𝐻⃑⃑ 𝑠𝑖𝑚
∗ (𝜔)

|𝑠(𝜔)|2
= 𝐸⃑ (𝜔) × 𝐻⃑⃑ ∗(𝜔) 

(30) 

 

The Poynting vector is used to calculate power flow within the simulation. 

The BPs were simulated as two truncated cones with hemispheroids at each end. The NSs were 

simulated similarly, with several truncated cones of varying sizes, with hemispheroid tips, placed 

around a spherical centre to represent the shape of one NS from a TEM image, or a generalised 
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NS. NRs were simulated as cylinders with hemispheres at each end. A schematic diagram of the 

shapes used can be seen in Figure 3.14. 

 

Figure 3.14: Colour-coded schematic diagrams of simulated nanoparticles, (a) nanostar,  
(b) bipyramid, and (c) nanorod, showing their constituent shapes. 

Mesh sizes and power monitor sizes (in the case of dipole power monitors) were optimised to give 

the best numerical results (via convergence testing). Parameter sweeps were carried out in order 

to optimise structures, which then informed synthesis and fabrication methods. 

 

3.13 Two-photon lithography 

The two-photon lithography (TPL) system used in this work is the Photonic Professional GT2 by 

Nanoscribe. The 780 nm laser light used is circularly polarised. The maximum power of the system 

is 50 mW, and powers used to write the sample are annotated as percentages of this maximum 

power. The TPL was carried out by Teodora Faraone, under the supervision of Prof. Colm Delaney. 

BPs were deposited onto glass slides via spin coating. A polymerisable solution of a monomer and 

photoinitiator (additionally containing quantum dots for samples where quantum dots were 

required) was dropped onto the top of the slide. The slide was inserted into the Nanoscribe 2-

photon lithograph, above an oil immersion objective. This objective focused the 780 nm 

femtosecond laser onto the sample. Within the software of the lithograph, a pattern was laid out 

in a CAD interface to modify the core laser power (power applied onto the sample) and the 

interface value (related to the exact vertical position of the focal point of the laser). The pattern 
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was then written onto the slide by the laser, then the slide was removed, washed in isopropanol 

to remove any remaining unpolymerised solution, and dried. 

The polymerisable solution used in this work was TMPET (Trimethylolpropane ethoxylate 

triacrylate – monomer) and PBPO (phenylbis (2, 4, 6-trimethylbenzoyl) phosphine oxide – Type I 

photo-initiator), with proportions of 99 wt% and 1 wt%, respectively.  

 

Figure 3.15: Optical microscope image of TPL grid, showing the core laser  
power (CoreLP) as a percentage of maximum power, and the interface (IF)  

values which correspond to the vertical position of the focal plane. 

Figure 3.15 above shows the layout of a 2-photon polymerisation-patterned grid on a slide. The 

optimal interface values (vertical position of the focal plane) for these slides were found to be 0.1 

and 0.2. The squares are written at high powers (30 %), so as to be easily visible under the 

microscope, and within each square the power used is ≤7%, which cannot typically induce 

polymerisation. In this system, the threshold value for polymerisation is 10% of the total laser 

power, thus any polymerisation seen in areas exposed to lower powers could only have been due 

to plasmonic enhancement (as described in Chapter 5). 

 

3.14 Conclusion 

In conclusion, the methods used in this work have been described. UCNP and plasmonic 

nanoparticle syntheses have been detailed, along with the silica shelling of nanostars. The process 

used for layer-by-layer deposition of nanoparticles and spacer polyelectrolyte layers on substrates 

has been explained, as well as the process used for spin-coating nanoparticles onto substrates. 
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The various forms of microscopy and spectroscopy used have been described, namely 

darkfield/brightfield microscopy, fluorescence lifetime imaging microscopy, electron microscopy, 

upconversion emission spectroscopy, and UV-visible extinction spectroscopy. The background 

theory for FDTD simulations is provided, as is the procedure for two-photon lithography. 
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4 Plasmonic Gold Nanoparticles 

 

4.1 Introduction 

Plasmonic nanoparticles have many uses. They can be used to enhance emission of luminescent 

materials, as well as to enhance the absorption of such materials (which results in overall 

emission enhancement also). Plasmonic nanoparticles have been used to enhance solar cells125, to 

strongly couple with 2D nanomaterials17, and to enhance single molecule fluorescence126. They 

can be created via bottom-up methods such as chemical synthesis or created in arrays using top-

down methods such as electron beam lithography, as described in Chapter 1. The objective of this 

chapter is to investigate the tunability of plasmonic nanoparticles, and to use these particles to 

investigate specific light-matter interactions, such as enhancement of emitters and enhancement 

of photopolymerisation.  

In a symmetrical plasmonic particle (such as a sphere), there will only be one dipole plasmon 

resonance mode (or rather, several degenerate modes which have the same resonance 

wavelength, as the particle has C∞v symmetry and is the same size in all three dimensions). The 

wavelength of this resonance is dependent on the material of the particle, and its diameter. There 

are also quadrupole, octupole, and higher order modes, as described in Section 2.1, but the dipole 

resonance dominates in particles much smaller than the wavelength of light46. Thus, in order to 

tune the resonance wavelength, you must increase the total size of the nanoparticle. It is not 

possible for the particle to be tuned to interact with multiple wavelengths at once, as its 

resonances are degenerate. However, this is possible with multiresonant particles. Multiresonant 

particles such as nanorods (NRs), bipyramids (BPs), and nanostars (NSs) have two or more 

resonances at different wavelengths. These can be tuned synthetically in order to align with 

desired wavelengths. Elongated nanoparticles such as NRs and BPs have two resonance peaks, a 

transverse mode and a longitudinal mode. While these can both interact with emitters, the 

longitudinal mode is stronger, and is best utilised using longitudinally polarised light. Adding more 

than two tips to nanoparticles can allow different plasmon resonance modes to be excited at 

different polarisations, as can be seen in Figure 4.1 below. For particles with many tips pointing in 

different directions, such as NSs, this can potentially result in strong E-field enhancements for 

light at any polarisation. 
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Figure 4.1: Electric field enhancement images for a three-pointed nanoparticle, at 0° and 90° 
polarisation. Schematic diagram of simulated particle, inset. 

 

4.1.1 Spectral range 

In general, for this project the aim was to tune the nanoparticle resonances to specific 

wavelengths, in order to potentially enhance different emitting nanoparticles. The wavelengths 

needed were in the visible and near IR ranges. For UCNP enhancement (see Chapter 6), 980 nm 

was the optimal excitation enhancement wavelength, while for emission enhancement the 

wavelengths were around 550, 650, and 800 nm (two Er3+ peaks and one Tm3+ peak). In order to 

facilitate 2-photon polymerisation and interaction with QDs (see Chapter 5), the wavelengths of 

interest were 780 nm (incoming laser wavelength for the 2-photon lithography system), and 665 

nm (QD emission peak wavelength).  

Different nanoparticles have different properties and different numbers of non-degenerate 

resonances, and thus could be more ideally suited for different applications. The small mode 

volume of the BP resonances made them potentially suitable for 2-photon polymerisation, which 

requires very high field intensities. NSs have multiple different plasmon resonance wavelengths 

due to their multiple tips of different lengths and orientations. This could make them potentially 

suitable for interaction with upconverting nanoparticles. Upconverting nanoparticles typically 

have their absorption wavelength (NIR) very far away in the spectrum from their emission 

wavelengths (typically UV, visible, or NIR), and may be optimally enhanced through the 

enhancement of both their absorption and emission wavelengths, which could potentially be 

achieved by NSs with resonances at both wavelengths. 
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4.2 Seeds 

There are 3 types of gold seeds used in this work; Type I (Nikoobakht et al., 2003)108, Type II (Liu et 

al. 200556, modified from Jana et al., 2001111), and Type III seeds (original 3.5 nm seeds from Jana 

et al., 2001111). Type I seeds are monocrystalline, and the Type II and Type III seeds are penta-

twinned56. The penta-twinned structure of a Type III seed is shown in Figure 4.2(d), which 

highlights the 5 side facets of the seed. This difference in the seeds results in very different crystal 

structures in the nanoparticles which are grown from the seeds. Type I seeds will result in 

monocrystalline nanoparticles (ideal for NRs), whereas seeds II and III will result in penta-twinned 

nanoparticles (ideal for BPs or NSs).  

When the penta-twinned seeds are used, high HCl concentrations will result in BPs, whereas 

lower HCl concentration will result in NSs. (10 µL HCl for NSs, 200 µL HCl for BPs). This is because 

the pH has a significant impact on the dominant growth direction, and at more neutral pH, the 

growth is not inclined along one growth axis, and stars are formed127. 

 

Figure 4.2: TEM images of (a) Type I seed, (b) Type II seeds, and (c) Type III seed. (d) TEM image of 
penta-twinned Type III seed, with the 5 side facets outlined. 

Small seeds may undergo Ostwald ripening (increasing in size due to the smaller particles 

dissolving and redepositing onto the larger particles) on TEM grids as they dry56, so the actual size 

of the seeds while in solution may be smaller than that seen in TEM images. Type I seeds (Figure 
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4.2(a)) are likely to be 1.5 nm in diameter, and Type II (Figure 4.2(b)) around 3 nm56. The Type III 

seeds (Figure 4.2(c), (d)) should be around 3.5 nm111; however, they are a bit larger in the above 

TEM images (measured size ≈ 4.1 nm), due to the aforementioned ripening.   

 

4.3 Synthesis differences 

There are many factors which can potentially affect the outcome of seemingly identical syntheses: 

• The temperature in the room 

• The humidity (esp. when weighing out hygroscopic chemicals) 

• The age of reagents (how long since their opening) 

• The age of reagent solutions (how long they have been dissolved in water) 

• The person carrying out the synthesis (might decide the value from a fluctuating mass 

balance reading differently) 

• Small accidents, i.e., not adding the full volume due to a small amount remaining in the 

pipette tip. 

• Seed age (typically used within one week to avoid issues with this) 

Thus, even with seemingly identical syntheses, the resulting particles can still vary. Therefore, it 

was found that utilising a variety of parameters around the expected ideal would be more likely to 

produce particles with the desired plasmon resonance wavelength. It is also most instructive to 

compare directly batches of nanoparticles made on the same day, while comparisons of trends 

can be made across different synthesis days. 

The syntheses for BPs, NRs, and NSs are very similar, however small differences in concentrations 

of certain reagents give rise to very different results. These differences can be seen in Figure 4.3 

and Figure 4.4 below. 

 

Figure 4.3: Schematic of gold nanorod and bipyramid syntheses, showing the difference in 
resulting nanoparticles due to using different seed types. 
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Figure 4.4: Schematic of seed-mediated and seedless gold nanostar syntheses, showing the 
difference in resulting nanoparticles due to presence/absence of seeds and HCl, the order  

in which reagents were added, and the amount of time taken for the NSs to grow. 

 

4.4 Nanorods 

NRs are elongated nanoparticles with two plasmon resonances, one transverse and one 

longitudinal (Figure 4.5(b)). The longitudinal plasmon mode is much stronger than the transverse 

mode and is more easily tuneable by varying synthetic parameters in order to change the aspect 

ratio.  

 

Figure 4.5: (a) Schematic of a gold nanosphere showing the directions of the two degenerate 
plasmon resonances, and (b) schematic of a gold NR, showing the directions of transverse and 

longitudinal plasmon resonance modes. 

Two syntheses have been used, one which is similar to the BP synthesis56,108, and one which 

involves adding additional growth solutions to the mixture as it is reacting111. 
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In the first synthesis56,108, the concentration of AgNO3 was varied in order to change the aspect 

ratio and thus the plasmon resonance wavelength of the NRs. The extinction spectra of 4 batches 

of NRs, synthesised varying AgNO3, can be seen in Figure 4.6 below. 

 

Figure 4.6: Extinction spectra of NRs, varying AgNO3 concentration. 
SEM images of the NRs, to right of graph. 

At lower concentrations, an increase of Ag concentration resulted in an increase in the resonance 

wavelength (as has been shown in the literature56). Conversely at higher concentrations the 

increase in Ag concentration gave rise to a decrease in the plasmon wavelength (after a peak). 

This was not in line with the literature results, however, in their paper, Liu et al.56 did not use as 

high concentrations as have been used in this work. This is a much stronger Ag concentration 

dependence than that seen for BPs.  

 

Figure 4.7: Extinction SPR peak wavelength versus volume of AgNO3 added, 
over several NR batches. 
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Unusually, batches of nanoparticles synthesised using one month old seeds rather than fresh 

seeds resulted in BPs and NSs rather than NRs, for the same synthetic parameters. This can be 

seen in the SEM images in Figure 4.8(a) and (b) below. Such a change in outcome is likely due to 

an increase in the proportion of penta-twinned seeds over time, resulting in these penta-twinned 

particles. Similar results have previously been seen by Park et al.128.  

 

Figure 4.8: (a) SEM image of a sample prepared according to NR synthesis procedures, but with 
one-month aged seeds, showing BPs and NSs. (b) SEM image of another sample prepared with the 

same seeds, higher magnification. 

Unfortunately, the synthesis method used to make the NR batches in Figure 4.7 was not able to 

produce any NRs with plasmon wavelengths above ≈ 870 nm. Thus, the second synthesis method 

was used to attain the longer wavelengths needed for UCNP excitation enhancement. 

The second NR synthesis (batches labelled NR_B) method involved the addition of sequential 1 mL 

aliquots of a growth solution. Each 1 mL added shifted the wavelength of the NRs in solution by 

an average of 89 nm. This resulted in NRs with plasmon resonances up to above 1000 nm, thus 

allowing for the synthesis of 980 nm NRs for potential use in UCNP enhancement. This is in line 

with the literature, where NR plasmon resonances of 1250 and beyond have been shown108. The 

extinction spectra for these samples are shown in Figure 4.9 below.   
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Figure 4.9: Extinction spectra of various samples synthesised using the second method, 
along with the number of mL of solution B which were added. 

For several sample batches, the change in wavelength can be seen in Figure 4.10 below. This 

redshift is due to the addition of extra growth solution providing more gold which could deposit 

onto the seeds, increasing the size of the NRs. The dependence of the wavelength on the volume 

of the second solution added is shown in Figure 4.11. 

 

Figure 4.10: Extinction spectra of NRs showing redshift of peak position 
upon addition of an extra 1mL of solution B. 
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Figure 4.11: Dependence of peak wavelength on the amount of the growth solution (B) added. 

Figure 4.12 shows the change in wavelength upon addition of an extra millilitre of the second 

solution. This varied across several samples; however, this may be due to variation in the amount 

of time elapsed before measuring the extinction spectra, or due to some other variations in the 

syntheses caused by them being carried out on separate days (humidity etc.).  

 

Figure 4.12: Wavelength differences upon addition of an extra 1 mL of solution B for 3 samples. 

This second synthesis method was able to provide NRs with a plasmon resonance wavelength of 

980 nm, which was suitable for use for potential UCNP enhancement. 
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4.5 Bipyramids 

Similar to NRs, BPs are also elongated particles but have superior electric field enhancing benefits 

over NRs. Field enhancements are proportional to the curvature of a surface55,56 due to the higher 

concentration of conduction electrons, and thus the high curvature of a sharp BP tip is what gives 

rise to this improved field enhancement. The localised field enhancement of BP can be seen in 

Figure 4.13 below.  

 

Figure 4.13: Map of electric field intensity enhancement at 780 nm, from a simulated BP.  
Width 42 nm, aspect ratio 3.9. 

