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Abstract 

In this paper we report, for the first time, a laser direct writing technique to form S and N doped 

graphene patterns on thin (0.3 mm thickness) polyethylene terephthalate (PET) and glass substrates 

from a specially formulated organic Polybenzimidazole (PBI) ink, without thermally affecting the 

substrates and without the need for a metallic precursor.  Unlike standard graphene ink printing, 

post curing at high temperatures is not needed here, thus avoiding potential substrate distortion and 

damages. A UV laser beam of 355 nm wavelength was used to generate photo-chemical reactions to 

break the C-S bond (2.8 eV) from Dimethyl Sulfoxide (DMSO, a component of the PBI ink) and 

the C-N bond (3.14 eV) of PBI and form N and S doped graphene on the substrates. The sheet 

resistance of the laser induced graphene was as low as 12 Ω/sq on PET, matching that of indium tin 

oxide (ITO). The laser-written doped graphene showed hydrophilic characteristic, unlike pristine 

graphene. The S and N doped graphene allowed the tailoring of band gaps and thus controlling 

electrical and chemical properties. The optical transparency of the written gaphene is below 10% 

that could be improved in the future. Potential applications include printing of flexible circuits and 

sensors, and smart wearables. 
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1. Introduction 

The next generation displays, imbedded sensors and smart wearable are heavily dependent on 

formation of transparent or non-transparent, durable, conducting circuits on flexible, polymeric 

substrates. Indium Tin oxide (ITO) is currently the most commonly used transparent conducting 

material because of its outstanding light transmittance (T>90%) and low sheet resistance (approx. 

10 Ω/sq). However, due to the dependence a rear earth element, indium, largely from one country, 

the availability and price of ITO are unpredictable [1, 2]. Additionally, ITO as a ceramic material is 

brittle and is easily damaged at relatively low strains of 2-3% [3], which is unsuitable to flexible or 

wearable devices [2, 4, 5]. The sputtering process used to coat ITO film is also highly inefficient, 

typically wasting 70% of the ITO material [6]. 

Conducting polymers such as poly(3 ,4-ethylenedioxythiophene) – PEDOT,  and Polystyrene 

sulfonates (PSS) have good optical transparencies up to 97%, but they have inferior electrical 

properties ( e.g. typical sheet resistance at 240 Ω/sq), and thus not yet good enough to replace ITO 

[7].  

The electrical conducting properties of metallic nano-materials can be better than ITO [8]. Silver 

micro/nano flakes and nanowire based conducting inks are commonly used as conductive elements 

[9, 10]. The printed ink tracks can reach 13 mΩ/sq at 85% optical transmittance and the metal 

nanofibers can reach 1.3±0.2Ω/sq at 90% optical transmittance [8, 10]. Silver nanoparticles have 

been shown to give similar resistivity at about 4 µm ink thickness [11]. However, the synthesis and 

purification of mono-dispersed nanoparticles would increase the cost of Ag based conducting inks 

by 3 to 4 times. The poor mechanical properties due to weak grain boundaries after thermal 

sintering (230oC) is a common disadvantage of the silver nano material based conducting inks [12, 

13], although silver MOD (Metal-Organic-Decomposition) ink was designed for lower curing 
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temperatures (e.g. 150oC) [14].  In addition, the stability of Ag based conducting material over time 

due to oxidation is often a problem causing changes in the material electrical conductivity, although 

silver oxidation shield can reduce scattering effect[15]. 

Copper is more abundant than silver. Cu nanowires have similar electrical properties as Ag 

nanowire based inks (26 Ω/sq at an optical transmittance of 80%). Cu nanowires can be grown from 

spherical copper seeds in an aqueous solution of NaOH, ethylenediamine, Cu(NO3)2 and hydrazine. 

The drawback of the copper nanowires is highly sensitive to oxidation and water [16].  

Carbon nanotubes (CNTs) are highly conductive. However, it is difficult to obtain bulk quantities of 

CNTs with suitable purity. Various impurities include catalyst particles, and amorphous and non-

tubular carbon. Normally, carbon nanotubes are dispersed in an organic solvent or a super acid. The 

solvent can be a dispersing agent such as surfactants, and dispersants. The most critical problem of 

these solvents is reducing electrical conductivity.  

