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Abstract 

 

This thesis presents the application of two soft lithographic tools for direct patterning 

of (soft) photonic materials at the micro- and nano-scale. Inkjet printing and Dip-Pen 

Nanolithography, respectively, have been used to pattern organic molecules, photoresists, and 

conductive inks to create optically active structures and devices. A series of light emitting 

polymers (LEPs), blended with a photo-curable host system, have been integrated as colour 

converters with an array of matrix-addressable gallium nitride (GaN) micro LEDs to form a 

red-green-blue (RGB) emitting array. Surface structure and conversion efficiency have been 

explored in detail with peak colour conversion efficiencies of 31.6% being obtained. 

Inkjet printing of silver conductive inks has been used in conjunction with mask-free 

ultraviolet direct writing to generate an 8 x 8 GaN LED array. The smallest feature achieved 

with the mask-free writing set up is 1 µm and the conductive ink was used to form a contact 

with the n-GaN to enable wire-bonding and characterisation of the LED. This mask-free 

process is attractive as fabrication of conventional masks for photolithography is both costly 

and lengthy. Possessing the ability for define LED patterns “free form” on photoresist and 

subsequently producing a common n-contact with the silver ink allows for rapid prototyping 

for novel and experimental LED designs. 

Two techniques were explored for utilising the potential of Dip-Pen Nanolithography; 

deposition of liquid inks (positive) and removal of dried material (negative). Photoresist inks 

were used to generate nanoscale features (560nm) on a planar LED structure. Subsequent 

exposure to a CHF3 plasma treatment deactivated the Mg doped GaN which was not protected 

by the photoresist; LEDs with 3 µm diameter at full-width half-maximum were fabricated in 

this manner. Utilising dip-pen nanolithography for negative patterning allows for grating 

structures to be created via the displacement and removal of material. 1D and 2D structures 

were generated using a lasing polymer as the optically active gain medium. When optically 

pumped it was found that these structures lased and the grating structures acted as Distributed 

Bragg Reflectors (DBRs).  

Key advantages for the techniques used throughout this thesis are that they allow the 

patterning of sensitive materials that otherwise would not survive classical lithography due to 

aggressive chemical treatment or high UV exposure. In addition all of the techniques used are 

readily programmable and require no masks to be fabricated thus allowing for rapid prototype 

production and experimental designs to be implemented without delays or incurring extra costs.  
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Chapter 1 

Introduction and Motivation 

 

1.0  Introduction 

 

Photonic devices have become a cornerstone of modern society as they are present in the life 

of most people on a daily basis. The range of applications is ever increasing, from display 

technology, TV, phones, Smart glasses etc; to the emerging technology of visible light 

communications (VLC) [1-3]. The techniques currently used in the fabrication of most of these 

devices are well established and are able to achieve much in both an industrial and academic 

sense. Large scale patterning and processing of semiconductor materials with high resolution 

and reliability is what has permitted this industry to thrive. However there are some short 

comings to these techniques; as technology develops towards the hybridisation of inorganic 

semiconductors and organic materials [4-7] the current processes are ill-equipped to fully allow 

efficient integration of the two types of materials. Polymeric materials specifically fall between 

the gaps of the current lithographic techniques and various tricks must be employed when 

utilising them to achieve the desired result. Often the patterning methods used result in a large 

degree of wasted material, are expensive in setup and offer little flexibility for rapid prototyping 

necessary in research. 

Classical lithography is used to define areas and patterns in the fabrication of semiconduc ting 

devices and, by its very nature, is often aggressive to the medium being patterned, whether that 
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be via high energy UV radiation or by exposure to etchant chemicals. In order to pattern 

materials that would be degraded by such steps, other techniques must be employed to preserve 

the desired design. In this chapter the specific motivations and necessity for new techniques 

will be explored as well as the current methodologies used in micro- and nano-scale fabrication. 

This thesis will focus on the development and applications of micro and nano lithographic 

techniques and their application in the fabrication of photonic devices and structures.  It 

outlines how the two little-explored lithographic techniques of Inkjet Printing and Dip-Pen 

Nanolithography can be used in the fabrication of photonic structures, the hybridisation of 

inorganic light-emitting diodes (LEDs) and organic materials, and as a means of patterning soft 

polymeric materials.  

1.1  Pattern Designation 

 

The following section contains an overview of the techniques that are currently used in the 

micro- and nano-scale patterning of materials that are commonly used in the processing of 

semiconducting materials for fabrication of photonic devices and structures. The outline of a 

design pattern to enable further deposition or etching is often the key stage in the fabrication 

of photonic structures.  

Photolithography 

 

Photolithography is a common technique used for pattern definition on both the micro- and 

nano-scale. It is a patterning process which transfers the designed patterns from a photo-mask 

to photosensitive materials such as photoresist (PR), by light exposure; the basic process of 

photolithography is shown in figure 1.1.2. The sample is first coated with a PR layer, usually 

via spin-coating (step 1). This PR layer is then exposed to the light (usually ultraviolet) through 
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the photo-mask (step 2). The photo-mask contains a pattern consisting of clear and opaque 

regions, allowing the light to expose a specific design while leaving other areas unexposed. 

The chemical properties of the exposed PR are then be changed due to a photochemica l 

reaction. In the subsequent development process, the sample is dipped into a suitable developer 

to remove unwanted PR and to form a desired PR pattern. Depending on the properties of PRs, 

the final PR patterns formed on the sample surface will be either the same as that on the photo-

mask (positive PR) or a reversed pattern (negative PR) (step 3). The photolithography process 

can be divided into three main steps; PR coating, exposure, and PR development. In these steps, 

the operation of alignment and exposure plays a critical role in the photolithography process. 

This operation determines the success of transferring the designed patterns on the photo-mask 

to the PR layer. The wavelength of the exposure light source, used for pattern exposure, is an 

important parameter to decide the minimum resolution of final PR patterns.  

The resolution (R) of an optical system is determined by the wavelength (λ) of the light source 

and the numerical aperture (NA) of the system. The equation for this is given by equation 1.1.1: 

Figure 1.1.1 Schematic for photolithography through a mask for both positive and negative PR 

patterning. 
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1.1.1 

𝑅 =
𝜆

2. 𝑁𝐴
 

 

From this equation it can be seen that to achieve smaller scale resolution a shorter wavelength 

of light and large numerical apertures must be used. There is however a trade-off between 

achieving small scale resolution and depth of focus (DOF). The DOF is the distance necessary 

to achieve a good focus for light leaving an aperture to project a pattern with a good resolution. 

The equation for the calculation of depth of focus is: 

 

1.1.2 

𝐷𝑂𝐹 =
2𝜆

(𝑁𝐴)2
 

 

with k2 as a system constant. Re-arranging equation 1.1.1 for NA and inputting into 1.1.2 yields 

the relationship between the depth of focus and the optical resolution, given in equation 1.1.3: 

 

1.1.3 

𝐷𝑂𝐹 =
8𝑅2

𝜆
 

It can be seen that as the resolved feature size is reduced to achieve a smaller scale, the position 

of the photo-mask must be closer to the substrate. The logical limit of this is where the mask is 

in contact with the PR, although this is often undesirable as there is possible damage to the 
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photo-mask or contamination of the mask with particulates so that the pattern is not true to the 

design. This, combined with optical diffraction of the wavelength used, are the limits for 

photolithography using a photo-mask to define the pattern. 

The resolution limit is controlled by the wavelength of light used, which is why the UV region 

of the electromagnetic spectrum is commonly exploited. Typical wavelengths of UV light used 

for lithography lie between 400 nm and 200 nm, short enough to offer a good degree of 

resolution and with enough photon energy to initiate chemical change within the PR for 

subsequent development. While the high photon energy makes this process suitable for 

patterning of PR it is not suitable when attempting to pattern many other optically active 

materials. In the patterning of light emissive materials the harsh exposure to UV light can 

degrade or photobleach materials, reducing or eliminating the function for which they were 

designed. It is possible to use a negative PR style patterning to transfer a pattern using these 

soft materials; however that process is extremely wasteful and the whole process is costly and 

time consuming. Photolithography via mask exposure requires the fabrication of a high 

resolution mask; once the mask has been fabricated there is no flexibility and should the design 

need changing another mask needs to be made. 

Mask-Free Lithography 

 

Another method of defining a pattern in PR is to use focused irradiation and write the pattern 

directly [8]. This approach is used to varying degrees of success and depends on the ability to 

limit the spot size of the beam used. There are several different possibilities for the beam; UV 

laser, electron beam or ion beam, each having their own advantages and disadvantages. Direct 

laser writing is very common in optical lithography as it offers flexibility, ease of use, and cost 

effectiveness in rapid prototyping. Patterning at sub-micrometre resolutions is achievable and 

is a compromise between the high performance of the photo-masks and cost of fabricating said 
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masks. This technique is limited by the diffraction limit of light, permitting features of down 

to 200nm to be patterned but no smaller.  

Electron beam lithography (e-beam lithography) is a means of achieving even smaller 

resolution, being able to transcend the diffraction limit associated with optical lithography, and 

permitting resolution down to the nanometre scale. While being able to offer extremely high 

resolution there are significant disadvantages to utilising this means of lithography; it does not 

scale for industrial processing, the time to complete a desired patterning can be multiple hours, 

and the machines themselves are costly in the extreme (millions of pounds). The common usage 

of e-beam lithography is in fabricating the photo-masks used in photolithography, being able 

to offer the high resolution in the master-mask so that defects in the mask are unlikely to occur 

and reproduce on any subsequent work. 

Nanoimprint Lithography 

 

Nanoimprint lithography (NIL), known as a “soft” lithographic technique, involves pressing a 

mould against a soft thermoplastic polymer or a liquid polymer precursor, as shown in figure 

1.1.2. The solid state pattern is formed by either cooling (thermal NIL)[9,10] or UV-

photocuring the precursor (UV-NIL)[11,12]. Both thermal and UV NIL can reach ~5nm 

resolution. There are a wide range of polymers that have been used for thermal NIL at 

temperatures above the polymer glass transition temperature, which is the temperature at which 

a polymer transitions from a hard material to a soft, molten one. The difficulty in thermal NIL 

is patterning the highly viscous polymers. Compared with the thermal NIL, UV-NIL has higher 

curing rates and intermediate viscosities. However, the high resolution patterns in UV-NIL are 

usually affected by oxygen sensitivity and polymer shrinkage in the photosetting. 
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Therefore, ongoing developments on UV-NIL focus on new designs of photochemica l ly 

sensitive polymers with oxygen inhibition, shrinkage suppression and easy mould release. This 

technique is highly attractive as the patterning area is limited only by the size of the master 

mould. However, the cost of this mould is OK compared to that of the photo-masks used in 

photolithography, if not more so as the moulds have to withstand physical contact with the 

resist material. Also, as with photolithography, this technique lacks flexibility that is essential 

in a research capacity. Once the mould is cast there is no altering it to accommodate changes 

in design or purpose. 

 

1.2  Pattern Transfer 

 

Described in this section will be the processes and techniques used to transfer the patterns 

designated by the methods described in section 1.1. These processes are widely utilised in the 

fabrication of inorganic semiconductor structures and devices. 

 

Figure 1.1.2 Schematic of Nanoimprint Lithography, showing the transfer of a pattern by 

pressing a master grating into a soft polymeric resist. 
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Micro-Contact Printing 

 

In micro-contact printing, an “ink” material is transferred to the substrate by close conformal 

contact with a rigid or elastic stamp with bas-relief features, as in the schematic shown in figure 

1.2.1[13,14]. Micro-contact printing, which is efficient in large-area fabrication with sub-

micrometre spatial resolution, is suitable for reel-to-reel or sheet-to-sheet production as it offers 

similar ability to pattern on a large scale to the NIL process mentioned in section 1.1. The 

control of contamination, deformation of the stamp and lateral diffusion of ink are main aspects 

influencing the quality of the micro-contact printing pattern. Micro-contact printing is 

subdivided in to two categories, namely direct and indirect printing. In direct micro-contact 

printing, the polymer solution is directly transferred from the stamp carrier to the substrate; 

while in indirect micro-contact printing, a polymer or a monomer is selectively deposited on a 

pre-patterned surface, with subsequent steps of surface-initiated polymerizat ion, 

electropolymerisation or polymer multilayer deposition to complete the patterning process. 

Strong interaction between the polymer “ink” and the surface will result in high-resolut ion 

patterning; patterns with resolution of ~80nm can be achieved by electrostatic interaction 

between the ink and the substrate. Micro-contact printing is both a means of pattern transfer 

and also a soft lithographic technique in its own right, utilised in the patterning and processing 

of plastics in the fields of electronics, optics, biology and surface science. Once again, however, 

this is a technique that requires the formation of a master stamp; as such it offers no flexibi lity 

and new designs require the fabrication of a new stamp each time. 
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Wet Etching 

 

Wet etching refers to a process which involves submersion of the substrate with a patterned PR 

layer, defined via one of the lithographic processes mentioned earlier, in a chemical solution 

to dissolve material, thus transferring a pattern into the substrate material. Etch selectivity 

between an etch mask and the etched materials is achieved in by careful control of the 

temperature and concentration of the chemical solution. However, wet etching normally 

produces an isotropic etching profile and the etching rate is strongly dependent on the 

crystallographic plane exposed. This preferential etching along certain crystal planes in 

inorganic semiconductors causes undercutting in any deposited sacrificial layer and is 

unsuitable for the fabrication of high resolution features. Due to the nature of the etcha nt 

chemicals this means of pattern transfer is unsuitable in the use of sensitive polymeric materia ls 

as the aggressive etchant is likely to attack the bonds within the material- rendering them inert 

or removing them completely from the substrate. 

Dry Etching 

 

Dry etching, so called in contrast to wet etching, is the process by where a material can be 

etched by bombardment with ions. There are two dry etch processes that are used in the 

Figure 1.2.1 Schematic of the micro-contact printing process.  
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semiconductor industry and those are physical ion bombardment and pure chemical etching. 

Physical ion bombardment is where ions, formed by a plasma gas, are fired towards the 

substrate and physically dislodge material from the surface, achieving etching. The etch rate 

for this process is relatively low as the rate is related to the energy of the ions combined with 

the flux rate applied to the substrate. Pure chemical etching is where the surface is etched by 

chemical reaction, the surface being exposed to a gas of chemicals which react with the surface 

to create volatile by-products. These volatile by-products then remove themselves from the 

surface and the etching process continues. If the by-products are not volatile then they remain 

within the system and disrupt further etching. The etch rate of the chemical etch is strongly 

dependent on the chemical reaction of the gaseous etchants with the material to be etched. As 

with wet etching, dry etching is an aggressive means of pattern transfer, using high energy 

plasma ions or gaseous etchant chemicals to achieve the transfer. Either of these means is 

unsuitable in the patterning of soft polymeric materials as they would be destroyed in the 

process. Reactive ion etching (RIE) and inductively coupled plasma (ICP) etching techniques 

will be detailed in section 4.5 

1.3  Conclusions 

 

This chapter has highlighted and outlined the current techniques commonly used in the 

fabrication of inorganic and inorganic semiconducting materials and devices. This chapter has 

set the context of the work done in this thesis by allowing a contrast to the classical methods 

used in micro- and nano- scale fabrication. The techniques for pattern designation covered were 

photolithography, mask free photolithography, and nanoimprint lithography. These are used to 

fabricate devices with features below 200 nm but are costly to implement, requiring either an 

expensive photo-mask or high energy equipment to achieve those results.  After the pattern 
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designation section the means of transferring those patterns into materials and devices were 

described. The methods discussed were micro-contact printing, wet etching and dry etching. 

Each have advantages, disadvantages, and areas of applicability. Micro contact printing is swift 

but requires a pre-made stamp for the pattern transfer, one that is fixed once fabricated. Wet 

and dry etching are suitable for patterning inorganic materials but the corrosive materials and 

high energy particles render them unsuitable for more sensitive organic materia ls.  

This thesis will explore 3 techniques that offer flexible means of patterning materials on the 

micro- and nano- scale. These techniques are deliverable via drop-on-demand inkjet printing 

technology, and dip pen nanolithography. 

 

1.4  Thesis Outline 

 

Several techniques were described in this chapter that are for either pattern designation, pattern 

transfer or both in one case (Micro-contact printing). Each of these processes has their 

advantages and disadvantages but there is room for further techniques to fill the gaps between 

them. In the patterning of soft materials only NIL and micro-contact printing are suitable for 

deposition and they offer no flexibility with the patterning process- they both require the 

fabrication of a new mould or stamp with each new design. Mask-free lithography has the 

potential for flexibility that is required in a research environment but the high energy irradiat ion 

beams used in the process have the same drawback that photolithography has; namely that the 

high energy ion/ electron/ photon beams used will often destroy any soft materials to be 

patterned. The work to follow in this thesis will explore the ability for inkjet printing and dip-

pen nanolithography to provide micro and nanoscale patterning (patterning features down to 
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~200 nm full width half maximum (FWHM) reported in chapter 4) with a high degree of 

flexibility for rapid prototyping of soft, polymeric materials. Additionally the ability for these 

lithographic techniques to be suitable for additive lithography rather than negative lithography 

will be explored with the aims of demonstrating the hybridisation of inorganic micro-LEDs 

with organic colour converting polymers, patterning of nanoscale photonics structures, and the 

ability to pattern soft polymeric materials as a sacrificial mask in the fabrication of electrica lly 

addressable nano-LEDs. 

Chapter 2 covers relevant semiconductor physics pertaining to photonic devices, beginning 

with band theory and leading into quantum wells and double heterojunction devices. Polymer 

physics and basic chemistry is also introduced with details on the theory behind light emitting 

polymers. Chapter 3 is the first of the results chapters and the Dimatix DMP 2800 inkjet system 

is detailed. Ink generation for this system is covered which is then shown in inorganic-organic 

hybridisation work as colour converting micro-LEDs are fabricated. Chapter 4 demonstrates 

the additive capabilities of dip-pen nanolithography (DPN) with a view to creating nano-scale 

LED emitters. The negative patterning potential of DPN is explored in chapter 5 where 

customisable optically active structures are demonstrated in a polymeric membrane. Chapter 6 

gives perspectives and future work based on the applications developed throughout the work 

shown. 
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Chapter 2 

Background on Materials and Devices 

 

2.0  Introduction 

 

The field of application of this work is in the area of photonic devices: the fabrication of LEDs, 

photonic structures, and the hybridisation of polymeric materials with inorganic LEDs. This 

chapter will cover the physics behind the aspects of photonics utilised throughout the work, 

including the operation of LEDs and polymer science. 

 

2.1  Semiconductor Physics 

 

The general definition of a semiconductor is a substance that has an electrical conductivity that 

increases with temperature and is intermediate between that of a metal and an insulator [1]. 

The first documented observation of a semiconductor was noticed by Michael Faraday (1833), 

who discovered that the resistance of silver sulphide decreased with temperature [2], which 

was different to the dependence observed in metals.  In a single atom, electrons occupy discrete 

energy levels; when more atoms are introduced into a system the number of electrons increase s 

but, due to the Pauli Exclusion Principle, they cannot all occupy the lowest energy state [3]. 

This results in a splitting of the energy levels by a small amount to achieve discrete energies 

for the electrons to occupy. As the number of atoms in the system in increased to “N” a crystal 

lattice can be formed whereby the energy levels have spit to form a continuum and one arrives 



 

16 
 

at the model of energy bands within materials [4]. The periodic atomic arrangement in a 

semiconductor crystal results in an energy band structure of electrons creating conduction 

bands and valence bands, separated by the band gap. The band gap corresponds to the forbidden 

energy region between the valence and conduction bands. Its value, Eg, determines the 

wavelength of the light emitted from an LED and is given by equation 2.1.1 [5]: 

2.1.1 

𝐸𝑔 = 𝐸𝑐 − 𝐸𝑣 

 

where Ec is called the conduction band minimum and Ev is called the valence band maximum 

and Eg is normally given in electron-volts.  

In the energy bands, the electrons are energetically located close to the minimum of the 

conduction band while the holes (positive charges corresponding to absence of electrons) are 

located to the maximum of the valence band.  

Figure 2.1.1 Energy band diagram for Gallium Arsenide (GaAs) and Silicon (Si) 

semiconducting crystals, respectively, GaAs in a “direct” band gap material where there is no 

momentum change for electrons transitioning from the lowest energy in the conduction band 

to the highest energy of the valance band; Si is an “indirect” semiconductor where a change in 

momentum is necessary in transitioning from the conduction band to the valence band. 
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There are two broad categories of semiconductors, namely direct-gap and indirect-gap. Figure 

2.1.1 shows a schematic simplified band structure of GaAs and Si, direct-gap and indirect-gap 

semiconductors respectively, to illustrate these categories. The horizontal axis in the diagram 

is the crystal momentum, k, which depends on the crystal orientation in the band structure and 

is directly proportional to the wavenumber (cm-1) [5]. Common representation for k is either in 

the form of a wave vector in reciprocal space or as crystal momentum, pcrystal, which is simply 

𝑝𝑐𝑟𝑦𝑠𝑡𝑎𝑙 = ℏ𝑘. 

Alongside the types of semiconductor based on direct and indirect transitions [6] there is also 

the classification of intrinsic and extrinsic semiconductors [7]. An intrinsic semiconductor is 

one whose properties derive from the crystalline material in a highly pure form; Si is one such 

material and exhibits semiconducting behaviour where there are a low number of defects and 

contaminants within the crystal. Extrinsic semiconductors have had dopant atoms incorporated 

into the crystal lattice as they are grown; for extrinsic semiconductors there are those doped to 

act as negative charge conductors (n-type) and those which are positive charge conductors (p-

type). Whether a material is n-type or p-type is dependent on the dopant used during 

fabrication. The introduction of dopants in the creation of extrinsic semiconductors creates 

donor and acceptor levels within the band gap for n-type and p-type semiconducto rs 

respectively, as illustrated in figure 2.1.2 [8]. In n-type material the charge carriers are 

Figure 2.1.2 Illustration of the effect doping has on the energy-band structure in the creation 

of N-type (left) and P-type (right) extrinsic semiconductors. 
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electrons, being readily thermally excited from the donor levels to the conduction band. In p-

type semiconductors positive “holes” are what carry charge through the valance band, the holes 

being effectively the absence of electrons. The Fermi level, EF, is a hypothetical energy level 

representing the maximum energy of an electron within the material at 0K. Semiconducto rs 

and insulators have zero electrons within the conduction band at 0K and thus the Fermi level 

lies somewhere between Ec and Ev.  

 

The P-N Junction 

 

The fundamental basis of an LED is a p-n junction, where p-type and n-type semiconducto rs 

are brought into contact. In n-type materials, the Fermi energy level is close to the conduction 

band edge and in p-type materials it is near the valence band edge. If the structure is formed by 

two semiconductors of same material having the same band gap, the term ‘homojunction’ is 

used; if the structure is formed by two semiconductors with related structure but different band 

gap, the term ‘heterojunction’ is used. When the junction is under zero bias, it is in a thermal 

Figure 2.1.3 Illustration of the alignment of Fermi levels, EF, in a PN junction. The energy levels re-

align to create a depletion zone at the junction where electron-hole recombination occurs. Image taken 

from “Physics of Semiconductors” by J-P. Colinge and C.A Colinge. 
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equilibrium state and the conduction and valence bands have to bend to accommodate the 

Fermi energy (EF) through the junction. The intrinsic energy level, Ei, is the energy level where 

the probability an energy state is occupied is 50%, when the material is under equilibr ium 

conditions. This thermal equilibrium state is illustrated in figure 2.1.3 and the alignment of EF 

causes a bending of the valence and conduction band energy levels in the depletion region. 

Once created, a p-n junction can be given forward bias, where the positive electrode of a battery 

is connected to the p-type semiconductor and the negative electrode is connected to the n-type; 

or it can be placed in reverse bias, where the positive and negative electrodes are connected to 

the oppositely charged type semiconductor, as shown in figure 2.1.4. 

