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Abstract 

Over the last decade, the study of two-dimensional (2D) materials has seen an incredible growth 

due to their unique thermal, mechanical and electronic properties. Solution phase manufactur ing 

offers a way in which they can be produced at large scale by creating dispersions from the 

exfoliated material. Once created, different options for assembling devices exist. One technique 

for large scale manufacturing of materials in this form is ink-jet printing, which is a form of 

additive manufacturing that has proven to be attractive for the printed electronics industry. One 

challenge that ink-jet printing still faces is the shortage of inks with appropriate properties, since 

there are many parameters that affect the success of the printing process in general.  In this work, 

we have developed techniques for the exfoliation of bulk crystals and optimized the properties of 

the inks so that they are suitable for inkjet printing. Dispersions have been produced and printed 

successfully by preparing both surfactant–assisted and surfactant–free inks. We have analyzed the 

effect of some printing parameters such as varying the number of nozzles that are used for printing, 

the number of passes or layers printed and the annealing conditions, and characterized the structure 

and electronic transport properties of the printed features.  The prepared inks have been printed on 

rigid SiO2/Si substrates, as well as transparent and flexible polyimide substrates. The pattern 

printed on the polyimide was tested as a function of bending, which shed insights into the 

mechanical elasticity and adhesion of the printed features to the substrate with minimal changes 

in electrical transport properties, indicating that such structures are ideally suited for flexib le 

electronics. In addition, high power resistor structures have been fabricated that demonstrated 

outstanding power with levels of up to 7 W being delivered by the printed resistive structures. 

Furthermore, the resulting prepared inks have shown very little variation in resistance values over 

a wide range of temperatures allowing them to be used in extreme thermal environments where a 
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nearly flat temperature coefficient of resistivity may be desired. This work shows great promise of 

ink-jet printed nanomaterials, and has shed insights into understanding the properties of the printed 

structures for electronics and flexible electronics applications. 
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Chapter 1  

 Introduction 

 

 Single layer materials, also referred to as two-dimensional (2D) materials, are crystalline 

materials consisting of a single layer of atoms that present unique mechanical, thermal, and electric 

characteristics. These materials have been studied with great interest ever since the mechanica l 

exfoliation of graphite was performed by Geim and Novoselov in 2004 using scotch tape for which 

they received the Nobel Prize in Physics six years later [1]. They have been subjects of innumerab le 

studies for their singular properties, improving their synthesis and an ever increasing number of 

application opportunities [2].Various synthesis possibilities exist for these interesting materials, 

which include chemical vapor deposition (CVD) techniques [3], physical vapor deposition, 

mechanical exfoliation, liquid exfoliation and others, each yielding varied results [4] [5]. 

This rapidly growing class of materials also called 2D crystals [6], includes graphene, 

hexagonal boron nitride (hBN), and transition metal dichalcogenides (TMD’s). The material 

properties exhibited by 2D crystals can vary widely, from wide band gap insulators such as hBN 

to semiconductors such as TMD’s to zero gap semimetals such as graphene. Despite this variety, 

all 2D crystals have strong interconnecting bonds while concurrently demonstrating weak 

interlayer bonding. It is this weak interlayer van der Waals bonding that allows a single layer to 

be peeled away, or mechanically exfoliated, from the bulk material to produce small, high-qua lity 

2D crystals. Resulting from the exponential growth in knowledge about the unique properties of 

2D materials, other compounds and elements besides graphene have generated great interest in 
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various research fields, specifically MoS2. In contrast to the linear, gapless energy dispersion of 

graphene, single-layer MoS2 is a direct-gap semiconductor with reasonable electronic mobility [7] 

[8]. TMDs can be described by the chemical formula MX2, where M is a transition metal atom 

(from group 4–10 of the periodic table) and X is a chalcogenide species (e.g. S, Se, Te). There are 

over 40 known TMDs that exist in bulk form [9] [10],  depending on the coordination and oxidation 

state of the metal atoms, or doping of the lattice, TMDs can be metallic, semi metallic or 

semiconducting [10].  

Mechanical exfoliation is a quick and effective means to produce individual 2D crystals 

for fundamental investigations and materials exfoliated like this are among the highest quality 

samples available [11, 12, 13]; however, this technique limits production to micron-sized 

fragments. The exfoliation of 3D material or the bulk in liquids is one possible solution for 

obtaining larger quantities of dispersed nano sheets. Many authors have followed different paths 

in the pursuit  of isolating single layers of the honey-comb structured carbon atoms, namely 

graphene, which also includes successfully dispersing and exfoliating graphene oxide (GO)   [14, 

15]. The problem with this approach is that GO is an insulator which has been chemica lly 

functionalized with compounds such as hydroxyls and epoxides. Even though the functionaliza t ion 

components are removed through processing, a significant amount of defects are still left that 

continue to degrade electronic properties [16]. Graphite flakes have been exfoliated by various 

research groups, having obtained low concentration dispersions of small graphene flakes. Progress 

is being made in getting higher concentrations and providing coverage over greater areas by 

varying solvents [17] [18] with the disadvantage that some of the most promising solvents are 

toxic, so their use is restricted to certain environments.  Many of the ways of synthesizing graphene 

have been adapted to other 2D materials, such as MoS2. By exfoliating graphite flakes, monolayer 
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graphene has been successfully obtained in solvents with surface tensions close to 40 mJ/m2 [18, 

19, 20]. In this work, we have studied five solvents with surface tensions ranging from 23 to 41 

mJ/m2, polarities that range from 3.9 to 6.7, different functional groups, molecular weights; we 

have also explored more environment friendly solvents, such as Terpineol and Isopropyl alcohol.  

One manufacturing technique for solution-based 2D materials is inkjet printing, which has 

the advantage of digital and additive patterning, a reduction in material waste, and compatibility 

with different substrates and degrees of mechanical flexibility and forms [11]. Success in this 

technology is illustrated with the components that have already been inkjet – printed, such as 

transistors, solar cells, light–emitting diodes, and sensors [21, 22, 23]. Liquid exfoliation of the 

bulk material is just the first step for printing 2D materials.  Once the dispersions have been 

formulated, they need to be modified to be suitable for the inkjet printing process  [22, 24]. Some 

important physical operations that both define and constrain inkjet printing are: the generation of 

droplets, positioning and interaction of droplets on a substrate, and drying or other solidifica t ion 

mechanism to produce a solid deposit [25]. Fluid dynamics are involved in the generation of 

droplets, and it has been determined that the most important physical parameters affecting printing 

fluids are viscosity, density and surface tension [26, 27, 28]. 

A component that has been utilized to stabilize the ink dispersions of nanomaterials is Ethyl 

Cellulose (EC), which is mostly used in coating applications and as a rheology modifier; it is a 

surfactant that is essentially cellulose and has had some of the hydroxyl groups in its linear chain 

converted into ethyl ether groups. We have implemented its use here as a stabilizing polymer and 

surfactant to prevent nanoparticle agglomeration [24, 29]; however, we have studied the effect of 

its addition before or after sonication. The EC has also been used to modify the viscosity of the 

solvents to make them more suitable for printing.  We have characterized our prepared dispersions 
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with the help of absorption spectroscopy to compare the amount of nano – particles in each of the 

five solvents for different sonication times. Optical absorbance has long been used by many 

authors for example to calculate concentrations [30, 30, 31, 32, 33] by using The Beer – Lambert 

law. From this optical characterization, we selected the solvents with the highest nano particle 

concentrations to prepare the inks for printing.  

1.1 PRODUCTION OF 2D MATERIALS 

One of the first steps in order to use either graphene or other type of 2D material is to 

synthesize the material. Options include exfoliation, either mechanical or liquid [34]; chemical 

vapor deposition can be used; recently graphene films have been grown on polycrystalline metal 

substrates using spin coated polystyrene or polyaniline as a carbon source [35]. 

In early studies, accidental carbon deposition on and precipitation from metal substrates 

resulted in graphene formation [36, 37, 38].  Since then graphene growth on many different metal 

substrates has been studied [39]. In contrast, chemical vapor deposition (CVD) is a technique 

capable of providing large-area, scalable, cost effective and high-quality crystalline material while 

also being compatible with standard semiconductor processing techniques [40]. The most studied 

CVD process for graphene on metals are Ni, Cu, Cu single crystals, and Ir. [6]  

Many of the studies and techniques originally intended only for graphene synthesis have 

provided a strong foundation for the more nascent areas of hexagonal boron nitride (hBN [41, 42] 

and TMD growth. [43]  

1.1.1 Exfoliation 

The production of extremely thin sheets from layered precursors is known as exfolia t ion 

or delamination. This process has had a tremendous effect on materials science by opening up 
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properties found only in the 2D form which differ from the bulk materials. Although mechanica l 

exfoliation is a quick and effective means to produce individual crystals for fundamenta l 

investigations, this technique limits production to micron-sized fragments, which must be 

painstakingly sought out. 

Liquid – phase exfoliation facilitates the integration of the materials into large – area 

electronics through the well- known solution – based techniques, such as inkjet printing and roll 

to roll coating [44]. One of the first approaches to liquid exfoliation was the oxidation of graphite, 

demonstrated by the monolayer thickness graphite oxide (GO), which although it is electrica lly 

insulating, it can be rendered conducting by reduction [15]. At this time, monolayer graphene has 

finally been successfully exfoliated by using solvents with surface tension close to 40 mJ/m2 [45]. 

Scientists have obtained low concentration dispersions of small but high quality, defect free 

graphene flakes, and progress is being made in getting higher concentrations and greater areas by 

varying solvents such as NMP M – methylpyrrolidone, ethanol, dimethylsulfoxide (DMSO), 

acetone, acetonitrile, tetrahydrofuran (THF), diethylether, toluene, 1,2 dichlorobenzene (DCB)in 

different concentrations and combinations [20, 46]. Figure 1.1 illustrates the liquid exfolia t io n 

mechanism of separating the bulk material into layers. 

Graphene has been exfoliated in aqueous surfactant solutions and also in polymer solutions, 

although water, with its surface tension of 72 mJ/m2, cannot by itself exfoliate graphite; when 

ultra-sonicated and later stabilized, few layer graphene has been obtained [47, 48]. A promising 

printable graphene ink in ethanol and water totally free of any surfactant, has been obtained with 

a solvent – exchange method switching from NMP to a water/ethanol solution [49]. A method of 

exfoliation into single – layer graphene has been reported, showing graphite spontaneously 

exfoliating in chlorosulphonic acid, with a concentration of 2 mg/ml in the solution [50]. Behatbu 
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et al. were able to achieve this without the need for functionalization, surfactant stabilization, or 

sonication, which can compromise the properties of graphene or reduce flake size. 

 

 

Figure 1.1: Liquid exfoliation mechanism. 

 

Both h-BN and a range of TMDs can be exfoliated with similar methods as those used for 

graphene, either using solvents and a surfactant or polymer solutions [46, 51]. Dispersions with 

concentrations as high as 40 mg/ml have been obtained for MoS2, Ws2, MoSe2, MoTe2, TaSe2 and 

NbSe2. [52, 53].  

Ultrasonic cavitation has been used and determined to be helpful in the production of two 

dimensional nano-sheets of graphene, TMC and the de-bundling of carbon nanotubes in solution, 

in particular, acoustic cavitation. Even though sometimes the high speed jets and intense shock 
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waves can diminish the size of the nano-sheets or generate defects, which decreases their electrical 

and other useful properties, the process can be adapted to produce useful material [54].  

1.1.2 Growth 

There have been different types of studies about growing graphene as film, usually 

requiring transfer after deposition on a material. Some teams have attempted to avoid this transfer; 

for example, one can evaporate the thin metal substrate after the graphene growth, or directly 

depositing carbon or a carbon – based layer on SiO2 before depositing nickel atop and then 

annealing to transform the carbon into graphene, but most of these techniques still require very 

high temperatures. Graphene has been successfully grown in the interface of SiO2 /Ni, with 

PECVD with temperatures as low as 450 ̊C [55]. Graphene films have been grown using a carbon 

source of polyaniline or polystyrene film that have been spin coated on polycrystalline metal 

substrates. An easy method has been developed which does not require any gas [35], and the 

vacuums required are very manageable. 

In the case of hBN, sputtering, MBE (molecular beam epitaxy) and IBAD (ion beam 

assisted deposition) provide some alternative methods for its deposition, an example being the 

monolayer hBN deposition on Cu foil under low pressure (350 mTorr) using an ammonia borane 

precursor [56].  For MoS2, the majority of growth processes can be performed in a quartz tube 

furnace and have implemented one of the following precursors: (a) thin films of Mo metal, (b) 

liquid solutions containing ammonia tetrathiomolybdate, or (c) MoO3 powder. It is known that 

sulfur forms sulfides with most metals, so the MoS2 formation is a product of elemental reactions 

between Mo and S [57, 58, 59]. The selected temperatures, as well as substrate, can impact the 

crystal quality, with higher temperatures and sapphire substrates demonstrating highest quality 

growth. The sulfur source may also have an effect on the uniformity of the resulting MoS2. When 
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H2S gas is used, as opposed to the more commonly used vaporized elemental sulfur, uniform films 

from 2 to 12 layers were synthesized, although with typical grain sizes on the order of 10–30 nm, 

considerably smaller than that of mechanically exfoliated MoS2 crystals. 

1.2 PRINTED ELECTRONICS  

Over half of a millennium ago the first printing press revolutionized the reproduction of 

manuscripts and books by drastically cutting costs and increasing production capacity; modern 

day inkjet printers are revolutionizing electronics fabrication by allowing for faster, cheaper, more 

flexible, and more accessible methods to pattern and package electronic circuits and systems [25].  

The variety of printing methods adapted to create electrical devices in different substrates result in 

what we now call “printed electronics”. Normal printing equipment is used to define the patterns, 

such as serigraphy, flexography, gravure, lithography, ink jet printing, and more. The inks are 

usually deposited on the substrate creating either active or passive devices, such as resistors or 

transistors. The idea is printed electronics facilitate at a very low cost, getting printed bending and 

flexible screens, flexible solar cells, printed batteries, intelligent or smart sensors, and many more.  

Among available manufacturing techniques for electronics, a promising approach is inkjet 

–based – printing, due to the rapid development and deployment of new material inks. One 

advantage is its digital and additive patterning, reduction in material waste, and compatibility with 

different substrates and degrees of mechanical flexibility and forms. Ink-jet printing is a versatile 

technique for the large-area fabrication of flexible electronics, requiring minimal process steps, 

and serves as one of the cornerstone processes for additive manufacturing [60]. Ink-jet printing 

has emerged as the approach for the rapid manufacturing of thin-film transistors (TFTs), which are 

constructed using organic conducting and semiconducting inks [61]. However, despite notable 

advances, ink-jet printed organic TFTs still show poor air stability, limited lifetime, low mobilit ies 
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(< 0.5 cm2V-1s-1) and the ON/OFF ratios are typically <105 [22]. Such limitations arise primarily 

from the poor quality of the materials used as the inks in such organic systems.  In this work, we 

report on forming 2DLM-based dispersions suitable for ink-jet printing, where the 2DLMs offer 

unique attributes, such as greater air-stability, higher-mobilities, and ease of chemical exfolia t ion 

given their unique crystal structures. While there are a wide variety of 2DLMs, here we investigate 

the dispersion characteristics of two specific 2DLMs, i.e. metallic graphite and semiconduc ting 

MoS2.   

1.2.1 Printable Fluids 

Prior to forming inks of 2DLMs, they must first be dispersed as nanosheets in a liquid. 

Early work on solution-based exfoliation of graphite comprised of intercalated graphite which 

could be partially exfoliated by reactions involving an intercalant [62], through thermal shock [63], 

or by the shear oxidation of graphite [64, 65, 66, 67]. The oxidation of graphite to yield graphene 

has resulted in fragments of oxidized sheets that exhibit significant structural defects and are often 

electrically insulating [15].  

