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Abstract 

In monolayers of two-dimensional (2-D) layered materials, the motion of electrons is 

confined to a 2-D plane yielding a “zero” effective thickness with regard to the electrons. These 

monolayers are commonly obtained by exfoliating membranes from the bulk crystal to overcome 

the weak interplanar Van der Waals bonding using the so-called top-down approach.  The bottom-

up approach is another avenue to realize these materials, where atoms and molecules coalesce 

together into increasingly larger assemblies for the realization of the bulk three-dimensional (3-D) 

crystal. The unique properties of many of these 2-D materials make them highly sought out 

candidates for advancing conventional electronics that is currently based on Silicon, in addition to 

flexible electronics, optoelectronics and sensing devices.  Graphene was the first 2-D material to 

be isolated more than a decade ago using mechanical exfoliation.  It is now being explored as an 

attractive material for interconnects and contacts for optoelectronic devices, given its ballistic 

electron transport, metal-like character and enhanced chemical and structural stability.  In order to 

construct electronic devices, there is also a need to expand the suite of materials from metallic 

systems by exploring semiconducting and dielectric 2-D layered materials.  In this regard, 

substantial interest has also been cast on tungsten disulfide (WS2) which exhibits tunable 

semiconducting properties, where an indirect-to-direct band gap transition is observed in going 

from the bulk to monolayers. Another 2-D material of great interest is hexagonal boron nitride (h-

BN) which finds its potential as an excellent dielectric for electronics and optoelectronics given 

its superb structural integrity devoid of trapped charges, its atomic super-flat surface morphology, 

and its high-temperature stability. 

 



 vi 

 In this work, 2-D materials are obtained by chemical exfoliation which refers to the 

breaking of layered 3-D materials into single or few-layer nanosheets in suitable solvents. Inkjet-

printing is used as a material-conserving deposition technique for printing graphene, WS2, and h-

BN nanosheets. Different avenues for formulating inks of nanomaterials, specifically graphene, 

WS2, and h-BN, for electronic and optoelectronic devices using scalable, low-cost, additive 

manufacturing approaches have been explored and optimized. Inkjet-printed graphene/WS2 based 

photodetector with rise and decay time of less than 50 ms, responsivity of up to ~ 0.86 A/W and 

detectivity up to ~ 1013 cmHz-1/2W-1 and graphene/h-BN based photosensitive capacitor with 

leakage current density as low as 0.072 µA/mm2 and capacitance density as high as 24 fF/µm2 are 

fabricated. Temperature-dependent Raman spectroscopy was performed to demonstrate the high-

temperature stability of inkjet printed patterns. Optoelectronic properties of different materials and 

devices are studied using optical microscopy, scanning electron microscopy (SEM), UV-vis 

spectroscopy, current-voltage, current-time, capacitance-time and capacitance-frequency 

measurements. 
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 1 

Chapter 1: Introduction  

1.1 Introduction and production of 2-D materials 

Since the first isolation of graphene in 2004 [1, 2], graphene and other two-dimensional (2-

D) layered materials have shown an immense potential for applications in printed electronics [3], 

transparent electrodes [4], energy storage devices [5], and ultrafast transistors [6]. The term “two-

dimensional materials” refers to a class of materials that exhibit zero effective thickness with 

respect to electrons. Since these materials are just one atomic layer thick, it restrains the motion of 

electrons along the length and breadth only.  

These 2-D materials show properties that are different and significantly enhanced over their 

bulk counterparts. Some of the important 2-D materials of present interest (Graphene, TaSe2, 

MoSe2, NbSe2, and Bi2Se3) with their unique properties are shown in Figures 1.1 and 1.2. Graphene 

is a sheet of monolayer of carbon atoms with a hexagonal honeycomb lattice structure exhibiting 

semi-metal like behavior. Tantalum diselenide (TaSe2) is metallic transition metal dichalcogenide 

(TMD) with Se-Ta-Se tri-layer basic units. Molybdenum diselenide (MoSe2) is a semiconducting 

TMD with molybdenum (Mo) layers sandwiched between two selenide (Se) layers. Niobium 

diselenide (NbSe2) has shown its potential as superconducting TMD for applications requiring 

superconductivity. Bismuth selenide (Bi2Se3) marks its importance as a topological insulator 

belonging to the group of transition metal trichalcogenides. Thus, this new class of layered 

materials has gained a significant amount of attention in various electronics industries due to the 

range of properties (from superconducting to highly insulating) offered by them and are visioned 

as future materials for various device applications [7, 8]. 