 

In forward bias holes in the P-type region and the electrons in the N-type region are driven 

towards the depletion zone, reducing its width in the process. The positive charge applied to 

the P-type material repels the holes, while the negative charge applied to the N-type material 

repels the electrons. The effect of reducing the width of the depletion zone and increasing the  

density of charge carriers also has the effect of lowering the barrier in potential. Increasing 

forward-bias voltage further, the depletion zone eventually becomes thin enough that the zone’s 

electric field cannot counteract charge carrier motion across the p–n junction, as a consequence 

reducing electrical resistance and charge carriers flow across the junction. 

In reverse bias the charge carriers are drawn away from the junction; widening the depletion 

zone. Under reverse bias the pn-junction prevents the flow of charge through the device. As 

Figure 2.1.4 PN junction under forward bias (left) and reverse bias (right). 
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the reverse bias is increased there will be no current flow until the point where either Zener or 

avalanche breakdown occurs [9, 10]. In Zener breakdown the high electric field at the junction 

allows for tunnelling of charge carriers through the barrier, allowing electrons to tunnels from 

the valence band to the conduction band and visa versa. In avalanche breakdown the charge 

carriers are accelerated by the high field and generate electron-hole pairs by collisions with 

bound electrons. I-V curves for LEDs used here are in section 2.2. 

 

Light Emitting Diodes 

 

In LEDs, the pn–junction is connected in a forward bias configuration, achieving electron and 

hole flow to give electron-hole recombination at the depletion zone. The wavelength of the 

light emitted as a result is linked to the band gap of the materials used. Equation 2.1.1 gives 

the energy for the band gap, EG and this determines the wavelength for photon emission 

according to equation 2.1.2; 

 

2.1.2 

𝐸𝐺 =
ℎ𝑐

𝜆
 

 

Where h is Planck’s constant, c is the speed of light and λ is the wavelength. The band diagram 

for an LED under forward bias is shown in figure 2.1.5 with the shift in the Fermi energy levels 

being given by the charge on an electron, q, multiplied by the applied external bias, Va. In 

electron-hole recombination there are two possible outcomes; the energy can be released either 

by the emission of photons or as heat (phonons) by increasing the inter-atomic vibrations within 

the lattice. These two processes correspond to the radiative and nonradiative recombination in 
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a semiconductor and it is they that determine the internal efficiency of an LED device [11].

   

Commonly LEDs are fabricated with double heterojunction structures (DH), where a lower 

band gap material is confined either side by a higher band gap. The band diagram for such a 

structure under zero bias is shown in figure 2.1.6. When the lower bandgap material is thin 

enough (˂ 10 nm, corresponding to the de Broglie wavelength of electrons in the material) the 

confinement of the electrons by the barrier material has the effect of creating discrete energy 

levels within the so-called quantum wells [12]. The energy levels present within such a 

quantum well are determined by the width of the quantum well structure and can (in the case 

of infinite potential barriers) be calculated by equation 2.1.3. In the equation E is the energy of 

the level, ħ is the Planck constant divided by 2π, n is a positive integer corresponding to the 

energy level (n=1 for level 1, etc,), m is effective mass of the charge carrier, and k is defined 

by equation 2.1.4. 

2.1.3 

𝐸 =
ħ2𝑘2

2𝑚𝑒,ℎ

 

2.1.4 

𝑘 =
𝑛𝜋

𝐿
 

Figure 2.1.5 Illustration of a homojunction pn-junction while operated under forward bias. The 

vertical scale represents energy and the horizontal scale distance through the junction.  
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Here L is the width of the quantum well. LEDs usually comprise stacked quantum well 

structures and are referred to as multiple quantum well (MQW) devices. The total energy for 

photon emission or absorption is given by equation 2.1.5. 

2.1.5 

𝐸 = 𝐸𝑔 + 𝐸𝑒 + 𝐸ℎ 

 

2.2  GaN LEDs 

 

The devices used in this work were fabricated using gallium nitride (GaN) as the main 

semiconducting material. As can be seen from figure 2.2.1 indium gallium nitride InxGa1-xN 

alloys can achieve emission wavelengths in principle spanning the visible spectrum (although 

achieving amber/red output is very challenging). In devices containing MQW structures for 

Figure 2.1.6 Example of double heterojunction structure that creates a quantum well, 

here based on indium gallium nitride between hallium nitride barriers. The energy 

levels corresponding to n and m are related to the width of the well (L) as well as the 

size of the energy barrier. Here L is typically 2 – 3 nm. 
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emission in the visible region GaN is used as the barrier material with InxGa1-xN as the lower 

bandgap well material. 

A typical GaN LED device is formed by processing a multi-layer thin-film epitaxial structure, 

typically grown on a sapphire substrate. Electrical contacts for the n and p electrodes must be 

on the top surface of the device as the sapphire substrate is electrically non-conducting [13, 

14].  The p-metal (Ni/Au) contact utilizes a transparent metal layer to help the spreading of the 

injected current and provides hole injection, while the n-metal (Ti/Al) contact injects electrons. 

When a forward bias is applied, electrons and holes are injected via the n-type and p-type GaN 

layers, respectively, and recombine in the InGaN quantum well active region for light 

generation.  A cross section of a typical GaN LED device is shown in figure 2.2.2, the thickness 

of the wells and barriers in the MQW structures used in our work being 3nm thick InxGa1-xN 

and 7-10nm thick GaN. 

 

Figure 2.2.1 Bandgaps of group III-nitride alloys as a function of in-plane lattice constant.  
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Fabrication of these devices is done using the techniques outlined in chapter 1; specifica l ly 

conventional photolithography is used for the pattern designation combined with Inductive ly 

Coupled Plasma (ICP) dry etching which is the key process used in pattern transfer. 

 

GaN Micro-LEDs 

 

Micro-structured light emitting diodes, which form the basis of work described in chapter 3, 

are defined by shaping the surface of the conventional LED epitaxial layer into emitter pixels 

of a few tens of microns each in diameter. The individual emitting elements on the single chip 

are referred as ‘micro-LEDs” formed into an array with the potential of assuming any 

configuration permitted by contacting and lithography including such shapes as disks, stripes 

and rings. In this work the devices used will be of disk emission geometry with a diameter of 

16µm [15]. These micro-LED structures have been used in a variety of applications, includ ing 

micro-displays, micro-optics and microfluidic systems, mask-free lithography (covered in 

Figure 2.2.2 Cross section of a typical InGaN/GaN quantum well LED structure used in 

this work (left). Microscope image of disk geometry InGaN/GaN quantum well micro -

LED array (right). 
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chapter 3), and most recently as an optical pumping source for the excitation of grating-

patterned organic laser films. 

There are two methods of emission for these disk geometry GaN-on-sapphire micro-LEDs, 

namely “top emission” and “flip-chip”. In top emission the light is extracted through the p-side 

of the device whereas in flip-chip the light is extracted through the n-contact side, through the 

sapphire substrate. This is illustrated in figure 2.2.3, which shows the light extraction and heat 

dissipation pathways available for the two modes of operation. 

In the top-emitting format, where the light is extracted from the p-side, the thickness of the 

metal contact layer needs to be as small as possible to prevent light absorption by the metal 

while maintaining an ohmic contact. However, in the flip-chip format, the metal layer may be 

made thick enough to also act as a mirror reflector on the p-side. There are different advantages 

for each configuration; flip-chip emission offers higher power density for extracted light but 

top-emitting can achieve a higher fill factor due to reduced bonding constraints. 

 

Figure 2.2.3 Top-emitting (left) and Flip chip (right) modes of operation for a GaN-on-

sapphire micro-LED device. The purple arrows denote light emission pathways and the red 

arrows are thermal dissipation pathways.  
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Matrix-Addressable Micro-LED 

 

One of the types of LED fabricated by our group is that of (row/ column)  matrix-addressab le 

top emitting micro LEDs. The work done in chapter 3 is conducted using 64x64 arrays of these 

micro-LEDs with disc geometry, having a 50 µm centre-to-centre pitch, a 16 µm diameter 

emissive area per LED, and being matrix addressable via orthogonal rows and columns of metal 

tracks. The matrix-addressing is completed by p-metal lines running down each column at right 

angles to the row and forming contacts for each micro-pillar element. The function for this 

matrix addressing system is that it allows control of individual pixels rather than addressing 

line by line. In display technology terms this approach with an emissive array provides a 

significant boost in device efficiency when compared to liquid crystal displays (LCDs) because 

when a pixel must be “dark” in an LCD the liquid crystal must polarise and prevent light from 

passing; it does not halt energy consumption in the initial photon generation. In the matrix-

addressable LED arrays each pixels can be individually controlled so that only the pixels that 

are desired to be on are. Combined with control of which pixels are on there is also the potential 

to apply different bias voltages to different pixels so there can be variations in intensity as and 

Figure 2.2.4 Schematic cross section of top-emission GaN micro LED with matrix-addressab le 

contacting (left).  Plan view microscope image of a section of the 64 x 64 micro-LED array 

with 50 µm pitch and 16 µm emission diameter (right). Also shown is the matrix of n- and p- 

contacts that allow for addressing individual pixels within the array.  
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when needed. Light- current and current-voltage curves are shown in figure 2.2.5 for a typical 

device. 

 

Planar LEDs 

 
 

Another style of device used in this work is that termed the “Planar LED”, which differs from 

the matrix addressable LEDs mentioned earlier in that it is a mesa-free structure, rather than 

being mesa-etched [16]. The definition of the LED emissive area in this case is achieved by 

the selective passivation of the p-GaN via plasma treatment to create a current aperture; a 

photomask is used to protect the area that is to become the emissive area while the rest is 

exposed. This plasma treatment is applied using Inductively Coupled Plasma (ICP), resulting 

in electrical passivation of the p-GaN layer above the LED active region. This ICP process is 

detailed in section 4.5. This means that only the desired active area remains available to be 

electrically injected for light generation, avoiding mesa etching for pixel definition and 

dielectric deposition for electrical isolation. The cross sectioned structure of a planar device is 

shown in figure 2.2.6, alongside an image of a planar LED with an 85 µm diameter. For the 

Figure 2.2.5 Typical I-V characteristics (left) and output-power density (right) of a 368 nm 

device. 
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devices fabricated by our group, the current spreading layer is either a nickel-gold blend 

(Ti/Au) or palladium, both acting as suitable current spreading layers but having slightly 

different electrical properties alongside their differing surface chemistry.  

 

2.3  Polymers 

As mentioned earlier, this work concerns the micro- and nano-scale patterning of polymeric 

materials with an aim of hybridisation with inorganic devices. This section will cover the 

fundamentals of polymeric materials pertaining to the work that will be covered in this thesis. 

Organic Materials 

 

A polymer is a substance that has a molecular structure built up from a large number of similar 

units bonded together; these similar units are known as monomers. The names “monomer” and 

“polymer” derive their names from Greek, “mono” being one or single, “poly” being many, 

Figure 2.2.6 Cross section of planar LED device (left) and plan microscope image of a planar 

LED (right) with an 85 µm diameter, a Pd spreading layer and Ti/Au contact track. 
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and “mer” meaning part or section. There are many different configurations that polymers can 

take and they can consist of multiple different monomer units.  

 

A polymer that is comprised of two different monomers is known as an AB copolymer; the 

arrangement of the monomer units, dubbed “A” and “B”, alters the properties of the polymer; 

figure 2.3.1 shows some of the basic forms these copolymers may take. In addition there are 

“ter” polymers where there are three monomer units and often there are many units present in 

a single polymeric structure. As polymers move from single chain to graft polymers there are 

further possible configurations: where the side chain group terminates with no connection we 

have a ”branched” polymer, if the side chain terminates by linking with another of the backbone 

polymer then a cross-linked structure is formed. By control of the monomers used, the 

interaction chemistry and final structure it is possible to create polymers with widely varying 

properties. Tensile strength, elastic limit, electrical conductivity, light absorption and emission, 

Figure 2.3.1 Representation of the arrangement of 4 basic copolymer types; 1) Statistical or 

“Random” copolymer, 2) Alternating copolymer, 3) Block copolymer, 4) Graft copolymer. 

A and B represent different monomer units. 
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and longevity are all variable with careful selection of the monomer units in the polymer 

fabrication.  

Guest-Host System 

 

Widely throughout this work a “Guest-Host” system was employed. This entails loading a bulk 

material, which is readily processable, with an active material with desirable properties to 

exploit- in this work light emission that shall be covered later. The host material is one that can 

contain the guest material without undesired chemical reaction and has a combination of 

effects, primarily the ability to secure the guest material and fix it in place, secondarily the 

possibility of acting as barrier to oxygen and water. Denying entry of water and oxygen 

significantly reduces the rate at which oxidation of polymeric materials can occur and thus will 

have the effect of extending the lifetime of any air- and/or water- sensitive guest molecules 

contained within the host; this is known as encapsulation. An encapsulation material called 1,4-

cyclohexanedimethanol divinyl ether (CHDV) is used extensively in chapter 3 [17]. The 

Figure 2.3.2 CHDV monomer unit (top left), DAI-SbF6 photo acid generator (bottom left), 

Pholymerisation reaction of two monomer units of CHDV (right). 
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chemical structure of the CHDV monomer units is shown in figure 2.3.2, where it can be seen 

to have divinyl ether functionalization at both ends, allowing polymerisation to occur at both 

ends. The CHDV monomer is unreactive in its base state; the polymerisation must be initia ted 

with the addition of positive ions within the system. This is readily achieved by use of a photo-

acid generator (PAG) which creates a positive ion when the activation wavelength of light is 

applied. The PAG used in conjunction with the CHDV is 4–octyloxy–diphenyliodonium 

hexafluoroantimonate (DAI-SbF6) and generates a positive ion under UV illumination.  

 

The CHDV itself offers near 100% transmission through the visible spectrum and down to 300 

nm in the UV range, meaning that when the CHDV is combined with the DAI-SbF6 there is 

no impedance of the polymerisation reaction due to undesired absorption of the UV light 

necessary to generate positive ions and initiate photo-polymerisation. Once polymerised the 

CHDV forms a fully cross-linked structure; being terminated by vinyl ether at each end means 

the both ends will be tethered and a hard 3D matrix will be formed. Having full transmiss ion 

in the visible region of light means that the CHDV offers significant advantages as a host 

material in the region of light emission; allowing encapsulation of light-emissive molecules 

while showing no inherent re-absorption for the host.  

 

Light Emission in Polymers 

 

When a chain of carbon molecules is connected by alternating single and double bonds 

(conjugated bonds) the electrons within the bonds become delocalised over the length of the 

chain, for as long as there are alternating bonds. In light emitting polymers it is this 

delocalisation of electrons that creates energy levels that are similar in modelling to the 

“quantum wells” discussed in section 2.1 for inorganic semiconductors. In the case of polymers 
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the width of the quantum well is defined by the conjugation length. Figure 2.3.3 shows, for 

illustration, a simple polymer chain with progressively increasing number of double bonds.  

Increasing the conjugation length can be modelled as increasing the width of a quantum well, 

and estimation of the width of the well can be made through observation of the molecule. The 

average length of a C-C bond (D) is 1.54 Å, and the length of conjugation can be estimated 

according to equation 2.3.1: 

2.3.1 

𝐿 = (2𝑘 − 1)𝐷 

 

Here k is the number of double bonds and D is the length of the C-C bond. Rearranging 

equations 2.1.3 and 2.1.4 and substituting ħ as  (
ℎ

2𝜋
)  gives equation 2.3.2: 

 

2.3.2 

𝐸 =
ℎ2𝑛2

8𝑚𝐿2
 

Figure 2.3.3 Conjugated polymer chains with 2k carbon atoms and k double bonds. 
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The band gap for such a semiconducting polymer is the difference in energy levels between 

the Highest Occupied Molecular Orbital (HOMO) and the Lowest Unoccupied Molecular 

Orbital (LUMO) [18]. This can be estimated by knowing that the free electrons along the 

conjugation length will fill up the lowest energy levels according to the Pauli Exclus ion 

Principle and that electrons will band-fill up to the n=k state. The band gap is determined by 

determining the energy between the n = k state and the n = (k+1) state. This is given by equation 

3.2.3 

 

3.2.3 

𝐸𝑔 = 𝐸(𝑘+1) − 𝐸𝑘 =  
(2𝑘 + 1)ℎ2

8𝑚𝐿2
 

 

This model works as an estimation of the band gap energy, however there are several causes 

for deviation from this model; conjugation length will be reduced due to C-C-C bond angles, 

3D twisting of long polymer chains reducing the conjugation length. A long chain polymer 

with delocalisation along the full length but physical twisting of the polymers is modelled as 

several smaller chains, each with a length defined by the distance between twists.  

In addition to these deviations from the model there are vibrational energy states associated 

with the HOMO and LUMO levels [19]. These give a broadening of the absorption and 

emission characteristics as there is now no longer a single energy level for photon absorption 

or emission. Electrons that reside in a higher vibrational energy state swiftly, in the range of 

picoseconds, undergo mechanical relaxation to reach the ground state of the energy level they 

occupy. The additional possibilities are shown in figure 2.3.4 along with typical 

absorption/emission characteristics. The absorption and emission spectra of the polymer in 

question will often be close to a mirror image of each other, with the emission of course at 
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lower energy than the absorption. This makes light emitting polymers a good candidate for 

colour conversion as they have the capability of strongly absorbing high energy photons, 

converting to a lower energy and efficiently re-emitting. These polymers were synthesised at b 

University of Cologne, Institut für Physikalische Chemie by Alexander Kuehne.  

 

2.4  Light Emitting Polymers 

 

As mentioned in section 2.0 the work done for this thesis will develop tools for patterning soft 

materials with aims for photonic applications. This section will detail the optically active light 

emitting polymer (LEP) materials used; chemical composition as well as the features that make 

them desirable for the roles they find within this work are presented. 

Figure 2.3.4 Energy level diagram for the HOMO and LUMO levels in a polymer showing 

vibrational energy levels 1-3 for each (Left). Representative absorption and emission 

characteristics of a polymer; peaks in absorption or emission correspond to different vibrationa l 

energies (Right). The shift in energy between absorption and emission is known as the Stokes 

shift. 
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Cross-Linkable LEPs 

 

Section 2.3 covered the mechanism for light emission in polymer materials; electron transit ions 

from an excited HOMO to a LUMO, with photon emission as a result. Typically the absorption 

and emission spectra are tightly bound so that the absorption will be at an energy just higher 

than the observed emission. The group of materials used in Chapter 3 are a group of vinyl ether 

functionalised polymers that have a common absorbing backbone. The HOMO level can 

undergo a non-radiative energy transfer along the backbone to a separate emission molecule,  

thereby achieving emission at a wavelength greatly shifted from the original absorption energy 

[20]. This energy transfer method is known as “funnel resonance energy transfer” which is a 

specialised case of Fӧrster-Resonance Energy Transfer (FRET). FRET is an energy transfer 

mechanism where a donor chromophore in the excited state can transfer energy to an acceptor 

Figure 2.4.1 Skeletal structure for the three polymers used; each share a common backbone 

for absorption. The specific terminating polymer P1, P2 or P3 determines the emission 

wavelength of the polymer. Termination with P1 results in blue; P2 in green; and P3 in red. 

Image adapted from Alex Kuhne [20] 
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chromophore via nonradiative dipole – dipole coupling. The efficiency of this interaction is 

strongly dependent on distance, efficiency ∝ r-6. These polymers utilise funnel resonance 

transfer whereby the backbone of the molecule is a chain of conjugated electrons linking the 

donor and acceptor chromophores. Energy transfer occurs along this delocalised backbone. 

There are three such polymers used in Chapter 3 that share a common absorption wavelength 

while having different emission spectra. In these polymers, shown in figure 2.4.1, the monomer 

units are, respectively, 2,7-dibromo-9,9-(dihexyl)fluorene for the blue-emitter P1, 4,7-

dibromo-2,1,3-benzothiadiazole for the green-emitter P2, and 4,7-bis(5-bromo-2-thienyl)-

2,1,3-benzothiadiazole for the red emitter P3. The absorption peak for each of the three 

polymers is at a wavelength of ~370nm with peak emissions at 418nm for P1; 545nm for P2; 

and 645 for P3. Further details of the absorption and emission characteristics of these materia ls 

will be covered in chapter 3.3. 

An additional feature of these polymers is that they also have a vinyl ether functionalizat ion, 

which is similar to that of CHDV discussed in section 2.3. These materials were designed to 

be integrated within the CHDV matrix and as such the vinyl ether functionalization is readily 

incorporated into the cross-linking polymerisation reaction. This means that rather than having 

the “host” material in the guest-host system merely hold the materials in place, the cross-link ing 

LEP materials are actively part of the matrix structure that is formed. This permits ready 

Figure 2.4.2 Images of the polymers P1-P3 integrated into CHDV with 368 nm UV 

illumination. Image courtesy of Alex Kuhne. [20] 
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integration of the guest and host materials without issues of solubility inhibiting the process. 

As the CHDV is transparent in the visible spectrum there will be no issues of re-absorption of 

the light emitted from the LEP materials while cross-linked. Images of the LEPs integrated 

within the CHDV matrix with 368 nm UV illumination are shown in figure 2.4.2. With their 

common absorption wavelength and colour conversion to the red, green and blue these 

materials are used in Chapter 3 to demonstrate micron-scale fabrication of hybridised organic-

inorganic photonic devices. 

Lasing Polymer 

 

In Chapter 5 a π-conjugated polymer is used in the creation of a polymer laser. The polymer,  

poly[2,5-bis(2’,5”-bis(2”-ethylhexyl oxy)phenyl)-p-phenylene vinylene] (BBEHP-PPV), was 

originally designed for use in chemo-sensing applications [21]. Our samples of BBEHP-PPV 

were synthesised by Professor P. Skabara’s group at the University of Strathclyde.  BBEHP-

PPV exhibits peak absorption at 431 nm and absorbs down into the UV and has emission peaks 

at 496 nm and 528 nm in the green. The skeletal structure is shown in figure 2.4.3 alongside 

the absorption and luminescence data. When transitioning to laser emission under increased 

optical pump intensity, the 528 nm peak becomes dominant and is the main peak. The usually 

low lasing threshold (40 nJ cm-2) of this material when carefully prepared permits lasing when 

patterned with a distributed feedback grating structure. With a DBR structure this material is 

used in chapter 5 to demonstrate the nanoscale patterning potential of dip-pen nanolithography 

as a viable tool in the field of photonics. 
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2.5  Conclusions 

 

This chapter has covered the relevant basics of both inorganic and organic semiconduc tor 

physics. We have introduced the elements that are used to demonstrate the effectiveness of the 

patterning techniques covered in chapters 3-5. The top-emitting matrix addressable LEDs from 

section 2.2, emitting at 370 nm, are coupled with the guest-host system of CHDV and the LEPs, 

covered in section 2.3 and 2.4, to achieve hybridised colour conversion in chapter 3. The 

BBEHP-PPV lasing polymer is shown to be successfully patterned down to the nanoscale in 

chapter 5 with a Distributed Bragg Reflector (DBR) structure that lowers the threshold for 

stimulated emission. The planar LEDs from section 2.2 will be the basis for work covered in 

chapter 4 coupling the ability for dip-pen nanolithography to pattern photoresist and a novel 

room-temperature ICP plasma etch to define LEDs with a 3µm FWHM. 