The choice of solvents used for exfoliation plays a key role for successfully isolating high-

quality single layers of 2DLMs that are stable against re-aggregation.  Modeling has shown that if 

the surface energy of the solvent is similar to that of the LM, the energy difference between the 

exfoliated and re-aggregated states will be very small, removing the driving force for re-

aggregation [12]. Kamat, Park, and others have shown that several organic solvents have cohesive 

energies close to the interlayer energies of 2DLMs, in particular the transition metal 

dichalcogenides, where the lattice can expand by as much as 100 times when they are dispersed in 

such solvents [68, 69]. Through these deductions, the most promising solvents for achieving stable 

suspensions of 2DLMs appear to be N-methyl-2-pyrrolidone (NMP), N,N-Dimethylacetamide 
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(DMA) and dimethylformamide (DMF) [52], while hydrazine, cyclohexyl-pyrrolidinone  (CHP), 

G-Butyrolactone (GBL), 1,3-Dimethyl-2-Imidazolidinone (DMEU) are also known to be 

effective, while some groups are exploring more nontraditional solvents like ethanol [30, 70].  In 

this work, we have explored the role of the first three solvents in forming suspensions of 2D MoS2 

and graphite, while also exploring the effect of less toxic and more environmentally friendly 

solvents, such as Isopropanol (IPA) and Terpineol (T).     

1.2.2 The Printing Process 

The printing process is seemingly a simple one, with the first step being to load ink into a 

reservoir that feeds a nozzle. In the second step this nozzle is moved horizontally over a substrate, 

and an actuator is used to eject a drop of ink from the nozzle. In the third step, the ink droplet hits 

and adsorbs to the surface of the substrate. Some very important key features must be kept in mind 

when selecting the optimal printing process, including but not limited to: 

• Nozzle type and characteristics (piezo, thermal, electrostatic, acoustic, actuation, waveform) 

• Ink formulation (material loading, viscosity, surface tension, carrier fluid). 

• Substrate or top-layer surface properties (roughness, free surface energy, ink chemical 

compatibility). 

• Post-print curing (annealing pressure and temperature, ultraviolet (UV) exposure, laser 

annealing) [25]. 

1.2.2.1 Inkjet printing theory 

There are two different mechanisms or ways in which inkjet printing can take place, 

continuous inkjet (CIJ) printing and drop - on - demand (DoD) (see Figure 1.2). In both cases, the 

drop generated can have a diameter around 10 to 150 μm. The essential difference is that DOD 

generate individual drops when required, while CIJ operates with constant or continuous drop 
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generation. In CIJ Drop positioning is controlled by moving a drop in flight or by moving the 

substrate to where a drop is to be printed, DOD locates the printer nozzle above the desired location 

before the drop is ejected. CIJ is a more wasteful process, since even when the ink can be 

recirculated, contamination may still occur [71]. 

 

Figure 1.2: Inkjet printing mechanisms. Continuous Inkjet Printing (CIJ) and Drop on Demand 

(DOD). 

 

In DOD, an actuation mechanism transfers energy to a suitable volume of liquid, in order 

for it to form a drop. Various actuation mechanisms have been proposed and patented, but the most 

common techniques are thermal (or bubble) actuation and piezoelectric actuation (PA). In thermal 

DOD printing, a small heater is located in the fluid chamber, where the fluid is heated forming a 

small bubble. The rapid expansion and collapse of this bubble generate a pressure pulse that 

promotes the drop formation and ejection. In piezoelectric DOD printing, the pressure pulse is 

generated by direct mechanical actuation using a piezoelectric transducer that may be achieved 

Continuous inkjet printer  (CIJ) (DOD) Drop on demand printer

Thermal vs piezoelectric (DOD)
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using MEMS technology and electrostatic forces [72] (see DOD in Figure 1.2b). The piezoelectr ic 

effect is the ability of certain materials to generate an electric field in response to mechanical strain, 

or, similarly, to undergo a change in shape when subjected to an electric field. The direction of 

mechanical deformation (extension or compression) depends on the direction of the applied field, 

or the polarity of the applied voltage [73]. In many PA systems, lead Zirconate Titanate (PZT) is 

used as the active component, due to its strong piezoelectric effect. Different mechanisms are 

possible for the actuators, push – mode which rely directly on expansion and contraction (see 

Figure 1.3); shear – mode which create two regions of shear, creating a wall movement; and finally 

squeeze - mode, in which two layers are used to form a cylinder so that when the field is applied 

from the outside to the inside, it will contract radially [74]. 

 

Figure 1.3: Piezoelectric actuator figure. 

 
1.2.2.2 The waveform 

In order to optimize the patterns formed by printing, it is important to control the droplet 

volume, which is a direct result of the waveform that is created at the nozzle. This waveform drives 

the piezoelectric material which acts on the liquid. The waveform is the combination of the 

operating conditions of the piezoelectric actuator, which are the driving voltage and the pulse 

width. By combining different voltage amplitudes, pulse durations, and shapes, different droplet 
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volumes can be obtained [75, 76]. Inappropriate inks may result in unstable jetting with long 

filaments forming connecting the ejected droplet to the nozzle [77], which may be corrected by 

modifying printing parameters. Hwang et al. have studied unipolar, bipolar, M-shaped and W-

shaped waveforms and their effect on the drop formation [78, 79]. Time after time, it has been 

proven that it is not only fluid properties like viscosity, density and surface tension that control the 

printability of inks, but also the orifice size and the driving waveform parameters, such as voltage 

value, waveform shape, and pulse time . For example, it has been found that a double waveform 

with an appropriate interval time between two pulses can generate a single droplet by creating an 

additional negative pressure to avoid satellite droplets arising from long liquid threads in high-Z-

value fluid [80, 81, 82]. A bipolar waveform allows a high voltage difference without the 

application of an excessively high voltage.  In the inkjet printing process, the piezoelectric ity, 

elasticity, and free-surface fluid dynamics should all be considered [83]. 

1.2.2.3 The Substrate 

Due to its additive nature, inkjet printing can be adapted to print in many different 

substrates: silicon wafers, plastic, paper, cloth, etc., can be used [84, 85]. The selection of a 

substrate depends on the final characteristics that are desired from the device. The final image or 

pattern should be a solid object on the substrate, and this liquid – to – solid phase change can occur 

by a number of mechanisms, and either by itself, of after some kind of treatment. It is therefore 

important to understand the interactions that occur between the substrate and the fluid in this 

period. The first interaction that occurs as the drop touches the substrate, is influenced by the fluid 

properties and the condition of the substrate. At the moment of impact, there may be that splashing 

occurs. There is a difference in splashing between Newtonian and non-Newtonian fluids to start 
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with, and it can also be influenced by the nature of the substrate; surface roughness and impact 

velocity have been proven critical [86, 87], and viscosity is a key parameter in this process [88].  

 

Figure 1.4: Contact angle and Young’s Equation. 

 

When a liquid is in contact with a surface, it will tend towards an equilibrium shape that 

balances all the forces. This shape manifests itself in the form of an equilibrium contact angle and 

is described by Young’s Equation [89] (see Figure 1.4). Young’s Equation describes the balance 

between the three surface energies at interaction if no other forces act upon the system: the surface 

energy between the liquid and the surrounding environment γLV, the surface energy between the 

solid and the surrounding environment γSV and the surface energy between the liquid and the solid 

γLS. The equilibrium wetting of a drop may be further influenced by gravitational forces, roughness 

of the substrate, the hydrophobic or hydrophilic character of the droplet, as well as other issues 

such as dust contamination or a solid phase within the droplet (suspensions or ink in our case) [90]. 

The main difference between printing substrates, besides the different interactions it may 

have with the fluid, is whether it is flexible, or not.  Flexibility may have different meanings, so 
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we can classify it in three categories: (1) bendable or rollable, (2) permanently shaped, and (3) 

elastically stretchable. All three types are currently manufactured in an initially flat form, that are 

later either rolled or bent, shaped to the desired geometry [91, 92], or as in the case of the 

stretchable electronics, made interconnected with elastically stretchable conductors [93, 94, 95]. 

In the specific case of flexible electronics, carbon nanotubes (CNT’s) are currently under wide 

study and have already been used to make flexible circuits, flexible displays, flexible solar cells,  

conformable radio frequency identification (RFID) tags, skin-like stretchable and flexib le 

pressure, strain, and chemical and biological sensors. In addition, they have also been used as the 

anode and cathode in flexible light emitting diodes, solar cells, and supercapacitors [96]. And these 

are just examples of uses of CNT’s, which still leaves a wide range of organic electronics to 

mention.  

1.3 CHARACTERIZATION 

1.3.1 SEM microscopy 

Scanning Electron Microscopy (SEM) works by focusing a beam of high-energy electrons 

to generate a variety of signals at the surface of solid specimens. This signal reveal information 

such as morphology (texture), chemical composition and crystalline structure and orientation of 

materials making up the sample. The SEM can perform analyses of selected point locations on the 

sample; this approach is especially useful in qualitatively or semi-quantitatively analysis to 

determine chemical compositions (using EDS), crystalline structure, and crystal orientations 

(using EBSD).  The basic principle of the SEM is to capture a variety of signals produced by 

electron-sample interactions when the incident electrons from the beam are decelerated in the solid 

sample. These signals include secondary electrons (that produce SEM images), backscattered 
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electrons (BSE), diffracted backscattered electrons (EBSD that are used to determine crystal 

structures and orientations of minerals), photons (characteristic X-rays that are used for elementa l 

analysis and continuum X-rays), visible light (cathodoluminescence–CL), and heat. 

 

Figure 1.5: Diagram of Scanning electron Microscope. 

 
 Figure 1.5 illustrates the components and basic principle of SEM. Secondary electrons and 

backscattered electrons are commonly used for imaging samples: secondary electrons are most 

valuable for showing morphology and topography on samples and backscattered electrons are most 

valuable for illustrating contrasts in composition in multiphase samples (i.e. for rapid phase 

discrimination). A Hitachi S4800, which can be seen in Figure 1.6 was used for the SEM analysis  

in this work. X-ray generation is produced by inelastic collisions of the incident electrons with 

electrons in discrete orbitals (shells) of atoms in the sample. As the excited electrons return to 

lower energy states, they yield X-rays that are of a fixed wavelength (that is related to the 

difference in energy levels of electrons in different shells for a given element). Thus, characterist ic 

X-rays are produced for each element in a mineral that is "excited" by the electron beam. SEM 
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analysis is considered to be "non-destructive"; that is, x-rays generated by electron interactions do 

not lead to volume loss of the sample, so it is possible to analyze the same materials repeatedly 

[97, 98, 99].  

 

 

 

Figure 1.6: Hitachi S4800 used throughout our work. 

 

1.3.2 Absorption Spectroscopy 

Absorption Spectroscopy uses light in the visible and adjacent (near-UV and near-infrared 

[NIR]) ranges to measure the absorption or reflectance of the radiation from the material to be 

analyzed. The basic principle is that molecules containing π-electrons or non-bonding electrons 

(n-electrons) can absorb the energy in the form of ultraviolet or visible light to excite these 

electrons to higher anti-bonding molecular orbitals. The more easily excited the electrons (i.e. 
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lower energy gap between the HOMO and the LUMO), the longer the wavelength of light it can 

absorb. For a molecule to absorb energy of a specific wavelength, it must have two energy levels 

separated exactly by the energy of the photon that will be absorbed; one needs to have a vacancy 

that will accept the electron that will jump from the lower energy level [100]. This process is 

illustrated in Figure 1.7. 

 

 

Figure 1.7: Absorption of a photon in spectroscopy. 

 

The Beer-Lambert law states that the absorbance of a solution is directly proportional to 

the concentration of the absorbing species in the solution and the path length. Thus, for a fixed 

path length, UV/VIS spectroscopy can be used to determine the concentration of the absorber in a 

solution.  

The wavelengths of absorption peaks can be correlated with the types of bonds in a given 

molecule and are valuable in determining the functional groups within a molecule. The nature of 

the solvent, the pH of the solution, temperature, high electrolyte concentrations, and the presence 

of interfering substances can influence the absorption spectrum. Experimental variations such as 

the slit width (effective bandwidth) of the spectrophotometer will also alter the spectrum. To apply 



 19 

UV/Vis spectroscopy to analysis, these variables must be controlled or accounted for in order to 

identify the substances present [101]. 

Absorption spectroscopy is routinely used to calculate or compare concentrations of 

dispersed particles in solutions [102, 103] or for example, to estimate layers of graphene [104]. 

UV-Vis spectroscopy is also used in the semiconductor industry to measure the thickness and 

optical properties of thin films on a wafer. In this work, a spectrophotometer Cary 5000, which is 

seen in Figure 1.8 was used to measure the quality of dispersions and compare the exfolia t ion 

characteristics of the different solvents. 

 

 

Figure 1.8: CARY 5000 Spectrophotometer used in our measurements. 

 

1.3.3 Electrical Characterization 

Electrical Characterization can be used to determine resistivity, carrier concentration, 

mobility, contact resistance, barrier height, depletion width, oxide charge, interface states, carrier 
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lifetimes, and deep level impurities. Current with respect to voltage (I-V) curves have been used 

to characterize our printed devices.  

 

 

Figure 1.9: Types of IV curves. 

 
An IV curve describes the relationship between an electric current through a circuit, device, 

or material, and the corresponding voltage, or potential difference across it. Being very simple, our 

IV curves demonstrate characteristics which are such of a resistor, which according to Ohm's Law 

exhibit a linear relationship between the applied voltage and the resulting electric current, where 

the slope of the line is the resistance. Geometric parameters may affect the resistance, in such a 

way that the specific characteristic of a material would be its resistivity, which accounts for any 

effect length or area may have on the resistance. Resistivity is the intrinsic property that quantifies 

how strongly a given material opposes the flow of electric current. The inverse of the resistivity is 

the conductivity of a material. Other types of IV curves would result in materials that do not obey 

Ohm’s Law, such as diodes, memristors, and other devices, which do not show a straight line in 

their IV measurements, but may have instead curves, hysteresis, etc. (See Figure 1.9). An image 

of the Micromanipulator 450PM-B probe stage equipped with a HP precision semiconductor 

parameter analyzer 4156A used in this work is seen in Figure 1.10. 
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Figure 1.10: Micromanipulator 450PM-B probe stage equipped with a HP precision 

semiconductor parameter analyzer 4156A. 

 

1.3.4 Raman Spectroscopy 

Raman spectroscopy is a characterization technique that involves shining a monochromatic 

light source (i.e. laser) on a sample and detecting the scattered light. It provides information about 

molecular vibrations that can be used for sample identification and quantitation [100]. When this 

light that is shone on the sample, is scattered, most of it has the same frequency as the excitation 

source, this is known as elastic scattering or Rayleigh. But some amount of the light that is 
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scattered shifts in energy from the frequency of the laser because of interactions with the vibration 

of the molecules (see Figure 1.11). This shifted light is plotted and results in the Raman spectrum 

of the sample. Raman spectroscopy can be used for both qualitative and quantitative applications. 

The spectra are very specific, and chemical identifications can be performed by using search 

algorithms against digital databases. 

 In the case of the Raman spectra of graphite and graphene, numerous studies have been 

done in the hopes of understanding their characteristics and significance. For these materials, 

Raman spectroscopy can be efficiently used to monitor a number of layers, quality of layers,  

doping level and confinement in graphene nanostructures. Disorder can be monitored via the D 

peak. The fact that the G and 2D Raman peaks change in shape, position and relative intensity with 

number of graphene layers reflects the evolution of the electronic structure and electron–phonon 

interactions. [105, 106]. 