 



 2 

 

Figure 1.1: Atomic arrangement in graphene, TaSe2 and MoSe2. 
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Figure 1.2: Atomic arrangement in NbSe2 and Bi2Se3. 
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These 2-D nanosheets can be produced by either bottom-up approach or top-down 

approach. The bottom-up approach involves stacking of atoms or molecules to form 2-D 

nanosheets. Physical vapor deposition (PVD) [9, 10, 11, 12, 13, 14] and chemical vapor deposition 

(CVD) [15, 16, 17, 18, 19] are among the widely used methods in this category. In the PVD 

process, solid or liquid condensed phase is converted to a gaseous phase which is then transported 

and cooled to form solid of desired physical morphology. This is shown in Figure 1.3. Two 

common PVD processes are evaporation and sputtering, the schematic illustration of which is 

shown in Figure 1.4 and 1.5 respectively. In the CVD process, the wafer (substrate) is exposed to 

one or more volatile precursors, which react and/or decompose on the substrate surface to produce 

the desired deposit. Volatile by-products are also produced, which are removed by gas flow 

through the reaction chamber. Figure 1.6 shows a schematic illustration of a typical CVD process.  

 

Figure 1.3: Phase change during the PVD process. 
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Figure 1.4: Evaporation process. 

 

 

Figure 1.5: Sputtering process. 
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Figure 1.6: CVD process mechanism. 

 

The top-down approach deals with removal of layers of bulk three-dimensional (3-D) 

precursor materials which have strong in-plane or intraplanar covalent bonding but weak out-of-

plane or interplanar Van der Waals bonding. Exfoliation of these 3-D layered materials can lead 

to rupture or breakage of Van der Waals bonds producing thin atomic or molecular 2-D nanosheets. 

Mechanical [20, 21, 22, 23, 24] and chemical exfoliation [25, 26, 27, 28, 29] are two widely used 

top-down approaches for 2-D materials production. In the mechanical exfoliation method, 

atomically thin nanosheets are separated from bulk crystal using adhesive tape by repeated peeling 

of multi-layers into various platelets of few-layer nanosheets. This is shown in Figure 1.7. 

Chemical exfoliation refers to breakage of bulk 3-D materials into 2-D nanosheets in a suitable 

solvent which is demonstrated in Figure 1.8.  
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Figure 1.7: Mechanical exfoliation method. 
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Figure 1.8: Chemical exfoliation process. 
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1.2 Chemical exfoliation methods  

Chemical or liquid-phase exfoliation offers several advantages over other methods of 

obtaining 2-D materials. It is relatively low-cost, material conserving and time-saving method 

which can be done even at room temperatures and facilitates the production of large quantities of 

2-D nanosheets [30]. Oxidation and subsequent dispersions into suitable solvents, ion 

intercalation, ion-exchange and sonication assisted exfoliation are common techniques involving 

liquid-phase exfoliation [31, 32, 33]. Sonication-assisted exfoliation refers to exposing the layered 

material to ultrasonic waves in an appropriate solvent and is relatively simple among all the 

common chemical exfoliation techniques. Ultrasonic waves generate cavitation bubbles that 

collapse into high energy jets, breaking up the layered crystallites to produce exfoliated 

nanosheets.  

Two types of sonication-assisted exfoliation methods are used for 2-D materials 

fabrication- Bath sonication and tip sonication. Bath sonication usually has very low power 

resulting in lower production rates of dispersed nanosheets. Tip sonication on another hand has 

very high power and energy is imparted to the dispersed media directly as the ultrasonic tip is 

positioned in dispersion media resulting in higher nanosheets production rates i.e. more exfoliation 

in a shorter time. The photographs demonstrating bath and tip sonication are shown in Figure 1.9 

and Figure 1.10. Other methods of liquid exfoliation include magnetic stirring and shear mixing. 