Unlike spheres, which have degenerate plasmon modes, BPs have a transverse mode and a 

longitudinal mode. Changing the width and length/aspect ratio of BPs can drastically change the 

resonance wavelength of the longitudinal dipole mode. This can be tuned synthetically as 

discussed in Section 3.3, giving rise to a broad range of potential wavelengths which can be 

plasmonically enhanced by appropriately sized BPs.  
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Figure 4.14: (a) Schematic of a gold nanosphere showing two of the degenerate plasmon 
resonances, (b) schematic of a gold BP, showing transverse and longitudinal modes, (c) and (d) 

simulated scattering spectra of a BP, for transverse and longitudinal modes. 

 

4.5.1 Aspect ratio 

BPs of varying aspect ratios were simulated with mesh size 1 nm, keeping the width constant, in 

order to identify which BP sizes would be optimal for use in enhancing specific wavelengths for 

UCNPs and QDs. As the length of the BPs increased, so did the peak wavelength of the 

longitudinal plasmon resonance. 

 

Figure 4.15: Plot of scattering peak wavelength vs aspect ratio for simulated single BPs in air,  
with polynomial fit. Simulated scattering spectra, inset. 

Figure 4.15 above shows the relationship between scattering peak wavelength and BP aspect 

ratio, for a single BP with width 42 nm. This graph correlates with what might be expected, that 
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the plasmon resonance wavelength increases with an increase in particle aspect ratio. This data 

was then fitted with a 2nd order polynomial fit (the equation for this fit is 𝑦 = 444 ± 9 + (58 ±

5)𝑥 + (6.8 ± 0.7)𝑥2, with Adj. R2 = 0.99974), in order to predict which BP sizes could be 

synthesised to best enhance the emitters in Chapters 5 and 6.  

Figure 4.16 shows two batches of BPs with different aspect ratios but the same widths, as well as 

the relevant plasmon resonance wavelengths for each one. These agree with the relationship 

shown in Figure 4.15, with a redshift of the plasmon resonance wavelength with an increase in 

aspect ratio.  

 

Figure 4.16: SEM images of two batches of BPs with length L, width W, and aspect ratio AR: Batch 
A: L=83±5 nm, W=37±3 nm and AR=2.2±0.1, and Batch B: L=96±7 nm, W=32±4 nm, and 

AR=3.1±0.3. Plasmon resonance wavelengths in water, inset. 

The resonance wavelengths in Figure 4.16 were measured from the extinction spectra of the BPs 

in water, whereas those in Figure 4.15 were simulated in air. As the refractive index of the 

material surrounding the BPs has a significant impact on their resonance wavelengths, simulations 

were run in different materials to identify whether certain BP aspect ratios could be optimised for 

different wavelengths in different materials. 



55 
 

 

Figure 4.17: Simulated scattering peak vs aspect ratio of BPs at background indices 1 
(~vacuum/air) and 1.47 (~monomer). Relevant wavelengths for UCNPs (980 nm),  

2-photon polymerisation (780 nm), and QDs (665 nm) are shown. 

For the two-photon lithography carried out in Chapter 5, first polymerisation enhancement occurs 

in a monomer liquid (n = 1.47) using a laser at 780 nm. Then any excess is removed, leaving a BP 

mainly surrounded by air (n = 1.00), with some quantum dots in the small amount of polymer 

around the BP, which emit at 665 nm. The simulated scattering peak wavelengths in Figure 4.17 

above show that a BP with ideal aspect ratio for 780 nm in the monomer solution (AR 2.5) may 

have an ideal aspect ratio for enhancing/interacting with QDs after the monomer has been 

washed away, leaving mainly air. While it is unlikely that a similarly ideal overlap may be shown 

for the 980 nm absorption wavelength of UCNPs, there may be an opportunity to match well for 

the 800 nm emission wavelength of Tm3+-UCNPs, for example.  

This simulation can also be extended to include the substrate and a small polymer lobe. Figure 

4.17 shows the difference in plasmon resonance peaks for BPs in polymer versus in air, as the TPL 

occurs in polymer, but the scattering will be measured in air. However, when there is even a small 

amount of polymer around a bipyramid, as is the case for the samples prepared in this chapter, 

the plasmon resonance wavelength still redshifts, but to a lesser extent. An example of this 

redshift is shown in Figure 4.18, with the extinction peak wavelength for the BP fully encased in 

polymer redshifted past 1000 nm. 
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Figure 4.18: Extinction cross sections of a BP (AR = 3.86) on glass, showing the redshift from BP 
without polymer to a BP with a polymer lobe around one tip, compared to more extreme redshift 

for BP fully encased in polymer (λ>1000 nm).  Inset: schematic of simulation layout. 

 

4.5.2 Synthesis variation 

For the BP synthesis, the concentration of certain reagents (controlled by the volume of each 

reagent solution added) has a significant impact on the BP size, shape, and aspect ratio. This 

subsequently affects the plasmon resonance wavelength. Thus, a wide range of wavelengths 

become available for various applications.  

In Figure 4.19(a), the extinction spectra of different BP batches are shown, along with the 

different volumes of reagents added. Figure 4.19(b) and (c) show SEM images of the shortest and 

longest bipyramids from these synthesis batches. The ascorbic acid concentration had a strong 

impact on the wavelength of the plasmon resonance (see Figure 4.20), whereas the concentration 

of AgNO3 did not have as significant of an effect (as noted by Liu et al.56). The ascorbic acid is 

responsible for reducing the Au3+ ions to Au+ ions, which adsorb onto the seed surface in order to 

grow the BP. Thus, an increase in the amount of AA in the reaction vessel results in an increase in 

the amount of Au(I) available, thus increasing the overall size which the BP can attain.  

At lower AA concentrations, a positive relationship between AgNO3 concentration and 

wavelength can be seen. This is likely due to the AgNO3 giving the opportunity for the steep 

stepped facets of the BPs to form, and so more Ag could stabilise steeper facets (allowing the 
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formation of longer BPs/higher aspect ratios). Geitner et al.129 have also shown such a redshift of 

BP plasmon resonances with increasing AgNO3 concentration (as well as noting that the BP 

growth rate increases with AgNO3 concentration).  

 

Figure 4.19: (a) Extinction spectra of BPs showing wavelength tuning via variation of the volume of 
ascorbic acid (AA) and AgNO3 added. (b) and (c) SEM images of the BP batches with the bluest and 

reddest plasmon resonance wavelengths, respectively. 

 

 

Figure 4.20: Graph of peak wavelength vs volume of ascorbic acid (reducing agent) added, over 
many synthesis batches. SEM images of very large and very small BPs, inset (same scales). 

Synthesis parameters can be found in Table 3, Appendices. 

Figure 4.20 above shows a trend of increasing peak wavelength as volume of AA is increased. The 

particularly sharp increase in wavelength seen at lower volumes of AA is likely due to this being 
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close to the threshold for how much AA is needed to reduce the gold. The slight increases in AA at 

these low volumes may thus be rapidly increasing the amount of available gold for growing the 

BPs, rapidly increasing the BP size. The dependence here is nonlinear. At higher volumes, a 

plateau is seen. This plateau may be due to there being a smaller amount of gold ions available for 

reduction, as much of the gold has already been reduced by the large amounts of l-ascorbic acid. 

This likely shows the very limits of this dependence. 

BPs are typically reported as having LSPRs which can be tuned down to around 700 nm130, with 

some examples reducing the longitudinal resonance wavelength to 650 nm131. This work has 

shown BPs with a wavelength below 600 nm for the first time.  

BPs with plasmon resonance wavelengths above 1000 nm have previously only been synthesised 

by using smaller BPs/truncated BPs as seeds, after which a regrowth step was carried out1,2, or by 

significantly reducing the seed concentration3. However, this has not previously been achieved by 

only modifying the l-ascorbic acid concentration. Additionally, such an extensive investigation into 

the full shape of this l-ascorbic acid concentration dependence has not previously been shown. 

 

Figure 4.21: (a) Graph of peak wavelength vs volume of chloroauric acid (source of gold ions) 
added, over two sets of synthesis batches at different silver concentrations. (b) Average peak 
wavelength for each synthesis batch in (a), vs volume of gold added, showing an increase in 

wavelength with increasing gold volume. 

Figure 4.21 above shows a clear increase in peak wavelength with increasing chloroauric acid 

(gold ion source) volume. This occurs as an increase in the amount of gold ions added will increase 

the amount of gold available to form the BPs. Thus, the size to which the BPs can grow is larger, 

redshifting the plasmon resonance peak. 
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Figure 4.22: Graph of peak wavelength vs volume of HCl added over various syntheses. Each group 
of points connected by a line is a group of syntheses performed on the same day. 

Figure 4.22 demonstrates the impact of changing HCl concentration on the longitudinal plasmon 

resonance wavelength of BPs. Over several synthesis batches, an increase in the volume of HCl 

added resulted in a decrease in the plasmon resonance wavelength. This is due to the change in 

pH altering the kinetics of growth along the ⟨100⟩ and ⟨110⟩ directions (by changing the amount 

of CTAB capping on the {110} facets132). At lower pH values, the growth in the longitudinal 

direction is slower than the growth in the transverse direction127, and so the nanoparticles have a 

smaller aspect ratio. Thus, the plasmon resonance wavelength blueshifts. If the pH was very high 

(with very little or no HCl added), there was no preferential growth direction and NSs would grow, 

as described in Section 4.6 below. 

The extinction spectra taken of the synthesised BPs in solution also show a peak at around 540 

nm. This peak is a combination of the transverse peak of the BPs (weak) and the extinction of the 

spheroids which are also seen in solution. BPs can be purified post-synthesis to remove the 

spheres133, however this was not deemed necessary for this work, as single BPs could be easily 

isolated in the spin-coated samples (See Chapter 5). Single particle spectra show little or no 

transverse peak but show a strong single longitudinal peak. This occurs because elongated 

particles have a stronger longitudinal resonance than transverse resonance, and the 

longitudinal:transverse ratio increases with an increase in nanoparticle aspect ratio134. This can be 

seen in Figure 4.23 below, which compares the ensemble and single particle spectra for BPs of the 

same batch. The transverse peak in the single BP scattering spectrum is very small, almost 

indistinguishable from noise, whereas there is a stronger spheroid peak visible in the ensemble 

extinction spectrum. There is also an overall blue-shift of the spectrum (as the ensemble spectrum 
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is in water, which redshifts the peak wavelength, and there is some variation in the exact peak 

wavelength among individual BPs). 

 

Figure 4.23:  Ensemble extinction spectrum for a batch of BPs in water,  
and single particle scattering spectrum of one BP from this batch.  

SEM image of the single BP (with polymer, see Ch 5), inset. 

Figure 4.24 below shows the simulated scattering cross section for the BP in Figure 4.23 above. 

The simulated scattering also does not show any significant transverse peak. It also shows strong 

agreement with the experimental scattering spectrum, thus showing that this is definitely a single 

BP spectrum. 

 

Figure 4.24: Experimental scattering and scattering cross section  
for a BP and an identical simulated BP.  
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4.6 Nanostars 

 

Figure 4.25: (a) Schematic of a NS with multiple pointed tips and (b) Electric field intensity map at 
803 nm, showing the excitation of plasmon modes and strong field enhancement at the tips of a 

simulated NS. 

Gold nanostars (NSs) are nanoparticles with multiple sharp tips. The tips, the core, and a core-tip 

hybridisation of the NSs can give rise to multiple different SPRs. The sharpness of the tips can also 

cause significant enhancement of the electric field (see Figure 4.25(b)), as is also the case with BPs 

(as discussed in Section 4.5). They can also give rise to polarisation-independent enhancement, as 

they have tips pointing in multiple directions and so light which is linearly polarised in any 

direction may algin with one of these tips. These advantageous properties mean that NSs have 

been used to enhance many optical phenomena, including Raman scattering57, random lasing135, 

and fluorescence136. Their multiple resonances and tunability mean that they can be used to 

enhance light across the optical spectrum and could potentially be used to enhance multiple 

wavelengths simultaneously. 

As described in Section 3.4, gold NSs can be synthesised in two ways, seed-mediated and 

seedless. In the seedless NS synthesis, gold seeds are grown simultaneously with the rest of the 

synthesis, and then gold immediately grows upon them. The resulting NSs have a small number of 

broad, plate-like spikes, which retain good tip sharpness (tip radius: 5 ± 1 nm). These NSs have 

fewer plasmon resonances than the seed-mediated NSs, due to having fewer tips.  
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Figure 4.26: (a) SEM image of a single seedless NS, (b) TEM image of a seedless NS. 

The seed-mediated NSs are grown on a base of the 3.5 nm seeds described in Section 0. These 

seeds are penta-twinned, so the crystal structure of the seed-mediated NSs is also penta-twinned 

rather than single crystalline. Seed-mediated NSs have a higher number of spikes, and each spike 

is considerably smaller than those on the seedless NSs (tip radius: 3 ± 1 nm). 

 

Figure 4.27: (a) SEM image of a seed-mediated gold NS, (b) TEM image of two seed-mediated NSs. 

These NSs have different plasmonic properties, which can be varied synthetically (Section 4.6.1 

below) and used for different applications. 

 

4.6.1 Synthesis variation 

Both types of NS give rise to broad ensemble spectra, as each individual NS will have variation in 

their SPR peaks. Thus, the sum of all these multi-peak spectra will be a broad peak rather than the 
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sharp peaks seen with more uniform spherical or elongated particles (such as NRs and BPs), which 

have only one or two SPR peaks. The concentration or age of certain reagents, as well as the order 

in which they are added, can be used to modify the synthesis.  

 

4.6.1.1 Seed-mediated NSs 

 

Figure 4.28: NS extinction spectra for seed-mediated NS batches synthesised using two different 
AgNO3 concentrations. SEM images of NSs from each batch, inset, with same scale bars. 

For seed mediated NSs, higher AgNO3 concentration resulted in a slightly lower plasmon 

resonance peak. However, the peak was still very broad. This can be explained by the SEM images 

in Figure 4.28, which show a slight difference in size (which changes the overall peak position), but 

that both batches of NSs still have very many tips (which gives a broad spectrum). This correlates 

with some aspects of the results seen in literature, where higher Ag concentrations give rise to 

shorter tips overall137. However, others have shown a blue shift with a smaller amount of Ag 

added in seed-mediated syntheses138. This may be attributed to the reduced reproducibility found 

using this method. Figure 4.30 below shows a modified synthesis method which improves 

reproducibility.  
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Figure 4.29: NS extinction spectra, varying seed concentration.  
SEM images of NSs from each batch, inset, with same scale bars. 

Figure 4.29 shows the influence of seed concentration on NS SPR peak wavelength. The higher 

seed concentration results in a blue shift of the peak. This is likely because a larger number of 

seeds results in a smaller amount of gold which can grow onto each seed. This gives rise to 

smaller nanoparticles overall, as the volume of gold which is available to form each nanoparticle is 

smaller. The inset SEM images demonstrate this, as the NSs made with more seeds are indeed 

smaller. They also have fewer tips, resulting in the slightly sharpened peak. The lower seed 

concentration resulted in a peak wavelength of > 1000 nm, which is within the bounds of the NS 

peak wavelengths which have been shown in the literature (wavelengths of 1100 nm and above 

have been shown136). 

While the reagent/seed concentrations had a significant effect on the SPR wavelength and the 

nanoparticle shapes, another aspect of the seed-mediated synthesis which had a larger impact on 

the shape and sharpness of the NSs was the reagent addition order. The original synthesis 

involved combining HAuCl4, HCl, and seeds, followed by the addition of AgNO3 and ascorbic acid 

(AA) simultaneously. As was described in Section 3.4, the order of addition of the AgNO3 and the 

AA was varied in order to optimise the synthesis.  