 

Figure 1.11: Energy-level diagram showing the states involved in Raman spectra. 
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Raman spectroscopy is able to probe disorder in graphene through defect-activated peaks. 

It is of great interest to link these features to the nature of disorder. It has been found that the 

intensity ratio of the D and D′ peak is maximum (∼13) for sp3-defects, it decreases for vacancy-

like defects (∼7), and it reaches a minimum for boundaries in graphite (∼3.5). This makes Raman 

Spectroscopy a powerful tool to fully characterize graphene [107]. Figure 1.12 shows an image of 

the Horiba Raman Spectrometer used in this work. 

 

 

Figure 1.12: Horiba Raman Spectrometer used in our measurements. 

 
 
1.3.5 Transmission Electron Microscopy Characterization 

Transmission Electron Microscopy (TEM) is an analytical technique developed in the 

1930’s by Max Knoll and Ernst Ruska, for which in 1986, Ruska received the Nobel Prize of 

Physics. In TEM, an image is formed after the interaction of the illuminating source, in this case a 



 24 

beam of electrons, and an ultra-thin layer of material. The image that is formed may be a diffract ion 

pattern or any of several types of images on the fluorescent screen or photographic film. 

The TEM is built around an electron column which can be divided into two principa l 

subassemblies: the electron gun, or source of high-energy electrons, and the electromagne tic 

lenses, which are used to control the beam and thus generate an image. TEM typically operate at 

voltages exceeding 60 kV. The electron - ray path is analogous to the visible ray path in an optical 

microscope, except that the electrons follow a spiral path through the lens as they are focused, 

while light is focused through the lens in a plane. The interactions of the electrons as they strike 

the thin film specimen dictate the type of image that will be revealed.  The interaction that allows 

to observe the structural detail in crystalline materials, is the diffraction of the electrons by the 

array of atomic planes in the specimen, which follow Bragg’s Law. Bragg diffraction occurs when 

the radiation has a wavelength comparable to atomic spacing, and is scattered in a specular fashion 

by the atoms of a crystalline system, undergoing constructive interference. For a crystalline solid, 

the waves are scattered from lattice planes separated by the interplanar distance “d”. Bragg’s Law 

indicates that when scattered waves interfere constructively, they remain in phase since the 

difference between the path lengths of the two waves is equal to an integer multiple of the 

wavelength. The path difference between two waves undergoing interference is given by 

nλ=2dsinθ, where θ is the scattering angle (see Figure 1.13). When two beams with identica l 

wavelength and phase interact with a crystalline solid are scattered off from two different atoms, 

the lower beam traverses an extra length of 2dsinθ. Constructive interference then will occur when 

this length is equal to an integer multiple of the wavelength of the radiation.  
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Figure 1.13: Bragg diffraction.  

 

The required size for an imaging sample is around a 5 μm thick, 3mm diameter disk. This 

means that bulk specimens must be sectioned and electro thinned or ion milled to produce regions 

that permit the transmission of the electron beam. Electron transparent regions are typically less 

than 100 nm thick. Different sample preparation techniques exist, and TEM grids can also be used 

to support ultra-thin films and are useful for analysis of dispersed materials. In this work, the TEM 

analysis was done after printing on a grid and looking at the supported graphene flakes on the Cu 

wires.  
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Chapter 2:  

Surfactant-assisted Dispersions 

 

It needs to be recognized that the reliability and printing characteristic of any ink are not 

inherent properties of the formulation but are strongly dependent on the print – head and process 

architecture, requiring a holistic approach to the ink design [108]. A good ink should possess 

specific properties, such as viscosity η, density ρ, and surface tension [18] in order to be 

successfully printed, and these properties are often contrary to the solvents that seemed ideal for 

graphene dispersions, so a balancing act and more studies are needed to understand their effect.  

For example, a free droplet will try to adopt the shape with the lowest surface area, which is a 

sphere, and in the absence of other forces, that is what it will form. When the liquid is in contact 

with a solid surface, then we need to consider also the interface energy between liquid and 

substrate, so in that case, the equilibrium shape of the drop is going to be a spherical cap. 

Most of the studies attempting to understand the mechanisms of drop generation and 

interactions have been based in identifying a number of dimensionless groups of physical constants 

[109, 110], and how the fluid mechanics of the process of printing are affected by them. The most 

useful numbers that describe these characteristics are Reynolds (Re=vρa/η), Weber (We =

(v^2 ρa)/γ), Ohnesorge (Oh = (√We)/Re), and Z =1/Oh, where v is the velocity of the drop, ρ 

is the fluid density, “a” is the nozzle diameter, η is the viscosity of the fluid, γ is the surface tension 

of the fluid.  

Great progress has been obtained in producing liquid-phase graphene dispersions, but 

efficient and reliable mass production for practical applications, still has many challenges to 
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overcome. The use of surfactants is well-known in the inkjet ink formulation. They are mainly 

used to stabilize the dispersion of particles in the medium, even in the case of systems with 

covalently bound dispersants. Another role of surfactants is the control of surface tension at the 

liquid – air interface.  Here we have determined a way in which to utilize Ethyl Cellulose (EC), a 

cellulose in which some of the hydroxyl groups of the linear chain have been converted into ethyl 

groups, in order to engineer the viscosity η of the dispersions; we have also measured its impact 

on 𝛾 of the fluid. In prior work, while EC has been shown to act as a stabilizing polymer and 

surfactant to prevent nanoparticle agglomeration, we have found it is more effective to incorporate 

EC after the sonication process instead of prior to it.   One of the obstacles to overcome for 

successful manufacturing of electronic devices, is to get rid of or diminish the residues that 

traditional solvents and surfactants employed for graphene exfoliation leave, even after extensive 

annealing, that disrupt the conductive network [33, 111].  

 

 

Figure 2.1: Five different solvents used for dispersion MoS2 and graphite. 

 

We have investigated five solvents (Figure 2.1) with different polarity (Pi) in order to 

formulate stable graphite and MoS2 inks appropriate for printing. The solvents studied were: a) 

NMP (N-methyl – 2 pyrrolidone, Pi = 6.7), b) DMA (Dimethylacetamide, Pi = 6.5), c) DMF 
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(Dimethylformamide Pi = 6.4), d) mixture of Cyclohexanone/Terpineol (Pi = 4.5), e) IPA 

(Isopropanol, Pi = 3.9). Solvents with higher polarity values such as NMP, DMA, DMF (Pi value 

of 6.7, 6.5 and 6.4 respectively) have already been extensively investigated for graphite and MoS2 

dispersion; less toxic and more environment friendly solvents such as C/T and IPA were include d 

in this work covering larger variations in solvent polarities.  We have exfoliated Graphite Rod 

(GR), Graphite Powder (GP) and MoS2 in these five solvents and they have been subjected to 

different sonication times, 0.5, 6 and 24 hours, and their absorbance patterns obtained to compare 

the amount of exfoliated nanoparticles. These studies will allow us to select the best solvent for 

each material (MoS2 and graphene) so that we can prepare the ink with the right characteristics for 

printing. 

2.1 METHODS AND MATERIALS 

Viscosity Study. The five solvents used in this work were purchased from Sigma Aldrich and used 

as received, with the exception of the C/T mixture which was prepared at a ratio of 7:3 throughout 

the experiments. Different concentrations of solvents with 1 wt% to 6 wt% EC (Sigma Aldrich 

200646) were prepared and viscosity values obtained. Contact angle measurements were done 

using a Ramehart 250 F4 standard goniometer and the substrate was SiO2. MoS2 was commercia l ly 

obtained (Sigma Aldrich #69860), and in all the dispersions it was prepared with an init ia l 

concentration of 3 mg/ml, as was the dispersion for the Graphite Rod (Sigma Aldrich #496553) 

and graphite powder (Alfa Aesar #10131). After preparing the dispersions, they were sonicated 

for 0.5, 6 and 24 hours. A Branson 2800 bath sonicator was used for all the sonication in this work. 

Characterization: Optical absorption spectroscopy was conducted using a CARY 5000 

spectrophotometer in quartz cuvettes with 0.3 ml volumetric capacity. Only supernatant liquid was 

used for absorption measurements. SEM microscopy was carried out in a Hitachi S-4800. 
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Whenever dispersion samples were drop cast on wafers, SiO2/Si wafers with a 300 nm oxide layer 

were used. Electrical characterization was conducted using a micromanipulator 450PM-B probe 

stage equipped with a HP precision semiconductor parameter analyzer 4156A. Printing. The 

DIMATIX 2831 material printer from Fujifilm was used for the ink jet printing, where the ink 

cartridges were purchased from the manufacturer and had a volume of 10 pl and equipped with 

200 nm syringe filters. The cartridges were comprised of 16 nozzles, where the nozzle diameter 

was ~ 21.5 μm. Annealing: All heat treatment was done on a hot plate at ambient pressure. 

2.2 ETHYL CELLULOSE  

The use of surfactants, as has been noted before, provides a crucial control of surface 

tension. If the system’s surface tension is too high, ink may not move through the nozzle, or 

printing may be sporadic. If the surface tension is too low, the ink may leak out of the nozzle. The 

amount of surfactant will have an effect on stability, printability, and as-deposited wettability. 

Large amounts of surfactant can decrease the effective density of particles in the printed pattern, 

have an effect on the sintering and on the adhesion to the substrate. We have used EC to fine tune 

the viscosity while still allowing for the successful sintering and adherence to the substrate. 

2.2.1 Viscosity  

EC was added to the five solvents in different wt% from 1 to 6wt%. The addition of EC 

resulted in an increase in viscosity in all of them.  For the five solvents we determined the necessary 

wt% of EC to obtain the recommended viscosity values for inkjet printing, which are close to 10 

cP.  It can be observed from Figure 2.2 that the viscosity values for C/T increased almost 15 times 

with the addition of EC; for example the viscosity of C/T increased from 2 cP to almost 35 cP with 

only 6 wt% addition of EC. This solvent needs the least amount of EC to reach the optimum 
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viscosity for printing (10 cP), followed by NMP and IPA (4 wt% EC), while DMA and DMF 

require the greatest addition at almost 6 wt% EC. 

 

Figure 2.2: Change in viscosity with the addition of Ethyl Cellulose. 
 

2.2.2 Surface Energy  

Surface Energy has shown to be important, both for exfoliating layers and nanopartic les 

from bulk material, and for the impact it has on the fluidic properties of the printable ink. The 

surface energy relation between liquid, solid and gas interfaces is expressed by Young’s equation 

𝛾𝑆 = 𝛾𝑆𝐿 + 𝛾𝐿 𝑐𝑜𝑠𝜃, where 𝛾𝑆  is the surface energy of the solid, 𝛾𝑆𝐿  is the interface surface energy, 

𝛾𝐿  is the surface tension of the liquid, and θ is the contact angle between liquid-solid interface. 

Contact angles were measured with a Ramehart goniometer for the different concentrations of EC 

in all solvents on SiO2 substrate. Figure 2.3 illustrates the steps used to measure the contact angle; 

Figure 2.3a shows the drop falling, Figure 2.3b shows the time at which the drop is in contact with 

the substrate and Figure 2.3c shows the spread of the drop on the substrate and the contact angle 
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it makes. The drop diameter was observed to be around 200 µm for C/T with 4 wt% EC as shown 

in Figure 2.3b. 

 

 

Figure 2.3: Sequence of steps for measuring the contact angle between fluid and the substrate. 

 

Contact angle measurements shown in Figure 2.4a demonstrate increases for all five 

solvents with increasing EC concentration. The increase in θc of the solvent is likely to be due to 

the reduction of liquid surface tension with increasing EC concentration. It was evident from our 

investigation that the increase in θc with increasing EC concentration was much higher for IPA 

which has the lowest Pi, as compared to C/T with the next lower Pi; it was almost identical for 

NMP, DMA, and DMF which have similar Pi. IPA and terpineol have hydroxyl groups that form 

intermolecular hydrogen bonds, which as was mentioned above, is one of the parameters to 

consider for stable dispersions. These hydrogen bonds cause the molecules to "stick" together and 

act as if they had a higher molecular weight. DMF and DMA have very similar structures and Pi 

values, with their only distinct feature being the hydrogen bond in DMF that is replaced with a 

methyl group in the DMA; this may result in a difference in the exfoliation, but almost no 

difference in their viscosity behaviour is observed. From the data shown in figure 2.4, we see that 

there is an insignificant change in contact angle with the addition of EC for solvent NMP, which 
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is also the same behaviour noted for DMF and DMA. This is in contrast to IPA and C/T where the 

contact angle changed more significantly as more EC was added. Furthermore, the jetting 

properties and drop formation required for printing depend on both viscosity and surface energy. 

 

Figure 2.4: a) Contact angle change with respect to wt% EC and b) change in interface surface 

energy. 

 
The surface energy relation between liquid, solid and gas interfaces can be expressed by 

Young’s equation 𝛾𝑆=𝛾𝑆𝐿+𝛾𝐿𝑐𝑜𝑠𝜃𝑐, where 𝛾𝐿 is the surface tension of the liquid, 𝛾𝑆𝐿 is the 

surface energy between solid to liquid interface, and 𝛾𝑆 is the surface energy of the solid [32, 72, 

112].  We have calculated the surface energy of the liquid – solid interface (𝛾𝑆𝐿) from the 

measured θc of different solvents. For example, for IPA 3 wt% EC, θc was measured ~ 19˚, and 

given the surface energy for SiO2 ~287 mJm-2, from the Young’s equation we obtained an interface 

surface energy value of 265 mJm-2. It is important to note that for 𝛾𝐿, we assumed the initial surface 

tension values for the respective solutions, i.e., 𝛾𝐿 values for IPA, C/T, DMA, DMF and NMP are 

23 mJm-2, 33mJm-2, 34 mJm-2, 34 mJm-2 and 41 mJm-2, respectively. Figure 2.4b shows the 
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variations in the liquid-solid surface energies with increasing EC concentration which indicate the 

interface surface energy between the liquid drop and the SiO2 substrate was not modified by more 

than 5% with the addition of EC, which is likely due to the substantially larger substrate surface 

energy ~287mJm-2 for SiO2. From the measured contact angle and using Young’s equation, we 

have determined the change in surface energy values.   

2.3 MOS2 DISPERSIONS 

After the η and γ are optimized through the addition of EC, we proceeded to formulate 

dispersions of 2DLMs. Here we discuss the results related to the MoS2 dispersion which was 

prepared using MoS2 powder and adding 1 wt% EC for controlling dispersion viscosity. Two 

sonication times were investigated (0.5 hours and 6 hours) followed by a 24 hour stabiliza t ion 

period. Optical absorbance spectroscopy was used to investigate the MoS2 dispersion (figure 

2.5(a)) which indicates the absorption increased as the sonication time increased, due to particle 

size and/or layer number reduction. This is also visualized by the appearance of the vials in the 

inset of figures 2.5(b-f), where the solution appears darker with the greater sonication time for the 

solvents investigated.   