Figure 2.4.3 Skeletal structure of BBEHP-PPV polymer (left), absorption and luminescence data 

(right) 
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Chapter 3 

Additive Lithography via Inkjet Printing 

 

3.0  Introduction 

 

This chapter reports a means of additively patterning soft, transparent and photoactive 

compounds on the micron scale. Inkjet printing technology is used for its ability to deposit 

material only where desired, to generate patterns without requiring exposure to UV light in 

either positive or negative photoresist. In addition inkjet printing is a very swift process that 

offers high area scalability for large scale production. A DimatixTM DMP 2800 inkjet printer 

was used as it offers droplet volumes down to 1pL, permitting the deposition of features down 

to below 10µm in diameter. This ability to deposit micron scale materials is utilised in the field 

of optoelectronics and the hybridisation of inorganic LEDs with organic materials. Two 

techniques for inkjet printing are demonstrated: deposition of optically active colour converters 

onto a micron sized 370 nm emitting LED (16µm diameter) to create red, green and blue 

emitting pixelated arrays with colour conversion efficiencies of up to 31%; also printing of 

silver metallic inks was used in the fabrication of high fill factor (99%) GaN LEDs that were 

fabricated entirely in the absence of lithographic stages involving hard masks. 
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3.1  Background 

 

Micro-scale fabrication has a plethora of uses in modern-day society, including integrated 

circuits, lab-on-chip, micro-electro-mechanical systems (MEMS), and biosensors, to name but 

a few [1,2]. Techniques used towards these ends includ ing optical lithography, micro-

machining, chemical and ionic etching, as well as shadow masking, are commonplace in 

industry [3]. Most of these techniques are based on the removal of material to form a pattern, 

be that in “curing” an area to create/ preserve a structure or etching only the specified area. 

Additive lithography relies on these removal stages to expose the patterns where material is  

later to be added. In the last couple of decades so called “soft” techniques [4] have risen in 

popularity for their ability to pattern materials that are not compatible with the harsh ultravio let 

exposure common in classical lithography. In particular inkjet printing has become a viable 

option [5,6] as the technology has developed to the point where the ejected volume per droplet 

is small enough to realistically permit patterning on a scale comparable to the more established 

methods. This technique offers some advantages such as the ability to specifically add material 

to a location without laborious stages of protection and removal. In the work described below 

the ability for the inkjet printer technology to aid in the field of photonics will be explored. 

There are several methods that are commercially used for the generation of multi-co lour 

displays including liquid crystal displays (LCD), plasma, and light emitting diode (LED) 

displays [7-9]. LCD displays use controlled polarisation filters to achieve red, green and blue 

(RGB) emission, the disadvantage of this being that the device must be backlit and every pixel 

must be on continuously. To achieve a “dark” pixel the polariser must filter all the light from 

that pixel which is both electrically and optically inefficient. Plasma technologies use charged 

electrodes to create an ionized gas which is electrically conductive, with collisions within the 
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gas resulting in emission of ultraviolent (UV) radiation. This UV light is colour converted into 

the visible spectrum by a phosphor coating within the pixel absorbing the UV, with the 

wavelength generated dependent on the phosphor used. The disadvantage of this methodology 

is that the electrical consumption is large, much larger than for an LCD, and the phosphor 

undergoes heat degradation [10] under extended operations resulting in a shadow image 

projected onto the screen. LED displays are highly efficient in their electrical to optical 

conversion but only for monochrome purposes. LED devices are manufactured using doped 

semiconducting wafers, and as covered in Chapter 2, a specific semiconductor alloy structure 

creating a specific band gap which defines the wavelength of light generated by that wafer. To 

achieve RGB displays it is therefore necessary to package many discrete LED emitters with 

different device structures to achieve multiple wavelength emission. This restricts the possible 

resolution of such a device and is costly both monetarily and in time to produce. 

The following work utilises the capabilities of inkjet printing to pattern soft, transparent and 

photoactive compounds towards the fabrication of photonic devices. The process enables the 

combination of the high electrical-to-optical conversion efficiency of LEDs with colour 

converting media to realise multiple colour displays from one semiconductor wafer. 

Manufacture of micron-scale LED devices with the ability to individually address independent 

pixels is possible [11,12]; integration of colour converters which can convert the LED light in 

a low cost and high response speed manner would allow for multi-colour hybrid devices. 

Advantages would include high resolution; fast light emission modulation if required; 

individual pixel addressing permitting a higher degree of colour control by varying the bias 

applied to red, green and blue pixels; and increased energy efficiency as “dark” pixels would 

truly be unpowered rather than always active and having their emission blocked by filters. 

Inkjet printing offers attractive features for the integration of organic colour converters as it is 
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high speed and low cost, requiring no masking, and material efficient, allowing drop-on-

demand (DoD) [13] functionality of materials to be deposited exclusively on the emissive area 

of the pixel. 

3.2  Inkjet Printing Technology 

 

Inkjet printing technology has demonstrated a wide range of applications including deposition 

of conductive materials, fabrication of organic transistors, 3D Electronics, deposition of 

monolayers and in LED fabrication. In the field of photonics, inkjet printing offers the ability 

to fabricate organic LEDs (OLEDs) [14], to hybridise materials with inorganic devices [15-

18], to deposit metallic contacts for device interconnection [20,21], amongst other applications. 

The inkjet printer offers several attractive functions that are suited for soft additive lithography. 

A Dimatix DMP2800 research grade inkjet printer, shown in figure 3.2.1, was utilised for this 

work. This offers droplet-on-demand (DoD) technology permitting the deposition of ink only 

in the locations desired, rather than using a mask and later removing material by some other 

means. Thus several inks can be deposited in a variety of patterns relatively swiftly without 

intermediate steps to define the pattern. 

Figure 3.2.1 Left, photograph of inkjet printer with computer control. Right, image of the 

inkjet cartridge pre-assembled. 
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The ink cartridges used in this work are shown in figure 3.2.1 and eject either 1pL or 10pL 

droplets, determined by the diameter of the ejection nozzle. The droplet formation is controlled 

by a combination of factors including the viscosity and surface tension of the fluid, the presence 

of particulates, and the ejection parameters used with the actuator. Throughout the years that 

inkjet technology has been available, much work has been done in the field of droplet creation, 

specifically on the actuating electrical waveform that controls droplet formation. This 

waveform defines the voltage and deflection applied to the micro electromechanical (MEMS) 

actuator that controls droplet ejection. The cartridges for the DMP 2800 utilise an “N”-type 

profile as illustrated in figure 3.2.2, giving the best droplet formation. Secondary droplets, 

called orbital droplets, can be generated upon fluid ejection which have a dramatic effect on 

the accuracy and precision of deposition. Thus it is important to adjust the ejection profile to 

reduce the risk of this occuring. The Dimatix DMP2800 printer has an A4, 210mm x 260mm, 

xy substrate stage which is also a vacuum platen and hot plate operating up to 60°C. Depositing 

an ink involves tracking the printer cartridge across the substrate and moving the xy stage.  The 

repeatability of this printer is +25µm, meaning the ability to place a droplet on top of those 

previously deposited has some restrictions [22].  

A key characteristic of the printer used in the work is the DoD printer cartridges. Inkjet printers 

utilise a constant stream of ink which is directed into an excess trough by electrically polarised 

plates. The patterning is controlled by either allowing the droplet to pass by the trough or to be 

caught. The inkjet printer heads in the DMP2800 use MEMS actuators that allow for droplet 

ejection only when desired. This results in a greatly increased efficiency in the printing 

technology, using a greatly reduced ink volume, beneficial in a reseach environment with the 

use of exotic materials in limited supply. In addition the reduced droplet volume enables micron 

scale patterning of materials.  The process sequence diagram for fluid ejection is shown in 
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figure 3.2.2, showing the modulation of the MEMS actuator that achieves single droplet 

ejection. At the standby position the fluid chamber is slightly depressed. When jetting is to be 

initiated phase 1 begins and the firing pulse decreases the voltage to zero, bringing the piezo 

back to a neutral straight position with the chamber at its maximum volume and thus drawing 

fluid into the chamber through the inlet. In addition there is a draw on the meniscus at the 

nozzle, as shown in Figure 3.2.2 (b). The main drop ejection occurs in phase 2 where the 

chamber is compressed and pressure generated to eject a drop- see Figure 3.2.2 (c). The final 

phases are for recovery, where the piezo voltage is brought back down and the chamber 

decompresses, partially refilling in preparation for the next pulse (phases 3+4).  

Once the droplet is formed and has detached from the nozzle the droplet shape becomes 

important; orbital droplet formation, droplet tail development and droplet accuracy are factors 

Figure 3.2.2 Flow diagram depicting the “N” type MEMs ejection waveform for the inkjet 

nozzle at rest (a), drawing fluid from the well (b), initial droplet formation (c), droplet breakoff 

and return to standby (d).  Image reproduced from the Dimatix DMP2800 manual. 
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contributing to the viability of the printing technology. Camera image examples of large tail 

formation and orbital droplet formation are compared to ideal droplet ejection in figure 3.2.3. 

Control of the fluid parameters as well as the ejection voltage and waveform contribute to the 

ultimate droplet formation. The fluid parameters [23] for ejection require the fluid viscosity to 

be between 1.0x10-2 - 1.2x10-2 Pa.s at the operating temperature. The printhead can be heated 

up to 70ºC to lower the working viscosity if the fluid is viscous. Surface tension should be 

between 0.028 - 0.033 Nm-1. Typically a surfactant is added to water-based fluids to achieve 

this surface tension range. High surface tension or viscosity fluids (up to 0.06 Nm-1 or 3.0x10-

2 Pa.s) may be jetted with limited performance. Increasing the ejection voltage increases the 

droplet velocity and may allow for ejection of a fluid with non-ideal fluid properties, but there 

is a trade off with the formation of long tails and orbital droplet formation. To ensure accurate 

positioning the nozzle needs to remain clear of obstruction and particulates and to ensure this 

Figure 3.2.3 High ejection voltage resulting in large tail formation in ink-jetting, left. Tail 
separation resulting in secondary orbital droplets, middle. Optimal ejection of a droplet 

resulting in no tail or resultant orbital droplets, right. 
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the ink must be filtered prior to insertion into the cartridge. The fluid can be removed from its 

storage container, and a syringe filter is put on the end of the syringe in front of the needle used 

to load the cartridge. Any particles in the fluid should be ~1/100th the size of the nozzle. The 

effective diameter of the nozzle is 21.5μm, so any particle, polymer or aggregate should be less 

than 0.2μm. 

 

3.3  Ink Preparation and Design 

 

Design of the ink to be used in the integration of colour converters is a key part of realising 

hybridised LED multi-colour emitters. As mentioned in section 3.1 there are strict fluid 

parameters that can be jetted; the ink must be within these parameters yet give the functiona lity 

desired for optical conversion. A guest-host system, as introduced in section II, was utilised 

where a jettable host material can be loaded with colour converting material. The host matrix 

can serve multiple functions simultaneously, acting as the main jetting fluid, with the pre-

requisite properties; as a means of fixing the deposited droplet in place, via polymerisat ion; 

and for oxidisation protection, shielding delicate compounds from oxygen or water that may 

degrade performance over time. Additionally the matrix serves to eliminate a “coffee stain” 

effect that is readily apparent in solvent-only inks. The solvent dries most rapidly at the edge 

of the deposited droplet and draws the load material away from the middle towards the edge. 

When completely dried the material is deposited in a ring shape dubbed a “coffee stain”. When 

attempting to deposit material onto a circular LED emitter it is desirable to have colour 

converter spread over the whole emitter rather than adhered to the edge. This results in more 

colour converting material retained over the LED and thus to enhance the efficiency of the 

hybrid device. The host matrix used in this work is 1,4-cyclohexyldimethanol divinyl ether 
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(CHDV) introduced in Chapter 2 [26] which, when combined with a photo acid generator 

(PAG) molecule, undergoes a polymerisation reaction when illuminated by 254nm wavelength 

light. Figure 3.3.1 shows (c.f. also figure 2.3.2) the CHDV monomer unit; the PAG molecule, 

4–octyloxy-diphenyliodonium hexafluoroantimonate; and the polymerisation reaction that 

occurs when the PAG undergoes UV stimulation. Upon exposure to 254nm UV light the PAG 

dissociates and produces an H+ ion, causing cross-linking of the CHDV monomer and 

immobilising the colour converting material in a solid polymer matrix.  

This host matrix system has the desired fluid properties for inkjet printing combined with a 

high transparency throughout the UV and visible spectrum. This transparency is crucial for the 

hybrisisation work to achieve high optical conversion efficiency by minimising absorption of 

light emitted both from the underlying LED and that converted into the visible spectrum.  The 

Figure 3.3.1 Top left: CHDV monomer unit, top right: the PAG used to initiate polymerisat ion, 

bottom: the polymerisation reaction that occurs when the PAG is stimulated to lose a H+ ion 

under UV stimulation. 
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light emitting polymer (LEP) materials used are co-polymers based on a polyfluo rene 

backbone, all with a similar UV-blue absorption spectrum peaking at 370 nm (see figure 3.3.2). 

The emission characteristics however are tuned by selecting different emissive monomer units.  

As a reminder, these are respectively 2,7-dibromo-9,9-(dihexyl)fluorene for the blue-emit ter 

P1, 4,7-dibromo-2,1,3-benzothiadiazole for the green-emitter P2, and 4,7-bis(5-bromo-2-

thienyl)-2,1,3-benzothiadiazole for the red emitter P3 [25].  

Following excitation of these materials at 370 nm, resonant energy transfer ‘funnels’ the energy 

rapidly along the conjugated polymer backbone from the absorbing donor fluorene unit to the 

acceptor emissive unit (P1, P2 or P3). Reported characterisation for these materials [25] gives 

internal photo-luminescence quantum yield (PLQY) efficiencies of 63%, 45% and 31% for the 

blue, green and red materials, respectively, when excited at 370nm in toluene solution. The 

internal PLQY is solely the conversion efficiency of the colour converting unit and does not 

take into account the transfer efficiency to the converter or the efficiency of out-coupling the 

light. Once all these factors are taken into consideration you achieve the external quantum 

efficiency. The decrease in PLQY with increasing emission wavelength is due to a reduced 

spectral overlap between the emission of the polyfluorene backbone and the absorption of the 

emissive unit [18]. The conjugated polymers are functionalised with divinyl ether moieties 

(moiety- “a well-defined part of a larger molecule”) to allow them to be incorporated into vinyl 

ether and glycidyl ether photoresist matrices (see figure 3.3.1). This increases the processability 

of the resulting materials. The LEPs are then incorporated into a solvent-less photocurable 

matrix suitable for ink-jet printing. The energy transfer process is highly distance dependent; 

in Förster resonant energy transfer (FRET) [26] the strength of the interaction between the 

donor and acceptor varies as ∝
1

𝑟6 where r is the distance between the donor and acceptor. In 

these polyfluorene-based molecules, the donor and acceptor molecules are bound together via 
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a conjugated backbone permitting the energy transfer to occur much more efficiently than 

would otherwise be possible if the donor and acceptor molecules were not linked.  

The following procedure was used to formulate photocurable composite inks from the LEPs. 

LEP powder was combined with the CHDV solution encapsulation material and the photo-acid 

generator. The latter promotes polymerisation, causing cross-linking of the CHDV monomer 

alongside the LEP divinyl ether and immobilising the LEP into a solid polymer matrix. 

Specifically, the composite inks were made by measuring out 30 mg of LEP powder using a 

high precision balance and then dissolving it in 200 µL of chloroform. This solution was then 

added to 1.5 mL of the CHDV monomer and 3 mg of the PAG, which was found to be adequate 

to ensure rapid polymerisation. The initial dissolution of LEP into a solvent aids the complete 

mixing of the LEP material within the CHDV monomer solution. The resulting solution 

underwent vacuum treatment for 30 s to fully evaporate any remaining chloroform solvent and 

was passed through a 0.2μm-pore size PTFE filter to remove any large particulates. Absorption 

measurements were taken to determine the absorption spectral characteristics once the LEPs 

were incorporated into the CHDV matrix. The absorption profiles as shown in figure 3.3.2 

show good agreement to those reported by Kuhne et al. [25] and have absorption peaks at 

~370nm for each polymer ink. Secondary absorption peaks in P2 and P3 are caused by the 

respective absorption of the different emissive units. The three materials in question have 

emission peaks centered on 418 nm, 545 nm and 645 nm for blue, green and red emission, 

respectively. Films of LEP in CHDV were created via spin coating, placing 100μL of LEP ink 

onto a cleaned glass cover slide and spin coating at 2000rpm for 60 s then photo-curing under 

370nm illumination for 60s for a total exposure dose of 2.5 J.cm-2. Emission spectra were also 

taken using photoluminescence measurements when pumped with a 375nm InGaN laser diode 

in continuous wave (CW) operation. Figure 3.3.2 also shows these spectra and it can be seen 
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that upon photo-pumping in the near UV that emission in the visible spectrum is obtained. The 

peaks shown for the respective LEP inks correspond to those obtained by Kuhne et al. [25].  

Given that the three LEP inks share an absorption peak at ~370nm it is possible to use them 

together in the generation of triple-colour display units.  

Fabrication of AlInGaN LED arrays with 370nm emission is possible from appropriate 

epitaxial device wafers and they can be fabricated in arrays of 50µm pitch. Using a matrix 

electronic addressing scheme (Chapter 2) for these devices it is possible to individually address 

pixels as well as arrays of pixels. Therefore using this UV emitting micro-LED array and 

integrating the LEP polymers P1-P3 to form RGB pixel arrays it is possible to achieve RGB 

emission from a single nitride semiconducting wafer. 

 

Fig 3.3.2 Normalised absorption and photoluminescence spectra for spin coated films of 

LEP in CHDV. Absorption spectra: P1: dashed line (blue), P2 dotted line (green), P3 Dot-

dashed line (red). Photoluminescence spectra are solid lines marked respectively, P1-3. 
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3.4  Substrate Preparation 

 

The nanocomposite ink was designed and tested so that it had the fluid properties required for 

use in inkjet printing, and the optical qualities desired for use in colour conversion. The 

viability of printing and the deposition of material onto a substrate were then explored. Young’s 

equation, given in equation 3.4.1, gives the equilibrium of forces that dictates the shape of a 

droplet resting on a surface; this equation stems from the interaction energies between the 

substrate and the gas, γSL, the substrate and the liquid, γSL, and the liquid and the gas, γLG. The 

contact angle between the substrate and the liquid is then given by θC: 

 

3.4.1 

𝜃𝐶 =
𝛾𝑆𝐺 − 𝛾𝑆𝐿

𝛾𝐿𝐺

 

The balance of these forces is illustrated in figure 3.4.1, which shows that the formation of a 

droplet on a surface is a trade-off of energies. The molecules within the liquid will have a 

potential energy, due to the effect of gravity. Without surface tension forces, a fluid would 

spread over a substrate to minimise this energy, however as there is such a force, energy must 

be expended to increase the surface area of the droplet.  

Figure 3.4.1 Diagram illustrating interaction energies that result in Young’s equation. This 

holds only for flat substrates rather than for roughened. 
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This surface tension is a reflection of the surface interaction of the liquid with the environment 

within which it is present. Additionally there is an energy cost due to expansion across the 

substrate; the cost of such expansion is dependent on the energy cost of interacting with the 

substrate. The ultimate droplet shape will be determined by finding the equilibrium point for 

these energies, balancing the energy cost of increasing the surface area exposed to unfavourab le 

interactions compared to the energy gained by increasing the number of favourable 

interactions. Examples of favourable and unfavourable interactions can be found readily upon 

examination of the interaction between oil and water. Water is a highly polar molecule; the 

electro-negative oxygen molecule draws charge away from the hydrogen molecule, resulting 

in a polar O-H bond. Overall H2O exhibits a dipole due to the H-O-H bond angle being 104.5°. 

This dipole is a key reason for many of the extraordinary properties of water and undergoes 

high degrees of hydrogen bonding. The polar water molecules will bond favourably with other 

materials that have dipoles, allowing the water-to-hydrogen bond to have both slightly 

positively charged, δ+, and slightly negatively charged, δ-, areas. Conversely many long 

hydrocarbons are nonpolar, or have few areas to undergo hydrogen bonding, due to 

symmetrical positioning of carbon and hydrogen molecules around the chain. Thus non-polar 

and polar surfaces do not interact favourably and this can be used to control droplet shape on a 

substrate. A surface treatment can be applied to a substrate that enhances the interaction 

desired; either to a more polar or less polar medium depending on the liquid in question.  

In this work the aim is to deposit the aforementioned composite ink onto the top of an LED to 

achieve colour conversion. This requires there to be a hydrophobic interaction between the ink 

and the substrate to prevent the ink from spreading unduly onto other pixels and away from the 

desired location. As the top surface the ink was deposited on was silica (the electrical isolation 

for the LEDs), a surface treatment of tridecafluoro-1,1,2,2-tetrahydrooctyl (1) 
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dimethylchlorosilane (PFODCS) [27] was used. The silane end of the molecule readily attaches 

to free oxygen at the surface of SiO2 and a fluorinated carbon chain is presented to the 

environment. The condensation reaction that bonds the PFODCS to the silica substrate is 

shown in figure 3.4.2. This fluorinated carbon chain is non-polar; replacing the hydrogen 

typically present on hydrocarbon chains with electronegative fluorine atoms further reduces 

the polarisation potential from an already mainly non-polar molecule. The main constituent of 

the composite ink, CHDV, has several polar constituents; the C=C double bonds at both ends 

as well as the oxygen molecule further adding to the polarity.  

This means that there will be unfavourable interactions between the ink and the treated surface, 

resulting in a larger contact angle in accordance with equation 3.4.1 and, by extension, droplets 

with a smaller diameter. Surface treatment of SiO2 slides for testing this approach was 

conducted as follows. A glass slide was first cleaned of dust and various other particles that 

may adhere to the surface by being placed in an ultrasonic cleaner first in acetone for 5 minutes 

then in methanol for a further 5 minutes. The substrate was air-dried then placed on a raised 

Figure 3.4.2 Condensation reaction of PFODCS bonding onto a silica substrate. [31] 
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plate within an enclosed chamber containing the silane surface treatment around the base and 

left for 60 minutes at room temperature, giving the chamber environment time to saturate with 

silane vapour.  Condensation occurs on the glass substrates where the silanisation treatment 

occurs and a monolayer of the silane surface treatment forms. If left for an extended period 

(>12hrs) then one cannot be assured of a monolayer as further condensation can occur and 

deposit an excess on the substrate. Print tests of CHDV with PAG only, i.e containing no LEP, 

have been conducted on both treated and untreated glass slides with the results shown in figure 

3.4.3. There is a reduction from 10.5µm to 8µm in feature diameter when deposited upon the 

treated surface compared to that of an untreated substrate.  

The volume of liquid deposited has an effect on the resulting droplet shape, with higher volume 

increasing the dimensions of the droplet. An investigation was conducted to determine the 

evolution of feature dimensions as 1 pL droplets are printed on top of each other because it was 

anticipated that thicker printed structures would be required for efficient colour conversion. 

Figure 3.4.4 shows this evolution with the measured profiles as an insert, the progress 

Figure 3.4.3 Images of 5x5 printed arrays of 5 layers of 1 pl droplets of optical polymer CHDV 

with a 50µm centre-to-centre pitch deposited onto untreated glass (left) and silanised glass 

(Right). Droplet diameter ~10.5 µm untreated, ~8µm on treated glass. 
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demonstrating an approximately linear relationship at the volumes used. As the volume 

increases the effect of gravity would begin to be non-negligible and the relationship would 

become nonlinear.  

Two deposition techniques were explored to ensure optimal containment of the ink on top of 

an LED pixel; one method was to deposit the number of droplets desired then cure the resultant 

volume; the second was a drop-by-drop (one at a time) curing technique to fix the deposited 

droplet in place and to reduce the degree of lateral spreading. The principle of such deposition 

on top of an LED pixel is shown in figure 3.4.5 alongside an SEM image of the result of 

integration using the two techniques. The bulk curing approach was photo-cured at 254nm for 

5 minutes at an exposure dose of 10J.cm-2. In the layer-by-layer approach each droplet layer 

was photo cured for 60 seconds giving an exposure dose of 2.5J.cm-2 per layer. 

Comparing the two techniques, as shown in the SEM images in figure 3.4.5, it can be seen that 

bulk curing creates a smoother structure than the layer-by-layer approach. This is most likely 

Figure 3.4.4 Left, a graph of feature height change with increasing number of sequential droplets 

with (insert) the respective profiles as measured by stylus profilometry. Right, an image 

demonstrating the increase in printed feature size with increasing volume. The pitch is 100 µm 

with the number of 1pL droplets ranging from 2 to 20 with 2 droplet increments from right to 

left. 
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due to a combination of effects: the bulk liquid will settle without any boundaries and in 

addition the layer-by-layer approach has significantly more UV exposure with increasing 

numbers of multi-layer curing stages. However, the layer-by-layer approach allowed the 

printed structure to be contained more fully on the pixel compared to the bulk cure technique. 