The boiling points of the organic solvents are typically 150 °C higher than the thermal deformation 

temperature. Therefore, it is difficult to remove these solvents once applied to a polymer substrate. 

The functionalized CNTs have been shown to help with drying out the inks leaving a high 

concentration of CNTs and bundles. The functionalization procedure, however, induces defects on 

CNTs, which reduces the electrical conductivity significantly [5]. 

Graphene based inks are commonly made by exfoliating graphite and suspension with organic 

solvents. They typically have an electrical sheet resistance of 3560 Ω/sq [17]. The post process 

required for the organic solution removal at over 150 oC induces thermal deformation or 

decomposition of the commonly used flexible materials, such as PET(70 oC) and PEEK(140 oC)[18] 

Laser direct writing is capable of treating materials with little thermal damage to the substrates with 

precise control of laser energy, beam/material interaction time and heat penetration depths [19, 20]. 

Conventionally, laser irradiation was regarded as a source of the thermal reaction for chemical 

vapour deposition (CVD), which was commonly adopted for large area graphene growth. 
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Hazardous gases, like CH4 and H2 gases were typically used as carbon sources at a 5:2 ratio. The 

number of graphene layers grown could be controlled by a pulsed laser or a continuous wave laser 

and laser scanning speeds. These processes require a metallic precursor such as Cu and Ni.  

Monolayer or bilayer graphene were achievable from a Ni/Cu alloy metal precursor, and deposition 

of graphite to them, followed by laser heating to over 1000 °C [21-23]. Solid carbon coating on Cu 

or Ni, instead of the use of hazard gas, was developed for graphene growth combined with laser 

writing [24-26].  The high temperature process (typically over 1000 °C) would cause certain 

damages to the polymer substrates and removal of metallic coating subsequently was an additional 

process either chemically or the use of laser ablation.  Graphene can also be transferred from CVD 

growth on copper foils to a substrate surface. The adhesion of the transferred graphene to the 

substrate is often a challenge [25, 27]. The Rice University research [20] showed that a continuous 

wave CO2 laser (with a wavelength of 10.6 µm) infrared irradiation of Polyimide (PI) and 

Polyetherimide (PEI) solid sheets could thermally change them into graphene without the use of Cu 

or Ni.  This process, however, also required high temperatures.  

Inkjet-printed wearable electronics using graphene inks on fabrics with a PET coating was 

demonstrated by the Cambridge University researchers. Post process annealing at 100oC for 1 hour 

enhanced the electrical property of the graphene ink and a water proof polyurethane-protective layer 

was hot pressed around at 120 oC for 5s. This improved adhesion between the graphene ink and 

PET.  The printed graphene features remained after 20 cycles of washing [28].  

In this paper, we report, for the first time, a pulsed UV laser direct writing technique to form S and 

N doped graphene patterns on polymer (PET) and glass substrates, from a specially formulated 

organic ink, without thermally affecting the substrates and without the need for a metallic precursor.  

The UV laser beam was used to generate photo-chemical reactions to break certain molecular bonds 

of the organic ink and form doped graphene on a substrate without damaging the polymer substrate.   
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2. Results and Discussion 

2.1. Surface morphology and Raman Spectra  

Figure 1 shows a pattern written using the laser direct writing technique on PET. The laser 

irradiated tracks appeared black. The typical morphology of the graphitized PBI ink after the laser 

irradiation on PET is shown in  

Figure 1 taken with a FEG-SEM.  It is clear that a porous structure was formed. 
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Figure 1: Optical (bottom left) and SEM (bottom right) images of graphene grown on PET 
irradiated at a 0.013J/cm2 laser fluence.  The top left image is the PBI ink written on PET before the 
laser irradiation and the top right image is the graphene pattern on PET after the laser irradiation on 
the ink track.	

To form graphene from the 5% PBI ink, laser fluence was increased gradually from 6 mJ/cm2 to 14 

mJ/cm2 on the PET substrate and 7 mJ/cm2 to 45 mJ/cm2 on glass. The enhanced degree of carbon 

crystallization was demonstrated by the increasing ratios of Raman spectrum D peak (1350 cm-1) 

over the G peak, i.e. I(D)/I(G) at the laser fluence range of 6 mJ/cm2- 13 mJ/cm2. A higher D peak 

indicates higher proportion of defects. A reduction of I(D)/I(G) and the presence of 2D peaks at 

2700 cm-1 on both glass and PET sheets demonstrated the formation of  graphene and a reduction of 

disordered carbons. 