Magnetic stirring refers to using a magnetic field to spin stir bar immersed in a liquid, thus stirring 

it. The energy provided by stirring breaks the 3-D layered materials into 2-D nanosheets. Shear 

mixing refers to exfoliation technique by using a shear force such that one area of fluid travels 

with different velocity relative to the adjacent area. The photographs demonstrating magnetic 

stirring and shear mixing process are shown in Figure 1.11 and Figure 1.12. 
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Figure 1.9: Photograph of bath sonication process. 

 

 
 

Figure 1.10: Photograph of tip sonication process. 
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Figure 1.11: Photograph of the magnetic stirring process. 
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Figure 1.12: Photograph of the shear mixing process. 
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1.3 Inkjet printing 

Inkjet printing is a material-conserving deposition technique used for liquid-phase 

materials for printing patterns with good dimensional accuracy [34, 35, 36]. The Dimatix Materials 

Printer has found its application as a production tool that utilizes the ink jetting technology in new 

manufacturing and fabrication processes. Figure 1.13 shows the Dimatix Materials Printer and its 

components. Main components include a print carriage for moving the cartridge to desired 

locations, cartridge holder to hold the cartridge, drop watcher to check the flow of ink through 

each nozzle before printing and platen where the substrate on which printing patterns is desired is 

kept. An appropriate amount of electric field is applied that generates mechanical strain which 

allows the flow of ink (printable liquid) from cartridge to substrate. e.g. silicon (Si), silicon dioxide 

(SiO2), kapton, glass, etc. This effect of generating mechanical strain by applying an electric field 

is called the piezoelectric effect. Drops are formed by propagating a pressure pulse in a fluid held 

in the chamber behind the printing nozzle. If the pulse exceeds some threshold at the nozzle, a 

drop is ejected. In absence of pressure pulse, the liquid is held in place by surface tension at the 

nozzle. This is shown in Figure 1.14. Dispensing and precise positioning of very small volumes of 

fluid (1-100 picolitres) can be facilitated which transforms into solid after impact on the substrate. 

For uniform and unhindered flow of ink, viscosity, the property of the fluid which opposes 

the relative motion between its two surfaces, should be low enough to allow refill of channel and 

surface tension, the inward force at the surface of the liquid, must be high enough to hold ink in 

the nozzle without dripping. Resolution and accuracy of printed patterns is a function of the 

interaction between individual drops and substrate. The flow of ink depends on inertia, drop 

velocity, density, viscosity and surface tension of the ink [37, 38, 39]. Present challenges with ink 

preparation involves ensuring proper flow of ink, obtaining high concentration of dispersed 2-D 
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materials, preventing aggregation, suppressing coffee-ring effects, obtaining viscosity of about 10-

12 cP, preventing clogging of nozzles, reducing spreading of the ink, promoting adsorption onto 

the substrate, and optimizing resolution by trade-off between drop size and speed [40, 41, 42, 43, 

44]. 

Good solvents for exfoliation like N-methyl 2-pyrrolidone (NMP), dimethylacetamide 

(DMA), dimethylformamide (DMF), isopropyl alcohol (IPA) and cyclohexanone have viscosity 

significantly less than 12 cP.  To obtain a viscosity of about 12 cP that is ideal for inkjet printing 

either highly viscous solvent, e.g. terpineol, in an appropriate amount can be added to the 

exfoliating solvent, use surfactants like ethyl cellulose (EC) that are comparatively stable or 

combination of both in appropriate amounts can be used. The increase in viscosity of five common 

solvents with the addition of EC is shown in Figure 1.15 [45]. 