The overlap on the conductive track shown in figure 3.4.5 is due to small misalignment. 

 

 

3.5  Red-Green-Blue (RGB) Integration 

 

Once the suitability of the substrates and inks for printing was demonstrated, creation of the 

colour converting inks as well as integration onto the micro-LED devices was explored. Arrays 

of the resulting printed RGB pixels are shown in figure 3.5.1, initial tests of resolution and 

Figure 3.4.5 Principle of layer-by-layer integration on an LED pixel, far left. SEM image 

of the two integration techniques each with 10 layers of 1pL droplets; bulk curing shown 

in the middle; layer-by-layer curing approach on the far right. 
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repeatability being conducted on clean, silanised glass substrates (left), leading to integrat ion 

on a dummy (non-operational) micro-LED device (right). The printed features on glass and the 

dummy device were here illuminated with a 370nm UV handheld lamp, giving rise to the 

observed fluorescence, from the respective printed droplets. 

  

Errors of alignment can be seen on both the glass slide and the test micro-LED device. Sources 

for misalignment can be large particles blocking the nozzle entrance, temperature variations 

altering the fluid properties (viscosity and surface tension), breakdown of the cartridge, and 

large distance between nozzle and target. Some of these can be eliminated – reducing the 

distance from the nozzle to the target, and having the lab and nozzle at a fixed temperature. 

Large particulates can be avoided by filtering the solution when first created but over time and 

low level UV exposure, aggregation occurs within the cartridge. Using fresh materials and new 

cartridges can mitigate this build up to have a reliably firing nozzle. The advantage of the layer -

by-layer deposition technique is that it builds a taller feature and permitting more light to be 

absorbed by the colour converter. 

Figure 3.5.1 Pixel integration of the three LEP inks on a glass slide (left) and on a test 

micro-LED device (right). The centre-to-centre pitch for each droplet is 50µm (right). 
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Alignment errors in the blue and green integration on the test LED device are what stimula ted 

the exploration of deposition build-up methods (bulk cure verses layer-by-layer). The blue ink 

was seen to have run into the groves between the pixels and the green ink has spilled over to 

cover the area surrounding the emission area of the LED. Integration on the two test substrates 

was done with 5 layers of 1pL volume droplets with the bulk cure methodology.  

Measurement of the spectral emission of the printed colour converting droplets was done via 

use of micro-photoluminescence (µ-PL) with a pump laser spot diameter of 6µm. This 

technique, illustrated in figure 3.5.2, images the emitted light into a UV-vis spectrometer for 

spectral analysis. The setup houses a 375nm laser diode for optical excitation of materia ls, 

which are mounted on an xyz stage for focusing and locating micron-scaled samples. The 

optical camera aids in alignment of these samples and also helps alignment for signal being 

directed to the UV-visible spectrometer. It is then possible to photo excite individual printed 

droplets and to image their emission. 

Figure 3.5.2 Optical setup for micro photoluminescence measurement (left) with photo of the 

set-up (right). A 375nm laser diode used for optical excitation of samples and a camera for 

alignment with the UV-visible spectrometer. 



 

61 
 

 Spectra were taken for 5 pL printed structures when excited by the 375nm UV laser; the 

corresponding photoluminescence emission can be seen in figure 3.5.3. The main spectral 

peaks remain consistent with the spectra obtained for the reference LEP films and those 

reported in the literature. The blue emitter exhibits vibronic peaks at 418nm and 439nm, also 

observed in the printed green and red LEPs. The peak is at 545nm with a shoulder at 590nm 

for the green material; the shoulder is at 660nm for the red material. For both the green and red 

materials, in both the films and printed structures, emission at 410nm was seen, due to the 

energy transfer from 418nm to the higher wavelength emitter being less than 100% efficient. 

Optical micrographs of the printed structures being pumped by a 375nm laser are shown as an 

insert in figure 3.5.3. Each structure was pumped with the same optical power, 187W/cm2 from 

the diode laser. The results of the µ-PL measurements show that integration onto an operational 

micro-LED device with emission at 368 nm should down-convert the light to the visib le 

spectrum. The three LEP inks were therefore subsequently integrated onto an operational 368 

nm emitting matrix addressable micro-LED array; each pixel was integrated with 20 layers of 

1pL volume droplets. The larger deposited volume helped increase the amount of colour 

conversion achieved by increasing the number of chromophores available, increasing the 

chance of absorption of a UV photon. The absorbance for P1, P2, and P3 at 368nm was found 

to be 1.1, 0.8 and 0.6 for each, respectively. Photoluminescence spectra were taken for the three 

respective colour integrated structures and the conversion from the UV to visible is shown in 

figure 3.5.4. The peak at 368 nm seen here is unabsorbed/scattered light from the excitation 

LED micro pixel; longer wavelength peaks are of colour converted emission from the 

integrated LEP structures. Peak emissions of 413nm for P1, 532nm for P2, and 610nm with 

P3, respectively, corresponded to the photoluminescence characteristics of reference thin films 

of these materials.  
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The effect the printed structure has on the emission spectral profile and light extraction of the 

device was investigated. Optical power measurements were made with a Coherent Fieldmax 

power meter for a bare LED pixel and then repeated on the same pixel with 10 layers of pure 

CHDV matrix integrated. In addition the emission profile was determined by combination of a 

JVC TKC721EG charge-coupled device (CCD) camera and an Aerotech BM75 goniometer. 

The results showed negligible changes in both the power extraction and emission profile of the 

LED, implying there is no significant change in the efficiency measured for the colour 

conversion due to lensing in the polymer deposited onto the LED.  The fraction of the light 

absorbed was calculated by comparing a reference LED, hybridised with the CHDV matrix 

with no LEP material, and an LED integrated with CHDV and colour converter.  Having 

determined the proportion of light absorbed by the LEP the ratio of the converted light to the 

amount of absorbed light yields the efficiency for the integrated LEP structure. The efficienc ies 

observed were 13.2%, 31.5% and 5% for structures of P1, P2 and P3 respectively. The 

enhanced colour conversion from the green printed pixel over the blue and red is thought to be 

Figure 3.5.3 Photolumenescence of 5 layers of 1pl droplets for composite inks containing 
the colour converting polymers P1-P3. The narrow peak observed at 375nm is unconverted 

UV laser light. Insert is an optical micrograph of the printed features being laser pumped. 
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due to exceptional alignment when printing onto the pixel, improving the overall LED colour 

conversion efficiency. This shows the advantages of the layer-by-layer deposition technique in 

building a taller feature and permitting more light to be absorbed by the colour converter. Due 

to nozzle instabilities, the other pixels did not have such accurate confinement of the composite 

ink to the emissive area. This emphasises the importance of the layer-by-layer approach to 

increasing the efficiency as it aids in confinement to the emissive area of the pixel. An 

examination of how the light conversion changes with increasing bias applied to the LED was 

also conducted; figure 3.5.4 shows that initially the converted light dominates over the 

unabsorbed/scattered UV emitted, this ratio decreasing as the bias is increased to the point 

Figure 3.5.4 Micro-photoluminescence spectra shown for colour converting LEP’s integrated 

onto and photo-pumped by micro-LED pixels. The peak at 370nm is unconverted UV light 

from the LED and the peaks at 413nm, 532nm and 610nm are those of down-converted light 

from the blue, green and red material, respectively. The insert is an optical micrograph of the 

RGB array in operation; the integrated colour converter being photopumped by the underlying 

UV electrically driven micro-LED pixels. 
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where the un-absorbed/scattered UV signal dominates over the LEP emission. At this point the 

hybrid device enters a saturated state, where the LEP structure converts as much UV as 

permitted by the chromophore efficiency and concentration. This is characterised by deviation 

of the linear change in peak ratio with applied current, shown in the insert of figure 3.5.5, where 

SLEP/SUV is the ratio for the integrated area for the converted light to that of the LED light. By 

comparing the applied bias and the ratio of the converted light to the UV emission it can be 

seen that the hybrid device becomes saturated after 140μA of bias is applied. 

  

3.6  Mask-Less LED fabrication 

 

The GaN LEDs reported above were all fabricated by standard optical lithography, where each 

stage of manufacture requires a dedicated photo-mask to be created. Such masks define the 

Figure 3.5.5 Evolution of the emission profile for the green composite ink with increasing 

bias applied to the micro-pixel. Insert showing the change in ratio of the UV and converted 

peaks with increasing LED drive current. 
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areas of photoresist exposed to UV light to undergo selective etching or allow electrica l 

contacts to be defined, but the process of mask design and creation is time consuming and 

expensive. We had previously constructed [29] a mask-free ultraviolet writing set-up using 

GaN micro-LEDs as the illumination source. It occurred to us that we could use this tool to 

pattern new LED structures in a mask-free manner and to utilise the ink-jet printing capability 

to apply conducting tracks/contacts to the device. Thus the whole process of LED production 

could be “mask free”.  

 

Figure 3.6.1 Schematic of LED direct-write setup (top left) with photograph of setup (top right), 

plan-view optical micrograph of the entire LED patterned and etched 450-nm emitting 8 × 8 

array (bottom left) and AFM scan profile of a representative gap between adjacent pixels of the 

array (bottom right). 
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In the LED direct write system (figure 3.6.1) 8×8 micro-LED arrays, emitting at 368nm, with 

pixel sizes as small as 14μm-diameter in an imaging optical setup can pattern photoresist with 

features down to 500nm in order to process GaN-based LED hetero-structures [29]. First, a 

single direct-write 368nm pixel was used to “grid” pattern a sacrificial photoresist mask for a 

“chequerboard-type” array (see figure 3.6.1) to define individually addressable LEDs emitting 

at 450 nm. The checkerboard device was designed with a targeted 1μm gap between adjacent 

pixels, resulting in a 99% filling factor arrays in a suitable configuration for subsequent flip-

chip bonding to custom complementary metal-oxide-semiconductor (CMOS).  

 

Ink-jet printing of nano-metallic inks for the application of the conductive tracks was then 

carried out. An ink of silver nano-particles can be ink-jet printed in track form and, after 

sintering, was shown to be able to carry a current. The ink used is commercially availab le  

(Silver-jet DGP, 40% w/w) with silver particle sizes of 53.9 ± 8.3nm in a dried film. Once 

printed, the particles need to be heated, to remove solvent and dispersant molecules which 

prevent the metallic particles from coming into contact. Heating to 200°C for a period of 1 hour 

achieves this and decreases the resistivity of the silver track from 3.42x107μΩ·cm to 

Figure 3.6.2 Image of printed common n-contact to a chequerboard LED array (left) and 

SEM image of dried sliver track (right). 
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15.4μΩ·cm. This reduced value of resistivity for the track [30] is only a factor of ten above that 

of bulk silver, 1.587μΩ·cm. The addition of the thus-produced common n-contact to the 

chequerboard device is shown in figure 3.6.2 alongside an SEM image of the sintered Ag 

particles. Each pixel was individually wire bonded to a printed circuit board for characterisat ion 

purposes. The inset of figure 3.6.3 shows an optical micrograph of the final checkerboard-LED 

array with several pixels turned on, demonstrating the individually-addressable capabilities of 

the device. Typical injection current versus forward bias voltage (I-V) and optical output power 

versus injection current (L-I) characteristics of a representative pixel are also shown in figure 

3.6.3. The directed optical output was measured from the back side of the device (operation in 

flip-chip mode) using a power meter and a calibrated Si photodetector placed in close 

proximity.  

The device showed good electrical and optical performance with a maximum output optical 

power of 2 mW (5 W.cm-2) at an injected current of 90 mA (750 μW or 2W.cm-2 at 20 mA 

injected current). A typical voltage of 4.3 V at 20 mA was measured, which is somewhat higher 

Figure 3.6.3 I − V and L − I characteristics of a typical pixel of the 8 × 8 array with, inset, an 

optical micrograph of several pixels individually addressed. 
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than a typical GaN-based LED (usually around 3 V). This is likely due to the lower conductivity 

of the nanoparticle Ag ink and the higher potential barrier at the Ag/n-GaN interface compared 

with a more standard n-metal contact such as Ti/Au, but is illustrative of the potential for a 

fully mask-less LED fabrication process flow.  

3.7  Conclusions  

 

We reported a means of additively patterning soft, transparent and photoactive compounds on 

the micron scale. A DimatixTM DMP 2800 inkjet printer was used with droplet volumes down 

to 1pL which offers deposition of features below 10µm in diameter. Exploration of this micron 

scale additive lithography has been conducted using the technique of inkjet printing. It has been 

shown to be able to pattern both inorganic and organic inks with feature sizes down to 8µm. 

This ability to deposit micron scale materials was used to create optoelectronic devices and 

hybridise inorganic LEDs with organic materials. Two techniques for inkjet printing are 

demonstrated: deposition of optically active colour converters onto a micron sized 370 nm 

emitting LED (16µm diameter) to create red, green and blue emitting pixelated arrays with 

colour conversion efficiencies of up to 31%; also printing of silver metallic inks was used in 

the fabrication of high fill factor (99%) GaN LEDs that were fabricated entirely in the absence 

of lithographic stages involving hard masks. This has been used for the successful creation of 

red, green and blue hybrid organic-inorganic micro-LEDs with conversion efficiencies as high 

as 31.5%. In addition, the ability for deposition of micron-scaled electrical contacts was 

realised in the mask-free fabrication of “chequerboard” GaN LED arrays. Various techniques 

for deposition of material were explored to allow accurate build-up of material on a desired 

area. The results of this work have been reported in the literature (see page 144). 
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Chapter 4 

Positive Patterning via Dip-Pen 

Nanolithography 

 

4.0 Introduction 

 

As mentioned previously there are a multitude of methods available for lithographic patterning: 

photolithography, electron beam lithography and nanoimprinting, to name a few. Most of these 

processes involve a definition step and a washing with the developer to remove material not 

exposed, leaving a positive mask. However there are very few methods by which materials can 

be selectively added to the substrate, creating the pattern without the requirement of the process 

of exposure and development. Previously covered in Chapter 3 was the process of inkjet 

printing which allows for micron-scale patterning on selected areas via drop-on-demand 

technology. However the inkjet process is currently limited to feature sizes of ~10 µm. What 

processes are available for this form of positive lithography to pattern down to the nanoscale? 

When patterning with photonic devices and structures in mind then the feature size needs to be 

of a magnitude comparable to the wavelength of light to be manipulated, i.e. into the submicron 

regime for visible light. The technique of dip-pen nanolithography (DPN) has the capability to 

pattern materials into this regime. Originally designed for the patterning of organic peptides 

and self-assembled monolayers (SAMs) [1], the process utilises a nanoscale tip for deposition 

of structures down to a size of 10’s of nanometres. The ability to pattern to such a scale is 

limited by the choice of ink selected for deposition: the smallest features achieved are with the 
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deposition of SAMs. Subsequently DPN has found many applications: fabrication of nanolens 

arrays [2], deposition of conductive polymers [3], and directed growth of carbon nanotubes [4] 

to name a few [5-7]. While the fine feature resolution is highly desirable there is a limit in its 

usefulness regarding photonic device fabrication and other such functions where feature height 

also plays a significant role. DPN has had only limited investigation as a deposition method 

for photonic applications; this chapter will cover the ability of this process to not only pattern 

photoresist material but to achieve this patterning into the submicron regime. The ability for 

DPN to pattern sacrificial photoresist as well as photoluminescent materials down to the 

nanoscale will open new possibilities in nanotechnology for both “bottom up” and “top down” 

fabrication of photonic devices [8,9]. 

 

4.1 Principles and Models of Deposition 

 

The principle behind DPN is that a fine-scale quill or tip can be placed into a fluid ink and that 

ink can be deposited elsewhere. It was found that there were two types of ink that could be 

used in this system, namely “molecular” ink and “liquid” ink. Initially this technique was used 

to pattern alkane thiolates to imprint onto a gold surface and began to gain more use in the 

deposition of self-assembled monolayers (SAMs). The technique expanded and currently 

promises patterning of materials in the size range of 10 µm down to 50 nm. The size of features 

deposited is limited by the choice of ink as well as the length of time the tip touches the 

substrate, which is known as the “dwell time”. The models for deposition of these two ink types 

are quite different. One describes deposition of molecular inks, i.e. materials such as silanes 

and alkynes in a “dry” state; and the other models liquid inks which do not dry onto the tip. In 

the patterning of dry organic molecules it is assumed that the molecules dry onto the tip itself 
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through solvent evaporation. When brought into contact with the substrate a temporary water 

meniscus forms [10] between the atomic force microscope (AFM) tip and the substrate which 

allows diffusion-controlled [11] deposition of the materials as illustrated in figure 4.1.1. The 

second system models the liquid as might be present on a quill and ink; the tip is laden with 

material and deposition occurs as the fluid contacts the substrate rather than as part of a 

diffusion-controlled process [12].  The deposition is controlled by the surface tension of the 

ink to the substrate, the surface tension between the ink and the tip, and the viscosity of the ink 

[13]. For both these methods there are many factors affecting deposition; chemical composition 

(and purity) of both the ink and surface, the tip shape, composition, and surface chemistry, the 

Figure 4.1.1 Illustration showing the deposition of SAMs via the formation of a meniscus 

between the tip and substrate, left. Deposition of inks as determined by fluid flow down 

the tip to contact the surface, right. Top images courtesy of NanoInk, lower adapted from 

National Physical Laboratory image. 
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distribution and mobility of ink on the tip, as well as the temperature and humidity under which 

the experiment is carried out.  The main difference between molecular and liquid ink deposition 

is the evolution of feature size with contact time; the SAM features undergo growth at a much 

reduced rate compared to the ink deposition, allowing for patterning down to 10’s of 

nanometres. To achieve a balance of material properties and conditions that permit sub-micron 

patterning in the ink-based system requires careful selection of the ink to deposit as well as the 

conditions under which the deposition occurs. Our research group and colleagues have reported 

the deposition of UV-curing photoresist material, CHDV (this material was covered in chapter 

3), laden with colour converting oligofluorene molecules [14]. The contact time was reduced 

to 0.25s and yet the minimum feature size achieved was just 4 µm; to achieve smaller features 

control of viscosity and surface interactions must be attained in addition to dwell time.  

Operation of the dip pen system for deposition typically follows the process of moving the tips 

to where the well of the load material is and contacting to allow the tips to become laden with 

material. Immediately after the load phase the tip must be blotted by touching the laden tips to 

the surface of a clean glass slide. There is a great deal of material present on the tips directly 

after visiting the ink well and blotting removes this excess material. With the excess material 

removed from the tips, it becomes possible to deposit droplets of even size; without the blotting 

stage the size of features deposited deviates significantly from what should be obtained for a 

certain dwell time and will continue thus until the excess material is removed and stable 

features are generated. 

 

 



 

77 
 

4.2  Dip Pen Operation 

 

The specific dip pen instrument used in our work was an NLP 2000 system [15] purchased 

from NanoInk, Inc. This machine has a large 40 mm x 40 mm XY stage with a positiona l 

repeatability of ± 25 nm in the XY plane and ±75nm in the Z plane when operated in high 

resolution mode. Control of the NLP 2000 stage is enabled by three encoded piezo-driven linear 

stages (XYZ) and 2 encoded goniometer (tilt) stages (Tx and Ty) making precise, rapid, large 

area patterning repeatable. The stage setup within the NLP 2000 system with the imaging 

microscope is shown in figure 4.2.1. 

The blue cover (figure 4.2.1) that is placed onto the translation area seals the environment, 

allowing for control and monitoring of the atmosphere within the deposition chamber. The 

system contains a water bath for adjusting the humidity, as well as the ability for connection to 

a nitrogen gas supply for completely replacing the atmosphere for handling air-sensit ive 

Figure 4.2.1 Image of the NLP 2000 Dip Pen system, left. Image of the substrate stage with 

probe holder and microscope optics, right. 
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materials; these features were not used in this work. For applications which require the water 

meniscus for diffusion-based deposition, control of the atmosphere is critical to controlling 

feature size; obviously the higher the humidity the larger the meniscus will be which, in turn, 

will generate larger features. There are two styles of probe choices that are available for the 

NLP 2000 and were used in this work, one with a rectangular cantilever, dubbed a “diving 

board” frame, and another with a triangular cantilever, an “A-frame”. These two cantilever 

types are shown in figure 4.2.2 along with the probe layout; there is the option of having either 

12 or 48 tips in parallel allowing for large scale deposition should that be required. The 

functional difference between the two probes is that the A-frame has a higher spring constant 

than the diving board, 35Nm-1 compared to 20Nm-1. This makes the A-frame a more suitable 

choice for the patterning of more viscous inks and liquid inks. The diving board cantilever type 

Figure 4.2.2 Image of double-ended “M” type tip probes (left). Image of diving board frame 

probes with array geometry (middle). A-frame tips also shown alongside array geometry and 

spacing (Right). 
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is more suitable for the deposition of molecular inks that require the formation of a water 

meniscus.  

4.3  Photoresist Deposition 

 

There are many photoresist materials that could be selected for work with the DPN for attempts 

to create masks suitable for LED fabrication. These include epoxy-based resists such as SU08 

which is very viscous, solvent based and is frequently used in photolithography, and acrylate 

based photoresists such as the Norland family of optical adhesives, supplied with a range of 

fluid properties and solvent-less as it is a one part system. 

SU08 Deposition 

 

Initial tests were done with SU08 but it was found that this form of photoresist was 

incompatible with the dip pen deposition technique. As it is a solvent-based system evaporation 

can occur extremely rapidly at the small volumes that are taken when loading the tips. As the 

tips rise out of the ink well tails are formed as the material is drawn away, as shown in figure 

4.3.1. The reason the image is blurry is to attempt to image the “tails” rather than the tips, the 

cause for the red shading is that the light from the imaging microscope needs to be filtered of 

any wavelengths that could cause premature curing of the photoresist.  

Due to the rapid evaporation of the solvent attempts were made to try to extend the duration of 

the photoresist in its liquid state while on the tips. Dilutions of SU08 with varying amounts of 

toluene, having a boiling point of 110ºC, were each attempted. Dilution was found to extend 

the time of SU08 maintaining its liquid state but not significantly enough to permit writing of 

the SU08. 
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Acrylate Deposition 

 

These photoresist materials are a one-part system so there is no issue of solvent drying before 

deposition can occur. Two forms of acrylate photoresist were tested, namely NOA 63 and NOA 

68T, both of which are commercially available from Norland Products. They are both optical 

adhesives that are often applied to bonding optical elements. They have optical transparency 

in the visible spectrum and are both cured by ultraviolet light with maximum absorption in the 

range of 350 nm to 380 nm. The recommended energy dosage required for full photocuring is 

4.5 Jcm-2 in this wavelength range. The reasons they were selected is for their ability to photo-

cure, the range of viscosities available, their transparency in the visible range and the potential 

Figure 4.3.1 Top image showing the formation of solid “tails” of SU08 photoresist 

immediately after tip loading at the well. Bottom is a schematic to clarify the details of the 

photo taken. 
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for their use as the host material in a guest-host system as discussed in section 2.3 and utilised 

in chapter 3. 

 Viscosity at 25ºC 

(cps) 

Refractive index Modulus 

(psi) 

Hardness 

(Shore D) 

NOA 63 2000 1.56 240,000 90 

NOA 68T 20,000-25,000 1.54 12,400 50 

Table 4.3.1 Fluid and physical properties of NOA 63 and NOA 68T optical adhesives. The 

refractive index, modulus and hardness are for cured material. 