Figure 4.30 demonstrates the impact of changing these parameters on the plasmon resonance 

wavelength of the NSs. The original method, adding the Ag and AA simultaneously, resulted in NSs 

with a broad plasmon resonance, with many blunt tips. Adding the AA first resulted in a 

significantly sharper, blue-shifted spectrum, and stars with a very rounded overall shape, with a 

shape akin to two intersecting cubes. Their tip angles could be seen to be around 90°. Adding the 
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AgNO3 first gave rise to the most optimal of all three options. The particles had a more red-shifted 

peak (ideal for the goal of a 980 nm excitation enhancement) and had many sharp tips to increase 

the potential electric field enhancement. This is also the order of addition of reagents that is used 

in the BP synthesis. This has been shown in the literature to produce more homogenous and 

reproducible NSs138. 

 

Figure 4.30: Extinction spectra of seed-mediated NSs synthesised varying the order of addition of 
AgNO3 and AA. SEM images of these NSs, right. Scale for all SEM images is the same. 

 

Figure 4.31: Extinction spectra of seed-mediated NSs synthesised with and without HCl. SEM 
images of these NSs, inset. The scale for both SEM images is the same. 
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Figure 4.31 shows the difference between seed-mediated NSs made with and without HCl. The 

NSs synthesised with HCl have a broad peak around 750 nm, and the NSs synthesised without HCl 

have a narrower and blue shifted peak. This narrowness is because the HCl-free nanoparticles do 

not have any tips and are thus more spherical. It has been previously shown that adding HCl 

improves the synthesis of elongated gold nanoparticles, and their stability in solution56. Due to 

the blue-shifting of the spectrum, these NSs are not suitable for use to plasmonically enhance 

absorption at red wavelengths, and due to the lack of sharp tips they will not provide a strongly 

enhanced electric field. As such, the HCl-free seed-mediated NSs were not used for the plasmon 

enhancement in this work.  

 

4.6.1.2 Seedless NSs 

Figure 4.32 shows the difference in extinction between batches at low and high AgNO3 

concentrations. The increased Ag concentration resulted in a significant blue shift of the 

spectrum. This can also be explained via the SEM images, with the high Ag concentration batch 

being smaller and with more blunted tips than the low Ag batch. They are closer in shape to 

spheroids than the low concentration batch. These features give rise to spectral changes, with the 

smaller particle size resulting in a blueshifted peak, and the more homogeneous shape of the 

particles resulting in a sharper peak, similar to that seen in the spectrum of a spherical 

nanoparticle. 

 

Figure 4.32: Extinction spectra of two seedless NS batches, at different AgNO3 concentrations 
(Batch B spectra smoothed). Representative SEM images for Batch A, inset (to same scale). 
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Figure 4.33: Extinction spectra of two seedless NS batches, at different ascorbic acid 
concentrations (Batch B spectra smoothed). SEM images of Batch A NSs, inset (to same scale). 

The differences between seedless NSs synthesised using different concentrations of l-ascorbic 

acid are shown in Figure 4.33. The blueshift in peak wavelength with an increase of AA is mainly 

due to the nanoparticles being smaller. This may be due to the increase in AA causing more gold 

to reduce more quickly in the beginning of the synthesis, nucleating more individual 

nanoparticles. This would result in a higher concentration overall of smaller NSs. 

All the above reagent concentrations could be varied in order to obtain the desired properties for 

the NSs. An increase in AA or seed concentration resulted in a blueshift of the spectrum. An 

increase in AgNO3 concentration resulted in a slight blueshift of the spectrum for seed mediated 

NSs, but a significant blue-shift for the seedless NSs. The removal of HCl resulted in a blue shift of 

the spectrum and the disappearance of all tips, and the seedless NS synthesis was optimised for 

sharp tips and longer plasmon resonance wavelengths when AgNO3 was added first. While 

synthetic tuning of the NSs was thus possible, the effects of the multiple resonances are all seen 

in ensemble, with resonances from many nanostars contributing to the overall broad spectrum. 

To further reveal their individual properties, single nanostar spectra were investigated. 

 

4.6.2 Single nanostar spectra 

While the ensemble extinction spectra of NS batches show generally broad peaks, the single 

particle scattering spectra have very different characteristics. Multiple peaks can be seen, with 

each peak corresponding to a different plasmon resonance. The peaks are sharper than that of 

the ensemble spectrum. The peaks also show polarisation dependence, as the tips or different 
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lengths cause different resonance wavelengths, and they are orientated in different directions 

around the NS.  

 

Figure 4.34: Single particle scattering spectra (unpolarised light) of two seedless NSs made in the 
same synthesis batch, along with the ensemble extinction spectrum of the whole NS batch in 
water. 

Figure 4.34 compares the ensemble extinction spectrum of a batch of NSs in water with individual 

scattering spectra of two NSs from that batch, in air. This figure shows the difference between the 

individual peaks in the single particle spectra and the single broad peak in the ensemble 

spectrum. It also shows the significant difference in the spectra of individual NSs, which vary 

considerably within one batch, though all the peaks still fall under the overall broad ensemble 

peak.  
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Figure 4.35: NS1 from Figure 4.34 above – polarisation dependent  
scattering spectra showing multiple plasmon resonances. 

The polarisation dependence of the single NS scattering spectrum (method described in Section 

3.7) can be seen in Figure 4.35. The peak at around 670 nm increases and decreases in height as 

the polarisation wavelength is changed, showing that this plasmon resonance is most strongly 

excited at a polarisation angle of 80°. In contrast, the peak at around 760 nm stays constant 

throughout all polarisation angles, showing that this plasmon resonance is polarisation 

independent (perhaps a resonance corresponding to the core of the NS or to multiple peaks).  

 

Figure 4.36: (a) Simulated polarisation-dependent scattering of a particular NS, (b) an SEM image 
of this NS, (c) ensemble extinction spectrum for the batch (NS_8) in water, and (d) field 

enhancement (|𝐸|2 ∝ 𝐼, intensity) at 803 nm and at a polarisation angle of 60° for simulated NS. 
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Figure 4.36(a) shows the polarisation-dependence of the scattering for a simulated NS. Figure 

4.36(b) shows strong electric field (|𝐸|2 ∝ light intensity) enhancement at 803 nm (around the 

Tm3+ emission peak in UCNPs) at the tips of the NSs. When the single particle scattering spectra 

(Figure 4.36(a)) are compared with the ensemble extinction spectrum for the sample this 

simulation was based on (Figure 4.36(c)), it can be seen that the plasmon resonance peaks in the 

simulated spectra overlap well with the overall plasmon peak of the extinction spectrum. It also 

shows similar behaviour to the single particle spectra shown in Figure 4.35 above, showing the 

simulation is in good agreement with the experimental observations. 

Figure 4.37 shows the same spectra and images for a nanoparticle with fewer tips. By comparing 

Figure 4.36(a) with Figure 4.37(a), it can be seen that the nanostar with fewer tips has fewer 

plasmon resonance peaks, as the resonances are typically correlated with particular tips, multi-tip 

hybridisations, or tip-core hybridisations.  

 

Figure 4.37: (a) Simulated polarisation-dependent scattering of a particular NS, (b) an SEM image 
of this NS, (c) ensemble extinction spectrum for the batch (NS_6f) in water, and (d) field 

enhancement (|𝐸|2 ∝ 𝐼, intensity) at 834 nm and at a polarisation angle of 165° for simulated NS. 

 

4.6.3 Comparison of all nanoparticle types 

A shape comparison of a NR, BP, seedless NS, and seed-mediated NS can be seen in Figure 4.38. 

The difference in plasmon resonance peak sharpness can be seen in Figure 4.39, with BPs (single 

longitudinal resonance, very monodisperse, sharp tips) having the sharpest peak, NRs (single 

longitudinal resonance, less monodisperse, less sharp tips) having a less sharp peak than BPs, and 
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NSs (many overlapping resonances across the ensemble of particles, polydisperse, sharp tips) 

having the broadest resonance. For precise and reproducible tuning, where having multiple 

resonances is not important (such as in the case of two-photon polymerisation enhancement in 

Chapter 5), BPs were preferred.  

 

Figure 4.38: (a), (b) SEM images of a gold NR and a gold BP, respectively. (c) TEM image of a 
seedless gold NS. (d) SEM image of a seed-mediated gold NS. 

 

Figure 4.39: Comparison of extinction spectra for NRs, BPs, and NSs. 
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4.7 Silica coating 

 

Figure 4.40: TEM images of seedless NSs with ≈(a) 18 nm silica shell and (b) 11 nm silica shell 
(same scale). 

Silica encapsulation of the NSs was successfully carried out and resulted in shells with thicknesses 

of approximately 19 ± 4 nm (Figure 4.40(a)) and 11 ± 3 nm (Figure 4.40(b)). This difference in silica 

shell thickness was obtained by adding a larger amount of NSs to the silica shelling solution for 

Figure 4.40(b) (1.25x the volume). This higher concentration of NSs is likely the reason for the 

thinner shells, as the amount of silica which could be deposited on each NS was decreased.  

 

Figure 4.41: Extinction spectra of NS batches with and without silica shells. NS1: 60 µL AA, 200 µL 
HAuCl4. NS2: 40 µL AA, 180 µL HAuCl4. 
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As shown in Figure 4.41, silica shelling of the NSs resulted in a redshift of the spectrum and a 

broadening of the peak shape, as has been seen by Munkhbat et al. in the publication wherein the 

method for coating these NSs was detailed117. 

Silica shells of varying thicknesses were simulated, with mesh size 2.5 nm, in order to investigate 

the impact of shell thickness on potential enhancement of upconversion (see Chapter 6). Figure 

4.42(b) and (c) show the increase in electric field intensity at the tips for no shell versus a 10 nm 

shell. This must be balanced with the potential for quenching of emission when emitters are 

placed at the surface of the plasmonic particle. Figure 4.42(a) below shows a red-shift and overall 

diminishing of the plasmon resonance peaks in the scattering spectra as the shell thickness is 

increased from 0-20 nm. This redshift is similar to that seen in Figure 4.41, a comparable 

measurement of ensemble particle extinction. This shows that such a red-shift needs to be 

considered when planning to incorporate silica shells in a UCNP-NS hybrid system (Chapter 6). 

 

Figure 4.42: (a) Silica-shell-thickness dependence of scattering of simulated nanostar NS_8,  
(b) electric field intensity map for NS with 10 nm silica shell compared with  

(c) electric field intensity map for NS with no silica shell. 
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4.8 Conclusion  

In conclusion, several forms of nanoparticle were synthesised using similar growth mechanisms. 

Varying the reagent concentrations, presence of seeds, and types of seeds, resulted in different 

particle shapes and sizes: nanorods, bipyramids, seedless nanostars, and seed-mediated 

nanostars. The nanorods and bipyramids produced single, narrow plasmon resonance peaks, 

whereas the nanostars produced broad ensemble plasmon resonance peaks due to the variation 

in nanostars within each batch, and their many overlapping resonances. Nanostars were also 

successfully silica shelled, with shell thicknesses varying from 10-20 nm, to potentially act as 

spacers for plasmonic enhancement of emitters. 

Further variation of reagent concentrations within the bounds of each synthesis has been used to 

tune the plasmonic properties, resulting in sharp and broad ensemble surface plasmon resonance 

peaks across a range of wavelengths from below 600 nm to above 1100 nm, which opens up the 

potential for many applications due to the wide wavelength range. The specific plasmon 

resonances of differently shaped nanostars have been modelled, showing the influence of 

number of tips on the number of plasmon resonances. In addition, the impact of seed age on 

nanorod synthesis was explored, with one-month aged seeds found to produce penta-twinned 

BPs and NSs rather than NRs. 

For bipyramids, the dependence on l-ascorbic acid (AA) concentration was extensively explored. It 

was found to be a nonlinear dependence, with a sharp increase at low amounts of AA, followed 

by a plateau at higher amounts of AA, explained by the interaction of the AA with the gold 

precursor, HAuCl4. Such an investigation into the limits of this concentration dependence has not 

previously been carried out. Bipyramids with plasmon resonance wavelengths below 600 nm 

were synthesised for the first time. Additionally, bipyramids with plasmon resonance wavelengths 

above 1000 nm were synthesised by only modifying the AA concentration, which has not been 

previously achieved. This has previously only been done using overgrowth methods1,2, or very low 

seed concentrations3. 

The small mode volume and high field enhancement of the bipyramids could be of particular use 

in enhancing 2-photon lithography, which requires a very high field intensity to polymerise the 

photopolymer. The nanostars have multiple resonances, which may potentially be used to 

enhance UCNPs, which absorb and emit at very disparate wavelengths.  
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5 Bipyramid-Enhanced Two-Photon Polymerisation 

 

5.1 Introduction 

Semiconductor quantum dots (QDs) can be nanoscopic single photon emitters, with stable and 

bright emission, narrow emission bands, and absorption over a broad wavelength range59. Their 

emission wavelengths and other properties are easily tuneable via changing the size of the dot. As 

quantum emitters, it can be of significant interest to investigate the interaction of QDs with 

plasmonic structures, which can significantly modify/enhance this emission. However, combining 

QDs with plasmonic structures can present some challenges.  

Firstly, the quantum dots need to be attached to, or brought close to, the plasmonic structure in 

some manner. Secondly, the QDs need to be localised in an area where there is strong field 

modification/enhancement, not just anywhere on the plasmonic structure. Finally, in order to see 

any changes in decay wavelength, lifetime, or energy levels due to the presence of the plasmonic 

structure, it is ideal to have a single quantum dot combined with the plasmonic structure. If there 

are many quantum dots, the plasmonic effects will be seen in ensemble, where many of the QDs 

will be in suboptimal positions for enhancement139. 

Some previous approaches have involved placing a layer of QDs atop a layer of plasmonic 

particles125, or an array type structure140. While these can certainly allow for the plasmonic 

enhancement of QD emission, single particle interaction effects cannot be easily interrogated 

using a layered system. 

Single QDs have been confined into nanohole arrays and their emission enhanced using the arrays 

by Yang et al., 2023141. The arrays were functionalised using 2 different ligands, one on the side 

walls of the holes to repel the QDs, and one at the base of the holes to attract and bind with the 

QDs. This is useful in terms of QD confinement, but as arrays are typically fabricated using 

electron beam lithography and subsequent etching (reactive ion etching in this case), they do not 

typically achieve high feature sharpness. 

Synthesised nanoparticles have a significant advantage over the aforementioned arrays/other 

structures formed via EBL, as the bottom-up fabrication process can result in sharper features, 

thus increasing the potential electric field enhancement. Although there is no additional benefit 

from any periodic modes, there is the potential for a true single-particle-single emitter system to 

be explored. 
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In some articles, authors have attached the QDs to such individual nanoparticles, such as Zhang et 

al. 2018, who enhanced single QDs by single gold NRs139. However, they used a dilute solution of 

QDs dropped onto the NRs. They did not actually have a hybrid system with them 

locked/attached together, thus reducing their plasmonic interaction. They did not create any 

confinement of the QDs at a particular position (such as in an optimised location for plasmonic 

interactions). 

Burgin et al. 2008, who have used mercaptoundecanoic acid as an attaching ligand, with a thiol 

group which binds to gold BPs and an acid group to bind to CdSe/CdS quantum dots112. However, 

this results in a full or partial layer of QDs on the BPs, which prevents true single-QD emissions 

from being observed, preventing single particle-single emitter interactions from being studied. 

The QDs are again not confined to an optimal location. BPs have also been used previously to 

enhance the absorption of QDs in solar cells125. However, this was in large layers, and does not 

allow for single particle-single emitter interactions to be observed and studied.  

A solution to many of the issues mentioned above is to use plasmon-induced two-photon 

polymerisation (2PP). This allows for the localisation of QDs near the plasmonic structures, 

without requiring a high concentration of QDs (which can cause difficulty in identifying signals 

which have been modified by the plasmonic particles, as the background emission is very high). 

