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Abstract 

Devices that combine the tuneable optical properties of 0-dimensional (0D) materials, such as 

perovskite nanocrystals (NCs), with the unique electrical properties of 2-dimensional (2D) 

layers, such as graphene, are promising candidates for the next generation of optoelectronics. 

However, these high-performance devices typically require bespoke fabrication techniques 

and are yet to reach commercial viability. Inkjet printing can offer a promising route for 

scalable manufacturing of devices on various substrates from Si/SiO2 to flexible polymers. 

However, many functional nanomaterials have not yet been formulated or optimised for 

deposition via inkjet printing and the fully printed heterostructures needed for many 

optoelectronic devices have proven challenging to fabricate. 

This work reports on the formulation of inks for inkjet deposition of all-inorganic CsPbX3 (X 

= Br or Br/I) perovskite NCs, graphene quantum dots (GQD), poly-TPD and TPBI, thereby 

increasing the availability of optically active and charge transport materials for additive 

manufacturing technologies. Using these inks, heterostructures were printed and their 

interfaces investigated to optimise printing strategies so as to improve uniformity and reduce 

intermixing between printed layers.  

With this knowledge, a variety of optoelectronic devices were printed. The perovskite and 

GQD inks were printed onto pristine graphene devices, which achieved photodetection in the 

ultraviolet to visible (UV-Vis) range with photoresponsivity up to R ~ 106 A/W. Fully printed 

photodetectors were also fabricated for applications on flexible substrates, by decorating inkjet 

printed graphene with perovskite NCs, which achieved photoresponsivity of R > 10 A/W. A 

fully printed perovskite light emitting diode (LED) was also fabricated, with six different 

materials, including the charge injection layers poly-TPD and TPBI, and while no emission 

was recorded, promising results were measured, indicating the viability of the fabrication 

method. This work expands the library of functional material inks and demonstrates the great 

potential of inkjet printing for the manufacturing of optoelectronic devices. 
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1 INTRODUCTION 

Traditional optoelectronic devices based on three dimensional (3D) semiconductors, 

such as Si, have limited size scalability due to carrier scattering from surface defects 

[1], and poor compatibility with the expanding market of flexible and wearable devices 

[2]. In recent years, optoelectronic devices based on low dimensional materials have 

been developed to address these challenges, and they are considered promising 

candidates for the next generation of optoelectronics [3–5]. These devices have risen 

to prominence in the last decade following the synthesis of new 0-dimensional (0D) 

materials, such as all-inorganic lead halide perovskite nanocrystals (NC), which 

display high photoluminescent quantum yields (PL QY) of near unity across the UV 

to visible (UV-Vis) spectral range, along with superior stability compared to organic 

or organic/inorganic perovskite materials [6,7]. These novel materials have enabled 

the fabrication of photodetectors that combine the tuneable optical properties of 0D 

materials with the unique electrical properties of 2-dimensional (2D) conductive 

layers, such as graphene, which have achieved photon detectors with high 

photoresponsivity up to R ~ 109 A/W [4,8]. 

However, these high-performance nanomaterial-based devices typically require 

bespoke fabrication techniques, limiting their reproducibility and scalability [4,9]. 

Additive manufacturing (AM), specifically inkjet printing, has the significance of 

offering a promising route for large scale, industrial style fabrication of devices 

incorporating nanomaterials, such as graphene [10,11], perovskites [12–16], and 

quantum dots. [17–19]. But there are still major challenges in developing these 

materials into inks, and printing the multi-layered and multi-material heterostructures 

required for many optoelectronic devices.  
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1.1 THESIS OVERVIEW  

In this thesis, the development of inkjet printing formulations and techniques for 

deposition of functional materials is presented, including all-inorganic lead halide 

perovskite NCs and graphene quantum dots (GQD), alongside an exploration of the 

fabrication of printed heterostructures for photon detection and emission applications.  

Chapter 1 is the introduction and overview of the chapters contained in this thesis. 

Chapter 2 provides a literature review on additive manufacturing of electronics, 

specifically using inkjet printing, how the process works, and how inks are formulated 

for inkjet deposition. This is followed by a literature review of the materials used for 

inkjet printed electronics. Then, a literature review on the methods used to formulate 

these materials into inks for inkjet printing is presented. Finally, a literature review is 

presented on inkjet printed heterostructures and electronic and optoelectronic devices. 

Chapter 3 outlines the main aims and objectives of this PhD thesis. 

Chapter 4 describes the materials and experimental methods involved in inkjet printing 

and characterising optoelectronic devices based on low-dimensional materials. This 

includes, details on rheological measurements, ink formulations, and inkjet printing 

parameters used for each material, the morphological measurements used to 

characterise materials, and the electrical and optical measurements performed on 

devices throughout this thesis.  

Chapter 5 reports on the experiments performed towards the formulation and 

optimisation of materials for inkjet deposition and the characterisation of inks and 

printed films.  
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Chapter 6 presents and investigation on inkjet printed heterostructures for 

optoelectronic devices, including wetting phenomena that can occur when printing 

heterostructures and a study of how printing parameters affect the quality of 

heterostructure interfaces. 

Chapter 7 investigates the properties and performances of partially and fully-printed 

graphene-based photodetectors decorated with photoactive materials, such as 

perovskites and graphene quantum dots. Progress towards a fully printed perovskite 

LED is also presented. 

Chapter 8 concludes the thesis, providing an overview of the key findings  

Chapter 9 remarks on the future prospects for work beyond this thesis. 
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2 LITERATURE REVIEW 

2.1 ADDITIVE MANUFACTURING OF ELECTRONICS  

Additive manufacturing (AM) technology is based on layer by layer deposition of 

materials and has attracted interest for applications in many sectors including the 

aerospace [20,21], biomedical [22], and electronics industries [23]. This technological 

approach enables digital information to be transformed into physical forms and is 

increasingly being used for the production of end use parts [21,23]. AM offers unique 

benefits, such as the ability to produce complex designs, minimizing waste, enabling 

affordable manufacturing, and reducing lead time [24]. Structural parts fabricated 

using AM are typically based on a single material [25], however, the next generation 

of AM technologies requires the production of multi-material structures. Moreover, 

the AM deposition of functional materials, required for advanced electronic 

components, is still under development [11,26–29] but could provide an important step 

to achieving the fabrication of fully printed electronic components [30].  

Among the AM processes, ink- and material-jetting techniques are considered the most 

promising for multi-material electronics. This is because multiple printheads can be 

used to facilitate the deposition of multiple different materials with relative simplicity. 

Jetting techniques also allow for a high resolution of patterns and are highly adaptable 

to different fabrication processes [31–33]. In these processes, an ink is ejected through 

a nozzle and structures are produced by moving the stage or printhead in a pre-

determined pattern. No physical contact is made with the substrate during deposition 

so the risk of damaging the sample is minimal and a wide range of substrates are 

suitable for these methods including rigid, flexible, and curved substrates [30].  
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2.2 INKJET PRINTING PROCESS  

Inkjet printing enables the deposition of inks with a resolution of ~ 20 µm [34]. Inkjet 

printing can be operated continuously or in a drop-on-demand (DoD) mode. In 

continuous inkjet printers, drops are selectively charged by an electrode after they are 

formed. They then pass through a high voltage deflection plate where charged drops 

are allowed to fly directly through and onto the substrate, while the uncharged drops 

are deflected into a gutter for recirculation [35]. DoD inkjet printers produce a droplet 

only when one is required, hence providing a more sustainable manufacturing option. 

There are four categories of DoD depending on the mechanism used for drop 

formation: thermal, piezoelectric, electrostatic, and acoustic [35].  

Piezo-driven DoD inkjet printheads are usually employed due to low power 

consumption, long lifetime, and because they enable the use of inks with a wide range 

of viscosities and solvents [36]. A piezoelectric transducer is used in a piezo-driven 

DoD printhead. When a drop is required an excitation pulse distorts the piezoelectric 

material in the printhead, creating pressure waves in the fluid. A drop is ejected when 

the kinetic energy transferred from the piezo transducer to the fluid is sufficient to 

overcome the surface tension of the ink at the nozzle [37]. A schematic diagram of a 

piezo-driven DoD inkjet printhead is shown in Figure 2.1a. The process of droplet 

formation from the printhead can be controlled by adjusting the voltage waveform to 

manipulate the electronic pulses to the piezo jetting device. This can then be optimised 

for a particular ink by using a drop-watcher system. The size of the ejected droplet is 

dependent on the diameter of the nozzle, however, the resolution of the print itself is 

dependent on many other variables, such as substrate wettability and the precision of 

the positioning system [36]. 
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Figure 2.1. a) Schematic diagram of piezo-driven DoD printhead. When a 

drop is required, an electric pulse deforms the piezo-ceramic plate to eject 

ink through the nozzle. The ink is replenished after the removal of this 

electronic pulse. b) Relationship between Ohnesorge number and Reynolds 

number, for a given printhead which shows the regime of fluid properties 

require for DoD inkjet printing.(reproduced from reference [36]). 

 

High resolution patterns can only be printed when the formation of droplets is reliable 

and stable, which requires ink formulations with particular rheological properties 

(Figure 2.1b) [36]. The printability of an ink formulation can be quantified by the 

Ohnesorge number,  𝑂ℎ , which can calculated using Equation 1, where 𝜌d  is the 

density, 𝛾 is the surface tension, and 𝜂 is the viscosity of the ink for a given nozzle 

diameter 𝑎.  

𝑂ℎ =   
𝜂

√𝜌d𝛾𝑎
 =  

√𝑊𝑒

𝑅𝑒
 (1) 

These parameters can be visualised using the Reynolds number 𝑅𝑒, and Weber number 

𝑊𝑒, derived from the Navier–Stokes flow equation [38]: 

𝑅𝑒 =  
𝜌𝑑𝑣𝑎

𝜂
, (2) 
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where 𝑣 is the velocity of ejected droplets. Derby et al. showed that optimal printing 

is achieved when the inverse of the Ohnesorge number, Z = 1/Oh, has a value between 

1 and 10 [39]. For a standard printer with a nozzle diameter of 20 μm, this means 

optimal printing is achieved using an ink with viscosity between 1 and 25 mPa.s and 

surface tension between 25 and 50 mN/m [36]. Printhead heating can be used to adjust 

ink viscosity during printing, however, only over a small range (20 – 40 °C) to avoid 

ink drying in the nozzle. High boiling point solvents are often added to ink 

formulations to avoid nozzle clogging. For nanoparticle-based inks, the size of 

particles that can be printed is limited by nozzle size. Typically, particles with size > 

1% of the orifice diameter can cause the nozzles to clog and stop droplets from forming 

[36].  

The smallest feature size that can be achieved during printing is highly dependent on 

the wettability of the ink on the substrate. The wettability of a specific solvent on a 

substrate can be quantified by the contact angle formed between a drop of solvent and 

the solid surface. A larger contact angle tends to lead to smaller feature size (greater 

resolution) and greater film thickness. This contact angle, 𝜃, is dependent on the free 

solid surface energy, 𝛾𝑠, the interfacial energy, 𝛾𝑠𝑙, and the solvent surface tension, 𝛾𝑙. 

These values are visualised in Figure 2.2a. and can be expressed by Youngs equation: 

𝛾𝑠𝑙 = 𝛾𝑠 − 𝛾𝑙. 𝑐𝑜𝑠𝜃 (3) 
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Figure 2.2. a) Diagram expressing a liquid droplet on a substrate to visualise 

the contact angle 𝜃 , the free solid surface energy 𝛾𝑠 , the solvent surface 

tension 𝛾𝑙, and the interfacial energy 𝛾𝑠𝑙. b) Optical image of a single printed 

drop of CsPbBr3 perovskite nanocrystals with a coffee ring drying pattern.  

 

The drying behaviour of the ink after deposition on the substrate is also an important 

factor that must be controlled to achieve uniform films. Evaporation of the solvent can 

lead to unfavourable and inhomogeneous distributions of the dispersed material due to 

the ‘coffee ring effect’. This phenomenon is where dispersed material in a droplet is 

carried to the edges of the drop during drying, leaving a ring shape of the dispersed 

material, with more material at the edge and less at the centre of the droplet when the 

solvent has completely evaporated (Figure 2.2b). This effect occurs because liquid at 

the edges of the droplet evaporates more readily than liquid at the centre [40]. To 

compensate for this loss in solvent at the edges of the droplet, the solution is carried 

by capillary flow from the centre to the edges, where solute is deposited over time 

forming the aforementioned ring shape [40].  

Marangoni flow also occurs in these droplets, where liquid flows from areas of low 

surface tension to areas of high surface tension and is driven by the gradient of the 

surface tension, Δ𝛾, on the surface of the droplet [40]. This effect redistributes the 

solute back from the edges of the droplet to the centre. The strength of the Marangoni 

flow, 𝑀𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ , is dependent on Δ𝛾 and the viscosity of the liquid, 𝜂, as follows [40]: 
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𝑀𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ ∝  
Δ𝛾 

𝜂
 (4) 

To eliminate the coffee ring effect and achieve homogeneous films, an equilibrium 

between capillary flow and Marangoni flow rates must be achieved. This can be done 

by carefully selecting an inks solvents with appropriate viscosities, surface tensions, 

and boiling points [40]. Heating the printing stage/substrate can also benefit the drying 

behaviour of the ink by increasing evaporation speed and thus changing the rates of 

capillary and Marangoni flow [41]. 

To fulfil the requirements for inkjet printing, ink formulations are developed with 

suitable ink rheology for stable and reliable droplet formation during jetting. The 

formulation must also enable the printing of uniform films with well-defined edges 

after drying [42]. Finally post-processing techniques must be carried out on the printed 

film to remove the solvents and additives present in the ink. It is important that during 

all these steps, the functional properties of the material being printed are maintained.  

 

2.3 NOVEL MATERIALS FOR INKJET PRINTED ELECTRONICS  

A growing number of materials are available for inkjet printing electronics; of 

particular importance are materials with useful electronic and optical properties. In this 

section, these materials and their properties are outlined.  

 

2.3.1 2D Van der Waal Materials  

Van der Waals (VdW) materials are a class of material with strong in-plane covalently 

bonded 2D sheets that are held together by weak VdW forces [43]. These 2D sheets 

can be isolated via mechanical exfoliation or by other means and have a variety of 
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useful properties for electronics [43]. Examples of 2D VdW materials include: 

graphene, hexagonal boron nitride (hBN), InSe, In2Se3, MoS2, WSe2, and black 

phosphorus (BP). 

Since its isolation and characterisation [44], single layer graphene (SLG) has been 

extensively investigated for applications in many scientific fields [45]. SLG consists 

of a flat monolayer of carbon atoms in a 2D honeycomb lattice with aromatic 𝜋-bonds 

above and below the SLG’s plane (Figure 2.3a,b). SLG is described as a zero-gap 

material [46]. Due to the high crystal symmetry of SLG, the charge carriers can be 

described by theories of massless relativistic particles [46]. Furthermore, the energy of 

charge carriers in SLG displays a linear (rather than quadratic) dependence on 

momentum and a pronounced ambipolar electric field effect, meaning charge carriers 

can be tuned between holes and electrons with very high densities up to 1013 cm-2 by 

applying an external electric field (Figure 2.3c) [46]. The combination of easily 

tuneable electrical conductivity, flexibility, and mechanical strength displayed by this 

material, could offer benefits for electronics.  
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Figure 2.3. a) Chemical structure of single layer graphene. b) Transmission 

electron microscopy image of graphene sheet suspended on metallic scaffold 

(reproduced from reference [47]) c) Ambipolar field effect of SLG: shows 

the effect of gate voltage on the resistivity of the material. The inset shows 

the energy spectrum of SLG and how the Fermi energy EF changes with gate 

voltage. The sharp decrease in resistivity following the introduction of charge 

carriers indicates their high mobility (reproduced from reference [46]). 

 

SLG has been integrated into a variety of different architectures for electronic devices 

[48], however, upscaling device processing and co-depositing large-area graphene 

with other materials remain challenging [11]. Relatively large area SLG (≳ 10 µm 

[49]) has been produced via chemical vapour deposition (CVD) (carrier mobility µ ~ 

8800 cm2/V⋅s [50]) and molecular beam epitaxy (MBE) (µ ~ 1000 cm2/V⋅s [51]). 

However, the electronic properties of these materials are inferior to high quality SLG 

produced via mechanical exfoliation (µ ~ 200,000 cm2/V⋅s [52]).  

Graphene inks have been formulated for solution processing techniques using 

graphene fabricated via more scalable liquid phase exfoliation (LPE) [11,53]. This 

technique involves the dispersion of graphite in a solvent (often n-methylpyrrolidone 
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(NMP)) and using ultasonication or shear mixing to overcome the weak VdW forces 

in the graphite to remove 2D flakes [54]. While LPE offers limited control over the 

size and thickness of flakes [55], researchers have aimed to improve the yield and 

efficiency of LPE for more efficient and upscaled manufacturing of graphene [56,57]. 

For example, the addition of 𝛼-functionalised alkanes as dispersion-stabilising agents 

during LPE increased the yield of single and few-layer graphene [56]. Similarly, 4-

(decyloxy)acobenzene was included during LPE of graphite to improve the efficiency 

of the process by undergoing a large conformational change (due to photochemical 

isomerisation) under irradiation at λ = 365 nm to act as a dispersion-stabilising agent 

[57]. LPE graphene is compatible with solution processing techniques such as spin-

coating and inkjet printing and thus enables graphene fabrication over much larger 

areas (10s of cms) than CVD or MBE [11,53]. 

Other forms of SLG include graphene oxide (GO), which is a highly oxidised form of 

SLG containing various oxygen containing functionalities [58]. When GO is reduced, 

a material known as reduced graphene oxide (rGO) is formed. rGO is similar in 

structure to SLG but contains structural defects and residual oxygen which leads to 

lower conductivity [45]. GO is often used in AM due to compatibility with polar 

solvents, such as water, and ease of functionalisation [59]. 

Insulating and semiconducting VdW materials were also isolated [60–62]. hBN is a 

wide bandgap (~5.9 eV) insulating material that displays high thermal conductivity 

and inertness [60]. hBN exhibits excellent chemical stability and is often used as an 

encapsulant and as a gate dielectric material in 2D field effect transistors (FET) [60]. 

When used to encapsulate SLG for example, hBN has been reported to improve the 

electrical properties of SLG, such as carrier mobility [63]. hBN also displays 

interesting optical properties such as high internal quantum efficiency of ~ 40% for 
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deep UV emissions [60]. Metal chalcogenides such as InSe and In2Se3 and the 

transition metal dichalcogenides (TMDCs) such as MoS2 and WSe2 are also commonly 

used 2D VdW materials for optoelectronics. The band gap of TMDCs can be tuned 

from ~ 1 eV in the near infrared (IR) to > 2.5 eV in the visible wavelength range of the 

electromagnetic spectrum [61] and they have high mobilities up to µ ~ 1000 cm2/V⋅s 

[64] making them attractive for spectrally selective photodetection [65] and light 

emission applications [66].  

 

2.3.2 0D Materials 

2.3.2.1 Metal Nanoparticles  

Metal nanoparticles (NPs) have been studied for many years and are widely used in 

various different fields from medicine to electronics [67,68]. Metal NPs can be 

produced with different sizes using colloidal synthesis to tune the absorption of the 

NPs due to surface plasmon resonance (Figure 2.4) [69]. Reduced NP size can also 

lead to lower sintering temperatures [70]. Metal NPs can also be modified with 

functional groups to further tune the NPs properties such as preventing NP aggregation 

[71], preventing crack formation in films [27], and improving NP uptake in cells [72]. 

Colloidal metal NPs are highly suited to solution processing techniques, which has 

provided new avenues for additive manufacturing [73]. 
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Figure 2.4. (middle) Optical image of aqueous solutions of AuNPs with 

particle diameter increasing from 4 to 40 nm from left to right and a-d) 

corresponding transmission electron microscopy (TEM) images for each 

solution. All scale bars are 100 nm (reproduced from reference [69]). 

 

AuNP have received significant interest as they offer benefits of surface 

functionalization, high chemical stability, and low toxicity [74,75]. AuNPs are often 

used as an electrode material in optoelectronic devices [76,77] due to their high 

electrical conductivity and their size and shape dependent electrical and optical 

properties (Figure 2.4)[69,78]. Moreover, a much lower sintering temperature is 

required for AuNPs (~200 °C) compared to bulk gold (~1000 °C) (as is the case with 

Cu and Ag NPs), due to their increased surface area. This enables cheaper 

manufacturing and the possibility of deposition on a wide variety of heterostructures 

and substrates such as flexible Kapton [27,79]. Ag and Cu NPs are also widely studied 

0D materials [80,81]. AgNPs and CuNPs have high conductivity, low cost (compared 

to AuNPs and SLG), and low melting point which enables the formation of thin 

conductive films using low temperature annealing [82]. CuNPs are particularly low 
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cost, however, they are highly prone to oxidation under ambient conditions so require 

protective coatings for use in electronic applications [83].  

 

2.3.2.2 Semiconductor Nanocrystals  

Colloidal quantum dots (QDs) are semiconducting NCs synthesised in solution. Their 

charge carriers experience quantum confinement, which occurs when the exciton Bohr 

radius is smaller than the NC size [84–86]. Since the charge carriers in colloidal QDs 

are confined in all three spatial directions, the system no longer has a continuous 

conduction band (CB) and valence band (VB), as observed in bulk semiconductors. 

Instead, the energy levels are discrete (Figure 2.5a) [84,85]. By solving the 

Schrödinger equation (Equation 5): 

𝜀𝜓(𝑥, 𝑦, 𝑧) =    
− ℏ2

2𝑚∗
(

𝜕2

𝜕𝑥2
+

𝜕2

𝜕𝑦2
+

𝜕2

𝜕𝑧2
) 𝜓(𝑥, 𝑦, 𝑧) + 𝑉𝜓(𝑥, 𝑦, 𝑧), (5) 

the ground state energy ,𝜀ground state,  for charge carrier motion in a QD can be 

expressed as Equation 6. 
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where ε is the total energy of the charge carriers, εx1, εy1, and εz1, are the lowest energy 

eigenvalues of the 3D Schrodinger equation, and m* is the effective mass of the charge 

carriers [86]. Hence, charge carrier motion in a QD is found to be proportional to 1/L2, 

where L is the diameter of the QD [86]. Thus quantum confinement also makes the 

band gap energy, Eg, of QDs highly tuneable by size over a large spectral range (Figure 
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2.5b) [85] and the size-dependent band gap energy of QDs can be calculated using the 

Brus equation [87]: 

∆𝐸g =  𝐸g
𝑏𝑢𝑙𝑘 +

ℎ2

2𝐿2
(

1

𝑚e
∗

+  
1

𝑚h
∗
) , (7) 

where 𝐸𝑔
𝑏𝑢𝑙𝑘  is the bulk semiconductor band gap energy, and 𝑚e

∗  and 𝑚h
∗  are 

effective electron and hole mass, respectively. 

 

Figure 2.5. a) Diagram of the band structure of a colloidal QD. b) Diagram 

showing the spectral range over which the band gap energy of colloidal QDs 

with different sizes can be tuned (reproduced from reference [88]) . 

 

Colloidal QDs can also be adopted for deposition via solution processing techniques 

[18,19]. CdS, CdSe, and PbS QDs are among the most commonly used QDs for 

optoelectronics due to their narrow emission lines, high PL QY, and colloidal stability 

[88,89]. Less toxic, heavy metal free QD materials have also been explored including 

ZnSe, ZnO, InP, and InAs QDs (Figure 2.5b) with improved biocompatibility [89]. 

More recently, perovskite NCs were synthesised in colloidal solution [90]. Perovskites 

encompass a wide range of materials that have a crystalline structure in the form of 

ABX3 (Figure 2.6a), where A+ is a monovalent cation, usually Cs+, Rb+, MA+ 

(CH3NH3
+), FA+ ( HC(NH2)2

+), or a mixture. B2+
 is a divalent cation, typically divalent 



17 

 

metals such as Pb2+, Sn2+, Ge2+, or a mixture, and X3 are monovalent anions, normally 

halides such as I−, Br−, Cl−, or a mixture [91]. Perovskite nanoparticles were produced 

with different compositions and sizes. 2D and 3D perovskites were also grown to for 

larger band gap energies and enhanced stability [92]. 

Hybrid organic-inorganic metal halide perovskite NPs, such as MAPbX3 (where X = 

Cl, Br, I, or mixed) have optical emission between 530 and 460 nm, depending on NP 

size [93] with narrow emission linewidths of ~ 20 nm [94]. However, poor stability 

under ambient conditions limits their shelf life to a few days [12,95]. All-inorganic 

lead halide perovskite NCs, CsPbX3 (where X = Cl, Br, I, or mixed) are a promising 

alternative with greater stability and shelf-life up to months [96]. CsPbX3 NCs have 

tuneable optical properties, near-unity PL QY of over 90%, and narrow emission line 

widths (15-50 nm) (Figure 2.6b) [6,97]. The optical properties of these NCs are 

tuneable across the UV-Vis wavelength range by changing their size, shape, or 

composition, which can be achieved by substituting their halide atoms between Cl, Br, 

I, and mixtures of the three (Figure 2.6c) [98]. CsPbX3 NCs also display a high 

tolerance to defects, meaning defect states in the NCs usually have a low density and 

are localised outside of the band gap; hence the optical properties of the NCs are 

largely unaffected. This is because the size of these NCs is larger than their exciton 

Bohr radius, making their band structure more ‘bulk-like’ [99,100]. Surface states on 

the NCs are passivated with organic capping ligands to make the NCs soluble, as 

shown in Figure 2.6a [96].  
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Figure 2.6. a) Composition of a single CsPbI3 perovskite NC capped with 

organic capping ligands and b) photoluminescence (PL) spectra of CsPbI3 

and CsPbBr3. Inset: optical images of the NCs under excitation with an 

excitation wavelength of λex = 365 nm light (a and b reproduced from 

reference [96]). c) Band energy diagrams of CsPbCl3, CsPbBr3, and CsPbI3 

demonstrating the band gap tunability of perovskite NCs by changing 

composition. (Reproduced from reference [98]). 

 

Despite their promising properties, the integration of all-inorganic lead halide NCs into 

devices so far has been slowed by limited stability and shelf-life [101]. For example, 

cubic phase CsPbI3 NCs tend to spontaneously convert to their orthorhombic yellow 

phase when exposed to light, oxygen, humidity, or high temperatures which leads to a 

loss of the desired optoelectronic properties such as reduced PL QY [101].  

To improve perovskite NC stability, the NCs were capped with long chain polymer 

polyvinylpyrrolidone (PVP) [102], carnauba wax [103], and PbBr2-adlayers [104], 

which provide stronger binding to the NC surface, hence improving stability. Another 
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approach to enhance NC stability is the formation of core/shell structures. Synthesis 

of MAPbBr3/SiO2 [105] and FAPbBr3/CsPbBr3 [106] were reported and the shell-

capped NCs had enhanced shelf life and environmental stability. Post synthesis ligand 

replacement of oleic acid ligands with iminodibenzoic acid was also shown to improve 

shelf life by up to 2 months [96] and in-situ growth of CsPbI3 NCs on the surface of 

rGO improved stability and charge transfer properties of the NCs [101]. Another 

method for improved perovskite NC stability is via doping [107] which improved the 

photoactive and optical phase stability of CsPbX3 NCs using Mn2+ [108] and Sn2+
 

[109] cations.  

Researchers have reported a variety of different approaches for improving perovskite 

stability and shelf life. Because of this, perovskite optoelectronic devices have rapidly 

improved in recent years and are emerging as a competitor to traditional Si-based 

devices [110].  

Colloidal graphene quantum dots (GQDs) have been considered as an alternative QD 

material due to their excellent environmental stability of > 6 months [111]. They 

consist of single to few layer graphene sheets with a size of < 10 nm, which is achieved 

through the introduction of defects and functional groups to cap the small graphene 

sheets (Figure 2.7a) [112,113]. Not only do the GQDs maintain many of the properties 

derived from SLG, such as excellent biocompatibility but also display new properties, 

for example, they have a band gap and relatively high PL QY (up to 28% [114]). The 

band gap of GQDs is highly tuneable by changing their size and surface chemistry 

[115] (Figure 2.7b); fluorescence has been demonstrated in the IR [116], visible [117], 

and UV [118] regions of the electromagnetic spectrum. 
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Figure 2.7. a) Example composition of GQD with defects/dopants and 

functional groups highlighted. b) Optical images of different n-doped GQDs 

suspensions, with bright fluorescence under λex = 360 nm excitation 

(reproduced from reference [117]). c) Representative PL spectra of rGO 

under different excitation wavelengths (reproduced from reference [119]). 

 

Interestingly, the excitation wavelength λex affects the PL of GQDs (Figure 2.7c) 

[119,120]. As the excitation wavelength is increased from 300 to 500 nm, the PL 

emission peak increases from 400 to 600 nm. The excitation dependent PL in GQDs 

makes them an attractive material for applications that require fluorescence emission 

tuneable by external triggers. Different models were proposed to explain this 

phenomenon considering effects of quantum confinement [121], surface traps [122], 

edge states [123], and electronegativity of heteroatoms [124]. However, so far, no 

comprehensive model exists to explain this phenomenon [120].  

Stability of GQDs in solution is important, as their aggregation can lead to PL 

quenching due to photon reabsorption and non-radiative energy transfer [125]. 
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Aggregation can be prevented by suspending the GQDs in polymeric matrices, such 

as poly(vinyl alcohol) [126], epoxy resin [127], and silica [128]. Also, the PL intensity 

of GQDs is sensitive to the presence of metal ions due to changes in GQD surface 

states [129], making them useful for a variety of chemical sensing applications [129].  

GQDs have a much lower PL QY compared to CsPbX3 NCs [6,97,130], however, 

GQD are generally made from more abundant materials and have lower toxicity [131], 

which makes them a promising material in bioelectronic and bioimaging applications 

[132]. Furthermore, GQDs have potential to extend the detection/emission range of 

low-dimensional optoelectronic devices deeper into the UV range due to their highly 

tuneable band gap. 

 

2.3.3 Organic Materials  

2.3.3.1 Conductive Polymers 

Conductive polymers tend to have poorer conductivity than  metallic conductors [133]. 

Instead, conductive polymers offer greater flexibility and stretchability, enhanced 

biocompatibility, and are highly suitable for solution processing techniques, such as 

inkjet printing [133]. Various semiconducting and near-metallic polymers have 

received interest in recent years including poly(3,4-ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT:PSS) [26], polypyrrole (PPy) [134], polyaniline 

(PANI) [135] poly(3-hexylthiophene-2,5-diyl) (P3HT) [136], and poly(2,5-bis(3-

alkylthiophen-2-yl)thieno[3,2-b]-thiophene) (PBTTT) [137]. Among these, 

PEDOT:PSS is the most promising due to its high conductivity (up to 1700 S/cm 

[138]), stability, and its ability to form aqueous suspensions [139]. 
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PEDOT:PSS incorporates two ionomers: the conducting conjugated poly(3,4-ethylene 

dioxythiophene) (PEDOT) with positive charges and the soluble insulating 

polystyrene sulfonate (PSS) with negative charges (Figure 2.8) [139]. PSS facilitates 

the dispersion of PEDOT in water and allows the PEDOT to maintain a stable 

configuration via Coulomb attractions [140,141]. When PEDOT:PSS is dispersed in 

water it forms micelles due to Coulomb interactions which consist of a PEDOT-rich 

core and a PSS shell. Each grain is composed of tangled PSS chains with many PEDOT 

segments attached [141]. 𝜋-orbital interactions between PEDOT chains in the core 

region ensure the polymer chains are relatively well-stacked. Charge transport is fast 

along the PEDOT chains and moderate between the chains where 𝜋-stacking occurs 

[140].  