 

 

Figure 1.13: Photograph of Dimatix Materials Printer showing its major components. 
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Figure 1.14: (a) Schematic showing waveform generated in the inkjet printer and (b) Drop 

formation mechanism. 
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Figure 1.15: (a) Molecular structure of some of the common solvents and (b) Effect of ethyl 

cellulose on the viscosity of different solvents [45]. 
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1.4 Graphene 

In 2004, Novosolev et al. exfoliated graphite with thin transparent adhesive tape into single 

atomic layers of graphene having a honeycomb structure. Graphene is the first and thinnest 2-D 

material known since its discovery in 2004. It comprises of the 2-D hexagonal lattice of carbon 

atoms and has shown a variety of interesting optical and electronic properties due to its linear 

dispersion relation near the K point of the Brillouin zone and zero effective rest mass of its charge 

carriers. The top-view and side-view of graphene nanosheets are shown in Figure 1.16 [30]. Each 

carbon atom in graphene possesses three electrons that are bounded with nearest neighbor atom 

electrons creating chemical bonds. The fourth electron is delocalized on the whole graphene layer, 

which allows conduction of electric current. Graphene is different from conventional metal (e.g. 

gold) electrodes as it has a finite density of states from the Dirac cones of valence and conduction 

bands. There is no band gap unlike insulators and at the same time, there are no partially filled 

bands, unlike metals. It is also stable and chemically inert. It has a finite density of states which 

enables tuning of its Fermi level for low contact resistance or barrier-free contact with the 

semiconductor. The above-mentioned properties make graphene a potential candidate to serve as 

a conductive contact in optoelectronics applications [46, 47, 48, 49, 50]. 

 



 18 

 

Figure 1.16: Top-view and side-view of graphene. Each sphere represents one carbon atom. 
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1.5 Tungsten disulfide (WS2) 

Various layered materials have been subjected to extensive research studies of which 

transition metal dichalcogenides (TMDCs) have shown great interest among researchers due to its 

wide range of electronic [51], optical [52], mechanical [53], chemical and thermal properties [54]. 

They are a class of materials with formula MX2 where M is transition metal element (e.g. Mo, W, 

Ti, V, and Nb) and X is chalcogen (S, Se or Te). They have layered structures in the form of X-

M-X where two planes of chalcogen atoms are separated by a plane of metal atoms [55]. In popular 

semiconducting TMDCs like molybdenum disulfide (MoS2) and tungsten disulfide (WS2), 

indirect-to-direct band gap transition is observed when the bulk layered material is exfoliated to 

its monolayer form [56, 57, 58, 59]. They possess sizeable band gaps of around 1-2 eV which 

marks their importance as future materials in the electronics industry [60].  In its bulk state, WS2 

has an indirect bandgap of approximately 1.4 eV but converts to a direct bandgap of 2.1 eV when 

thinned to its monolayer form [61]. It exhibits strong light-matter interaction, reasonable valence 

and conduction bandwidth, high absorption coefficients, long-term stability, non-toxicity, large 

exciton binding energy and sensitivity to interlayer interactions [62]. These properties of WS2 

nanosheets makes them attractive for various optoelectronic applications [63, 64, 65], especially 

for photodetector applications. Schematic of atomic arrangement of tungsten and sulfur atom in 

monolayer and bilayer WS2 is shown in Figure 1.17. 
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Figure 1.17: Schematic showing the atomic arrangement of tungsten and sulfur atoms in 

monolayer and bilayer WS2. 

 

 

 

 

 



 21 

1.6 Hexagonal boron nitride (h-BN) 

Hexagonal boron nitride (h-BN) is another material of great interest as it finds application 

as an insulator for 2-D devices and has also emerged as a strong contender to replace silicon 

dioxide (SiO2) dielectric since the latter exhibits limited carrier mobility due to scattering from 

charged surface states, impurities and surface roughness. Interesting properties of h-BN include 

high mechanical hardness and resilience, the absence of dangling bonds and trapped charges and 

atomic flatness. It exhibits strong covalent bonding between boron and nitrogen atoms within each 

layer and weak Van der Waals force binding layers together. Top-view and side-view of h-BN are 

shown in Figure 1.18 [30]. It also exhibits wide direct band gap of around 5.2 to 5.9 eV and small 

lattice mismatch (approximately 1.7%) with graphene [66]. These properties make h-BN suitable 

for applications as transparent membrane [67], encapsulating material [68], tunneling barrier [69], 

dielectric substrate [70] and the dielectric layer in capacitive structures especially for graphene-

based electronics [71]. 
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Figure 1.18: Top-view and side-view of h-BN. 
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1.7 Characterization techniques 

1.7.1 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) is the electron microscopy technique used to obtain 

images and various signals from the sample by scanning the surface with a focused beam of high-

energy electrons. It can be employed to reveal different and diverse information such as 

morphology (texture), chemical composition, crystalline structure and orientation of the sample. 