This has been carried out by Ge et al., where they formed hybrid plasmonic nano-emitters using 

plasmon-enhanced two-photon polymerisation by nanocubes25. Figure 5.1 shows the nanocube-

polymer hybrid structures created by Ge et al. at different linear polarisations of light, along with 

the modulus of the electric field around the as-simulated cubes. There is always more than one 

hotspot around cubes as they have multiple sharp edges/corners in contact with the substrate at 

any time. 

Two-photon polymerisation is a nonlinear optical process which involves the simultaneous 

absorption of two IR photons into virtual energy levels in a photoinitiator, instigating the typically 

UV-initiated formation of radicals which commence a cross-linking polymerisation reaction in the 

liquid monomer solution142. Any unpolymerized solution can then be washed away, leaving only 

the solid polymer behind. This occurs only in the focal volume of the femtosecond laser, which 

can result in sub-diffraction-limit-sized features, as 2-photon absorption requires a very high 

power, so the volume with sufficient power to start the process will be smaller than for single-

photon absorption. 

However, this has never been shown in the literature using BPs. BPs have many advantages over 

nanocubes, in that they have significantly sharper tips, which can result in greater field 

enhancements in a smaller volume55,56, and they also have very easily modifiable plasmon 



77 
 

resonance wavelengths, as shown in Chapter 4. Additionally, BPs also provide a single plasmonic 

hotspot at the substrate air interface, unlike in the case of nanocubes, and this can potentially 

allow polymerisation to only occur at one BP tip. This can allow QDs to be localised at only one 

tip. 

 

Figure 5.1: (a), (c) SEM images of the hybrid nanocube-polymer-QD structure, created using a 
diagonally polarised laser beam (a), and a laser polarised along the cube side (c), λ = 780 nm.  

A bare nanocube SEM image is added to contrast with the shape of the polymer shell.  
(b), (d) FDTD image of the field modulus |E| around the nanocube in polymer from images  

(a) and (c), respectively, λ = 780 nm. Reproduced from Ge et al.25. 

 

Figure 5.2: (a) Extinction cross section and (b) map of electric field intensity enhancement at 780 
nm, from a simulated BP, taken along the midpoint of the BP. Width 42 nm, length 163.8 nm, 

aspect ratio 3.9. Plasmon resonance wavelength in air: 778 nm. 
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The BPs are useful because they encourage preferential location of the QDs where their electric 

field enhancement is naturally the strongest. This occurs most strongly at the tips, as shown in 

Figure 5.2, but also other areas around the BP. There is no need to simply hope that the QDs will 

be in the right place, as with some other particle-particle attachment methods. 

There are several steps needed to obtain, and demonstrate proof of, this kind of 2-photon 

polymerised system. First, BPs of an appropriate size and plasmon wavelength must be 

synthesised and spin-coated onto a substrate. Then, polymerisation must be attempted using a 

lower power than would typically give rise to polymerisation. In the system used by this group, 

the maximum power which can be applied to a sample is 50 mW, and typically no polymerisation 

is shown for powers below 5 mW, or 10% of the maximum power. As mentioned in Section 3.13, 

the solution used in this work was 99 wt% TMPET (monomer) and 1 wt% PBPO (photoinitiator). 

After this, the quantum dots must be added in a way that allows them to remain only in 

polymerised areas.  

 

5.2 Bipyramid tuning 

 

Figure 5.3: Extinction spectra (rescaled) in water of BPs showing wavelength tuning  
via variation of the volume of ascorbic acid, HCl, AgNO3, seeds, and HAuCl4 added.  

Synthesis parameters can be found in Table 4, Appendices. 

Figure 5.3 above shows the extinction spectra of BPs tuned synthetically over a range of 

wavelengths. The synthesis and variation are described in Sections 3.3 and 4.5, and involved 

varying the concentrations of different reagents or seeds in the reaction solution in order to 

change the size and/or aspect ratio of the BPs.  
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Several of these BP batches were then deposited on a glass substrate in preparation for the 2-

photon polymerisation step (without QDs). Two of these batches are shown in Figure 5.4 below, 

demonstrating a significant difference in plasmon resonance wavelength resulting from the 

different aspect ratios of the BPs in these batches. 

 

Figure 5.4: SEM images of BPs used for 2-photon polymerisation samples,  
with different lengths/aspect ratios. Imaged on silicon substrate. 

Target wavelengths of 665 nm and 780 nm were selected, in order to interact with the QD 

emission wavelength and 2-photon laser excitation wavelength, respectively. BPs with resonance 

wavelengths of 668 and 805 nm were chosen, to allow for a slight blue shift over time after 

synthesis and before spin coating. Gold spheres as a synthesis byproduct are also present in the 

solutions, but these can be excluded during subsequent analysis of the data. 

 

5.2.1 Spin-coating 

BPs were spin coated onto glass substrates, as described in Section 3.11. Glass was chosen as the 

substrate due to the orientation of the 2-photon polymerisation system, which deposits the 

monomer/photoinitiator solution on one side of the sample and excites it through an oil 

immersion objective from the other side, necessitating a transparent substrate. Several 

concentrations were used, and an optimal concentration found. The concentration of BPs needs 

to be high enough for several BPs to fit in each square of the polymerised grid, however if the 

concentration is too high then the BPs may be touching, or they may be too close together for 

accurate individual darkfield scattering spectra to be obtained. Additionally, an overly high 

concentration can also result in micro-explosions during the 2-photon polymerisation process, 

with any BP clusters causing a further enhanced electric field. Micro-explosions occur when the 

local power is increased far above the writing threshold. It is theorised that photo-ionisation of 

the material, causing plasma formation, may occur at high powers, which causes the micro-
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explosions143. These micro-explosions can cause the polymerised material to be spread across the 

substrate, resulting in polymer in areas which were not treated by TPL. This can be mitigated by 

reducing the amount of BP clusters, which reduces the possibility of creating inter-BP plasmonic 

hotspots which enhance the power enough to cause micro-explosions. This can be achieved by 

sonicating the BP solutions and reducing the overall BP concentration. 

 

Figure 5.5: Laser-irradiated areas with (a) high concentration of BPs/spheres and  
(b) low concentration of BPs/spheres inside. 

Figure 5.5(a) above shows a section of a sample with a high concentration of nanoparticles inside. 

Each bright spot is either a nanoparticle or cluster of nanoparticles. Typically, the red spots are 

bipyramids, the faint green spots are spheres, and the bright green, yellow, or white spots are 

clusters of nanoparticles. Many of these particles are too close together to obtain a sufficient 

background subtraction for their spectra. Some others are too close to the highly scattering 

polymer square which surrounds each laser-irradiated area, resulting in an inhomogeneous 

background or an overly saturated spectrum. Thus, samples with lower concentrations, as in 

Figure 5.5(b), were investigated for the remainder of the work. This optimal concentration was 

found to be around 3 µL concentrated BP solution in 400 µL ethanol, or an Au concentration of 

0.124 mM. The exact optimal concentration could vary for each BP batch, as the gold and seed 

concentration were varied slightly. 

 

5.3 Polymerisation 

The typical threshold value for this TPL system, as mentioned in Section 5.1 above, is 10%. Thus, 

to demonstrate plasmon-induced polymerisation in order to confine the quantum dots, it was 

necessary to show polymerisation at powers < 10%. Powers from 1-7% were used, and a pattern 

with these powers was written on a glass substrate with BPs using the laser wavelength of 780 
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nm. The BPs chosen had an ensemble plasmon resonance wavelength in water of > 780 nm (≈ 805 

nm), as there can be a blue shift of the BPs due to slight reshaping in solution before deposition 

(sharp tips can become blunter over time if nanoparticles are not sufficiently stabilised due to 

gold atoms migrating away from the tips144). Also, resonances close to the laser wavelength can 

still cause enhancement. 

 

Figure 5.6: Scattering spectra and corresponding SEM images of single BPs (with polymer). 

Darkfield scattering spectra of individual particles were taken, in order to identify those which 

were BPs and those which had relevant wavelengths. Figure 5.6 above shows the scattering 

spectra of two particles with different plasmon resonance wavelengths. The shape of the spectra, 

with a single sharp peak in the 600-800 nm range, is the same as that shown in the inset of Figure 

4.15, indicating that these particles should be BPs. From the SEM images of these particles (Figure 

5.6, inset), the shape of the particles can indeed be seen to be BPs, with slightly differing aspect 

ratios. Thus, any spectra showing such a pointed peak could be presumed to be a single BP, 

allowing any spheres, which would have a bluer peak, to be excluded from the analysis of BP 

spectra.  

Due to the method used to identify BPs in the darkfield microscope (DFM), it was difficult to 

visually identify BPs with very red peaks. The nanoparticles were located and identified by eye, 

and the 780 nm wavelength that was expected for the majority of the BPs in this sample is 

beyond the visible spectrum. Thus, BPs which had a bluer plasmon wavelength peak were more 

likely to be identified and measured. In the future, an automated scanning approach will be 

utilised to be able to optically identify the redder BPs more easily. 

Polymerisation was successfully shown in this range of subthreshold incident powers, as can be 

seen in Figure 5.7(a), showing 5% incident power (system threshold = 10% power). The BP can be 
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seen in a light grey colour, and the polymer is seen in a darker shade around one tip of the BP. 

This can be contrasted with Figure 5.7(b), showing BPs in an area of the sample which was not 

exposed to the laser. This section has no visible dark grey section around, thus proving that the 

polymerisation is indeed shown in Figure 5.7(a). 

Polymerisation with this system was shown at powers as low as 0.5%. Ge et al. showed 

polymerisation at 
1

10
 of their threshold power25. As the threshold for polymerisation for this 

system is 10% power, the fraction of the threshold power needed in this case was only 
1

20
, 

demonstrating the effectiveness of the use of BPs for plasmonically inducing polymerisation. 

 

Figure 5.7: (a) SEM image of BP showing polymer around its tip. Laser power: 5%/2.5 mW.  
(b) SEM image of BPs outside of the laser-written area, showing no polymer. 

 

 

Figure 5.8: (a) A smaller sized BP, showing evidence of polymerisation.  
(b) Single particle darkfield scattering of a similar BP. 

An amount of polymerisation has also been shown in smaller BPs, such as that seen in Figure 5.8 

above, which has a plasmon resonance wavelength of ≈ 650 nm in air. This is evidence that BPs 

can plasmonically enhance the incoming light, even with a small metal volume. This can be 
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attributed to an overlap in the side of the plasmon peak for this BP with the laser emission (in 

Figure 5.8(b), the side of this peak can be seen to extend past 750 nm). 

It was also found that powers at 4% and above resulted in more frequent reshaping of the gold 

BPs (see Figure 5.9(a) vs (b) below). This is due to surface melting of the BPs, which can occur at 

lower temperature than the melting of bulk gold145. A small degree of this surface melting can 

occur even at the lowest powers, reducing the aspect ratio of elongated particles as can be seen 

in Figure 5.9(b). At the highest powers, all BPs are completely melted and become spheres146. 

 

Figure 5.9: SEM images of (a) BPs treated with 3% power, with sharper tips, and (b) a BP treated 
with 7% power, showing melting. Both images show evidence of polymerisation around the BPs. 

While this partial melting did not occur for every BP, the higher likelihood at higher powers meant 

that it was imperative to focus on using lower powers to ensure maintenance of the sharp tips (to 

potentially enhance the light-matter interaction using the QDs). Also, these lower powers give rise 

to a smaller polymer volume (described in Section 5.3.1 below), corresponding to a higher 

likelihood of single QDs being present. 

Figure 5.9(a) also shows a brighter area around the tip. This can be differentiated from a BP which 

has simply undergone photothermal reshaping, or “melted”, as the melted BPs typically do not 

show bulbous tips. BPs are not in an energetically favourable state56, but when elongated 

nanoparticles melt, they will tend towards a spherical shape as it is more favourable146. Thus, the 

progression to bulbous tips is unlikely, and what can be seen at the tip may possibly be a higher 

density of polymer.  
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Figure 5.10: Graph of BP length vs laser power used during 2-photon lithography. 

Figure 5.10 demonstrates the relationship between BP length after laser irradiation and the laser 

power used, for single BPs which showed polymerisation. The higher laser powers are associated 

with considerably shorter BP lengths, further corroborating the surface melting shown in Figure 

5.9. The BPs irradiated with higher laser powers are melted more than those at lower powers, and 

thus are closer to a spherical shape, reducing their lengths. This melting did not prevent 

polymerisation around the BPs, however, as the BPs had sharp tips when first placed in the TPL 

system. Thus, they could still enhance the laser light and induce polymerisation, as can be seen in 

Figure 5.9(b), before undergoing surface melting.  

 

Figure 5.11: DFM image of BPs/spheres without being exposed to the laser (left) and having been 
irradiated at 5% power (right). Selected SEM images of unmelted and melted BPs, inset. 

Melted nanoparticles can be easily seen under a darkfield microscope. Figure 5.11 demonstrates 

the visually identifiable difference of nanoparticles which have been melted by the laser 

irradiation and nanoparticles which have not. There are a higher number of visibly red and bright 
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green spots, potentially showing particle groups which have been melted together and BPs which 

have turned into spheres, respectively. These are not desirable for the potential intention of 

enhancing the emission of quantum dots, as their electric field enhancement will be significantly 

weaker due to the absence of sharp tips. Thus, preference was given to the use of powers of 3.5% 

and below, to increase the likelihood of BPs retaining their points. 

Several interface (IF) values (corresponding to the vertical position of the focal plane of the laser) 

were also investigated for these BPs. IF values of 0.1 and 0.2 showed polymerisation on the 

nanoparticles, even at low powers (0.5%). IF values which were higher (0.4) gave rise to less 

polymerisation at low powers, and only gave more polymerisation at powers which commonly 

melted the nanoparticles, which was not optimal. Thus, IF values of 0.1 and 0.2 were used. 

 

5.3.1 Power dependence of polymer area/volume 

 

 

Figure 5.12: Average area of polymer around the BP visible in SEM vs incident power in % of 50 W. 
Interface value = 0.1. Red point at 3.5% power has been excluded as an outlier, as very few 

successfully polymerised single BPs were found at this power.  

While Figure 5.11 shows the effect of higher laser powers on the nanoparticles themselves, there 

is another effect: a change in the volume of material polymerised depending on the power used. 

Figure 5.12 above shows the dependence of the average polymer area (representing volume) 

around BPs. Only single BPs which demonstrated successful polymerisation were included in the 

analysis.  
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A linear dependence of the average polymerisation area (as shown in SEM images) on the incident 

laser power has been shown. This can be seen in Figure 5.12 above. The point at 3.5% power has 

been excluded as an outlier. There were only two successfully polymerised single BPs at this laser 

power, and so this point may have been so much lower than the others due to these two BPs 

coincidentally having less polymer. With the creation of a larger number of samples, this 

discrepancy may be resolved. 

The linear dependence can be easily explained via understanding the operating mechanism of the 

2-photon lithography system used (from Nanoscribe), or indeed that of all 2-photon lithography 

systems. For 2-photon polymerisation to occur, very high laser powers are required. Typically, the 

laser’s electric field strength near the focal area is Gaussian in nature76, with a very small focal 

volume where the power is high enough to cause 2-photon polymerisation. When the laser power 

is decreased, the size of the focal volume with sufficient power also decreases76. Similarly, there is 

a volume around a BP where there can be a very high electric field strength due to the significant 

field enhancement. Figure 5.13 below shows the simulated field enhancement of a BP to 

demonstrate this. 

 

Figure 5.13: Electric field enhancement map of a BP, showing areas of high field enhancements at 
780 nm unpolarised incident light. Simulated using FDTD. 