 

Figure 2.8. a) Chemical structure of PEDOT+ and PSS-. b) The hypothesised 

morphology of individual PEDOT:PSS micelles consisting of a PEDOT rich 

core and a PSS shell (Reproduced from reference [142]). 
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Various processing methods have been shown to improve the electrical conductivity 

of PEDOT:PSS by removing excess PSS to induce conformational changes in the 

PEDOT chain, hence optimising the conduction pathways [140,141]. Pristine 

PEDOT:PSS films displayed an electrical conductivity of 1 S/cm [140]. The addition 

of acids, such as perfluorooctane sulfonic acid, increased the conductivity up to 

1700 S/cm [138]. Similarly, treatment with salts [143] and polar solvents (typically 

dimethylsulfoxide (DMSO)) [144] have increased PEDOT:PSS conductivity up to 

1400 S/cm [144]. The electrical conductivity of PEDOT:PSS inks can therefore be 

precisely tuned by ink formulation and post processing conditions. Owing to this 

tuneable electrical conductivity, as well as optical transparency over the visible range 

and high flexibility [139], PEDOT:PSS is commonly used in LEDs and other 

optoelectronic devices, as a hole transport material [139,145,146].  

 

2.3.3.2 Organic Dielectric Materials 

Organic dielectric materials are also important for electronic devices, they are often 

used as a gate material or as a capping agent to protect other materials from ambient 

conditions and possess improved flexibility and biocompatibility compared to 

inorganic dielectrics [147,148]. Materials with a high dielectric constant are known to 

improve the energy density of capacitors and reduce the driving voltage of transistors, 

hence, researchers search for high dielectric polymers for improved performances in 

flexible electronic devices [148]. Among the most commonly used dielectric polymers 

are poly-4-vinylphenol [147], tripropylene glycol diacrylate (TPGDA) [149], 

poly(methyl methacrylate) (PMMA) [150], and polyimide [151], all of which have 

been deposited by solution processing techniques. Researchers have also combined 
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dielectric polymers with ceramics, such as BaTiO3 [152] or Ba0.6Sr0.4TiO3 [153], to 

create composite materials with improved dielectric properties. 

 

2.3.3.3 Organic Charge Injection Materials 

Organic charge injection materials are commonly used in many optoelectronic devices, 

such as LEDs, where their role is to inject either holes or electrons into the optically 

active material, where they recombine and emit a photon [154]. A good charge 

injection material must have favourable band alignment with the optically active 

material and also have a high mobility for the charge carrier type that requires injection 

and a low mobility for the other carrier type. This enables efficient injection of one 

carrier type into the optically active layer while blocking the other carrier type from 

escaping, which increases the chance of recombination and thus increases device 

efficiency [154].  

Commonly used organic hole injection layers for LEDs include 1,1-bis[(di-4-

tolylamino)phenyl]cyclohexane (TAPC) [155], N,N’-bis(I)naphthyl)-N,N’-diphenyl-

1,1’-biphenyl-4,4’-diamine (NPB) [156], 4,4’,4’’-tris((3-methylphenyl)phenyl 

amino)triphenylamine (m-MTDATA) [157], and Poly(N,N′‐diphenylbenzidine 

diphenylether) (poly-TPD) [158]. Poly-TPD (Figure 2.9a) offers favourable band 

alignment for perovskite LEDs [159,160] and also displays a hole mobility of 

1x10-4 cm2/V⋅s [161] and hydrophobicity which can provide protection from moisture 

to neighbouring perovskite layers [162]. Poly-TPD is also solution processable; layers 

have been deposited in LEDs and solar cells by spin coating using chlorobenzene as a 

solvent and it require relatively low post-processing temperatures between 100 °C and 

140 °C [106,158,163]. 
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Figure 2.9. Chemical structures of a) poly-TPD and b) TPBI 

 

Commonly used organic electron injection layers for LEDs include 4-biphenyloxolate 

aluminium(III) bis(2-methyl-8-quinolinato)-4-phenylphenolate (BAlq) [164], tris(8-

quinolinolato) aluminum (Alq3) [165], 2,9-dimethyl-4,7-diphenyl-1,10-

phenanthroline (BCP) [166], and 2,2',2''-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-

benzimidazole) (TPBI) [146,167] (Figure 2.9b). TPBI is used in perovskite LEDs due 

to its favourable band alignment, high optical transmittance and thermal stability 

[168], and electron mobility of up to 8x10-5 cm2V⋅s [169]. Furthermore, it has been 

shown to have excellent hole blocking capabilities and reduce contact-based issues 

when used as an electron transport layer in LED devices [168]. Other applications of 

TPBI have also been explored in optoelectronic devices, for example as a buffer layer 

in organic solar cells [170] and as a host for emissive layers in LEDs [171]. TPBI films 

are most often deposited by thermal evaporation [146,172], but spin coated films have 

been demonstrated using solutions of chloroform and chlorobenzene [167,173]. 
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2.4 FORMULATION OF MATERIALS FOR INKJET DEPOSITION AND 

PROPERTIES OF PRINTED MATERIALS 

For inkjet printing of electronics, the availability of ink formulations for different 

materials presents challenges. To deposit a uniform film of a material via inkjet 

printing, there are several criteria that an ink formulation must meet, including suitable 

rheology, concentration, and drying behaviour (Chapter 2.2). A number of different 

strategies have been established for developing formulations of functional materials, a 

few key examples of which are discussed below.  

Typically to formulate a functional material ink, material is dispersed or dissolved in 

a solvent or mixture of solvents. The rheology of the solvents is optimised to achieve 

a Z value between 1 and 10, for desirable jetting, and the solvent boiling points are 

optimised for favourable drying behaviour to achieve uniform films. An ink may also 

contain stabilising agents to prevent particle aggregation and improve solubility. 

Viscosity or surface tension modifiers can be added to further improve an inks Z 

number, and additives which may have a desirable effect on the printed material can 

be added, such as an encapsulation agent to improve stability. Finally, printed films 

are often treated or annealed to remove solvents and additive, and modify the 

properties of the printed material as required. 

 

2.4.1 2D Material Inks 

Graphene and other 2D material inks, consist of a suspension of 2D flakes (≲ 1 μm2) 

produced using LPE method [11,29,174]. A commercially available graphene ink was 

formulated with a mixture of terpineol and cyclohexanone, as solvents, and contains 

graphene flakes with an average lateral size of ~ 50 nm [11,63,175]. Ethyl cellulose 
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(EC) was added to the ink to increase viscosity and improve sheet resistance, Rs of 

inkjet printed graphene (iGr) films after thermal annealing at 250 °C, where Rs ~ 

100 Ω/sq for 10 printed layers [11,63,175]. Graphene inks have also been formulated 

by dispersing graphene flakes in a single solvent such as NMP [53] or ethanol [63].  

Recently, water-based graphene inks have been formulated for improved 

biocompatibility and with larger flake sizes to preserve the unique properties of the 

SLG [176,177]. Graphene flakes with a lateral size of ~ 200 nm were formulated into 

water-based inks for inkjet printing using propylene glycol as a co-solvent, pyrene 

sulfonic acid derivatives as stabilising agents, and Triton x-100, as a surface tension 

modifier (Figure 2.10a) [176]. The sheet resistance of printed films was improved by 

up to 100× after thermal annealing at 300 °C, achieving sheet resistance Rs < 1 kΩ/sq 

for films with 40 printed layers. Majee et al. also formulated a water-based graphene 

ink, mostly consisting of 4-layer graphene flakes with a lateral size of ~ 160 nm made 

by LPE using starch as a stabilisation agent and propylene glycol as viscosity modifier 

(Figure 2.10b) [177]. Rapid photonic annealing was used to achieve flexible graphene 

films with Rs ~ 200 Ω/sq for 4 printed layers [177]. Water-based graphene inks with 

average flake thickness of 8 nm and a diameter of 490 nm with high concentrations up 

to ~ 10 mg/ml were formulated with sodium deoxycholate (SDC) stabilising agent 

[178]. After annealing at 400 °C to combust the stabilising agent in the ink, films with 

Rs ~ 3 Ω/sq at a thickness of 4 µm were demonstrated [178]. High performance 

graphene inks have been demonstrated using a variety of different approaches, 

however, understanding of the charge transfer between individual graphene flakes in 

printed films is still limited. Moreover, many of these printed graphene films require 

high annealing temperatures of > 200 C to achieve high conductivity [11,177,178], 

which limits the number of substrates and materials that the graphene can be printed 
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on. Further work is needed to uncover how these annealing processes work, and find 

alternative methods such as photonic annealing so that graphene can be printed on a 

wider range of materials.  

 

Figure 2.10. Water-based graphene inks printed a) on paper, in the shape of 

a Nobel medal (reproduced from reference [176]) and b) on flexible 

polyethylene terephthalate (PET) in a simple circuit configuration used to 

light an LED (reproduced from reference [177]). c) Printed hBN lines on 

glass (from reference [179]) and d) printed MoS2 pattern on paper with 

water-based formulation (reproduced from reference [176]). 

 

rGO films can be deposited via inkjet printing by using inks based on GO and reducing 

the printed films via thermal or chemical post-processing [59]. Since GO is polar, these 

inks can be formulated in aqueous solutions using water and other polar solvents 

without surfactants. He et al. demonstrated an aqueous GO ink containing ultra-large 

GO flakes with a mean diameter of 36 µm (produced via LPE) [59]. Despite the size 

being more than 50% larger than the nozzle diameter, no nozzle blocking was observed 

due to the highly flexible nature of the material. To achieve conductive films, GO inks 
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were printed on Si/SiO2 substrates and were then reduced by heat treatment of 80 °C 

for 30 minutes [59]. The resulting rGO film of 30 printed layer displayed a sheet 

resistance of 150 Ω/sq [59]. Another method for the deposition of rGO films involves 

formulating inks containing rGO powder. rGO films can then be deposited via inkjet 

printing without the need for reduction as a post-processing step [180]. Martínez-

Flores et al. prepared a rGO dispersion in isopropyl alcohol (IPA) with the use of PVP 

as a stabiliser [180]. The average lateral size of the dispersed rGO flakes was ~ 340 nm. 

It was reported that after annealing at 400 °C, rGO films with 10 printed layers on 

fluorine-doped tin oxide displayed optical transmittance of over 90% [180]. Printed 

GO and rGO films, tend to have poorer conductivity than printed graphene due to 

introduction of defects [181], however, the advantages of easier ink formulation 

(without surfactants) and less harsh post-processing condition make them a promising 

alternative to graphene for many applications. 

Other 2D materials were also formulated for jetting including dielectric hBN and 

semiconducting metal chalcogenides [53,63,179,182]. hBN (Figure 2.10c) [179] and 

MoS2 [182] inks were formulated with terpineol and cyclohexanone solvents with EC 

additive, as was shown for the graphene formulation in [11,63,175]. Similarly, water-

based hBN, WS2, and MoS2 (Figure 2.10d) inks were demonstrated using the same 

graphene formulation described in [182], with propylene glycol as a co-solvent, pyrene 

sulfonic acid derivatives as stabilising agents, and Triton x-100 as a surface tension 

modifier. A water-based hBN ink was formulated for jetting which consisted of hBN 

powder with flakes of < 10 µm in size and carboxymethylcellulose sodium salt which 

acted a biocompatible stabilisation agent and rheology modifier [63]. For deposition 

by inkjet printing, liquid exfoliated flakes of WSe2 were dispersed in NMP [53], WS2 
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flakes were dispersed in N,N-dimethylmethanamide (DMF) [183] and MoS2 flakes 

were dispersed in isopropanol (IPA) with PVP additive for optimised rheology [184]. 

Due to the wide range of 2D materials that have been formulated into inks and printed, 

2D materials are a promising class of material for many applications in printed 

electronics. Moreover, the prevalence of water-based 2D inks enables their use in 

electronic devices for biological applications. However, there are still major challenges 

in understanding the charge transport systems in these materials and exploring new 

post-processing techniques to achieve high conductivity films without the use of high 

temperature annealing.  

 

2.4.2 0D Material Inks  

2.4.2.1 Conductive Nanoparticles  

AgNP inks for inkjet printing are commercially available and well optimised, 

displaying resistivity as low as 3.3 μΩ.cm [185]. The AgNP ink from Advanced Nano 

Products (SilverJet DGP-40LT-15C) consists of 38.85 wt% of AgNPs dispersed in 

triethylene glycol monomethyl ether and other additives which modify viscosity and 

surface tension [186]. The ink also contains PVP, which is a commonly used stabiliser 

and reducing agent in the synthesis of AgNP. The ink was printed on a substrate heated 

to 90 °C for fast solvent evaporation and post-processing was performed by thermal 

annealing at 150 °C or UV sintering, to achieve a resistivity of 11 μΩ⋅cm [186]. 

Further research is ongoing and aims to formulate inks with greater AgNP content to 

enable the printing of films with greater conductivity [82,187]. Moreover, researchers 

are developing photonic sintering post-processing techniques that remove the need for 

high thermal annealing temperatures [188]. 
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Commercially available CuO NP inks (Novacentrix, ICI002HV) are also well 

optimised, consisting of 16 % (by weight) CuO NPs, which achieved printed films 

with sheet resistance Rs = 335 mΩ/sq after reduction by photonic sintering [188]. 

CuNP inks have proved more challenging to develop as they experience oxidation 

under ambient conditions. To reduce oxidation and thus improve conductivity, 

researchers used core/shell structures consisting of copper/silver to print patterns with 

resistivity as low as 30 mΩ.cm [189]. Also, PVP was used to protect CuNPs from 

oxidation in an ink formulation consisting of ethylene glycol (EG), 2-methoxyethanol, 

and methyl alcohol solvent mixture; printed Cu films displayed a resistivity of ~ 

11 μΩ.cm after annealing at 275 °C [190]. 

More recently AuNPs were adopted for inkjet printing. Researchers demonstrated a 

reactive inkjet printing method for deposition of AuNPs whereby the size AuNPs could 

be precisely controlled by changing the concentration of a gold precursor solution [79]. 

AuNP inks with NPs with diameter of ~ 2.5 nm were also developed for use in flexible 

applications by including a multifunctional thiol cohesion enhancer in the ink 

formulation which prevented the formation of microcracks and pores in printed films 

during bending [27]. The printed AuNP films displayed an electrical conductivity of ~ 

106 S/m after sintering at 150 °C, with stable electrical properties after undergoing 

1000 bending cycles and in a salt-rich phosphate-buffered saline solution, 

demonstrating it’s potential in flexible and bioelectronics [27]. An eco-friendly AuNP 

ink formulation was realised using 5 – 10 nm AuNPs functionalised by poly(ethylene 

glycol) (PEG) ligands in a solvent mixture of water and ethanol [191]. Printed films 

with 4 layers displayed a conductivity of 1 x 107 S/m and high surface reactivity, close 

to polycrystalline bulk-gold [191].  
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Metal NPs are the most developed low-D material for inkjet printing and are already 

being used in commercial applications [73,192]. However, research is still ongoing to 

improve flexibility, biocompatibility, stability, and post-processing to improve 

performance and further expand their applications. 

 

2.4.2.2 Semiconducting Nanoparticles 

Several colloidal semiconducting QDs have been formulated for printing, with its inks 

typically only consisting of an optimised mixture of organic solvents [193–198]. For 

example, PbS QDs were printed in a solvent mixture of hexane and terpineol (Figure 

2.11a) [193], ZnO NCs were printed in a solvent mixture of ethanol, ethylene glycol, 

and glycerol [194], HgTe QDs were printed in tetradecane [19], and Si QDs were 

printed in mestilylene [195]. CdSe/ZnS core/shell QDs were printed using 

dichlorobenzene and toluene solvents with an organic monolayer included to enhance 

the QDs ability to form a solution (Figure 2.11b) [196]. While jetting of these colloidal 

QDs has proven relatively simple, there is still further work required to optimise 

formulations to achieve the very thin uniform films that are required for many 

optoelectronic device applications, and also to ensure the QD optical properties are 

maintained after deposition.  
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Figure 2.11. a) An optical image of a PbS QD film printed onto Au on a 

curved surface (reproduced from reference [193]). b) Optical images of 

inkjet printed patterns of CdSe-ZnS core-shell QDs under illumination 

(reproduced from reference [196]). 

 

Researchers have printed perovskite materials by depositing perovskite pre-cursor 

solutions and forming the perovskite NCs in-situ [12,197,199]. Gu et al. developed 

inkjet printing of MAPbI3, MA3Sb2I9, and (BA)2PbBr4 perovskites by printing 

perovskite precursors in DMSO solvent and introducing a polyethylene oxide (PEO) 

layer during printing to help control nucleation and crystal growth [12]. MAPbI3 

perovskites were also printed using an ink consisting of perovskite precursors and the 

solvents DMSO and γ-butyrolactone (GBL) with a vacuum assisted thermal annealing 

step to improve film uniformity [200]. Cs0.05MA0.14FA0.81PbI2.55Br0.45 perovskites 

films were printed using the solvents DMF and NMP which slows the crystallisation 

rate of the printed liquid film to form high quality perovskite layers after annealing 

[197]. Shi et al. developed an in-situ printing strategy for CsPbBr3 perovskite NCs 

whereby perovskite precursor inks were deposited onto various polymers such as 

poly(methyl methacrylate) (PMMA) and polyvinyl chloride that were partially 
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dissolved during the inks drying process [198]. This caused perovskite NCs to form 

inside the polymeric matrix, hence improving the NCs stability. The printed films 

displayed PL quantum yields up to 80 % and were composed of micro disk arrays that 

formed during the drying process (Figure 2.12). Similarly, Liu et al. demonstrated in-

situ printing of perovskite NCs and used the long chain polymer additive PVP which 

increased ink viscosity and controlled the morphology and size distribution of the 

synthesised NCs, with films achieving PL QY up to 64.3% [102].  

 

Figure 2.12. CsPbBr3 NCs formed by inkjet printed precursor solution onto 

polymeric substrate showing a) printed pattern and b),c) individual micro 

disks formed during printing (reproduced from reference [198]).  

 

Printing a solution containing a dispersion of all-inorganic CsPbX3 (X = I, Br, Cl, or 

mixed) perovskite NCs is a simpler deposition strategy, which can generally be 

performed on a wider range of substrates. The formulation of all-inorganic perovskite 

NC inks is still in its infancy; they have only been inkjet printed a handful of times 

[40,101,201]. Gao et al. developed a printable CsPbBr3 ink by using a mixture of high 

boiling dodecane with low-boiling point toluene as a solvent (60:40 Vol%) to eliminate 

the coffee ring effect [40]. Zhang et al. grew CsPbI3 NCs in-situ onto rGO and then 

printed these 0D/2D heterostructures using a mixture of organic solvents and the rGO 

was shown to improve charge transport properties [106]. Researchers also printed a 

CsPbBr3 ink which used oleyamine and hexylphosphonic acid ligands in combination 
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with a liquid crystal monomer to achieve thick printed films which are required for 

colour conversion applications [199].  

All-inorganic lead halide perovskite NCs have also been printed using other additive 

manufacturing methods such as stereolithography for large scale 3D perovskite 

structures with the inclusion of α-tocopherol (α-TCP, vitamin E) for improved 

perovskite photophysical properties and stability [28]. 

While printing of perovskites has seen significant progress in recent years, there is still 

need for all-inorganic CsPbX3 (X = I, Br, Cl, or mixed) perovskite NC ink formulations 

that are optimised to achieve the thin films required for optoelectronic devices, such 

as LEDs, rather than the thick colour converter films developed previously [199]. 

Moreover, the ink formulation should be printable on Si and compatible with Si-based 

electronics, rather than only being printable on particular polymers [198], and the 

performance of the NCs should be maintained after the formulation and inkjet 

deposition processes, such that high performance optoelectronic devices can be printed 

GQDs are a new material, and their deposition via inkjet printing has only been 

achieved a couple of times [202,203]. Researchers formulated GQD inks for inkjet 

printing by dispersing them in a single solvent: dimethylformamide (HCON(CH3)2) 

[202] or tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl, pH 7.4) [203]. 

However, in both cases the solvents used were toxic which is not ideal for 

biocompatibility, and the GQD inks do not contain polymers to suspend the GQDs in 

a polymeric matrix to prevent aggregation and PL quenching. 

Despite a body of work, the formulation of 0D materials into printable inks remains 

challenging, with limited strategies that are transferable across different 0D materials 

or onto different substrates.  
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2.4.3 Organic Material Inks 

A wide variety of conductive polymers have been formulated for inkjet printing 

[26,134–137]. PPy was printed with water and ethanol solvents with the addition of 

gemini acid and a mixed FeCl3/FepTS oxidant to improve polymer dispersion. Also, a 

novel gemini surfactant 9BA-4-9BA was employed which improved conductivity of 

the printed films up to 0.69 S/cm [134]. Ppy films were also printed on fabrics using a 

reactive inkjet printing technique with direct freeze drying of inks, whereby, the PPy 

was synthetized in situ by oxidative polymerization of pyrrole using ammonium 

peroxydisulfate (APS) in partially frozen state [204]. Printed PPy films with Rs = 

790 Ω/sq were achieved on polypropylene fabric (Figure 2.13a) [204]. Researchers 

have also printed PANI with the addition of graphene nanoplatlets which enabled the 

deposition of thin and homogeneous films with high conductivity up to 3.67 S/cm for 

5 printed layers [205]. The ink was water-based but viscosity and surface tension were 

controlled by the PANI and a sodium dodecylbenzenesulfonate surfactant, 

respectively [205]. Inkjet printing has also been achieved with conductive polymer 

P3HT [136], PBTTT [137], and PEDOT:PSS. [26]. 
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Figure 2.13. a) Inkjet printed Ppy on fabric (reproduced from reference 

[204]). b) Printed PEDOT:PSS electrode pads on paper (reproduced from 

reference [206]) c) Printed array of serpentine electrodes on flexible PEN 

substrate (reproduced from reference [26]). 

 

PEDOT:PSS inks have been widely studied and developed for deposition via inkjet 

printing [26,207–209]. PEDOT:PSS inks that include DMSO as a co-solvent were 

shown to effectively eliminate the coffee ring effect to achieve more uniform films 

[207]. Researchers have also optimised the printing temperature and drop spacing to 

fabricate homogeneous printed PEDOT:PSS films with a conductivity of 219 S/cm 

[145]. For lightweight electrode applications Bihar et al. [206,208] developed 

PEDOT:PSS inks with the cross-linking agent glycidoxypropyltrimethoxysilane 

(GOPS) which prevented shunts in the printed films to ensure precise patterning of 

subsequently printed layer and printed films showed good biocompatibility and a high 

conductivity of 295 S/cm (Figure 2.13b) [208]. Researchers have also formulated 

highly optimised PEDOT:PSS inks for deposition over large areas (> 30 cm) using the 

green solvents dihydrolevoglucosenone (cyrene) and glycerol carbonate (GC) [26]. 

The printed PEDOT:PSS films displayed high conductivity up to 218 S/cm and 

https://www.sciencedirect.com/topics/engineering/glycerol-carbonate
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excellent uniformity, which was achieved using an ‘offset’ inkjet printing deposition 

method (Figure 2.13c) [26]. Conductive polymers, especially PEDOT:PSS, have been 

highly optimised for inkjet printing. With tuneable work functions and high 

biocompatibility, they play an important role in printed electronics as an alternative to 

metal NPs, despite their much lower conductivities. Further research is required, 

however, to reduce their solvent toxicity, improve environmental stability, and reduce 

film thickness while maintaining high uniformity. 

Dielectric polymers were also printed [147,149–151], however a major challenge for 

these materials is the formation of pin-holes during the printing process which can ruin 

device performance [147]. One strategy for printing dielectric polymers is by 

formulating and jetting inks based on photo-initiated reactive monomers such as 

TPGDA, followed by a UV curing post-processing step to initiate polymerisation and 

form the dielectric layer [149]. Other dielectric polymers can be diluted in solvents 

and printed normally such as poly-4-vinylphenol [147]. Researchers optimised the 

printing parameters of poly-4-vinylphenol inks to enhance the coffee ring effect to 

achieve very thin films (< 200 nm) for capacitor applications [147]. High uniformity 

PMMA films were printed using a mixture of DMSO and anisole solvents and pin-

holes were avoided by drying at 120 °C for 40 minutes immediately after printing 

[150]. The performance of PMMA as a dielectric layer was improved by the addition 

of the ceramic material Ba0.6Sr0.4TiO3 [150]. This composite material was printed using 

butyldiglycol as the solvent and printed films demonstrated dielectric constant up to 

55. Printing of dielectric polymers is a mature area of study and they are a promising 

alternative to 2D dielectric materials such as hBN, especially for flexible and 

bioelectronics applications. However, further optimisation of inks and the printing 
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process is required to eliminate the formation of pin-holes and improve uniformity in 

printed dielectric films. 

Charge injection polymers have also been formulated for inkjet printing. Giuri et al. 

achieved a printable poly-TPD ink by dissolving the polymer in chlorobenzene [210]. 

After printing the film was treated with UV and annealed in air at 140 °C. Similarly, 

the hole injection layer NPB was printed on top of a PEDOT:PSS layer using a solvent 

mixture of tetralin and indane [211]. These solvents were chosen as they do not 

dissolve the PEDOT:PSS layer below and therefore reduces intermixing. Intermixing 

of layers is one of the main challenges of printed heterostructures (see Chapter 2.5.1), 

and this is especially true for charge injection layers which generally need to be very 

thin (~ 50 nm) for device operation [212,213]. These challenges are why many of the 

most common charge injection materials, such a TPBI, have not yet formulated for 

inkjet printing. 

Overall there is a large body of work developing conducting and dielectric polymers 

for inkjet printing, however, the formulation of charge injection polymers and their 

integration into heterostructures remains challenging.  

 

2.5 INKJET PRINTED HETEROSTRUCTURES AND DEVICES  

Inkjet printing has been used in a variety of fields, from tissue engineering [22] to drug 

delivery [214]. Importantly for this project, inkjet printing offers a cost-efficient and 

accurate solution for material deposition for electronic components and has thus been 

used to manufacture a large range of electronic and optoelectronic devices, such as 

transistors [11,215], sensors [216–219], capacitors [220–222], photodetectors 

[201,223], LEDs [224–226], and solar cells [208,227].  
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2.5.1 Heterostructures 

Heterostructures are important components of many electronic and optoelectronic 

devices, including those made via inkjet printing. A printed vertical heterostructure is 

fabricated by deposition of two or more different materials directly on top of one 

another (Figure 2.14a), and with a wide range of conducting, semiconducting, and 

dielectric materials available, printed heterostructure designs can be tailored for 

particular device applications such as transistors [53] or LEDs [228]. Compared to 

other manufacturing techniques, deposition of heterostructures via inkjet printing 

provides unique challenges and opportunities.  
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Figure 2.14. a) Diagram representing the inkjet printing process of an exemplar 

heterostructure (reproduced from reference [228]). b) Optical images (top row) and 

simulations (bottom row) showing the spreading of a water droplet over time across 

bands of hydrophilic (light blue) and hydrophobic (dark blue) materials (reproduced 

from reference [229]). c) 3D mapping and chemical composition of fully printed 

graphene/hBN FET displaying inhomogeneity in printed layers (reproduced from 

reference [11]). d) Device structure and energy level diagram of printed organic LED 

with blurred interfaces (reproduced from reference [230]). 

 

Heterostructures for electronic/optoelectronic applications usually require high 

uniformity in each layer. Roughness and non-uniformity in just a single layer can 

reduce device performance [231]. Achieving high control of uniformity and film 

thickness in inkjet printing remains challenging, especially for the very thin layers (< 

50 nm), which are required in devices such as LEDs [212,213]. To address this 

challenge, inks are formulated specifically for printing onto the previous material in 

the heterostructures, to ensure favourable wetting and reduction of the coffee ring 

effect. Zhao et al. achieved this by adding the polymer PEO to adjacent perovskite and 

PEDOT:PSS layers in an LED heterostructure [228]. However, this is a time-
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consuming approach as it requires the development of many inks for a single material 

in different heterostructures. Different printing strategies have also been shown to 

reduce surface roughness. Printing each subsequent layer of a material with an offset 

equal to half the drop spacing was demonstrated to reduce surface roughness of 

PEDOT:PSS films [26].This resulted in unevenness caused by the coffee ring effect, 

to be filled in by subsequent layers, hence, decreasing film roughness [26]. In contrast, 

for device applications that require high interfacial surface areas [232], such as printed 

batteries [233], the large roughness that can be obtained via inkjet printing can be 

beneficial to device performance.  

For more complex heterostructure designs, where a single layer is printed over several 

different materials (the bottom right panel of Figure 2.14a for example), wetting 

phenomena can lead to reduced printing resolution and further layer non-uniformity 

[229,234]. An example of this is shown in Figure 2.14b, where a water droplet atop 

alternating bands of hydrophobic and hydrophilic material spreads preferentially along 

one direction [229]. To account for such effects, the architecture and ink formulations 

used for inkjet printed heterostructures must be planned carefully to maintain high 

uniformity and resolution.  

Another common challenge is intermixing between printed layers due to dissolution 

of previous layers. This can lead to short-circuiting or reduced device performance in 

vertical heterostructures [235]. Depth profiling and 3D mapping via time-of-flight 

secondary ion mass spectroscopy (ToF-SIMS) on a hBN/AgNP/graphene 

heterostructure revealed that the printed graphene layer was non-homogeneous and 

large intermixing of layers was present due to the inkjet printing deposition method 

(Figure 2.14c) [11]. To reduce intermixing between printed layers, orthogonal solvent 

systems were used, where the solvents in each layer are selected such that they are not 
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compatible with previous layers, thus reducing redissolution and intermixing [236]. 

While this is the simplest approach to reduce intermixing, again it complicates the ink 

formulation process, and requires a single ink to be reformulated for different 

applications.  

Addition of cross-linking agents were also shown to make layers in a heterostructure 

insoluble to prevent intermixing [237]. For example, thermally cross-linkable 

perfluorocyclobutane [238] and vinyl benzyl [239] -based cross-linking agents were 

used to functionalised hole transport layers of organic LEDs. While this is a promising 

approach, the requirement for extra post-processing steps to initiate cross-linking can 

affect device performance and further complicate the fabrication process. 

Alternatively, some heterostructures include a buffer layer between functional layers 

to provide protection from intermixing [228]. Blocking layers, e.g. polyethyleneimine 

between a perovskite emissive layer and a Ag nanowires (AgNWs) electrode in an 

LED, were shown to prevent intermixing, while also lowering the barrier for electron 

injection [228]. However, this approaches is only applicable to devices where a 

blocking layer will not hinder device performance. To date, intermixing is not fully 

understood or controlled and there are no general solutions to prevent it, rather, it is a 

problem that has been tackled on a case-by-case basis. Further studies are needed to 

better understand how and when the process occurs with different materials, and 

investigate how different printing strategies effect intermixing. 

There are applications where intermixing offers benefits by generating blurred 

interfaces, employed in printed TAPC:TPBi:Ir-complexes as both the hole transport 

layer and emissive layer in an organic LED [230] (Figure 2.14d). The inclusion of the 

blurred interface was shown to facilitate exciton formation and improve charge 

balance in the emissive layer [230]. 
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Overall, the issues of uniformity, wetting, and intermixing are currently major 

challenges that hinder the performance and progress of inkjet printed heterostructures. 

However, ongoing research has made large strides towards controlling printed layers 

and interfaces in heterostructures, and exploiting the unique properties of printed 

heterostructures for specific applications. Future work should look to better understand 

inkjet printed heterostructures and develop strategies to prevent intermixing.  

 

2.5.2 Electronic Devices 

Inkjet printing of metal NPs enables huge design freedom and flexibility for printed 

electronic components and they have been widely used as electrodes and conductive 

pathways in electrical devices [11,63,240] and printed circuit boards (PCB) [241,242]. 

Despite this, the conductivity of printed metal NPs is far inferior to those made by 

traditional manufacturing techniques. Trindade et al. showed that the organic stabiliser 

PVP used in AgNP inks left residues that accumulated at the vertical interface between 

printed layers which resulted in an anisotropic conductivity decrease in the printed 

AgNP films [186]. This demonstrates the need for further optimisation and 

understanding of the formulation and post-processing of printed metal NP inks to 

remove such residues which can improve conductivity and adhesion strength [243]. 