These signals include secondary electrons, backscattered electrons, and characteristic X-rays. In 

this work, Hitachi S4800 is used to observe the morphology of different 2-D materials. The 

photograph of the instrument is shown in Figure 1.19. 

 

Figure 1.19: Horiba S4800 Scanning electron microscope. 
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1.7.2 Ultraviolet-visible (UV-Vis) Spectroscopy 

The UV-Vis spectroscopy refers to absorption or reflectance spectroscopy performed in 

the ultraviolet (10 nm to 400 nm wavelength) -visible (400 nm to 700 nm) spectral region. It is 

used to measure the absorption or reflectance of the radiation from the material under analysis. 

The wavelength of light, the material can absorb depends on the ease with which it can excite the 

electrons. The UV-Vis spectroscopy can be used to determine the concentration of the particles in 

a solution. Higher the absorbance more is the concentration of absorbing particles in the solution. 

The absorbance spectra can also be used to determine the band-gap of semiconducting or insulating 

particles/ material present in the solution. In the present work, a spectrophotometer Cary 5000, 

was used to measure the quality and concentration of different 2-D materials. The photograph of 

the instrument is shown in Figure 1.20. 

 

Figure 1.20: CARY 5000 Spectrophotometer. 



 25 

1.7.3 Raman Spectroscopy and Photoluminescence  

Raman spectroscopy is a spectroscopic technique used to observe and analyze different 

vibrational, rotational and other low-frequency modes in the sample. It relies on Raman or inelastic 

scattering of monochromatic light, usually a laser when it is made to fall on the sample. The laser 

light interacts with different molecular vibrations in the sample leading to an increase or decrease 

in its energy. This shift in energy gives information about different modes present in the system 

affecting its structural and thermal properties. The present work utilizes Horiba LabRAM HR 

Evolution to obtain and analyze raman spectra of different samples. The photograph of equipment 

is shown in Figure 1.21. The equipment was also used to study photoluminescence (PL) spectra of 

different materials. Photoluminescence (PL) refers to emission of light from a material after 

absorption of photons. This spectrum is useful to determine the band-gap of the material and in 

determining the effectiveness of exfoliation techniques use to exfoliate different 2-D materials.  

 

Figure 1.21: Horiba LabRAM HR Evolution. 
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1.7.4 Probe Station 

Electrical characterization performed in the present work was done using the 

micromanipulator 450PM-B probe stage equipped with an HP precision semiconductor parameter 

analyzer 4156A and Lakeshore CRX-4K cryogenic probe station. Current-voltage, capacitance-

voltage, capacitance-frequency and current-time response were some of the key measurements that 

were performed and are reported in this work. Various parameters like response time, decay time, 

responsivity, detectivity, on/off ratio, photocurrent, dark current, capacitance density and leakage 

current density were derived using the above measurements to study photodetector and 

photosensitive capacitor performance and analyze graphene/WS2 and graphene/h-BN interface 

behavior. 
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Chapter 2: Inkjet-printed graphene as interconnect for photodetectors 