However, when a low incident power is applied, only a small portion of this region will enhance 

the electric field enough to cause 2-photon polymerisation. When a higher power is applied, the 

volume which will be enhanced enough to provide the necessary power for polymerisation will be 
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larger. Thus, the relationship between the area of polymer visible in the SEM images (which is 

roughly proportional to the 𝑣𝑜𝑙𝑢𝑚𝑒
2

3⁄ ), and the incident laser power can be understood. 

Many of the BPs showed polymerisation at points other than around the tips. This may be due to 

the vertical alignment of the samples in the 2-photon lithography system. The interface value 

(corresponding to the vertical position of the focal point) was changed, and some samples may be 

inserted at a slight slant, meaning that the precise vertical position of the highest laser power may 

not have exactly overlapped with the tips. However, there is still significant field enhancement 

around the entire BP, and while the sides may have less field enhancement than the tips, the 

images below demonstrate that they can still provide enough field enhancement to cause 

subthreshold polymerisation. An alternative explanation for the one-endedness of the polymer 

positioning may be that, as the BPs sit with one tip pointed onto the surface of the substrate, the 

interaction of the BP tip with the glass substrate may have some effect on the electric field 

enhancement. 

Figure 5.14(a) and (b) show BPs with polymer at these different positions. Figure 5.14(a) shows 

polymer along one side and tip of the BP, possibly due to the vertical positioning/substrate 

interaction being optimised for field enhancement around that side. Figure 5.14(b) shows 

polymer at one tip only, meaning that the vertical positioning, any interaction with the substrate, 

and BP size were ideal to give rise to this very localised field enhancement and subsequent 

polymerisation. 

 

Figure 5.14: SEM images of (a) a BP with polymer along one side and one tip and (b) a BP with 
polymer only at one tip. Polymer shown in yellow (false colour). Both were treated with the same 

laser power. Same scale for both images. 

In conclusion, it has been shown that this BP enhanced TPL system can successfully give rise to 

polymerisation around the BPs, which is a necessary first step in order to add quantum dots 

around the BPs to create hybrid nanoemitters. The power dependence of the area of polymer 
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visible around the BPs has also been shown and is linear. The conditions for two-photon 

polymerisation have been optimised, with powers under 4% used, and interface values of 0.1 and 

0.2. 

5.4 Addition/localisation of QDs 

The QDs used were CdSxSe1-x:ZnS semiconductor quantum dots from Sigma-Aldrich (Product no: 

753807). 

As discussed in Section 5.1, QDs were deposited after demonstrating successful polymerisation 

around the BPs. Initially, a layer of quantum dots was spin-coated after the BP deposition, and the 

2-photon polymerisation carried out on top of the QD-BP bilayer. After the samples were rinsed, 

the quantum dots remained adhered to the glass on all parts of the sample, creating a large 

background emission signal. The QDs may have required a solvent such as toluene to remove due 

to their nonpolar oleate ligands, which is not suitable for use on these samples as it can dissolve 

the patterned polymer.  Mixing QDs directly into the monomer/photoinitiator solution was found 

to be more successful. When the unpolymerized solution with QDs was washed away, most of the 

QDs no longer adhered to the substrate, allowing only emission from the QDs trapped in polymer 

to be detected. This method was therefore used to create all the samples with QDs.  

First, it was important to show that the QDs remained in the solid polymer on the substrates. This 

was carried out with samples using only the monomer/photoactivator mixed with QDs. The 

squares can be clearly seen as a brighter colour (higher intensity) in FLIM mapping of these TPL 

samples (see Figure 5.15 below). As these squares are polymerised, it is evident that areas with 

polymer show up as having higher intensity and are filled with QDs. 

 

Figure 5.15: FLIM image showing lifetime and fluorescence intensity of a slide with no BPs, with a 
concentration of 9.9 µg/mL QDs in the polymerisation solution. This square was written with 30% 
on the outside edge, and 2% inside (below polymerisation threshold), and thus there is no polymer 

(and so no light-emitting QDs) inside the square. 
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Figure 5.15 above shows a confocal fluorescence microscope image of one such sample without 

BPs. The sample was prepared with a QD concentration of 9.9 µg/mL in the polymer precursor 

solution. This sample shows a clear band of high intensity at the periphery of the square, where 

there is polymerisation, as the squares are written with a laser power of 30%. There is no 

fluorescence intensity inside the square, which is as expected, as the inside of this square was 

only written with a laser power of 2%. Thus, in any samples where fluorescence can be seen 

inside a square, such fluorescence intensity can be presumed to come from polymerised areas 

inside the sample.  

After these initial proof-of-concept samples, which also showed the appropriate concentration of 

QDs to use in order to be able to detect emission on the FLIM system, samples with BPs were 

prepared. These samples were also imaged using the FLIM, the DFM, and then gold/palladium 

coated and imaged using the SEM. The images and data were analysed and compared so as to 

identify any possible locations where the QDs were present within each square, i.e. in areas of 

polymer around the BPs. 

The intensity map in Figure 5.16(a) of one square, below, shows areas of high intensity inside the 

square. It also shows areas of high intensity outside the square. The areas outside the square are 

sparser and are likely due to micro-explosions occurring in the polymer while writing the square 

(due to the presence of the BP/sphere clusters), causing polymer to spread outside the intended 

boundaries. However, this image shows that there is more emission occurring within the square 

(which was written at a subthreshold power) than outside it, as the overall intensity in the square 

is higher than the surroundings. Thus, the QDs are more concentrated inside the square. This 

demonstrates that they are being localised where there is polymerisation around the BPs. 
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Figure 5.16: (a), (b) Fluorescence intensity and average lifetime maps, respectively, of a 2-photon 
polymerised sample. (c) Mask based on (a) and (b), with transparent pixels representing areas of 
increased intensity and decreased lifetime, relative to surrounding pixels. The black lines demarc 
the edges of the polymerised square. (d) SEM image of the same sample, overlaid with markings 
for each area shown through the mask which contained a nanoparticle. The mask was developed 

in collaboration with Kseniia Mamaeva. 

In order to ensure that any intensity fluctuations are being caused by actual nanoparticles, image 

analysis was performed. The intensity map (Figure 5.16(a)) has very high intensity around the 

border of the square due to high QD concentrations in this area, within thick sections of polymer. 

However, it was observed that the intensity increased in certain areas within the square, where 

the BPs/other NPs were present. A mask was created (Figure 5.16(c)) to select for areas where the 

intensity was higher than surrounding pixels, and the lifetime (in Figure 5.16(b)) was lower than 

that in surrounding pixels. Reduced lifetime is a signature of QD-plasmon interaction.  

Through this mask, the SEM image (Figure 5.16(d)) was analysed and the sections with 

nanoparticles noted on Figure 5.17 below. Some of these particles are BPs, while others are 

spheres or clusters of both. The spheres may have previously been BPs, as the power used for this 

sample was 7%, which is high enough to melt some the BPs into a more spherical shape. These 

particles originally being BPs would give the highest probability of polymerisation taking place. 

The increase in intensity and decrease in lifetime for these particles demonstrates that several 

particle shapes can enhance the QD radiative rate.  
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However, some of the BPs in this sample had tips which remained pointed. The inlaid image in 

Figure 5.17 below is a close-up SEM image of one such BP (with additional sphere next to it). This 

was an area of radiative rate enhancement. The SEM image clearly shows the polymer present. 

The inset graph shows the scattering spectrum of this BP, giving an SEM image of a BP with 

polymer, its scattering spectrum showing plasmon resonance wavelength, and radiative rate 

enhancement correlated to the same location, selected by the mask in Figure 5.16(d). 

 

Figure 5.17: SEM image of a section of a sample, overlaid with markings for each area shown 
through the mask from Figure 5.16(b) which contained a nanoparticle. Inset: magnified image of a 

BP with a small cluster, along with its corresponding darkfield scattering spectrum. 

In conclusion, quantum dots have been added to the monomer/photoactivator solution and have 

successfully been included in polymer around BPs. The enhancement of their radiative rate 

(relative to QDs with no plasmonic particles) by the plasmonic BPs has also been shown. 
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5.5 Strong coupling 

The darkfield images and spectra were compared to the SEM images to identify individual BPs. 

While most of the spectra for single BPs showed the characteristic single longitudinal plasmon 

peak in their scattering spectrum (Figure 5.18(b)), some of the single BP spectra showed a double 

peak (Figure 5.18(a)). This was postulated to be due to strong coupling between the BPs and the 

QDs, as described in Section 2.2. This can occur in locations with high field strengths, which 

increases the coupling strength of the system, g59.  

 

Figure 5.18: DF scattering spectrum of two single BPs with polymer + QDs from same sample, 
showing (a) strong coupling, and (b) no strong coupling. Inset: SEM images of same BPs. 

The position of the centre of the doublet in Figure 5.18(a) is at 637 nm. The doublet should be 

centred around the absorption peak of the quantum dot, which is at a lower wavelength than its 

emission peak, known as the Stokes shift147. This shift has the following origins: (1) QD solutions 

are polydisperse and thus energy transfer between the QDs can occur, and (2) due to the 

electronic structure of QDs, the electron is excited by incoming light to a vibrational excited state 

in the QD, but experiences non-radiative relaxation to a lower vibrational state which cannot be 

directly excited by a photon, thus emitting a photon with less energy than the incoming photon, 

or a photon with a higher wavelength148.  

In this case, the emission peak wavelength is 665 nm, and so 637 nm is sufficiently blue shifted to 

correspond to the absorption peak of the QDs149. The BP in Figure 5.18(b) has a plasmon 

resonance wavelength of 651 nm, and the BP resonance wavelengths in the sample overall range 

from 608 – 749 nm. The size of the BP in Figure 5.18(a, inset), combined with the overall range of 

wavelengths in the sample, shows that this BP should have a resonance which overlaps the QD 

emission. This suggests that the doublet is indeed most likely due to strong coupling.  

This strong coupling was shown for three BPs, with average Rabi splitting of 108 nm or 344 meV. 

This splitting energy is ≈ 17% of the original peak energy (1.99eV or 627 nm), and, as the splitting 
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energy is higher than 15%, this demonstrates that the system is in the ultrastrong coupling 

regime150. Such strong coupling has been seen in the literature with 2D materials and dye 

aggregates151,152, but not for QDs. 

Strong coupling of gold BPs and quantum dots has not previously been shown in the literature. 

Gold BPs have been used for strong coupling, including by this research group, in multilayers and 

monolayers of 2-dimensional materials17,153, but not in QDs. In order to create the right 

circumstances for strong coupling rather than weak coupling, either the decay rates of the emitter 

and plasmonic structure must be decreased, or the coupling strength, g, increased59.  g can be 

increased by the increasing of the emitter oscillator strength, the enhancement of the electric 

field in the vicinity of the emitter, or by the decreasing of the mode volume of the resonator154.  

This can be seen in the following. The coupling constant, 𝑔, is given by153,155: 

 

𝑔 = √𝑁𝜇𝑒|𝐸𝑣𝑎𝑐| ∝ 𝜇𝑒√
𝑁

𝑉
∝ √𝑓

𝑁

𝑉
 

(31) 

Where N is how many excitons or emitters are coupled into the system, 𝜇𝑒 is the quantum 

emitter transition dipole moment, 𝐸𝑣𝑎𝑐 is the vacuum field, 𝑓 is the quantum emitter oscillator 

strength (𝑓 ∝ 𝜇𝑒
2), and 𝑉 is the mode volume of the resonance. The energy splitting, Ω, is defined 

by155: 

 

Ω = 𝜔+ − 𝜔− = √4𝑔2 −
(𝛾𝑝𝑙 − 𝛾𝑒𝑥)

2

4
 

(32) 

Where 𝜔+ and 𝜔− are the upper and lower polariton energies, and 𝛾𝑝𝑙  and 𝛾𝑒𝑥  are the plasmon 

and exciton dissipation rates, respectively. The average values for 𝜔+ and 𝜔−, over the three 

doublets observed, were 𝜔+
𝑎𝑣 = 1.821eV and 𝜔−

𝑎𝑣 = 2.165eV, giving an average Rabi splitting of 

Ω𝑎𝑣 = 344 meV, as mentioned above. 

From Equations (31) and (32), it can be seen that the coupling strength, and thus the energy 

splitting, are proportional to the square root of the oscillator strength, and the inverse of the 

square root of the mode volume. Quantum dots have high oscillator strengths59, and BPs have 

both large electric field enhancement (as shown in Figure 5.13), and very small mode 

volumes17,153, and are thus ideal candidates for strong coupling, as has been shown in the results 

above.  

The laser powers for TPL which resulted in strong coupling were 1.5 and 2.0% (0.75 and 1mW, 

respectively), and the interface value was 0.1. The smaller volumes at these lower powers seemed 

to be ideal for having one QD or a small number of QDs close enough to the BP to have high field 

enhancement, thus inducing strong coupling. The overall QD concentration was based on the low 
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concentration solution used by Ge et al., which was found to give rise to a single QD or few QDs in 

the polymer lobe25. 

Higher powers may have had too many QDs in the polymer, or too much blunting of the BP tips, 

as shown in Section 0. Lower powers may not have created large enough polymer lobes to have 

QDs inside them, as the polymerisation area scaled linearly with applied laser power, as shown in 

Section 5.3.1. Indeed, the polymer volumes for all three BPs which showed strong coupling were 

very similar, as shown in Figure 5.19 below. 

 

Figure 5.19: Graph of polymer area vs applied laser power, for  
strong coupled and non-strong coupled BPs. 

In conclusion, preliminary evidence of strong coupling between quantum dots and gold BPs has 

been observed. This has been identified via the splitting in the scattering spectrum, and 

correlating this with SEM images of the same areas to ensure that the nanoparticles were definite 

BPs and not clusters. Optimum laser powers and an interface value have been identified for the 

fabrication of the strongly coupled QD-BP pair.  
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5.6 Conclusion 

This chapter has investigated a novel method for the fabrication of BP-QD pairs with the QD 

localised at the tip of the BP where the electric field enhancement was highest. While plasmonic 

nanoparticles have been used to induce 2-photon polymerisation before25, this has never been 

done using bipyramids. It has been shown that the strong field enhancements of bipyramids 

cause subthreshold polymerisation; in that they give rise to polymerisation in the TPL system at 

powers less than 0.1x the typical power required. The BPs also provide a single plasmonic hotspot 

at the interface of the substrate with air, allowing polymerisation to occur at just one tip, unlike in 

cubes which have two such hotspots. 

Polymerisation area (∝ 𝑣𝑜𝑙
2

3) around the BPs has been shown to increase linearly with an 

increased incident laser power. Two-photon polymerisation only occurs above certain powers. 

The BPs cause field enhancements, but the total volume in which there is high enough power to 

polymerise the monomer solution is dependent on the incident power.  

Quantum dots have been shown to be confined in areas around the bipyramids within the solid 

polymer. This has occurred in precisely the location in which the plasmonic field enhancement 

occurs, resulting in a reduction of the QD lifetime.  

Promising strong coupling of the BPs and the QDs has also been observed, via splitting seen in the 

scattering spectra of single BPs coupled with QDs. This further supports that the two-photon 

polymerisation method is suitable for the localisation of the QDs at the positions of maximum 

field enhancement near the tip of the BP, as coupling strength is increased in regions of high 

electric field strength17. 
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6 Plasmon Enhancement of Upconversion 

 

6.1 Introduction 

There has been considerable research into plasmon-enhancement of upconversion77, using a 

variety of different particles/structures. Initially many researchers investigated the plasmonic 

properties of spherical Ag nanoparticles156,157, however more recently there has also been 

research into plasmonic structures such as Ag nanowires and Au NPs96,97. Au NRs have also had a 

recent increase in popularity as plasmonic structures for enhancing upconversion due to their 

multiple resonances98. They can give upconversion enhancement of up to tens of thousands of 

times158. As so many plasmonic particles/structures have been able to successfully enhance 

upconversion77, it follows that nanostars could also be used to enhance upconversion also. In 

theory a nanostar (NS) could enhance both the emission and absorption wavelengths of the 

upconversion simultaneously, using its multiple resonances, which are notably absent in most of 

the previously investigated structures. Their sharp tips also give them an advantage over shapes 

such as NRs, as they can give significant electric field intensity enhancement at their tips. 