The C/T absorbance was greatest, followed by DMF, NMP, DMA, and IPA. The 

characteristic peaks for MoS2 at 608 nm and 665 nm [113, 114] were observed in C/T and NMP, 

and mildly in the other solvents, which is related to excitonic behavior in ultra-thin nanosheets, 

and we will report on this characteristic in greater detail in forthcoming work [115]. Our aim in 

conducting this study was to look at differences between “low” sonication exposure (as noted by 

the 0.5 hr. samples) and “high” exposure (as noted by the 6 hr. samples).   
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Figure 2.5: a) Absorbance spectra of MoS2 in the five different solvents sonicated for 0.5 and 6 

hours. b) to f) Absorbance spectra of  shown individually for each of the give solvents includ ing 

the absorbance after 2 weeks. 
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We believe that the important fact elucidated from our analysis here is that the relative 

absorbance generally seems to increase over the entire spectral range considered (350 nm – 800 

nm) for all the solvents at the high exposure level, as illustrated by the data in figure 2.5(a)-(f) for 

MoS2.  Hence, we infer that the dispersability and exfoliation of MoS2 increases for the 6 hr. 

sonication or higher exposure condition, compared to the lower exposure condition of 0.5 hr. The 

stability of the dispersions over time was also explored for the 6 hour sonicated samples, which 

indicated a high degree of suspension stability for DMA followed by IPA, NMP, C/T, DMF (see 

figure 2.5(b-f)). In the case of DMF, a pronounced decrease in the absorbance after a two-week 

“settling” period was observed, possibly due to particulate re-agglomeration. 

2.4 GRAPHITE DISPERSIONS 

Two sources of graphite were used as the starting templates for generating the 

graphite/graphene dispersions, namely commercially available graphite rod (GR), as well as 

graphite powder (GP). The dispersions were prepared and sonicated in each of the five solvents 

for 6 and 24 hours, and the effect of the EC was analysed. SEM, optical spectroscopy and electrical 

measurements were done to compare the graphite dispersions. 

2.4.1 SEM microscopy 

In order to look at the initial structure of the two materials, the graphite rod was broken 

into small pieces and both were placed on carbon dots on the SEM. Figure 2.6(a) depicts a scanning 

electron micrograph (SEM) of the broken GR pieces, as purchased from the manufacturer (inset), 

with its layered structure (see arrow in figure 2.6(a)).  The GR flake distribution varied from a few 

microns to almost 50 μm.  In the second case of the GP, the SEM micrograph in figure 2.6(b) 

reveals large particles (see black arrow) with particle distribution ranging from 100 μm to 700 μm, 
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~ 10X larger than the flake size distribution in the GR. We experimented with two forms of 

graphite, one that is an untreated or “natural” graphite (graphite rod), and the other is an artificia l ly 

compressed graphite powder (GP).  In the graphite rod, the layered structure can be clearly 

visualized through the platelet-like lamellar structure observed (figure 2.6(a)), while the graphite 

powder is composed of a carbon where this platelet-like structure is non-evident, and the material 

resembles solid, “dense pebbles” (figure 2.6(b)).  Given the highly compressed nature of the GP 

in figure 2.6(b), the higher density and absence of interlayers is likely to inhibit the penetration of 

the solvent to effectively exfoliate the material using solution- based dispersion.  

  

Figure 2.6: SEM micrograph of a) GR inset showing graphite rod pieces as received. b) Graphite 

powder c) GR dispersion in NMP drop casted on SiO2. Inset shows dispersions in the five solvents. 

d) GP dispersion in NMP drop casted on SiO2. 
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The GR was successfully dispersed in all five solvents by sonicating for 6 hours, as shown 

by the vials in the inset of figure 2.6(c), including water.  Despite its benign nature, even the water-

based graphite dispersion showed discoloration indicating the exfoliation of graphite flakes 

occurring, to some extent, in water. The SEM micrograph of the drop-cast GR dispersion in NMP 

(on SiO2/Si) is shown in figure 2.6(c), which resulted in small pinholes in the film, but in contrast, 

a very sparse distribution of randomly distributed particles in the GP film was observed, as shown 

in figure 2.6(d). Thus, the GR flakes seem to form a continuous film (figure 2.6(c)), which was 

not observed for the GP. 

2.4.2 Role of Ethyl Cellulose 

  Ethyl Cellulose has been used in the coatings industry for several decades and known to be 

a rheology modifier [116]. Here we explore its role in the ink formulation process of our 2DLMs.  

In prior work, EC has been used as a dispersant surfactant for inkjet printing of 2DLMs [84], where 

it is usually added to the solution mixture before sonication in order to promote EC intercalat ion 

deep into the graphite layers and to prevent particle aggregation [21, 117]. However, this process 

reduces the effective sonication power density experienced by individual particles, and 

consequently reduces flake exfoliation.  

In our study we have demonstrated that adding EC to the GR before sonication resulted in 

much larger particle size, as shown by the black arrow in Figure 2.7a of the optical micrograph 

image of the drop-cast surface, which is likely due to the reduction of the effective sonication 

power density. This is in contrast to the image in Figure 2.7b where no large particles are detected 

at the same magnification. The optical spectra in Figure 2.7c also corroborates the higher density 

dispersion for the case without the EC, given the higher optical absorbance in this case.  This 

suggests the EC acts as a “shock absorber” in the sonication process and reduces the effectiveness 
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of the exfoliation. In light of this, our results indicate that EC should be added after sonication to 

prevent particle agglomeration, and improve suspension stability, while at the same time noting its 

importance in tuning the viscosity for optimum ink printability. 

 

 

Figure 2.7: a) Optical image of GR dispersed in NMP and sonicated for 24 hours with 4wt%EC 

added b) Optical image of GR dispersed in NMP and sonicated for 24 hours without EC added. c) 

Comparison of absorbance for GR dispersed in NMP sonicated 24 hours with and without EC. 

 

GR and GP were dispersed at concentrations of 3 mg/ml in the five solvents studied and 

sonicated for  6 and 24 hours and absorption spectroscopy was used to evaluate the dispersions , 

and the results are shown in figure 2.8. A higher dispersion of nanoparticles was obtained as the 
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sonication time increased for both starting materials; however, the range of absorption was very 

different as can be seen in the figure. Optical absorption spectroscopy for the GR and GP 

suspensions (without EC) in NMP are shown in figure 2.8, for sonication times of 6 hours and 24 

hours. The GR suspension exhibits higher absorbance, and hence a higher concentration 

dispersion, at both sonication times compared to even the 24 hour sonication of the GP. We believe 

that the layered structure of the graphite rod results in a higher concentration of nano-dispersed 

particles in solution, and consequently a continuous film morphology results after the drop-casting 

process. This result comprehensively demonstrates that the GR is a useful starting template for 

formulating inks for ink-jet printing, given its layered structure in contrast to the GP. For this 

reason we have chosen GR as the raw starting material for formulating our dispersions for ink-jet 

printing, which we report on from hereon. 

 

 

Figure 2.8: Absorption spectra of GR and GP dispersed in NMP and sonicated for 6 and 24 hours.  
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Figure 2.9 shows the variation in the optical absorbance spectra for the GR, where the NMP 

and DMF yielded a higher optical absorbance in comparison to all of the other solvents, a signature 

of the higher dispersion density in this case. These  results indicate that the layered structure of the 

GR is more likely to have the van der Waal bonds broken and produce the desired nanopartic les 

than the GP. 

 

Figure 2.9: Absorbance of dispersions in five solvents for GR after being sonicated for 24 hours. 

 

2.4.3 Electronic Properties and Morphology Characterization of 2D-Graphite 

Dispersions 

GR dispersions were drop-cast onto SiO2 substrates and annealed at 350 °C for 60 min and 

their electronic transport properties measured.  Illustrated in figure 2.10 is an I-V characteristic of 

the GR dispersion in all five solvents, while the inset depicts the GR film resistance. Using two-

terminal measurements, the GR dispersion in DMF exhibited the lowest resistance (1.6 KΩ) 
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compared to C/T which yielded the highest resistance (18 KΩ) for the same electrode spacing and 

approximate thickness.  

 

Figure 2.10: I-V curves of GR dispersed in five solvents after being drop cast on SiO2/Si wafer 

and annealed for 1h at 350°C. 

 

 The image in figure 2.11(a) is indicative of a uniform film morphology for the DMF 

sample, unlike the NMP sample shown in figure 2.11(b), which exhibited a rougher and more non-

uniform film morphology. From our initial observations, we have found that the drop-cast samples 

from the C/T dispersion appeared to form a non-uniform film.  The non-uniform film morphology 

is likely the reason for the high resistance observed in this case. While the GR dispersed in DMF 

exhibits the lowest resistance in drop-cast films compared to other solvents, it requires the addition 

of ~ 6 wt% of EC compared to ~ 4 wt% required for NMP to yield optimum viscosity and 

printability (10 cP).  For this reason, the dispersion of GR in NMP was used in the ink preparation 
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for printing given its higher particle dispersion as deciphered from optical absorption spectroscopy 

data.  

 

 

Figure 2.11: a) SEM micrograph film resulting from dispersion of GR in DMF. b) SEM 

micrograph film resulting from dispersion of GR in NMP. 

 
 

2.4.4 Ink-jet Printing of 2D-Graphite Dispersions  

Since a particle size below 200 nm is necessary to avoid nozzle clogging in our ink-jet 

printer, the dispersion (GR+ NMP solvent + EC) was filtered using a 0.2 μm syringe filter. 

Electronic transport measurements were conducted for the unfiltered and filtered inks as shown by 

the I-V characteristic in figure 2.12. Resistance values obtained for the filtered and unfiltered ink 

were 9.6 kΩ and 4.3 kΩ, respectively. While the filtered ink exhibited a higher resistance, this is 

not surprising due to the removal of more graphite precipitates during the filtration process. The 

top inset in figure 2.12 shows the relatively dark black color of the filtered ink in the vial, which 

is suggestive of a high concentration nanoparticle dispersion, while the bottom inset shows the 

relatively smooth surface morphology of the drop-cast ink onto SiO2 that explains its reasonable 

electronic transport characteristics. 
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Figure 2.12: a) I-V curve of filtered and unfiltered GR ink. 

 

Ink-jet printing of our 2D graphite ink was performed using a DIMATIX 2831 ink jet 

printer, which utilizes the micro-electro-mechanical (MEM)-based piezoelectric actuation 

mechanism.  The NMP ink was successfully printed onto SiO2/Si substrates, as shown in figure 

2.13(a) which represents an array of ink-jet printed lines of graphite formulated NMP-based inks. 

Figure 2.13(b) shows the high-magnification optical micrograph of two printed lines on the SiO2 

substrate with a line-width of ~ 240 µm. This image illustrates the ink solution is concentrated in 

the center of the line due to the well-known Marangoni effect [32, 85], in which nano-dispersed 

ink particles tend to move towards the higher concentrated regions.  
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Figure 2.13: a) Digital image showing printed lines patterned with the prepared ink on SiO2 

substrate. b) Optical image of SiO2 substrate with printed pattern. 

 

As stated earlier, the ink fluidic properties are represented by the Reynolds, Weber, and 

Ohnesorgh numbers. The ink fluidic properties can be represented in a plot of Re versus We, (see 

figure 2.14) which illustrates the impact of 𝛾,  on the ink-jetting characteristics. The fluid 

position on the map can be modified as indicated by the arrows with an increase in the v, , , or 

𝛾. Furthermore, this plot can define optimum printing regions by specifying inadequate drop 

dynamics regions, such as viscous, splashing, satellite drop, and insufficient energy for drop 

formation, as shown in figure 2.14. Through our experiments, we clearly see that our inks are well 

within the printable fluid region (see red dashed oval in figure 2.14) for optimum printing for the 

synthesized dispersion of GR in NMP.  The combination of  and 𝛾 for our dispersions has resulted 

in printable inks with Re from 1.7 to 2.2 and We of 48 to 90, close to the limit of printable fluids. 

Results from previous investigations have also been mapped onto this plot for comparison [18, 32, 

83, 110].  In some of them the inks were clearly inside the “printable” region, while others are 

further from the boundaries. It should be noted that the ink position on the fluidic property plot 

can also be modified by changing printer parameters, such as firing voltage, jetting waveform, 
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standing time, cartridge and substrate temperature, to some extent, which can provide another 

degree of freedom for potentially targeting the ink properties toward the printable fluid regime. 

 

 

Figure 2.14: Ink fluidic property plot, illustrating the effect of the Reynolds number and the 

Weber’s number on the ink fluidic properties. This indicates different regions for fluid mechanics, 

and the optimal region for stable drop formation and jettability. 
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Chapter 3:  

Optimization of Printing Parameters 

 

In this work, we have conducted a systematic investigation of the ink-jet printing 

parameters that sheds insights into the characteristics of the printed features, and we have 

successfully utilized these inks for fabricating practical devices that display unique characterist ics, 

specifically, the ability to deliver ultra-high levels of power using ink-jet printed graphite resistors.  

We have also determined that the active nozzle number, printing passes, and annealing conditions 

have an important role to play in determining printed line resolution, as well as the morphologica l 

and electronic transport characteristics of the printed graphene features, where the inks are 

generated via sonication of the bulk graphite crystal.  Here the inks are dispersed drop-by-drop in 

pico-liter volumes using drop-on-demand ink-jet printing technology, to construct macro-scale 

device architectures onto a wide range of substrates, from rigid to flexible and transparent.   

3.1 METHODS AND MATERIALS 

Materials: The ink used in this work was prepared by sonicating commercially available graphite 

rod pieces (Sigma Aldrich #496553) at a concentration of 6mg/ml in N-methyl-2-pyrrolidone 

(NMP) for 24 hours. After the sonication, 4%wt Ethyl Cellulose (EC) (Sigma Aldrich 200646) 

was added to the dispersion in order to obtain the optimum printing viscosity, and sonicated for 

another 4 hours. A Branson 2800 bath sonicator was used for all the sonication done in this work. 

The ink was separated after allowing the dispersion to stabilize overnight and selecting only the 

supernatant to avoid any precipitates that may contain bigger particles.  Then, the cartridge was 
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filled. Printing. The DIMATIX 2831 material printer from Fujifilm was used for the ink-jet 

printing, where the ink cartridges were purchased from the manufacturer and had a volume of 10 

pl.  The cartridges comprised of 16 nozzles with a nozzle diameter of ~ 21.5 μm. All heat treating 

was done on a hot plate at ambient conditions. The printing conditions were varied in order to 

study the effect of the number of active jetting nozzles, as well as the number of passes. The platen 

on the printer was always heated at 60°C. Characterization: SEM microscopy was carried out in 

a Hitachi S-4800. The TEM analysis was conducted using a TEM 2100F field emission gun.  The 

Raman data was obtained using a Horiba LabRAM HR Evolution where the excitation laser 

wavelength used was 532 nm. Electrical characterization was conducted using a micromanipulator 

450PM-B probe stage equipped with a HP precision semiconductor parameter analyzer 4156A. 

Profilometer measurements were performed on the Brocker Dektak XT Stylus Profiler. Substrate: 

SiO2/Si wafers with a 300 nm oxide layer and polyimide substrates were used for drop casting and 

printing.  In the case of the polyimide, it was placed on top of Si substrate in order to hold it.  

3.2 EFFECT OF NUMBER OF NOZZLES USED FOR PRINTING 

A stable solute dispersion is critical for a good performance of a printing ink, and this is 

obtained by controlling the solution’s viscosity, density and surface energies [28, 85, 118]. 

Graphite dispersion in NMP with 4wt% EC was prepared considering viscosity and surface energy 

requirements for DIMATIX printer and reported in our earlier work [119]. Initially we demonstrate 

the effect of printing varying the number of nozzles used for printing (out of the 16 nozzles in a 

cartridge). Figure 3.1a shows the DIMATIX cartridge which consists of two components: fluid 

module (bag, valve, pressure system) and jetting module (MEMS jetting structure, heater, 

thermistor, electrical connection, fluid connection). Figure 3.1b represents a closer view of the 

jetting module which has 16 nozzles linearly spaced with 254 µm distance (dashed red color region 
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at bottom) and electrical connection array at the top of the image. Each individual nozzle with 23 

µm in size can be seen in Figure 3.1c.  

 

 

Figure 3.1: a) Dimatix Cartridge b) Close up of Jetting Module. c) Image of nozzles showing 

nozzle distance and size. 