The resolution of inkjet printed metal NPs (10s of microns) is also far inferior to the 

traditional manufacturing methods which are used to deposit the conductive pathways 

on chips and circuit boards [244]. Due to this inferior resolution, inkjet PCBs tend to 

be larger than traditional circuit boards, however, they can be made with complex 

geometries that are highly optimised for particular applications [244]. Smaller 

resolutions (< 1 µm) have been achieved in AM by integrating metal NPs in the two-

photon polymerisation process [245]. Inkjet printing on the other hand, has achieved 
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free-standing vertical AgNP interconnects with heights of ~ 1 cm (Figure 2.15a) 

[192], which are very challenging to make by other manufacturing techniques and 

could lead to the fabrication of inkjet PCBs and antennas with more complex 

geometries.  

 

Figure 2.15. a) Optical image of inkjet printed freestanding silver pillars on 

glass substrate (reproduced from reference [192]). b) Schematic diagram of 

electrolytically gated thin film transistors with inkjet printed graphene 

electrodes and WSe2 active channel, and a spray coated hBN dielectric layer 

(reproduced from reference [53]). c) Gate voltage dependence on source-

drain current in fully printed graphene/hBN FET. Inset: photograph of 

graphene/hBN FET with 500 µm scale bar (reproduced from reference [11]). 

d) Photograph of fully inkjet printed capacitor consisting of graphene top 

(GrT) and bottom (GrB) electrodes and a hBN dielectric material (left) and 

graph showing the aerial capacitance of the device as a function of frequency 

for 1, 2, and 3 devices in parallel (reproduced from reference [222]). 
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More complex devices that incorporate 2D materials into printed heterostructures have 

also been explored and have enabled the fabrication of a number of electronic devices 

such as transistors [11,53] and capacitors [220,222]. Kelly et al. fabricated 

electrolytically gated thin film transistors with inkjet printed graphene electrodes, a 

WSe2 active channel, and a spray coated hBN dielectric layer (Figure 2.15b) [53]. 

Researchers also demonstrated fully inkjet printed FETs consisting of a graphene 

active channel, an hBN gate dielectric, and silver electrodes, with a field effect 

mobility of µ = 91 cm2/V⋅s [63]. In these devices, the hBN protected the graphene from 

the local environment and improved charge transfer in the graphene [63]. Wang et al. 

demonstrated a similar device with a field effect mobility of µ = 25 cm2/V⋅s (Figure 

2.15c) [11], and to explain charge transport through the graphene networks, a charge 

transport model was developed that included quantum tunnelling between graphene 

flakes and percolation dynamics [11]. This revealed that the electrical properties of the 

device are strongly influenced by the packing fraction of graphene flakes and by 

complex electron trajectories that traverse several printed layers [11], illustrating the 

complex transport dynamics of inkjet printed 2D materials and devices. 

Capacitors have been fabricated using printed graphene electrodes and hBN dielectric 

layers (Figure 2.15d), achieving areal capacitances up to 2 nF/cm2 and a dielectric 

constant of ~ 6 for printed hBN [222]. Le et al. inkjet printed graphene oxide films for 

supercapacitor electrodes, which displayed specific capacitances of up to 132 F/g after 

undergoing thermal reduction at 200 °C [246]. Inkjet printing has also been utilised to 

deposit pseudocapacitive additives onto graphene supercapacitor electrodes [220] and 

carbon nanotube (CNT) electrodes for supercapacitor applications [221]. 

Printed sensors have also utilised low-dimensional materials. Researchers 

demonstrated vapour sensors based on printed GO and printed GQDs which 
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experience a change in conductivity in the presence of NO2 (Figure 2.16a) [219], Cl 

[219], or water [202,216]. This is caused by a change in GO surface charge carrier 

density when exposed to electron acceptor/donor vapours. Inkjet printed GO and 

GQDs are especially suited to this role as oxygen functional groups on their surface 

allows water to permeate into the materials and provides enhanced absorption to gas 

molecules [247]. Moreover, printed GO and GQD films which are made up of 

randomly ordered 2D platelets have a large surface area for vapours to interact with. 

Researchers also developed fluorescent aniline functionalised GQD (a-GQD) films 

which were modulated using phenyl boric acid (GQD-PBA) [203]. This quenched their 

fluorescence due to π-π stacking between a-GQDs and PBA, resulting in electron 

transfer between them. GQD-PBA fluorescence was drastically increased in the 

presence of glucose, which was ascribed to the reversible disassembly of the PBA 

linker from the a-GQDs, since the boronic acid groups of PBA form negatively 

charged boronic ester complexes with the cis-diols of glucose [203]. GQD-PBA films 

were then deposited via inkjet printing to produce wearable fluorescent turn-on 

glucose sensors with high sensitivity and selectivity (Figure 2.16c) [203]. Printed 

graphene and CNTs have been utilised in inkjet printed strain and pressure sensors for 

flexible and wearable applications (Figure 2.16c) [248–250]. Upon bending or 

stretching, gaps are created between the graphene flakes or CNTs; the size and number 

of gaps increases with further strain which gives rise to a linear increase in resistivity 

which is mostly reversible [251].  
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Figure 2.16. a) Change in resistance as a function of time for printed GO 

humidity sensor when exposed to NO2 vapour at different concentrations. 

Inset: optical image of sensor on flexible substrate (reproduced from 

reference [219]). b) Conductance as a function of pressure for printed CNT 

pressure sensor on Kapton. Inset: optical image and diagram of pressure 

sensor. (reproduced from reference [250]). c) Optical images of aniline 

functionalised GQD glucose sensors printed on latex gloves with and without 

UV illumination (left). Graph of GQD PL intensity over time in the presence 

of different glucose concentrations (right) (reproduced from reference [203]). 

 

2.5.3 Optoelectronic Devices  

2.5.3.1 Photodetectors  

Various approaches were explored to achieve high responsivity photodetectors via 

inkjet printing. For example, Pace et al. demonstrated fully-printed organic 
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photodetectors with semitransparent PEDOT:PSS electrodes and a photoactive layer 

containing small organic dyes, which achieved external quantum efficiencies up to 

46% [252]. However, organic devices tend to have slower response time due to 

unbalanced electron and hole mobilities [253] and poor long-term stability [254]. 

Low-dimensional semiconductor materials could offer potential solutions as 

photosensitive layers due to their stable and tuneable optical properties [19,36,255]. 

2D BP was deposited via inkjet printing within a graphene/silicon Schottky junction, 

enhancing its responsivity by 10-fold to ~ 10-1 A/W and enabling the device to detect 

in the near-IR wavelength range [255]. Wang et al. deposited AgNPs via inkjet printing 

atop ZnO films for UV photodetection, where surface plasmons in the AgNPs 

increased the photocurrent in the devices and achieved a detectivity of 1.45 ×1010 Jones 

[256]. HgTe [19] (Figure 2.17a,b) and PbS [18] QDs were printed onto graphene 

field-effect transistors (FETs) with high precision by electrodynamic nano-printing 

[18,19] to achieve infrared photodetectors with responsivity of ~ 103 A/W, with 

spectral sensitivity range tuneable by QD composition. Sliz et al. developed a colloidal 

QD ink based on lead halide anions (PbX2 X = Br or I) that was deposited in 

photodetectors with specific detectivities over 1012 Jones across the IR range [257].  
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Figure 2.17. a) Optical image of printed HgTe QDs on graphene FET and b) 

responsivity of the device as a function of wavelength. (reproduced from 

reference [19]) c) Schematic diagram of an X-ray detector based on an inkjet 

printed perovskite QD photoactive layer and d) temporal dependence of the 

photocurrent induced in the device by incident X-rays with response times 

of ~ 30 ms. Inset shows a photograph of an array of these photodetectors on 

a flexible substrate (reproduced from reference [258]). 

 

Perovskite NCs are a promising material for light detection applications due to their 

high absorption cross-sections, long carrier diffusion lengths, and band-gap tuneability 

[99,259]. Gu et al. introduced a soluble PEO layer during the printing of hybrid 

(MAPbBr3) perovskites on flexible substrates and printed photodetectors which 

displayed responsivities up to ~ 1 A/W, which was maintained after 2000 bending 

cycles [12]. Hybrid CH3NH3PbI3 perovskites were deposited on ITO, which formed 

perovskite microwires during printing due to ink formulation and drying conditions, 

resulting in the fabrication of photodetectors with a responsivity of 1.2 A/W [15]. Min 
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et al. deposited 2D layered organohalide (CH3(CH2)3NH3)2(CH3NH3)n−1PbnI3n+1 (n = 

2, 3, and 4) perovskites onto flexible polyimide films to produce photodetectors with 

a responsivity of 0.16 A/W [16]. Hybrid MAPbX3 (X =Cl, Br, I, or mixed) perovskites 

with a variety of different halide ratios in the composition were printed, with 

responsivities up to 10-2 A/W [14]. Printed perovskites can also be used as efficient 

detectors of high energy photons, such as X-rays [258]. Liu et al. printed all-inorganic 

CsPbBr3 QDs onto flexible and rigid substrates between Au electrodes for soft-x-ray 

detection (Figure 2.17c,d) [258]. At a low bias voltage of 0.1 V, these devices 

displayed high sensitivities up to 1450 µC Gyair
-1 cm-2 (70 times more sensitive than 

traditional α-Se devices) with a fast response time of 30 ms.  

Photoexcited electron-hole pairs produced in perovskite NCs tend to recombine very 

quickly (~ 300 ps for CsPbX3 NCs [260]) and so cannot produce significant 

photocurrent [261]. By utilising graphene as a carrier transportation material, with its 

high carrier mobility, high performance photodetectors were realised by fully printing 

a CH3NH3PbClX-3I3/graphene heterostructure (Figure 2.18) [5]. The device displayed 

a responsivity of 0.53 A/W (Figure 2.18b) and could function without an external 

driving voltage [5]. Researchers have only scratched the surface of inkjet printed 

perovskite photodetectors, with especially limited work on graphene-based devices 

and all-inorganic CsPbX3 NCs. With further development these devices could extend 

the range of commercial photodetectors which is particularly promising in the UV 

range below 280 nm where conventional Si-based photodetectors have poor 

responsivities of < 0.04 A/W [262,263]. 
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Figure 2.18. a) Optical image of CH3NH3PbClX-3I3/graphene photodetector 

morphology, b) responsivity of the device as a function of wavelength, and 

c) temporal response of device at source-drain voltage Vsd = 0.1 and 1 V. 

 

2.5.3.2 LEDs 

The integration of optically active materials with the inkjet printing processes has 

enabled the fabrication of photoluminescent films, lasing devices, and LEDs 

[225,255]. The unique and random drying behaviour of each printed droplet has 

enabled the fabrication of unclonable security labels and full-colour converter films 

[264] using inks of ZnxCd1−xSeyS1−y QDs encapsulated by NaCl crystals [264]. QD 

films with optical emission in the red, green, and blue wavelength ranges of the 

electromagnetic spectrum, were sequentially inkjet printed onto flexible substrates to 

fabricate full-colour RGB (red, green, and blue) QD@NaCl convertor films for full-

colour displays with a pixel size of 3.74 ± 0.5 μm [264]. 
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Photoactive materials have also been printed in LED structures. For example, the 

small-molecule organic material 1,1′-(9,9-bis(4-(hexyloxy)phenyl)-9H-fluorene2,7-

diyl)dipyrene (PFP-3) (Figure 2.19a) was inkjet printed as an emissive layer in an 

LED to produce large-area light-emitting flexible patterns, with a luminance of 

800 cd·m-2 at 13 V and maximum current efficiency of 0.6 cd·A-1  [265]. LEDs were 

also reported with an inkjet printed CdSe/ZnS QD emissive layer [266], where coffee-

ring-free and low-roughness QD films were achieved using a mixture of dodecane and 

cyclohexylbenzene solvents. The fabricated LEDs displayed a low turn-on voltage of 

2.0 V, a luminance of 12100 cd·m-2 at 12 V, and a maximum current efficiency of 

4.44 cd·A-1.  

 

Figure 2.19. a) Optical image of printed emissive PFP-3 films (reproduced 

from reference [265]). b) Current density–voltage–luminance intensity 

characteristics of printed MAPbBr3-PEO LED. Inset: optical image of 

MAPbBr3-PEO LED under operation (reproduced from reference [267]). 

 

More recently, lead halide perovskites have attracted attention for LEDs: 

Hammerschmidt et al. [225] developed a method to directly control the crystallisation 

of inkjet printed perovskite composites with polyethylene glycol (MAPbBr3:PEG) and 

achieved the first inkjet printed perovskite emissive layer in an LED. This was 

performed by blending a PEDOT:PSS hole injection layer with KCl to create a seeding 
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template for the inkjet printed perovskite layer. The inclusion of KCl in the 

PEDOT:PSS increased the luminance of the device by a factor of 20, achieving a 

maximum luminance of 4000 cd·m-2 with a turn-on voltage of 2.5 V [225]. A 

MAPbBr3- PEO composite was also printed as an LED emissive layer, exhibiting a 

low turn-on voltage of 2.6 V and a maximum luminance of 210 cd·m–2 (Figure 2.19b) 

[267]. 

Common charge carrier-transport materials  such as  ZnO [268], PEDOT:PSS [269], 

PVK [270], and poly-TPD [210]  have also been printed previously, however, the 

fabrication of fully inkjet printed LED remains very challenging for several reasons. 

High efficiency LED devices require the deposition of several layers on top of one 

another, with uniform thicknesses as small as ~ 50 nm [212,213,271]; this is still 

challenging via inkjet printing and further work on the formulation of inks and their 

integration with the deposition process is needed. Also, the deposition of 

heterostructures for photodetectors, solar cells, or LEDs can lead to intermixing 

between layers [11], which further affects the ability to control the layer thickness 

and/or the quality of the interface (Chapter 2.5.1).  

A fully inkjet printed perovskite LED was fabricated by Zhao et al. using 

CH3NH3PbBr3 perovskites mixed with PEO as the emissive layer (Figure 2.20a,b) 

[228]. The LEDs were printed on flexible substrates and displayed a turn-on voltage, 

maximum luminance intensity, and maximum current efficiency of 3.46 V, 

10227 cd·m−2, and 2.01 cd·A−1, respectively, which were maintained after bending 

(Figure 2.20c.More stable CsPbBr3 perovskite NCs were also deposited via inkjet 

printing as the emissive layer for LED heterostructures [272]. These fully-printed 

devices incorporated a PEDOT:PSS hole transport layer, a NiO hole injection layer, 

and a SnO2 electron injection layer and achieved a luminance of 324 cd·m–2. This work 
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has the significance of achieving the first perovskite LED with printed charge injection 

layers, however, inorganic charge injection materials tend to require high temperature 

processing which limits device applications [272,273]. Organic injection layers are 

typically more compatible with solution processing techniques at room temperature 

[273]. Moreover, they offer unique advantages for perovskite LEDs, including, 

tunability of their band energy alignments for compatibility with a wide variety of 

emissive layers, and layers with hydrophobic conjugated backbone provide the 

perovskites with protection from moisture [273]. It should be noted that a printed LED 

structures with organic hole and electron injection layers (such as poly-TPD and TPBI 

for example) could achieve higher efficiencies than the printed LEDs fabricated thus 

far, however, such devices have not yet been demonstrated.  

 

Figure 2.20. a) Fully printed perovskite LED device structure and b) optical 

image of fully printed perovskite LED on flexible substrate during operation 

undergoing bending. c) Graph of Luminance as a function of voltage before 

and after bending cycles (reproduced from reference [228]). 
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2.5.3.3 Solar cells  

Inkjet printed solar cells incorporating low dimensional materials comprise a growing 

area of research [208,209,274]. The performance of conventional Si solar cells has 

been enhanced by surface decoration with an inkjet printed anti-reflective porous layer 

of Si QDs. Inkjet printing here enabled low-waste deposition while also allowing for 

control of the thickness and porosity of the QD film, resulting in a 15% increase in 

external quantum efficiency in the 300 - 400 nm wavelength range [195]. 

In recent years, a high power conversion efficiency (PCE) of 22.1% [275] was reported 

for solar cells with a spin-coated perovskite photoactive layer. To achieve scalability 

and customisation, inkjet printed perovskite (MAPbI3) photoactive layers were inkjet-

deposited with the layer thickness controlled by the printing strategy and crystal size 

tuned by a vacuum annealing step [227]. The resulting device displayed a PCE of ~ 

11%, comparable to that achieved in spin-coated devices. Solar cells incorporating 

inkjet printed triple cation Cs0.1(FA0.83MA0.17)0.9Pb(Br0.17I0.83)3) perovskites with 

improved temperature and moisture stability [274] displayed PCEs up to 12.9 % and 

were shown to withstand temperatures of 80 °C for 120 minutes, with a small decrease 

in PCE of ~ 10%. To further enhance device performance, greater control over the NP 

crystallisation process is required [274]. 

Despite demonstrating lower PCE than perovskite solar cells, organic devices offer the 

benefits of being fully inkjet printed and are well-suited for applications in wearable 

and healthcare electronics [208,209]. In these devices, semi-transparent electrodes 

were achieved with PEDOT:PSS and a silver NP grid [209], and the solar cells were 

fabricated in an ambient atmosphere with an area > 1 cm2 and PCE = 4.1 %. Fully 

inkjet printed indium tin oxide (ITO)-free, ultrathin, lightweight organic solar cells on 

biocompatible parylene substrates was demonstrated with PCE = 3.6 %. 
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In summary, optoelectronic devices have been fabricated via inkjet printing using a 

wide variety of materials and techniques. However, many novel functional materials 

have not yet been formulated for inkjet deposition, and major challenges must still be 

addressed to enable the co-deposition of multi-materials required for vertical 

heterostructure devices.  

 

2.6 CHALLENGES FOR INKJET PRINTING OF ELECTRONICS  

Inkjet printing is a highly promising method for upscaled manufacturing of electronic 

components and devices, however, there are still major challenges that must be 

addressed before the technique can become more widely adopted [73]. There are four 

key challenges remaining: ink formulation, print resolution, layer thickness and 

uniformity, and intermixing of layer in printed heterostructures.  

Ink formulations need to fulfil the strict requirements of ink rheology, stability, and 

reliable droplet formation during jetting [36,40,276]. The formulation must also enable 

the printing of uniform films with well-defined edges on the desired substrates, and 

post-processing techniques must be investigated to remove solvents and additives 

present in the ink, all while maintaining the functional properties of the material being 

printed [36,40,276]. Currently, development of an ink formulation is highly time 

consuming and demanding process. Further work is needed to find formulations 

strategies that can be used for a wide range of different materials. Moreover, new 

methods to improve and streamline the process of ink formulation are required.  

The resolution of inkjet printing is limited by the volume of the drops produced by the 

printer (tens of microns), along with surface tension, contact angle, and suitability of 

the substrate. Hence, the resolution of inkjet printing is far inferior to lithography-
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based technologies commonly used for manufacturing electronics [277]. It is also 

challenging to produce the very thin and uniform films often required for 

optoelectronic devices via inkjet printing [231], as the coffee-ring effect and other 

wetting phenomena often lead to loss of film uniformity and print resolution [229]. 

Moreover, printed film thickness is dependent on the drop contact angle, with very 

thin films requiring very small contact angles. However, small contact angles can lead 

to uncontrollable droplet spreading on the substrate, thus there is a minimum thickness 

that can be achieved while still maintaining a reasonable printing resolution [278]. 

Highly optimised ink formulations can inhibit the coffee-ring effect, however, other 

deposition techniques such as spin coating tend to achieve thin films with greater 

uniformity and smaller thicknesses than is possible via inkjet printing [279] .  

Intermixing between printed layers in heterostructure devices is another major 

challenge for inkjet printed electronics [11], often leading to short-circuiting and loss 

in device performances [235]. Researchers have used several methods to reduce 

intermixing on a case by case basis [228,236], however, further understanding of the 

intermixing process and further tools to prevent intermixing are needed. Due to these 

challenges, many complex devices that require many printed layers, such as a fully 

printed LED, with charge injection layers for improved efficiency, has not yet been 

realised. 

 

2.7 SUMMARY  

Inkjet printing is low waste process that allows for highly customisable designs and is 

highly upscalable. A plethora of different material have been deposited via printing, 

including 0D, 2D, and organic materials, with conducting, semiconducting, and 
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insulating electrical properties. Printed 2D materials comprise of many 2D flakes, 

which form a network with complex charge transport dynamics. Inks of 2D materials 

typically include additives and encapsulants that can affect their electrical properties 

after post-deposition treatments, such as high temperature annealing [11,177,178]. 

Researchers have also explored photonic annealing [177] as a viable alternative for 

applications on flexible substrates, but further understanding and optimisation of these 

processes is needed.  

Metal NPs inks are commercially available, but more recent research has developed 

inks with greater NP content [82,187] and reduced anisotropy [186] in printed layers 

for improved performances. Many of the 0D materials required for optical 

emission/absorption applications suffer from poor environmental stability, such as 

colloidal QDs. This makes printing challenging, as the properties of the NCs must be 

maintained following formulation, printing, and post-processing. Thus a number of 

techniques were proposed to improve stability and enable the printing of such materials 

including surface capping [102], ligand replacement [96], and core/shell structures 

[106]. All-inorganic metal halide perovskite NCs are of particular interest for printed 

optoelectronics owing to their increased stability, but as of yet, the inks formulated in 

the literature can only be printed on certain polymers [102] and are optimised for thick 

colour converter film applications [199]. No ink has been formulated to produce the 

thin films required for some optoelectronic devices  

Organic materials have been widely printed with improved flexibility and 

biocompatibility compared to inorganics. Conducting and insulating polymers are well 

optimised, with many formulations using different solvents and additives to tune the 

properties of the polymers [26,147,208]. Charge injection materials on the other hand, 

such as poly-TPD and TPBI, are much more challenging to print, as very thin (~ 



60 

 

50 nm) and uniform layers are required for high efficiency devices [212,213], thus 

further work on the formulation of inks and their integration with the deposition 

process is needed.  

For similar reasons, printing heterostructures remains a key challenge. The very thin 

uniform layers required for high efficiency devices [231] are challenging to print in 

complex heterostructures, as the coffee-ring effect and other wetting phenomena can 

lead to loss of film uniformity and print resolution [229]. Intermixing is another key 

challenge for printed heterostructures [11], often leading to short-circuiting and loss in 

device performances [235]. Researchers reduced intermixing on a case by case basis, 

using approaches such as orthogonal solvent systems [236] and the introduction of 

blocking layers [228], however, further understanding of the intermixing process and 

further tools to prevent intermixing are needed. Due to these challenges, a fully printed 

LED, with the inclusion of charge injection materials for improved efficiency, has not 

yet been realised.  

The wide variety of materials available for printing, has enabled the inkjet deposition 

of many different devices. Electronic devices such as transistors [11,215], sensors 

[216–219], and capacitors [220–222] have all been printed; they utilise the unique 

properties of printed materials such as high surface areas to achieve high 

performances, and the inkjet deposition enables new device geometries and 

applications on flexible substrates. Inkjet deposition also enables the precise patterning 

of nanomaterials onto pristine graphene to produce photodetectors [19,255]. With the 

ability to co-deposit multiple dissimilar materials on flexible substrates, this 

technology enables the fabrication of detector arrays with highly selective sensitivity 

over a broad spectral range [5,19,280,281]. However, more printable materials are 

required to fabricate broadband detectors across the entire UV-Vis-IR spectral range. 
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There is also limited work on devices incorporating all-inorganic CsPbX3 NCs [258] 

and fully printed devices incorporating inkjet printed graphene [5], which could enable 

the fabrication of wearable and flexible detectors.  
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3 AIMS AND OBJECTIVES  

The primary aim of this PhD project is to formulate inks and develop the inkjet 

deposition of functional materials, towards fabricating and investigating printed 

heterostructures for photodetector and LED applications. To achieve this aim, the 

following objectives are set: 

(i) Formulate inks and develop inkjet printing deposition methods for different 

functional materials to expand the number of optically active and charge transport 

materials available for additive manufacturing technologies. Specifically, ink 

formulations will be prepared, and printing will be performed for CsPbX3 (X = Cl, Br, 

I or mixed) perovskite NCs and GQDs, as optically active materials, and poly-TPD 

and TPBI as charge injection materials for LED applications. 

(ii) Characterise and optimise commercially available and previously developed inks, 

such as graphene and PEDOT:PSS. For graphene inks, different post-processing 

methods will be explored to enable its deposition on a wider range of substrates and 

heterostructures. For PEDOT:PSS inks, its stability will be tested under different post-

processing methods and in different heterostructure configurations to determine its 

viability in heterostructures for applications in optoelectronic devices.  

(iii) Investigate the properties of fully printed heterostructures made using functional 

material inks for their use in optoelectronic device applications. This includes: 

ensuring the electronic and morphological properties of films are maintained after 

deposition of printed layers on top, investigating how ink wetting on heterostructures 

can affect film morphology; and investigating how different printing parameters can 

be used to control intermixing at printed heterostructure interfaces for improved device 

performance. 
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(iv) Fabricate photodetectors sensitive in the UV-Vis range by decorating conventional 

single layer graphene (e.g. CVD graphene on Si/SiO2 substrate) with printed 

perovskite NCs and (for the first time) GQDs, to upscale the manufacturing of these 

devices and expand the spectral sensitivity range of printed detectors. The use of inkjet 

printed graphene, instead of single layer graphene, in these devices will also explored 

towards the goal of fabricating fully printed detectors on flexible substrates.  

(v) Develop a fully inkjet printed perovskite LED using the inks formulated in this 

work and explore how different printing parameters affects the properties of the LED. 
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4 MATERIALS AND EXPERIMENTAL METHODS 

4.1 MATERIALS AND SUBSTRATES  

All chemicals used for formulation were purchased from Sigma Aldrich without 

further purification. This includes, hexane, terpineol, cyclohexanone, n-butanol, 

isopropyl alcohol (IPA), chlorobenzene, dimethyl sulfoxide (DMSO), tetraethylene 

glycol dimethyl ether (Tetraglyme), 3-glycidyloxypropyl trimethoxysilane (GOPS), 

cyrene, glycerol carbonate (GC), Triton X-100 (Tx), polysorbate 80 (Tween-80), 

polyethylene glycol (PEG) (molecular weight Mw = 1000), and polyvinylpyrrolidone 

(PVP) (molecular weight Mw = 40,000). 

All-inorganic lead halide perovskite nanocrystals (NC) (green CsPbBr3 and red 

CsPb(Br/I)3 with Br:I = 2:3 ) were provided for this work by the supervisory team and 

were synthesised as described in [96]. Octanethiol-functionalized gold nanoparticles 

(AuNPs) were provided by Dr. Im [27]. Silver nanoparticle (AgNP) ink was purchased 

from Advanced Nano Products (SilverJet DGP-40LT-15C) and contain 38.85 wt% 

AgNPs dispersed in triethylene glycol monomethyl ether. Three developmental 

PEDOT:PSS inks (see Chapter 4.4.3.6) were provided by Dr. Rivers [26], which were 

formulated using PEDOT:PSS (1.1 wt%, PH 1000) purchased from Clevios. Graphene 

ink (product number: 793663) was purchased from Sigma Aldrich which consisted of 

liquid exfoliated graphene flakes (average size of 2590 nm2 and average thickness of 

3 nm) encapsulated in ethyl cellulose (EC) dispersed into an 85:15 mixture of 

cyclohexanone/terpineol. hBN ink encapsulated by EC (product number: 901410) was 

also purchased from Sigma-Aldrich with 5.4 wt% EC-hBN composite solids dispersed 

in the same solvents as the graphene ink. Graphene quantum dots (GQD) were also 

purchased from Sigma Aldrich (product number: 793663) (1 mg/ml in water) with blue 

fluorescence and reported diameter of < 5 nm.  
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A variety of substrate materials were used for inkjet deposition. Prime grade silicon 

wafers were purchased from PI-KEM with a 200 nm SiO2 thickness. Single layer CVD 

graphene/SiO2/Si FET devices were provided by the Centre for nanotechnology 

innovation at NEST, Italy [282] with a 285 nm SiO2 thickness. Borosilicate glass 

microscope slides with 1 mm thickness were purchased from Fisher Scientific, Quartz 

coverslips with 0.5 mm thickness were purchased from Agar Scientific, and Sapphire 

substrates with 0.8 mm thickness were purchased from PI-KEM. Polyimide (Kapton® 

HN general purpose polyimide film) thermal insulating films were purchased from 

DUPONT. Polyethylene naphthalate (PEN) with 75 μm thickness and polyethylene 

terephthalate (PET) with 12 μm thickness were supplied by GTS Flexible Materials 

Ltd.  

Before printing, all substrates were cleaned by sonicating (RS Pro Ultrasonic cleaning 

tank, 100W, 3L, cleaning mode: full) in acetone for 20 minutes at room temperature 

followed by washing with IPA and then drying with N2  

 

4.2 INK FORMULATIONS 

CsPbX3 (X = Br or Br/I mixture) perovskite NC inks were formulated for inkjet 

printing by dispersing 5 mg/mL of CsPbBr3 or CsPb(Br/I)3 NCs in a mixture of 

hexane, cyclohexanone, and terpineol (1:3:1 v/v) and sonicating for 30 minutes at 

room temperature. The ink was usually made in batches of 1 mL. The perovskite NC 

ink had a viscosity of 1.53 mPa s, a surface tension 37.8 mN/m, and a density 

1.33 g/cm3. By adding 5 mg/ml of PVP to the CsPbBr3 or CsPb(Br/I)3 perovskite NC 

inks and sonicating for 30 minutes at room temperature, a perovskite-PVP mixed ink 

(CsPbX3-PVP) was formulated. The CsPbX3-PVP ink had a viscosity of 1.65 mPa s, 
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surface tension of 29.1 mN/m, and density of 1.36 g/cm3. To ensure the PVP was fully 

dissolved, it was stirred overnight in cyclohexanone at a temperature of 40 °C before 

the ink was formulated. The iGr-CsPbX3 hybrid ink was formulated by dispersing 

5 mg/ml of CsPbX3 NCs in a mixture of the graphene ink and hexane (2:1 v/v) and 

sonicating for 30 minutes at room temperature. The hybrid ink had a viscosity of 

2.96 mPa s, a surface tension of 27.4 mN/m, and density of 0.93 g/ml. All inks 

containing perovskite NCs were stored in Dimatix inkjet printing containers (Figure 

4.1c) under inert N2 atmosphere which were sealed using the containers lid and 

Parafilm. 

GQD inks were formulated as follows: 1 mg/ml GQD solution in water was mixed 

(0.86 mL) with butanol (25.8 mg) and IPA (85.9 mg), and sonicated at room 

temperature for 30 minutes. By adding 0.86 mg/ml of PEG (Mw = 1000), or by adding 

0.86 mg/ml PVP (Mw = 40,000) to the GQD ink and sonicating for 30 minutes at room 

temperature, GQD-PEG and GQD-PVP inks were formulated, respectively. The GQD 

ink had a viscosity of 1.23 mPa s, a surface tension of 30.9 mN/m, and density of 

1.04 g/ml. The GQD-PEG ink had a viscosity of 0.75 mPa s, a surface tension of 

71.2 mN/m, and density of 1.06 g/ml. The GQD-PVP ink had a viscosity of 1.18 mPa 

s, a surface tension of 32.6 mN/m, and density of 1.06 g/ml. All GQD inks were stored 

in a sealed Dimatix inkjet printing container in ambient conditions. 

Poly-TPD ink was formulated by dispersing 1.5 mg/ml of poly-TPD in chlorobenzene 

and stirring at 40 °C for 2 hours, as described previously in reference [210]. The poly-

TPD ink was stored in a sealed Dimatix inkjet printing container in air in a refrigerator 

at ~5 °C. The poly-TPD ink had a viscosity of 0.61 mPa s, a surface tension of 

28.5 mN/m, and density of 1.28 g/ml. 
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TPBI ink was formulated by dispersing 4 mg/ml of TPBI in a mixture of hexane, n-

butanol, and terpineol (1:3:1 v/v) and sonicating for 30 minutes at room temperature. 

The TPBI ink was stored in a sealed Dimatix inkjet printing container in air in a 

refrigerator at ~5 °C. The TPBI ink had a viscosity of 2.62 mPa s, a surface tension of 

26.4 mN/m, and density of 0.90 g/ml. 