Enhancement by gold BPs will also be investigated, as they have strong field enhancements due to 

their sharp tips, as seen in Chapter 5 but have not yet been investigated in the literature. 

There has previously been some investigation into NS-UCNP interactions in the literature. In two 

papers, He et al.99,100 found that NSs caused quenching in UCNPs, but this may have been due to 

the fact that they only coupled one UCNP to a minimum of one NS, often coupling one UCNP to 

multiple NSs. They found that, the fewer NSs there were attached to each UCNP, the less 

quenching there was. This may, in fact, be a trend that would continue to enhancement if the 

UCNP:NS ratio were to go above 1:1. This work observes whether enhancement is possible with 

larger numbers of UCNPs in the vicinity of each NS, such as in a layer. 

The authors of the papers where NSs were investigated also did not investigate the use of spacers 

between the UCNPs and the NSs. This work intends to ameliorate this issue by using spacers such 

as a silica shell to avoid quenching of the upconversion by the proximity of the NS, which is known 

in the literature to occur for other plasmonic particles159. Silica shells are a helpful addition to a 

plasmon-enhanced UC system for several reasons. Shells are useful for counteracting surface 

quenching and solvent quenching by water and can also be used to change the distance between 

UCNPs and plasmonic structures, and thus alter the plasmon-UCNP interaction. The addition of 

spacers will also open up the opportunity for future work on the distance dependence of any 
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enhancement shown. This work also investigates the deposition of UCNPs and plasmonic 

nanoparticles using layer-by-layer methods.  

Martinez et al. published a paper detailing the enhancement of upconversion in small UCNPs by 

gold NSs. They found that, for UCNPs with a size less than 20 nm, the usual issue of plasmonic 

heating causing detriment to the emission of a fluorophore is reversed160. This shows that NSs can 

be used to enhance upconversion, but does not show enhancement for larger particles, and thus 

does not show direct plasmon enhancement of upconversion by NSs. This work will also 

investigate enhancement of upconverting particles > 20 nm by NSs and conclude if NS plasmon 

enhancement without relying on thermal effects is possible. 

Ideally any plasmonic particles used will have a plasmon resonance wavelength of ≈ 980 nm, the 

UCNP absorption wavelength. This will give the highest likelihood of excitation enhancement. UC 

is a nonlinear process (2- or 3-photon, as shown in energy level diagrams, Figure 2.9 in Section 

2.4), and so enhancing its absorbed light (at 980 nm) should give rise to a squared or cubic 

enhancement of the emission overall.  

 

6.2 Size variation – synthesis 

NaYF4 nanoparticles doped with Yb3+ and Er3+ or Tm3+ were synthesised in collaboration with the 

Gounko group. The thermal decomposition synthesis is described in Section 3.1. These UCNPs are 

in the hexagonal phase and had strong upconversion emission. TEM images of two UCNP batches 

are shown in Figure 6.1 below. 

 

Figure 6.1: TEM images of UCNP samples, (a) large and Er3+-doped, and  
(b) small and Tm3+-doped, imaged by collaborator Dr. Finn Purcell-Milton. 

Both Er3+ and Tm3+-doped UCNPs were chosen due to their variety of applications, as explained in 

Section 2.4. The emission wavelengths of the Er3+-doped particles are 520 nm, 545 nm and 655 
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nm, and the emission wavelengths of the Tm3+-doped particles are 405 nm, 475 nm, 650 nm, and 

800 nm. The emission spectra of two UCNP samples, showing these emission peaks and the 

transitions associated with each, can be seen in Figure 6.2 below.  

 

Figure 6.2: Upconversion emission of UCNP samples doped with  
(a) Er3+ and (b) Tm3+, under 2.00W 980 nm laser illumination. 

For the first synthesis batches, methanol dried using a high surface area desiccant was used, as 

the presence of water in the synthesis can result in the accidental formation of hydrofluoric acid, 

a very dangerous compound. However, this proved less than ideal. The overly dry methanol 

resulted in larger nanoparticles than intended from the synthesis, as can be seen in Figure 6.3 

below. The methanol did not fully dissolve the NaOH, resulting in sodium methoxide precipitating 

out of solution. This meant that an insufficient amount of Na was available upon injection to form 

NaYF4, which resulted in fewer seeds forming. These seeds then grew into larger particles. 

 

Figure 6.3: UCNP diameter averaged over several syntheses using dry methanol  
(treated with desiccant to remove water) or wet methanol (untreated). 
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Figure 6.3 shows the reduction in average UCNP diameter when wet methanol (stored under lab 

conditions, untreated with desiccant) was used. As the intention in this work was to create in 

general smaller nanoparticles, and the overly dry methanol resulted in inconsistent amounts of 

Na entering the reaction vessel, this wet methanol method was used for all further syntheses. 

 

Figure 6.4: TEM images of (a) large-scale UCNP batch, showing significant variation in particle 
sizes (some smaller and some larger), and (b) large scale UCNP batch using slow injection rate, 

showing mainly small particles with one larger particle. 

An increase of reaction volume by 4x also had an impact on UCNP size. Upscaling nanoparticle 

syntheses can result in significant changes to the mechanisms and kinetics of the UCNP growth, as 

well as of the initial seed formation91. In larger reaction vessels/reaction volumes, maintaining a 

consistent temperature and mixing becomes more difficult, which can result in more variation of 

the size and shape of the synthesised nanoparticles161,162. This size variation due to upscaling can 

be seen in Figure 6.4(a), which shows a mixture of large and small particles, of sizes 23 ± 1 nm and 

7 ± 1 nm, respectively. Another large-scale batch of UCNPs was synthesised which contained 

mainly very small UCNPs (5.3 ± 0.1 nm), with very few larger UCNPs, as can be seen in Figure 

6.4(b). This batch was synthesised using a very slow nucleation solution injection rate, which may 

have resulted in a larger number of nuclei being formed as the solution was added, resulting in 

overall more particles, each being smaller. 
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Figure 6.5: TEM images of UCNPs with average diameters (a) 40.8 ± 4.2 nm (≈ 41 ± 4 nm) and (b) 
5.28 ± 0.08 nm (≈ 5.3 ± 0.1 nm). Same scale for both. (c) Upconversion emission of these same 

UCNPs, scaled to 450 nm peak, showing difference in peak ratios. 

Figure 6.5 above shows the emission of large and small Tm3+-doped UCNPs. The larger (40.8 nm) 

UCNPs have a stronger infrared peak than the smaller (5.28 nm) UCNPs. This is in agreement with 

the literature, as this size dependent peak height ratio is commonly seen with UCNPs163. While 

quantum dots may show a quantum confinement effect, where their emission wavelength 

changes directly with size, UCNPs are too large for this to be the case164. Wang et al.94 showed 

that the blue-to-infrared ratio in Yb3+/Tm3+-codoped NaGDF4 UCNPs decreased with increasing 

size, i.e. the IR peak was stronger than the blue peak. They then passivated the surface using a 

protective undoped NaGdF4 shell. This prevented the decrease in blue peak, showing that the 

change in emission intensity ratio is caused by surface quenching (see Section 2.4.1). Wang et al. 

were the first to show this size dependent photoluminescence of UCNPs. The larger UCNPs also 

have stronger emission over the entire spectrum than the smaller UCNPs, which again is due to 

surface quenching, as the smaller UCNPs have a larger surface area-to-volume ratio. 

To create a spacer between gold nanoparticles and UCNPs, silica shelling of the UCNPs was carried 

out, after an oleate-citrate ligand exchange as described in Section 3.1.1. Preliminary attempts at 

silica shelling the UCNPs alone showed aggregation and large plate-like structures (Figure 6.6(a)). 

It is likely that the UCNP concentration was too high for individual shells to form around each of 

them, and thus a lower concentration was needed to obtain more consistent shells. To try to 

connect the UCNPs and NSs together in solution, they were silica shelled simultaneously, with a 

much lower UCNP concentration (40x lower).  

Many aggregates were formed with multiple UCNPs and NSs (Figure 6.6(b)). This suggests that 

some manner of individually attaching the UCNPs to the NSs prior to shelling would be optimal, in 
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order to connect them in solution. However, the much lower concentration of UCNPs in this 

method proved advantageous, as individually-shelled UCNPs were also formed (Figure 6.6(c)).  

 

Figure 6.6: (a) Silica encapsulated UCNPs: a plate of silica showing many UCNPs within it,  
(b) an aggregate of NSs + UCNPs in silica shells, and (c) UCNPs in silica shells, from a batch of 

simultaneously shelled NSs + UCNPs 

As the NSs could be easily silica shelled by themselves (as discussed in Section 4.7), it was decided 

that unshelled UCNPs would be used, and silica shelled NSs could be placed on top of them. The 

results of this type of system can be seen in Sections 6.4 and 6.5. As both nanoparticle types can 

be silica shelled, if combination in solution was required in any future work, a thiol-terminated 

shell precursor (such as MPTES) could be used to create a silica shell around the UCNPs. Thiols 

strongly bind to gold, and so such shells could be easily attached to the NSs.  

 

6.3 Layer-by-layer deposition 

Layer-by-layer deposition is a method used to deposit layers of polyelectrolytes and charged 

nanoparticles onto a substrate. LbL can give rise to a very uniform spread of nanoparticles across 

a substrate, as well as good reproducibility. It can be used to deposit monolayers of UCNPs165, as 

well as monolayers of gold nanoparticles166. As described in Section 3.6, the polyelectrolyte layers 

can be built up in order to create spacers between nanoparticles, with well-defined and 

controllable thicknesses, with nanometre precision119,167. To create samples with controllable 

inter-particle distances, layer-by-layer deposition was chosen as a sample preparation method. 

 

6.3.1 UCNPs 

LbL requires that the particles be charged and in aqueous solution. The gold nanoparticles have a 

charged ligand on their surface post-synthesis; CTAB (which gives rise to a positively charged CTA+ 

micelle around the nanoparticle and a negatively charged Br- counterion)168. The UCNPs were 

synthesised in nonpolar solvents, with an uncharged oleate ligand on the surface, so a ligand 

exchange was carried out on the UCNPs to make them water soluble. Polyacrylic acid (PAA) was 

chosen as the ligand, which has a strong negative charge. The ligand exchange procedure is 
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described in Section 3.1.1 and successfully produced water soluble UCNPs with strong emission 

(shown in Figure 6.7(a)). The emission spectroscopy setup for liquid and deposited samples is 

described in Section 3.8.  

 

Figure 6.7: Upconversion emission of Tm3+-doped UCNPs with PAA ligand,  
(a) in aqueous solution and (b) deposited on glass via LbL (sharp line at  

500 nm due to noise in measurement or subtracted background). 

LbL samples were created using the method described in Section 3.6. The difference between the 

emission of UCNPs in solution and when they have been deposited via LbL is shown in Figure 

6.7(a) vs (b). The emission from the LbL sample is much weaker than that from the UCNPs in 

solution, with only the most intense peak visible above the noise level, because the LbL UCNP 

layer is very thin, and thus a much smaller number of UCNPs are present in the area irradiated by 

the laser in the LbL sample. The differences in emission of LbL samples made using Er3+-doped and 

Tm3+-doped UCNPs can be seen in Figure 6.8, with the 520, 545 and 670 nm peaks clearly visible in 

the Er-UCNP spectrum, and the 800 nm peak (the strongest emission) visible in the Tm-UCNP 

spectrum. 

 

Figure 6.8: Emission from LbL samples created using Er3+- and Tm3+-doped UCNPs. 
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The LbL method also provided an even layer of UCNPs on the samples, which can be seen in 

Figure 6.9 below, via the consistent emission peak heights across multiple areas of the sample.  

 

Figure 6.9: Upconversion emission from a Tm-UCNP LbL sample, showing emission from three 
areas. Sharp lines at 500 and 650-750 nm due to noise in measurement or subtracted background. 

 

Figure 6.10: SEM images of LbL samples with UCNPs, created via dipping in (a) fresh UCNP 
solution, and (b) a previously used UCNP solution. The particle concentrations are  

(a) 332 and (b) 206 particles/µm2. Same scale used for both images. 

On some samples, UCNP solutions which had previously been used for LbL were reused. The 

resulting samples had a significantly lower UCNP concentration, as well as clustering of the 

UCNPs, which is not ideal for consistent plasmon enhancement. This can be seen in Figure 6.10, 

which compares the SEM images of a sample made using fresh UCNP solution (Figure 6.10(a)), 

and one made using a reused solution (Figure 6.10(b)). The clustering may occur because of small 
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amounts of polyelectrolytes, which were not completely removed from the previous sample in 

the rinsing step, being released from the substrate into the solution and binding with the UCNPs. 

The difference in concentration may be due to the most strongly charged UCNPs attaching to the 

previous sample, leaving fewer strongly charged UCNPs available in the solution to attach to the 

second substrate. Thus, the UCNP LbL solutions were only used for dipping one substrate each. 

The samples made using a fresh solution (Figure 6.10(a)), displayed more evenly distributed 

UCNPs, though some inhomogeneity remained. 

 

6.3.2 Nanostars 

In order to plasmonically enhance the UCNPs on the LbL samples, gold nanoparticles were also 

deposited. NSs were chosen, as they have multiple resonances at their many tips and across the 

cores, as described in Section 2.1, and as can be seen in Figure 6.11(c) below. The resonance 

peaks shown in these graphs change with a change in incident light polarisation, demonstrating 

that they come from tips on the NSs oriented in different directions.  

 

Figure 6.11: (a) and (b), SEM images of LbL samples prepared with NSs. The concentration of NSs 
deposited on (b) is 2x the concentration deposited on (a). (c) Single particle scattering spectra of a 

NS, varying the polarisation. 

As the NSs are positively charged (due to their ligand, CTAB, which disassociates into a positively 

charged ligand, CTA+, and negatively charged counterion, Br-), which was confirmed via zeta-
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potential measurements, the final polyelectrolyte layer deposited before the NSs+ was PSS 

(negatively charged), and the LbL deposition was carried out as described in Section 3.6. Figure 

6.11(a) and (b) show SEM images of LbL samples prepared with NSs. Figure 6.11(b) was prepared 

with a higher concentration of NSs in solution than Figure 6.11(a), and as such has a higher 

concentration of NSs on the sample. However, the overall concentration of NSs on these samples 

was very low, and nowhere close to a monolayer, which is more likely what would be needed to 

induce enhancement over a large enough area to be seen in the emission detection spot (≈ 2 mm2 

spot size). When the samples are not covered in a monolayer, certain NS/UCNP pairs may not 

actually be the spacer distance apart (only in the z direction). Rather, they might be further apart 

due to the additional distance in the x-y directions. These concentration dependent effects can be 

seen in Figure 6.12 below. 

 

Figure 6.12: Schematic of UCNP enhancements and inter-particle distances in  
LbL samples with high and low NS and UCNP concentrations. 