Figure 2 shows the 2D Raman spectrum mapping of the laser formed graphene from the PBI ink. 

The colour intensity as the ratios of I(2D)/I(G) and I(D)/I(G) demonstrated the uniformity of the 

graphene tracks formed. The mean values of I(2D)/I(G) ratio were around 0.3 for the graphene 

formed on PET and 0.1 for the graphene on glass. The overlapping areas processed by the laser 

tracks had relatively higher values of I(2D)/I(G) indicating the possibility of improving graphene 
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quality through laser annealing.  The overlapping of laser scanned tracks processing reduced 

graphene layer thickness, but more defects would be produced by introducing thermal effects[29]. 

 

Figure 2:  A selection of 2D Raman spectrum mapping for graphene formed on (a) PET sheet and (b) 
glass and correlation of the sheet resistances (c) with laser induced graphene thickness at various 

laser fluences and various concentrations of the PBI in the ink on PET 

	

2.2. Crystallographic characteristics of the graphene formed and effect of laser wavelength 

There were two sharp peaks centred at 2θ=22.7o and 2θ=25.9o in the XRD spectra Figure3(a) for the 

graphene generated at the 13mJ/cm2 laser power. An interlayer spacing (Ic) of 3.4Å at 2θ=25.9o 

indicated a high degree of graphitization. An interlayer spacing (Ic) of 3.74Å at 2θ=22.7o indicated 
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the loss of interface forces from a turbostratic structure, which might be due to element penetration 

during graphene generation from the recombination of benzene rings [30]. The in-plane structure 

was associated with the (100) reflection peak at 2θ=43o, which was intensified with the increase of 

laser fluence from 7 mJ/cm2 to 13mJ/cm2 (Figure3(a-c)) [31]. 

	

Figure 3: XRD spectra of the specimen processed at (a) 13mJ/cm2, (b) 10mJ/cm2 and (c) 7mJ/cm2 

laser power. 

A picosecond laser (Edgewave, having a pulse length of 10 ps) with an ultraviolet (UV) wavelength 

of 355 nm was used and was compared with processing at a 1064 nm wavelength from the same 

laser. Under self-gas protection generated from the imide structure, the 355 nm laser wavelength 

has a photon energy of 3.49 eV, which would allow both photochemical and Photothermal 

processes to take place when interacting with the PBI ink to enable customized sulphur and nitrogen 

doping at low laser powers and avoid thermal damages to the substrate[20, 32, 33]. The specific 

bonding and doping structure between the sulphur and carbon ring originated from bond breaking 

by the pulsed UV laser and the polar aprotic solvent selection (sulphur element from DMSO). The 

C-S bond energy (2.8 eV) from the DMSO (a component of the PBI ink) and the C-N bond energy 

(3.14 eV) of PBI are lower than the laser photon energy. The electrical and electrochemical 

processes can be promoted through orbital hybridization from sulphur, nitrogen bonding and 

controlled doping.  

From the XPS spectra shown in Figure 4(b), the peaks for the specimen processed with the 355 nm 

wavelength laser at 163.9 eV and 165.18 eV demonstrated a S2p3/2 and S2p1/2 –S-C-S- covalent 
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bond of the thiophene -S owing to their spin-orbit couplings[34]. The peak for the specimen 

processed with the 1064 nm wavelength laser at 163.9 eV was relatively weaker, which 

demonstrated less heteroatom structures between sulphur and carbon.  The N 1s spectrum was 

indicated by an intense pyrrolic N (400.1 eV) peak shown from the 355 nm laser wavelength 

processed sample. The absence of the pyrrolic N peak from the specimen processed by the 1064 nm 

laser demonstrated the occurrence of photochemical bond break for samples processed with the 355 

nm wavelength laser. The peaks from oxidized N (402 eV) and pyridinic N (400 eV) were from the 

gas oxidization and strong C=N bond energy of 6.33 eV, which was higher than 355 nm wavelength 

photon energy (3.49 eV). The 355 nm wavelength was able to break the C-S bond (2.8 eV) from the 