It was assumed that the key difference between the two materials selected is the viscosity when 

in the fluid state. Table 4.3.1 shows these values and NOA 68T has at least 10x the viscosity 

of the NOA 63. This higher viscosity was anticipated to limit the rate at which fluid could be 

transferred from the probe tip to the substrate, limiting material and reducing feature size as a 

result. The evolution of deposited feature size against time was measured for NOA63 on a GaN 

substrate. Depositions were made in varying steps from 10s down to 0.1s and then cured using 

a 370nm-wavelength hand lamp for 5 minutes. The size and shape of the feature size were 

determined with AFM measurements using an XE100 AFM instrument purchased from Park 

Systems. The diameter of the features was drastically reduced when the dwell time was halved 

from 10s to 5s, however further reductions in the size were much less dramatic upon further 

dwell time reduction. This size evolution for feature diameter against dwell time is shown in 

figure 4.3.2, alongside an image of larger such features deposited in an array.  
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The smallest features that the deposition of NOA 63 onto GaN achieved were 1.1µm at 0.1s 

dwell time; AFM scans of these features and the corresponding profile measurements are 

shown in figure 4.4.2. While the average size was found to be 1.1µm the shape was not always 

circular; it can be seen in the AFM image in figure 4.4.2 that several of the features deviate 

from circular deposition. This asymmetry can arise from a couple of factors – the angle of the 

tip as it contacts the surface and the viscosity of the photoresist. While calibrating the surface 

you are contacting you can see the point at which contact is made but you can’t see if it is 

Figure 4.3.2 Evolution of feature size with dwell time for NOA63 on an A-frame cantilever 

(Top left). Optical micrograph of a 4x6 array of NOA63 microstructures deposited onto GaN 

(Top Right). The centre-to-centre pitch is 15µm with a dwell time of 10s. AFM scan of array 

of deposited NOA63 on a GaN substrate (Bottom Left), gradient of white to black signifying 

tall to shallow topography. Profile taken along the white outline (Bottom Right) showing the 

profile and periodicity of the deposited features. 
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perfectly perpendicular. Having an angle when contacting the substrate would mean that the 

droplet from the tip would flow in an asymmetric manner, generating the elongated shape 

observed. The viscosity of the material will also play a role, when the tip rises to relocate to 

the next drop a tail could form for higher viscosity materials. When the tip moved this tail could 

deposit additional material which again gives rise to the elongate shape. Ways to resolve this 

could be to introduce additional calibration steps to account for the tip tilt. Resolving the “tail” 

drips you could raise the tip higher before relocating, giving time for the excess material to 

drop onto the target on the substrate or return to the tip. In an attempt to pattern submicron 

features the more viscous NOA 68T material was tested with various dwell times. The 

Figure 4.3.3 NOA 68T: evolution of deposited feature size with dwell time (Top Left). Red 

plot is the diameter along the y axis of the feature, blue plot the diameter along the x-axis. The 

dashed line gives the micron size scale. Image of NOA 68T deposited onto a SiO2-topped GaN 

substrate with a 3µm pitch and 1s dwell (Top Right). AFM scan of an array deposited with 1s 

dwell and 2.5µm pitch (Bottom Left). 3D oblique image of selected feature outlined in white 

(Bottom Right) 
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evolution of the feature diameter is shown in figure 4.3.3 and it can be seen that when using a 

0.5s dwell time the deposited features are truly in the sub-micron scale. When depositing the 

more viscous NOA 68T ink it was observed that there was a “tail” formed in the writing 

direction, clearly shown in the AFM scans in figure 4.3.3. This gives rise to an asymmetry in 

the size in the direction of writing, the y-axis, and perpendicular to the writing direction, the x-

axis. The trenches in the AFM scans (bottom left) running along the “x-axis” are artefacts of 

the data analysis and are not a physical phenomenon associated with the substrate. The presence 

of the tails is uniform but results in two different dimensions for the diameter; when the dwell 

Figure 4.3.4 AFM scan of NOA 68T features deposited onto SiO2 topped GaN with a 0.5s 

dwell and a 1.5µm pitch (Top Left). 3D image of feature outlined in white (Top Right). 

Profile measurements taken for the width of the features taken across the dashed grey outline 

(x-axis) (Bottom Left). Profile measurements taken for the length of the features taken along 

the solid grey outline (y-axis) (Bottom Right). 
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time was set to be 1s the x value for the size was sub-micron, 885nm, but the y value was still 

larger than a micron, 1035nm. The smallest features were achieved with the NOA68T material 

with a 0.5s dwell time and deposited onto SiO2, where both the x and y dimensions for the 

features were in the sub-micron scale. The details of these features are shown in figure 4.3.4, 

displaying the asymmetry expected and having dimensions of 560nm and 840nm in the x and 

y directions, respectively. Comparing these values to those of other attempts to deposit photo-

curable materials there is between a 4.8x and 1.2x size reduction for using liquid inks. When 

compared to the size of CHDV features deposited as in reference [14] there is a drastic 

improvement and the potential for nanophotonics is established. This size scale is state-of-the-

art for this ink type and deposition methodology. 

The ability to deposit these sub-micron features of photo-curable material opens a wide range 

of applications in top-down fabrication. For classical fabrication it eliminates several stages in 

patterning (the application of a photoresist film, UV exposure either through a high resolution 

mask or via time-intensive direct writing) and development is combined into one stage of 

deposition and 5 minutes of photo-curing. Once the nano-pattern is deposited it can be used as 

a sacrificial mask for etching, as a means of area selection for growth or further deposition. 

 

4.4  Plasma Treatment of GaN LEDs 

 

In the fabrication of LEDs, as covered in section 2.2, either a wet etch or a dry etch is used to 

transfer the photoresist pattern into the semiconductor for device definition. The wet etch 

process utilises corrosive chemical solutions that dissolve the wafer and photoresist material to 

transfer the pattern. The rate of etching of the semiconductor wafer to the etch mask is 
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controlled by the temperature and concentration of the chemical solution. One of the issues 

with the wet etch process is that it usually produces an isotropic etching profile. Achieving 

small features with high quality is thus very difficult. Furthermore, GaN materials are not 

readily compatible with wet etching. 

The alternative to this is a dry etch process or plasma treatment, a common technique which 

can be used to embed ions into the crystal lattice of the semiconducting material, deposit 

material upon the surface for growth, or as a means of material etching (as covered in section 

1.2) [16,17].  

 

The rate of etching for physical bombardment in plasma etching is relatively low but has the 

advantage of being anisotropic, allowing high quality features of small size to be etched. Two 

dry etch tools are available to our group, namely reactive ion etch (RIE) and inductive ly 

coupled plasma (ICP) systems.  

A schematic for the RIE chamber is shown in figure 4.4.1. Initiation of the plasma is achieved 

by applying a radio frequency (RF) electromagnetic field with a typical frequency of 13.56 

Figure 4.4.1 Image of RIE system (left) and the schematic (right) for an RIE 

chamber. Outlined in yellow is the processing chamber.  
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MHz. The gases used to form the plasma are usually Ar and CHF3 with the plasma formed 

having a density within the RIE chamber of around 1 to 5 x109 cm-3 with the processing 

pressure in the RIE chamber typically between 5 to 150 mTorr. The ion energy, which is 

directly related to the power of the electromagnetic field and processing pressure, ranges from 

30 to 1000 eV. 

 

The ICP, shown in figure 4.4.2, is a modified RIE system with an inductively coupled plasma 

source which incorporates a radial inductive coil design. This inductive coil can generate high 

density plasmas, compared with that of the RIE system, resulting in an increased etching rate. 

The power of the inductive coil mainly controls the plasma density, whilst the platen power 

strongly dictates the energy of ions for physical bombardment. The processing pressure in the 

ICP chamber is typically between 1 to 100 mTorr, with a plasma density being about 

5 x 1011 cm-3.  

In this work passivation of Mg doped positive-type (p-type) GaN by means of H2 plasma 

treatment via RIE system is explored. When high energy H ions combine they can easily form 

Mg-H complexes, which deactivate p-type material by reducing the “hole” defect density, 

Figure 4.4.2 Image of ICP system (left) and the schematic for an ICP chamber (right). Outlined 

in yellow is the processing chamber.  
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resulting in a greatly increased resistance of p-type GaN [18]. However, this treatment is not 

compatible with photoresist patterning, as the process requires temperatures above 300ºC, 

temperatures that would cause most photoresists to burn and degrade. Investigations were 

conducted into the use of fluorine in the plasma treatment gas [19]. Plasma mixes of CHF3, 

CF4 and H2 were used in this investigation and it was found that not only did CHF3 cause a 

passivation of the Mg doped GaN p-type contact but that a film of 500 nm thick photoresist 

could protect the underlying LED from this treatment. 

 

Three plasma-treated samples were prepared with CHF3, CF4 and H2 used as the main plasma 

source for the respective treatments. The flow rates of these main plasma sources were set at 

15 sccm. A small amount of Ar (5 sccm) was introduced in each test in order to stabilise the 

plasma density. The RIE power and chamber pressure were set at 200 W and 30 mTorr, the 

operation was at room temperature, and the total treatment time was 240s. Measurement of the 

conductivity was done by contacting the p-GaN with two conductive probes and measuring the 

Figure 4.4.3 I-V characteristics of co-planar Ti /Au metal electrodes deposited on the p-type 

GaN layers with different plasma treatments. [19] 
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conductivity between them. A thick Ti/Au (40 nm/150 nm) metal bilayer was sputter coated 

on the plasma-treated areas of each sample in order to minimise the probe resistance during 

conductivity measurement. After metal lift-off the current-voltage (I-V) characteristic of each 

sample was measured by a semiconductor parameter analyser (HP 4155). Figure 4.4.3 shows 

the comparison of the I-V characteristics of the samples with plasma treatments to that without 

plasma treatment.  

Compared with the untreated sample, a dramatic reduction of current by a factor exceeding 106 

(at the voltages larger than 10 V) is observed for the sample treated by the CHF3 plasma. The 

cause for this increase in resistivity is twofold. Firstly, there is the standard combination of H 

and Mg ions to reduce the carrier density within the p-type semiconductor. Secondly, the larger 

F ions dope the upper layers of semiconductor structure, causing a large negative charge build 

up at the metal-semiconductor interface. This causes an effect called “band banding” whereby 

the Shottky barrier is raised to inhibit electron injection. Combining these effects results in the 

exposed area having a greatly reduced conductivity, limiting the injection current to the 

multiple quantum wells (MQW) and passivation the p-GaN is possible.  

Figure 4.4.4 I-V (left) and L-I (right) characteristics of LEDs without and with a CHF3 

plasma treatment. [Personal communication] 
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Comparison of both the current-voltage (I-V) and output power-current (L-I) characteristics of 

two GaN LEDs, one which has been exposed to a CHF3 plasma treatment and another which 

was untreated is shown in figure 4.4.4. It is obvious that the plasma treated LED performance 

is greatly reduced from the untreated; confirming that passivation of the p-GaN using the CHF3 

treatment, resulting in inefficient current injection into the LED active region for light 

emission.  

The concept of protecting an area of an LED via photoresist and the subsequent plasma 

treatment is illustrated in figure 4.4.5. This concept is to fabricate a standard planar LED 

structure (as outlined in section 2.2), and protect a nanoscale sized area of the LED with resist 

via dip-pen patterning. We wished to investigate whether it would be feasible to deposit 

nanoscale photoresist onto a broad area GaN LED, apply plasma treatment, and then as a result 

have a nanoscale LED which is electrically pumped and individually addressable.  

 

Figure 4.4.5 Schematic cross-section of a GaN LED which has had protective photoresist 

deposited (left) and then given a plasma treatment to definite a specific area of emission 

(right). 
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Photoresist Protection 

 

Given the development of a plasma treatment for the passivation of p-GaN at room temperature 

it now became viable to use this in conjunction with photoresist materials to protect desired 

areas of the LED prior to treatment. With the capability of DPN to deposit nanoscale features 

in photoresist this opens the possibility of creating NanoLEDs in a fast and simple manner. 

Fabrication of nanoscale LEDs has been achieved by a number of methods previously. These 

include growth of nanorods, columns or wires from semiconducting material [20, 21]. However 

the means to achieve light generation from these structures is an issue; either the nanoscale 

emitting area is broadly addressed so electrical contacts can be applied, or each emitter is 

optically excited. Direct electrical excitation of a single nanoLED has thus not been 

demonstrated.  

To ensure that the NorlandTM range of optical adhesives are capable of acting as a protective 

layer for the GaN under plasma treatment, LED tests were conducted where 5pL of the low 

viscosity NOA63 was inkjet printed onto an LED and then given 4 minutes of CHF3 plasma 

treatment. An example of the protected LED is shown in figure 4.4.6 and it can be seen that 

the protection was successful; the covered section of the LED remains active after a plasma 

Figure 4.4.6 Test for NOA63 plasma protection for a GaN LED with emission at 520nm. 

NOA63 deposited onto an LED (left) the same LED turned on after 4 minutes plasma 

treatment (right) 
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treatment, whereas the unprotected areas did not emit light (also shown in figure 4.4.8). Initia l 

tests for the creation of LEDs defined by dip-pen and plasma treatment were made using NOA 

63 as it has been confirmed as suitably protecting the LED in the inkjet testing.  

 Arrays of resist features were deposited onto LED areas to test the ability for thinner 

photoresist layers to protect the underlying p-GaN. The observation of the deposited features 

was made under either 20 x or 40 x magnification using the setup shown in figure 4.4.7. The 

LED substrates were placed on the substrate and aligned by eye using the alignment optics and 

then imaged via a USB-driven camera. The LEDs were electrically pumped by probing with 

Figure 4.4.8 Deposition of NOA 63 onto a palladium-topped GaN LED with 520nm emission 

wavelength, in a 3x3 array with 5s dwell and 10µm pitch (right). The same pixel turned on after 

having had a 4 minute plasma treatment (right). 

Figure 4.4.7 Schematic for imaging the LEDs and measurement of the emissive areas defined 

by the plasma treatment. 
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two signatone S-725 micropositioners connected to the electrical contacts. Figure 4.4.8 shows 

a 3x3 array of NOA63 deposited onto a palladium-topped GaN LED with an emission of 

520nm, where the array had a photocure time of 5 minutes under a 370nm hand lamp.  

When the dwell time was fixed to be 5s the deposited features had a size range of 5.5µm to 

3.0µm. Comparing these values to those deposited previously on a GaN substrate they have 

nearly double the diameter at this dwell time. From this, it can be inferred that the palladium-

topped surface is more hydrophilic to the NOA 63, resulting in the larger features. This would 

also explain the rapid depletion of material from the tips, giving the 2.5µm spread in feature 

size. As mentioned in section 4.2 the surface tensions involved play critical roles alongside the 

viscosity in determining the final feature size. When the LED emission was examined after 

plasma treatment it was found that the 3x3 array had protected the underlying LED but the 

emission was not confined to 9 distinct emitters, as shown on the right of figure 4.4.8. It is 

thought that, due to the hydrophobicity and roughness of the Pd surface, the NOA63 underwent 

further spreading than initially thought. The reason for the Pd roughness is that after deposition 

on the surface, a thermal annealing step is taken to increase the conductivity as a contact for 

the LED.  

 

Figure 4.4.9 Wenzel wetting state (top left), Cassie-Baxter wetting (top right), Hemi-

wicking across the roughened surface (bottom). 
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This annealing stage gives rise to an increased surface roughness as the palladium becomes 

granular during the atomic diffusion process. The means by which the surface can become 

“absorbent” is called Hemi-wicking [22, 23] and operates under a Wenzel model of wetting, 

illustrated in figure 4.4.9. This model involves the liquid penetrating the textured surface rather 

than trapping air beneath the droplet. Once upon the surface, the low viscosity NOA 63 would 

readily penetrate the textured Pd surface effectively creating another barrier for protection 

against the plasma treatment. This explains why much of the area surrounding NOA 63 

deposited features remained active after the plasma treatment. The subsequent tests were 

conducted using the high viscosity NOA 68T in an attempt to reduce the amount of Hemi-

wicking observed and generated distinct emitting areas. An array was deposited onto a 450nm 

emitting GaN LED using the NOA 68T with a dwell time of 1s and a 20µm pitch and a 5 

minute cure time under a 370nm lamp, shown in figure 4.4.10.  

There is, again, a change in feature size as the deposition progressed but it is far less promine nt 

than observed for the NOA 63: 3.9µm diameter for the largest feature and 3.1µm for the 

smallest giving a 0.8µm variation rather than 2.5µm.The plasma treatment for the high 

Figure 4.4.10 A 2x2 array of NOA 68Tdeposited on a Pd-topped GaN LED with emission at 

450nm, with a 1s dwell time and a 20µm pitch. 
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viscosity NOA 68T was successful in this instance, the deposited photoresist acting as a 

protective layer and 4 emitters being defined from one LED, as shown in figure 4.4.11. The 

blemish, seen to the centre of the LED prior to treatment, seemed to also provide some sporadic 

protection from the plasma treatment and there is still some light generation outside of the 4 

defined areas. Shown alongside the image if the 2x2 array are images of the largest and smallest 

emitter defined, these images being under 40x magnification and with an 8V bias.  

The size of the emitters was estimated by examining their intensity profiles. An intensity cross-

section was taken for the largest and smallest emitter created; the comparison of the profiles 

for each of these is given in figure 4.4.12. At the FWHM the largest feature had a diameter of 

6.5µm while the smallest had a diameter of 3µm. The contour map of emission at the FWHM 

is also shown for each of the emitters, showing that they have approximately circular emission. 

While this has given an estimation of the size of the emitters it is possible that near-field 

measurement would provide a more accurate means of determining the emitter size. Distortion 

of the light by epoxy remaining on the LED after plasma treatment could give an inaccurate 

estimation as well as natural divergence of the light from the emitter. Smaller emitters have yet 

to be achieved with this technique but as a proof of concept it has been successfully 

Figure 4.4.11 Plan view optical micrographs of 20x magnification of 2x2 array of emitters 

electrically pumped at 8V bias (left); 40X magnification of the largest emitter at 8V bias 

(middle); 40X magnification of the smallest emitter at 8V bias (right). 
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demonstrated that the nano and micro-scale patterning offered by dip pen can be used in the 

fabrication of micro- and possibly nano-scale emitters.  

 

4.5  Conclusions  

 

This chapter covered the “additive” potential of dip-pen nanolithography for the fabrication of 

photonic devices. Investigations into photoresist materials, dwell time and tip geometry were 

explored with the aim of submicron patterning in mind. Features of 560 nm at full width half 

maximum (FWHM) have been reported, these representing a marked improvement on the ~4 

µm structures reported elsewhere using similar materials and believed to be the smallest yet 

with relevant materials using the dip-pen technique. The ability to pattern into the nano-scale 

regime was coupled with a novel room temperature dry etch plasma treatment to attempt to 

define nano-scale LED emitters similar to the planar LEDs discussed in chapter 2. The theory 

and deposition model for dip-pen nanolithography, investigations into the choice of photoresist 

and tip type to achieve submicron features, and the application of this deposition method in the 

fabrication of a photonic device were also detailed. The dip-pen patterning of three UV-curable 

Figure 4.4.12 Intensity profile section of the largest and smallest planar LED emitter defined by 

photoresist (left). Contour intensity map of the emitters displaying near-circular emission (right). 
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photoresist materials was tested with the goal of achieving features of dimensions within the 

nanoscale regime.  This was most successful when using the Norland optical adhesive NOA 

68T; features with dimensions of 560nm in the x-direction and 840nm and y-directions were 

deposited onto GaN with a dwell time of 0.5s. This material was then tested as a mask for the 

fabrication of nano-emitters via a novel room temperature plasma treatment of planar LED 

structures. The material was shown to have a masking effect and emitters with a 3 µm diameter 

at FWHM were fabricated. Nanoscale emitters were not achieved in the early tests either due 

to a “hemi-wicking” process of the NOA 68T into the annealed palladium surface or the change 

in surface interactions creating larger features on Pd over GaN. Nonetheless, the approach 

looks very promising for future development. 
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Chapter 5 

Negative Patterning via Dip Pen 

Nanolithography 

 

 

5.0  Introduction 

 

When attempting to generate nanoscale patterns there exist several established top down 

methods with optical lithography, electron beam lithography (e-beam) and nanoimprint 

lithography being amongst the most common. For applications where the removal (rather than 

the addition) of material is desired these methods can swiftly become complex and costly, as 

described in chapter 1. It is difficult to negatively pattern an active material without first having 

a master structure, created using the methods described, and imprinting the pattern using 

pressure. This is how nanoimprint lithography (NIL) operates and it is possible to have high 

pattern fidelity, feature fabrication down to 10 nm, with large area imprinting to permit high 

volume throughput [1,2]. Disadvantages of this technique are that a master imprint template is 

required, generated via either e-beam or optical lithography; the templates are prone to wear 

and cannot be altered once designed. In a research environment swift, small scale prototyping 

may be desirable over the more costly approach of nanoimprint lithography. Some related use  

of atomic force microscopy (AFM) technology has been explored such as dynamic ploughing 

and local oxidisation techniques [3-6], however there are issues there of patterning polymers 

to any depth that would allow for stand-alone films for either masking or as an active structure, 

without further processing. The work reported here expands on the abilities of the DPN tool as 
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a means of material removal and achieving sub-micron scale patterning to create active 

structures for lasing purposes [7,8]. This approach allows for interesting new structures to be 

realised swiftly and with complete flexibility, without the need for fabrication of a mask. In 

addition there is no exposure to high energy radiation or electron beams, so there is also the 

possibility of patterning sensitive materials that might not endure other means of patterning. 

5.1  DPN Operation and Tip Geometry 

 

The DPN system used in this work is an NLP 2000 series desktop instrument. The theory 

behind DPN and the operation of the NLP 2000 system are covered in chapter 4 sections 2 and 

3. The tips supplied are pyramidal with a base of 4µm x 4µm and a height of 1.33 µm with a 

half-cone angle of 33.6°, as shown in figure 5.1.1. These tips are mounted on one of two types 

of cantilever, A-frame and diving board, as described in section 4.3. The A-frame cantilever 

exhibits a much larger stiffness constant than the rectangular diving board and is more suited 

to tasks with higher viscosity fluids. The tips are mounted on cantilevers either singly or as a 

tip array for parallel writing. The tips are held on a magnetic mount and maintain a fixed 

position throughout the nanolithography platform operation. The NLP 2000 has an optical 

microscope/imaging setup situated above these tips which is computer controlled to allow 

Figure 5.1.1 SEM image and schematic of pyramid tip supplied by NanoInk Inc. 
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imaging of the substrate and tips whilst in operation. Both focus and zoom functions are 

included for fine resolution of tips and substrate. 

The NLP 2000 also has a computer-controlled motion stage for mounting the substrate on, 

having xyz control as well as x and y tilt control. Substrates and inkwells alike are positioned 

on this stage and it is control of their position relative to the fixed position of the tips that 

permits the writing of patterns. There is the capability of saving position parameters in the 

software, recording the xyz coordinate and the respective tilts, which can then be rapidly found 

and zoomed to at a later time. The use of three coordinates permits a plane to be defined; this 

plane allows the substrate to be raised to the tips at any point rather than having to have saved 

at each location individually. Coupled with the capability to save multiple positions of the 

stage, there is the ability to define several planes as you pattern, opening the possibility of 

patterning onto 3D shapes rather than flat substrates. 

In order to find the correct position where the tips touch the substrate without excessive force 

the substrate must be gradually raised until it can be seen underneath the imaged tips. Using 

steps of 1 or 2 µm one raises the stage until the tips touch the substrate and then saves the 

position. It can be easily determined when the tips are in contact as the cantilever deforms and 

there is a change in the reflection observed. Once the plane has been defined by using the three 

saved coordinates the substrate can be contacted rapidly by using the “approach to plane” 

function. A defined plane is also necessary in the use of programmable patterns, of which arrays 

of lines and dots are possible. 
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5.2  Planar Distributed Bragg Reflectors 

 

As mentioned earlier, the work in this chapter is focused on the ability of the DPN tips to 

negatively pattern a film rather than engage in additive lithography. The demonstration of this 

technique will be to pattern a DBR-based optical cavity structure and observe the effect it has 

on the stimulated emission in a lasing polymer.  