 

After obtaining a stable dispersion of 2D graphene as detailed earlier, in Chapter 2, where 

we engineered the dispersion viscosity through the addition of surfactant EC in N-methyl-2-

pyrrolidone (NMP) to prepare optimal dispersions [120].  

 

Figure 3.2: Printed line arrays with a) 16, b) 8, c) 4, and d) 2 nozzles. The printed array consisted 

of  seven  parallel  lines  that  were  3  mm  in  length  and  spaced  0.8  mm  apart, and  the  line  

width decreased  from  1  mm  to  0.1  mm.    The  insets  at  the  bottom  left  of  (a)-(d)  show  

binary  images used  to  calculate  graphene  content.  
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In Figure 3.2, the effect of nozzle number on the printing resolution is provided, where an 

array of lines with 15 passes was printed on SiO2/Si substrates using 16 (maximum for cartridge), 

8, 4 and 2 nozzles, and annealing was conducted for 1 hour at 300°C.   As can be seen in Figure 

3.2a-(d), the line edge resolution and uniformity of the printed arrays improved as the number of 

active nozzles decreased from all 16 firing (Figure 3.2a) to only 2 active nozzles printing (Figure 

3.2d).  Printing with all 16 nozzles resulted in non-uniform line edges due to excessive volume of 

ink delivered that likely leads to ink spreading on the substrate, compromising line resolution. 

 

Figure 3.3: Graphite content depicted quantitatively in as a function of the active nozzle number. 

  

Besides the edge resolution, the graphite content was quantified by converting the obtained 

optical images to binary format, as illustrated at the bottom left images in insets of Figure 3.2a–

(d), where the black regions represent graphite, and the white regions indicate the absence of 

graphite.  This shows that the content of graphite is maximized when the number of active nozzles 
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used is between 2 and 4, and it is least when all 16 nozzles are firing. Figure 3.3 quantifies this 

change in graphite content as a function of the number of active nozzles. These results validate 

that the homogeneity of the graphite nanomembrane distribution and coverage increases as the 

number of active nozzles was reduced from 16, 8, 4, and 2. Figure 3.3 shows the graphite content 

to be ~ 90% and unaltered between 4 and 2 active nozzles.  

We then proceeded to conduct 2-terminal current-voltage (I-V) measurements on the 

printed graphite films which were formed using 2 and 4 nozzles. Both of the samples exhibited 

linear Ohmic characteristics, as shown in Figure 3.4, where the resistance in the 2 nozzle case was 

calculated to be 600 kΩ, which was 4X lower than the 4 nozzle case; printing with 8 or more 

nozzles yielded poor electronic transport characteristics, which is consistent with the poor film 

homogeneity and uniformity we observed (Figure 3.2a-(d)) of the printed lines with increasing 

nozzle number.   

 

Figure 3.4: I-V measurement of printed lines using 4 and 2 nozzles. 
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While keeping the number of printing passes fixed, the R was seen to decrease rapidly as 

the printed line width increased, as shown in Figure 3.5. Graphite films printed with 2 nozzles, 

exhibited consistently lower R values compared to 4 nozzles for all of the line widths explored 

here.  Above linewidths of 0.5 mm, the R change remained unchanged with increasing line width, 

as shown in Figure 3.5. The low R values noted in the 2 active nozzle case compared to the 4 

nozzle case may have to do with the reduced ink volume deposited on the substrate which allows 

the solvent to evaporate more readily during the annealing step.     

 

 

Figure 3.5: Change in resistance values with different printed line widths.  The probe-tip 

separation was 1.5 mm. 
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3.3 EFFECT OF NUMBER OF PASSES 

The effect of the number of printing passes was also examined here, where we conducted 

tests at 15, 25, 35, 45, 55 and 65, passes for ink printed on the SiO2/Si substrate, and annealed at 

300°C for 1 hour, as noted earlier, and measured the ensuing I-V Characteristic that is shown in 

Figure 3.6; the inset in Figure 3.6 shows the device geometry. Figure 3.6 shows Ohmic behavior 

with maximal current transport occurring when 25 passes were used, where increasing passes of 

35, 45 and 55 passes progressively decreased the currents, and no continuous channel was 

observed for 15 passes.  

 

Figure 3.6: I-V Characteristics comparing number of passes.  Inset  showing  printed  pattern 

indicating  channel  (1.5  mm  length,  0.5  mm  width)  and  square  pad  (1.5  mm)  sections. 
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Figure 3.7 shows the variation in R with increasing printing passes, while the inset shows 

the thickness of the printed graphite films, which increased as the number of passes increased, 

particularly after 45 passes where a dramatic increase was noted.  The lowest  value was obtained 

for 25 passes, where  was calculated to be 3.8 mΩ-m. The increase in R values with increasing 

passes was likely due to the inability to evaporate the EC and NMP from the presumably thicker 

printed film where, as an example, the thickness for 45 passes was as high as 420 nm.   

 

Figure 3.7: a) I-V Characteristics comparing number of passes.  Inset  showing  printed  pattern 

indicating  channel  (1.5  mm  length,  0.5  mm  width)  and  square  pad  (1.5  mm)  sections.  (b) 

Resistance values as a function of the number of passes.  Inset  showing  average  thickness  of 

channel  and  pad  with  varying  number  of  passes,  where  thickness  was  measured  using  a 

profilometer. 
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The inset in Figure 3.7 shows the average thickness for the pad and channel regions 

increased at a different rate with the number of printing passes, and in the case of the channel 

region, the films were consistently thinner than the pad. This is explained on the basis of the ink 

migrating to the pad region due to fluidic and capillary interactions during the first few passes, 

resulting in thicker films in the pad regions compared to the channel; moreover for 15 passes, 

where no electrical transport was detected as discussed in the context of Figure 3.2a, the 

thicknesses were measured to be 55 nm, suggesting that the density of graphite nanomembranes 

in the channel region is not sufficient to form a continuous network at these thicknesses.  The 

above results on the printing parameters, such as number of active nozzles and printing passes 

clearly demonstrates the importance of optimizing these parameters to yield functional structures 

of 2DLMs using ink-jet printing.   

3.4 EFFECT OF ANNEALING TEMPERATURE AND TIME 

We proceeded to examine the role of the annealing T-time profile on the morphologica l 

and electronic transport characteristics for structures printed on SiO2/Si substrates where 30 

printing passes were used.  The annealing temperatures considered were 250°C, 300°C, 350°C, 

400°C and 450°C, and two annealing times were used, 1 hour and 2 hours. The top-surface SEM 

images were obtained from the channel area and are shown in Figure 3.8a-(f). The microstruc ture 

for the sample annealed for 1 hour at 250°C (Figure 3.8a) shows random particles embedded in a 

matrix structure which is presumed to be remnant EC.  Ethyl Cellulose is a polymer that possesses 

excellent membrane-forming ability and durability and is commonly used as a flexible coating for 

paper, cloth and leather.  However, at the same time, the electrical properties of EC indicates that 

it is electrically insulating, which corroborates the fact that the R for this sample was the highest 

at 2 MΩ, as noted in Figure 3.9. Thus, the SEM in Figure 3.8a shows the excessive presence of 
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EC when a low annealing temperature of 250°C is used.   The microstructure of the samples that 

were annealed at higher temperatures (see Figure 3.8b-(c)) shows that this potentially insula t ing 

matrix is largely removed (less charging is seen in the SEM images of Figure 3.8b and (c) when 

compared to (a) for example), and a more uniform and conducting film has formed, which is 

corroborated by the lower R values seen in Figure 3.9 for samples annealed at temperatures > 

300°C.  Figure 3.8c shows increased porosity in the microstructure for annealing temperature of 

450°C, which is consistent with the increased R values seen at 450°C in Figure 3.9.  

 

 

Figure 3.8: SEM images showing microstructure of the ink-jet printed lines after annealing for 1 

hour (a)-(c) and 2 hours (d)-(f). 
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Annealing for 2 hours at the same temperatures (250°C – 450°C) resulted in a significant 

reduction in R values, as shown in Figure 3.9. The R was reduced from 2 MΩ to 43 kΩ for samples 

annealed for 1 hour and 2 hours, respectively, at an annealing temperature of 250°C. The 

corresponding microstructures depicted in Figure 3.8d-(f) show more film uniformity at all 

temperatures, which correlates to the enhanced electrical conductance values (Figure 3.9), in 

contrast to the case where the samples were annealed for 1 hour only.  The longer annealing time 

likely accounts for the additional diffusion and coalescence of the nanomembranes to yield 

uniform films. 

 

Figure 3.9: Resistance values variation as a function of the annealing temperature for the two 

times considered. 

 
The temperature-time profile of annealing on our samples demonstrated that while lower 

annealing temperatures can be traded for high-annealing temperatures, the annealing time has to 
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increase to drive-off the excessive remnant solvent. This decrease in annealing temperature is 

advantageous to widen the portfolio of materials that would otherwise be precluded in flexib le 

electronics, given thermal stability issues at higher temperatures in some of these materials 

systems.    

 

Figure 3.10:  SEM images showing the interface between printed sample and SiO2 /Si substrate 

for 1 hour annealed samples at (a) 250°C, (b) 350°C and (c) 450°C. Left top insets in (a)-(c) show 

low magnification  images  of  the  sectioned  sample  (scale  bar  ~  0.5  mm). The high 

magnification cross sectional SEM images (top right in (a)-(c)) reveal the interfacial characterist ics 

between the ink-jet printed graphene and the SiO2 /Si substrate.  The right bottom images show the 

surface morphology in (a)-(c).  In  (d)-(f),  bright  field  TEM  images  of  the  printed  graphene  

film  are shown for samples annealed at 250°C, 350°C, and 450°C, respectively.  Arrows in (f) 

depict the presence of voids.  The stacking of the graphene sheets is seen in (g)-(h) for the 350°C 

annealing time where arrows show the stacked graphene nanomembrane junctions. 
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To further build upon understanding the morphological characteristics of the ink-jet printed 

graphene films, Figure 3.10a-(c) show high-resolution SEM images of the printed films that were 

annealed for 1 hour at 250 °C, 350 °C and 450 °C, while Figure 3.10d-(f) show the TEM images 

at the corresponding annealing conditions.  The high resolution SEM images were obtained for 

ink-jet printed samples that were sectioned orthogonal to the plane of the substrate within the 

channel area (these sample images are shown in the top left insets of Figure 3.10a-(c)), where cross 

sectional SEM images of the printed films were also obtained and are shown in the top-right insets 

of Figure 3.10a-(c).  From the cross sectional image of the 250°C heated sample shows a thick 

continuous film with graphene embedded in a matrix material which is likely to be remnant EC, 

as eluded to earlier.  As the annealing temperature was increased to 350°C (see Figure 3.10b), the 

graphene nanomembranes are denser and the surface morphology (middle right inset of Figure 

3.10b) reveals a uniform surface topography.  When the annealing temperature was raised to 

450°C, the porosity of the films increased as voids were apparent (Figure 3.10c inset on right), and 

the surface is notably rougher and less uniform (Figure 3.10c inset on left middle). These results 

seem to be consistent with the electrical transport measurements of Figure 3.9, which indicated 

350°C to be the optimum annealing temperature. 

In order to conduct the TEM study of the ink-jet printed graphene films, Cu grids were 

used, and the TEM results are shown in Figure 3.10d-(f). The TEM results once again reveal that 

the sample annealed at 250°C shows graphene sheets embedded in a matrix material (EC/solvent), 

as shown in Fig. 3.10d. As the annealing temperature was increased to 350°C (Figure 3.10e), the 

graphene membranes are clearly visible from the bright-field images, and a good intermembrane 

connection is noted, suggesting that the EC/solvent between them has been largely removed. 



 59 

The selected area diffraction (SAD) pattern of the sheets confirms the 002 orientation of 

multiple graphene sheets (shown in the top right inset in Figure 3.10e). Finally, when the annealing 

temperature was increased to 450°C, the presence of voids is noted to increase, as shown by the 

location of the arrows in the figure.  The high magnification TEM images of Figure 3.10g and (f), 

correspond to the annealing temperature of 350°C, clearly reveal stacking of graphene layers with 

the interface marked with arrows.  The presence of the dark islands within the graphene membranes 

in Figure 3.10e and (f), is suggestive of defective sites, which may be due to remnant residues 

from the solution dispersions, which we discuss in more detail in the context of the temperature 

dependent response of the resistivity of our printed films.   

Our ink-jet printed graphene films were further characterized using Raman spectroscopy, 

as well as temperature-dependent Raman, which is a non-invasive technique used to characterize 

the structural and electronic properties of materials [121]. The Raman shift is depicted in Figure 

3.11a for samples annealed at temperatures ranging from 200 to 450°C, which shows the well-

defined D band (1350 cm-1), G band (1580 cm-1) and a 2D or G’ band (2700 cm-1), indicating the 

presence of monolayer or few-layer graphene. The D band has been attributed to in-plane A1g 

zone-edge mode [122] and can be used to monitor the defect distribution of graphite films by 

computing the D/G ratio [123]. Conductivity data has not been reported for the sample annealed 

at 200°C due to its excessively high R beyond the scope of the instrumentation.  The defect ratios 

for samples annealed at 1 hour and 2 hours in Figure 3.11b demonstrate the films with the lowest 

D/G values occur for samples annealed at 350°C for 1 hour, and 300°C for 2 hours which is 

consistent with our electrical data (Figure 3.11(d)), where the lowest R values were seen at these 

conditions. Furthermore, the full-width-half-maximum (FWHM) of the D band is used to monitor 

defect distribution in graphene films [124]. The D band showed a maximum FWHM of ~ 99 cm-1 
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for samples annealed at 250°C, which decreased to ~ 40 cm-1 for annealing at 350°C, as seen in 

Figure 3.11(b).   

 

 

Figure 3.11: Raman analysis of the printed graphite films. a) Raman shift as a function of 

annealing temperature for ink-jet printed graphene. b) Change in the D/G ratio for samples 

annealed at 1 and 2 hours; secondary axis indicating FWHM of D band corresponding to one hour 

annealing time.  
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This further verifies that the minimum defect distribution in the ink-jet printed graphite 

films occurred at an annealing T of 350°C. As the annealing T increases from 250°C to 350°C, the 

defect concentration was reduced, and the nanomembranes align themselves while forming a 

highly conductive printed graphite film, which is consistent with the TEM measurements on our 

samples as well. It is not surprising that operating ink-jet printed graphite films at high power 

levels may have the potential for increased Joule heating, which can change the crystalline and 

electronic properties of the printed graphene films at these high-thermal/power conditions.   

We proceeded further with the Raman measurements using the same sample that had been 

annealed for 350°C, to conduct T-dependent Raman measurements from 24.4°C to 600°C, where 

the data is shown in Figure 3.12a. When defects are present, it gives rise to two other features in 

the Raman spectra at ~ 1350 cm-1 (D band) and 1615 cm-1(D’ band). The D’ band appears as a 

small shoulder on the G band, and the intensity of the D’ band is relatively small compared to the 

D band [125]. Clear peak shift in the G band is seen toward lower wave numbers with increasing 

temperature, similar to the case for the D’ band which gets more pronounced in intensity at 600°C 

compared to room T. Previous investigations have demonstrated that electron-phonon coupling 

plays an important role in the T dependence of the G band shift [126]. 
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Figure 3.12:  a) Raman peak shift at different Ts for the 350°C and one hour annealed sample. b) 

Change in position of G’ and D’ band as measured at different Ts for the one hour 350°C 

annealed sample.  
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The thermal expansion coefficient (TEC) is an important thermal and mechanica l 

performance parameter of the printed graphite films, which can be estimated from the Raman data. 