DMSO (a component of the PBI ink) and C-N bond (3.14 eV) of PBI. The dominated pyrrolic N 

and oxidized N from 1064nm laser treated specimen in Figure 4(c) were instead of graphitic N, 

much less pyrrolic N and oxidized N.  It was assumed that S=O was reduced to S by 355nm 

wavelength laser or free radical HN, which was freed from the PBI by the 355 nm wavelength laser 

irradiation. Corresponding to the 164 eV peak, the C-S thiophene bond from 355 nm laser irradiated 
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specimen C1s shown in 

 

Figure (a) above vanished from the 1064 nm laser irradiated specimen C1s in Figure 4(a) below.		
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Figure 4: (a) C, (b) S and (c) N XPS spectra of the specimen processed by 355 nm wavelength laser 
above and 1064nm wavelength laser below and DFT calculations (d) of (d1) polymerization after 
photochemical bond break by the 355 nm laser irradiation (d2) polymerization after thermal effect 
from the 1068 nm laser irradiation 

 

Density Functional Theory (DFT) calculation was used to show the possibility of the related 

structure formation as shown in Figure 3d for both the 355 nm and 1064 nm laser wavelength 

irradiation of the PBI ink. It was conducted on Quantum Espresso [35]. GGA-PBE[36] methods 

were applied to describe the exchange-correlation function between electrons. Ultra-soft potential 

was used. Considering the material used was a polymer and the reaction is highly localised, the 

calculation was conducted on a monomer of given structure to accelerate the calculation. As the 

reaction path was complex and not highlighted, the energy of a possible reaction pattern was 

selected and compared with the final product. The energy of each possible free radical from the PBI 

ink irradiated by the laser was calculated. From Figure 3d1, the 18.95Ha energy reduction 

demonstrates that it is possible to link the free radicals to a possible ring structure containing 
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sulphur, which corresponds with the thiophene generation in a membered ring structure. However, 

considering that one free radical is fixed in the polymer chain and has poor mobility, it is possible 

that the reaction was caused by direct collision of molecules. The thiophene structure of sulphur 

bonding conformed to the DFT calculation result.  However, calculation on this aspect did not 

support the assumption that DMSO can replace the NH group in a polymer N-ring structure, as 

shown in Figure 4(d2). Overlapping ring and ripple-like wrinkled graphene structures were formed, 

as shown in the high-resolution TEM image in Figure 5(a). This structure could improve the 

electrochemical performance of devices [37]. The abundant hexagon, pentagon ring structures in 

 

Figure (c) originated from the benzene ring and polymerization process after the photochemical 

bond breaks. In the polymerization process, the N or S free radicals and residual bonds built the 

pentagon rings and caused different porous structure on graphene [38]. Sulphur showed a bonding 

behavior in the s-defect as shown in Figure 5(d). The doping energy showed clear dependence on 
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CN and the most favourable defect was the d-defect (CN=4), whose dimension is 0.35 nm, as 

shown in  

Figure (c) around pentagon ring. A certain amount of charges (or holes from defects) on graphene 

could shift the Fermi level.  

 

Figure 5: TEM images of laser induced graphene with 2nm scale bar obtained with a laser power of 
0.87 W (a) the edge of a laser induced graphene showing a few-layer wrinkled feature and an 
overlapping ring structure (b) a selected area from the Cs-TEM image taken at the edge of a laser 
induced graphene (LIG) flake (c) hexagon, pentagon ring structure and dimension of defect around 
pentagon ring (d) s and d defect from element penetration in graphene generation 

	

Heteroatom doped graphene has a tailored band gap, which is different from pristine graphene that 

does not have a band gap.  This structure changes its electric and electrochemical properties, 

providing electrochemically active sites and increasing applicability for graphene [39]. Two reasons 

for the increase of charge carrier density are that the structure would free more electrons of the 
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sulfur and nitrogen penetration and structural defects[40]. The n-type doping normally results in an 

increase of charge carrier density. The charge carrier density of p-type doping is normally lower 

than that of n-type doping, but the capacitive performances were also improved[41]. The defect 

types and number of holes from various bonding behaviour always have a great effect on the 

activation energy. The energy barrier increases with holes added and decreases with charges added, 

which also increases charge carrier density from less energy waste.   