 

4.3 RHEOLOGY MEASUREMENTS 

Rheology measurements were carried out to find the viscosity, surface tension, and 

density of inks to determine their printability. A Malvern Kinexus rotational rheometer 

was used to measure the viscosity of inks as a function of shear rate. These 

measurements were performed at room temperature in a plate-plate geometry with a 

working distance of 0.2 mm. The top plate rotates at a set shear rate, 𝛾𝑠𝑟 in contact 

with the ink and measures the shear stress, 𝜏𝑠𝑠 exerted by the ink. The viscosity, 𝜂, of 

the ink is then calculated by [283]: 

𝜂 =  
𝜏𝑠𝑠

𝛾𝑠𝑟
 (8)  

Viscosity was measured as a function of shear rate from 0.1 - 1000 s-1. The shear rate 

experienced by inks during printing is ~ 1000 s-1, however, the viscosity of inks usually 

reached a constant minimum value, between 100 s-1 and 1000 s-1 and this value was 

taken as the ink viscosity.  

Surface tension measurements were performed on a Kruss DSA100 drop-shape 

analyser using the pendant drop method at room temperature. Here, a camera 

continuously took images of the silhouette of a droplet formed at the end of a 1 mL 

syringe with a 1.25 mm diameter metal needle or a 0.69 mm diameter plastic needle. 
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The needle type was chosen depending of the wettability of the ink, to avoid the droplet 

climbing the sides of the needle during measurements. 20 μL dosing was applied until 

the droplet was ejected and fell from the syringe. The interfacial surface tension, 𝛾, 

was then calculated using the Young-Laplace model, which relates 𝛾 to the curvature 

of the interface between two fluids (the droplet and the air) at the moments before the 

droplet is ejected [284]. For each test, measurements were made for five separate 

droplets and the surface tension was calculated from the average. Finally, the density 

of inks was calculated by transferring 1.00 ± 0.01 mL of ink via syringe to an analytical 

balance to measure its mass.  

 

4.4 INKJET PRINTING PROCESS AND PRINTING PARAMETERS 

4.4.1 Inkjet Printing Process 

In this work, a Fujifilm Diamatix DMP‐2800 drop‐on‐demand (DoD) piezo driven 

inkjet printer was used for material deposition (Figure 4.1a). Cartridges, which house 

and eject the ink, are installed onto the printer (Figure 4.1b). Cartridges consist of two 

components, the container where the ink is stored, and the printhead, where the ink is 

ejected during printing (Figure 4.1c). In this work two different models of printhead 

were used: either the Dimatix DMC printhead with a 10 pL drop volume and a nozzle 

diameter of a = 21.5 µm (Figure 4.1d) or the Dimatix Samba printhead with a 2.4 pL 

drop volume and a nozzle diameter of a = 17 µm (Figure 4.1e). Note that the Dimatix 

DMC printheads were discontinued by the manufacturer in 2021 which is why Samba 

printheads were predominantly used after this point.  
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Figure 4.1. Images of a) Fujifilm Diamatix DMP‐2800 inkjet printer, b) 

Dimatix inkjet printing cartridge, c) sealed Dimatix inkjet printing container 

(left) and Dimatix Samba printhead with nozzles highlighted in red square 

(right) (note that DMC and Samba printheads are visually identical apart 

from the nozzles) Optical images of the nozzles from d) Dimatix DMC 

printhead with nozzle diameter a = 21.5 µm and e) Dimatix Samba printhead 

with nozzle diameter a = 17 µm.  

 

Once an ink formulation was prepared with suitable rheology for jetting, it was loaded 

into a Dimatix inkjet printing container. Before printing, ink was purged through the 

printhead nozzles to expel air pockets from the ink reservoir and remove any nozzle 

blockages. Next, the formation of droplets ejected from the nozzles was optimised. For 

high quality printing, all droplets must be formed with a consistent shape and size. To 

achieve this, a drop-watcher system was used to observe the nozzles during printing, 

while custom voltage waveforms, which control the piezo plate used to push droplets 

out of the nozzles, were created and modified. Small incremental changes were then 
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made to the shape and intensity of the waveforms until the formation of consistent 

spherical droplets was observed, travelling between 6 and 8 m/s and falling vertically 

without producing any satellite droplets, as shown in Figure 4.2. The optimal 

waveform for droplet formation was different for each material that was printed, so 

this process was repeated for each ink formulated. Before, during, and after printing, 

cleaning cycles were employed to stop nozzle blockage and ensure consistent drop 

formation. During a cleaning cycle, the nozzles were first purged and then blotted 

against a cleaning pad, different cleaning cycle durations and frequencies were 

selected for each material, as was deemed necessary to achieve consistent jetting and 

drop formation.  

 

Figure 4.2. Representative optical images of droplet formation during 

printing taken by Fujifilm Dimatix drop watcher using graphene ink. The 

droplets fall vertically and the long tail contacts during flight to form a single 

spherical shape. The blue lines are 100 µm apart. 

 

Once the drop formation was optimised for a particular ink, it could be printed. During 

printing, drops were deposited using a single nozzle from a height of ~ 0.5 mm above 

the substrate. Patterns were deposited in individual rows from left to right, starting at 

the top of a pattern. Each printed row of droplets deposited from left to right is referred 

to as a printed swath. For multiple printed layer this process is repeated, with 
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subsequent layers printing directly on top of the previous layers. All patterns for 

printing were made and edited using the software GIMP [285] (version 2.10.14) in 

bitmap form. For all the patterns printed in this work, leader bars were employed. 

These are small redundant bars placed to the left of a printed pattern that ensures the 

first droplets of each printed swath are deposited in the leader bar and not in the pattern. 

This improved the quality of printed patterns as the first droplets ejected in each swath 

are usually the least stable and are prone to being slightly misshapen/misplaced. 

The drop spacing is the distance between the centres of neighbouring droplets 

deposited by the printer and is a parameter that significantly affects the film 

morphology. For each material, the drop spacing was optimised to form uniform films. 

To find the appropriate drop spacing for a given material, single swaths were printed 

using different drop spacings until one was found that gave printed lines with straight 

edges, as observed with optical microscopy, without any gaps or bulges [41]. Substrate 

temperature during printing (Tsubstrate) also affects printed film morphology (see 

Chapter 2.2) and was optimised for each printed material. The Dimatix print-bed 

provides heating between 0 - 60 °C, and a custom heating plate built in-house was also 

inserted on top of the print-bed to achieve temperatures up to 120 °C. Similarly, the 

post-processing annealing temperature (Tanneal) was optimised for each ink to remove 

solvents from the printed film. 

 

4.4.2 Post-Processing Treatments 

Several different post-processing techniques were used in this work. Post-deposition 

thermal annealing in air was performed in a natural convection oven (Carbolite Gero 

PN). Post-deposition thermal annealing in vacuum with a pressure of 1 mbar was 
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performed in a Thermo Scientific™ Vacutherm Vacuum Heating and Drying Oven. 

Infrared sintering was performed with a λ = 1300 nm twin tube lamp (600 W, Heraeus 

Noblelight Ltd., P = 60 mW/mm2). A custom-built intense pulsed light (IPL) sintering 

setup was also used for photonic annealing. The IPL had a broad spectral range of 550-

900 nm with maximum intensity at 600 nm, and several peaks between 800 and 

950 nm (Figure 4.3a). The pulse duration was ~ 4 s (Figure 4.3b) with a flash power 

of 5.4 J/cm2. Samples were annealed by the IPL system at a distance of 10 mm away 

from the light source using a single flash. UV light exposure tests were performed with 

a FireFly 25x10AC395-4W lamp (λ = 395 nm, P = 3.7 mW/mm2). 

 

Figure 4.3. a) Spectra of light emitted by IPL annealing system and b) graph 

of intensity as a function of time during IPL flash.  

 

4.4.3 Printing Parameters 

For each material used in this work, the ink formulation was optimised and specific 

printing parameters such as drop spacing, Tsubstrate, and Tanneal were used to achieve 

uniform films. The printing parameters and post-processing methods developed for 

each material are outlined below. 
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4.4.3.1 Deposition of Graphene  

Inkjet graphene ink was printed as purchased without further purification. At room 

temperature and at a concentration of 2.4 wt% solids, the graphene ink had a viscosity 

of 11.3 mPa s, a surface tension of 33 mN/m, and a density of 9.665 g/cm3. The ink 

was stored in a Dimatix inkjet printing container (Figure 4.1c) under ambient 

conditions which were sealed using the container’s lid and Parafilm. Graphene printing 

was performed using a 10 pL drop volume Dimatix DMC printhead. The ink was 

deposited with a drop spacing of 20 µm, the printer was paused for 30 seconds between 

printing each layer to allow for drying, and nozzles were purged before printing each 

layer and periodically during printing (for 0.1 s every 100 printed swaths) to achieve 

consistent jetting. Inkjet printed graphene (iGr) films were thermally annealed from 

Tanneal = 150 - 250 °C for periods between t = 30 minutes and t = 24 hour in air or under 

1 mbar vacuum and photonic annealing using intense pulsed light (IPL) was also 

investigated.  

 

4.4.3.2 Deposition of Hexagonal Boron-Nitride  

Hexagonal boron-nitride (hBN) ink was printed using exactly the same protocol and 

printing parameters as those developed for the graphene ink, which are descried in 

Chapter 4.4.3.1. Printed hBN films were then annealed at Tanneal = 250 °C, t =30 

minutes under ~ 1 mbar vacuum. 
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4.4.3.3 Deposition of Perovskite Nanocrystals  

All perovskite containing inks were stored in Dimatix inkjet printing containers under 

inert N2 atmosphere at room temperature. CsPbX3 (X = Br or Br/I) perovskite NC inks 

were printed using 2.4 pL drop volume Dimatix Samba printheads, which formed 

spots with a diameter of ~ 40 µm on Si/SiO2. Perovskite NCs were deposited with a 

drop-spacing of 20 µm and with Tsubstrate = 60 °C in a N2 atmosphere. The printer was 

paused for 60 seconds between printing each layer to allow for drying and to prevent 

excessive cartridge heating by the high temperature substrate, and nozzles were purged 

before printing each layer for 0.2 s. After printing, films were left to dry for 1 hour on 

the printbed at 60 °C under N2 or were annealed at Tanneal = 100 °C, t =30 minutes in 

vacuum. The CsPbX3-PVP ink was printed and annealed using the exact same 

parameters optimised for the CsPbX3 ink.  

The iGr-CsPbX3 hybrid ink was printed using 10 pL drop volume Dimatix DMC 

printheads with nozzles with a diameter of 21.5 µm. The printing parameters optimised 

for the iGr ink (Chapter 4.4.3.1) were also used for the iGr-CsPbX3 hybrid ink, which 

formed spots with a diameter of ~ 50 µm on Si/SiO2. After printing, the hybrid iGr-

CsPbX3 films were annealed at 250 °C, t = 1 hour or at 150 °C, t = 24 hours under ~ 

1 mbar vacuum and photonic annealing using intense pulsed light (IPL) was also 

investigated. 

 

4.4.3.4 Deposition of Graphene Quantum Dots 

GQD inks were stored in a sealed Dimatix inkjet printing container in air in a 

refrigerator at ~ 5 °C. Printing of GQD inks was performed with 2.4 pL drop volume 

Dimatix Samba printheads using a 30 µm drop spacing and Tsubstrate = 60 °C for all 
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three inks (GQD, GQD-PEG, and GQD-PVP - described in Chapter 4.2). No cleaning 

cycles were employed for these inks, but a 60 s pause was used between printed layers 

to prevent excessive cartridge heating by the high temperature substrate. Printed films 

were annealed at Tanneal = 100 °C, t = 30 minutes in air. 

 

4.4.3.5  Deposition of AuNPs and AgNP 

The AuNP and AgNP inks were stored in a sealed Dimatix inkjet printing container in 

air in a refrigerator at ~5 °C. AuNP printing was performed with 2.4 pL drop volume 

Dimatix Samba printheads with nozzle temperature set to 35 °C to reduce viscosity, 

Tsubstrate = 90 °C, and a drop spacing of 30 µm, as described in reference [27]. AuNP 

films were then annealed with Tanneal = 150 °C from 30 to 90 minutes in air or using 

infrared sintering in air for 30 minutes. AgNP printing was performed using a 10 pL 

drop volume Dimatix DMC printheads with a drop spacing of 30 µm and Tsubstrate = 

90 °C, as described in reference [186]. AgNP films were then annealed at Tanneal = 

150 °C for t = 30 minutes in air. 

 

4.4.3.6 Deposition of PEDOT:PSS 

Three PEDOT:PSS inks were provided by Dr. Rivers and their composition is shown 

in Table 4.1, as described in reference [26]. InkDMSO had a viscosity of 10.1 mPa.s and 

a surface tension of 35.6 mN/m; InkCG had a viscosity of 8.6 mPa.s and a surface 

tension of 31.5 mN/m, InkCG-Samba had a viscosity of 7.5 mPa.s and a surface tension 

of 35.4 mN/m. The PEDOT:PSS inks were stored glass vials in a refrigerator at ~ 5 °C. 
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Table 4.1: Compositions of investigated PEDOT:PSS inks by weight 

percentage.  

Composition (wt%) InkDMSO InkCG InkCG-Samba 

PEDOT:PSS 

dispersion 

46.2 38.4 31.8 

Water 46.7 55.2 58.3 

DMSO 5.1   

Tetraglyme 0.5   

Tx 0.5   

GOPS 1 0.45 0.34 

Cyrene  4.3 5.1 

GC  0.85 0.71 

Tween-80  0.8 0.67 

n-butanol   3.0 

 

Printing of InkDMSO and InkCG was performed with 10 pL drop volume Samba 

printheads using a drop spacing of 34 µm. InkCG-Samba printing was performed with 

2.4 pL drop volume Samba printheads with a drop spacing of 20 µm. All PEDOT:PSS 

inks were deposited at Tsubstrate = 45 °C, 0.2 s cleaning cycles were employed before 

each layer, and the printer was paused for 30 s between printed layer. After printing, 

films were annealed in air at Tanneal = 150 °C for t = 30 minutes. 

 

4.4.3.7 Deposition of Poly-TPD and TPBI 

Poly-TPD printing was performed with 2.4 pL drop volume Samba printheads, which 

formed spots with a diameter of ~ 75 µm on Si/SiO2. Poly-TPD ink was stored in a 

sealed Dimatix inkjet printing container in air in a refrigerator at ~ 5 °C. Poly-TPD 

films were deposited with a drop-spacing of 40 µm at room temperature in air. Nozzles 

were cleaned for 0.3 s before printing and during printing (every 40 printed swaths) 
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for consistent jetting. After printing, films were annealed in air at Tanneal = 140 °C for 

t = 30 minutes. 

TPBI printing was performed with 2.4 pL drop volume Samba printheads. Films were 

deposited with a drop spacing of 40 µm and Tsubstrate = 40 °C. TPBI ink was stored in 

a sealed Dimatix inkjet printing container in air in a refrigerator at ~ 5 °C.  No cleaning 

cycles were employed as jetting was very reliable, but a 30 s delay was set between 

layers to prevent nozzle heating. Printed spots were formed a diameter of ~ 50 µm on 

Si/SiO2. Printed films were annealed in air at Tanneal = 140 °C for t = 30 minutes.  

 

4.4.3.8 Deposition of TPGDA 

TPGDA ink was formulated and printed as described in reference [149] and was stored 

in a sealed Dimatix inkjet printing containers in air in a refrigerator at ~ 5 °C. The 

containers were also sealed from ambient light by covering the transparent parts with 

electrical tape. TPGDA printing was performed using a 10 pL drop volume Dimatix 

DMC printheads in an inert N2 environment with Tsubstrate = 40 °C, and a drop spacing 

of 30 µm. The TPGDA was UV-cured during printing with the built-in UV lamp in 

the Dimatix printer (λ = 365 nm, P = 1245 W/m2). 

 

4.5 MORPHOLOGICAL AND OPTICAL CHARACTERISATION 

4.5.1 Optical Microscopy 

Optical microscopy uses visible light and a series of objectives to magnify images of 

small samples, for inspection and imaging. This was performed on a Nikon Eclipse 

LV100ND optical microscope with Nikon NIS-Elements microscope imaging 

software. 
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4.5.2 Electron Microscopy  

Electron microscopy (EM) utilises electron beams to probe samples [286]. EM can 

image significantly higher resolutions than optical microscopy due to the much smaller 

de Broglie wavelength of electrons compared to visible light [287].  

Transmission electron microscopy (TEM) uses a high voltage electron beam focused 

onto a thin sample with an electromagnetic lens. The electron beam either passes 

through the sample onto a screen or is scattered, depending on the electron density of 

the material. TEM can achieve resolutions up to ~ 0.2 nm [287] and thus is suitable 

for imaging the structures of individual nanoparticles. Samples were prepared for TEM 

imaging by drop casting highly diluted solutions onto graphene oxide support grids 

with thickness of < 1 nm. TEM images were acquired on a JEM-2100F, JEOL operated 

at 200 kV and on a JEOL- 2100Plus – equipped with a Gatan Ultrascan1000XP CCD 

camera for imaging. TEM was operated, and images were recorded by Dr Michael W. 

Fay at the Nanoscale and Microscale Research Centre, University of Nottingham. The 

sizes of nanoparticles captured by TEM were analysed independently using ImageJ 

software [288]. 

Scanning electron microscopy (SEM) is a technique where a focussed electron beam 

is rastered across the surface of a sample and an image of the surface is formed by 

detecting backscattered or secondary electron signals. Focussed ion beam (FIB)-SEM 

employs a second beam of ions which are used to cut the sample while SEM imaging 

is carried out. This can be used to image the cross-sections of 3D structures or to obtain 

a thin lamella from a sample which can then be analysed by other techniques such as 

TEM. SEM imaging was performed at 5 kV using a FEI Quanta 3D FIB scanning 
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electron microscope. To protect samples from the FIB, platinum was selectively 

deposited on top of samples using electron beam induced deposition at 1 kV. Samples 

were milled using a 30 kV accelerating voltage for the FIB. FIB-SEM was performed 

at the Nanoscale and Microscale Research Centre, University of Nottingham by Dr. 

Negar Gilani.  

Energy dispersive X-ray (EDX) spectroscopy is a technique used for the elemental 

analysis and thus the chemical characterisation of samples [289] and is often used in 

conjunction with TEM or SEM. This works by firing a focussed electron beam at a 

sample to excite ground state electrons into excited states. The relaxation of these 

electrons to their ground state causes the emission of X-rays which are detected by an 

energy dispersive spectrometer. Since every atom has a unique emission spectrum, 

determined by their atomic structure energy, the elemental composition of the sample 

can be found [289]. EDX spectroscopy was performed Dr. Negar Gilani using the 

Oxford Instruments XMax 100 TLE spectrometer at the Nanoscale and Microscale 

Research Centre, University of Nottingham. Analysis and interpretation of FIB-SEM 

and EDX results were performed independently.  

 

4.5.3 Atomic Force Microscopy  

Atomic force microscopy (AFM) was used to access the nanoscale topology of both 

electrically conducting and insulating samples [290]. AFM was performed in peak 

force tapping mode, where the tip is raised above the sample, and ‘taps’ the sample at 

discrete points in space. When the tip is close to the surface, short range forces (caused 

by tip and sample orbital overlap) over fractions of nm, and long range forces (like 

Van der Walls, electrostatic, and magnetic) up to 100 nm, both act on the tip [290]. 
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These forces are measured by a laser deflection system, whereby a laser is reflected 

from the back of the cantilever (which houses the AFM tip) onto a photodetector 

(Figure 4.4). The laser position on the photodetector is then used to calculate the force 

acting on the AFM tip. As the tip is lowered towards the sample, the force-distance 

relationship between sample and tip is measured, which is then used to calculate the 

height of the sample. By periodically tapping an area of the samples surface, its 

topology can be found. AFM measurements were performed using a Bruker’s 

Dimension Icon®
 using silicon probes (Bruker, model RTESPA-150) with a tip radius 

of 8 nm and spring constant of 6 N/m in air. For each measurement, 256 points were 

taken in the X and Y directions and scans were taken with sizes from 100 × 100 nm to 

20 × 20 µm. The speed of the tip varied with scan size and other parameters varied 

with material but generally the following parameters were used during measurements: 

peak force amplitude = 150 nm, noise threshold = 2 nm, lift height = 50 nm, peak force 

setpoint = 15 nN, and feedback gain = 13.  

 

Figure 4.4. Schematic diagram of atomic force microscopy tip and laser 

deflection system. Reproduced from reference [291]. 
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4.5.4 Time-of-Flight Secondary Ion Mass Spectroscopy  

Time-of-flight secondary ion mass spectroscopy (ToF-SIMS) uses a primary ion beam 

which is focused onto the surface of a sample to produce secondary ions in a sputtering 

process. These secondary sputtered ions are then analysed via mass spectroscopy to 

identify the molecules present on the sample. The primary ion beam can rastered across 

a surface to produce mass spectral information in the X-Y dimension and can be 

continuously operated to etch deep into a sample for mass spectral information in the 

Z dimension. With this information, ToF-SIMS can be used to produce 3D maps of 

the distribution of molecules within a sample with nanoscale resolution.  

ToF-SIMS 3D mapping was carried out by Dr. Trindade and Dr. Zhou at the National 

Physics Laboratory, using a TOF.SIMS 5 instrument from IONTOF GmbH in a dual-

beam fashion. ToF-SIMS data was acquired in positive or negative ion polarity modes, 

depending on the sample, by raster scanning a 30 keV Bi3
+ primary ion beam and 

delivering 0.08-0.2 pA. For negative ion polarity mode, an argon gas cluster ion beam 

(GCIB) operated with energies between 5 and 10 keV with up to 4 nA beam current 

was used for sputtering, and for positive ion polarity mode, an O2 beam with current 

up to 20 nA was used for sputtering. A field of view between 32 × 32 µm and 200 × 

200 µm was measured with raster size up to 400 × 400 µm2. A low-energy (20 eV) 

electron flood gun was employed to neutralise charge build up. Prior to profiling a 

heterostructure, profiles of each of the individual materials were acquired to establish 

characteristic signals for each material. Analysis and interpretation of ToF-SIMS data 

was performed independently. 

 



82 

 

4.5.5 Raman Spectroscopy  

In Raman spectroscopy, a monochromatic light source excites electrons in a molecule 

to an excited state and some photons undergo Raman scattering [292], where the 

energy of the photon emitted during radiative recombination is less than that of the 

photon absorbed by the sample (as is the case in Figure 4.5). The Raman scattered 

light is collected by a detector and can be used to determine the vibrational modes of 

motion of a molecule [292].  

Micro Raman spectroscopy was performed by Dr Graham Rance at the Nanoscale and 

Microscale Research Centre, University of Nottingham using a Horiba Jobin Yvon 

LabRAM HR Raman spectrometer equipped with an automated x-y-z stage 

(Märzhäuser). For single point Raman measurements, spectra were acquired using a 

785 nm laser (at a power of 0.2 mW µm2, 100× objective) and a confocal pinhole of 

200 µm over the range of 65 - 3000 cm-1 with an acquisition time of 120 s and 2 

accumulations to improve the signal-to-noise ratio and automatically remove the 

spikes due to cosmic rays. Spectra were detected by a Synapse CCD detector (1024 

pixels) thermoelectrically cooled to −60 °C. Before measurements, the instrument was 

calibrated using the Rayleigh line at 0 cm−1
 and a standard Si (100) reference band at 

520.7 cm−1. Raman spectroscopic maps were acquired using a 785 nm laser (at a power 

of 3.2 µW µm2 conferred using the DuoScan function, 100× objective) and a confocal 

pinhole of 200 µm over the range 65-3000 cm−1 at 1 µm steps within a 10 × 10 µm 

square and at 10 µm steps within a 100 × 100 µm square (a total of 100 spectra per 

map). Analysis and interpretation of Raman data was performed independently. 
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4.5.6 Photoluminescence Spectroscopy 

Photoluminescence (PL) spectroscopy is a technique used to investigate the band 

structure of materials by measuring the energy of light emitted by a material (Eem) 

following photoexcitation [293]. For a semiconductor with band gap energy, Eg, a 

photoexcitation laser with photon energy Eex > Eg is focused onto the semiconductors 

surface. The semiconductor absorbs the photon which causes the excitation of an 

electron from the valence band (VB) to the conduction band (CB) (Figure 4.5). When 

an excited electron in the CB recombines with a hole in the VB, PL emission occurs, 

emitting a photon with Eem ≈ Eg. 

 

Figure 4.5. Diagram of photoexcitation and radiative emission for PL 

spectroscopy. 

 

PL spectroscopy and confocal PL mapping of CsPbBr3 perovskite NCs and GQDs 

were performed in air or under vacuum using a λex = 405 nm pulsed diode laser as the 

excitation source (pulse rate of 100 MHz with a time-averaged power ~ 10 µW and a 

spot size of ~ 2 µm) and a Horiba MicOS optical spectrometer with Si CCD array 

detector and 50× objective, NA: 0.5, and 150 /mm grating. The samples were moved 

in steps of 20 µm using a motorised Zaber stage attached to the cryostat. CsPb(Br/I)3 

PL spectra was obtained in air using a frequency-doubled Nd:YVO4 laser (wavelength 
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λex = 532 nm, power, P = 70 μW, and a spot size of ~ 5 μm) for optical excitation. The 

laser was used in continuous wave (CW) mode and PL spectra were recorded using a 

Horiba LabRAM system equipped with a Si CCD array detector. PL measurements 

were performed with assistance from Dr. Tyler James and Prof. Peter Beton and access 

was provided to their lab in the Physics Department at the University of Nottingham 

to perform these measurements.  

 

4.5.7 Absorption Spectroscopy  

Absorption spectroscopy is used to excite electrons in the VB of a material into excited 

energy states by passing monochromatic light through a thin film or solution. By 

measuring the intensity of light on the other side of the material, over a range of 

different wavelengths, information is gained about the energy and density of excited 

states in the material (Figure 4.5) [294]. The light was produced using a 

monochromator, where a white light source is first collimated and then directed onto 

a diffraction grating, and the angle of deflection of the grating controls the wavelength 

of light that is produced (Figure 4.6). 
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Figure 4.6. Scheme of monochromator, used to produce monochromatic 

light for absorption spectroscopy measurements, provided by Dr. Nathan 

Cottam. 

 

For ink absorption measurements, the solvent mixture used in the ink was used as a 

control. For absorption measurements of printed films, the substrate was used as the 

control. Absorption measurements were conducted using Cary 3500 UV-Vis 

spectrophotometer. For the perovskite NC samples, a 1 mg/ml solution of the 

CsPb(Br/I)3 ink and a 0.5 mg/ml solution of the CsPbBr3 ink were loaded into Kartell 

Art. 1938" cuvettes made from PMMA. Absorption measurements were taken over a 

wavelength range between 800 nm and 400 nm, with steps of 0.2 nm. GQD absorption 

measurements were obtained by loading 0.01 mg/ml solution of GQD inks into quartz 

cuvettes (Hellma Analytics) and thin film absorption measurements were made by 

drop-casting or printing GQD inks onto quartz substrates. Absorption measurements 

were taken over a wavelength range between 600 nm and 200 nm with steps of 0.2 nm. 

Absorption measurements were conducted with assistance from Mr. Oliver Neslon-

Dummett.  
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4.6 ELECTRICAL MEASUREMENTS   

Electrical measurements were carried out on printed samples and devices to access 

their properties. Electrical measurements were carried out using Keithley 2401 

Sourcemeters and frequency dependent AC measurements of resistance and 

capacitance were performed using a Rohde & Schwarz HM8118 Bench LCR Meter. 

The length, 𝑙, and width, 𝑤, of samples was measured by optical microscopy (Chapter 

4.5.1). Electrical measurements were conducted with assistance from Dr. Nathan 

Cottam.  

 

4.6.1 Sample Preparation for Electrical Measurements 

Electrical characterisation first requires electrical contacts to be made with a sample. 

For large samples (up to ~ 20 cm) that could be measured in air, a four-probe 

micropositoner system (Micromanipulator, model 450PM) was employed, as shown 

in Figure 4.7a. This system used four tungsten probes (Micromanipulator, model 7B-

5) with a tip radius of 0.5 mm that could be placed on top of a sample to make electrical 

contacts for measurements. The four probes were controlled by micropositioners and 

could be viewed through a microscope for precise placement onto a sample. The 

system also used a vacuum pump, which held the sample in place on the sample bed 

and kept the micropositioners in place on the stage. For rigid samples, like gold 

(Figure 4.7b) electrical contacts were made by placing the probes directly on top of 

the sample. For more delicate polymer samples, like PEDOT:PSS, small areas of the 

sample were manually covered in Ag paste (RS Pro Conductive Silver Paste), as shown 

in Figure 4.7c. The Ag paste was deposited using the end of a wire or a tooth pick, 

and given at least 20 mins to dry. The probes were then placed on top of the Ag paste 

without damaging the sample underneath. AgNP and AuNP inks were also used to 
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print contacts with greater accuracy than could be made by hand, as shown in Figure 

4.7d. Ag/Au electrodes were deposited onto the substrate first, and the sample was 

printed on top, to ensure annealing of the metal NPs did not affect the properties of the 

sample. These printed electrodes allowed for contacts to be made in very precise 

locations on the sample, with printed contact pads extending away from the sample 

where contact could be made safely using the four-probe system. The micropositioner 

was then connected directly to Keithley 2400s or LCR meter via bayonet nut coupling 

(BNC) cables to conduct measurements.  

 

Figure 4.7. a) Labelled image of four-probe micropositioner system used for 

electrical measurements and b) optical microscope image of four probes 

making contact with a printed Ag line. Optical microscope images of c) 

printed PEDOT:PSS line with Ag paste manually deposited on top and d) 

printed PEDOT:PSS square with Ag contacts pre-deposited via inkjet 

printing. 

 

Smaller samples (< 5 mm) could be measured by mounting them onto non-magnetic 

headers which were built in-house (Figure 4.8a-d). The headers had up to 12 pins 
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(Figure 4.8b,c) to make separate electrical contacts with the sample (Figure 4.8d) and 

some included a metallic back plate (Figure 4.8b). Samples deposited on Si/SiO2 

substrate were glued to the header using Ag conductive paste, which both held the 

sample in place and acted as conductive pathway between the Si back gate and one of 

the header pins. The headers with metallic plates assisted in making a conductive 

pathway between the pin and back gate. Samples on other substrates without a back 

gate such as Kapton or PEN were glued to the substrate using GE Varnish (Nanoshel). 

Electrical contacts were then made with the device using gold wires with 25 µm 

diameter (Advent, 99.99% purity), which were bonded to a header pin on one end and 

the sample on the other end using DuPont conductive Ag paste (4929N). Electrical 

contacts were made either directly on top of the sample (Figure 4.8e) or onto printed 

contact pads as before. The single layer graphene (SLG) devices provided by the 

Centre for nanotechnology innovation at NEST, Italy [282] included pre-patterned Au 

electrodes and contact pads (made using electron beam lithography) and so, electrical 

contacts were made on the contact pads, as shown in Figure 4.8f,g. 
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Figure 4.8. Photographs of non-magnetic headers with a) 8 pins, b) 12 pins 

and metallic plate, c) from below, and d) with sample bonded to it. Optical 

microscope images of bonded samples mounted on headers: e) printed iGr 

line with contacts made directly on the sample and f) 2-terminal OFET device 

made in Nottingham and g) 2-terminal SLG device made in NEST with 

contacts made on pre-patterned Au contact pads. 

 

Headers were then mounted into a vacuum cryostat and connected to a vacuum pump 

(HiCube 80 DN40K) to achieve pressures down to ~ 10-6 mbar. The cryostat was then 

connected via BNC cables to a custom-made box, with 12 BNC connectors 

corresponding to the 12 pins on the header. Finally, Keithley 2400 Sourcemeters were 

used to conduct electrical measurements on the sample. A schematic diagram of this 

configuration is shown in Figure 4.9.  
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Figure 4.9. Schematic diagram of experimental setup for electrical 

characterisation (not to scale). A sample is mounted on a header in a cryostat 

and connected to Keithley 2400 sourcemeters via BNC cables and a breakout 

box. 