The TEC of the printed graphite film was estimated from the G and G’ band Raman peak position 

shift and the data are shown in Figure 3.13a and Figure 3.13b respectively.  Near room temperature 

(24.4°C) printed graphite films exhibit a G band near 1577.4 cm-1; however, it decreased to 1563.5 

cm-1 with increased temperature up to 600°C, which resulted in a G band peak shift in printed 

graphite films close to 14 cm-1, as shown in Figure 3.13a.  Similarly, the peak shift in the G’ band 

was observed to be nearly 17.5 cm-1 as shown in Figure 3.13b (from 2701 cm-1
 at 24.4°C to 2684 

cm-1
 at 600°C). These results in printed graphite films match previously investigated single and 

few layered graphene films on different substrates [121]. Higher shift with increasing temperature 

in the G’ band (17.5 cm-1), compared to G band (14 cm-1) matches previously investigated CVD 

grown graphene films on copper substrates, highlighting the double resonance processes in the G’ 

band, which were more sensitive to the changes in the electronic band structure than due to T 

induced strain [127]. On the contrary, the G mode is an optical phonon with zero vector which is 

very sensitive to carrier density instead of strain [123, 124].  

The T dependence of the G and G’ mode frequency shift in printed graphite films can be 

represented by the following relation: 𝜔 = 𝜔0 + 𝜒𝑇, where 𝜔0  is the Raman frequency shift when 

the temperature T is extrapolated to 0 K, and 𝜒 is the first-order temperature coefficient determined 

by the slope of the linear fit. The extracted negative value of the G band temperature coeffic ient 

𝜒𝐺  was ~ 2.8 µeV/°C, which was much smaller compared to the G’ band temperature coefficient 

𝜒𝐺′ (3.5 µeV/°C). Previous investigations have also shown 𝜒𝐺  to be smaller than 𝜒𝐺′  (~12 and 22 

µeV/°C,  respectively [124]); however, we have found the values obtained in this work, to be much 

smaller, indicating ink-jet printed graphite films to be less susceptible to thermal cycling.   
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Figure 3.13: a) Calculated slope for shift in G (χ
G  ~ 2.8 µeV/°C) and b) G’ (χ

G’~ 3.5 µeV/°C) 

bands.  



 65 

Chapter 4:  

Fabrication and Characterization of a High-power Resistor 

 

Continuous miniaturization of devices, for example in consumer electronics, defense and 

aerospace applications, is largely driven by our desire for smaller, light-weight, ultra-thin devices, 

where such structures on fully flexible platforms can drive down costs even further [128, 129]. For 

flexible electronics applications in particular, the substrates pose less restrictions compared to the 

Si-based semiconductor industry, where in the former a wide variety of additive manufactur ing 

techniques easily lend themselves for the production of functional structures on arbitrary substrates 

within the context of what is generally referred to as “printed electronics.” The previous analysis 

of our ink-jet printed graphite films provided insights into the micro - and nanostructure of our 

material, which guided the design of a resistive, high-power structure that was constructed on both 

rigid and flexible and transparent substrates, and exhibited high-performance characteristics which 

we now describe in more detail here.  

High-power resistive structures have applications as temperature sensors, heating 

elements, current limiters, or in thermal management as heat spreaders to facilitate heat transfer 

[130, 131]. As mentioned, the formulations were used toward the successful fabrication of a high-

power graphite resistive structure that was printed on both rigid and flexible substrates, and can 

deliver power levels approaching 10 W, where a near-flat, negative temperature coefficient of 

resistivity (TCR) was measured.  The change in resistance R with respect to an increase in T of a 

material, as denoted by the TCR, is positive for R ∝ 𝑇or negative where R ∝ 1/𝑇. The activation 

energy Ea was computed to be ~ 2.4 meV for our ink-jet printed graphite resistors, which is 100X 
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lower compared to high TCR materials such as mechanically exfoliated graphene, for 

measurements we conducted in the 6 K – 350 K range [130]. Interestingly, previous studies have 

shown the possibility of using the temperature-dependent electrical properties of graphene as a 

temperature sensor [132]. In other studies, positive and negative TCR materials have been 

combined to achieve a near-zero- (NZ-) TCR bilayer composite structure [133]. Resistors having 

NZ-TCR are desirable for various applications, such as analog and data conversion circuits, 

specialty instrumentation circuits, and static random access memories (SRAMs) [134]. High-

power resistors that can dissipate many Watts of electrical power as heat may be used as part of 

motor controls, in power distribution systems, or as test loads for generators. While one-

dimensional (1D) carbon nanotube based systems demonstrate a NZ-TCR, our results show the 

TCR and Ea to be the lowest amongst the 2DLMs reported to date. We have modeled the transport 

characteristics of our ink-jet printed features as a composite structure made up of remnant Ethyl 

Cellulose (EC) used in the solution dispersion as a surfactant, not to mention the graphite 

nanomembranes contributing toward the composite behavior as well. The unique microstruc ture 

of our printed nanocomposite was used as a basis upon which to explain the thermal response of 

the electronic transport of our devices that we believe is mediated via defects in the sonicated 

graphite.  Evidence for defects was validated via Raman Spectroscopy and Transmission Electron 

Microscopy of our ink-jet printed graphene nanomembranes.  The thermal- invariance of  resistivity 

or a small TCR exhibited by our devices has utility as a component in flexible electronics where a 

stable current or heat-load load maybe necessary in harsh or extreme thermal environments.   

4.1 METHODS AND MATERIALS 

Materials: The ink used in this work was prepared by sonicating commercially available graphite 

rod pieces (Sigma Aldrich #496553) at a concentration of 6mg/ml in N-methyl-2-pyrrolidone 
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(NMP) (Sigma Aldrich #270458) for 24 hours. A Branson 2800 bath sonicator was used for all 

sonication in this work. After the sonication, 4%wt Ethyl Cellulose (EC) (Sigma Aldrich 200646) 

was added to the dispersion and sonicated for another 4 hours. The ink was separated after allowing 

the dispersion to stabilize overnight and selecting only the supernatant to avoid any precipitates 

that may contain bigger particles.  Printing. The DIMATIX 2831 material printer from Fujifilm 

was used for the ink-jet printing, where the ink cartridges were purchased from the manufacturer 

and had a volume of 10 pl.  The cartridges comprised of 16 nozzles with a nozzle diameter of ~ 

21.5 μm. All heat treating was done on a hot plate at ambient conditions. Characterization: SEM 

microscopy was carried out in a Hitachi S-4800. The TEM analysis was conducted using a TEM 

2100F field emission gun.  Electrical characterization was conducted using a micromanipulator 

450PM-B probe stage equipped with a HP precision semiconductor parameter analyzer 4156A. A 

Lakeshore CRX–4K probe station was used to obtain the R vs T data with a Keysight B1500-A 

Semiconductor Device Analyzer.  

4.2 POWER MEASUREMENTS 

In this work, the power handling and dissipation characteristics of our ink-jet printed device 

was evaluated, and cryogenic measurements of the electronic transport were conducted from 6 K 

to 350 K from which the TCR, and other parameters were tabulated. The operational power of the 

printed devices was investigated with different annealing temperatures to examine their high 

power operational capabilities. Figure 4.1a shows output power variations of samples that were 

annealed for 1 hour (top graph) and 2 hours (bottom graph), where the data shows the power 

response for samples annealed from 300°C to 450°C. The highest output power of the printed 

graphite films was obtained for samples annealed at 350°C for both the 1 hour and 2 hours cases. 

However, analysis of the annealing time shows that the sample annealed at the 1 hour time 
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exhibited an ability to deliver 90 W of power at 1 V, which was higher compared to the sample 

annealed for 2 hours that delivered 20 W at 1 V. Our ink-jet printed graphite devices exhibited 

very low R (43 kΩ) and consequently very high output current and power compared to previous 

investigations (up to 600 MΩ and 4 MΩ in Ref [132] and [135], respectively). Due to this reason, 

we expected very high power operation in our printed devices.  

 
 

 

 

Figure 4.1: Figure 6. a) Output power variation for the printed devices after one (top) and two 

hours (bottom) of annealing time. b) Temporal output power variation as increased voltages were 

applied to the device which shows the ability of the structure to deliver 7 W of power. 

 

Figure 4.1b shows the temporal output power variations when increasingly higher applied 

voltages were applied. The power increased up to 7 W when the applied voltage increased to 90 

V, at which point Joule heating at the contacts limited the transport. This measurement clearly 

shows the potential of our ink-jet printed graphite devices to operate under extremely high output 

power conditions, approaching ~ 10 W. According to our knowledge this was significantly higher 

compared to previous investigations (5 mW in Ref. [135]), and strongly highlights the opportunity 

to apply our ink-jet printed graphite films for high power applications for flexible electronics. 
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4.3 RESISTANCE VS TEMPERATURE MEASUREMENTS 

In order to better understand the electronic transport characteristics of our ink-jet printed 

graphite resistors, we conducted R-T measurements of our devices from 6 – 350 K from which the 

TCR and thermal index were computed.  To conduct this measurement, first a mask was prepared 

on a transparency, as shown in the top, left inset of Figure 4.2, in order to lithographically define 

regions where large Mo contacts were sputter deposited and patterned via lift-off.  The graphite 

lines were then ink-jet printed to connect the Mo-contacts on which the probes for the cryogenic 

test were placed to ensure a good electrical contact without mechanically disrupting the network 

of nanomembranes from the ink-jet printed graphite for this thermal transport test.  

 

Figure 4.2: Process flow used to prepare the samples for R-T measurements. 

The fabricated device is shown at the bottom left inset of Figure 4.2, while the magnif ied 

image in the bottom right inset of Figure 4.2 clearly shows the ink jet printed line bridging the Mo 

electrodes. Figure 4.3 shows the change in R with T for two different annealing conditions (250°C 
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and 350°C annealed for 1 hour) and the lnR (logarithmic scale) versus 1000/T characteristic of the 

structures. The sample annealed at 250°C showed consistently higher R values (e.g. 82.79 kΩ at 

140 K) when compared to the sample annealed at the higher temperature (e.g. 2.92 kΩ at 140 K). 

This data was fit to the Arrhenius Model, denoted by Eqn. (1) below:  

 𝑅(𝑇) = 𝑅𝑜 𝑒𝑥𝑝(
𝐸𝑎

2𝑘𝑇
) = 𝑅𝑜 𝑒𝑥𝑝(

𝐵

𝑇
)                                            (1) 

where R(T) is the R at temperature T, Ro is the R at T = ∞, Ea is the thermal activation energy as 

noted previously, k is the Boltzmann constant, and B is the thermal index. Eqn. (1) can be rewritten 

as: 

𝑙𝑛𝑅 = 𝑙𝑛𝑅𝑜 +
𝐸𝑎

2𝑘𝑇
= 𝑙𝑛𝑅𝑜 +

𝐵

𝑇
                                                (2) 

where a linear relationship is expected between the ln R(T) vs. T plot [130]. 

 

Figure 4.3: (a) Variation of resistance values with respect to temperature and (b) ln (R) is plotted 

as a function of 1000/T. 

 
When plotting ln R(T) as a function of 1000/T (Figure 4.3b), the thermal parameters B, Ea and 

TCR were extracted, and were tabulated to be 14 K, 2.4 meV and 0.015%, respectively.  These 
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values are also shown in Table 1 which compares our results to other material systems noted from 

prior work.  

Table 4.1. Comparison between high, low and NZ-TCR materials indicating thermal index B, 

activation energy Ea, and TCR values from prior reports. 

 
Temperature 

response 

Material Thermal 

index B (K) 

Activation 

Energy Ea 

(meV) 

TCR 

(%K-1) 

Reference 

High TCR 
Graphene 1034 177.84 -1.148 [135] 

Graphene 946 167.2 -1.05 [130] 

Low TCR Printed graphite film 14 2.4 -0.015 This work 

Near zero 

TCR 

Carbon Nanotube + 
Carbon Black 

5 0.86 -0.005 [133] 

Antiperovskite 
Mn3Ni1-xCuxN 

2 0.34 -0.002 [136] 

 

 

Both annealing conditions resulted in very small thermal index (14) over the T range studied and 

they displayed a negative TCR behavior. In general, most materials display much larger TCR 

values, but a few limited materials show NZ-TCR behavior [136]. High TCR materials 

demonstrated earlier (such as graphene) [130, 135]  exhibited TCR values of ~ 1.14 % with B and 

Ea ~ 1034 K and 177 meV, respectively (see Table 1).  These type of materials are primarily used 

for thermistor, temperature sensing devices and heating applications [137]. The printed graphite 

film demonstrated here falls in the low TCR category, and materials with low TCR or NZ-TCR 

can be used in a wide range of applications such as resistors in high precision electric heating 

systems, thermoelectric devices, micro heaters and other areas where a constant R over a range of 

temperatures is desired [136]. Our analysis shows that our devices exhibited the lowest reported 

TCR values amongst 2DLMs. Simultaneously, the printed graphite film demonstrated the ability 



 72 

to deliver very high power levels ~ 7 W without degrading or failing. Therefore, the printed 

graphite film demonstrated in this work will be extremely valuable for high-power flexib le 

electronics applications, with the unique low TCR feature at the same time.   

The previous results allow us to propose a model to explain the R response of the prepared 

material with temperature. The total R of the composite film is the result of the addition of the 

temperature dependent contributions of the R from various sources which are indicated below in 

Eqn. (3).   

𝜌𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 (𝑇) = ∑ 𝜌𝐺 (𝑇) + 𝜌𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒(𝑇) + 𝜌𝑑𝑒𝑓𝑒𝑐𝑡𝑠(𝑇) + 𝜌𝐸𝐶 (𝑇)              (3) 

Where  𝜌𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒   represents the R of our overall ink-jet printed composite structure,   𝜌𝐺  is the 

intrinsic R of the graphite membranes, 𝜌𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 is the R at the interfacial junctions between 

nanomembranes, 𝜌𝑑𝑒𝑓𝑒𝑐𝑡𝑠 is the R due to defects within the nanomembranes and 𝜌𝐸𝐶  is the R due 

to the remnant EC/solvent; (T) indicates that these terms all have their unique T dependencies, and 

the overall R 𝜌𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒  is a sum over all of these ensemble contributions. Our previous discussion 

on the Raman data demonstrated that the presence of the prominent G peak which indicates that 

the graphite is dominant in the composite and so the contribution from other components such as 

remnant EC should be minimal in the thermal response.  The contribution from the 𝜌𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 

should also be minimal since at higher temperatures there should be more energy for electrons to 

tunnel across the interface reducing R, which we do not observe strongly here.  We believe the 

contribution from the defects is dominating the electronic transport response, where the D/G ratio 

was seen to be ~ 0.26 from Raman Spectroscopy in the ink jet printed films, while the TEM also 

showed dark agglomerations for samples annealed at 350°C (e.g. Figure 3.10f).  The slight 

negative TCR dependence with Ea ~ 24 meV represents a small energy activation barrier for 
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electron hopping that explains the negative TCR, but the generally temperature insensitive R is 

suggestive of transport limited by defects, which we have exploited judiciously to our advantage 

to demonstrate a practical device for flexible electronics.     

4.4 PRINTING ON FLEXIBLE SUBSTRATES  

The prepared ink was also printed on flexible polyimide and polyethylene terephthalate 

(PET) substrates.  Figure 4.4a and (b) show R values for graphite inks printed on rigid SiO2/Si 

substrates and on flexible polyimide substrates, respectively, with the insets in both figures 

reflecting printed structures on the various rigid, flexible and transparent PET substrates. The R 

scaled linearly as the probe separation distance increased in both Figure 4.4(a) and (b), as expected . 