2.3. Electrical and electrochemical performances 

It was found that the sheet resistance (Rs) was gradually reduced to 28 Ω/square on the PET and 48 

Ω/square on the glass substrate when laser fluence increased to 14mJ/cm2 for PET and 45 mJ/cm2 

on glass. Further increase of laser fluence induced damages on PET and the sheet resistance 

increased, which may be caused by oxidation [31]. As shown in in Figure 2(c), when the PBI 

concentration in the polymer ink was increased from 1% to 10%, the sheet resistance, Rs dropped to 

12 Ω/square on laser-induced graphene (LIG) on PET processed at the 13 mJ/cm2 laser fluence. 

This is comparable to commercial ITO and Ag conductive inks. The corresponding electrical 

conductivity was 50 S/cm when the thickness of graphene was about 15 µm, which is higher than 

those of laser-reduced graphene oxide GO[42], commercial graphene inks and laser induced 

graphene from PI [31]. 

The degree of graphitization from the PBI ink depended also on the number of laser irradiation 

passes and the concentration of PBI ink. To investigate the effect of conductive line printing, 

various widths of lines (0.05 mm to 0.2 mm) were prepared using the 5% PBI ink with laser 

fluences ranged from 10mJ/cm2 to 30m J/cm2. More laser irradiation passes on wider lines had 

lower electrical resistances for line drawing as shown in Figure 6 (The electrical resistance was 

measured across a 20 mm line distance using two standard long needles multi-meter with 

microscopy). More graphitization volume, demonstrated by the rise trend of 50um track thickness 

in Figure 5(a), had a lower resistance with the increase of laser fluence when the width of track was 

50um one laser pass. Much less dropping rate of sheet resistances and thicknesses as shown in 
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Figure 6(b) and Figure 6(c) could prove that 0.2 and 0.1mm width tracks with laser passes 

overlapping was fully graphitized with low laser fluences.	The lowest sheet resistance of 0.1 mm 

line was 8 ohm/square as shown in Figure 6(a) when the laser pass line spacing was 0.05 mm and 

the laser fluence was 13 mJ/cm2.	

	

Figure 6: Thickness of lines in (c) and sheet resistances for lines with different parameters (a) laser 
pass gaps from 0.05 to 0.2 mm, (b) laser fluence from 0.01 to 0.03J/cm2 (d) illustration for lighting 
with aid of the graphene made by PBI ink for electrical circuit on flexible PET  

 

2.4. Bonding with the substrate 

To understand the characteristics of bonding the laser-generated graphene on the polymer substrate, 

the following investigation was carried out.  In most aromatic systems, the cation-п interaction has 

primary contributions to the electrostatic interactions, so van der Waals forces are able to ensure 

tight interactions between graphene and the PET. As aπbond conjugated polymer, Polydopamine 

(PDA) had a great potential to be utilized as a medium to improve bonding between the graphene 

and PET. Various thicknesses PDA (from 1 nm to 15 nm) were polymerized on PET for 12 to 48 
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hours. The bending 5% strain was calculated from a 2.8 mm radius rod and the 0.3 mm PET plus 

PDT. With the thickness increase of the PDA, the laser fluence threshold for the PDA damage 

increased from 10 to 20 mJ/cm2. The higher degree of graphitization generated higher surface area 

of porous morphology, which can effectively eliminate damages on graphene as illustrated in Figure 

7(b1-b3). So a sheet resistance increase, related to strain from 2 to 5%, was ranged from 9% to 18% 

after bending in both directions for 1000 cycles. It was demonstrated for the specimen with 36 

hours of PDA coating as shown in Figure 7(a).  After 36 hours of polymerization, the PDA coating 

on PET was saturated and the maximum thickness of PDA was approached at constant of about 15 

nm. The sheet resistance of the specimen with 48 hours of PDA coating was not lower than that of 

36 hours PDA coating in Figure 7(a). 

	

Figure 7:  R/R0 ratio, sheet resistance changes (a) of graphene growth on different polymerization 
time PDA coating on PET and different strains from 2-5% after 1000cycles bending test. The AFM 
images show the different thickness PDA  and SEM images  shows graphene morphology changes 

on different thickness PDA after 1000cycles bending test corresponding to polymerization time 
(12hours(b1),24hours(b2) and 48hours(b3))	
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2.5. Potential for inkjet printing and cathode printing 

To understand the printability of the PBI ink, the ink fluid characteristics were investigated.  A 

stable droplet generation is related to the reciprocal of Ohnesorge number, which can be 

characterized by groupings of physical constants as shown in the following equations[43] : 

                                                            Re = !"!
!