 

4.6.2 Sheet Resistance Measurements   

To calculate the sheet resistance of printed samples, 3 different methods were used. 2-

terminal geometries were generally used for long and thin samples (where 𝑤 < 0.5⋅𝑙) 

with high resistances (> 500 Ω), where the resistance caused by the wires and contacts 

was negligible compared to sample resistance. Using one Keithley 2401, a voltage was 

applied (𝑉sd) and swept over a custom range which was selected so that a current less 

than ~ 3 mA was measured to avoid damaging the device. The source-drain current 

was also measured (𝐼sd) between the 2 contacts using the same Keithley 2401 (Figure 

4.10a). The resistance (𝑅2t) was then found by plotting 𝑉sd against 𝐼sd and finding the 

gradient and the sheet resistance (𝑅s) was then calculated by:  

𝑅s =  𝑅2t

𝑤

𝑙2t
 , (9) 
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where 𝑙2𝑡is the distance between the 2 contacts and 𝑤 is the width of the sample. 

 

Figure 4.10. Schematics of electrical characterisation measurements 

performed in a) 2-terminal geometry, b) 4-terminal geometry, c) and d) Van 

der Pauw geometries (from above) for horizontal and vertical configurations, 

respectively, and e) gate dependent measurement with 4-terminal geometry. 

 

For long and thin samples with low resistance (< 500 Ω), 4-terminal geometries were 

used to eliminate resistance contribution from the wires and contacts [295]. In these 

measurements, 4 electrical contacts were spread evenly across the length of the sample, 

each covering the width of the sample (Figure 4.10b). Using one Keithley 2401, a 

voltage (𝑉sd) was swept, and the current (𝐼sd) was measured between the source-drain 

(end) contacts. Meanwhile, using a Keithley 2000 multimeter, the voltage change (𝑉4t) 

was recorded between the 4-terminal (central) contacts (Figure 4.10b). The 4-terminal 

resistance (𝑅4t) was then calculated by plotting 𝑉4t  against 𝐼sd  and calculating the 

gradient. The sheet resistance 𝑅s was then be calculated by: 

𝑅s =  𝑅4t

𝑤

𝑙4t
 , (10) 

where 𝑙4t is the distance between the two central contacts [295].  
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For wider samples (where 𝑤 ≥ 0.5⋅𝑙), the Van der Pauw (VdP) method was used to 

calculate the sheet resistance [295]. Using a Keithley 2401, a voltage was swept (𝑉sd) 

and the current was measured between contacts 1 and 2 (𝐼sd). Meanwhile using a 

Keithley 2000 multimeter, the voltage was measured between the VDP contacts 3 and 

4 (𝑉VdP) (Figure 4.10c). The vertical component of sheet resistance (𝑅A) could then 

be calculated by plotting 𝑉𝑉𝐷𝑃  against 𝐼𝑠𝑑  and finding the gradient. To find the 

horizontal component of sheet resistance (𝑅B) , this process was repeated in a 

horizontal configuration (sample rotated 90°) (Figure 4.10d) by applying 𝑉sd and 

measuring 𝐼sd between contacts 1 and 3, while measuring 𝑉VdP between contacts 2 and 

4. The sheet resistance can then be found by solving the following equation [295]: 

𝑒 
(

−𝜋𝑅A
𝑅s

)
+  𝑒 

(
−𝜋𝑅B

𝑅s
)

= 1 (11) 

 

4.6.3 Electrical Measurements under Applied Gate Voltage 

Gate voltage (𝑉g) dependent measurements were performed on samples printed on 

Si/SiO2 substrates with SiO2 dielectric constant 𝜀 = 3.6.The Si layer underneath was 

used as the gate electrode which was attached to the header with silver paste to form 

the gate contact (Figure 4.10e). Samples were mounted in a vacuum optical cryostat 

and gate voltage measurements were performed under vacuum. First, with one Keithey 

2401, a constant 𝑉sd  was applied through the device while 𝐼sd was measured 

continuously. Note that this continuous resistance measurement was performed in 2-

terminal or 4-terminal geometries depending on the sample. With a second Keithley 

2401, 𝑉g was applied and slowly swept with sweep rate 0.1 V/s over a set range, which 

builds up an electric field across the dielectric. The resistance of the device, and thus 
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the resistivity, 𝜌sd, and conductivity, 𝜎sd, was then calculated as a function of 𝑉g. From 

these measurements, the field effect mobility, μ of SLG was approximated at the point 

of highest slope in the conductivity-gate voltage, 𝜎sd(Vg) plot of the SLG, as was 

reported previously in [52], using the equation: 

𝜇 =  
𝑑

𝜀𝜀0

𝜎sd

𝑉g 
, (12) 

where 𝜀0is the permittivity of free space, 𝜀 is the relative permittivity of the SiO2 

dielectric layer (3.9), and d is the SiO2 dielectric thickness. Moreover, the charge 

carrier density 𝑛 was calculated by: 

𝑛 =  𝑛0 +  
𝜀𝜀0

𝑞𝑑
𝑉g, (13) 

where 𝑞 is the electron (or hole) charge and 𝑛0 is the doping level at 𝑉g = 0 V.  

 

4.6.4 Photocurrent Measurements   

Samples were mounted in a vacuum optical cryostat, equipped with a sapphire window 

so that the device could be illuminated by a light source (Figure 4.11a). Photocurrent 

measurements were performed in vacuum on samples in 2-terminal geometries. 

During photocurrent measurements, a constant 𝑉g and 𝑉sd were applied to the sample 

while 𝐼sd was measured continuously. The sample was first measured in darkness for 

2 minutes so that a dark current 𝐼dark could be recorded. Then, an unfocused light 

source with wavelength, λex, and a light spot larger than the device was used to 

illuminate the sample. The photoresponsivity 𝑅 was calculated using: 

𝑅 =  
𝐼pc

𝑃sample
, (14) 
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where the photocurrent 𝐼pc is the maximum change in 𝐼sd recorded after one minute of 

constant illumination and 𝑃sample is the total light power incident on the sample. The 

total power of the laser was measured using a Thorlabs PM100D power meter and 

S120VC UV-extended (200−1100 nm) silicon photodiode, and the power density was 

calculated by dividing total power by spot size (measured with a ruler). 𝑃samplewas 

then calculated by multiplying the power density by sample area, since the sample was 

fully covered by the light spot. The power of the light sources was controlled using 

neutral density filters, which reduced laser power between 1 and 6 orders of 

magnitude. Time delays between the measurements were implemented to allow the 

photocurrent to return to its initial value, where 𝐼sd =  𝐼dark . The duration of these 

delays was dependent on the speed of the device, typically ~ 2 mins. To minimise 

relaxation time and to ensure minimal damage or bleaching to devices, measurements 

using low powers were conducted before measurements using high powers. 

 

Figure 4.11. a) CsPb(Br/I)3 sample on header mounted in cryostat with 

sapphire window for photocurrent measurements. The sample is being 

illuminated by λex = 520 nm light and a 590 nm long-pass filter is used to 

show photoluminescence. b) 6λ fibre-coupled laser system with λ =405, 450, 

532, 635, 808, and 1060 nm and power of < 30 mW. 
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Several light sources were employed for photocurrent measurements. Fixed 

wavelength excitations were provided by a 6-wavelength (6λ) fibre-coupled laser 

system (custom built system by Changchun New Industries Optoelectronics Tech. Co. 

Ltd) with wavelengths of 405, 450, 532, 635, 808, and 1060 nm which had full width 

at half maximum (FWHM) < 2 nm and power output < 30 mW per channel (Figure 

4.11b). A deuterium lamp with a wavelength of 250 nm was also employed for UV 

measurements. A MicroHR monochromator (Horiba, MHRA-2X-FS, with 75 W 

xenon source) was also used for photocurrent measurements under tuneable 

wavelength (λ = 200 nm to 1000 nm). 

 

4.6.5 Electrical Performance under Mechanical Bending  

Mechanical bending testing was performed on samples printed on flexible substrates 

such as Kapton to test how mechanical bending affected a sample’s electrical 

properties. The bending setup was made in-house and consisted of a stepper motor-

based linear stage with 3D printed grips to mount the sample (Figure 4.12). The two 

ends of the sample were mounted between the end block and the moving carriage on 

the stage. The speed, curvature and number of bending cycles were controlled using a 

DRV8825 stepper motor. Electrical contacts were made at each end of the sample and 

a constant Vsd during bending while Isd was measured continuously. I(V) relationships 

were also measured on the sample at rest, at intervals between bending cycles. 
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Figure 4.12. Printed iGr-CsPbBr3 line on Kapton in mechanical bending 

setup, undergoing bending during electrical measurement. 
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5 FORMULATION AND CHARACTERISATION OF AM 

MATERIALS  

Different low-D and polymeric materials were used in this project, including 

commercially available inks and new material formulations developed for inkjet 

deposition. This chapter describes the development and formulation of new inks, as 

well as the characterisation and optimisation of commercially available inks. Strategies 

for improving material performance through post-processing optimisations are also 

discussed, as well as studies to test material stability under different conditions.  

The work included in this chapter on printed CsPbBr3 and CsPb(Br/I)3 (Br:I = 2:3) 

perovskite NCs is published in Austin et al., “Photosensitisation of inkjet printed 

graphene with stable all-inorganic perovskite nanocrystals”, Nanoscale, 2023, 15, 

2134. The work included in this chapter on PEDOT:PSS is published in Rivers et al., 

“Stable large area drop-on-demand deposition of a conductive polymer ink for 3D-

printed electronics, enabled by bio-renewable co-solvents”, Addit. Manuf., 2023, 66, 

103452.  

 

5.1 OPTIMISATION OF GRAPHENE INK AND DEVELOPMENT ON 

FLEXIBLE SUBSTRATES 

The properties of inkjet printed graphene (iGr) using commercial graphene ink (Sigma 

Aldrich, product number: 793663) are well understood from previous studies [11], but 

to print high conductivity iGr films, very high thermal annealing temperatures (Tanneal 

= 250 °C, t ≥ 30 mins) are required. This limits the applications of iGr in devices, as 

many materials and substrates cannot withstand these high temperatures, thus 

alternative post-deposition treatment strategies were explored.  
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For each annealing condition used, the resistance of 3 repeat samples were measured 

in 2-terminal geometries. First, thermal annealing at lower temperatures was explored. 

For 5 printed layer iGr films, annealing was conducted at Tanneal = 150 °C for t = 30 

minutes and t = 2 hours, however, in both cases large sheet resistances Rs > 1 GΩ/sq 

were recorded, rendering them unsuitable for electrical applications. Longer annealing 

times of t = 18 hours at Tanneal = 150 °C were explored, and these samples displayed 

the far smaller sheet resistance Rs = 30 ± 20 kΩ/sq (Figure 5.1, blue line). While this 

resistance was about two orders of magnitude greater than that of iGr annealed at Tanneal 

= 250 °C (Figure 5.1, red line), it is ~ 10x smaller than that of iGr annealed 200 °C 

for 30 minutes [11]. This shows that conductive iGr layers can be achieved with 

decreased Tanneal using increased t. Further research is needed to fully understand the 

chemical changes that occur in iGr films following thermal annealing, such that 

annealing temperatures and times can be further optimised for specific applications.  

 

Figure 5.1. Representative I(V) relationships of iGr films with 5 printed 

layers annealed using three different methods (thermal annealing at Tanneal = 

250 °C for 30 mins, thermal annealing at Tanneal = 150 °C for 18 hours, and 

IPL annealing). All measured in 2-terminal geometry. Thermally annealed 

films were printed on Si/SiO2 and IPL annealed film was printed on Kapton. 
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An alternative approach is photonic annealing. iGr films on Kapton were exposed to 

intense pulsed light (IPL), with a broad spectral range of λ = 550 - 900 nm with 

maximum intensity at 600 nm, pulse duration ~ 4 s, and flash power 5.4 J/cm2 

(Chapter 4.4.2). These samples displayed a sheet resistance of Rs = 700 ± 400 Ω/sq, 

comparable to that of iGr annealed at Tanneal = 250 °C (Figure 5.1, black line), but with 

larger variation between samples, possibly due to inhomogeneity in the IPL footprint. 

Initial studies suggest that the sheet resistance of IPL annealed iGr films is highly 

dependent on the substrate used, with much greater resistances (Rs > 105 Ω/sq) 

recorded for IPL annealed iGr films on glass and Si/SiO2 substrates. It is likely that 

highly reflective substrates such as Si/SiO2 and highly transparent substrates such as 

glass absorb less IPL than Kapton, resulting in less heating and thus poorer annealing 

of iGr films [296].  

IPL annealing is a faster and less destructive post-processing step than thermal 

annealing and it was shown to be a promising method for post-processing of iGr. It 

also has the potential benefit of being performed in-situ during printing, however, 

further studies are needed to fully understand this process and ensure it is compatibility 

with different substrates. 

 

5.2 FORMULATION OF PEROVSKITE NANOCRYSTALS INKS 

5.2.1 All-Inorganic CsPbX3 NC Inks 

The optical and morphological properties of all-inorganic CsPbX3 (X = Cl, Br, I, or 

mixed) perovskite NCs were studied for light detection applications (Chapter 7.2). 

The NCs used are stable with respect to their optical properties for a period of at least 

2 months (Figure 5.2c).The NCs were dispersed in hexane at a concentration of 
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5 mg/ml. The properties of CsPbX3 NCs are highly dependent on their shape, size, and 

halogen composition. 

All-inorganic CsPbBr3 and CsPb(Br/I)3 perovskite NCs capped with oleic acid and 

bromophenol ligands were used to formulate inks for inkjet printing. TEM imaging 

revealed that the CsPbBr3 NCs had an average size of 11 ± 2 nm and were hexagonal 

in shape with high crystallinity (Figure 5.2a,b). A lattice spacing of 0.41 ± 0.02 nm 

was measured from TEM images, which corresponds to (110) plane of cubic CsPbBr3 

(Figure 5.2a) [297]. 

 

Figure 5.2. a) Representative TEM images of the CsPbBr3 NCs (Imaged by 

Dr. Michael Fay) and b) size distribution of a profile of CsPbBr3 NCs, with 

an average size of 11 ± 1 nm. c) PL spectra of CsPbBr3 NCs recorded at 

different times over a period of two month (Provided by Dr. Chengxi. Zhang, 

Shanghai University). 

 

To formulate the CsPbX3 NCs inks for printing (Figure 5.3a), the NCs were added to 

a mixture of hexane, cyclohexanone, and terpineol (1 : 3 : 1 v/v) at a concentration of 

5 mg/ml. The composition of the ink was optimised to achieve the viscosity of 

1.53 mPa·s, surface tension of 37.8 mN/m, and density of 1.33 g/cm3, giving an 

Ohnesorge number, Oh = 0.052 and an inverse Ohnesorge number, Z = 1/Oh = 19. 

While this falls outside the optimal printing range (1 < Z < 10), consistent jetting was 
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achieved without satellite droplets. This is consistent with the literature, where jettable 

inks have been reported with Z values up to 35.5 [176]. 

To suppress the coffee ring effect, the high boiling point solvents terpineol and 

cyclohexanone, and the low boiling point solvent hexane are included together in the 

ink [40,298], and the substrate temperature was set to Tsubstrate = 60 °C during printing 

for fast solvent evaporation. The inks were deposited in an inert N2 atmosphere to 

avoid NC degradation during printing. A single droplet of NC ink printed onto Si/SiO2 

and on flexible Kapton formed spots with diameter of ~ 30 μm, thus to achieve uniform 

films, a 20 μm drop spacing was employed. The inks of CsPbBr3 and CsPb(Br/I)3 NCs 

were printed on flexible and rigid substrates (Figure 5.3a,b). After deposition, the 

CsPbBr3 and CsPb(Br/I)3 NC films had PL emissions centred at 515 nm and 625 nm 

with narrow FWHM of 17 and 30 nm, respectively (Figure 5.3c, dashed lines). The 

absorption edge of the CsPb(Br/I)3 NCs was located at 625 nm, whereas the absorption 

edge of the CsPbBr3 NCs was at 550 nm (Figure 5.3c, solid lines). Both inks 

demonstrated bright fluorescence under UV illumination (Figure 5.3a,c), and no 

change in the shape of their PL spectra was observed before and after deposition and 

drying.  
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Figure 5.3. a) Diagram showing inkjet deposition of 5 mg/ml CsPbX3 (X = 

Br or Br/I) perovskite NC ink formulation for inkjet printing (solvents (vol): 

20% hexane, 60% cyclohexanone, 20% terpineol) with optical image of 

green pattern on Kapton undergoing bending with bright fluorescence under 

UV (λex = 365 nm) illumination. b) Optical images of printed perovskite NC 

films, with green CsPbBr3 on Kapton and red CsPb(Br/I)3 (Br:I = 2:3) NCs 

on Si/SiO2, both under UV illumination (λex = 365 nm). c) 

Photoluminescence spectra (λex = 405 nm) of printed films (dashed lines) and 

absorption spectra of inks (solid lines) for green CsPbBr3 and red CsPb(Br/I)3 

NCs. Inset: optical image of CsPb(Br/I)3 (red) and CsPbBr3 (green) ink 

formulations for printing, illuminated under λex = 365 nm UV light, with 

bright fluorescence.  

 

PL mapping was used to assess the optical properties of CsPbBr3 NC films with 1 and 

2 printed layers, and 2 printed layers annealed at Tanneal = 100 °C, t = 30 mins under 

vacuum (Figure 5.4a). Note that uniform films were formed by inkjet deposition of 

one printed layer, due to reliable jetting and favourable ink wetting on the Si/SiO2 

substrate. A factor of 2 difference between the maximum and minimum PL intensity 

was recorded on PL maps of these samples (Figure 5.4b, right) which is attributed to 

surface roughness caused by the coffee ring effect, which was seen in optical 

microscopy images (Figure 5.4b, left). This could likely be reduced by changing the 

printing strategy such that printed swaths of subsequent layers are offset from the 
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previous layers, as was shown for PEDOT:PSS [26]. The non-uniformity in PL 

intensity of printed CsPbBr3 films is reduced with increasing number of layers (Figure 

5.4c). Importantly, thermal annealing, which is typically used as post deposition 

process (Tanneal = 100 °C), was shown to have a negligible effect on the PL uniformity 

(Figure 5.4d), or on the shape of the PL spectra (Figure 5.4e). 

 

Figure 5.4. a) Representative optical images of CsPbBr3 NC films under UV 

illumination (λex = 365 nm). The top image shows 1 printed layer, middle 

image shows 2 printed layers and bottom image shows 2 printed layers 

annealed at Tanneal = 100 °C for t = 30 minutes. Representative maps of PL 

emission intensity (λex = 405 nm) for b) 1 layer (with corresponding optical 

image shown on the left), c) 2 layers and d) 2 annealed layers of printed 

CsPbBr3 NCs. e) Representative normalised PL spectra from each of the 

studied CsPbBr3 films. PL measurements were performed with assistance 

from Dr. Tyler James.  

 

AFM was used to determine the thickness at the edge of the perovskite NC film and 

access surface roughness. For five printed layers of CsPbBr3 on Si/SiO2 substrate, 

AFM images revealed a thickness of ~ 20 nm and a roughness of ~ 5 nm (Figure 

5.5a,b). However, with AFM, the thickness of the printed film can only able measured 
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at its edge. The thickness of the CsPbBr3 in the centre of printed swaths may be < 

20 nm and roughness may be increased due to the coffee ring effect, as was indicated 

by PL mapping. Further studies of printed CsPbX3 films should be carried out to access 

the morphology of films at the centre of printed swaths and further optimisation of the 

CsPbX3 ink formulation could be carried out to improve uniformity of printed films.  

 

Figure 5.5. a) AFM image of the edge of 5 printed layers CsPbBr3 film on 

Si/SiO2 b) Height profile for the line indicated in the image (white line).  

 

5.2.2 CsPbX3-PVP Ink 

Previous studies have shown that the addition of the polymer PVP to all-inorganic 

perovskite NC inks can improve environmental stability and ink rheology [102]. 

Addition of PVP may also affect the distribution of NCs within the printed films [186]. 

For these reasons, an ink was formulated that included both CsPbX3 NCs and PVP 

(CsPbX3-PVP). Studies were also performed to determine how the addition of PVP 

affects intermixing of NCs in printed heterostructures (Chapter 6.3).  

CsPbX3-PVP inks were formulated in the same way as the CsPbBr3 and CsPb(Br/I)3 

inks but with the addition of 5 mg/ml of PVP. The addition of PVP increased the inks 

viscosity to 1.65 mPa·s and decreased surface tension 29.1 mN/m. This slightly 

improved ink printability as the inverse Ohnesorge number Z decreased to 16, closer 
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to the optimal printing range. The same printing parameters were used for the CsPbX3 

inks and the CsPbX3-PVP inks. Visibly, printed CsPbBr3-PVP films displayed the 

same bright green fluorescence under UV illumination as CsPbBr3 films (Figure 5.6a).  

PL spectra of the CsPbBr3-PVP ink was comparable to the CsPbBr3 ink used as a 

control (Figure 5.6b, solid green line) and displayed a PL peak position at λ = 515 nm 

and FWHM of 19 nm. The absorption spectrum of the CsPbBr3-PVP ink was also 

comparable to the CsPbBr3 ink in the visible range (Figure 5.6b, dashed green line), 

but the PVP greatly increased absorption at λ < 250 nm (Figure 5.6c).  

 

Figure 5.6. a) Optical images of 10 printed layer CsPbBr3-PVP film on top 

of iGr line under white light (top) and λex = 365 nm excitation (bottom) b) 

PL (solid) and absorption (dashed) spectra of CsPbBr3 ink. PL spectra of 

CsPbBr3 ink is also included for comparison c) Absorption spectra of PVP, 

measured in 1mg/ml cyclohexanone solution. 

 

5.2.3 iGr-CsPbX3 Hybrid Ink 

Hybrid inks containing both iGr and perovskite NCs (iGr-CsPbX3) were also 

formulated. The motivation behind this formulation was to include both the optically 

active material and the charge transport material in a single ink, so that photodetectors 

could be deposited in a single deposition step. It was also envisioned that the large 



106 

 

interfacial surface area created by mixing the two materials, may improve charge 

transport between them. iGr-CsPbX3 inks were formulated for jetting by dispersing 

5 mg/ml of CsPbX3 NCs in a mixture of the iGr ink and hexane (2:1 v/v). The hybrid 

ink had a viscosity of 2.96 mPa·s, a surface tension of 27.4 mN/m, and density of 

0.93 g/ml, giving Z = 8 which is within the optimal printing range.  

Raman mapping was used to access printed iGr-CsPbBr3 hybrid films, annealed at 

Tanneal = 150 °C, t = 30 mins. The peak intensity ratio ID:IG (peaks shown in Figure 

5.7a) provides a quantitative descriptor of the number of structural defects in the 

graphene (the extent of deviation of the crystalline arrangement from a perfect 

hexagonally organized planar network of carbon atoms) [11]. The average ID:IG peak 

ratio was comparable to iGr and the observed small difference (Figure 5.7b,c) can be 

attributed to the different annealing temperature used [11].  

 

Figure 5.7. a) Representative Raman spectra of 5-printed layer iGr annealed 

at 250 °C for 30 mins and 5-printed layer iGr-CsPbBr3 hybrid annealed at 

150 °C for 30 mins. The D, G, and 2D peaks are labelled. Raman 

spectroscopic maps of the ID:IG peak ratio for b) iGr sample and c) iGr-

CsPbBr3 hybrid sample. Raman measurements were performed by Dr. 

Graham Rance. 

 

Different annealing conditions were tested for printed iGr-CsPbX3 hybrid films. For 

each annealing condition, 3 repeat samples were measured in 2-terminal geometries. 
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Printed films with 5 layers annealed at Tanneal = 250 °C for 30 mins displayed a sheet 

resistance Rs = 5 ± 3 x105 Ω/sq (Figure 5.8), however, they displayed no visible PL, 

indicating thermal degradation of perovskite NCs. Films annealed at Tanneal = 150 °C, 

t = 18 hours displayed a larger sheet resistance of Rs ~ 1 x107 Ω/sq for 5 printed layers, 

as was the case with the iGr films (Figure 5.8b), and the PL of the film remained 

visible after annealing (Figure 5.8a, inset). For both thermal annealing conditions, the 

iGr-CsPbX3 films displayed significantly larger sheet resistance than iGr (Figure 

5.8b), due to the presence of perovskite NCs, which can disrupt conductive graphene 

pathways and increase flake-to-flake junction resistance [11,299].  

 

Figure 5.8. a) Characteristic I(V) dependence of 5 printed layer iGr-

CsPb(Br/I)3 films annealed with 250 °C, 150 °C, and IPL photonic 

annealing. Inset: optical image of printed iGr-CsPb(Br/I)3 hybrid film on 

glass annealed at 150 °C for 18 hours, with green fluorescence under λex = 

365 nm excitation. The pattern is ~ 1 cm in length. b) Comparison of the 

sheet resistances of 5 printed layer iGr and iGr-CsPb(Br/I)3 films using 

different annealing conditions. Thermally annealed samples were printed on 

Si, IPL annealed samples were printed on Kapton. Error bars represent 

standard error from 3 repeat samples. 

 

Photonic annealing using IPL was considered as an alternative annealing method for 

iGr-CsPbX3 films, and achieved lower sheet resistance of 650 ± 400 Ω/sq for 5 printed 
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layers compared to thermal annealing (Figure 5.8). This result is in line with the effect 

of IPL annealing observed for iGr films (Figure 5.8b). Once again, no visible PL was 

observed for iGr-CsPbX3 films annealed with IPL treatment, likely due to perovskite 

degradation under intense light exposure. The hybrid layers deposited onto flexible 

Kapton substrates (Tanneal = 150 °C, t = 18 hours) had stable electrical performance 

over at least 200 bending cycles, similar to the performance seen previously for iGr 

films [300], indicating that this material is suitable for flexible electronics application 

(Figure 5.9). By combining the optically active perovskite NCs and conductive 

graphene into a single ink, optoelectronic devices could be printed in a single 

deposition step. However, so far it has proved challenging to develop a printing and 

post-processing method that enables deposition of films which retain both the optical 

properties of the NCs and the electrical properties of iGr.  

 

Figure 5.9. a) I(V) dependence of 5-layer iGr-CsPbBr3 hybrid line before 

and after undergoing 200 bending cycles with bending radius 0.5 cm. b) 

Sheet resistance of sample after different numbers of bending cycles, 

calculated from I(V)s at different intervals. Error bars were calculated from 

linear fitting of I(V)s and by the range of the resistance recorded in-situ (with 

constant Vsd = 1 V)  using the 5 bending cycles before and after the I(V) 

measurement was taken. Inset: current measured through the sample 

continuously during a single bending cycle (Vsd = 1 V). 
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The perovskite NC inks in this study were developed with the goal of producing thin 

and uniform inkjet printed films, on rigid and flexible substrates, for optoelectronic 

device applications, with stable optical performance following formulation and 

deposition. CsPbX3 NC films with 5 printed layers displayed a thickness of ~ 20 nm 

with roughness of ~ 5 nm and maintained bright PL after printing and annealing at 

Tanneal = 100 °C for t = 30 mins. This was accompanied by a factor of 2 difference 

between regions of maximum and minimum PL intensity. The CsPbX3 films 

developed here are an order of magnitude thinner than printed CsPbBr3 films 

formulated previously for colour converter film applications [199]. Other works have 

demonstrated films with comparable thickness and uniformity [198], but the CsPbX3 

NC inks developed in this study have the advantage of being printable on both rigid 

and flexible substrates. Further morphological studies are required to fully access the 

CsPbX3-PVP ink formulation, however it seems a promising formulation to improve 

environmental stability of printed films. Alternatively, the hybrid iGr-CsPbX3 ink 

appears a promising for single step deposition of devices, but further studies are needed 

to develop a printing and post-processing method that retains both the optical 

properties of the NCs and the electrical properties of iGr. 

 

5.3 GRAPHENE QUANTUM DOTS  

Commercially available GQDs with sizes of < 5 nm were purchased from Sigma 

Aldrich (product number: 793663). AFM mapping of drop-cast GQDs (0.01 mg/ml in 

water) on glass revealed that the GQDs aggregate into clusters of ~ 50 nm in size 

(Figure 5.10a). The GQDs displayed blue fluorescence under λex = 365 nm (Figure 

5.10b, inset) and their PL spectra (measured in solution) displayed two peaks, a larger 
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primary peak at λ = 485 nm and a smaller one at λ = 610 nm (Figure 5.10b, solid line). 

The peak at λ = 485 nm is commonly attributed to GQD oxidation [301]. The 

absorption edge of the GQDs was observed at λ ~ 430 nm and absorption peaks were 

observed at λ = 350 nm and λ = 240 nm (Figure 5.10b, dashed line). The resistance of 

a GQD film was measured by depositing the GQDs via drop-casting (1 mg/ml in 

water) between pre-patterned Au contacts (20 µm gap) on Si/SiO2 (inset of Figure 

5.10c). The GQDs were observed to be highly insulating, with resistance of ~ 1010 Ω 

recorded in vacuum across the contacts on pristine Si/SiO2 (300 nm of SiO2) substrate, 

which was unchanged before and after the deposition of 1 to 5 drops of GQDs.  

 

Figure 5.10. a) AFM map of drop-cast GQD film and b) absorption (dashed) 

and PL (solid) spectra, measured with λex = 405 nm for GQDs ink. Inset: 

optical image of GQD ink with blue fluorescence under λex = 365 nm. c) I(V) 

relationships of 2-terminal OFET device with 20 µm space between contacts, 

before and after deposition of 1, 2, 3, 4, and 5 drops of GQD ink between the 

contacts via drop-casting. Inset: optical image of OFET following deposition 

with 1 drop of GQD ink.  

 

GQD inks were formulated by mixing 1 mg/ml GQD solution in water (0.86 mL) with 

butanol (0.032 mL) and IPA (0.11 mL), which gave an ink with Z = 19; similar to the 

perovskite ink, and consistent jetting was achieved without any satellite droplets. Drop 

formation was stable, hence cleaning cycles were not employed at any stage during 

printing. After printing, GQD films were annealed at Tanneal = 100 °C for t = 30 mins 
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to remove solvents. While GQD ink jetting was consistent, de-wetting was observed 

on Si/SiO2 substrates, leading to GQD films breaking up and forming many isolated 

islands of material. Based on optical microscopy, the best GQD films were formed on 

glass, however, they still displayed poor uniformity due to de-wetting (Figure 5.11a). 

Moreover, no visible photoluminescence was observed in the printed GQD films, 

likely due to reabsorption caused by GQD aggregation [125]. 

 

Figure 5.11. Optical images of a) 5 layer GQD film printed on glass, b) 5 

layer GQD-PEG film printed on iGr, c) 5 layer GQD-PVP film printed on 

glass, printed in a honeycomb pattern. Inset: zoomed images of film under 

white light (left) and under λex = 365 nm with blue fluorescence (right). 

 

The polymers PEG and PVP were added to the GQD ink, formulating GQD-PEG and 

GQD-PVP inks to improve the wettability of GQD inks onto substrates such as 

Si/SiO2, and also to improve PL of printed films by suspending the QDs in a polymeric 

matrix to reduce reabsorption. The GQD-PEG had a viscosity of 0.75 mPa·s, a surface 

tension of 71.2 mN/m, and density of 1.06 g/ml, leading to Z = 47. The GQD-PVP ink 

had a viscosity of 1.18 mPa·s, a surface tension of 32.6 mN/m, and a density of 
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1.06 g/ml, leading to Z = 21. In both inks Z was increased but consistent jetting was 

still achieved. The printed GQD-PEG ink still displayed poor wetting on glass and 

Si/SiO2, but much more uniform films were formed on iGr (Figure 5.11b), which is 

potentially useful for photodetector applications (Chapter 7.4). The GQD-PVP ink 

displayed the best wetting (Figure 5.11c), and films could be printed on Si/SiO2 

substrate (Figure 5.12d), however, non-uniformity in the film was still evident and is 

likely caused by the inks high surface tension creating a capillary force that pulls the 

ink to the left during drying [302]. Unlike GQD films, both the GQD-PEG and GQD-

PVP films displayed visible fluorescence under excitation with λex = 365 nm (Figure 

5.11c, inset), likely due to reduced GQD aggregation and reabsorption [125]. 