However, for the case of the polyimide substrate (Figure 4.4(b)), the R was generally lower, which 

may be due to better adherent properties of the graphite ink on the carbon based polyimide 

substrate compared to SiO2/Si.  
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Figure 4.4: a) I-V comparison of printed ink on both SiO2/Si, and on b) polyimide substrates for 

1 hour of annealing time; top inset showing optical image of a printed pattern on PET substrate 

and bottom inset is an image of a resistive structure printed on polyimide substrate. 
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Chapter 5:  

Surfactant-free Inks  

 

Ethyl Cellulose has long been used as a surfactant as well as to tune the viscosity of 

printable inks [119]. The motivation for this work was to develop a solution dispersion that does 

not rely on the addition of any surfactant, functionalization group or stabilizer to begin with, and 

yet it possesses the rheological properties that make it suitable for ink-jet printing. We have 

succeeded in creating such a dispersion, where the viscosity values of Cyclohexanone (C) and 

Terpineol (T) are optimized to yield a printable ink, but where the exfoliating potential of T is also 

noted.  Surfactant is used to aid in the stability of the dispersions which has been necessary in prior 

reports on the ink-jet printing of 2DLMs to avoid agglomeration that leads to nozzle clogging over 

time.  Remarkably, our prepared inks are stable for weeks without the need for surfactants, where 

a brief sonication step for a few minutes is necessary to condition the dispersion just prior to ink-

jet printing.  Our nozzles remained clear and clog-free for weeks after the initial ink filling.  

After formulating the surfactant-free inks, we studied the properties of the printed features 

to understand the role of annealing on the transport characteristics of the printed inks. This ink was 

used to print resistive device structures on both rigid SiO2/Si and flexible polyimide substrates.  

Strain-dependent bending tests revealed that our printed features exhibited minimal change in 

electrical transport properties with strain, indicating intrinsic robustness of the graphene 

nanomembranes themselves, as well as good adherence of the printed features to the flexib le 

polyimide substrates.   The thermal stability of the printed features was also evaluated, where the 

change in resistance was measured as a function of temperature in the 6 K to 350 K range.  When 
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temperature varies, most materials show a temperature dependent resistance change, as denoted 

by the temperature coefficient of resistance (TCR), where TCR can be positive if the resistance 

increases as temperature increases, and negative for the converse case.  Additionally, for some 

applications a large TCR is desirable, such as thermistors and temperature sensors, where a small 

change in temperature should yield a large change in the resistivity for such devices to operate 

ideally. In other situations, a temperature independent TCR is needed, which are referred to as 

near-zero- (NZ)-TCR materials. Such materials are created intentionally to display this NZ-TCR 

characteristic; for example, bi-layer composites, comprising of polymers with a carbon nanotube 

base (having negative TCR) and a carbon black base (having positive TCR), yield a hybrid 

structure where resistance changes minimally with temperature with small TCR ~ 2% [138]. In 

this work, the smallest variation from the normalized resistance was found also to be less than 2% 

with a negative TCR throughout the entire measuring range (6 K to 350 K). In other material 

systems such as antiperovskites, an anomalous change in electronic transport from the metallic 

behavior is noted at 200 K where the NZ-TCR regime is noted due to correlated ionic moments 

aligning below 200 K [139]. Other inorganic composites with low or NZ-TCR behavior comprise 

of fine TaN/Cu particles in the tens of nm range, where the TCR value can be tuned by varying 

the TaN/Cu ratio [140]. We believe our work is the first report of a 2DLM based ink-jet printed 

device that exhibits a low TCR where resistance changes minimally with temperature.  Thus, our 

surfactant- free dispersions yield not only printable and stable inks, but the resistive device 

structures formed with these inks display very low TCR values, and exhibit an electrical response 

that was immune to bending or mechanical strain, make them highly attractive for printed and 

flexible electronics. 
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5.1 METHODS AND MATERIALS 

The solvents used in this work, Terpineol (T) (Sigma Aldrich #86480) and Cyclohexanone (C) (Sigma 

Aldrich #398241) were purchased from Sigma Aldrich and used as received to prepare ink mixtures at 

different ratios. The viscosity measurements were conducted using a Brookfield DV–E viscometer. 

The Graphite Rod (GR) (Sigma Aldrich #496553) was dispersed in the different solvent mixtures at a 

concentration of 10 mg/ml, and placed in a bath sonicator for 24 hours. A Branson 2800 bath sonicator 

was used for all sonication in this work. Supernatants from the dispersions were used for the optical 

absorption measurements. Printing. The DIMATIX 2831 material printer from Fujifilm was used for 

the ink jet printing, where the ink cartridges were purchased from the manufacturer and had a volume 

of 10 pl, with 16 nozzles and a nozzle diameter of ~ 21.5 μm. Characterization: SEM microscopy was 

carried out in a Hitachi S-4800. Electrical characterization was conducted using a micromanipula tor 

450PM-B probe stage equipped with a HP precision semiconductor parameter analyzer 4156A. A 

Lakeshore CRX–4K probe station was used to obtain the resistance as a function of temperature with 

a Keysight B1500-A Semiconductor Device Analyzer. Profilometer measurements were performed on 

the Brocker Dektak XT Stylus Profiler. Substrate: SiO2/Si wafers with a 300 nm oxide layer and 

polyimide substrates were used for ink-jet printing. 

5.2 VISCOSITY AND ABSORPTION MEASUREMENTS 

The solvents T and C have been previously studied as dispersants for graphene by various 

groups, but in these prior reports the addition of a surfactant was also included in the formulat ions 

[11, 102]. Due to its higher viscosity, T can be used to tune the viscosity of the ink to achieve the 

recommended 10 cP for optimal printing. Various ratios of T in C were prepared and their viscosity 

was measured in order to find the optimum viscosity for ink-jet printing. Figure 5.1a shows the 

change in viscosity values for the C/T mixture; for example, with 0 % T, or 100 % C a viscosity 
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of 2 cP resulted, while 100 % T exhibited a viscosity ~ 36 cP. The optimum viscosity was achieved 

at 80 %T with a value of 10 cP.   

 

Figure 5.1: Change in viscosity values for different solvents.  Primary horizontal axis showing % 

of Terpineol in Cyclohexanone (C/T) and secondary horizontal axis showing C/T (7:3) with 

increasing wt% of EC. 

 
The secondary horizontal axis (on top) of Figure 5.1 shows the results of previously 

reported work in which the viscosity of a C:T mixture at a ratio of 7:3 solution was modified with 

the addition of EC [120]; we refer to this as the surfactant-assisted formulation for comparative 

purposes. The area of the optimum viscosity for printing is indicated by the blue shaded region on 

Figure 5.1. 

The GR ink was prepared with different ratios of the C:T and the dispersions were allowed 

to stabilize overnight and the supernatant was used for characterization and printing optimizat ion. 
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Optical absorbance spectroscopy was used to analyze the dispersions and the results obtained are 

shown on Figure 5.2a.  

 

Figure 5.2: (a) Absorbance values obtained for the graphite rod (GR) dispersed in increasing 

percentage ratios of T in C. Insets showing vials of the GR dispersions in increasing percentage 

ratios of T in C. 

 

Absorbance measurements revealed that as the concentration of T in the dispersion was 

increased, the absorption increased, where the highest absorbance was seen to occur at T ~ 90 %. 

This data clearly suggests that T has an important role to play in effectively exfoliating the graphite 

into nanomembranes, which is also corroborated by the optical images of the vials in the inset of 

Figure 5.2a, where the dispersions look darker in color as the % T increases.  
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Figure 5.3: Normalized absorbance values at a wavelength of 550 nm of the GR dispersed in 

various percentages of C/T; inset shows the absorbance values for the prepared GR dispersions in 

80% T taken as a function of time, indicating the dispersions to be stable with aging. 

 

The enhanced exfoliation of graphite in T was further highlighted in Figure 5.3, which 

depicts the normalized absorbance values at a wavelength of 550 nm, and the increase in the 

absorbance as T increased is clearly evident, where a maximum is noted to occur at 90% T. 

However, we proceed with the ink formulation for T ~ 80%, given the fact that the viscosity for 

the 90 % case was close to 20 cP that fell well outside the optimal regime of 8 – 12 cP for viscosity 

suitable for ink-jet printing. The stability of the dispersions with time was evaluated and the data 

is shown in the inset of Figure 5.3, which shows the absorbance was unchanging with time over 

the course of 10 days. 



 81 

5.3 ELECTRICAL CHARACTERIZATION MEASUREMENTS 

After optimizing the rheological properties of our ink formulations, we began to explore 

the electronic transport characteristics of the dispersions once they were drop cast onto SiO 2/Si 

substrates and annealed for 1 hour at 350°C, prior to conducting the I-V measurements.  Current-

voltage (I-V) measurements were obtained for the graphite ink prepared at different ratios of C:T, 

and the results are shown in Figure 5.4. The graphite dispersed in 100% T showed the highest 

current values (1 mA at 1 V) with the current decreasing with reduced T concentration. Figure 5.4 

demonstrates the resistance values generally decreasing as the % T increases in C.   

 

Figure 5.4: I-V measurements of the GR dispersed in different ratios of C/T that were drop casted 

onto SiO2 /Si substrate and annealed for 1 hour at 350°C. 

 
The insets in Figure 5.5 show microstructures of our drop cast samples that were obtained 

using Scanning Electron Microscopy (SEM). The 0% T dispersion shown at the top (100% C) 

displays nearly bulk platelets that exhibit voids and poor spatial uniformity. For the 80% T case 
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however (SEM shown in bottom inset), the exfoliated material formed a conductive film 

comprised of thinner and more uniform flakes which is consistent with the higher conductance 

values seen in this case.  It was apparent from the structural characterization, as well as the 

electronic transport data, that a concentration of 80% T provided optimal exfoliation of the 

graphite. 

 

 

Figure 5.5: Resistance values obtained from the dispersions with different ratios of C/T. Insets of 

SEM micrographs of the surface morphology for dispersions made with 0% T or100% C (top) and 

80% T (bottom). 

 
Figure 5.6 shows I-V curves comparing the drop casted surfactant- free 80% T graphite ink 

(left vertical axis) and the surfactant-assisted graphite ink (right vertical axis); here the surfactant-
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assisted ink comprises of EC and NMP, as noted earlier. Surfactant–free ink resulted in two orders 

of magnitude greater current values (5 mA at 1 V of applied voltage, or a resistance value ~189 

) compared to the surfactant-assisted ink (0.06 mA at 1 V, or a resistance value ~ 18 k).  

 

Figure 5.6: (a) I-V measurements resulting from the drop casted GR dispersion prepared with 

surfactant- free 80% C/T (80T) (primary vertical axis) and the surfactant-assisted GR dispersion 

(secondary vertical axis). SEM micrographs showing the resulting films after printing on SiO 2/Si 

substrate with (b)  surfactant- free and (c) surfactant-assisted GR dispersions where is 7X lower 

for the surfactant- free case. 

 
Figures 5.6 (b) and (c) show SEM micrographs of the surfactant- free and surfactant-

assisted film, respectively, resulting from GR inks. Both resulting films show large-area uniformity 

with approximately a similar platelet size; however, the continuous presence of the surfactant 

affects the resistivity ρ by remaining embedded within the material, since ρ ~ 7 mΩm and 1.13 

mΩm, for the surfactant-assisted ink and surfactant- free inks, respectively. Ethyl Cellulose is a 
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polymer that possesses excellent membrane-forming ability and durability and is commonly used 

for flexible coatings for paper, cloth and leather, and as an electrical insulator. Ethyl Cellulo se’s 

thermoplastic characteristics and insulating properties have been studied mostly below 200°C, 

which is when decomposition is initiated [116]. Recent studies using thermogravimetric analysis 

(TGA) show two stages of the thermal degradation reaction for EC in the 180°C to 300°C region 

and at 370°C. Even at higher temperatures degradation of EC occurs slowly, and at 1000°C about 

2% remains as residual mass [141]. It is no surprise that some EC will remain in the surfactant-

assisted inks even after annealing [142], which is likely to compromise the formation of an intimate 

contact between respective graphene nanomembranes, reducing the overall electrical conductivity 

of the printed film. On the other hand, in the T based surfactant-free ink, the T has a lower boiling 

point ~ 215°C, and since our annealing temperatures are well above this, the prospect for residuals 

remaining is minimized, and the ensuing electrical conductivity is higher, as we observe here.  

Figure 5.7 demonstrates the effect of the annealing temperature on the resistance of the 

prepared inks, once it was ink-jet printed onto the SiO2/Si substrate, as shown by the image of the 

printed structure in the inset of Figure 5.7.  The printed graphite patterns were annealed for either 

1 hour or 2 hours, and the annealing temperature was varied from 200°C to 400°C;   the resistance 

values are shown in Figure 5.7 as a function of the annealing temperature (vertical axis is 

logarithmic scale) for the two annealing times considered. Annealed samples at 200°C and 250°C 

showed very high resistance (10 MΩ and 100 MΩ). The resistance values were significantly 

reduced to the 300 kΩ range, when annealing temperatures were > 300°C. For annealing 

temperatures > 300°C, the resistance remained in the kΩ range for all annealing durations and 

temperatures tested, demonstrating that the minimum annealing temperature should be ~ 300°C to 

achieve low resistance printed films.  
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Figure 5.7: Resistance values for the printed ink after annealing for one and two hours at 

different temperatures. Inset showing printed pattern as probes are measuring. 

 
The surfactant- free ink was used to print a pattern on SiO2/Si and polyimide substrates at 

identical conditions (30 printing passes and annealed for 1 hour at 350°C). Figure 5.8 demonstrates 

the scaling of the resistance of the printed patterns as the separation between the probe tips 

increases. The inset of Figure 5.8 shows an optical image of the printed graphite film on the 

polyimide substrate. The printed film on polyimide shows lower linear sheet resistance values (1.4 

kΩ/mm) compared to the one printed on the SiO2/Si substrate (2.1 kΩ/mm) substrate which may 

have to do with the better substrate–thin film interaction and lower thermal mismatch of the 

polyimide substrate compared to the SiO2/Si substrate after heat treatment [95]. Our surfactant-

free inks were thus shown to be successfully ink-jet printed onto both rigid and flexible substrates.  
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Figure 5.8: Change in resistance values with respect to the probe placement distance, of printed 

surfactant- free ink on SiO2 /Si and polyimide substrates. Inset is optical image of printed ink on 

polyimide substrate. 

 

5.4 MECHANICAL PROPERTIES 

We proceeded to gauge the mechanical robustness of the printed structures which is 

important for flexible electronics.  For flexible electronics applications, it is expected that the 

printed features will experience mechanical strain given the flexible, conformable nature of the 

substrates.  Thus, it is important to validate the effect of mechanical strain on the electronic 

transport properties of the devices fabricated from the inks.  In order to conduct this study, line 

patterns were printed on flexible polyimide substrates and then placed on substrate holders with a 

fixed radius of curvature and the data is shown in Figure 5.9. The test was performed by keeping 
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the distance between the probe tips constant at ~ 10 mm. The samples were tested at four radii of 

curvature, and the fixture for one such curvature is depicted in the inset of Figure 5.9.  

 

Figure 5.9: Resistance values changing with varying curvature radius. Inset showing schematic of 

the test fixture used for the strain-induced bending test. 

 
Initially, there was a slight decrease in resistance during the first two bending positions, 

which was followed by an increase in resistance. As bending strain was induced, the graphene 

nanomembranes are likely to be initially compressed which decreases the membrane-to-membrane 

separation distance and hence enhances mechanical contact and the ensuing electrical transport.   