                                                                 (1) 

                                                            We = !!!!
!

                                                              (2) 

                                            Z = !
!"
= !"
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= !

（!!!）
!/!                                                     (3) 

Where ρ, η and 𝛾are the density (1.1g/cm3, 1.11g/cm3 and 1.12 g/cm3 for the 1%, 5% and 10% PBI 

solution), dynamic viscosity (3.5 mPa.s, 13 mPa.s and 52 mPa.s for 1%, 5% and 10% PBI solution) 

and surface tension of PBI solution (38mN/m). υ is the velocity and a is the radius of the ink printer 

nozzle orifice. The Z value dropped from 10.4 to 0.6 with the 10 pl printer head when the 1% PBI 

solution concentration increased gradually to 10%. The high viscosity prevented droplet from 

ejecting with a low Z value and a large number of satellite droplets when the Z value was over 10.  

The Z value of the 1 to 5% PBI solution ranged from 0.6 to 2.7. As illustrated in Error! Not a valid 

bookmark self-reference., the 1% PBI solution was printable with the Fujifilm Dimatrix  inkjet 

printer , whose viscosity and surface tension threshold are 10-12mPa.s and 25-40mN/m [44].	
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Figure 8: 1% PBI ink droplet from a FujiFilm Dimatrix Drop watcher image 

Figure 9 shows the variation of water contact angles of the graphene produced from the PBI inks at 

different laser power levels.  It is clear that the surfaces became hydrophilic (< 90°) and high 

volume of the mesoporous and macro porous as laser power increased.  This is different from the 

standard graphene water contact angle of around 90° and generally hydrophobic. It is known that 

nitrogen-doped carbon can improve the wettability of carbon materials. These properties may be 

useful in favour of the impregnation of electrolytes for lithium sulphur batteries. In addition to the 

potential applications for flexible displays, graphene based sensors and smart wearables, another 

potential application of the laser direct writing of S and N doped graphene can be coated and 

loading sulphur on cathode in the lithium-sulphur batteries. Lithium-sulphur batteries(LI-S) have a 

great potential to become the next generation power source for electric vehicles, mobile phones, 

computers and smart grid community systems [45, 46], due to its high operating voltages, high 

power density (2600 mA h kg-1), low self-discharge and high energy capacity (1672 mA h g-1)[47].  

Nitrogen and sulphur-doped graphene could improve both electrical conductivity and the capture of 

soluble polysulfide [48]. Moreover, the enhanced interface adsorption of the heteroatom (nitrogen 

and sulphur) doped porous carbon/graphene could suppress diffusion of polysulfide into the 

electrolyte and thus could shorten the transport pathway for both ions and electrons, which would 

benefit the battery life and charging time [49].  
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Figure 9: Water contact angles of laser generated graphene from PBI inks at various laser power 

ratings (100% = 1 W) 

3. Conclusion 

We have demonstrated a novel laser direct writing technique to form heteroatom (S, N) doped 

graphene on PET polymer and glass and potentially on any substrates without causing any heat 

damages to the substrates and without the use of Ni and Cu and without post-process curing.  With 

the use of a UV laser wavelength, a controllable heteroatom doping with a high functionalized bond 

was realised within very short interaction time of a few milliseconds.  The conductivity of the laser 

induced heteroatoms doped graphene was as high as 50 S/cm, matching that of ITO and higher than 

commercial conducting inks and graphene inks. The printed doped graphene showed hydrophilic 

characteristic, different from pristine graphene. A very think layer (around 15 nm) of Polydopamine 

(PDA) allowed better grpahene adhesion to the PET substrate, even after 1000 bending cycles. 

Potential applications of this technology may include roll-to-roll printing of flexible electronics, 

imbedded sensors, smart wearables and lithium ion batteries. The optical transparent of the printed 

graphene is still very low and further work is needed to improve this.  The reported technology is 

under patent protection (UK patent application: GB1811466.0).  

Experimental	Section	
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Formulation of the Graphene Forming Organic Ink and Substrates Used 

Polybenzimidazole (PBI) was dissolved in Dimethyl Sulfoxide (DMSO), which is a high polar 

aprotic solvent, at 1%, 5%, 10% and 15% PBI concentrations prepared with 1 hour stirring at 30 oC.  