 

 

 

 

 



113 

 

 

Figure 5.12. a) Optical absorbance of GQD, GQD-PEG, and GQD-PVP thin 

films deposited on quartz via drop-casting. b) PL spectra of GQD-PVP ink 

and c) PL spectra of printed GQD-PVP film (λex = 405 nm). Successive PL 

spectra were taken multiple times in the same spot to access how the PL 

spectra changed after illumination. d) Optical image of 5 printed layer GQD-

PVP film on Si/SiO2. Red square indicates region over which PL mapping 

was conducted. e) PL intensity map of printed GQD-PVP film (λex = 

405 nm). 

 

The absorption spectra of the GQD inks were not significantly changed after the 

addition of PEG or PVP. Only an increase in UV absorbance in GQD-PVP films at λ 

< 250 nm was observed (Figure 5.12a), in agreement with UV absorption spectrum 

of PVP [303]. PL spectra of the GQD-PVP ink (Figure 5.12b) and printed GQD-PVP 

films (Figure 5.12c) displayed large intensity peaks at λ = 480 and 470 nm, 

respectively. A smaller intensity peak at λ = 610 nm was still present for the printed 

GQD-PVP film (Figure 5.12c) but its intensity was reduced for the GQD-PVP ink 

(Figure 5.12b). This indicates that GQD oxidation largely occurs during printing. 

Also, since the peak at λ = 610 nm was observed in the GQD ink (Figure 5.10b), but 
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not in the GQD-PVP ink (Figure 5.12b), it was concluded that the PVP provided a 

degree of protection to the GQDs from oxidation. The PL intensity of the GQD-PVP 

ink remained constant upon successive PL measurements in the same spot (Figure 

5.12b), however, the PL intensity of the GQD-PVP film increased with each 

successive measurement (Figure 5.12c). This may be caused by the optically induced 

Stark effect, which has previously been reported for bilayer GQDs [304], however, 

further studies are required to investigate this effect.  

PL mapping of 5 printed layer GQD-PVP film on Si/SiO2 substrate revealed significant 

non-uniformity of PL intensity with ~ 5× difference recorded across the mapped region 

(Figure 5.12d,e). This was attributed to non-uniformity in the printed layer, which was 

corroborated by AFM imaging (Figure 5.13). This revealed a film thickness of ~ 

50 nm at the edge of the film (Figure 5.13b, red line) but also showed regions of 

material agglomeration with thickness of ~ 200 nm (Figure 5.13b, blue line). This 

may be due to the high surface tension of the GQD-PVP ink creating a capillary force 

that pulls the ink to the left during drying [302], thus further optimisation of the GQD 

inks should be studied to achieve greater uniformity.  

 

Figure 5.13. a) A representative 15 x 15 μm AFM map taken at the edge of 

the printed GQD-PVP film. b) Height profiles, measured across the red and 

blue lines marked on the AFM map. 
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Of the 3 different GQD inks formulated, the addition of PVP in the GQD-PVP ink 

improved wetting, PL intensity, and environmental stability and GQD-PVP films were 

printed on a variety of substrates. However, large non-uniformity was observed in the 

printed films and further optimisation is therefore required to reduce this for use in 

high performance optoelectronic devices. An increase in PL intensity following optical 

illumination was also observed, which may be caused by the optically induced Stark 

effect [304]. So far, very few works have demonstrated inkjet deposition of GQD 

[202,203]. In these examples, GQDs are deposited in a single non-polar solvent for 

chemical sensing applications and no characterisation of the GQD film morphology is 

shown. Therefore, this work has the significance of being the first water-based GQD 

ink formulation, and the morphological and optical characterisation performed on 

printed GQD films improves the understanding of printed GQDs, towards their 

integration into optoelectronic devices and with potential applications in 

bioelectronics. 

 

5.4 PEDOT:PSS 

PEDOT:PSS inks were developed by Dr. Rivers [26]. During printing of 

heterostructures and operation of devices, printed PEDOT:PSS layers will be exposed 

to different environments such as long-term exposure to ambient conditions, exposure 

to UV illumination when co-printed with photocured polymers (e.g. tripropylene 

glycol diacrylate (TPGDA) [305]), and exposure to IR or thermal annealing when co-

printed with nanoparticle-based inks (e.g. AgNPs [186]and AuNPs [27]). Therefore, 

the stability of PEDOT:PSS inks with respect to their electrical properties in different 

environmental conditions was examined (Figure 5.14). InkCG denotes to the highly 

stable PEDOT:PSS ink formulated by Dr. Rivers [26] with the green renewable 

https://www.sciencedirect.com/topics/materials-science/nanoparticle
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solvents cyrene and glycerol carbonate that exhibits improved jetting stability and 

suppressed coffee ring formation during drying. InkDMSO denotes the DMSO-based 

control formulation which is similar to PEDOT:PSS inks formulated in previous works 

[207]. 

 

Figure 5.14. Sheet resistance of 4 layer printed films of PEDOT:PSS ink 

formulations InkDMSO and InkCG during exposure to a) thermal annealing 

(Tanneal = 140°C), b) irradiation by IR and UV, and c) room air exposure over 

time, respectively. Error bars are 0.95 confidence interval and 3 repeats. 

 

PEDOT:PSS sheet resistance, Rs, was measured on printed squares (1.24 mm x 

1.24 mm) in a Van der Pauw configuration (Chapter 4.6.2). Both InkDMSO and InkCG 

displayed a small change in sheet resistance after t = 2.5 hours of annealing at Tanneal = 

140°C (Figure 5.14a), with InkDMSO demonstrating an increase from Rs = 299 Ω/sq to 

329 Ω/sq and InkCG from Rs = 162 Ω/sq to 214 Ω/sq. Further increase in annealing 

time, however, (up to t = 24 hours) had no significant effect on Rs.  

In contrast, during the first 2 hours of IR exposure (Figure 5.14b, filled data points), 

InkCG displayed no significant change, while an increase of Rs was observed for 

InkDMSO. For all tested IR exposure durations (t = 10 minute to t = 2 hours), the sheet 

resistance of InkCG remained lower than that of InkDMSO. This result indicates that the 

InkCG is more suitable for multi-material designs requiring deposition of nanoparticle 
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ink, where post-processing conditions would only have a small or negligible impact 

on its sheet resistance.  

Both ink formulations demonstrated comparable stability under UV exposure (Figure 

5.14b, hollow data points), where about 2× increase of sheet resistance of InkCG to 

250 Ω/sq was observed after 40 minutes exposure (∼ 890 J∙cm-2). This UV exposure is 

comparable to that required for inkjet printing of over 1500 photocurable polymer 

layers using a Dimatix printer [306], and thus likely sufficient for inkjet deposition of 

3D printed heterostructures and for deposition of electronic packaging layers. Long-

term exposure to ambient conditions also affects the stability of electrical properties 

of both formulations (Figure 5.14c) with Rs increasing by a factor of 2 after 24 days 

storage. This instability is likely due to the presence of oxygen and can be improved 

by sealing the PEDOT:PSS with surface capping to prevent oxidation [307]. This was 

demonstrated by measuring the change in resistance, ΔR, normalised to initial 

resistance, R0, for drop-cast InkCG specimens on glass, using cyanoacrylate glue 

(Loctite 1608412) as a protective capping layer (Figure 5.15a). The uncapped 

specimens degraded more rapidly than the capped ones (Figure 5.15b), confirming 

that oxygen and/or moisture affect the ink stability, likely contributing to the 

degradation of InkCG in air. 

https://www.sciencedirect.com/topics/engineering/prevent-oxidation
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Figure 5.15. a) Optical photograph of drop-cast InkCG specimens on glass 

capped with cyanoacrylate glue (samples a and c) and uncapped (samples b 

and d). b) Relative resistance of capped and uncapped InkCG undergoing 2-

month air exposure (dashed lines are a guide to the eye). 

 

To explore its potential for flexible electronics, a line of InkCG (3 mm × 55 mm, 4 

printed layers) was printed on a PEN substrate and subjected to bend testing (Figure 

5.16), where only a 10% increase in Rs was observed after 2000 cycles, indicating that 

InkCG may be applicable to future flexible electronics applications.  

 

Figure 5.16. I(V) characteristics of 4-printed layer InkCG on PEN before and 

after undergoing 2000 bending cycles with a bending radius of 1.4 cm, 

measured in 2-terminal geometry. Inset: photograph of sample undergoing 

bending.  
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It was shown that the stability of the printed PEDOT:PSS using InkCG was improved 

or at least as good as the control InkDMSO formulation under all the conditions 

examined. The PEDOT:PSS films deposited with the InkCG formulation did not display 

a significant increase in resistance following 24 hours of thermal annealing at Tanneal 

=140°C, 2 hours of IR sintering, or 20 mins of UV exposure. Thus it was concluded 

that the PEDOT:PSS is suitable for use in heterostructure applications, where 

annealing conditions of the other materials are within these limits. It was also shown 

that the resistance of the InkCG PEDOT:PSS was highly increased after ~ 2 months 

exposure to ambient conditions. However, it was demonstrated that this could be 

greatly reduced by capping the surface with cyanoacrylate glue. Finally, the 

formulation was shown to be highly resistant to bending, showing its potential in 

flexible/wearable electronic devices.  

 

5.5 POLY-TPD AND TPBI 

As charge injection materials, poly-TPD and TPBI (with thicknesses of ≲ 50 nm) are 

commonly used in LED applications [158,163]. Therefore, poly-TPD and TPBI inks 

were formulated, with the goal of producing thin and uniform films via inkjet printing. 

A poly-TPD ink was formulated as described in reference [210], by dispersing 

1.5 mg/ml of poly-TPD in chlorobenzene (CB) and stirring at 40 °C for 2 hours. The 

ink had a viscosity of 0.61 mPa·s, a surface tension of 28.5 mN/m, and density of 

1.28 g/ml, giving Z = 40. Despite large Z, consistent jetting was achieved without the 

formation of satellite droplets. Printing was performed with a custom waveform at 

room temperature with a drop spacing of 40 µm on Si/SiO2 (Figure 5.17a) and on 

flexible PEN substrates. 
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Figure 5.17. a) Optical image of a single layer printed poly-TPD film on 

Si/SiO2 substrate. b) I(V) relationship of film measured in 2-terminal 

configuration for 800 µm x 60 µm sample. AFM images of a single printed 

layer poly-TPD film on Si/SiO2, c) shows a 10 x 10 µm map at the edge of 

the film and d) shows a 1 x 1 µm area map taken in the area marked by the 

red square. e) Height profile measured across the blue line marked on the 

AFM map. 

 

The resistance of a single printed line of poly-TPD on Si/SiO2 was measured in a 2-

terminal geometry, and was shown to have non-Ohmic I(V) dependence at Vsd > 2 V 

and displayed a sheet resistance of ~ 8 x 106 Ω/sq (Figure 5.17b) which is comparable 

to that reported previously for spin-coated poly-TPD films [308]. AFM imaging 
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showed that printed films have a thickness of ~ 20 nm, increasing to ~ 30 nm at the 

edge of the film due to the coffee ring effect (Figure 5.17c-e). This thickness is 

comparable to spin coated poly-TPD films used previously in LEDs [158,163]. The 

printed films are uniform over the area of several microns. However, some de-wetting 

is observed on the Si/SiO2 substrate resulting in the formation of small pillars and 

valleys with areas of ~ 200 nm (Figure 5.17d). 

The TPBI ink was formulated by dispersing 4 mg/ml of TPBI in a mixture of hexane, 

n-butanol, and terpineol (1:3:1 v/v). The composition of the ink was optimised to 

achieve the viscosity of 2.62 mPa·s, surface tension of 26.4 mN/m, and density of 

0.9 g/cm3, giving Z = 8, which is within the range for optimal jetting. Printing was 

performed at Tsubstrate = 40 °C to ensure rapid solvent evaporation and the mixture of 

high boiling point terpineol and low boiling point hexane was used in the ink to supress 

the coffee ring effect. Printed TPBI films with 2 printed layers on Si/SiO2 (Figure 

5.18a) displayed a sheet resistance of Rs ~ 108 Ω/sq (Figure 5.18b) and a thickness of 

~ 20 nm (Figure 5.18c,d), comparable to TPBI films deposited via spin coating 

[167,173,309] for LED applications. However, the AFM map also revealed de-

wetting, which creates large roughness in the film. 
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Figure 5.18 a) Optical image of 2 printed layer TPBI film on Si substrate. b) 

I(V) relationship of film measured in 2-terminal configuration for 0.26 mm x 

0.25 mm sample c) 10 x 10 µm AFM map at the edge of the TPBI film. d) 

Height profile measured across the blue line marked on the AFM map. 

 

The printed poly-TPD and TPBI films both display comparable thickness and sheet 

resistance to layers deposited previously via spin coating for charge injection 

applications in LEDs [308,309]. These results improve capability and understanding 

of printing charge injection layers for LEDs. However, both films display significant 

non-uniformity which may cause short-circuiting in vertical devices, thus further work 

is needed to fully optimise these inks for heterostructure applications. 

 

5.6 SUMMARY 

Commercial available and previously formulated inks were investigated for different 

applications. For the iGr ink, it was shown that higher conductivity can be achieved 

using lower Tanneal with longer t. It was also shown that photonic annealing using IPL 
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could achieve high conductivity films, allowing iGr to be printed on a wider range of 

substrates. For the PEDOT:PSS ink (InkGC) it was shown  that printed films did not 

display a significant increase in resistance following 24 hours of thermal annealing at 

Tanneal =140°C, 2 hours of IR sintering, or 20 mins of UV exposure. Thus it was 

concluded that the PEDOT:PSS is suitable for use in heterostructure applications. 

Inks were formulated for printing all-inorganic CsPbX3 perovskite NCs, GQDs, poly-

TPD and TPBI. The optical and electrical properties, and the morphologies of printed 

films were characterised to access their use for applications in optoelectronic 

heterostructure devices. Printed perovskite NC films had comparable morphology and 

optical properties to previous formulations [198], but with the advantage of being 

printable on both rigid and flexible substrates. The addition of PVP into the CsPbX3 

NC ink seems a promising method to improve environmental stability of printed films 

and the hybrid iGr-CsPbX3 ink, with further post-processing optimisation, appears a 

promising method for single step deposition of devices.  

For the first time, water-based ink formulations were developed for GQDs and it was 

found that the addition of PVP in the GQD ink improved wetting, PL intensity, and 

provided protection from oxidation. A poly-TPD ink, and for the first time, a TPBI ink 

were also formulated. For both materials, printed films displayed comparable 

thickness and sheet resistance to layers deposited previously via spin coating for 

charge injection applications in LEDs [308,309]. However, non-uniformity was 

observed in printed films for all these materials, thus further optimisation of ink 

formulation and deposition may be required for use in high performance optoelectronic 

devices. 
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For all the inks developed in this work, it was found that a good formulation strategy 

was to use a combination of low- and high-boiling point solvents to reduce the coffee 

ring effect. It was also generally found that use of a high substrate temperature was 

beneficial to quickly evaporate the solvents for improved film uniformity. Moreover, 

it was found that the inverse Ohnesorge number Z, was not the only indicator of ink 

printability. In theory, the optimal printing range is between 1 and 10, however, 

consistent jetting was achieved using inks with Z numbers up to 40, as was reported 

previously [176]. It was found that particle size and concentration generally had a 

larger effect on printability, as inks containing large graphene flakes tended to cause 

nozzle blockages and required frequent cleaning cycles. For inks of 0D nanomaterials, 

it was found that the addition of polymers (specifically PVP) was a promising method 

to improve ink wetting on various substrates, improve environmental stability, and 

prevent NC aggregation. 

For 0D nanomaterials soluble in aqueous solvents, two common formulation strategies 

were established. The first employed a mixture of hexane, cyclohexanone, and 

terpineol and the second employed a mixture of water, butanol, and IPA. Since these 

studies, it has also been demonstrated that printing of lanthanide-doped upconverting 

NPs can be achieved using the first formulation, and printing of PbS QDs can be 

achieved using the second formulation. It is therefore proposed that for small (< 5 

mg/ml) weight fraction of 0D nanomaterials, the solvent/additive mixture defines ink 

properties, thus these formulations are likely applicable to any 0D nanomaterial, so 

long as the solvent are compatible. Therefore, this work has the significance of 

developing ink formulations applicable to a wide range of materials, which greatly 

simplifies the process of ink formulation.  



125 

 

6 INKJET PRINTING HETEROSTRUCTURES  

This chapter reports on a variety of investigations into inkjet printed heterostructures. 

First, an interesting wetting phenomenon is explored which occurs when printing 

heterostructures, which is exploited to print very precise patterns and heterostructure 

arrays. Then an investigation of printed heterostructures interfaces is shown using 

time-of-flight secondary ion mass spectroscopy (ToF-SIMs) and focussed ion beam 

scanning electron microscopy (FIB-SEM), with the goal of controlling printed 

heterostructure interfaces and the performance of vertical devices using different 

printing methods. Studies were also carried out to investigate how the morphology and 

electrical properties of printed layers are affected after inkjet deposition of other 

materials on top. 

ToF-SIMS measurements were carried out by Dr. Gustavo Trindade and Dr. Yundong 

Zhou at the National Physics Laboratory. FIB-SEM and EDX were performed by Dr. 

Negar Gilani using equipment at the Nanoscale and Microscale Research Centre 

(nmRC). 

 

6.1 INTRODUCTION 

The heterostructures needed for solar cell and light emitting diode (LED) applications 

often require deposition of several layers (~ 5 to 10 ) on top of one another, with 

uniform thicknesses as small as ~ 50 nm [271]. The deposition of such thin and 

uniform films is challenging via inkjet printing and requires careful development of 

the formulation of inks and their integration with the deposition process. The wetting 

of inks must also be carefully controlled, since for many heterostructure geometries, a 

single layer must be printed across multiple different materials which can lead to 
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strange and non-uniform wetting phenomena. Most importantly, the deposition of 

heterostructures via inkjet printing can lead to intermixing between layers [11], due to 

redispersion, which has a significant effect on the ability to control the layer thickness 

and/or the quality of the interface, as well as on the electrical optical properties of the 

films [235]. Because of these challenges, fully inkjet printed heterostructures for LED 

and solar cell applications are rare and very challenging to manufacture [208,228]. 

Here, fully-inkjet printed heterostructures are studied to better understand and control 

their deposition with the goal of fabricating fully inkjet printed optoelectronic devices.  

 

6.2 WETTING PHENOMENA OBSERVED ON PRINTED 

HETEROSTRUCTURES 

Strange wetting phenomena were sometimes observed when overprinting one material 

with another to fabricate printed heterostructures. For example, poly-TPD lines were 

printed on a Si/SiO2 substrate and annealed at 140 °C for 30 mins. A CsPbBr3 film was 

then printed across these poly-TPD lines. After printing, CsPbBr3 NC films were 

observed directly on top of the poly-TPD lines and also on the Si/SiO2 substrate away 

from the poly-TPD lines (> 100 µm), but CsPbBr3 films were not formed on the 

Si/SiO2 directly next to the poly-TPD lines (Figure 6.1). In these regions (~ 100 µm 

wide) the CsPbBr3 ink aggressively de-wets from the Si/SiO2, leaving only very small 

islands of CsPbBr3 NCs within these regions. It is assumed that the rest of the ink 

deposited in these regions is pulled to the side via capillary force [229,234,302]. 
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Figure 6.1. Optical images of poly-TPD lines printed on Si (vertical lines) 

with CsPbBr3 films printed on top resulting in ‘socially distant inks’ effect. 

a) Shows a wide printed CsPbBr3 bar across 3 poly-TPD lines and b) shows 

a single CsPbBr3 line printed across a single poly-TPD line. 

 

As well as CsPbBr3/poly-TPD, this phenomenon was also observed for several other 

printed heterostructures on Si/SiO2, including iGr/poly-TPD (Figure 6.2a), CsPbBr3-

PVP/iGr (Figure 6.2b), and PEDOT:PSS/iGr (Figure 6.2c). The effect could also be 

observed by removing the poly-TPD from the ink and just printing the chlorobenzene 

solvent followed by CsPbBr3 (Figure 6.2d). By first masking the substrate with 

chlorobenzene, the effect was utilised to deposit very precise curved features (Figure 

6.2d) which could not be achieved by conventional inkjet deposition techniques. The 

same effect was also observed using the solvent xylene instead of chlorobenzene. 
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Figure 6.2. Optical images of a wetting phenomenon observed on Si/SiO2 

substrates in a) iGr/poly-TPD, b) CsPbBr3-PVP/iGr, and c) 

PEDOT:PSS/iGr. d) A single printed drop of chlorobenzene printed on 

Si/SiO2 and annealed at Tanneal = 140 °C for 30 mins overprinted with 

CsPbBr3 NCs e) CsPbBr3/poly-TPD heterostructure array on Si made via ink 

social distancing effect with varying sizes by changing number of printed 

lines in each.  

 

This effect was not observed on other substrates such as PEN and Kapton. The effect 

was also inhibited on Si/SiO2 when the poly-TPD layer was not annealed before 

printing the following layer. Analytically, the phenomenon can be explained by a 

change of the “de-wetting regions” on Si/SiO2 from hydrophobic to hydrophilic 

[229,234], but the cause of this change in hydrophobicity is currently unknown and 

further studies are required. It is thought that the solvents in the first printed layer 

actually spread beyond the area where material is deposited and changes the wettability 

of these regions after annealing. With further control and understanding of this effect, 

it is envisioned that it could be used as a masking technique to print very precise 

features (Figure 6.2d) or alternatively as an efficient and accurate method to print 

arrays of devices, which was demonstrated with an array of CsPbBr3/poly-TPD 

heterostructures with different size in Figure 6.2e. 
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6.3 PROBING CROSS-SECTIONAL HETEROSTRUCTURES  

In this work, ToF-SIMS and FIB-SEM were used to vertically probe heterostructures 

deposited via inkjet printing to better understand the interfaces between the materials 

and thus better understand the performance of devices. ToF-SIMS can be used to give 

3D distributions of a wide variety of different molecules that are present in 

heterostructures. FIB-SEM has poorer resolution, but can give information on the 

porosity of layers and is less prone to artefacts. FIB-SEM can also be used to calibrate 

the milling times in ToF-SIMS into real thicknesses. Therefore, combing these two 

techniques is a powerful method to probe printed heterostructures. Using this 

information, the aim is to gain some control over these interfaces in printed 

heterostructures by changing the inkjet deposition technique to better control device 

performance. Printed perovskite/graphene heterostructures have previously been used 

for photodetection applications [4,5] so CsPbX3/iGr heterostructures were investigated 

to better understand and control the interface quality and device performance.  

The sheet resistance of iGr (1 printed layer) increased by ~ 10% after inkjet deposition 

of CsPb(Br/I)3 NCs on top from 10 kΩ/sq to 11 kΩ/sq (Figure 6.3a). Depth profiling 

using ToF-SIMS revealed the presence of perovskites throughout the iGr layer. Thus, 

it is proposed that intermixing between the perovskite and iGr layers was the cause of 

the observed increase of resistance (Figure 6.3b). For lateral photodetectors, 

intermixing of the iGr and CsPb(Br/I)3 layers is not necessarily detrimental to device 

performance, however, vertical devices such as LEDs require highly uniform layers 

and interfaces to avoid short-circuiting and achieve high performances [310]. 

Therefore, investigations were carried out using different printing conditions, in an 

effort to improve the sharpness of interfaces of printed CsPbBr3 NCs heterostructures.  
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Figure 6.3. a) I(V) relationship of 1 layer of iGr before and after inkjet 

deposition of CsPb(Br/I)3 (1 layer) on top (sample area is 30 µm x 60 µm), 

measured in 2-terminal geometry. Inset shows schematic diagram of 

heterostructure. b) Depth profiling of CsPbBr3/iGr heterostructure with 10 

printed layers of CsPbBr3 and 10 printed layers of iGr on Si/SiO2 substrate 

via ToF-SIMS in positive polarity mode. Inset: optical image of CsPbBr3/iGr 

heterostructure on Si/SiO2 with 10 layers of CsPbBr3 and 3 layers of iGr 

under illumination (λex = 365 nm).  

 

Printed PEDOT:PSS (InkCG-Samba formulation) (Figure 6.4a-c) and hBN (Figure 6.4d) 

interlayers between iGr and CsPbBr3 were investigated to determine if the penetration 

of CsPbBr3 NCs into iGr could be reduced. To produce these 3-layer heterostructures, 

a line of iGr was overprinted with a large square of PEDOT:PSS or hBN. A line of 

CsPbBr3 NCs was then printed perpendicular to the iGr line on top of the interlayer 

square (Figure 6.4b). This method ensures the CsPbBr3 and iGr lines do not make 

direct contact and forms a 3-layer heterostructure over the small area where the 3 

materials intersect. The hBN interlayer had no significant effect on CsPbBr3 

intermixing as CsPbBr3 NCs were still observed throughout the hBN and iGr layers 

(Figure 6.4d, cyan line). This may be caused by the presence of terpineol and 

cyclohexanone solvents in all 3 inks, which likely leads to redispersion of hBN and 

iGr during printing of the CsPbBr3 layer. This is also indicated by the hBN/iGr 
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interface (Figure 6.4d, grey and dark blue lines) where intermixing is also observed 

due to their similar solvents. The PEDOT:PSS interlayer on the other hand did supress 

intermixing of CsPbBr3 to a degree (Figure 6.4a-c). In the top layer of the sample, the 

CsPbBr3 NC signal (Figure 6.4c, cyan line) is constant but peaks just above the 

PEDOT:PSS signal (Figure 6.4c, red line), indicating that CsPbBr3 NCs accumulate 

on top of the PEDOT:PSS layer. The CsPbBr3 signal then decreases throughout the 

PEDOT:PSS layer and totally disappears just as the iGr signal appears (Figure 6.4c, 

dark blue line). This indicates that the NCs are only present in the PEDOT:PSS layer 

and perhaps the very top of the iGr layer, but do not penetrate all the way through. 

Thus, the PEDOT:PSS interlayer reduced NC penetration depth into the iGr. Also, the 

PEDOT:PSS/iGr interface appeared sharper than the hBN/iGr interface, likely because 

the PEDOT:PSS ink is water-based and thus less compatible with the iGr, thus causing 

less material redispersion. 
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Figure 6.4. a) Schematic of fully printed CsPbBr3/PEDOT:PSS/iGr 

heterostructure (10 layers of iGr and PEDOT:PSS (InkCG-Samba) and 100 

layers of CsPbBr3 printed on Si/SiO2). b) Optical images of printed 

heterostructure under light and under λex = 365 nm showing an iGr line 

(vertical) overprinted with a PEDOT:PSS square, overprinted again with a 

CsPbBr3 line (horizontal). c) Depth profiling of heterostructure via ToF-

SIMS in negative polarity mode. d) Depth profiling of fully printed 

CsPbBr3/hBN/iGr heterostructure (each with 10 layers printed on Al2O3 

sapphire substrate) via ToF-SIMS in positive polarity mode. Inset shows 

schematic of printed CsPbBr3/hBN/iGr heterostructure. 

 

To corroborate these ToF-SIMS results, a CsPbBr3/PEDOT:PSS/iGr heterostructure 

printed on a Cu substrate was also investigated via FIB-SEM and energy dispersive X-

ray (EDX) mapping (Figure 6.5). The top layer of CsPbBr3 was very challenging to 

identify via FIB-SEM due to very small thickness. Only a thick film of at least 100 

printed layers was identifiable, so 100 layer CsPbBr3 was printed on top of 10 layer 

PEDOT:PSS and iGr. EDX maps revealed the formulation of a rough CuO layer on 

top of the Cu with a thickness of ~ 500 nm. After this, a trough in the O signal and a 

peak in the C signal were observed simultaneously, which is indicative of the iGr layer 

with a thickness of ~ 400 nm. FIB-SEM also revealed porosity in the iGr layer, which 
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may contribute to the intermixing seen previously in CsPbBr3/iGr (Figure 6.3b) and 

CsPbBr3/hBN/iGr (Figure 6.4d) heterostructures. The PEDOT:PSS layer is confirmed 

by increase in O and S signals, which show a PEDOT:PSS layer with thickness of ~ 

400 nm which is present up to the surface of the structure. The CsPbBr3 NCs are 

confirmed by the Br signal at the top of the device, which show a CsPbBr3 NCs layer 

with thickness of ~ 150 nm. The CsPbBr3 layer penetrates into the PEDOT:PSS layer 

but not into the iGr layer, as was observed with ToF-SIMS.  

 

Figure 6.5. a) FIB-SEM cross-sectional image of CsPbBr3 (100 layers), 

printed atop PEDOT:PSS (InkCG-Samba) and iGr (both 10 printed layers) on a 

copper substrate. b) EDX maps of different elements measured from the top 

surface down.  

 

Different annealing conditions for CsPbBr3 NCs printed on top of iGr were also shown 

to have a small effect on intermixing (Figure 6.6a). By increasing the annealing 

temperature from Tanneal = 60 °C to Tanneal = 100 °C, a small increase in the CsPbBr3 
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penetration into the iGr was observed (Figure 6.6a, cyan lines). The increased 

annealing temperature also led to increased solvent evaporation, as indicated by a 

small reduction of organic C3H5
+ signal (Figure 6.6a, pink lines). The most successful 

method found to reduce intermixing of CsPbBr3 NCs into iGr was by mixing the 

polymer PVP into the CsPbBr3 ink (CsPbBr3-PVP) (Figure 6.6b). While in previous 

experiments CsPbBr3 NCs were detected deep within the iGr layer, the CsPbBr3-

PVP/iGr heterostructures displayed a sharp and short interface. This is corroborated 

by I(V) measurements which recorded only a 5% increase in iGr sheet resistance after 

deposition of CsPbBr3-PVP on top due to intermixing (Figure 6.6c), a reduction from 

the 10% increase of iGr sheet resistance recorded previously by printing CsPbBr3 on 

top (Figure 6.3a). Separation of PVP towards the top of inkjet printed layers was 

recorded previously in AgNP inks [186] and since the PVP forms a polymeric matrix 

around the CsPbBr3, this can explain the reduction in intermixing observed. 

 

Figure 6.6. a) Depth profiles of CsPbBr3/iGr heterostructures (10 layers of 

each material printed on Al2O3 sapphire substrate) after annealing CsPbBr3 

at (top) 60 °C for 30 mins and (bottom) 100 °C for 30 mins via ToF-SIMS in 

positive polarity mode b) Depth profiling CsPbBr3-PVP/iGr heterostructures 

(10 layers of each material printed on Si/SiO2 substrate) via ToF-SIMS in 

positive polarity mode. Insets of a and b show schematic diagrams of each 

heterostructure. c) I(V) relationships of 10 layer iGr before and after 10 layers 

of CsPbBr3-PVP were printed on top), measured in 2-terminal geometry. 

Inset: optical image of device under λex = 365 nm. 
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PEDOT:PSS/iGr heterostructures on Kapton were also investigated which are 

important for LED applications (Chapter 7.5). A line of PEDOT:PSS was printed onto 

a line of iGr perpendicularly (Figure 6.7c, inset). The sheet resistance of iGr increased 

by ~ 50% following PEDOT:PSS deposition (Figure 6.7a). As before, this is attributed 

to intermixing, as PEDOT:PSS (Figure 6.7b, top - red line) was detected deep within 

the iGr layer (Figure 6.7b, top - blue line) using ToF-SIMS. This intermixing was 

reduced and a sharper PEDOT:PSS/iGr interface was achieved by adjusting the 

Tween-80 surfactant content in the PEDOT:PSS ink formulation from 0.67 wt% 

(Figure 6.7b, top) to 0.30 wt% (Figure 6.7b, bottom). In both cases, the Tween-80 

surfactant was seen to accumulate at the PEDOT:PSS/iGr interface (Figure 6.7b, pink 

lines) and reducing the Tween-80 content led to sharpening of the Tween-80 signal, 

indicating that the surfactant becomes more concentrated at the interface, which likely 

plays some role in the reduction of PEDOT:PSS/iGr intermixing.  
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Figure 6.7. a) I(V) relationship of iGr on Kapton before (black) and after 

(red) inkjet deposition of PEDOT:PSS on top (6 layer PEDOT:PSS and 5 

layer iGr on Kapton), measured in 2-terminal geometry. b) Depth profiles of 

PEDOT:PSS/iGr heterostructures (10 layers of each material printed on 

Kapton substrate) using InkCG-Samba (top) and using a modified InkCG-Samba 

with approximately half the surfactant content (0.3 wt% Tween-80) (bottom) 

via ToF-SIMS in negative polarity mode. c) I(V) relationship measured 

between iGr and PEDOT:PSS (InkCG-Samba), in 2-terminal geometry. Inset: 

optical image of 6 layer PEDOT:PSS (horizonal line) printed on top of 5 

layer iGr on Kapton (vertical line), with graphics showing approximate 

positions of Ag contacts used for measured. 