 

6.3.3 Nanorods 

As the concentration of NSs was found to be very low with the LbL deposition method, 

investigations were carried out using a different type of plasmonic particles, which had an 

established record in the literature of UCNP enhancement. This was the case for gold NRs158, and 

as such, synthesised NRs were deposited. In this way, the concentration could be better optimised 

with the knowledge that the enhancement was likely to occur. 
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Figure 6.13: (a) Extinction spectrum of LbL sample made using synthesised gold NR batch, showing 
plasmon peak from spheres in solution (around λ = 550 nm) and longitudinal NR peak (around λ = 

860 nm). (b) DFM image of a LbL sample showing the NRs (visible as green dots) on its surface. 

Figure 6.13(a) shows the extinction spectrum of a LbL sample, with the strong plasmon peaks 

suggesting a reasonably high concentration of NRs. Figure 6.13(b) shows a DFM image of this 

sample, confirming a moderate concentration of NRs (less than a monolayer), and showing that 

the sample has an even spread of NRs. For an LbL sample, an even layer is ideal to obtain 

consistency across the sample. However, this sample did not result in upconversion 

enhancement. The less than monolayer concentration may have occurred due to difficulty in 

obtaining sufficiently high NR concentrations in solution.  
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Figure 6.14: (a) Graph of upconversion emission of an LbL sample with  
UCNPs+NRs, demonstrating enhancement in one area (with a NR cluster).  

(b) DFM image of this LbL sample, showing the NR clusters. 

Figure 6.14(b) shows a DFM image of another LbL sample made with NRs, which features NR 

clusters across the sample. These clusters likely occurred due to insufficient sonication of the NR 

solution. This sample showed upconversion enhancement on one area, likely in the vicinity of a 

NR cluster. Plasmonic nanoparticle clusters can show hotspots between the particles, which can 

result in significant light intensity enhancement169. The single area upconversion enhancement of 

a factor of 1.7x, calculated by dividing the integrated area under the enhanced peak (∝ emission 

intensity) by the area under the UC background peak, is shown in Figure 6.14(a), where two areas 

on the sample are not enhanced in comparison to the background upconversion. While this 

enhancement factor is lower than some results which have been seen in the literature, with Feng 

et al. obtaining enhancement of up to 22.6x167, however it is difficult to make a direct comparison 

to this work due to the difference in orientation of the sample (NRs on top), and the presence of 

the NR clusters. The impact of clusters is further discussed in Section 6.5. 

 

6.3.4 Bipyramids 

LbL samples were also prepared using BPs as the plasmonic particles. As explained in Chapter 5, 

BPs have very pointed tips and thus can achieve higher field enhancements than NRs of a similar 

length/width. Since enhancement has thus far been seen in clusters, which have high field 

enhancement at inter-particle hotspots, BPs have the potential to be an alternative particle to 

enhance upconversion. BPs were successfully deposited via the same method as the NRs, as 
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shown in Figure 6.15 below, where the SEM images of BPs deposited can be seen in Figure 

6.15(a)-(c), and their characteristic spectral features can clearly be seen in the extinction spectra 

in Figure 6.15(d).  

 

Figure 6.15: SEM images of LbL samples with BPs; (a) a low concentration (0.35 particles/µm2), (b) 
a higher concentration (3.10 particles/µm2) and (c) the highest concentration (6.82 particles/µm2). 
Same scale for all images. (d) Extinction spectra of the samples in (a) – (c). Peak extinction values 

a: 0.0, b: 0.00639, c: 0.02836. 

Figure 6.15(a) shows a LbL sample with very few gold nanoparticles on the surface (0.35 

particles/µm2), which corresponds to the extinction spectrum (Figure 6.15(d)), which shows 0 

extinction from this sample. Figure 6.15(b) and (c) show samples created using solutions with 

higher BP concentrations (by 1.33x and 6.60x, respectively), which as a result have higher particle 

concentrations on the sample surface (3.10 and 6.82 particles/µm2, respectively). These increased 

concentrations can also be seen via an increase in the UV-Vis spectra in Figure 6.15(d), where the 

peak extinction values are ≈ 0.006 and 0.028. 

The SEM images in Figure 6.15(a)-(c) show an increase in gold nanoparticle concentration on the 

surface of the samples. Figure 6.15(d) shows the difference in extinction spectra for these same 

samples, where the extinction peak heights are proportional to the concentrations. The solutions 

which were used to make the samples in Figure 6.15 (b) and (c) have ratios of 1.33:1 and 6.60:1 to 

the lowest concentration sample, respectively. This shows that final nanoparticle concentrations 
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on the samples have a strong dependence on the original concentration of nanoparticles in the 

LbL deposition solutions. 

 

Figure 6.16: Extinction and emission spectra of two LbL samples made with UCNPs and 2 different 
BP concentrations. Additionally, the emission spectrum of a background sample made with only 

UCNPs. 

It is evident from Figure 6.16 that the increase in BP concentration across the two samples (as 

expressed by the extinction, dashed lines), is correlated with an increase in the UC emission (solid 

lines). The enhancements of these samples are seen in Table 1 below:  

Table 1: LbL sample emission peak enhancement values. 

Sample        Peak Green (545 nm) Red (665 nm) 

A 2.10 2.21 

B 1.45 1.41 

 

However, it is clear from the SEM images in Figure 6.15(a) – (c) that these samples did not contain 

a BP monolayer. Comparing the extinction values in Figure 6.16 (≤ 0.03) to those in Figure 6.15(d) 

(max 0.028), it is likely that the BPs did not form a full monolayer in the samples in Figure 6.16, 

either. Thus, it may be the case that a lack of consistent BP-UCNP interactions across the whole 

sample is the reason for the moderate enhancements (≤ 2.2x) which have been seen thus far 
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using the LbL deposition method. However, as these enhancements were being measured in 

ensemble, it may be possible to obtain single particle enhancements from such samples in future. 

To obtain higher concentrations on LbL samples, some samples were prepared using an 

unconventional LbL method. For the BP deposition step, after the initial polyelectrolyte layers 

were deposited, a highly concentrated BP solution was pipetted directly onto the substrate. This 

resulted in samples which had uneven BP distributions, but some sections displayed visibly very 

high BP concentrations.  

 

Figure 6.17: (a) emission of UCNPs with and without 980 nm BPs, at sample areas with increasing 
BP concentrations (part of an additional peak due to scattering of the incoming 980 nm laser light 

visible at right of graph), (b) enhancement across these areas of the sample. 

One such sample, with BPs with a plasmon resonance wavelength of 980 nm, demonstrated 

significant UC enhancement. The UC emission spectra (a) and enhancement values (b) for various 

areas across this sample are shown in Figure 6.17 above. As the BP concentration increased, so 

did the enhancement, up to a maximum enhancement of 7.5x. This may be for a similar reason as 

the enhancement seen using NR clusters. Enhancement of upconversion by BPs has not been 

previously shown in the literature. 

In all LbL samples, the plasmonic nanoparticles were placed underneath the UCNPs, to avoid any 

shadowing. However, this may mean that they have less light reaching them (as it has to travel 

through the UCNP layer first, which is transparent but may still have some degree of attenuation 

of the light due to scattering). This, as well as the fact that many of the samples did not achieve a 

very high plasmonic nanoparticle concentration, resulted in the decision to try spin coating the 

UCNPs and plasmonic NPs onto glass substrates, in order to obtain higher NP concentrations, as 

well as placing the plasmonic NPs on top of the UCNPs, to potentially achieve better 

enhancement.  
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6.4 Spin coating 

Spin coating involves nanoparticles being suspended in a volatile liquid and dropped onto a 

substrate. The substrate is affixed in place via vacuum and spun at various speeds to ensure a 

reasonably consistent spread of nanoparticles across the substrate. While spin-coating can result 

in a more inhomogeneous distribution of nanoparticles, it can achieve very high nanoparticle 

concentrations170.  

Er3+-doped UCNPs were synthesised and spin-coated onto glass slides, using the method 

described in Section 3.11. This resulted in samples with consistent UC emission measured at 

several points across the sample, implying an even distribution of UCNPs across the slide. Gold 

NSs were coated in silica shells, as described in Sections 3.5 and 4.7, and spin-coated on top of the 

UCNPs, with the silica shells acting as a spacer layer. A schematic of the sample and the detection 

setup can be seen in Figure 6.18(a). 

 

Figure 6.18: (a) Diagram of sample and detection setup. NSs have a silica shell thickness of 10 ± 1 
nm. (b) Power-dependent NS-enhanced UC emission spectrum of Yb, Er- doped NaYF4 UCNPs. 

 

Samples were made with even layers of silica-shelled NSs on top of the UCNP layer. However, 

these samples did not result in any enhancement. However, samples with more uneven NS layers 

gave rise to a different outcome. Figure 6.19 shows a DFM image of one such sample (Sample 16) 

with an irregular NS film. Areas of low NS concentrations can be seen, as well as a “coffee stain” 

type region, with a high NS concentration in the centre and a very high NS concentration at the 

edge171. 
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Figure 6.19: DFM image of a spin-coated sample, Sample 16, featuring a “coffee stain”  
type irregular film of NSs, showing regions of high and low NS concentrations (high  

within the “coffee stain” and even higher at its edge, and low outside the “coffee stain”).  
The NSs are visible as red dots. 

Figure 6.20 shows another DFM image of the sample in Figure 6.19, at 5x higher magnification. 

This allows for a closer look at the considerable difference in NS concentrations between the 

“coffee stain” edges and the rest of the sample.  

 

Figure 6.20: DFM image of the spin-coated sample from Figure 6.19, at 5x higher magnification, 
showing the distances between individual NSs in the low concentration region, and the clustering 

of NSs at the  edge of the “coffee stain” region. 
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Several samples with “coffee stain” regions were created, and the upconversion emission 

measured before and after the deposition of the silica-shelled NS layer. The integrated area under 

the emission peaks (emission intensity) was measured, and the results can be seen in Figure 6.21.  

Figure 6.21(a) shows the emission intensity from Sample 17, averaged over three areas on the 

sample before the addition of NSs, and the emission intensity from an enhanced area after the 

addition of NSs. Figure 6.21(b), (c), and (d) show the enhancement factors of the emission 

intensity for this and two other samples (Samples 15, 16, and 17). The enhanced areas of the 

samples in Figure 6.21 were all at the edge of “coffee stain” regions, where the highest NS 

concentration was. The impact of high nanoparticle concentration and clustering is discussed in 

Section 6.5. 

 

Figure 6.21: (a) Sample 17, comparison of integrated areas under 545 nm peak (i.e. peak emission 
intensity), with and without NSs, (b), (c), and (d), enhancement factors of the three peaks for 

samples 15, 16, and 17, respectively. 

Table 2 summarises the enhancements across the three samples with “coffee stain” areas. There 

was on average 1.9x enhancement over all peaks and all samples, where previously literature has 

shown NS quenching99,100. The enhancement of the samples is wavelength-independent. This 

implies that the mechanism may be absorption enhancement, rather than emission 

enhancement, as absorption enhancement results in an even increase in light emission at all 
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wavelengths, whereas emission enhancement will differ depending on the emission wavelength, 

as it occurs only in emission bands which overlap with a plasmonic structure172. 

Table 2: Enhancement values of 3 UC peaks across three samples. Average value over all peaks & 
samples = 1.9 ± 0.1. 

 
520 nm Peak 545 nm Peak 655 nm Peak Average enhancement 

Sample 15 2.4 ± 0.7 2.2 ± 0.2 2.1 ± 0.3 2.2 ± 0.3 

Sample 16 1.5 ± 0.1 1.5 ± 0.1 1.6 ± 0.1 1.6 ± 0.1 

Sample 17 2.0 ± 0.1 2.1 ± 0.2 1.5 ± 0.2 1.8 ± 0.1 

 

 

Figure 6.22: Log-log plot of peak area (∝ intensity) vs power, with slopes:  
520 nm Peak: 2.4 ± 0.4, 545 nm Peak: 2.2 ± 0.1, 655 nm Peak: 2.7 ± 0.4.  

Average slope over all samples and peaks: 2.6 ± 0.1. 

For a nonlinear process, such as upconversion, when the log of the peak intensity (I) (or area 

under peak in emission spectrum) is plotted against the log of the laser power (P),  

log(𝐼) ∝ 𝑛 log(𝑃), 

where (n = number of photons involved in the emission process)80. Figure 6.22 shows the log-log 

plot for Sample 17 after the addition of NSs. The slope (∝ 𝑛) over all 3 samples increases from 1.9 

± 0.1 (for sample without NSs) to 2.6 ± 0.1. This might imply a move from 2-photon to 3-photon 

processes dominating, which is possible for all Er3+ emission peaks173, as can be seen in Figure 6.23 

below.  
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Figure 6.23: Energy level diagrams of Yb3++ Er3+upconversion system, showing (a) two-photon 
processes and (b) three-photon processes for Er3+ emission. 

This commonly happens with intense excitation174, which further supports that the enhancement 

mechanism for these samples may be absorption/excitation enhancement. 

 

6.5 Clusters 

While the samples in the previous section had a maximum enhancement of 2.4x, one sample 

showed an area of much higher enhancement. The enhancement, as shown in Figure 6.24(a), was 

wavelength dependent, and thus more likely due to UCNP emission enhancement than 

absorption/excitation enhancement, which is wavelength independent.  

 

Figure 6.24: (a) Upconverted emission at 2.00W excitation with and without NSs, showing the 
enhancement of each of the main peaks, as well as the appearance of a small peak at around 408 

nm. (b) Overlap of emission spectrum of UCNPs with in-solution extinction spectra of these NSs. 
The UCNP absorption peak and excitation wavelength is shown by the dashed line. 

The enhancement of the emission from the Er3+-doped UCNPs, shown in Figure 6.24(a), varied 

from 5.4x (520 nm peak) to 9.7x (655 nm peak). The enhancement of the peaks towards longer 

wavelengths is larger, which is in agreement with the stronger overlap between the NS plasmon 

resonances and the UCNPs in this region, shown in Figure 6.24(b). However, there may be a 

combination of emission enhancement and absorption enhancement, as an upconverted peak at 
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around 408 nm also appears (the 𝐻9/2 
2 → 𝐼15/2 

4  transition, which has been seen in the literature 

for Er-doped UCNPs175), which may be now visible due to an increase in absorbed light. 

 

Figure 6.25: Integrated area of the 540 nm upconverted emission peak with and without NSs, 
showing the threshold at which upconverted emission could be measured. 

The threshold at which upconversion was detectable in the measured spectra also decreased, 

from ≈ 0.75 W to ≈ 0.30 W (shown in Figure 6.25), which occurs with enhancement as the overall 

amount of light being emitted increases, allowing for detectable upconversion at lower 

powers.The enhancement factors of between 5 and 10 are in a similar range to many values for 

plasmon enhancement of upconversion previously reported in the literature (values between 0.2 

and 100 reported by Wu et al.77). However, previous investigations of UCNP-NS interactions 

report emission quenching99,100.  

The optimal UCNP-plasmonic nanoparticle distance for plasmonic enhancement using NRs was 

found to be 7 nm167, and the NS silica shell thicknesses for these samples were approx. 10 nm. 

This means that the NSs are at a near-optimal distance from the UCNPs.  

The sample which demonstrated this wavelength-dependent enhancement was created using a 

solution of NSs which was not sufficiently sonicated as to produce an even layer of NSs. Instead, 

some clusters of silica-shelled NSs were formed. DFM images of one such cluster can be seen in 

Figure 6.26, at 20x magnification and 100x magnification (inset).  
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Figure 6.26: DFM image of a spin-coated sample, showing a large cluster of silica-shelled NSs,  
with the cluster inset at 5x higher magnification to show the scattering of the individual NSs. 