Design of DBR lasers bears many similarities to other laser structures. On the most basic level 

the structure must have two mirrors to form the optical cavity, (one of which is for output 

coupling), a gain medium and a pump source. The schematic for such a laser is shown in figure 

5.3.1. With DBR lasers the two mirrors are created with DBRs. They consist of features with 

a periodic modulation of the refractive index, the number of periods determining their 

reflectivity (see further). In our demonstration, the polymer film is the laser gain medium. This 

film also acts as an optical waveguide for the amplified light, which can then travel back and 

forth between the two DBRs as schematised in figure 5.2.1. The thickness of the film dictates 

the number of transverse modes that can be guided (transverse representing the vertical 

direction in figure 5.2.1). The thickness is chosen here so that only the fundamental transverse 

mode (TE0, TE for transverse electric) is efficiently guided. The light-emitting polymer used 

for this gain medium is poly[2,5-bis(2’,5”-bis(2”-ethylhexyloxy)phenyl)-p-pheylene 

vinylene], known as BBEHP-PPV [9], covered in section 2.4. A spin coated film of this 

material can be pumped optically with an excitation wavelength in the near UV to correspond 

with the absorption of the polymer. This polymer has previously been used to demonstrate 
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“random lasing” [10, 11] action with no pre-defined laser cavity [12] and has been investiga ted 

for lasing in distributed feedback (DFB) cavities defined by imprinting techniques [13].   

The DBR structures operate by periodic changes of refractive index causing reflection and 

therefore optical feedback for light guided in the film. Using the DPN removal of material on 

the polymer film can create periodic arrays of high and low refractive index regions via both 

lines and dot arrays, thereby leading to 1D and 2D grating structures. Such photonic structures 

have been demonstrated using the nanoimprint technique, as discussed earlier, but the 

flexibility of the DPN should allow the fabrication of photonic gratings alongside more exotic 

Figure 5.2.1 Top: basic schematic for laser design displaying the essential components of the 

mirrors for feedback and wavelength selection, the gain medium for light generation and the 

pump source for achieving population inversion in the gain medium. Bottom: schematic for 

DBR laser design illustrating the replacement of reflectors with DBR gratings. 
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photonic structures [14, 15]. A simple 1D grating design is shown in figure 5.2.2, variation of 

the periodicity within the DBR mirror allowing selection of wavelength for reflection. 

 

Figure 5.2.2 Schematic and cross section of a distributed Bragg reflector grating with 

materials of refractive index n1
 and n2. 

Here we consider light that is guided in the plane of the grating (plane of the page), and whose 

incidence is perpendicular to the refractive index periodicity, as the green arrows illustrate in 

the bottom of figure 5.2.1.  In this case, the basic form of Bragg’s law is given by equation 

5.2.1 and governs the diffraction of electromagnetic radiation by such a periodic structure. 

5.2.1 

𝑚𝜆𝐵 = 2ʌ𝑛𝑒𝑓𝑓   

In equation (5.2.1) m is an integer, λB is the Bragg wavelength, ʌ is the periodicity of the 

structure, neff is the effective refractive index of the guided mode. The reflectance of the whole 

structure is dependent on the magnitude of the difference in refractive indices of n1 and n2, the 

number of periods, and the modulation depth; a higher difference in index will yield a higher 

reflectivity for a given number of periods [16-18].  These 1D interference gratings can be used 

in laser structures, using the Bragg scattering to create the optical feedback necessary and 

making either material n1 or n2 the gain medium. Another term for these periodic corrugated 
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structures is a “photonic crystal”, with the type shown in figure 5.2.1 being a 1D photonic 

crystal. When increasing the dimensionality of a grating to that of 2D one must form shapes 

such as pillars or cylinders of different refractive indices. The change in design is shown in 

figure 5.2.3 and it can be seen that there are now islands of material n1 contained by material 

n2. 

 

Figure 5.2.3 Cross section of a 2D photonic crystal structure of two materials with refractive 

indices of n1 and n2. 

Photonic crystals both of 1D and 2D design can act as optical feedback structures and a means 

of light management within photonic systems [19, 20].  Using both the “dot array” and “line 

scribing” functions of the NLP2000 DPN apparatus, production of these two types of gratings 

was investigated. As explained in the following section, the two types of gratings can be, for 

simplification and in the case of the experiments carried out in this work, considered as 1D 

periodic structure for light propagating perpendicularly to the plane of periodic refractive index 

modulation (as obtained with holes as shown in figure 5.3.9) 

DBR Modelling 

 

To qualitatively understand the DBR fabricated in this work and to gain some insight when 

considering results of section 5.3, a matrix model was implemented by Dr N. Laurand 

(Appendix B). Parameters considered for the model are taken from experimental measurements 
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of the fabricated structure (see following sections for fabrication results). The model is used to 

estimate the expected reflectivity spectrum of the DBR fabricated in this work and is brie fly 

explained below.  

 

 

The model considers a mode interacting with a one-dimensional grating but as said before, 

even our 2D problem can be approximated to such an equivalent 1D pattern if we consider light 

travelling perpendicularly to the periodic structure. The reflectivity calculated is for the TE0  

mode of the equivalent slab-waveguide, formed by the thin film of organic on glass, 

propagating perpendicularly to the grating (i.e. within the film). A typical value for the effective 

refractive index, neff (1.56), for the TE0 mode at a wavelength of 530 nm for a BBEHP-PPV 

film of 200nm is considered. 

The DBR in the experiment is made by a modulation of the thickness of the film obtained by 

indentation at the film surface. A small fraction of the guided light is reflected back at each of 

the interfaces created by these indentations. As will be seen in following sections, the 

periodicity of the fabricated DBRs is higher than one wavelength, therefore losses due to light 

diffracted out of the gain film needs to be considered. The different parameters can be obtained 

through a couple mode analysis [See appendix B]. A schematic for the problem is shown in 

Figure 5.2.4 Schematic of in plane diffraction orders for coupled-wave model 
analysis. A and B are counter-propagating T=0 guided modes within the structure. 

The diffraction orders are κ
1
, κ

2
, κ

3
, and κ

4
. 
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figure 5.2.4 for m=4, corresponding to the structures fabricated (see section 5.3). The field 

equation for the situation described in figure 5.2.4 is shown in equation 5.2.2. 

5.2.2 

𝐸(𝑥,𝑧) = [𝐴(𝑧) + 𝐵(𝑧)].𝐸𝑇(𝑥) 

ET(x) is the transverse spatial profile of the TE0 mode and A(z) and B(z) are the propagating 

and counter propagating mode amplitude (longitudinal direction, z), respectively. They couple 

through a coupling coefficient, basically representing the reflecting light over a periodicity of 

the grating, κ4. The κ1, κ2, and κ3 diffraction coefficients are considered as losses for the system 

as they represent the diffraction outside of the plane of the film. The couple-mode approach 

was used to determine values for the losses and the coupling coefficients. A simple planar 

waveguide analysis was first used to determine the average effective refractive index of the 

mode and the overlap of the modal field with the indentation region. The latter is a parameter 

for calculation of the coupled coefficients (see Appendix B).  

Once the coupled coefficients of the structure are obtained, the model calculates the DBR 

reflection spectrum by a matrix approach. The matrix for one period is the product of a 

propagation matrix, P, and an ‘interface’ matrix, T. The propagation matrix takes into account 

the spectral gain of the material and the modal effective refractive index.  The interface matrix 

accounts for losses (via K1, K2, and K3) and the feedback from the coupling coefficient K4. The 

product matrix is for a single period of the structure; it is taken to the N th power to calculate the 

matrix of a DBR of N periods.  

The reflectivity of such a grating structure was modelled and the results are shown in figure 

5.2.5. The details of the programme and equations used to model this are, again, in appendix 

B. In the production of gratings deviation from the ideal can arise from variations of material 
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thickness and minor fabrication errors leading to disorder in the periodic features. This disorder 

gives random phase changes that can also be included qualitatively in the model. The modelled 

grating, whose reflection spectrum is shown in figure 5.2.5, comprises 10 periods with a pitch 

of 700 nm and a modulation depth of 40 nm. The reflectivity as a function of wavelength is 

shown alongside the change as disorder is included in the model. It can be seen that disorder 

reduces the reflectivity, but the latter is expected to be above 10% for 10 periods, at least if 

disorders and defects can be minimised. 

Note that the DBR laser structure of Fig 5.2.1, can be simply considered as a Fabry-Perot cavity 

made of a gain material of effective refractive index neff enclosed between two mirrors whose 

reflectivity can be estimated by the model explained above. It is important to note though that 

Figure 5.2.5 Calculated reflectivity of a DBR structure with 700nm pitch and 10 periods. Two 

areas within the visible range are reflected, centred around wavelengths of 530 and 710nm. 

As disorder is increased within the grating the reflectivity deceases, as is apparent when 

comparing the peak reflectivities with and without disorder. Analysis courtesy of Nicolas 

Laurand in Appendix B. 
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a field entering a DBR structure will have a penetration depth, Ldepth, which corresponds to how 

far into the reflector the field penetrates before being mostly reflected. The total cavity length 

for the simple Fabry-Perot model is therefore the sum of the separation between the two DBRs 

and the penetration depths in both DBRs. 

5.3  1D and 2D Grating Imprint Patterning 

 

Initial tests for achieving 1D and 2D grating structures by DPN were carried out on an optically 

active gain medium spin-coated onto glass. The polymer used was the green-emitting π-

conjugated polymer, (BBEHP-PPV), of refractive index n=1.7 at 530nm, which can be 

optically excited in the UV-blue range of the spectrum (see characteristics given in chapter 2). 

The methodology used for creating the spin-coated samples was to use a solution of BBEHP-

PPV dissolved in toluene, drop-coat a cleaned glass slide with this solution and spin at 2.0krpm. 

The solution of BBEHP-PPV was created by weighing out 2.5-3mg of BBEHP-PPV powder 

and dissolving it in toluene to generate a 20mg/mL solution. The glass slide was cleaned using 

a cycle of washing by placing it in a beaker firstly in acetone, then in methanol and fina lly 

deionised water. Each wash step was given a 5 minute period in an ultrasonic bath, to remove 

all inorganic and organic contaminants. The glass slide was air dried and left on a hot plate at 

60° for 10 minutes to ensure complete evaporation of the cleaning solvents. 

1D Gratings 

 

Initial tests for DPN-generated scratched gratings were conducted with the 33.6° half-cone-

angle tips on the A-frame. Atomic force microscope (AFM) images, phase diagrams and profile 

measurements of the first patterns produced for 1D grating structures are shown in figure 5.3.1. 
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The patterns generated are clear to see but in this case however the scratched grating did not 

maintain correct fidelity to the desired pattern. The lines scored upon the film exhibit 

significant defects that would ultimately have had a detrimental effect on attempts to scale the 

patterns down to that of an optically active grating.   

After preliminary tests on pattern designs were conducted, efforts were made to scale the 

process to the point where an optically active grating would be feasible. The requirements for 

such gratings (as determined by the Bragg equation) would be for the centre-to-centre feature 

pitch to be 350nm, 550nm or 700nm for a 2nd, 3rd or 4th order grating, respectively. 

Subsequent attempts to achieve 1D grating structures used two methods for controlling the 

patterning; either changing the writing speed or including repeat scratch steps to ensure the 

correct grating formation. Figure 5.3.2 displays the results from increasing the number of 

repeats to two, as well as a decrease in pitch from 5µm to 1µm. The AFM of the scratched 

gratings again makes the transfer of the pattern obvious; this and the profile measurement 

Figure 5.4.1 Top left: AFM scan of scratched grating in BBEHP-PPV polymer, pitch 5µm 

and writing speed 10µms-1. Bottom left is corresponding phase image of the AFM scan. 

Right is the profile scan of the segment outlined on the AFM scan. 
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shows there is a clear grating structure present. The average full width half maximum, FWHM, 

of each ridge is 500-600nm but there is a widely varying modulation depth of 80-160nm. From 

the AFM results it can also be seen that there are breaks in the written structures, uneven ridges 

and some distortions in the film. Part of this will be due to inhomogeneity in the film and some 

will be due to the act of writing, with the tip distorting the film rather than removing material. 

To enhance the removal of material, tests were made of having a well of toluene to dip the tips 

into before writing commenced, with the hope of locally dissolving the film. This technique 

was found to have little to no effect however. Due to the high volatility of the solvent and the 

small volume retained on the DPN tip, any amount of toluene that may achieve the desired 

result evaporates before contact with the BBEHP-PPV film. 

Figure 5.3.2 Top left: AFM scan of 10 lines grating of 1µm pitch at 10µms-1 writing speed 

with 2 repeats. Bottom left: corresponding phase diagram. Right: measured profile along 

the white outline of the top left image. 
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The second means of altering the writing parameters, increasing or decreasing the writing 

speed, yielded more favourable results. The writing speed was decreased to 5µms-1 and pattern 

writing conducted; figure 5.3.3 shows these initial results. There is no longer the film distortion 

seen with previous findings, having a root mean squared surface roughness (Rq) of ~1nm. This 

result means that the maximum deviation of the surface for peaks and troughs will be 1nm from 

the mean line. The only material bunching is displaced to the edge of the patterned area and 

the pattern is again visible. There is similar height variation in the pattern as observed before, 

however, the addition of the undesired pits appearing along the writing length. 

Figure 5.3.3 Top Left: AFM scan of 1D grating of 40 lines at 350nm pitch and 5µms-1 writing 

speed. Top right: AFM scan of the final written edge displaying material displacement. 
Bottom is the modulation profile of the pattern, taken from the white outline of the top left 

AFM scan. 
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The average modulation depth and ridge FWHM are hard to estimate in this sample as the 

modulation depth is widely varying due to the pitting. The scale of the written features is now 

in the range where they could be considered useful for optical feedback, however the 

modulation depth would ideally be higher and the variation means that such a structure would 

exhibit very large losses as well as smear out any distributed reflection effect. A solution to 

this is to press the tips harder onto the surface, acting to increase the modulation depth as well 

as reducing or eliminating the effect the observed pits have. The pitting could be either due to 

the tip “skipping” on the surface as it is drawn across or is an artefact of the motion control 

system the DPN system uses. 

The final results for achieving 1D grating structures maintained the same writing speed and 

pitch as previously used but the tips were pressed more firmly into the surface to prevent the 

pits being formed. This was accomplished by bringing the tips into contact with the surface of 

the BBEHP-PPV film then continuing to press the tips down by a further 300 nm. This has the 

effect of exerting more force on the film but, as can be seen from figure 5.3.4, does not correlate 

directly to modulation depth. The reason for this is that while the tips are pressed more firmly 

Figure 5.3.4 Top left: AFM scan of 30 lines written at 350nm pitch and 5µms-1 writing speed and 
no repeats, pressed 300nm past surface contact. Bottom left: the phase diagram associated with 

the AFM. Right: the modulation profile taken from the white rectangle. 
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onto the surface there is an associated stiffness of the cantilever the tips are attached to and the 

tip will not push 300 nm further into the film. 

The final patterns produced with this technique showed great improvement when compared to 

when the tips were not pressed further into the film. The average modulation depth is more 

uniform, at 25nm, and the FWHM is at 200nm. Despite these improvements there are still 

variations in the scratched gratings, as can be observed in the AFM scan data in figure 5.3.4, 

where the film fractures and breaks off. In addition the modulation depth needs to be increased 

for efficient feedback. Inhomogeneities would also introduce significant losses into any 

optically active structures. There is an upper limit on the force that can be exerted by the tips 

on the film, so blunting and breaking the tips has to be considered as well as the risk of 

deforming the film. An example of the results of pressing the tips onto the surface with 

excessive force can be seen in figure 5.3.5; the film deforms severely upon contact and it is not 

possible to generate coherent patterns while at this pressure. 

2D Gratings 

 

2D gratings are created by generating periodic indentations as opposed to the parallel lines 

which characterise 1D gratings. For 2D gratings, the initial challenge was to realise a pattern 

with a pitch in the sub-micron regime. Figure 5.3.6 shows that the rectangular pattern was clear 

Figure 5.3.5 AFM example of polymer deformation under 

high tip pressure. 
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and could be maintained for a pitch of 2µm but it was expected that material displacement 

issues would have a larger effect the more the pitch was reduced. The average modulat ion 

depth of the features here is 50µm and each indented ‘well’ has a FWHM of 800nm.  

The attempt to reduce the centre-to-centre pitch of the dot array was only partially successful; 

the AFM image shown in figure 5.3.7 shows that while it is possible to achieve holes there is 

material displacement which swiftly causes a large number of defects to be present on the film. 

The average modulation depth has dropped to 13nm here with a feature FWHM of 280nm. It 

Figure 5.3.6 Top left: AFM scan of 2D imprint grating in BBEHP-PPV polymer, with a 
pitch of 2µm. Bottom left: corresponding phase image of the AFM scan. Right: the profile 

scan of the white outline on the top left AFM scan.  

Figure 5.3.7 Left: AFM image of a 20x20 700nm pitch dot array conducted with the 33.6° half 

cone angle tip. Right: profile taken along the white rectangle. 



 

118 
 

can be seen that some of the holes have been closed up or improperly formed and there is a 

large amount of debris on the surface. This is most likely due to material build up on the tip 

being deposited at sporadic intervals while pattern writing is occurring. In order to achieve this 

pattern, it was found that pressing the tip less firmly upon the surface allowed for a reduction 

in pitch while sacrificing pattern depth. This was to be expected due to the tip morphology and 

half cone-angle.  

A smaller tip was employed to realise patterning with sub-micron pitch, the tips being 

purchased commercially from Team Nanotec. The product used was ISC (125C40 - R) with a 

half-cone angle of 10° and radius of 10nm at the tip. The spring constant used for the cantilever 

arm was 40Nm-1 as the higher stiffness was assumed to aid in marking the polymer surface. 

With higher aspect ratio tips it becomes possible to achieve higher resolution in feature pitch 

while simultaneously realising deeper features and displacing less material. In addition to 

altering the tip type the spin coated material was changed to being photoresist material SU1805. 

The change was to conserve BBEHP-PPV (due to limited supply) and to continue testing on a 

material which can be marked and cured for measurement. The results of using this new tip are 

Figure 5.3.8 Top left: AFM scan of a 5x20 700nm pitch patterning onto SU1805, Top right: AFM 

scan of a 5x20 500nm pitch patterning onto SU1805. Profiles for are shown below each respectively. 
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shown in figure 5.3.8, exhibiting a marked improvement in pattern fidelity at 700nm pitch and 

displaying capability of patterning down to 500nm. For the 700nm pitch patterning the average 

modulation depth was 25nm with feature FWHM 160nm at 500nm the pitch average 

modulation depth was 15nm with a feature FWHM of 160nm. Calculation of the modulat ion 

depth as well as the FWHM here is for the imprinted holes only, discounting material 

displacement; including such displacement raises to 30-40nm in both cases. 

The new tip has enabled nanopatterning via DPN on a scale where DBR structures can be 

considered for implementation. The displacement of material around the edge of the imprinted 

holes can also be seen in figure 5.3.9; the side bunching is due to non-perpendicular alignment 

of the tips to the plane of the polymer film. This enhances the modulation depth of the pattern 

and such an enhancement is favourable when designing optically active patterns. Increased 

modulation depth means that there will be a stronger interaction with the light of the in-plane 

guided modes. If the modulation depth is too shallow then the guided modes will not interact 

strongly, will not have a high effective refractive index difference, and will likely not be 

reflected back strongly enough to enhance the onset of ASE. 

Having demonstrated the capability of the DPN to generate periodic structures in photoresist it 

was sought to achieve similar results in a BBEHP-PPV film to proceed to DBR structures. The 

Figure 5.4.9 Top Left: AFM scan of a 10x20 700nm pitch imprint patterning onto a BBEHP-PPV spin 

coated film using 10° half-cone angle tip. Bottom left: 3D image of the AFM area. Right: the modulat ion 

profile shown in the white outline. 
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700nm pitch pattern was reproduced successfully and the material bunching has increased the 

effective modulation depth of the pattern. Without the raising of a side wall the modulat ion 

depths would average 15nm, maybe too small to realise lasing or ASE, but the addition of this 

effect increases the average modulation depth to 50nm with a FWHM of 205nm.  

To assess the variation present within the patterns, Fourier transforms were determined for 

these 700nm pitch patterned grating structures. The Fourier transform on the AFM scan data 

in figure 5.3.9 allows the average modulation pitch to be determined. The results of this, shown 

in figure 5.3.10, display a peak at 1.5 µm-1 corresponding to an average periodicity of 666nm; 

close to the goal of 700nm. As there are no other major peaks the grating design remains simple 

with one periodicity rather than several; the reflectivity of such a grating was modelled in figure 

5.2.4.  

 

Figure 5.3.10 Fourier Transform of the modulation profile from figure 5.4.9. The one 

main peak at 1.5 µm-1 corresponds to an average periodicity of 666nm. 
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) 



 

121 
 

5.4  DBR Gain Structures 

 

Three DBR cavity structures were manufactured via DPN and tested for ASE, the designs of 

which are shown in figure 5.4.1. They follow the design for a laser outlined in figure 5.2.1, 

with two DBR gratings acting as the mirrors defining the cavity length and the unpatterned 

BBEHP-PPV as the active gain medium. The period spacing for each pattern is 700 nm and 50 

periods in width. P1 was designed with two symmetrical reflectors 10 periods deep with a 

cavity of 15 µm. P2 had asymmetric reflectors, one with 10 periods and another with 2 periods 

with a cavity of 15 µm . P3 also had symmetrical reflectors of 10 periods but a greatly increased 

cavity length of 100 µm. With the DBR gratings defining the cavity length, the polymer film 

is the gain medium and the BBEHP-PPV film can be pumped optically via a laser with an 

excitation wavelength at 355 nm within the absorption spectrum of the polymer.  

Figure 5.4.1 Three pattern designs, P1-P3, for the patterning of the DBR gratings on a polymer 

film to create DBR gain structures, giving the cavity length and periodicity of the DBR mirrors.  
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The patterns were generated on a glass slide, cleaned as per the previous samples, and spin 

coated with a 20mg/mL solution of BBEHP-PPV with a spin-coating speed of 2krpm. Upon 

spin coating there is an edge effect, where the thickness of the film is non-uniform and much 

thicker at the edge than in the majority of the film. This area must be avoided when creating 

the DBR structures as the non-uniformity will give rise to erratic results. The sample was 

pumped by a 355nm laser perpendicular to the film and emission from the structures was 

detected from the sample edge. The stripe length of the excitation beam was initially 1.5mm 

with a width of 50µm, much larger than the length of the patterns produced. ASE occurs when 

spontaneous emission in a gain medium is amplified as it propagates. If the gain and/or the 

propagation length is high enough, then the signature of ASE, a spectral redistribution of 

photons around the peak gain wavelength, can be detected in the stripe edge emission.  

Monitoring the intensity at the wavelength of maximum gain as a function of the excitation 

energy, it is possible to determine a threshold for ASE, at which point the slope of the intens ity 

increase changes (and increases), as can be seen for example in Fig. 5.4.2.   The ASE peak 

linewidth is typically smaller (<10nm) than spontaneous emission. 
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Firstly typical threshold values for ASE were determined for the film by pumping in two 

separate areas where there is no pattern, the results of which are displayed in figure 5.5.2.  

  

 

 

 

 

The peak at 532nm, shown in figure 5.4.2, is the main gain wavelength for BBEHP-PPV. This 

peak rises at a threshold value for pump energy while the secondary peak and shoulder from 

480nm-510nm exhibits no such behaviour. The threshold values for ASE in the film thus 

measured was found to be 2.5 µJ and 5.5 µJ for each area, respectively, this variation being 

ascribed to possible inhomogeneity in the film as well as error in the positioning of the sample 

surface with respect to the pump focus position. Alignment of the sample/focus was done using 
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Figure 5.4.2 Excitation measurements of 1.5mm pump stripe on un-patterned BBEHP-

PPV film. Top is one region with associated threshold curve on the right. The second 

region and associated threshold curve in on the bottom. 
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a camera to image the sample surface.  The estimation of the sample ASE threshold with this 

size of pump stripe is estimated at 4+/- 2µJ.  