 

A resistance 2300 Ω was measured between the printed PEDOT:PSS (InkCG-Samba) and 

iGr lines (Figure 6.7c) with linear I(V) relationship, indicating Ohmic contact. Of this 

2300 Ω measured, 1600 Ω is attributed to the iGr and PEDOT:PSS lines before they 

intersect. This was calculated by first measuring the sheet resistance of each material 

separately, then using the area between the Ag contacts and PEDOT:PSS/iGr overlap 
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area to calculate the resistance. Thus, only 700 Ω is attributed to the 700 x 500 µm 

PEDOT:PSS/iGr heterostructure (inset of Figure 6.7c), which is approximately the 

resistance expected from this area if it were just PEDOT:PSS. Hence, the resistance 

between the two materials can be considered ineffectual, which is essential for LED 

performance. The Tween-80 content in the PEDOT:PSS was not found to have a 

significant effect on the resistance between PEDOT:PSS and iGr. 

To determine how the performance of PEDOT:PSS will change in printed 

heterostructure devices, the resistance of PEDOT:PSS was measured (2-terminal 

geometry) after printing different materials on top of it such as AgNPs, poly-TPD, 

CsPbBr3 NCs, and iGr (Figure 6.8a). In all of these heterostructures, the sheet 

resistance of PEDOT:PSS after the deposition of the subsequent layers was 

comparable to that measured before, demonstrating the excellent potential for InkCG 

PEDOT:PSS in optoelectronic devices.  
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Figure 6.8. a) I(V) relationships (measured in 2-terminal geometries) for conductive 

lines of InkCG PEDOT:PSS (4 printed layers) on PEN, as printed, and over-printed 

with different inks in a heterostructure. Each was printed with a single layer and 

subsequently annealed at: Tann = 150 °C, t = 30 mins for AgNP, Tann = 140 °C, t = 30 

mins for poly-TPD, Tann = 60 °C, t = 30 mins for CsPbBr3, Tann = 150 °C t = 18 hours 

for iGr. Inset shows AgNPs overprinted on PEDOT:PSS in a hall bar geometry. b) 

Optical images of 5 printed layers of CsPbBr3 (vertical) overprinted with 2 layers of 

printed TPBI (horizontal) on Si/SiO2 under white light (top) and λex = 365 nm 

illumination (bottom). 

 

A TPBI electron injection layer is often printed on top of perovskite emissive layers in 

LEDs [106,172]. It is therefore important that the optical properties of the perovskites 

are maintained following TPBI deposition. TPBI/CsPbBr3 heterostructures were 

printed on Si/SiO2 and no visible change in CsPbBr3 PL intensity was observed 

following TPBI deposition and annealing at Tanneal = 140 °C for t = 30 minutes (Figure 

6.8b). However, a change in the morphology of the printed CsPbBr3 film following 

TPBI deposition was observed, with some NCs even being moved along the printed 

TPBI swaths (Figure 6.8b), indicating that the NCs have been at least partially 

redispersed by the TPBI ink. With just optical images, it is unclear if the TPBI 

penetrates all the way through the perovskite layer, thus further cross-sectional 
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measurements are required to access the quality of the interface and determine if it is 

suitable for use in optoelectronic devices. Future studies should also explore 

TPBI/CsPbBr3-PVP heterostructures in an effort decrease perovskite NC redispersion.  

These studies of inkjet printed heterostructures have improved understanding of 

printed interfaces and have helped to inform printing strategies to achieve the uniform 

complex optoelectronic devices, such as LEDs.  

 

6.4 SUMMARY  

Inkjet printed heterostructures were investigated with the ultimate goal of fabricating, 

and controlling the interfaces within, fully printed complex vertical heterostructures 

with different materials. First, a wetting phenomenon was discovered that occurred 

when printing heterostructures. This was exploited to print very precise curved lines 

and arrays of devices. While this wetting phenomenon can be explained analytically, 

further studies are required to uncover and understand its origin.  

Heterostructure interfaces were also explored using ToF-SIMS and FIB-SEM, and 

large penetration of perovskite NCs into iGr in printed perovskite/iGr heterostructures 

was identified. It was found that the use of a PEDOT:PSS interlayer or the addition of 

PVP into the perovskite NC ink were effective methods to inhibit NC penetration into 

iGr. It was also found that a reduction of surfactant content in PEDOT:PSS improved 

PEDOT:PSS/iGr interface quality. Moreover, the interfacial resistance between iGr 

and PEDOT:PSS was found to be negligible, which is essential for their use in vertical 

heterostructures. Finally, it was shown that the electrical performance of printed 

PEDOT:PSS was unchanged in a variety of heterostructures, and observed that 

CsPbBr3 films maintained their optical properties, but were partially redispersed after 
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printing of TPBI on top. These studies help pave the way for the printing of more 

complex vertical heterostructures such as those needed for LEDs and other 

optoelectronic devices (Chapter 7.5).  
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7 PRINTED OPTOELECTRONIC DEVICES 

This chapter reports on the fabrication and characterisation of photodetector devices 

based on single layer graphene (SLG) decorated with perovskite nanocrystals (NCs) 

and graphene quantum dots (GQD) photoactive materials via inkjet printing. The 

electronic properties of the SLG were characterised before and after material 

deposition via drop-casting and inkjet printing, and the performance of the 

photodetectors were characterised by measuring photoresponsivity and wavelength 

sensitivity range. This chapters also explores the fabrication of fully inkjet printed 

detectors that use inkjet printed graphene (iGr) instead of SLG, which are promising 

for application in flexible and wearable electronics. Finally, this chapter reports on 

significant progress towards the fabrication of a fully printed perovskite LED. 

The work included in this chapter based on printed perovskite detectors is published 

in Austin et al., “Photosensitisation of inkjet printed graphene with stable all-inorganic 

perovskite nanocrystals”, Nanoscale, 2023, 15, 2134.  

 

7.1 INTRODUCTION 

SLG is a highly attractive material for photodetection applications owing to its fast 

broadband spectral response [9], however, the responsivity of pure graphene 

photodetectors is limited to R < 0.1 A/W by the materials poor absorption cross-

section, short lifetime of photogenerated carriers, and the absence of a photogain 

mechanism [311]. Functionalisation of planar SLG FETs with 0D materials was 

explored to drastically improve photosensitivity [4,8]. The deposition via drop-casting 

of QDs such as PbS onto SLG has achieved detectors with photoresponsivities up to R 

~ 109 A/W [8] and more recently, all-inorganic CsPbI3 perovskite NCs have achieved 
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R ~ 106 A/W [4]. The enhanced response of SLG is explained by trapped charges in 

the NCs with lifetimes of ~ 1 s. The charges accumulate on the NC layer and act as 

local photoexcited gates and generate more carriers in the SLG conductive channel 

[312]. For upscaled manufacturing and greater control over deposition, black 

phosphorus [255], HgTe [19], and PbS [18] were recently deposited onto SLG via 

inkjet printing and photoresponsivities up to R ~ 104 A/W were achieved. Printed 

devices generally display lower performance than drop-cast devices which is attributed 

to the change of the NC properties during printing [313] and the low mobility of iGr 

(µ < 100 cm2/V·s) [314] compared to SLG (µ > 1000 cm2/V·s) [4]. Fully printed 

detectors with R ~ 1 A/W, have also been demonstrated using perovskites 

(CH3NH3PbClX-3I3) and iGr [5], but further work is required to better understand the 

performance of iGr detectors compared to SLG detectors and to develop the inkjet 

deposition of more stable perovskite materials such as CsPbX3 perovskite NCs. There 

is also potential to extend the range of printed photodetectors with novel nanomaterials 

such as graphene quantum dots (GQD), which have not yet been incorporated into 

printed photodetector devices.  

Fully-printed LEDs are also devices of interest; however, unlike photodetectors, LEDs 

tend to be much more challenging to print as they usually contain many more layers 

that must be very thin (~ 50 nm) and highly uniform [271]. Wetting phenomena and 

intermixing of layers can also lead to short circuiting of devices (Chapter 6.3). 

Because of these challenges, manufacturing of a fully printed perovskite LED remains  

challenging, and device efficiencies have been limited because printed LEDs have not 

yet incorporated hole and electron injection layers such as poly-TPD and TPBI [228]. 
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7.2 PRINTED CSPBBR3 AND CSPB(BR/I)3 PEROVSKITE 

PHOTODETECTORS  

To fabricate perovskite/graphene photodetectors via inkjet printing, the CsPbBr3 and 

CsPb(Br/I)3 NC inks and printing methods developed in Chapter 5.2.1 were used. A 

single droplet of CsPbBr3 was deposited onto SLG FETs by inkjet printing (Figure 

7.1a) to fabricate a CsPbBr3/SLG device (inset of Figure 7.1b). The perovskite NCs 

ink formulation had favourable wetting on the SLG, as many more CsPbBr3 NCs were 

observed on the SLG compared the Si/SiO2, although, the SLG device did not appear 

to be fully covered by the CsPbBr3. After CsPbBr3 deposition, a small increase in SLG 

resistance was measured (Figure 7.1b). The gate voltage (Vg) dependence on 

resistivity (ρsd) revealed that this was due to a small shift in the position of the Dirac 

point from +7 V to +6 V (Figure 7.1c), which indicates n-type doping of the SLG. 

Negligible hysteresis in ρsd(Vg) was observed before or after perovskite NC deposition. 

n-type doping of SLG was previously observed on SLG functionalised with 

CsPb(Br/Cl)3 NCs [315] and with CsPbI3 NCs [4], due to the donor nature of CsPbX3 

NCs. However, in these cases, a much greater shift of > 10 V was observed along with 

much larger hysteresis. Moreover, only a small photoreponsivity was recorded for the 

CsPbBr3/SLG device of R ~ 1 A/W (Figure 7.1d), which is ~ 105x smaller than 

previous drop-cast devices [4]. The low photoresponsivity and lack of hysteresis in 

ρsd(Vg) indicates insufficient coverage of CsPbBr3 NCs on top of SLG, thus the printing 

strategy was changed.  
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Figure 7.1. a) Schematic diagram depicting deposition of all-inorganic 

perovskite NCs via inkjet printing on a single layer graphene (SLG) FET 

device. b) I(V) relationship of SLG before (black) and after (green) a drop 

CsPbBr3 was printed on top. Inset: optical image of CsPbBr3/SLG device. c) 

Resistivity, ρsd, dependence on applied gate voltage Vg (Vsd = 5 mV, sweep 

rate = 0.1 V/s) for SLG before (black) and after (green) the CsPbBr3 drop 

was printed on top. d) Photoresponsivity, R, of CsPbBr3/SLG device as a 

function of illumination power on the sample, Psample, after 1 minute under 

λex = 520 nm exposure (Vsd = 10 mV, Vg = 0 V). Dashed line is a line of best 

fit. Inset: temporal response of CsPbBr3/SLG device after illumination for 1 

minute (λex = 520 nm, Vsd = +5 mV, P = 1.8 kW/m2), indicated by green 

shaded region.  

 

Instead of printing a single drop of NCs, printed stripes with 2 layers, (~ 1 mm length, 

and 100 µm width) were instead used to cover the SLG FET devices (Figure 7.2a, top 

left). This approach made accurate deposition over the SLG much easier and resulted 

in greater and more uniform coverage of NCs on top of the SLG devices (Figure 7.2a, 

top right). CsPbBr3 and CsPb(Br/I)3 NC stripes were deposited onto SLG FETs by 



145 

 

inkjet printing to fabricate CsPb(Br/I)3/SLG and CsPbBr3/SLG devices. The gate 

voltage, Vg, dependence of SLG resistivity before and after deposition of CsPb(Br/I)3 

NCs revealed a large hysteresis when Vg was swept from -50 V to +50 V and then back 

to -50 V with a sweep rate of 0.1 V/sec (Figure 7.2a). This was accompanied by an 

average shift in the position of the Dirac point from +11 V towards 0 V, similar to that 

reported previously for drop-cast CsPb(Br/Cl)3/SLG [315] and CsPbI3/SLG [4] 

devices. 

 

Figure 7.2. a) Optical images of CsPbBr3 stripe (2 layers) printed over SLG 

FET (top) and dependence of SLG resistivity, ρsd, on applied gate voltage, 

Vg, before (black curve) and after (red curve) the inkjet printed deposition of 

CsPb(Br/I)3 NCs (bottom). Vg is swept from -50 V to +50 V and then back 

to -50 V (Vsd = 5 mV, sweep rate = 0.1 V/s). Dependence of photocurrent, 

Ipc, on the energy of incident light for the b) CsPbBr3/SLG device (P ~ 

0.3 W/m2, Vsd = 5 mV) and c) for the CsPb(Br/I)3/SLG device (P ~ 

0.03 W/m2, Vsd = 10 mV) compared to their respective absorption spectra 

(black lines). 

 

The electron and hole field-effect mobilities of the SLG device before NC deposition 

were calculated to be 𝜇 e = 0.70 m2/V·s and 𝜇 h = 0.55 m2/V·s, respectively. After 

deposition of CsPb(Br/I)3 NCs, the mobilities decreased to 𝜇e = 0.53 m2/V·s and 𝜇h = 

0.40 m2/V·s during forward voltage sweeps (-50 V to +50 V) and increased to 𝜇e = 
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0.73 m2/V·s and 𝜇h = 0.64 m2/V·s during backward voltage sweeps (+50 V to -50 V). 

Dependence of the field effect mobility on the direction of the Vg sweep can be 

explained using slow charge dynamics in the CsPbX3/SLG devices [4].  

The Vg position of the Dirac point of the CsPbBr3/SLG device was also shifted to the 

left, consistent with n-type doping (Figure 7.3). However, due to gate leakage 

occurring at Vg = +45 V, only the forward Vg sweep could be measured, and hysteresis 

could not be observed. Despite this, a small increase in carrier mobilities was observed 

in the CsPbBr3 device from 𝜇 e = 0.33 m2/V·s and 𝜇 h = 0.53 m2/V·s before NC 

deposition to 𝜇 e = 0.38 m2/V·s and 𝜇 h = 0.36 m2/V·s after NC deposition. The 

differences in gate voltage dependence between the devices decorated with 

CsPb(Br/I)3 and CsPb(Br)3 is likely due to the differences in the properties of the 

pristine graphene before deposition and difference in Vg sweep range . The onset of 

photoresponse was observed at an excitation wavelength, λex = 600 nm for 

CsPb(Br/I)3/SLG and λex = 520 nm for CsPbBr3/SLG, which is consistent with their 

respective absorption spectra (Figure 7.2b,c).  
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Figure 7.3. Dependence of SLG conductivity, σsd, on applied gate voltage, 

Vg, before (black curve) and after (green curve) the inkjet printed deposition 

of CsPbBr3 NCs. For SLG, Vg was swept from -50 V to +50 V and then back 

to -50 V. For CsPbBr3/SLG, Vg was swept from -30 V to +45 V where gate 

leakage was observed and thus the measurement was stopped (Vsd = 5 mV, 

sweep rate = 0.1 V/s). Red dashed lines are linear fits used to calculate field 

effect mobilities.  

 

After illumination, the electrical properties of the devices recovered to their original 

value, but for large incident illumination powers (P ≳ 0.1 mW/m2), the full recovery 

could take up to several hours (Figure 7.4a). For both devices, the relationship 

between incident light power, P, and the responsivity, R, follows R ~ P-0.7 (Figure 

7.4b), similar to the R(P) previously reported for SLG decorated with CsPbI3 NCs [4]. 

A much greater maximum photoresponse was observed for the CsPb(Br/I)3 device (R 

= 4 × 106 A/W) than for the CsPbBr3 device (R = 7 × 103 A/W). The difference in 

photoresponsivity of the photodetectors decorated with different perovskite NCs is due 

to the NC composition, which affects their absorption (Figure 7.2b,c) and energy level 

alignment with SLG for charge transfer (Figure 7.4b, inset). Since higher levels of 

absorptions at the used excitation energy (λex = 405 nm) and longer lifetimes of 

photoexcited trapped charges are observed for mixed halide CsPb(Br/I)3 NCs, these 

devices have higher photoresponsivity compared to the CsPbBr3 NC decorated 
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devices. The devices demonstrated fast excitation and relaxation response times of τrise 

∼ 2 s and τfall ∼ 6 s, respectively (Figure 7.4c). 

 

Figure 7.4. a) Temporal response of CsPb(Br/I)3/SLG device to illumination 

for 20s (λex = 405 nm, P = 0.56 W/m2, Vsd = +2 mV). b) Photoresponsivity, 

R, of the CsPb(Br/I)3/SLG and CsPbBr3/SLG devices as a function of 

illumination power after 1 minute under λex = 405 nm exposure (Vsd = 10 mV, 

Vg = 0 V). Inset: energy band diagram comparing CsPbBr3 NCs, CsPb(Br/I)3 

NCs, and SLG. EF1 and EF2 denote the Fermi energy of the SLG device before 

(-4.6 eV) and after (-4.54 eV) CsPb(Br/I)3 deposition, respectively. c) 

ON/OFF temporal response of CsPbBr3/SLG device (λex = 405 nm, P = 

0.56 W/m2, and Vsd = +2 mV) with excitation and relaxation time constants 

of τrise = 1.5 s and τfall = 5.6 s. Inset: optical image of CsPbBr3/SLG device. 

d) Responsivity (red bars), measured with λex = 520 nm and P = 5.6 mW/m2, 

and resistance (black bars) of CsPb(Br/I)3 /SLG device on the day of printing 

and after 17 days storage at ambient conditions. 
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The photoresponsivity achieved in these devices is significantly higher than that 

reported previously for printed perovskite detectors [5,12,15], which is attributed to 

the enhanced stability of the all inorganic perovskites used in this work and the 

optimised ink formulation. Perovskite NCs can be susceptible to environmental 

degradation, however, the devices fabricated here maintained stable performances for 

up to two weeks, with only a small decrease of photoresponsivity and increase in 

resistance observed following storage in ambient conditions (Figure 7.4d). The higher 

responsivity observed in the inkjet printed perovskite detectors fabricated in this work, 

compared to other works [5,12,15], is attributed to improved NC stability, which is 

enabled by efficient surface passivation (and low surface defect density). An additional 

significant benefit of the enhanced stability of the perovskite NCs used here, is their 

ability to withstand the inkjet deposition and post deposition processes and provide 

stable performance in the device. 

SLG devices were also functionalised with the CsPbBr3-PVP ink formulated in 

Chapter 5.2.2, in an effort to further improve device stability (inset of Figure 7.5a). 

Once again favourable wetting was observed on the SLG. Before CsPbBr3-PVP 

deposition, the SLG ρsd(Vg) dependence revealed little hysteresis and the Dirac point 

was located at Vg = +4 V (Figure 7.5a, black lines). The hole and electron mobilities 

were calculated to be 𝜇 e = 0.47 m2/V·s and 𝜇 h = 0.44 m2/V·s. Following inkjet 

deposition of CsPbBr3-PVP ink on top of SLG, increased hysteresis was observed 

(Figure 7.5a, red lines) and the position of the Dirac point shifted to Vg = -22 V and 

Vg = -13 V during forward (-50 V to +50 V) and backwards (+50 V to -50 V) Vg 

sweeps, respectively. Moreover, a decrease in mobilities was measured for both 

forward ( 𝜇 e = 0.29 m2/V·s and 𝜇 h = 0.29 m2/V·s) and backward sweeps ( 𝜇 e = 

0.25 m2/V·s and 𝜇h = 0.32 m2/V·s). The effect of CsPbBr3-PVP ink on the electrical 
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properties of the SLG is very similar to the CsPbBr3 and CsPb(Br/I)3 inks measured 

previously. Thus, addition of PVP does not appear to have a large effect on the 

electrical properties of SLG. 

 

Figure 7.5. a) Dependence of SLG resistivity, ρsd, on applied gate voltage, 

Vg, before (black curve) and after (red curve) the inkjet printed deposition of 

CsPbBr3-PVP ink. Vg is swept from -50 V to +50 V (solid lines) and then 

back to -50 V (dashed lines) (Vsd = 2 mV, sweep rate = 0.1 V/s). b) Temporal 

response of the photocurrent, Ipc of CsPbBr3-PVP/SLG device following 

illumination with λex = 1080, 808, 635, 520, 450, and 405 nm (Vsd = 2 mV, P 

= 68 W/m2). c) Responsivity of the device measured using only the positive 

photocurrent as a function of power (Vsd = 2 mV, λex = 405 nm). Inset: 

temporal response following illumination with λex = 250nm (Vsd = 2 mV, P 

= 20 W/m2). d) Temporal response of CsPbBr3-PVP/SLG device after 

illumination with λex = 520nm (Vsd = 2 mV, P = 1.8 kW/m2). 

 

The onset of photoreponse of the CsPbBr3-PVP/SLG device was recorded at λex = 

520 nm (Figure 7.5b), the same as the CsPbBr3/SLG device measured previously. 



151 

 

However, more complex photocurrent behaviour was observed in the CsPbBr3-

PVP/SLG device (Figure 7.5b). At λex = 520 nm, a small positive photocurrent was 

observed at the start of illumination, followed by a larger negative photocurrent which 

becomes the dominant effect after a few seconds. At λex = 450 nm, a similar effect is 

observed but the positive photocurrent has increased amplitude. At λex = 405 nm, the 

positive photocurrent becomes the dominant effect throughout illumination and the 

negative photocurrent can no longer be observed, with a maximum photoresponsivity 

of R = 3 x 103 A/W (Figure 7.5c). This is ~ 10x smaller than the responsivity recorded 

for the CsPbBr3/SLG, which is attributed to the inhibition of the positive photocurrent 

by the negative photocurrent. Also, a non-logarithmic relationship between R and P 

was observed, which is likely also caused by the presence of two competing 

photocurrents with different power dependencies. Interestingly, at λex = 250 nm (inset 

of Figure 7.5c), the negative photoresponse reappears and becomes the dominant 

effect.  

The complex photocurrents observed in this device imply that more than one 

photoinduced charge trapping mechanism is occurring. The positive photocurrent had 

response times of τrise ~ 10 s and τfall ~ 30 s, which is similar to previous CsPbX3/SLG 

devices. The negative photocurrent on the other hand appears linear, so is likely much 

slower, and has very long relaxation times of τfall > 6 hours (Figure 7.5d). Therefore, 

the fast positive photocurrent is likely caused by charge carriers created in the NCs 

transferred directly to SLG, the same effect that creates photocurrents in CsPbX3/SLG 

devices. The exact cause of the negative photocurrent is unknown. The absorption edge 

of PVP was measured at λ = 250 nm (Chapter 5.2.2, Figure 5.6c), so at λex = 250 nm, 

charge carriers may be created in the PVP and cause the negative photocurrent. 

However, it is unlikely that photoexcited charges are created in the PVP at λex = 520 
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or 450 nm which the PVP cannot absorb. Instead at these wavelengths, charge carriers 

created in the CsPbBr3 may be transferred and trapped in the PVP. Further experiments 

are required to fully understand the performance observed in CsPbX3-PVP/SLG 

devices and uncover the source of the negative photocurrent. Due to this complex 

photocurrent behaviour, CsPbX3-PVP/SLG detectors have inferior performance to 

CsPbX3/SLG detectors, thus the CsPbX3-PVP ink was not explored further for light 

detection applications. The CsPbX3-PVP ink developed in Chapter 5.2.2 should 

instead be investigated for light emission applications (Chapter 7.5).  

 

7.3 FULLY PRINTED CSPBBR3 AND CSPB(BR/I)3 PEROVSKITE 

PHOTODETECTORS 

The next step towards fully printed photodetectors was to replace SLG with iGr. First, 

a single droplet of iGr was printed onto a Si/SiO2 FET between two pre-patterned gold 

contacts, and then, CsPb(Br/I)3 NCs were deposited by drop-casting on top of the 

device to functionalise the iGr (Figure 7.6a). The conductivity, σsd, of this 

CsPb(Br/I)3/iGr device as a function of gate voltage, Vg, showed a shift in the Dirac 

point from about +60 V before CsPb(Br/I)3 NC deposition to about +50 V after 

(Figure 7.6b), indicating n-type doping, as previously observed in the CsPbX3/SLG 

devices (Figure 7.2a). The hole mobility (µh = 3 cm2/V·s) was unchanged after 

CsPb(Br/I)3 NC deposition but the conductivity of the device was decreased over all 

Vg values measured. Low mobility and thus large uncertainty in the Dirac point 

position, and significant hysteresis already present in the pristine iGr device (blue 

curve in Figure 7.6b) resulted in insignificant increase of hysteresis in σsd(Vg) for the 

CsPb(Br/I)3/iGr device.  
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Figure 7.6. a) Schematic showing inkjet deposition of iGr and drop-cast 

CsPb(Br/I)3 to fabricate CsPb(Br/I)3/iGr photodetector (top). Optical image 

of iGr droplet printed on empty gold OFET device (left) and photograph of 

device after CsPb(Br/I)3 NCs were drop-cast on top, displaying red 

fluorescence (λex = 520 nm) (right). b) Conductivity of iGr before (blue 

curve) and after (red curve) drop-cast deposition of CsPb(Br/I)3 NCs (Vsd = 

10 mV). Inset: gate voltage dependence of iGr conductivity (Vsd = 10 mV) 

and linear fit for field effect model mobility calculation, giving a hole 

mobility, 𝜇ℎ , of 3 cm2/Vs. c) Photoresponsivity, R, of CsPb(Br/I)3/iGr 

photodetector as a function of the power on the sample (λex = 520 nm, Vsd = 

10 mV). Inset: temporal response of device under light illumination (Vsd = 10 

mV, Vg = 0 V, P = 566 W/m2) at different wavelengths: 1060, 808, 635, 520, 

450, and 405 nm, respectively.  

 

The photoresponsivity threshold of the CsPb(Br/I)3/iGr device is observed at ~ 600 nm 

(Figure 7.6c, inset), similar to the responsivity threshold observed in the 

CsPb(Br/I)3/SLG device. The relationship between responsivity and incident power 

for the CsPb(Br/I)3/iGr device followed R ~ P-0.9 dependence, similar to the R ~ P-0.7 

dependence observed in the SLG device. CsPb(Br/I)3/iGr displayed a maximum 

responsivity of 101 A/W, ~ 1000× smaller than the SLG device, and a response time 

constant of τrise = 6 s (Figure 7.6c, inset), which is similar to the SLG device. Note, 

high photoresponsivity in CsPbX3/graphene photodetectors is proportional to the ratio 

between perovskite NC charge trapping time, trap, and electron transport time, e ~ 
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1/µ, i.e. the time it takes an electron to pass through the device, R ~ trap/e [8]. iGr 

devices demonstrate field effect mobility, µFE  3 cm2/V·s and SLG FETs show µFE  

6000 cm2/V·s. Thus, the responsivity of iGr devices should be at least 3 orders of 

magnitude lower than the responsivity of SLG devices decorated with the same 

perovskite NCs.  

A fully inkjet printed CsPb(Br/I)3/iGr heterostructure devices (Figure 7.7a,b) was 

successfully fabricated with a pair of Au contact pads printed using AuNP ink [27] 

onto Si/SiO2 with a gap of ~ 30 µm. A single printed line of iGr was deposited across 

the gold-electrodes and functionalised with inkjet deposited CsPb(Br/I)3 NCs (2 

printed layers). The CsPb(Br/I)3/iGr device displayed a responsivity of 20 A/W 

(Figure 7.7c), which is comparable to the drop-cast CsPb(Br/I)3/iGr device (Figure 

7.6c). The photoresponsivity threshold of λex = 520 nm and response time of τrise = 10 s 

recorded for the printed CsPb(Br/I)3/iGr device (Figure 7.7c, inset), was also 

comparable to the previous CsPb(Br/I)3 devices.  
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Figure 7.7. a) Schematic of inkjet deposition of perovskite NCs on top of 

iGr to fabricate fully printed detector. b) Optical image of printed 

CsPb(Br/I)3/iGr device on Si/SiO2 (10 layer CsPb(Br/I)3, 3 layer iGr) with 

printed Au NP contact pads. c) Photoresponsivity, R, versus power for fully 

printed CsPb(Br/I)3/iGr heterostructure (1 layer CsPbBr3 and 1 layer iGr) 

device with printed AuNP electrodes (1 printed layer) (λex = 520 nm 

illumination, Vsd = 100 mV, Vg = 0 V) . Inset: temporal response of 

CsPb(Br/I)3/iGr heterostructure device under light illumination (Vsd = 

100 mV, Vg = 0 V, P = 56.6 W/m2) at different wavelengths of λex = 1060, 

808, 635, 520, 450, and 405 nm, respectively. 

 

This fully printed CsPb(Br/I)3/iGr device had 10× greater photoresponsivity than 

previous fully printed perovskite/graphene detectors [5], which is once again attributed 

to the enhanced stability of all inorganic perovskites used in this work and the 

optimised ink formulation. Now that the performance of these devices has been 

demonstrated on Si/SiO2 substrates, further work is required to study how their 

performance changes on flexible substrates and under deformation for 

wearable/flexible photodetection applications. 

Pristine undecorated iGr films may also demonstrate a measurable photoresponse 

without surface decoration, stronger than the one measured for SLG [311]. iGr films 

with 5 printed layers were deposited on flexible Kapton, and displayed a positive 

photocurrent under illumination with λex = 520 nm (Figure 7.8a), with fast response 
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time constants of τrise = 1.5 s and τfall = 1.0 s, and a maximum photoresponsivity of R 

~ 10-4 A/W (Figure 7.8c). A fast positive photocurrent was also observed at λex = 1060, 

808, and 635 nm, however, at λex = 450 and 405 nm, the fast positive photocurrent was 

followed by a slower negative photocurrent (Figure 7.8b). Both the positive and 

negative photocurrents displayed photoresponsivities up to R ~ 10-4 A/W (Figure 

7.8c). 

 

Figure 7.8. a) ON/OFF temporal response of iGr device printed on Kapton 

(5 layers) under illumination with increasing power from P = 12.7 W/m2 

(OD3) to 12.7 kW/m2 (OD0) (Vsd = +3 mV, λex = 520 nm). b) ON/OFF 

temporal response of device at different wavelengths (Vsd = +3 mV, P = 

1.27 kW/m2). c) R vs excitation wavelength for both the positive and 

negative photocurrents observed in the sample (dashed lines are a guide to 

the eye). 

 

Similar photoresponses were measured for iGr films printed on Kapton and on Si/SiO2, 

so it is unlikely that the substrate plays a role in generating the photocurrent. The 

source of the photocurrents measured in the iGr is unknown and requires further 

investigations. It is possible that some residuals of the EC additive in the ink may 

remain after annealing [316] and could be responsible for the photoresponse. In the 

CsPbX3/iGr devices, the photocurrents induced by iGr are negligible compared to the 

large photocurrents induced by the CsPbX3 NCs, so the iGr photoresponse does not 

impact the performance of these devices.  
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Formulation of a hybrid ink containing both iGr and CsPbX3 NCs (iGr-CsPbX3) 

(shown in Chapter 5.2.3), was also explored as another potential method to achieve 

fully printed devices in a single deposition step. No photoresponse was observed for 

iGr-CsPb(Br/I)3 films annealed at 150 °C, likely due to their very high resistance (Rs 

~ 107 Ω/sq). iGr-CsPb(Br/I)3 films annealed at 250 °C were photoresponsive, 

although, no visible PL was observed for these films and the photoresponse was not 

fully reversible (Figure 7.9a). These iGr-CsPb(Br/I)3 hybrid films printed on Si/SiO2 

displayed an onset of photoresponse at ~ 520 nm (Figure 7.9a) similar to the previous 

CsPb(Br/I)3 devices, a maximum responsivity of 10-3 A/W, and the relationship 

between responsivity and incident power followed R ~ P-0.5
 (Figure 7.9b). Further 

studies of iGr-CsPbX3 annealing conditions are required to improve photoresponsivity 

and ensure photoresponse is fully recoverable. 