The major driving forces for the intramolecular interactions are hydrogen bonding, electrostatic 

interactions and hydrophobic interactions. The inter-chain hydrogen bonding plays an important 

role for the conformational transition and aggregation process [50].  PBI with proton donor(-NH-) 

and proton acceptor(-N=) hydrogen bonding sites can be dissolved in a polar aprotic solvent [51]. 

The strong covalent sp2 bonds were built by carbon atom hybridization with neighbouring carbon’s 

atomic orbitals.  

Then, 0.1 ml of the PBI ink was selectively deposited with 0.02 ml droplets using a 100 um 

diameter micropipette on a 20 mm x 20 mm glass sheet of 1 mm thickness and polyethylene 

terephthalate (PET, DuPont) substrates of 0.2 mm thickness.  

The crystallization and the thermal decomposition temperatures of the PBI ink were determined 

from a Thermogravimetric Analysis (TGA) to be around 50 oC and 530 oC respectively, as shown in 

Figure 10. The quantity of the ink dropped quickly when the temperature was over 50 oC.  

	

Figure 10: Thermogravimetric analysis and transmittances of 1%, 5% and 10% PBI solution. 

The optical transmission and absorption characteristics of the PBI ink depended on the 

concentration of the PBI as shown in Figure 10. As the amount of the PBI increased, light 
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absorption also increased. An interesting characteristic was that the light transmission increased 

with the increase of wavelength particularly towards the infrared spectrum. 

Laser Writing Procedure 

Laser direct writing in ambient condition was carried out using the Edgewave picosecond laser with 

a laser fluence 0.006-0.045 J/cm2, a pulse repetition rate of 3372.8 kHz and a scanning speed of 100 

mm/s using a galvo x-y scanner.  The focused beam spot size was 40 µm on the target surface. The 

laser beam scanning line spacing was 0.02 mm. A hotplate was used to dry the deposited PBI ink 

coating in a few minutes and the droplets in a few seconds at about 60 oC to avoid liquid flowing 

during laser processing. This could be replaced with an infrared non-contact heater or the ink is left 

to dry in air. 

Surface modification of PET by PDA:   PDA was self-polymerized on PET at ambient temperature 

by dissolving dopamine solution (2 mg/mL) in Tris-HCl buffer solution (1.2 mg/mL). For the thin 

layer of PDA, PET films were immersed in PDA solution for 12h and 24h, and then PET was rinsed 

by distilled water and dried. For the thick layer of PDA, after immersing in PDA solution for 24 hrs, 

the PET films were taken out and immersed in fresh made dopamine and Tris-HCl solution. PDA 

coating process was continued to polymerise PET films for another 12 hrs (for 36 hr-PDA-PET) 

and 24 hrs (for 48h-PDA-PET). 

Material characterisation  

The laser-processed samples were analysed using Raman spectrometry with a single excitation 

wavelength of 514 nm. Field Emission Gun - Scanning Electron Microscopy (FEG-SEM, Zeiss 

Sigma VP Field Emission Gun Scanning Electron Microscope), transmission electron microscopy 

(TEM), Thermogravimetric analysis (TGA), and Energy Disperse Spectroscopy (EDS, Zeiss Merlin 

SEM with Gemini II). X-ray Photon-Spectrometry (XPS) and X-ray Diffraction (XRD) were used 

to understand the atomic structures of the materials. Sheet resistances were determined using a 4-

point contact probe method with 0.4 mm electrodes separated by a distance of 1 mm. The resistance 
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of tracks were determined using two point contact probe, which was allocated at the each end of the 

track by an optical microscope. A 6220 current source (Keithley Instruments, Cleveland, OH, USA) 

was used to record the resistivity (R) and the resistance (R) of tracks, which was transferred into 

sheet resistance (𝑅!) through: 

                                                                  𝑅! =
!!
!"!
×𝑅                                                                       (4) 

                                                                         𝑅! =
!"
!

                                                                         (5) 

where L, W are the length and the width of the track. The optical transmissions of the materials were 

examined using an optical spectrometer. The wettability of the laser direct writing graphene from 

PBI ink was investigated with a water contact angle analyser (DSA25 from Kruss).  	
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