The present work demonstrates two simple, but highly efficient methods for transferring 

graphitic nanocarbons onto various substrates.  The first approach utilizes the viscoelastic 

stamping process to yield an effective approach for transferring graphene platelets with high 

crystallinity and minimal residue onto substrates using mechanical exfoliation.  The second 

approach uses liquid-phase exfoliation, where N-methyl 2-pyrrolidone (NMP) and 4 weight% EC 

solution was used for chemical exfoliation to yield a scalable approach to produce printed graphene 

films with high electronic transport properties over large areas. A comparative analysis of the two 

techniques was conducted and how each of these processes affects the respective properties of the 

graphene on an arbitrary substrate. This comparison is important because certain applications 

require high-quality, defect-free graphene which can be best produced by mechanical exfoliation 

as chances of defect generation are minimal. In other applications, the role of defects is not as 

critical to the device operation, such as in flexible electronics, and the important criteria are the 

ease of large-area scalability and low-cost production approaches; chemically exfoliated graphene 

is the preferred route in this scenario. Thus, both mechanical and chemical exfoliation methods 

have their respective roles to play for the roadmap of applications arising from graphene, and each 

technique needs to be optimized to serve the desired purpose. As a follow-on from the inkjet 

printed conductive graphene, we then demonstrate the role of this ink as an interconnect with 

tungsten disulfide (WS2), another 2D layered material with semiconducting properties.  The 

graphene/WS2 based photodetector prototype devices were constructed using inkjet printing which 

validates the use of the graphene inks as highly conductive contacts and as interconnects in a broad 

range of applications. 
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2.1 Materials and methods 

For mechanical exfoliation study through viscoelastic stamping method, a piece of the 

crystal of HOPG (Figure 2.1(b)) from SPI Supplies Grade SPI-1, 10x10x1 mm in dimensions was 

taken and placed gently on the residue-free blue medium tack tape from Semiconductor Equipment 

Corp. Another piece of tape was taken and gently laid on the first tape to ensure adequate adhesion 

and was pulled apart. This step was repeated 4 times using multiple tapes for the successful 

isolation of graphene. During exfoliation, it is important to keep good tension on the tape. 

Viscoelastic stamping was then prepared using the PDMS-based gel pad and platelets were 

transferred to the desired electrode area.  

For chemical exfoliation study, 6 mg/ ml (0.06 grams) of graphite powder obtained from 

breaking graphite rod (Sigma Aldrich #496553) was taken in a glass vial and 10 ml NMP was 

added to it. The solution was sonicated in Branson 2800 bath sonicator for 24 hours. Ethyl cellulose 

(4 weight% or 0.4 grams) was then added to the solution and sonicated again in a bath sonicator 

for 6 hours. The net graphene concentration in final ink was 13.04%. This was the final ink. Ethyl 

cellulose (EC) was added primarily to obtain a viscosity of about 10 cP which is ideal for inkjet 

printing. Exactly 4 weight% of ethyl cellulose increases the viscosity of NMP from 1.16 cP to 

10.51 cP which is ideal for inkjet printing [45]. It also prevents particle agglomeration and 

improves suspension stability. DMP-2800 series Fujifilm Dimatix Materials Printer with a print 

head consisting of 16 inkjet nozzles was used to print various patterns in this work. Drop spacing 

of 20 µm, the cartridge temperature of 40 °C and a platen temperature of 60 °C was used during 

all of the printing work. Annealing of all the inkjet-printed patterns was done at 250 oC for 2 hours 

immediately after inkjet printing. Viscosity was measured using Brookfield DV-E viscometer at 
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100 rpm. WS2 ink for photodetector device was made using the same concentration of WS2 powder 

(Sigma Aldrich #243639) and similar technique used in graphene ink preparation.  

2.2 Mechanical and chemical exfoliation of graphene 

In this work, the properties of mechanically and chemically exfoliated graphene were 

compared. Figure 2.1 shows a schematic representation of graphene produced by both approaches, 

where the arrangement of carbon atoms in graphene is shown in Figure 2.1(a). The starting 

materials for obtaining graphene by mechanical and chemical exfoliation are highly oriented 

pyrolytic graphite (HOPG) (Figure 2.1(b-i)) and bulk graphite powder (Figure 2.1(c-i)). The 

schematic of mechanical exfoliation showing separation of graphene nanosheets from HOPG bulk 

material and their transfer onto silicon dioxide SiO2/Si substrates is shown in Figure 2.1(b-ii). The 

viscoelastic stamping method was used to transfer 2-D platelets of graphene onto a specified region 

to yield residue-free, mechanically exfoliated graphene. Figure 2.1(b-iii) represents graphene 

platelets on top of sputtered molybdenum electrodes which served as contacts to gauge the 

electronic transport properties of the HOPG graphene that are discussed later in this paper. In order 

to produce the dispersions for chemical exfoliation, 6 mg/ml of graphite powder was mixed with 