 

Figure 7.9. a) Temporal response of iGr-CsPb(Br/I)3 hyrbid film (5 printed 

layers on Si/SiO2) annealed at 250 °C under light illumination with λex = 520, 

450, and 405 nm (P = 0.18 W/cm2 and Vsd = 1 V ). b) Photoresponsivity, R, 

of the iGr-CsPb(Br/I)3 hybrid device as a function of illumination power after 

1 minute under λex = 405 nm exposure (Vsd = 1 V, Vg = 0 V) compared to that 

of the printed CsPb(Br/I)3/SLG device and fully printed CsPb(Br/I)3/iGr 

heterostructure shown previously. 
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iGr-CsPb(Br/I)3 films on Kapton, sintered using the IPL photonic annealing method 

were also investigated. Once again no visible PL was observed in the films after 

annealing. Similar to the iGr on Kapton measured previously (Figure 7.8b), these 

samples displayed a photoreponse at all wavelengths measured from λex = 1060 nm to 

λex = 405 nm, with the greatest response measured at λex = 520 nm (Figure 7.10a,b). 

However, unlike the iGr measured previously, a fast negative photocurrent was 

observed at low bias voltages (Vsd < 10 mV), with ‘spikes’ in the photocurrent at the 

start and end of illumination (Figure 7.10a). This was a self-powered (photovoltaic) 

effect, occurring even at zero bias voltage (Vsd = 0 V). At higher bias voltages (Vsd > 

100 mV), only a fast positive photocurrent was observed (Figure 7.10b), similar to 

that seen previously in iGr, and the responsivity of the device increased with increasing 

bias voltage (Figure 7.10c). At a bias voltage of 1 V with excitation of λex = 520 nm, 

the device displayed a maximum responsivity of ~ 1 A/W, and the relationship 

between responsivity and incident power followed R ~ P-0.5
 (Figure 7.10d).  
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Figure 7.10. Temporal response of 5 layer iGr-CsPb(Br/I)3 hybrid on 

Kapton, annealed using IPL, showing excitation with λex = 1080, 808, 520, 

450, and 405 nm with a) Vsd = 0, 1, and 10 mV and b) Vsd = 100 mV and 1 V. 

c) Photoresponsivity, R of hybrid device vs applied bias voltage, Vsd (λex = 

520 nm, P = 0.18 W/cm). d) Photoresponsivity, R of hybrid device vs power 

(λex = 520 nm, Vsd = 1 V). 

 

The responsivity of the iGr-CsPb(Br/I)3 hybrid devices are much lower than that of the 

CsPb(Br/I)3/iGr heterostructure, therefore, the CsPb(Br/I)3/iGr heterostructure seems 

a more promising method to achieve fully-printed photodetectors. Further studies 

should be carried out to ensure the performance of CsPb(Br/I)3/iGr heterostructures is 

consistent on flexible and rigid substrates. On the other hand, the iGr-CsPb(Br/I)3 

hybrid enabled simpler manufacturing and was used to create a self-powered detector. 

However, the mechanism behind photodetection in the IPL annealed iGr-CsPb(Br/I)3 

is not understood. The device was responsive at wavelengths much greater than the 

perovskite NCs band gap, so it is unlikely that the NCs played a significant role in 
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photodetection. Instead, some interaction between the iGr, Kapton, and IPL annealing 

method may be responsible for the photoresponse, however, further studies are 

required to fully understand these devices and improve their performance.  

 

7.4 GQD PHOTODETECTORS 

To explore graphene detectors functionalised with alternative nanonaterials and 

expand the spectral sensitivity of printed detectors into the UV range, GQD inks were 

formulated (as described in Chapter 5.3) and deposited on SLG. Before GQD ink 

deposition, the SLG σsd(Vg) dependence revealed little hysteresis and the Dirac point 

was located at Vg = +55 V (Figure 7.5a, black lines). The hole and electron mobilities 

were calculated to be 𝜇e = 2100 cm2/V·s and µh = 3500 cm2/V·s. A drop of GQD ink 

was deposited onto SLG (Figure 7.11a) via drop-casting, which led to an increase in 

hysteresis and a large n-type shift in the Dirac point of the SLG to -5 V and 0 V during 

forward and backward Vg sweeps, respectively (Figure 7.11b, blue line). After GQD 

deposition, the electron mobility of SLG was increased to µe = 3500 cm2/V·s during 

forward Vg sweep and µe = 4200 cm2/ V·s during backwards Vg sweep, whereas the 

hole mobility was decreased to µh = 2300 cm2/V·s during forward Vg sweep and µh = 

2000 cm2/V·s during backwards Vg sweep. Subsequent addition of a drop of GQD-

PEG ink onto the same device, GQD-PEG/GQD/SLG (Figure 7.11a), resulted in a 

further small increase of hysteresis and the Dirac point shifted to 0 V during forward 

Vg sweep and +18 V during backwards Vg sweep (Figure 7.11b, orange line). 

Following GQD-PEG deposition, the hole mobility was increased to µh = 

4100 cm2/V·s during forward Vg sweep and µh = 3400 cm2/V·s during backwards Vg 

sweep, and the electron mobility was decreased to µe = 3000 cm2/V·s during forward 

Vg sweep and increased to µe = 4900 cm2/V·s during backwards Vg sweep. 
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During smaller Vg sweeps of ± 20 V instead of ± 50 V, no hysteresis was observed 

(Figure 7.11c). During these smaller Vg sweeps, the Dirac point of the GQD/SLG and 

GQD-PEG/GQD/SLG devices were located at +1 V and +9 V, respectively (Figure 

7.11c). The emergence of hysteresis in σsd(Vg) at Vg sweep ranges somewhere in the 

region between ± 20 V and ± 50 V, shows that there is an activation energy that must 

be overcome in order for charges to accumulate in the GQDs. 

 

Figure 7.11. a) Schematic showing GQD-PEG/GQD/SLG device 

configuration with GQD and GQD-PEG deposited onto SLG OFET via drop-

casting (top). Optical images of SLG OFET before (left), after drop-cast 

deposition of GQD and GQD-PEG (right). b) Dependence of SLG 

conductivity, σsd, on applied gate voltage, Vg, before and after drop-cast 

deposition of GQDs and GQDs-PEG. Vg is swept from -50 V to +50 V 

(+90 V for SLG) (solid lines) and then back to -50 V (dashed lines) (Vsd = 

2 mV, sweep rate = 0.17 V/s). c) σsd(Vg) dependence of GQDs/SLG and 

GQDs-PEG/GQD/SLG devices when Vg is swept from -20 V to +20 V (solid 

lines) and then back to -20 V (dashed lines) (Vsd = 2 mV, sweep rate = 

0.17 V/s).  

 

σsd(Vg) dependence for GQD-PEG/GQD/SLG device was changed by reducing Vg 

sweep speed to 0.013 V/s (Figure 7.12a). For the forward Vg sweep, Dirac point 

remained at ~ 0 V but the dependence had broadened, indicating a decrease of hole 

and electron mobility from µe = 3000 cm2/V·s and µh = 4100 cm2/V·s to µe = 
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1700 cm2/V·s and µh = 1800 cm2/V·s. For the backward Vg sweep, the hole and 

electron mobilites were comparable at both Vg sweep rates, but at reduced Vg sweep 

rate the position of the Dirac point was shifted from 18 V to 30 V. The changes in 

σsd(Vg) dependence with decreasing sweep speed is indicative of slow charge 

dynamics. Charge dynamics were further explored by AC electrical measurements 

(Figure 7.12b). The capacitance of the SLG device was constant at C ~ 16 pF for all 

frequencies measured. However, after deposition of GQD and GQD-PEG, the 

capacitance increased with decreasing frequency (Figure 7.12b). Hence, it is theorised 

that charges are only able to accumulate in the GQD at low frequencies due to slow 

charge dynamics.  

 

Figure 7.12. a). σsd(Vg) dependence of GQDs-PEG/GQD/SLG when Vg is 

swept from -50 V to +50 V (solid lines) and then back to -50 V (dashed lines) 

with a sweep rate of 0.17 V/s (grey curves) and 0.013 V/s (red curve) (Vsd = 

2 mV). b) Capacitance of SLG, GQD/SLG, and GQD-PEG/GQD/SLG 

devices as a function of frequency, measured between the gate and the 

source-drain contacts (dashed lines are a guide to the eye). 

 

The photoresponse of these devices was also measured, to extend the spectral 

sensitivity of printed photodetectors into the UV range. The photoresponse onset of 

the GQD/SLG devices was recorded at λex = 450 nm (Figure 7.13a) corresponding to 

the output of GQD absorption (Figure 5.12a). A large photoreponse (maximum R ~ 
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103 A/W) under exposure to UV light was measured, with time constant of τrise = 50 s 

and long relaxation periods after illumination due to slow charge dynamics (Figure 

7.13b). Under excitation the Isd(Vg) dependence of GQD/SLG devices shifted towards 

the n-type by ~ 10 V (Figure 7.13c). During forward Vg sweep the value of Isd at Dirac 

point decreased by 80 nA. By subtracting the Isd(Vg) measured under λex = 405 nm 

illumination from the Isd(Vg) measured in the dark, a plot of photocurrent, Ipc as a 

function of Vg was produced (Figure 7.13d). This shows that Ipc, increases close to the 

Dirac point: at Vg = -4 V during forward Vg sweeps and at Vg = +14 V during 

backwards Vg sweep.  

The photoreponsivity, R, was measured at Vg = 0 V, which is close to the value of 

maximum Ipc. A maximum photoresponsivity of R = 170 A/W was measured for the 

GQD/SLG device and a slightly larger R = 530 A/W was measured for the GQD-

PEG/GQD/SLG device (Figure 7.13e), which is attributed to PEG capping the surface 

of the GQDs, protecting them from oxidation. Both devices had a similar R(P) 

relationship of R ~ P-0.9
. GQDs and GQD-PVP were also deposited onto SLG via inkjet 

printing, GQD-PVP/GQD/SLG, to produce the first printed GQD photodetector, 

which displayed maximum R = 28 A/W and had an R(P) relationship of R ~ P-0.6 

(Figure 7.13e).  
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Figure 7.13. a) Temporal response of GQD-PEG/GQD/SLG device after 

illumination with λex = 1060, 808, 635, 520, and 405 nm light (Vsd = 2 mV, 

Vg = 0 V, P = 5600 W/m2). b) Temporal response of GQD-PEG/GQD/SLG 

device after illumination with λex = 250 nm (Vsd = 2 mV, Vg = 0 V, P = 

18 W/m2). c) Dependence of GQD/SLG source-drain current, Isd, on applied 

gate voltage, Vg, in the dark (black lines), and under λex = 405 nm excitation 

(purple lines). Vg is swept from -50 V to +50 V (solid lines) and then back to 

-50 V (dashed lines) with a sweep rate of 0.17 V/s (Vsd = 2 mV, P = 

56 W/m2). d) Photocurrent, Ipc as a function of Vg calculated by subtracting 

Isd during λex = 405 nm excitation from dark Isd. e) Photoresponsivity, R as a 

function of incident power on the sample for the drop-cast devices: 

GQD/SLG, GQD-PEG/GQD/SLG and for the printed device GQD-

PVP/GQD/SLG (Vsd = 2 mV, Vg = 0 V, λex = 405 nm). Dashed lines indicate 

lines of best fit. Inset: optical image of inkjet printed GQD-PVP/GQD/SLG 

device. 

 

A printed GQD/SLG photodetector has not been fabricated previously so there is no 

direct comparison for the devices fabricated in this work. A vertical detector with GQD 

layer deposited by spin coating and sandwiched between two graphene sheets in a 

vertical configuration [317] achieved much faster responses (nanoseconds) than the 
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lateral devices fabricated in this work due to smaller channel length (45 nm) [317]. 

However, the printed GQD detectors fabricated in this work demonstrate ~ 100x 

greater responsivity. This increase in responsivity is likely due to lateral geometry and 

different GQD composition.  

Due to the hydrophobic nature of graphene, uniform coverage of the SLG with GQDs 

was very challenging with water-based inks, via drop-casting or by inkjet printing.  

Inkjet printing with very small volumes led to small amounts of GQDs on top of the 

SLG which likely hampered device performance (Figure 7.13e - inset). Drop-casting 

on the other hand often achieved greater coverage due to larger volume of ink (Figure 

7.11a), however, this often led to unresponsive devices, as incident light was 

completely absorbed by the thick GQD layer far above the SLG. For more consistent 

performance on SLG, a GQD ink based on different solvents should be explored with 

better wettability on SLG.  

The water-based GQD inks developed in this work should instead be explored for 

applications on iGr and on flexible substrates, where ink wetting is more favourable 

(bottom row of Figure 7.14). Printing 10 layers of GQD or GQD-PVP ink onto a 10 

layer iGr line on flexible Kapton substrate resulted in an increase in iGr resistance, R2t 

by ~ 60% (Figure 7.14a,c). A similar increase in iGr resistance by ~ 120 % was seen 

after deposition of GQD-PEG ink (Figure 7.14b). This is likely caused by intermixing 

of the insulating GQDs into the iGr layer, which is discussed further in Chapter 6.3. 

Overall, this approach appears a promising route to achieve flexible fully printed 

detectors sensitive in the UV range, however, further studies are required to investigate 

photoresponse of these devices. 
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Figure 7.14. I(V) relationship of 10 layer inkjet printed graphene on Kapton 

before and after inkjet deposition of 10 layers of a) GQDs, b) GQD-PEG, 

and c) GQD-PVP, with optical images of the heterostructures below.  

 

GQDs seem a promising material in graphene-based photodetectors and may help to 

expand the sensitivity range of printed photodetectors. In this work, the first printed 

GQD photodetector was demonstrated, displaying high performances with up to 100× 

greater responsivity than previous GQD/graphene devices produced via spin-coating 

[317]. The charge dynamics in GQD/SLG devices were also investigated to increase 

understanding of their performances. Future work should investigate new ink 

formulations with improved wetting onto SLG to improve the performance of printed 

GQD/SLG devices and further investigations are required to investigate the 

performance of fully printed detectors.  

 

7.5 FULLY-PRINTED PEROVSKITE LED 

In this work, an all inkjet printed perovskite LED was fabricated with an iGr bottom 

electrode, PEDOT:PSS hole transport layer, poly-TPD hole injection layer, CsPbBr3 
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perovskite NCs emissive layer, TPBI electron injection layer, and AuNP top electrode 

(Figure 7.15a,b). LEDs with similar structures have been demonstrated in previous 

works, owing to the favourable band alignment of graphene, PEDOT:PSS, poly-TPD, 

CsPbBr3, and TPBI, with spin-coated or thermally evaporated layers [106,318], but 

not with all layers deposited by inkjet printing. AuNP are less commonly used in such 

devices due to the large energy barrier between the AuNP and the conduction band of 

TPBI. Despite this, AuNPs were deemed the best material for the top electrode as more 

common choices such as Al/LiF require deposition by thermal evaporation, and 

AgNPs deposited via inkjet printing tend to short-circuit devices due to the presence 

of highly mobile Ag ions generated in the presence of heat or electric fields [27,319].  
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Figure 7.15. a) Schematic diagram and b) energy band diagram of fully-

inkjet printed LED. The band edge energies for each material were taken 

from references [98,160,320–322]. c) Optical images of fully printed LED 

with Au electrode, TPGDA, and iGr labelled. The dashed red-line indicated 

the active area of the LED which contains all layers from Au to iGr. d) I(V) 

relationship of LED, measured between Au and iGr electrodes. Inset: optical 

images of LED active area under λex = 365 nm illumination before (left) and 

after (right) deposition of top AuNP layer (scale bar = 500 µm). 

 

In the design of this device, the architecture was chosen such that graphene was the 

bottom layer (as opposed to AuNP) since it required the highest annealing temperature 

of Tanneal = 250 °C. The addition of a dielectric layer of TPGDA was also chosen to be 

printed across one side of the device underneath the AuNP layer to enable more 

practical wiring of the device and prevent short-circuiting (Figure 7.15a). The device 

was printed in a pyramid structure, with each layer having ~ 200 µm smaller width and 

length than the last to prevent short circuiting. The device was printed on a flexible 

Kapton substrate with 5 printed layers of iGr, 4 layers of PEDOT:PSS, 1 layer of poly-

TPD, 5 layers of CsPbBr3, 2 layers of TPBI, 3 layers of TPGDA, and 3 layers of AuNP 
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(Figure 7.15c). These thicknesses were chosen to reflect those used in previous LED 

devices [106,318], while ensuring enough layers were printed to form uniform films.  

No emission was visible from the LED under applied voltage between Au and iGr 

electrodes. Two reasons for this were identified. First, the I(V) relationship was linear 

and displayed much lower resistance than expected (Figure 7.15d). This indicates that 

a p-n junction was not formed, possibly due to short-circuit between the Au and iGr 

electrodes due to the low resistance recorded. This leakage of AuNPs may be directly 

through all layers the LED, but is more likely through the TPGDA layer, which looked 

particularly rough at the edges of the LED due to poor wetting across 6 different 

materials (Figure 7.15c), possibly owing to the wetting phenomenon described in 

Chapter 6.2. Secondly, the PL of the CsPbBr3 perovskite NCs was greatly reduced 

after deposition and annealing of AuNPs (150 °C for 45 mins) due to thermal 

degradation of the NCs (Figure 7.15d, inset). Note that PL was still observed after 

printing and thermal annealing of all previous layers. Usually, a shorter annealing time 

of ~ 30 mins is sufficient for 1 printed layer of AuNP. However, 3 layers were required 

to produce a continuous film across the rough and tall TPGDA layer, thus 45 minutes 

were required. Therefore, it appears that both issues are caused by the TPGDA and Au 

layers, so a different approach was taken. 
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Figure 7.16. a) Schematic diagram and b) optical image of fully inkjet 

printed LED with mechanical Ag top contact instead of printed Au and TPBI. 

c) I(V) relationship of LED (black line) with linear fit (red dashed line). 

 

Another LED was fabricated in the same way up to the TPBI layer but using a 

mechanical Ag top contact instead of the printed TPGDA and AuNPs to avoid short-

circuiting the device and thermally degrading the NCs (Figure 7.16a,b). Again, no 

light emission was recorded from the LED under applied voltage. However, the 

resistance recorded for this device was much greater than before and the I(V) 

relationship of the device was non-linear, possibly indicating the formation of p-n 

junction (Figure 7.16a,b). This shows that at least some layers of the device (including 

the hole and electron injection layer poly-TPD and TPBI) are present. Possible causes 

for the lack of emission include: the perovskite layer has penetrated into the layers 

underneath leaving no emission material between the injection layers. If this is the 

case, using the CsPbBr3-PVP ink will reduce intermixing of CsPbBr3 (as shown in 

Chapter 6.3) and may enable the device to function. It is also possible that light 

emission is occurring, but only directly under the Ag contact where is difficult to 

detect. The use of a transparent contact such as ITO may enable visible emission. 

While the ultimate goal of producing a working fully printed LED was unsuccessful, 

some promising signs were shown, which indicate that a printed LED using this 
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approach is possible. Going forward, the interfaces within the LED will be investigated 

and alternative device designs will be explored with a transparent top electrodes to 

bring this printed LED to light.  

 

7.6 SUMMARY  

Printing strategies were developed for perovskite NC inks as photosensitive layers in 

graphene-based photodetectors, including fully printed devices, and their performance 

was explored. CsPbX3 NCs were first printed onto SLG and complex charge dynamics 

were uncovered in these devices, comparable to those seen previously in drop-cast 

devices [4,315]. These CsPbX3/SLG devices achieved a photoresponsivity of R 

>103 A/W for both red and green emitting perovskite NC inks. It was also 

demonstrated that SLG can be replaced by iGr in sensing applications. A lower 

responsivity R > 101 A/W was measured for the perovskite inks used to decorate iGr, 

and this was explained by lower charge mobility in printed graphene networks 

compared to SLG. Further work is required to improve iGr properties and printed 

CsPbX3 stability to develop fully printed flexible and wearable detectors. Addition of 

polymer additives to the CsPbX3 ink was also studied to improve NC stability, but 

complex photocurrents were observed which hindered photodetector device 

performances. Also, strange photocurrent behaviour was observed in printed iGr films 

and photovoltaic behaviour was observed in printed iGr-CsPbX3 hybrid films, both of 

which merit further studies. The experiments and analysis of device performances 

provide a future strategy for development of nanomaterials for fully additively 

manufactured optoelectronics. 
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The first printed GQD photodetector was fabricated, with up to 100× greater 

responsivity than previous GQD/graphene devices produced via spin-coating [317]. 

Progress was also made towards understanding the complex charge dynamics in 

GQD/SLG devices. Slow charge dynamics and n-type doping of the SLG were 

observed following GQD deposition and device illumination, and high 

photoresponsivity in the UV-Vis range up to R ~ 103 A/W was measured for drop-cast 

GQD ink on SLG. However, a lower photoresponsivity of R ~ 101 A/W was observed 

for printed GQDs on SLG which is attributed to poor wetting of the GQD inks on SLG. 

Further work should be carried out to formulate GQD inks with hydrophobic solvents 

for applications on SLG. The water-based GQD inks developed in this work should 

instead be explored for applications on iGr and on flexible substrates, where ink 

wetting is more favourable. The results reported here provide opportunities for precise 

and upscalable surface functionalisation, by semiconducting NCs and QDs, of 

graphene-based devices produced using convectional Si-technologies as well as 

additive manufacturing methods, for potential applications in sensing and 

flexible/wearable optoelectronics.  

Finally, a fully printed LED was fabricated, however, issues with the design and top 

layers of TPGDA and AuNP led to a failed device. By altering the device design, the 

formation of a p-n junction was shown, which is promising sign that a printed LED 

using this approach is possible. Overall, this work lays the foundations to achieve a 

fully printed perovskite LED and increases understanding of heterostructures 

deposited by inkjet printing for optoelectronic devices. 
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8 CONCLUSIONS  

The primary aim of this PhD project was met and a number of functional material inks 

were developed for inkjet deposition and their applicability in exemplar optoelectronic 

devices was demonstrated. The key findings that are considered the most important 

and prospective for future studies are summarised below: 

(i) Inks were formulated and inkjet deposition was developed for all-inorganic CsPbX3 

perovskites NCs and GQDs, increasing the availability of optically active materials for 

additive manufacturing technologies. Printed CsPbX3 perovskite NC films displayed 

high uniformity, with thickness of ~ 20 nm, and maintained their bright fluorescence 

and optical properties after ink formulation and inkjet deposition onto Si/SiO2 and 

flexible Kapton. The addition of PVP to this formulation appears a promising method 

to improve stability. Moreover, a hybrid ink containing both CsPbX3 and iGr was 

formulated and is a promising solution for simplified manufacturing of optoelectronic 

devices, however, further optimisation of the post-processing protocol is required.  

(ii) For the first time, water-based GQD inks were formulated and developed for inkjet 

printing to expand the spectral sensitivity of printed devices to the UV range. The 

addition of PEG and PVP in these inks was shown to improve the optical properties of 

printed films, provide the GQD with protection from oxidation, and improve substrate 

wettability on Si/SiO2. Printed films with ~ 50 nm thickness were demonstrated and 

were shown to be highly electrically insulating and maintained their 

photoluminescence. Since these studies, the perovskite and GQD ink formulations 

have been used to print lanthanide-doped upconverting nanoparticles and PbS QDs, 

respectively. Thus, this work has the significance of developing and demonstrating ink 

formulations applicable to a wide range of 0D materials, which greatly simplifies the 

process of ink formulation. 
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(iii) Inks were formulated and inkjet deposition was developed for the polymers poly-

TPD and TPBI, increasing the availability of charge transport materials for additive 

manufacturing technologies. For both polymers, printed films were demonstrated with 

comparable electrical properties and thicknesses (< 30 nm) to those previously 

deposited via spin coating. Previously developed PEDOT:PSS inks were also studied, 

and displayed good stability with respect to their electrical properties in ambient 

conditions, under UV and IR illumination, under Tanneal = 150 °C, under bending, and 

after inkjet deposition of a wide range of different materials on top of it. These studies 

demonstrate the excellent potential for the printed PEDOT:PSS ink in flexible 

heterostructure devices. 

(iv) Different post-processing conditions for iGr were investigated to improve its 

compatibility with different substrates and other printed materials, and showed that 

lower thermal annealing temperatures of Tanneal = 150 °C over longer periods, 

displayed a sheet resistance Rs = 30 kΩ/sq, which is an improvement on previous 

studies using higher annealing temperatures for shorter time periods [11]. This 

approach was used to print iGr in heterostructures, such as PEDOT:PSS/iGr, and onto 

a variety of flexible substrates. Photonic annealing of iGr was also explored as a fast 

in-situ annealing solution, which achieved printed iGr films with Rs = 700 Ω/sq, 

comparable to the usual thermal annealing conditions of Tanneal = 250 °C. Finally, a 

photoresponse was measured for iGr films, which merits future studies. 

 (v) Fully inkjet printed heterostructures were fabricated, and a wetting phenomenon 

which occurred on Si/SiO2 when printing certain materials on top of others was 

investigated. It was shown that this phenomenon could be used to print very precise 

curved lines and arrays of devices, and while this phenomenon can be explained 

analytically, further studies are required to uncover and understand its origin. 
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(vi) Printed heterostructures were probed using ToF-SIMS and FIB-SEM and it was 

found that large intermixing occurred between materials such as perovskite NCs and 

iGr, which is detrimental to performance of heterostructures for LED applications. The 

printing strategies were optimised to reduce intermixing as to achieve more uniform 

interfaces in printed heterostructures. The most successful methods to reduce 

intermixing were by the introduction of PVP to the perovskite NC ink, or alternatively, 

by adding a PEDOT:PSS interlayer between the perovskite and iGr layers. Reduction 

of the surfactant content in the PEDOT:PSS ink was also shown to improve interface 

quality between PEDOT:PSS and iGr. Thus, the combination of ToF-SIMS and FIB-

SEM appears a promising method to probe the interfaces of printed heterostructures 

and inform the printing strategy to achieve improved device performance.  

(vii) The developed 0D ink formulations were explored as photosensitive layers in 

graphene-based photodetectors, including fully printed devices. Complex charge 

dynamics were investigated in these devices, and photodetectors using printed 

perovskite NCs achieved the highest photoresponsivity in the UV-Vis range (R ~ 

106 A/W on SLG and R ~ 10 A/W on iGr) reported to date for similar inkjet fabricated 

devices. Printed GQD photodetectors were also demonstrated for the first time here, 

with photoresponsivity up to R ~ 103 A/W in the UV-Vis range. The results reported 

here provide opportunities for surface functionalisation of devices produced using 

convectional Si-technologies as well as potential applications in flexible/wearable 

optoelectronics.  

 (viii) A fully printed heterostructure needed for a perovskite LED was manufactured, 

comprising of 6 different materials, including the hole and electron injection layers 

poly-TPD and TPBI. Using a mechanical Ag top electrode, a non-linear I(V) 

relationship was measured through the LED which is attributed to the formation of a 
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p-n junction due to the successful deposition of poly-TPD and TPBI layers. However, 

no emission was recorded from the LED, possibly due to intermixing of perovskites 

into previous layers or due to emission only occurring beneath the Ag contact. While 

the ultimate goal of producing a working fully printed LED was unsuccessful, some 

promising signs are shown, which indicate that a printed LED using this approach is 

possible. 

In summary, the studies presented in this thesis have expanded the availability of low-

dimensional and polymeric materials for additive manufacturing technologies and 

have demonstrated the potential of graphene-based UV-Vis photodetectors and LEDs 

fabricated by inkjet printing. Printed perovskite/graphene detectors displayed high 

photoresponsivity and tuneable spectral response and graphene quantum dots are a 

promising material to expand their spectral range deeper into the UV range. The fully 

inkjet printed detectors demonstrated in this work have potential applications in next 

generation wearable/flexible electronics. With the deeper understanding of printed 

heterostructures that were gained in this work, more complex multilayer devices such 

as LED and fully printed circuits could be printed in the future.  
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9 OUTLOOK AND FUTURE WORK  

For future work, further optimisation of the inks formulated in this thesis is 

recommended, to further improve the uniformity of printed layers. For poly-TPD and 

TPBI inks, the addition of additives such as Triton X-100 (Tx) and Tween-80 should 

be investigated, along with different surface treatments, such as ozone treatment, to 

reduce drop angle on the substrate. For the perovskite NC inks, the morphology of 

printed CsPbX3-PVP films should be investigated, to access how the PVP affects 

printed film uniformity. Increasing substrate temperatures to > 60 °C during printing 

of perovskite NCs is another method that should be explored to improve film 

uniformity.  

Formulation of a GQD ink should also be explored using solvents with more 

favourable wetting on SLG (e.g. the perovskite NC ink formulation developed in this 

work), to improve uniformity of GQD/SLG photodetectors. The water-based GQD ink 

presented here should instead be investigated for fully printed iGr-based detectors, 

where wetting is more favourable. Deposition of more 0D nanomaterials should be 

explored using the inks formulated in this thesis, to enable the printing of detectors 

sensitive over a wider spectral range. Since these studies, both PbS QDs and UCNPs 

have been printed using the formulations developed in this work.  

Further studies should also be conducted on printed iGr and iGr-CsPbX3 films. 

Photonic annealing of iGr should be explored on different substrates to access its 

viability, and the annealing conditions of iGr-CsPbX3 should be optimised to preserve 

both the electrical and optical properties of the film. To achieve this, the addition of 

different iGr ink formulations should be used in the hybrid ink. Other graphene inks 

do not contain EC, and thus do not necessarily require such harsh annealing 

temperatures to function. Alternatively, different 0D materials with greater thermal 
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stability, such as lanthanide-doped upconverting NPs could be added to the hybrid ink 

instead of perovskite NCs, to enable single step deposition of detectors. The 

photoresponse observed in iGr films should also be studied further. The response 

should be investigated using iGr films printed on different substrates and annealed 

using different conditions to uncover its origin. FIB-SEM and ToF-SIMS could also 

be used to investigate how the morphology/porosity of iGr changes under different 

annealing conditions. Finally, in-situ annealing of iGr should be investigated by 

measuring the morphology and electrical performance of printed films that have been 

annealed after deposition of each individual layer, rather than after all layers have been 

printed. This may prove an effective method to reduce porosity in iGr and improve its 

performance.  

The source of the two opposing photocurrents observed in CsPbX3-PVP/SLG devices 

should be investigated further. To achieve this, the photoresponse measurements 

should be repeated at a variety of different temperatures. Thus, if the two effects have 

different activation energies, the two photoresponses could be observed and measured 

independently. Moreover, for all the fully printed detectors demonstrated in this thesis, 

further investigations should be carried out to access how their performances changes 

on flexible or stretchable substrates, and the effect of bending/stretching on 

photoreponse should be examined, to demonstrate their potential in wearable 

electronics.  

Finally, further efforts are needed to understand the source of the wetting phenomenon 

observed when printing heterostructures, and to fabricate the fully printed LED. SIMS 

should be performed on the de-wetting regions before and after printing and annealing 

of the first layer, to access how the wettability of these regions change. For the LED, 

the use of a CsPbX3-PVP emissive layer should be investigated to prevent intermixing. 
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Annealing of all layers should be conducted in vacuum to prevent oxidation, and 

further device architectures should be explored to prevent short-circuiting and enable 

printing of the AuNP top electrode.  
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