Figure 5.4.3 displays the results for pumping the patterns P1-P3 with a 1.5mm x 50µm spot, 

the distance from the sample edge and the patterns being 2.5mm, 250µm and 250µm 

respectively. The results are varied, exhibiting ASE on P1, P2, and P3. The threshold values 

for P1 is lower than observed for the unpatterned film but similar, although on the low end, for 

P1 and P3. The spectra for P2 and P3 are most striking, with a multitude of narrow peaks that 

are simply not observed in an unpatterned film. These stable peaks are attributed to the DBR 

cavities and are detailed in figure 5.4.5.  

The spectrum of P1 is akin to ASE but this ASE peak is at 500nm. Such behaviour is sometimes 

seen in very thin film of BBEHP-PPV and usually has a higher threshold. It is not possible to 

say if the DBR structures have any effect from this data in the case of P1. 

However, the long stripe gives rise to a complicated analysis, a lasing cavity coupled to an 

amplifying region, without considering cm-scale film inhomogeneities. Thus the patterns were 

again measured but with a smaller excitation spot length, equal to the length of the patterns. 

We note that under the same pumping conditions, no ASE could be detected when probing an 

unpatterned area of the film. The results for structures P1, P2 and P3 are shown in figure 5.4.4, 

where the spectrometer resolution was lower than previously (2.5nm).  
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Figure 5.4.3 Spectral and threshold curves for P1 (Top) P2 (Middle) and P3 (Bottom) 

pumped with a 1.5mm x 50µm spot.  
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Figure 5.4.4 Spectral and threshold curves for P1 (Top) P2 (Middle) and P3 (Bottom) 
pumped with short excitation spot 
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Each structure exhibits ASE and the thresholds for each are comparable and even lower than 

before, an average of 0.5 µJ compared to 4 µJ for the unpatterned areas. Again, we reiterate 

here that no ASE could be seen for the unpatterned BBEHP-PPV film with the short stripe yet 

each DBR cavity exhibits ASE. This indicates that the structures are successfully acting as 

DBR resonators and increase the optical feedback. The wavelength gain occurs at 530 nm and 

the threshold values for each pumping conditions are summarised in table 5.4.1.  

Pattern Peak 

wavelength 

Long Stripe 

(nm) 

Excitation 

threshold 

Long Stripe 

(µJ) 

Peak 

wavelength 

Short Stripe 

(nm) 

Excitation 

Threshold 

Short Stripe 

(µJ) 

Bare 1 532 2.5 - - 

Bare 2 532 5.5 - - 

P1 505 2.0 532 0.4 

P2 532 0.4 532 0.4 

P3 500-540 2.0 532 0.8 

 

The results summarised in table 5.4.1 show that when there is no patterning present the 

excitation threshold is overall higher, thus the patterning itself has a beneficial effect on 

lowering the threshold by increasing feedback within the film. For the long stripe, with a higher 

spectrometer resolution, narrow peaks could be seen.  Pumping the lasing structures with a 

stripe spot significantly longer than the structure itself, makes interpretation of the data and 

extraction of physical parameters from the spectra complicated. When pumping with a stripe 

that is matched to the cavity size there is a clear reduction in the ASE threshold (in fact, as said, 

no ASE is seen when pumping unpatterned regions). By looking at the details of the spectra 

with higher resolution, one can attempt to relate features to physical parameters of the DBR 

Table 5.4.1 Comparison of ASE threshold values for the bare spin coated films and the 

patterned areas P1, P2 and P3 with both the long and short excitation spot sizes.  
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structures. This was done for the P1 structure as the spectrum. It is possible to see a degree of 

effect that the 2D photonic crystal DBR mirrors have upon the emission spectrum, generating 

subsidiary peaks around the main emission of what would be expected from a truly 1D Fabry-

Perot. Figure 5.4.5 shows the excitation of pattern P1 at varying pump energies with the 

resulting spectra normalised. This permitted examination for common peaks with fixed 

wavelength deviation from the main peak. It shows that above the threshold for emission, the 

spectrum is highly-multimode. The presence of the different modes is due to a combination of 

factors: distance between patterns (cavity length determining longitudinal modes), the width of 

the patterns and the width of the pump spot (defining the lateral modes), as well as the finite 

length of the pattern inducing ‘parasitic’ reflections and any scattering defects.  

 

Figure 5.4.5 Normalised spectra of P1 pumped under varying energies.  

While the spectrum is still complex, it is possible to recover some physical sense from it by 

taking the Fourier transform. The result shows if there is any dominating spatial frequency that 

can be linked to the physical characteristics of the DBR cavity structures. Figure 5.4.6 shows 
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spatial frequency of ~0.23 nm-1, corresponding to a free spectral range of 4.34nm. Such a free 

spectral range can be linked to a cavity length of ~21.1 µm which is close to matching the 15 

µm separation between DBR mirror and the calculated field penetration depth for each mirror, 

3 µm. 

 

5.5  Conclusions 

 

This chapter covered the work done using dip pen nanolithography (DPN) to create “negative 

patterns” in soft materials. Different DPN tip geometries were explored in the attempt to create 

nanoscale imprint patterns and both 1D and 2D grating structures were fabricated. A tip 

obtained from Team Nanotec with a 10º half-cone angle was used in the creation of distributed 

Bragg reflectors (DBRs) made of 2D gratings, with a pitch of 700 nm and features of 50nm 

modulation depth and a FWHM of 205 nm, imprinted into a spin coated green-emitting π-

conjugated polymer (poly[2,5-bis(2’,5”-bis(2”-ethylhexyloxy)phenyl)-p-pheylene vinylene]) 

Figure 5.4.6 Fourier Transform of the overlain spectra of figure 5.4.5. 

A spatial frequency of ~0.23 nm-1 is observed. 
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film. The DBR structures were coupled together to form planar optical cavities of length 15 

µm and 100 µm, respectively. These active cavities were optically pumped with a 355nm Q-

switched laser and the threshold for amplified spontaneous emission (ASE) tested. It was found 

that gain was achieved in a structure with 10-period DBRs separated by 15 µm. The ASE 

threshold pump energy was 0.4 µJ for this structure. It has been demonstrated that DPN has 

the capability of negatively patterning polymer films with sub-micron structures. Periodic 

structures realised in both a classical photoresist material as well as a light-emitting polymer 

have been demonstrated with feature sizes down to 160nm FWHM and 40nm of modulat ion 

depth. This is to our knowledge, at the time of writing, the smallest negatively pattern features 

obtained by DPN; moreover this was obtained in a sensitive light-emitting material. Structures 

designed and implemented have been shown to successfully act as reflectors in the light -

emitting polymer by increasing feedback and in turn decreasing the onset of ASE. The ability 

for the DPN to vary pattern design means that the technique has full customisation for 

prototyping and the construction of more exotic grating combinations; for example Fibonacci 

sequences, quasi-random periodicity, combination 1D and 2D structures could be fabricated 

based on the individual nanosize features. With the ability to pattern photoresist material there 

is also the capability of use in semiconductor device fabrication. 
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Chapter 6 

Conclusion and Perspective 

 

6.0  Conclusion 

 

The work presented in this thesis has concentrated on exploring and expanding the capabilit ies 

of the soft lithography techniques of inkjet printing and dip-pen nanolithography for photonics. 

Improvements have been demonstrated regarding the achievable patterning resolution, 

enabling novel applications and opening the field for rapid prototyping of photonic structures 

that was hitherto lacking. The results achieved in this work are helpful in understanding the 

potential role that the tools used have for micro- and nano-scale fabrication. They have also 

expanded the previously known capabilities and shown a drastic improvement whilst also 

demonstrating the ability to reduce wastage of material when compared to commercia l 

procedures. 

Chapter 1 provided an overview of lithographic techniques currently used in the fabrication of 

inorganic and organic structures. It was here that the niche for the tools and techniques used in 

this thesis were outlined and the motivation for this work was introduced. The role that 

lithography plays pertaining to the fabrication of photonic devices was described in this 

chapter. The ubiquitous nature of these devices in our daily lives is self-evident whether it is at 

home, work, or travelling with screens interactive devices taking a larger and larger position in 

our lifestyles. The motivation for this thesis recognised an area by which these devices can be 

improved and fabricated in a timely and cost efficient manner. 
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Chapter 2 examined the physics behind the technology to be examined, the light emission 

properties of inorganic LEDs as well as outlining a model for light emission in organic 

polymers. An overview of relevant semiconductor physics was given beginning with band 

theory and leading onto semiconductor doping and the p-n junction. A description of quantum 

wells and double-heterojunction devices was given as a lead into GaN LEDs, and basic 

fabrication details were given alongside several geometries and modes of operation. This led 

onto the designs of GaN LEDs that are used in this work, namely matrix-addressable GaN LED 

arrays, which form the base of the hybridisation work in chapter 3, and planar GaN LEDs which 

are used in chapter 4 in the fabrication of nano-LEDs. Polymers were introduced next as the 

next key component of the body of this thesis. A basic introduction to the structures that 

polymers can take led into an explanation of the guest-host system which is necessary for many 

patterning processes, in this case allowing the optically active polymer to be fixed within the 

matrix via UV polymerisation once deposited. A model for light emission in conjugated 

polymers was then discussed and the specific light emitting polymers used in this thesis were 

introduced. The chemical structures for the three LEPs used within the CHDV guest-host 

matrix were outlined and the optical features of the lasing polymer BBEHP-PPV were 

discussed. 

From chapter 3 onwards the results achieved in this work were presented. A short background 

by the work that inkjet printing technology has been used for previously was followed on the 

specifics of using the Dimatix DMP 2800 inkjet system including the specifications for 

operation and a discussion of its control systems. Next the ink design was explored in the 

context of the tolerances that the DMP2800 can manage and the aim of achieving a mult i-

wavelength colour conversion hybrid organic-inorganic photonic device. The absorption and 

emission properties of the LEP-CHDV blended inks were investigated for suitability as UV 



 

136 
 

colour converters and the inks had peak emission wavelengths of 418nm, 545nm and 645nm 

for blue, green and red emission respectively. The next stage was to ensure that we could 

control the shape of features being deposited. Hydrophobic surface treatments were explored 

initially on glass and then on the surface of the matrix-addressable GaN LED to be used. It was 

discovered that smaller features could be created by the hydrophobic treatment using PFODCS. 

However, deposition limited solely on the top of the LEDs was hard to achieve. This was due 

to the surface topography of the matrix-addressable micro-LEDs meaning that the ink could 

run into the tracks between the emitters and would also spread beyond the emitting area when 

deposited in larger volumes. A new deposition method was therefore employed to counteract 

this whereby once one droplet of LEP ink had been deposited upon the LED it would be 

immediately photo-cured to ensure it did not spread. Micro-PL measurements were taken of 

the printed samples, both when spot-pumped by a 375nm diode laser and when illuminated by 

the underlying UV GaN LED. The efficiencies for colour conversion when integrated onto an 

LED were calculated for each of the inks and found to be 13.2%, 31.5% and 5% for the blue, 

green and red hybrid LEDs respectively. An investigation was conducted into the spectral 

evolution of the hybrid LEDs as the bias was increased on the LED and it was possible to 

determine at what point the illumination saturates the integrated ink’s ability to colour convert. 

The LEPs used in this work were specially designed and synthesised by another group. Given 

the fact that there was a limited amount of the pure LEP available it was not possible to conduct 

a concentration study but given more access it is hoped that this would be possible to investiga te 

the effects of increasing the number of chromophores on the efficiency of colour conversion. 

The inkjet printer was also used to realise a totally mask-free fabrication method for LEDs 

whereby a pattern for an LED structure can be defined by a UV-LED direct writing set up.. 

The common n-contact was then created by printing a conductive silver ink track to contact the 

n-GaN and individually bonding the LEDs to be addressed. Thermal annealing of the silver 
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track generated a change in conductivity from 3.42x107μΩ·cm to 15.4μΩ·cm. The conductivity 

of bulk silver is 1.587μΩ·cm and thus it was seen that the conductive tracks deposited were 

only a factor of ten higher than that of the best achievable. 

Chapter 4 introduced the first work strand of Dip-Pen Nanolithography working towards the 

fabrication of nano-LEDs. Investigations into two types of photo-curable resist material were 

made and it was found that the acrylate based NOA series worked best. Both NOA 63 and 

NOA 68T were tested from this range as they are both UV-curable, transparent in the visib le 

spectrum, and when cured have Shore D hardnesses of 50 and 90, respectively. The main 

difference between the two materials is their viscosity prior to UV curing, NOA 63 has a 

viscosity of 2000 cps whereas NOA 68T has a viscosity ranging between 20,000 cps and 25,000 

cps. The increased viscosity of the latter allowed for smaller features to be deposited by the 

dip-pen system and, coupled with a reduction in dwell time, nanoscale features were achieved. 

The dimensions of the features deposited on a SiO2 substrate were 560nm and 840nm, 

respectively in the x and y directions which is a marked improvement on previously deposited 

photoresist structures. The ability to deposit photoresist on a nanoscale was combined with a 

plasma pacification process on planar LEDs in an attempt to fabricate nano-LEDs.  Treatment 

of the planar LEDs with CHF3 plasma has the effect of passivating the Mg-doped conductive 

layer which results in no current passing through the quantum well structures. In this way one 

can use a protective mask to prevent the plasma treatment passivation of a pre-determined area 

thus defining the active device. It was found that due to the surface structure and the resultant 

surface tension with the deposited NOA 68T that it was not possible to achieve the same size 

as was demonstrated on an SiO2 substrate. Definition of micro-emitters was achieved and the 

smallest emitter achieved with this method which had a 3 µm-sized emission profile at full-

width half-maximum. As with the inkjet printing the additive lithography offered by the dip-
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pen has been explored which readily offered the ability to deposit features of varying sizes in 

a swift manner and using miniscule amounts of material that ensures minimal waste during the 

process. 

The potential of additive lithography using the dip pen system has been explored to negative ly 

pattern materials, as reported in chapter 5. The tips provided with the NLP 2000 series dip-pen 

nanolithography tool were used to scribe tracks on a spin coated film of green-emitting π-

conjugated polymer (poly[2,5-bis(2’,5”-bis(2”-ethylhexyloxy)phenyl)-p-pheylene vinylene]). 

Write speed and tip pressure was varied whilst making 1D grating structures with a moderate 

degree of success. A key issue for this was found to be integral to the process itself - that of 

material displacement. Whilst writing, the material would either build up on the tip or be 

pushed aside. This caused large variations in the periodic structures being produced which 

would lead to large losses in any optically active structure. The next process attempted was to 

define 2D gratings where the tips were pressed into the surface to create a periodic structure of 

dot arrays. Initial results were successful but the desired resolution could not be achieved with 

the provided tips. Thus a new tip was purchased from Team Nanotec with a half-cone angle of 

10° and radius of 10 nm at the tip to try to achieve higher resolution. The utilisation of a finer 

tipped tool enabled creation of DBR structures with a periodicity of 700 nm and a modulat ion 

depth of 50 nm. These were used in lasing structures varying the number of periods in the 

DBRs and width of the laser cavity penetration. It was found that with the addition of these 

DBR structures onto a spin-coated film of the green emitting polymer that the threshold optical 

pump energy necessary for gain was reduced from 5.5 µJ to 0.4 µJ. Again a highly flexib le 

technique was demonstrated that lead to the fabrication of photonic devices that allowed for 

rapid prototyping for various designs within a reasonable time-frame and without requirements 

for new materials, masks, or imprint stamps. 
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6.1  Future work and Perspectives 

 

There are many avenues that can be explored to further the work done in this thesis. One is 

improvement of the placement fidelity for the inkjet printer deposition into a well structure for 

definite confinement. This would allow for enhanced positioning and a form of correction for 

any minor placement misalignments. In addition there are many more organic light emitting 

polymers than can be explored in conjunction with the printer that may yield higher colour 

conversion efficiencies. To ensure that all of the underlying UV light is converted, an 

investigation into higher concentrations of colour converters in the ink could be conducted. 

The dip pen technique can also be examined for improvements; investigating different tip 

geometries that might allow for finer structures with a larger modulation that would produce 

better and/or more broadly applicable photonic structures. Design of the photonic structures 

can be investigated in various avenues; combination 1D and 2D structures, fractal structures, 

etc. The ability to scribe nano-scale troughs could be useful in the realm of microfluid ics, 

designing the channels on a flexible substrate. Different mask materials can be utilised for the 

fabrication of nano-LEDs which are less permeable to the plasma treatment and thus mainta in 

the structure, coupled with current super hydrophobic coatings the size of resist deposition 

could be greatly reduced to give nano dots of material. 

The techniques developed here have a broad range of potential uses and can be combined with 

many other technologies to give a potent tool kit in the design and development of micro- and 

nano- fabricated devices. The dip-pen system has subsequently been used to demonstrate 

transfer printing of inorganic LEDs which can easily be combined with the work covered in 

this thesis in the production of advanced hybrid materials [1,2]. The probe holder for the DPN 

was adapted to take an elastomeric stamp.  The elastomeric stamp picks up suspended LED 
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devices and can be re-bonded to a separate substrate via capillary action and Van der Waals 

bonding. This allows devices to be grown on a GaN wafer then transferred to a diamond 

substrate for enhanced thermal dissipation properties. Coupling the drop-on-demand nature of 

the inkjet printer, the placement capabilities of transfer printing, and the nano patterning of the 

dip pen highly customisable inorganic-organic hybrid materials and devices can be fabricated. 

Placing large area inorganic structures, placing nano-patterned structures upon the surface via 

the dip pen, and deposition of light-emitting organics with the drop-on-demand inkjet printer 

that enables fully hybrid inorganic-organic optical devices in a flexible manner whose emission 

properties can be sculpted by not only selection of organic material but by the modulation of 

nano-patterning it is placed upon. 

The field of optogenetics also benefited from the work completed in this thesis, whereby the 

use of light-sensitive proteins can be stimulated with LED probes to control neural activity.  A 

probe was designed with a view for testing the thermal and optical characteristics of such a 

probe in vivo. The community holds a commonly held concern that as LEDs are employed 

there would be thermal damage to the surrounding tissue as the device heats up. It was found 

not to be the case for these custom probes but a key stage in their fabrication was laser dicing 

and thinning to remove them from the substrate. Initially it was found that the edges of the 

probes were damaged during the laser lift-off process. As a protective step the injet printer was 

used to deposit a photo-resist layer onto the LED tip. It was successful and the probes fabricated  

with this step functioned correctly. Given the flexibility of the inkjet printing process it would 

allow further customisation of the probes to no impediment for the inkjet protection step. 

Visible light communications (VLC) is one research avenue that greatly benefits from the 

capabilities that this thesis has highlighted. The need for rapid data transfer is only growing 

with our reliance on electronic media; to keep up with increasing amounts of data streaming 
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new systems must be developed. VLC serves this purpose by several means and when visib le 

wavelengths of light are used data can be encoded in light sources currently employed serving 

dual purposes. Imagine the situation in a meeting room where a presentation is being made, the 

lights in the ceiling can be pulsed at a rate the human eye cannot detect but that a semiconduc tor 

photo-detector can. The presentation can automatically be transferred to any laptop or tablet 

wirelessly by the very light illuminating the room. Enhanced security is also possible here as 

only those devices with access to the light source would receive the data; the wireless 

transmission is blocked by optically opaque materials. 

Transmitters for such a purpose need to have a rapid response time to ensure fidelity of signal 

at higher bit rates. Thus patterning of fast response photonic organics is essential when coupled 

with the inorganic LED’s capability for short pulse lengths. A device design that incorporates 

all the aspects of this thesis is shown in figure 6.1.1. Enhancing the potential of the inkjet 

printing for the purposes of VLC requires an increase in the ability to place the organic colour 

converter on the LED emissive area. Introduction of a well mask on the LED design would 

achieve this function and permit a thicker membrane of colour converter to be placed. To 

enhance the light extraction of the hybrid device the patterning technique of the dip-pen can be 

used prior to organic deposition to create optically- active structures and once the fast-response 

organics have been placed the inkjet can deposit an optically clear material to form a lens. All 

this creates one emitter that can be used for data transfer, however the capability to deposit 

different organic inks allows for wavelength multiplexing with three different inks transmit t ing 

different data streams. The fact that these are part of an individually addressable LED array 

means that the power to each LED can be varied to generate white light, assuming RGB LEDs 

are fabricated. 
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Figure 6.1.1 Illustration of a fusion of the techniques developed in our work to achieve a high 

efficiency hybrid LED. 

In the case where these micro-LED arrays are used to transmit data along polymer optical fibres 

they gain a further advantage in the bit rates possible. Each “pixel” consists of 3 LEDs which 

can stream separate data by wavelength multiplexing. In addition, as the LEDs are part of a 64 

x 64 array, several such pixels can be operated together and spacial multiplexing is achievable 

as another dimension for encoding data. 
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Abstract A hybrid organic-inorganic micro-light-emitt ing-diode (micro-LED) array fabricated via inkjet printing 

of tailored red, green and blue light-emitting-polymers (LEPs) is reported. Composite inks consisting of a 

transparent encapsulation matrix loaded with LEPs having absorption optimised for 370 nm and peak emissions 

at 413nm blue, 535nm green and 610nm red, respectively, were integrated onto a 50µm pitch micro -LED array 

emitting at 368 nm. A layer-by-layer ink-jet deposition method is proposed and demonstrated in order to achieve 

precise control over the spatial structures of the colour-converting materials. The resulting colour conversion 

efficiency is found to be up to 31.5% for 20 layers of 1pl droplets of 20mg/mL LEP-ink solution individually  

integrated onto pixels of the array. 

 

I. Introduction 
  

 The hybridisation of Gallium-Nitride (GaN) 

light-emitting diodes (LEDs) with chromophores for 

colour-conversion is a growing technological topic 

that aims to efficiently extend the emission spectrum 

of a monochromatic LED across the visible, to 

generate white light by colour-mixing and in some 

cases to deliver multi-colour light emission from a 

single LED array chip. Colour-converting materials 

are typically deposited or integrated on top of bare 

LEDs in order to absorb LED light and re-emit 

photons at longer wavelengths 1-4. Applications for 

such hybrid GaN LEDs are varied and include solid-

state lighting 5, scientific instrumentation and visible 

light communications (VLC)6-7. For all these 

applications, the light sources hybrid format is 

critical because, despite undeniable progress, the 

efficiency performance of the GaN LED technology 

is optimum in the blue-violet part of the spectrum 

and significantly degrades at longer wavelengths.  

While broad-area LEDs, with typical emitting area 

sizes of 300µm x 300µm and above, are the most 

common, there exists another LED format: the so-

called micron-size LED (micro-LED). Micro-LEDs 

have a designed emitting area spanning the range 

from 100 µm x 100 µm down to a couple of µm2.  

Their micro-size provides them with unique 

characteristics: they can be driven at higher current 

density than their broad area counterparts and can 

also be modulated at higher frequencies 9. 

Furthermore, thousands of these micro-emitters can 

be combined onto a 1 mm2 chip. In this way, arrays 

of individually-addressable micro-LEDs can be 

made and possibly integrated with CMOS 

electronics 8, paving the way for truly smart micro-

displays with both spatial and temporal control 

(pulses down to few hundreds of picoseconds in 

duration have been reported9). This makes micro-

LED chips particularly well-suited to scientific 

instrumentation10 and VLC applications11. Their 

functionality can be further extended through 

hybridization with appropriate colour-converters, 

adding spectral flexibility to the spatial and temporal 

capabilities. 

Important characteristics for a LED colour-

converter are processability, conversion efficiency 

and, for certain applications, excited state lifetime. 