With increased bending however, the current decreases as the membranes start to separate with 

larger bending angles, and the larger inter-membrane separation leads to a reduction in the 

electrical transport. The resistance values obtained as the bending test was performed still resulted 

in a very small increase in resistance values from 239 kΩ (no bending case) to 257 kΩ (radius of 
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curvature ~ 0.157 cm-1), which accounts for a total change in resistance of less than 8 %. Other 

conductive materials have previously been used for flexible substrates, such as one-dimensiona l 

(1D) silver nanowires or copper; however, they are more expensive, and due to the high aspect 

ratio of nanowires (i.e. diameter of 55 nm, length of 8.1 μm), it is extremely difficult to print such 

structures without blocking the nozzles. In addition, the density of these wires deposited per 

volume of liquid printed is low, making them impractical for printing. [143] The ink formula t ion 

prepared in this work utilizes very cheap, earth-abundant graphite where the 2D layered 

morphology is beneficial to ensuring larger contact area between nanomembranes that is also 

advantageous for mechanical resilience, compared to a network of 1D conductors. 

5.5 RESISTANCE VS TEMPERATURE MEASUREMENTS 

In order to evaluate the thermal stability of the surfactant- free inks, the resistance R versus 

temperature T characteristic was measured from 6 K to 350 K, as shown in Figure 5.10, using a 

cryogenic probe stage that was equipped with a closed cycle refrigerator. Metal contacts 

(Molybdenum) were deposited on SiO2/Si substrates and graphene-based inks were then printed 

in between the Mo electrodes, as shown in the inset.  Figure 5.10, displays the R-T characterist ic 

for the surfactant- free and the surfactant-assisted ink for comparative analysis.  Both inks 

displayed a negative temperature coefficient of resistance (TCR), where the R decreases with 

increasing T.  In addition, on average, the surfactant- free ink demonstrates a lower TCR over the 

entire thermal range compared to the surfactant-assisted ink, with TCR calculated from 5-80 K, 

80-200 K, and 200-350 K to be ~ 1 Ω/K, ~ 5 Ω/K, and 3 Ω/K, respectively.  
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Figure 5.10: Resistance values of surfactant-free and surfactant-assisted ink printed on SiO2/Si 

when subjected to different temperatures from 6 K to 350 K. Indicated are the three different 

temperature regimes and their respective average TCR denoted as Ω/K. Inset is an optical image 

of the ink-jet printed line connecting the Mo contacts on the SiO2/Si substrate for which R-T data 

was obtained. 

 

The variation of the resistance values of the surfactant- free ink with the increase in 

temperature can be calculated over the entire temperature range of 344 K (i.e. from 6 K to 350 K) 

to be ~ 3%. In contrast, the surfactant-assisted ink had higher TCR values in the three regimes of   

~ 1 Ω/K, 9 Ω/K, and 4 Ω/K, respectively. In other reported materials, the range of temperatures 

studied is smaller (180 K [138] ) with a variation in resistance of 2%. Therefore, the printed 

graphite film formed using a surfactant-free ink demonstrated minimal variation with temperature, 

that is attractive for applications where constant values of resistance over a wide range of 

temperatures maybe desirable for flexible electronics applications. 
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Chapter 6: 

 Conclusions  

 

We have obtained high-quality inks using C/T and NMP as solvents for MoS2 and graphite 

dispersion, respectively. NMP resulted in high GR nano-flake dispersion, low resistive printed 

pattern, and good printability. The addition of EC as a surfactant not only prevents the 

agglomeration of nanoparticles, but can be an important avenue for engineering the η of a solvent 

to make it suitable for ink-jet printing. The effect of EC in modifying θc of a solvent seems to be 

related to Pi of the solvent, with lower Pi (IPA and C/T) showing greater increase in θc for a given 

addition of EC. While EC has been added to the solution as surfactant before sonication in prior 

reports, we believe this reduces effective sonication power density to the individual particle 

clusters and reduces flake exfoliation efficacy. In our study we have noted that EC should be added 

to the solution mixture after sonication to prevent particle agglomeration, improve suspension 

stability, and achieve optimum solution viscosity for printing. We have observed GR with its 

layered structure results in higher nano-dispersed particle concentration in the aqueous suspension 

compared to GP. Furthermore, GR results in a more continuous film morphology, and low 

resistance after printing.  

A graphite ink was prepared in NMP + EC and printed to produce a device that allows for 

power dissipation of up to 7W. Furthermore, this printed device demonstrates almost zero TCR 

over a wide temperature range.  In order to fabricate such functional structures with ink-jet 

printing, the active nozzle number, printing passes, and annealing conditions are shown to play an 

important role to determine line resolution, and also dictate the morphological and electronic 
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transport characteristics of the printed graphene features.  Raman shift as well as SEM 

characterization were used to confirm that the optimum temperature and time for post printing 

processing (annealing) of this device is one hour at 350 ˚C. The prepared ink can be used to print 

the device in rigid and flexible substrates as was demonstrated by printing in polyimide. 

A surfactant-free printable and more environment friendly graphene ink was prepared that 

allows for lower temperature (350 ˚C) post printing processing. The ink was prepared in a mixture 

of Terpineol and Cyclohexanone (8:2) and was successfully printed with no surfactant added. This 

ink can be printed in rigid and flexible substrates and shows good flexible properties showing 

mechanical resilience. The resulting printed graphite film also performs with almost no change in 

resistance values over a wide range of temperatures. 
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Appendix I 

Operating Procedure for Liquid Dispersion Absorbance Measurements on 

CARY 5000 

  
Fig. 1. Possible interactions of light with different substrates . 

 

The information below is specifically for measuring absorption 
 

I. Preparation of samples 

a. The dispersion sample should have been allowed to stabilize at least 12 hours, this will allow 

for any precipitate to form and leave supernatant with stable dispersion. (This will of course 

depend on the requirements of the specific experiment). 

b. Obtain supernatant for each dispersion sample that will be tested. Remember you need at least 

around 3.5 ml of testing liquid in the cuvette. 

c. Prepare a box with the supplies you will need: quartz cuvettes, solvent, dispersions (samples to 

be measured), gloves, disposable pipettes, pipettor, klean wipes, double adhesive tape, flash 

drive (memory stick), etc. (See Fig.2.). 

d. Bring all necessary material to cleanroom being careful not to disturb the dispersions in case 

there was more precipitate formed. 
 

 
Fig. 2. Supplies needed for Liquid Absorbance Measurements . 
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II. Equipment Procedure  

 

a. Turn on CARY and computer. Warm up the system at least 30 min before starting.  

 
Fig. 3. CARY 5000 image indicating on/off switch and sample placement positions . 

 

b. Rinse the cuvettes with methanol at least twice and also clean them on the outside. 

c. Prepare sample holders (See Fig. 4a). 

d. Using only solvent prepare the cuvettes for the initial baseline measurement. Using the pipette 

extract 3.5 ml from solvent and carefully fill both cuvettes always being careful of holding 

them by the sides, not the front of the cuvette, or you have to clean them again.  

 

 

 
 

Fig. 4. a) Sample holder, b) sample holder with cuvette, c) sample holder and cuvette inside 

CARY. 

 
e. Place both cuvettes on their respective sample holders and place them in the CARY 5000. Close 

the lid. (See Fig. 4b and c). 

f. Open  scan software from the icon in desktop. 

g. From the settings window, choose zero baseline correction, press apply. (See below for 

explanation regarding baseline) Make sure you have selected “absorption” mode in settings. 

Choose the range of wavelengths to measure, (200 to 800 nm is the default settings). 

h. Make sure “double beam” is selected. Time average: 0.1s, Data integral: 1nm. 
i.  Usually scan rate of 600nm/mm will work. (Default). 

On/Off 

switch

Sample 
placement

Reference 
placement

(a) (c)(b)
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j.  Press “obtain baseline” and continue to follow the instructions to place reference samples 

when indicated (See Fig. 5). 

 
 

 
 

Fig. 5. Software prompts for baseline corrections. 

 

k. When prompted, open the lid and cover the sample, close lid again to allow for zero 

absorption. (See fig.6). 
 

 
 

Fig. 6. Covered sample for baseline correction. 

 

l.  Remove cuvette that holds reference sample. Discard solvent and rinse. 

m. Using the pipettor, extract 3.5 ml from the supernatant (top) of the dispersion you want to 

measure and carefully fill the cuvette. Attach to holder (Fig. 7). 

      
Fig. 7. Dispersion in cuvette on sample holder.  

 

 

 

Dispersion 
in cuvette

Holder
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n. Place on the sample holder in CARY. Make sure cuvettes are steadily attached to holders. 

(Fig 4c and 8). 

 
 

Fig. 8. Location for the positioning of samples, reference and ray path. 

 

o. Select “start” and make sure you have selected the file saving destination you want the data to 

be saved on. 

p. After the measurement is done, the software will automatically add a number to the name in 

preparation for the next measurement. At this point you may modify the name and test another 

sample, or finish the measurements. (See Fig. 9a).  

q. If you finish the measurements, from the file menu, save your data as .csv file so that you can 

see it in Excel. (Fig. 9b). 

 

 
 

Fig. 9. Images of monitor as files are being saved (a) and excel with data (b). 

 

r. Repeat according to number of samples to be tested. If the only difference between samples is 

concentration, you may continue with the same baseline. If there is any change in the solvents, 
you will have to get a new baseline for each different solvent you use. 

(a) (b)
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s. Obtain measurements for all the samples you need. 

t. When finished, remove both holders, the one with your sample and the one for the reference 

from CARY and turn equipment off. 

u. Repeatedly rinse cuvettes with methanol, especially the one containing the dispersion. 

v. Collect all material and take back to the lab being careful not to forget the memory stick. 

w. If necessary, rinse cuvettes again, you may place individual cuvette in sonicating bath in 

methanol only if it is absolutely necessary and do it for 10 seconds at a time. 
x. Put everything back where it should be. 

 
Basic Operation Principle 

 

 
Fig. 10. Operation principle of absorbance spectroscopy. 

 

III. Baseline or Calibration 

 

Choose BASELINE from the Commands menu or settings. Select Zero Baseline correction. 
When prompted, insert the blank sample into the sample compartment front beam and click OK. 

After the baseline is collected, the word ‘baseline’ will be displayed in red in the ordinate status 

box, indicating that you are in baseline correction mode and have a valid baseline file for the 

correction.   

Click the Start button or choose Start from the Commands menu to start the Scan run. 

 

NOTE. It is very important to identify the baseline or reference one will be using. The zero baseline 

correction removes background noise, which is constant from the information you want to measure. 

The only difference between the baseline reference solvent in the cuvette and the sample should be 

whatever it is you are interested in measuring. For example, if the interest is in measuring graphite 

suspended particles in a solvent that also has a surfactant, the reference samples should include the 

solvent and the surfactant.  

So if more than one element or compound is present in the samples, the same must be true for the 

reference (solvent). If the samples contain more than one liquid in a specific ratio, the same must 

be true for the baseline run. If the ratio of liquids varies from one sample to another, each one needs 

to be run as a baseline. 
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Liquid samples can be measured “dry” 

 
IV. Measuring absorbance on dry samples 

Another way of measuring absorbance of liquid samples is by drop casting them unto a substrate. 
Transparent VWR glass slides may be one option; quartz would be better, although more 
expensive. 

a) In this case, the reference samples would be the clean glass slides, and the sample would be a glass 

slide containing the drop casted liquid. Definitely you cannot mix different types of slides for the 

reference and the sample. 

b) For this type of measurements, it is critical that conditions for drop casting are first determined. 

c) The samples that are going to be measured and compared should be drop casted in equal conditions 

as far as thickness, uniformity of film, etc. to avoid any deviation in the measurement due to 

differences in the above mentioned characteristics. 

d) Follow the same instructions as liquid measurements, but using drop casted liquid samples on slides 

instead.  

e) Turn on CARY and computer. Warm up the system at least 30 min before to start. 

f) Prepare samples by drop casting on glass slides. Place samples in holders in CARY (Fig. 4). 

g) Open scan software from the icon in desktop. 

h) From the settings window, choose zero baseline correction, press apply. Make sure you have 

selected “absorption” mode in settings. Choose the range of wavelengths to measure, (800 to  200 

nm is default setting). 

i) Make sure “double beam” is selected. Time average: 0.1s, Data integral: 1nm. 

j) Usually scan rate of 600 nm/mm will work. 

k) Press “obtain baseline” and continue to follow the instructions to place reference samples when 

indicated. (See Fig 5). 

l) When prompted, open the lid and cover the sample, close lid again to allow for zero absorption.  

(See Fig. 6). 

m) Remove reference sample. 

n) Place glass slide containing drop casted sample on holder. 

o) Place on the sample holder in CARY. Make sure samples are steadily attached to holders (Fig. 8). 

p) Select “start” and make sure you have selected the file saving destination where you want the data 

to be saved. 

q) After the measurement is done, the software will automatically add a number to the name in 

preparation for the next measurement. At this point you may modify the name and test another 

sample, or finish the measurements. (Fig. 9a). 

r) If you finish the measurements, from the file menu, save your data as .csv file so that you can later 

see it in Excel. (Fig. 9b). 

s) Repeat according to number of samples to be tested.  

t) Obtain measurements for all the samples you need. 

u) When finished, remove both holders, the one with your sample and the one for the reference from 

CARY and turn equipment off. 

v) Collect all material and take back to the lab being careful not to forget the memory stick. 
w) Put everything back where it should be. 
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REFLECTION MEASUREMENTS 

(Information from the Manual) 

 

Reflection consists of two components: specular and diffuse. Specular reflectance is the mirror-

like reflection off a sample surface. Diffuse reflectance occurs when the surface reflects light in 
many different directions, giving the surface a matt appearance. 
 

 

 
Fig. 11. The two components of reflection: specular and diffuse reflection. N represents the surface normal, 

an imaginary line perpendicular to the sample surface. 

 

Traditionally, the accessory used to measure diffuse reflectance is the integrating sphere. 

Applications include characterizing solar materials, color measurement and characterization, and 
obtaining reflectance spectra of a painted surface. Integrating spheres have also proven ideal for 
measuring the transmission of turbid, translucent or opaque refractory materials where standard 

techniques proved inadequate due to loss of light resulting from the scattering effects of the sample. 
Samples which distort the beam of the instrument, such as a lens, can also be studied with the 

Diffuse Reflectance accessory. 
 
The relative spectral reflectance (transmittance) is defined as the ratio of the flux reflected 

(transmitted) by the specimen to that of a standard surface under identical geometrical and spectral 
conditions. For transmittance the standard surface is air, and for reflectance the standard surface is 

a   secondary white standard calibrated relative to the perfectly reflecting diffuser.  
Because of the geometry of the integrating sphere, it has the ability to collect most reflected or 
transmitted radiation, remove any directional preferences, and present an integrated signal to the 

detector. 
 

Whilst the DRA should be used when measuring the transmittance of opaque or diffusing solid 
samples, the accessory may also be used when measuring turbid liquids. DRA was not used in 

this work; however, it can be read from the above descriptions, DRA could potentially be a useful 

tool in the evaluation of the dispersions, as mentioned above, it may be used to measure “turbid 
liquids”. 
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Reflectance measurements 

 

In case Diffuse Reflectance Measurements are desired, please check the user guide or: 

http://mmrc.caltech.edu/Cary%20UV-

Vis%20Int.Sphere/manuals/Cary5000_User_Guide.pdf 

 

 

 
Fig. 12. Image of ray path when integrating sphere is used. 

 

 

 
 
 

 
Fig. 12. Illustration of Ray path in Reflection Measurements . 

http://mmrc.caltech.edu/Cary%20UV-Vis%20Int.Sphere/manuals/Cary5000_User_Guide.pdf
http://mmrc.caltech.edu/Cary%20UV-Vis%20Int.Sphere/manuals/Cary5000_User_Guide.pdf
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Fig. 13. Illustration of CARY 5000 and its advantages. 
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