10 ml NMP and sonicated for 24 hours. This was followed by the addition of 4 weight% EC to the 

solution and sonication was then conducted for 6 hours to yield the final ink dispersion, which is 

seen in the vial of Figure 2.1(c-ii). The amount of this ink used to print various patterns using the 

Fujifilm Dimatix inkjet printer was 3 ml. Inkjet-printed lines of 5 mm length and varying width 

(0.1, 0.2, 0.3, 0.4, 0.6, 0.8 and 1 mm from top to bottom) are shown in Figure 2.1(c-iii). 
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Figure 2.1: (a) Schematic model of carbon atoms arrangement in graphene. (b): (i) Photograph of 

HOPG bulk crystal; (ii) Schematic of mechanical exfoliation process; (iii) HOPG 

platelets on molybdenum electrodes. (c): (i) Photograph of graphite powder and 

schematic of chemical exfoliation process; (ii) Optical images of the nanodispersed 

graphene ink solution contained in the glass vial; (iii) Photograph of inkjet-printed 

patterns onto arbitrary substrates with different line widths ranging from 0.1, 0.2, 

0.3, 0.4, 0.6, 0.8 and 1 mm from top to bottom.  
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2.3 Optical characterization of HOPG and IPGF  

Mechanical exfoliation of HOPG was performed using the conventional scotch-tape 

approach and this was then compared to platelets generated using the viscoelastic stamping 

method. The conventional scotch tape approach is not ideal as it leaves residues which is illustrated 

in Figure 2.2(a) and (b). The exfoliated platelets also tended to be thicker with a smaller, 

fragmented platelet area of ~ 105 μm2 as shown in Figure 2.2(b), as viewed using an optical 

microscope. The residues seen here on the substrate are a hindrance to the ensuing device 

applications of such poor-quality materials [72]. Our adapted viscoelastic stamping method [73] 

for mechanical exfoliation left a residue-free substrate surface with a larger platelet size (Figure 

2.2(c) and (d)) which is a typical areal size of ~ 140 µm2 wide platelets. Therefore, it can be 

concluded that the viscoelastic stamping approach was significantly superior compared to the 

conventional scotch tape exfoliation method, where the former yielded higher quality, larger area, 

and residue-free graphene platelets.  

On the other hand, for the chemical exfoliation of 2-D graphene, an appropriate ink 

dispersion needs to be formed first.  To characterize the effectiveness of the dispersion, optical 

absorption spectroscopy was used, as shown by the image in Figure 2.3(a), which is the optical 

absorbance spectrum for chemically exfoliated graphene inks that were bath sonicated for 6 and 

24 hours.  This spectrum was obtained in the visible regime from the 400 -700 nm wavelength 

range.  The higher absorbance values for the 24 hours bath-sonicated graphene inks are noted here, 

in contrast to the 6 hours sonication case, indicating a high and uniform concentration of graphene 

dispersed in NMP/EC solution, compared to the 6 hours case which exhibited a lower optical 

absorption in this spectral range. Figure 2.3(b) represents absorbance and good uniform 

dispersibility of EC and graphene in NMP. In inkjet printing, it is important to obtain uniformly 



 32 

dispersed inks with no precipitates to avoid nozzle clogging and ensure a uniform ink flow.  Figure 

2.4(a) depicts a square 1 mm x 1 mm pattern that was printed using increasing numbers of printing 

passes that ranged from 1, 5, 10, 20, 30, 40 and 50 passes, using our graphene ink. Figure 2.4(b) 

is the magnified image of the square pattern (1 mm length and 1 mm in width) with 50 printing 

passes. Uniform printed patterns were observed with increasing number of passes. Uniformity was 

observed only after a minimum of 10 printing passes was used. This is due to the fact that a 

continuous channel of graphene particles must be first formed in order to obtain a conduction path 

for charge carriers.  Moreover, the coffee ring effect was also not evident in our printed patterns 