The latter basically dictates how fast a colour-

converter responds to a time-varying signal while 

shifting it to longer wavelengths. Current 

commercial white LEDs use colour-mixing with 

inorganic rare-earth phosphors as converters, which 
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are efficient but have excited state lifetime of the 

order of a few µs up to the ms regime 12. Such an 

excited state lifetime is definitely too long for 

applications requiring nanosecond-pulses or fast 

modulated visible signals (again e.g. 

instrumentation and VLC). For faster responses, 

other types of luminescent converters such as 

organic chromophores and colloidal quantum dots 

can be considered 13,14. These colour-converters are 

also relevant for illumination as the sustainability of 

rare-earth materials is not ensured due to limited 

supplies 15. Of these two types of colour-converters, 

organic chromophores have the shortest excited 

state lifetimes with values of 1 to 5 ns typical for 

emission in the visible. However, organic colour-

converters have often limited spectral absorption 

bandwidth, which necessitates a careful choice of 

the material for matching the emission wavelength 

of LEDs and can in turn complicate the fabrication 

of multi-colour hybrid LED chips.  Thus, there is a 

need for organic colour-converters having different 

emission wavelengths but sharing the same 

absorption profile. In principle, such absorption-

engineered materials could then be processed and 

directly deposited onto an LED array for hybrid 

integration in order to obtain, in a simple manner, 

multi-colour emission from a single LED chip.  

In this work, we combine a 368 nm GaN-based 

micro-LED array with three light-emitting-polymers 

(LEPs) that, crucially, share the same peak 

absorption wavelength of ~370 nm16 while emitting 

respectively in the blue, green and red region of the 

visible spectrum. This common excitation 

wavelength makes it possible for one UV LED array 

overcoated with these LEPs to yield red, green and 

blue emission, thereby facilitating fabrication of 

multi-colour micro-displays. The chosen hybrid 

integration approach utilises drop-on-demand inkjet 

printing technology to deposit composite inks based 

on the LEPs directly onto the desired pixels 17. A 

layer-by-layer method for the ink deposition is 

developed in order to obtain optimum combined 

control of conversion efficiency and spatial 

coverage. The LED device used in these 

experiments is a 64x64 matrix array of individually 

addressable pixels; each pixel has a 16-μm diameter 

emission area and the pitch (separation between 

emitters) is 50 µm. The device emits in a top-

emitting format i.e. through the p-doped GaN layer 
9.  

In the following, in section II, we present the design 

structures of the LEP materials as well as the 

preparation steps of the related inks. In section III, 

we describe the deposition process for the colour-

converting inks and in particular the layer-by-layer 

optimisation. Finally, we present the results of fully 

integrated hybrid devices in section IV. 
 

II. Ink Preparation and Characterisation 

 

The LEP materials used are co-polymers 

based on a polyfluorene backbone, facilitating an 

identic UV-blue absorption spectrum peaking at 

370 nm. The emission characteristics however are 

tuned by selecting different emissive monomer units 

as shown in figure 1. These are respectively 2,7-

dibromo-9,9-(dihexyl)fluorene for the blue-emitter 

P1, 4,7-dibromo-2,1,3-benzothiadiazole for the 

green-emitter P2, and 4,7-bis(5-bromo-2-thienyl)-

2,1,3-benzothiadiazole for the red emitter P3. 

Following excitation of these materials at 370 nm, 

resonant energy transfer ‘funnels’ the energy rapidly 

along the conjugated polymer backbone from the 

absorbing donor fluorene unit to the acceptor 

emissive unit (P1, P2 or P3). Reported 

characterisation for these materials gives internal 

photo-luminescence quantum yield (PLQY) 

efficiencies of 63%, 45% and 31% for the blue, 

green and red materials, respectively, when excited 

at 370nm in toluene solution 16. The decrease in 

PLQY with increasing emission wavelength is due 

to a reduced spectral overlap between the emission 

of the polyfluorene backbone and the absorption of 

the emissive unit 18. The conjugated polymers are 

functionalized with divinyl ether moieties to allow 

them to be incorporated into vinyl ether and glycidyl 

ether photoresist matrices (see fig. 1). This increases 

the processability of the resulting materials. The 

LEPs are then incorporated into a solvent-less 

photocurable matrix suited for ink-jet printing. 
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The following procedure is used to 

formulate photocurable composite inks from the 

LEPs. LEP powder is combined with 1,4-

cyclohexanoldivinyl ether monomers solution 

(CHDV), the encapsulation matrix material19, and 

4–octyloxy-diphenyliodonium 

hexafluoroantimonate, a photo-acid generator 

(PAG), to carry on polymerisation. The CHDV 

matrix is optically transparent at 370 nm20 and 

throughout the visible spectrum 19, and thus can 

transmit both the direct micro-LED and LEP 

emission. Upon exposure to UV light the PAG 

dissociates to form an acid, which initiates a cationic 

polymerization, causing cross-linking of the CHDV 

monomer alongside the LEP divinyl ether. This 

allows immobilization of the LEP into a solid 

CHDV-polymer matrix. Specifically, the composite 

inks is made by measuring out 30 mg of LEP 

powder using a high precision scale and then 

dissolving it in 200 µL of chloroform. This solution 

is then added to 1.5 mL of the CHDV monomer and 

3 mg of the PAG, which is adequate to ensure rapid 

polymerisation. The initial dissolution of LEP into a 

solvent aids the complete mixing of the LEP 

material within the CHDV monomer solution. The 

resulting solution undergoes vacuum treatment for 

30 s to fully evaporate remaining chloroform 

solvent and is passed through a 0.2-μm-pore size 

PTFE filter to remove any large particulates. 

We prepare film-on-glass samples using the 

LEP-inks to check for absorption and 

photoluminescence (PL) characteristics and confirm 

that the respective spectral peak positions remain 

unchanged once the LEPs are incorporated into the 

CHDV matrix. This is important to ensure the 

absorption peak of each of the different LEP-ink 

materials remains optimal for the UV LED emission 

wavelength. Absorption measurements are taken 

using a UV-VIS Cary spectrophotometer and the PL 

is measured with a fibre-coupled grating CCD 

spectrometer under 375nm laser excitation of the 

sample. The solid films of LEP inks are created via 

spin coating, using 100 μL of ink solution onto 

cleaned glass cover slides by spin coating at 

2000 rpm for 60s. Films are subsequently photo-

cured under 370 nm illumination for 60 s for a total 

exposure dose of 2.5 J.cm-2. Figure 2 shows the 

absorption and emission spectra of the different 

inks. The absorption profiles peak at ~370 nm for 

each polymer ink. Secondary absorption peaks in 

samples with P2 and P3-based LEPs are caused by 

absorption of the different emissive units. Figure 2 

also shows that upon photo-pumping at 375 nm 

emission in the visible spectrum is obtained. The 

three materials in question have vibronic emission 

peaks or shoulders at 413 nm, 437 nm and 460 nm; 

545 nm; and 610 nm and 660 nm for P1, P2 and P3 

emission, respectively 16. 
 

III. Ink-jet Deposition for Integration 
 

The printer used for integration of the composite 

inks with the micro-LEDs is a Dimatix DMP2800 

printer, with drop-on-demand technology using a 

piezo-controlled microelectromechanical membrane 

within the print cartridge20,21, delivering droplets 

Fig 1. Chemical structures of the three LEPs used in this work. 

Each LEP is a statistical copolymer with a common conjugated 

polyfluorene backbone. The functionalisation units, dictating the 

emission colour of the molecules, are also shown in the box on the 

right. 
Fig 2. Normalised absorption and photoluminescence 
spectra for films of LEP in CHDV. Absorption spectra: 
P1, dashed line; P2, dotted line; P3, dot -dashed line. 

Photoluminescence spectra are represented by solid 
lines. 
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volume down to 1 pL. The available printing area of 

the system is 200 mm × 300 mm with a positioning 

repeatability of +/-5 μm. A fiducial camera is 

available for substrate alignment. The DMP2800 

cartridges impose some restrictions on the fluid to 

be jetted. The controlled deposition of an ink 

depends on its properties when ejected and on those 

of the substrate the droplet is deposited onto. A large 

surface tension causes the fluid to resist jetting, as 

does a high viscosity. The viscosity at the point of 

ejection has to be between 10 and 40 centipoises and 

the surface tension with the jetting nozzles around 

30 dynes/cm. After deposition, surface tension 

between the ink droplet and the substrate determines 

the feature shape obtained, dictating the thickness 

and width of features on top of the LED. A 

hydrophilic surface provides a low surface tension 

and a low contact angle, resulting in wide, shallow 

features. Conversely a hydrophobic surface yields 

smaller but taller features as the jetted volume stays 

constant 22,23(1pL here). 

The printability of the three LEP inks is 

assessed by depositing the materials on cleaned and 

surface-treated silica substrates. Protocol for 

cleaning and treatment of the SiO2 substrate is first 

to submerge it in acetone and then in methanol for 5 

minutes each whilst in an ultrasonic cleaner. To 

deposit the surface treatment the substrate is air 

dried and left in an enclosed chamber with a 

saturated atmosphere of tridecafluoro1,1,2,2tetra -

hydro-octyl(1)dimethylchlorosilane. Condensation 

occurs on the glass substrates where the silanisation 

treatment adheres to loose oxygen bonds of the SiO2 

surface. The surface energy of the substrate surface 

is altered after this treatment, which results in an 

increase of the hydrophobicity and in turn reduces 

spreading of printed ink droplets. This effect is 

critical for the precise deposition of colour-

converting materials onto each micro-LED 

individually. For full hybrid devices, deposition of 

the silane surface treatment onto the micro-LED 

device is done by leaving it within the 

aforementioned chamber for 60 minutes as well. The 

LED device has a SiO2 surface layer so the treatment 

adheres in the same way as for the glass substrates. 

The micro-LED array is fully cleaned during 

manufacture so no additional ultrasonic cleaning is 

necessary beforehand.  

Test printing of red, green and blue LEP-ink 

arrays is conducted on silane-treated glass substrates 

with droplet separation of 50 μm. A layer-by-layer 

approach for ink deposition and 

photopolymerisation is taken in order to build-up 

and control the feature thickness, which is desirable 

for light conversion, while minimising space 

coverage. This approach is advantageous in this 

context compared to the more standard route of full 

material deposition before photo-polymerisation 

(see discussion and comparison further). Stylus 

profilometre measurements is taken to assess the 

evolution of the feature morphology and height with 

the number of printed layers. Each deposited 

droplets (1 pL) is photo-cured at 370 nm for 60 

seconds, giving an exposure dose of 2.5 J.cm-2, 
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Fig 4. Normalised micro-photoluminescence spectra and optical 

micrographs of 5 layers of 1pL printed pumped with a 375-nm laser. 

 

Fig 3. Evolution of the height of ink-jet structures with the number of 

deposited layers (each 1pL). Insert, top: optical micrograph of 

deposited droplets prior to dektak measurements, 100 µm centre to 

centre pitch. Insert, right: stylus profilometre measurements of 

structures composed of 1 (dash-dotted line), 2 (dotted line), 5 (dashed 

line) and 20 (solid line) printed layers of 1pL droplet.  
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before a subsequent droplet can be printed to form 

an additional layer. Figure 3 shows the height 

evolution of the printed features. The final profile of 

a 20-layer printed structure using this technique is 

shown in inset of figure 3. The dome-shape feature 

is 4 µm in height for a diameter of 30 µm at full 

width half maximum.  

Micro-photoluminescence spectra are 

measured on 5-layer printed structures pumped with 

a 375 nm-emitting laser diode at an optical power 

density of 187 W/cm2; the corresponding emission 

profiles are displayed in figure 4. The main peaks 

for P1 remain consistent with the spectra obtained 

for the LEP films; the PL spectrum exhibits vibronic 

peaks at 412 nm, 435 nm and 465 nm. The spectra 

for P2 and P3 however have shifted maxima at 

530 nm and at 600 nm for, respectively, P2 and P3. 

Additionally the shoulder previously observed (see 

fig. 2) for P3 at 660 nm is non-evident. The 

difference in spectral shape with the PL 

measurements done on films and in particular the 

dominance of the lower wavelength emission peaks 

is attributed to less self-absorption in these thinner 

printed structures. For both P2 and P3 materials, in 

both films (fig. 2) and printed structures, a residual 

emission centred at 410 nm is measured, 

corresponding to the photoluminescence from the 

copolymers backbone (the polyfluorene absorbing 

units). This is due to incomplete energy transfer 

between donors and acceptors.  

For full hybrid devices, two approaches of ink 

deposition is tried and compared: the ‘layer-by-layer 

with photo-curing steps’ approach described 

previously and a ‘full printing before 

polymerisation’ method, referred to as the standard 

method hereafter. The standard technique consists in 

depositing 20 1 pL droplet of liquid in a row 

followed by photo-curing only after the full 20 pL 

has been deposited. The layer-by-layer technique, as 

explained before, consists in printing 20 layers of 1 

pL droplets with intermediate photo-curing steps 

between each droplet deposition. SEM images of 

hybrid micro-LED pixels fabricated with these two 

approaches are shown in figure 5. An SEM image of 

a bare micro-LED pixel, i.e. with no deposited ink, 

is also shown for information (top). The structure 

printed with the standard method (bottom left) 

exhibits a larger degree of spreading compared to 

the layer-by-layer method (bottom right). This effect 

is undesirable for generating small diameter, high 

thickness colour-converting structures. On the other 

hand, while an extended UV exposure can lead to 

some shrinkage of the CHDV matrix, the layer-by-

layer printing approach gives overall better control 

on the thickness of the colour converter, allowing 

optimisation of the conversion efficiency. The layer-

by-layer technique is thus well-suited for printing 

onto a micro-LED as each deposited droplet is 

immobilised on top of the emissive area, permitting 

the successive formation of layers and the build-up 

of printed converting structures without wasting 

material that could otherwise spread between micro-

pixels. 

Fig 6. Red, green and blue arrays printed onto LED device and 

illuminated with a 370 nm lamp (a). Tri-colour arrays printed onto 
a packaged 370 nm emitting 64x64 matrix addressable micro-LED 
array, illuminated by each underlying UV pixel (b) 

 

Fig 5. SEM images of a bare micro-LED pixel (top) and of two 

pixels integrated with CHDV (bottom).  The SEM image of the bare 

pixel was taken under 10 kV acceleration voltage and 1500x spot 

magnification. The SEM images of the two pixels integrated with 

CHDV were taken under 5 kV acceleration voltage and 1200x spot 

magnification. The bottom left pixel was deposited with 20 layers 

of 1 pL then cured. The pixel on the bottom right was printed using 

the layer-by-layer technique. 
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IV. Hybrid Device Characterisation 
 

Successful integration of the three LEP inks 

onto a 368-nm-emitting matrix addressable micro-

LED array is achieved. For this, 20 layers of the 

relevant ink are deposited onto each pixel (micro-

LED) of the array using the layer-by-layer approach. 

Optical micrographs of the resulting tri-colour 

micro-LED array with the underlying UV micro-

LEDs switched on are shown in figure 6. A clear 

RGB array using a single LED chip with a centre-

to-centre spacing of 50 μm is thus demonstrated. 

Figure 7 shows the emission spectra of the 

hybridized devices. The peak at 368 nm is caused by 

unabsorbed light from the underlying GaN micro-

LEDs; longer-wavelength peaks are caused by the 

colour-converted emission from the integrated LEP 

structures. Peak emissions at 413 nm, with a 435 nm 

shoulder, for P1-based LEP ink, 545 nm for P2-

based LEP ink and 600 nm for P3-based LEP ink are 

obtained as could be expected from initial PL 

measurements of non-integrated structures (see 

section III). 

The effect of the shape of the printed structure 

on the spatial emission profile and on the light 

extraction from the device is also investigated. 

Optical power measurements are made with a 

Coherent Fieldmax Top power meter for a bare pixel 

and  repeated with the same pixel overcoated with 

10 layers of pure CHDV matrix (i.e. with no LEP). 

In addition, the emission profile is determined by 

combination of a JVC TKC721EG charge-coupled 

device (CCD) camera and an Aerotech BM75 

goniometer. The results show negligible changes in 

both the power and emission profile of the LED, 

implying there is no significant change in the 

extraction efficiency of LED light due to lensing of 

the polymer deposited on the micro-LED.   

The colour-conversion efficiency of the hybrid 

micro-pixels is assessed. The LED light absorbed by 

the ink-structure is calculated by taking the 

difference between the forward emission of a 

reference LED, which is hybridised with a CHDV 

matrix dome containing no LEP material, and that of 

an LED integrated with a similar structure but made 

of the full LEP ink colour converter.  Having 

determined the proportion of light absorbed by the 

LEP, the ratio of the converted light to the amount 

of absorbed light yields the forward UV-to-visible 

power efficiency for the integrated LEP structure. 

Forward power efficiencies of 13.2%, 31.5% and 

5% for the integrated structures of P1-based ink, P2-

based ink and P3-based ink, respectively, are 

obtained. The value for the P1-based device is 

underestimated because of some overlap of its 

emission with the micro-LED (see figure 7).  The 

lower efficiency found for the red device is 

attributed to the reduced quantum efficiency as 

mentioned in section II as well as possible polymer 

degradation over time. For future improvements the 

issue of reduced quantum efficiency could be 

addressed in the future by copolymerizing 

benzothiadiazole moieties into the P3 polymer, 

which would facilitate an improved energy cascade 

Fig 8. Evolution of the emission profile for the green composite ink 

with increasing bias applied to the micro-pixel (b). Insert showing the 

change in ratio of the UV and converted peaks with increasing current. 
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Fig 7. Emission spectra of hybridised micro-LED pixels. The 
PL peak at 370 nm is unconverted UV light from the underlying 
pixel and longer wavelength peaks at 413 nm, 532 nm and 610 

nm are down-converted light from the blue, green and red LEP 

inks respectively. 
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transfer into the red emitter. The polymer 

degradation could be addressed by reducing the time 

between synthesis and integration into the 

encapsulation material. 

Finally, an examination of how the light 

conversion changes with increasing applied current 

is conducted. Figure 8 shows results for a green 

pixel. Initially, the converted light dominates over 

the UV emission but this ratio of converted to 

unconverted light changes as the applied current is 

increased to the point where the unabsorbed UV 

signal dominates over the LEP emission. This is due 

to the saturation of the LEP absorption, where the 

LEP structure converts as much UV as possible 

given the LEP efficiency and concentration. The 

effect is characterised by a change in the slope of the 

ratio of converted light to that unabsorbed light 

(SLEP/SLED) with applied current, shown in the inset 

of figure 7. By looking at the evolution of SLEP/SLED 

versus applied current it can be seen that the hybrid 

device enters the saturation regime above 140μA of 

applied current.  Increasing the LEP concentration 

and/or the LEP-ink structure thickness should 

increase this value of current at saturation. 
 

V. Conclusion  

 

The hybridisation of a micro-LED array emitting in 

the near UV with red, green and blue-emitting 

polymers was reported using a drop-on-demand ink-

jet printing technique. The LEPs were engineered 

for maximum absorption at 370 nm and were further 

functionalised with divinyl ether to facilitate their 

incorporation into a host matrix in order to form 

colour-converting inks. These colour-converting 

inks were successfully integrated onto a 368-nm-

emitting, 64x64 matrix-addressable micro-LED 

array with a 50-µm pixel-to-pixel pitch by utilising 

a layer-by-layer deposition approach. This layer-by-

layer deposition enables a better spatial control over 

the colour-converting features. Single pixel colour-

conversion efficiencies from UV micro-LED 

emission to red, green and blue are measured to be 

5%, 31.5% and 13.2%, respectively, for 20 layers of 

1 pL droplets. This work demonstrates an attractive 

way to fabricate multi-coloured pixelated micro-

LED devices with control at design of each 

individual emitter spectrum. 
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Appendix A- NLP 200 Datasheet 
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Appendix B- Reflectivity calculation of a 

fourth-order in-plane grating 

 

This programme calculates the reflectivities of a DBR made by patterns in the surface of a thin-film of 

organic semiconductor (BBEHP-PPV here although parameters can be changed if considering other 

materials). The effect is that of a mode interacting with a one-dimensional grating but even 2D problems 

can often be reduced/ approximated to such an equivalent 1D pattern. The reflectivity calculated is for 

the TE0 mode of the equivalent slab-waveguide, made by the thin film of organic on glass, propagating 

perpendicularly to the grating (i.e. within the film). A typical value for the effective refractive index, 

neff, for the TE0 mode at a wavelength of 530 nm (that can be determined by a slab-waveguide analysis) 

for a BBEHP-PPV film of 200nm is considered. 

The DBR in the experiment is made by a modulation of the thickness of the film obtained by indentation 

at the film surface. The equivalent grating thus considered is at the interface of the organic and air. It 

has a given depth, 'dg', which is smaller than the film thickness. This problem is reduced to a 'complete' 

multilayer DBR structure with parameters obtained through a couple mode analysis. 

The reflectivity is computed using a matrix approach. A single, basic matrix represents the effect of the 

grating on the mode over one period. It encompasses the effects of, respectively, an interface, T, and a 

propagation matrix P (propagation in a medium of index neff over a distance equal to one period of the 

'grating', Λ ). The reflectivity matrix T is obtained through a couple-mode analysis (see below) and 

takes into account the effect of the air-organic interfaces weighted by the overlap of the field with the 

modulation structure (i.e. depending on the mode spatial profile and the grating depth dg). 

The grating considered here is a 4th order for the wavelength. The diffraction orders +/-1, +/-2 and +/-

3 are assimilated to loss (diffraction out of the organic film) and is incorporated as a loss term, α , in 
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the matrix T. α  represents the loss over one period. The diffraction order -4 is considered as the feedback 

or reflectivity, r, experienced by the mode over one period and, as said before, this effect is also 

incorporated in the interface matrix T. These loss and reflectivity terms are obtained from a 

determination of the coupling coefficients κ corresponding to the different diffraction orders. Some 

approximations were made but it is still based on the actual characteristics of the structures fabricated 

by dip-pen (more details below). 

The optical gain in the organic material (which can be triggered by optical pumping) is also taken into 

account by incorporating a gain term, g. This term g represents the distributed gain and is therefore 

incorporated in the propagation matrix P. The spectral dependency of this gain is assumed to have a 

Lorentzian shape with characteristic homogeneous and inhomogeneous linewidths as parameters. Note 

that the coupling coefficients are also wavelength dependent, however the refractive index dispersion 

of the organic is not taken into account. The model is therefore the most precise close to the central 

wavelength λ c. 

The matrix of a single period of the grating is given by the matrix product M= T  P.  The overall matrix 

MT of the structure is the product of this matrix by itself (N times M if N is the number of periods). 

The reflectivity of the mode is deduced from the elements of MT. The programme also includes the 

possibility to induce 'disorder' in the grating structure. This is done by considering an additional random 

phase term in the P matrix.  
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Overlap of the TE0 field mode with 'grating' 

 

Effective refractive index of the mode in the patterned film (this is separately calculated for the 

structure using an equivalent slab waveguide analysis) 

 

Grating/modulation period (recovered from the Fourier transform of the AFM profile) 

 

Refractive index contrast between BBEHP-PPV and air 

 

Duty cycle of the grating/nanostructure (average obtained by AFM measurements of 

nanopatterns) 

 

Grating/modulation depth  

 

Coupling coefficients - calculated with couple-mode theory 

The modulation is approximated to be sinusoidal for simplification 
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Programme - Reflectivity calculation of a fourth-order in-plane grating - 

Model of surface-patterned light-emitting slab-waveguide - 

Use for dip-pen patterned organic laser material 

PARAMETERS
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b 0.3 

dg 40 nm

ref ( )
n 


sin 2 

b














L N ( ) 2
n dg


 tan 

b












 ref ( )

sin  N
b












 N

sin  1
b












 1



















2



 m ( )
2n 

m 
 sin m 

b
















 

183 
 

  

Loss and reflection parameters for the matrix determination 

 

 

 

 

Gain definition 
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Random number generation for inclusion in a disorder term (as a random phase, see further) 

 

  

  
 

 

 

 

 

 

 

 

Reflection of DBR  
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SPECTRAL REFLECTIVITY 

  

PHASE AND PENETRATION DEPTH 
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Reflectivity of DBR laser structure (i.e. 2 mirrors and the separation gap made of unpatterned region) 
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