Nanoparticles which are very close together experience a redshift and broadening of their 

plasmon resonance peaks due to plasmon coupling of the particles176. Vial et al. found that when 

nanoparticles, specifically NRs in their case, are separated from each other via silica shells, the 

redshift and broadening is reduced, with a stronger reduction as the shell thickness increased. At 

a shell thickness greater than the NR short axis length, this redshift and broadening is minimised. 

In this work, silica shells of approx. 10 nm coat each of the NSs, which may have prevented some 

degree of the redshift and broadening; however, in the case of this work, the redshift of the 

resonance may be causing increased overall enhancement, as the resonance wavelength moves 

closer to that of the UCNP excitation wavelength, 980 nm.  

The area of the sample which produced the stronger enhancement seen in Figure 6.24(a) and 

Figure 6.25 featured a cluster of NSs. In Section 6.3.3 of this work, clusters of NRs also gave rise to 

an increase in upconversion enhancement. Nanoparticle dimers or clusters with small 

interparticle distances can produce plasmonic hotspots in the nanogaps between the particles. 

This has been seen using NSs in the literature by Chatterjee et al., who created nanogaps between 

gold NS tips and gold spheres169. 

It is evident from the above results that the NS clusters, with hotspots between them, have 

caused stronger enhancement than samples without clusters. While such clusters are difficult to 

precisely reproduce, even a variable enhancement by larger clusters could be suitable for use in 

UCNP-enhanced solar cells to increase the UCNP emission, as spin-coating is a facile method 
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already used to apply UCNPs to solar cells177. The enhancement is likely not due to 

thermoplasmonic effects, as the UCNPs here are ≈ 30 nm, whereas it has previously been shown 

that thermoplasmonic interactions negatively affect the emission of UCNPs > 20 nm160. 

 

6.6 Conclusion  

This chapter has shown the synthesis of UCNPs, the combination of UCNPs with plasmonic 

particles on substrates, and the plasmonic enhancement of the UCNPs. NaYF4 UCNPs were 

successfully synthesised, and the synthesis parameters varied to change the size of the particles, 

resulting in UCNPs as small as ≈ 5 nm. The particles were synthesised with Yb3+ and Er3+ or Tm3+ 

dopants, in order to obtain a wide range of visible and infrared emission wavelengths.  

Layer-by-layer deposition was carried out, giving samples with a high concentration of UCNPs 

resulting in an even and consistent UC emission. Plasmonic nanoparticles were also deposited via 

LbL, giving rise to upconversion enhancement for both NRs and BPs, with enhancement of up to 

7.5x for BPs. Enhancement of upconversion by BPs has not yet been seen in the literature. 

Enhancement of the UC emission was seen in areas on spin-coated samples with very high NS 

concentrations. This is most likely due to inter-nanoparticle interactions causing plasmonic 

hotspots. While this can be difficult to precisely reproduce, this enhancement means that there is 

the potential to use NS clusters to enhance upconversion efficiency for applications such as solar 

cell efficiency improvement. 
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7 Conclusion and Future Work 

 

In this thesis, interactions of plasmonic nanoparticles with photoluminescent materials, namely 

upconverting nanoparticles and quantum dots, were investigated. All objectives set out at the 

beginning of this work were achieved. Several types of plasmonic nanoparticles were synthesised; 

nanorods, bipyramids, and nanostars. Their plasmon resonances were tuned over a wavelength 

range from 600 nm to > 1100 nm, allowing for interactions with absorption and/or emission 

wavelengths of upconverting nanoparticles and quantum dots. Bipyramids were successfully used 

to induce two-photon polymerisation for the first time. This allowed for the trapping of quantum 

dots in the vicinity of the bipyramids, evidenced by a reduction in quantum dot emission lifetime 

and an increase in emission intensity, as well as the presence of Rabi splitting in the bipyramid 

scattering spectra. Upconverting nanoparticles of various sizes and dopants were synthesised, and 

were deposited via layer-by-layer deposition and spin-coating. Enhancement of upconverting 

nanoparticles was shown using nanorods and nanostar clusters, and shown for the first time using 

bipyramids. 

In Chapter 4, the synthesis and variation of plasmon resonance wavelengths of three types of gold 

nanoparticles were explored: nanorods, bipyramids, and nanostars. While the syntheses for the 

three nanoparticle types are similar, the types of seeds and the concentration of the reagents 

used gave rise to different particles, with penta-twinned seeds giving rise to bipyramids and 

nanostars, and monocrystalline seeds giving rise to nanorods. The reagent concentrations within 

each synthesis have also been extensively varied to tune the plasmonic properties, with both 

sharp and broad ensemble surface plasmon resonance peaks across a range of wavelengths from 

600 nm to above 1100 nm as a result. Additionally, the plasmon resonances of differently shaped 

nanostars have been modelled, showing the influence of number of tips on the number of 

plasmon resonances. The impact of seed age on nanorod synthesis have also been explored, with 

one-month aged seeds found to produce penta-twinned BPs and NSs rather than NRs. 

In particular, the effect of varying l-ascorbic acid concentration on bipyramid plasmon resonance 

wavelength has been explored, with a nonlinear dependence found. At small volumes of l-

ascorbic acid, any increase corresponded to a sharp increase in resonance wavelength, whereas at 

higher volumes, a plateau was seen. This dependence was explained with respect to the 

interaction of the l-ascorbic acid and chloroauric acid at the two concentration extremes. Such an 

investigation into this dependence has not been previously performed. Bipyramids with very short 
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plasmon resonance wavelengths (below 600 nm) were synthesised for the first time. Additionally, 

bipyramids with long resonance wavelengths (>1000 nm) were synthesised for the first time 

without using a regrowth step1,2 or reducing seed concentration3, but simply by varying AA 

concentration. 

The bipyramids also showed a very small mode volume and high field enhancement, which was 

advantageous for use in enhancing 2-photon lithography in Chapter 5. The multiresonant nature 

of the nanostars, as well as the very sharp tips obtained, were considered promising for 

enhancing upconversion in Chapter 6. Nanostars were also coated in silica shells of thickness ≈10-

20 nm, to be used as spacers for this plasmonic enhancement of upconversion. 

Chapter 5 demonstrated a novel fabrication method for bipyramid-quantum dot pairs using 

plasmon-enhanced two-photon polymerisation. The strong field enhancement around the 

bipyramids gave rise to polymerisation below the typical laser power threshold, at 5% of the 

typical threshold value. The relationship between polymerisation area around the BPs and applied 

laser power was found to be linear. The bipyramids enhanced the incoming light, and the volume 

which was hit by light with sufficient power to polymerise the monomer solution was dependent 

on the incoming laser power. 

Quantum dots added to the monomer solution were successfully included in the polymerised 

sections after TPL. This allowed quantum dots to be selectively localised around the bipyramids at 

the area with highest electric field enhancement, as this was the only area which was 

polymerised. Such a fabrication method has been shown before using nanocubes25, but has never 

been carried out using bipyramids. The bipyramids also provided a single plasmonic hotspot at the 

substrate air interface, allowing for QDs to be localised at one tip, unlike in the case of nanocubes. 

The QD lifetimes were also reduced in this particle arrangement because they were confined to 

the plasmonically enhanced regions. 

Rabi splitting was also observed in the scattering spectra of the BPs coupled to QDs, indicating the 

presence of strong coupling. This demonstrates that the QDs are localised in regions of maximum 

field enhancement, as coupling strength is increased in regions of high electric field strength17. 

Chapter 6 showed the successful synthesis of UCNPs and their enhancement by plasmonic 

nanoparticles. NaYF4 UCNPs were synthesised with either Yb3+ + Er3+ or Yb3+ + Tm3+ dopants, giving 

a wide range of emission wavelengths from 450-800 nm. The parameters of the syntheses, such 

as injection speed and reaction volume, were varied in order to obtain UCNP sizes from ≈ 5 nm to 

≈ 40 nm. 
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Samples with even and consistent UC emission were prepared via layer-by-layer deposition of the 

UCNPs. Spacer layers and plasmonic nanoparticles were also deposited using this method. 

Upconversion enhancement was seen for bipyramids and nanorods, with bipyramid enhancement 

of up to 7.5x. UCNP enhancement has not previously been shown in the literature using 

bipyramids. 

In samples prepared via spin-coating, samples with very high nanostar concentrations, especially 

in the case of clusters, gave rise to UC enhancement of up to 9.7x. This enhancement is likely 

occurring due to plasmonic hotspots between the nanoparticles caused by their interaction. The 

exact parameters for each sample can be difficult to reproduce, however nanostar clusters can 

easily be formed in un-sonicated nanostar batches. The enhancement by these clusters could 

have potential to be used in applications such as solar cell efficiency improvement by UCNPs4,5, 

where very small particle sizes are not as necessary as in the case of in vivo biological 

applications178. 
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7.1 Future work 

The results shown in this thesis give rise to several potential routes of future investigation.  

In order to more thoroughly investigate the interaction of UCNPs with individual nanostars, a 

modification could be made to the silica shelling method. It is likely that using a thiol-terminated 

shell precursor (such as MPTES), which will strongly bind to the nanostars, could result in a silica 

shell around the UCNPs which could be easily attached to the nanostars. This could be carried out 

and the particle interactions observed in solution or after spin-coating on a substrate.  

To expand on the UC enhancement seen from the nanostar clusters, electrophoretic deposition 

(EPD) could be used to create very dense thin films of UCNPs, to ensure that all samples were 

perfectly even across all scales. These samples could then be spin-coated with nanostars to 

investigate their enhancement. 

For the plasmon-enhanced two-photon lithography system, different sizes of BPs could be 

investigated, in order to quantify the strong coupling seen17. Additionally, the QD concentration in 

monomer solution could be reduced until there is likely only one QD in the volume of polymer on 

any BP. This could potentially create a single photon emitter, and autocorrelation studies could be 

carried out to confirm this25. As the two-photon system is optimised for bipyramid resonances in 

the 600-800nm range, upconverting nanoparticles could also be confined in the ideal enhanced 

region using this method, and potentially emission from UCNPs at 655 nm (Er3+-doped) or 800 nm 

(Tm3+-doped) could be enhanced.  
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9 Appendices 

 

9.1 Python script for masking FLIM images 

import pandas as pd 

import os 

 

# Step 3: Specify the directory where your *.dat files are located 

directory = r"C:\Users\mamaevak\Desktop\Experiments\FLIM\Masks" 

 

# Step 4: Iterate over the *.dat files in the directory 

for filename in os.listdir(directory): 

    if filename.endswith("_2.dat"):  # Filter for files ending with "_2.dat" 

        base_name = filename.split("_2")[0]  # Extract the name before "_2" 

 

        with open(os.path.join(directory, filename), 'r') as file: 

            lines = file.readlines() 

 

        # Find the start indices for intensity and average lifetime data 

        intensity_start = [i for i, line in enumerate(lines) if "Intens. :" in line] 

        av_lifetime_start = [i for i, line in enumerate(lines) if "Aver. LT:" in line] 

 

        if intensity_start and av_lifetime_start: 

            intensity_start_index = intensity_start[0] + 1 

            av_lifetime_start_index = av_lifetime_start[0] + 1 

 

            # Extract intensity and average lifetime data 

            intensity_data = [line.split() for line in lines[intensity_start_index:intensity_start_index + 
300]] 

            av_lifetime_data = [line.split() for line in 
lines[av_lifetime_start_index:av_lifetime_start_index + 300]] 

 

            # Create a dataframe for each dataset 

            intensity_df = pd.DataFrame(intensity_data).astype(float) 
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            av_lifetime_df = pd.DataFrame(av_lifetime_data).astype(float) 

 

            # Set negative values to zero 

            intensity_df[intensity_df < 0] = 0 

            av_lifetime_df[av_lifetime_df < 0] = 0 

 

            # Create an Excel file with three sheets 

            output_filename = f"{base_name}.xlsx" 

            writer = pd.ExcelWriter(output_filename, engine='xlsxwriter') 

            intensity_df.to_excel(writer, sheet_name=f"{base_name}_intensity", index=False) 

            av_lifetime_df.to_excel(writer, sheet_name=f"{base_name}_av_lifetime", index=False) 

 

            # Calculate cell by cell data from both sheets 

            combined_df = (intensity_df > intensity_df.shift()) & (av_lifetime_df < 
av_lifetime_df.shift()) 

            combined_df = combined_df.astype(int) 

            combined_df.to_excel(writer, sheet_name=f"{base_name}_combined", index=False) 

 

            writer._save() 

 

9.2 Synthesis parameters 

Table 3: Synthesis parameters for BPs shown in Figure 4.20. 
 

v(AgNO₃) 
(µL) 

v(HAuCl₄) 
(mL) 

v(HCl) 
(mL) 

v(seeds) 
(µL) 

 
v(AgNO₃) 
(µL) 

v(HAuCl₄) 
(mL) 

v(HCl) 
(mL) 

v(seeds) 
(µL) 

Batch 1 100 0.5 0.30 60 Batch 17 100 0.5 0.40 60 

Batch 2 150 0.5 0.30 60 Batch 18 100 0.5 0.40 60 

Batch 3 200 0.5 0.30 60 Batch 19 200 0.5 0.40 60 

Batch 4 100 0.5 0.40 60 Batch 20 400 0.5 0.40 60 

Batch 5 100 0.5 0.60 60 Batch 21 75 0.7 0.40 60 

Batch 6 100 0.5 0.80 60 Batch 22 85 0.7 0.40 60 

Batch 7 100 0.5 0.30 60 Batch 23 100 0.7 0.40 60 

Batch 8 100 0.5 0.40 60 Batch 24 50 0.6 0.40 60 

Batch 9 100 0.5 0.20 60 Batch 25 75 0.6 0.40 60 

Batch 10 100 0.5 0.30 60 Batch 26 100 0.6 0.40 60 

Batch 11 100 0.5 0.40 60 Batch 27 100 0.5 0.30 60 

Batch 12 100 0.5 0.20 60 Batch 28 150 0.5 0.30 60 

Batch 13 100 0.5 0.25 60 Batch 29 200 0.5 0.30 60 

Batch 14 100 0.5 0.30 60 Batch 30 100 0.5 0.30 60 
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Batch 15 100 0.5 0.20 60 Batch 31 150 0.5 0.30 60 

Batch 16 100 0.5 0.30 60 Batch 32 200 0.5 0.30 60 

Table 4: Synthesis parameters for BPs shown in Figure 5.3.  
Samples with same number (e.g. 23a and 23c) were synthesised on the same day. 

BP 
Sample 
name 

v(ascorbic 
acid) (µL) 

v(AgNO₃) 
(µL) 

v(HAuCl₄) 
(mL) 

v(HCl) 
(mL) 

v(seeds) 
(µL) 

Seed type and 
synthesis day 

v(CTAB) 
(mL) 

1 22d 75 100 0.5  0.3  60  
Type II  

(previous day) 
10  

2 23a 75 100 0.5  0.3  60  Type II (same day) 10  

3 22f 75 200  0.5  0.3  60  
Type II  

(previous day) 
10 

4 23c 75 200  0.5  0.3  60  Type II (same day) 10 

5 22g 80 100  0.5  0.3  60  
Type II  

(previous day) 
10 

6 22i 80  200  0.5  0.3  60  
Type II  

(previous day) 
10 

7 22h 80  150  0.5  0.3  60  
Type II  

(previous day) 
10 

8 23d 80 100  0.5  0.3  60  Type II (same day) 10 

9 23f 80  200  0.5  0.3  60  Type II (same day) 10 

10 2b 75  100  0.5  0.6  60  Type II (same day) 10 

11 16a 80  100  0.5  0.3  60  Type II (same day) 10 

12 16c 80  200  0.5  0.3  60  Type II (same day) 10 

13 23g 85  100  0.5  0.3  60  Type II (same day) 10 

14 16d 85  100  0.5  0.3  60  Type II (same day) 10 

 

 