[74].  
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Figure 2.2: (a) Optical image of conventional scotch-tape exfoliated graphene platelets. (b) 

Zoomed image of representative platelets in (a). (c) Optical image of mechanically 

exfoliated graphene platelets using viscoelastic stamping method. (d) Zoomed 

image of representative platelets in (c).  
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 Figure 2.3: (a) Optical absorbance as a function of wavelength in the visible range (400-700 nm) 

for graphene-based ink dispersions for 24 hours of sonication showing a higher 

optical absorption compared to the 6 hours case. (b) Glass vials showing good 

uniform dispersibility and absorbance of EC and graphene in NMP.  
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Figure 2.4: (a) Photograph of printed 1 mm square patterns with different number of printing 

passes. (b) Zoomed image of the trace in (a) for 50 passes, showing large area 

uniformity. 
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2.4 Temperature-dependent raman spectroscopy of HOPG and IPGF 

Raman spectra of both mechanically exfoliated HOPG platelets and chemically exfoliated 

inkjet-printed graphene films (IPGFs) were obtained as a function of temperatures using a Linkam 

Thermal Cell in the Horiba Raman microscope. A typical Raman spectrum of single-layer 

graphene films comprises of the D-band (at ~ 1350 cm-1), G-band (at ~1580 cm-1) and a 2D or G’-

band (at ~2700 cm-1). The D-band is due to the presence of in-plane A1g zone-edge mode [75] and 

is used to study the distribution of defects in graphene films by comparing the D/G ratio of the 

Raman spectra [76]. The presence of defects gives rise to two other features at ~ 1350 cm-1 as 

already mentioned for the D-band and at ~ 1615 cm-1 (D’-band). The D’-band appears just as a 

small shoulder from the G-band as a result of single phonon intravalley scattering process and is 

relatively small in intensity compared to the D-band [77]. The G-band is the result of in-plane 

vibrations occurring as a result of C-C bond stretching in graphitic materials. The G’-band is 

caused by second-order phonon processes involving various in-plane vibrations. The intensity ratio 

of G’-band to G-band can also be used to predict the number of layers present in graphene. 

    Figure 2.5 represents the normalized (relative to the G-band) Raman shift spectra of the 

mechanically exfoliated HOPG platelets and chemically exfoliated IPGF patterns measured at 

room temperature. The D-band peak was non-existent in the HOPG sample due to its highly 

crystalline, defect-free nature. In comparison, IPGF patterns showed a well-defined D-band at ~ 

1348 cm-1 due likely to the defects generated during the sonication-induced exfoliation process 

[72]. Not surprisingly, the G-band was observed both in HOPG platelets and IPGF patterns near 

1580 cm-1. A comparatively broader G’ band was observed in IPGF patterns (at ~ 2700 cm-1) with 

respect to HOPG platelets (at ~ 2720 cm-1). The small red-shift in the G’-band of IPGF patterns 

compared to HOPG platelets may have resulted from the thicker printed graphene layers. 
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Figure 2.5: Raman spectra of IPGF patterns and HOPG platelets at room temperature.  
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Temperature-dependent (from room temperature (RT) to 600 °C) Raman spectra of HOPG 

platelets and IPGF patterns are compared in Figure 2.6. The D-band intensity decreased with a rise 

in temperature for IPGF patterns, which may be attributed to annealing effects that may have 

resulted in a reduction in defect densities.  Small red-shifts in G-band and relatively higher red-

shifts in G’-band were observed with increasing temperatures. These red-shifts are caused by 

elongation of the C-C bond owing to thermal expansion resulting in the anharmonic coupling of 

phonon modes. G-band peak position was red-shifted in HOPG sample from ~ 1580 cm-1 at room 

temperature to ~ 1566 cm-1 at 600 °C (Figure 2.7). In comparison, the G-band peak shift in IPGF 

patterns was observed at ~ 1577 cm-1 at room temperature and red-shifted towards 1563 cm-1 at 

600 °C. Moreover, a red-shift in the D’-band was also observed from ~ 1617 cm-1 at room 

temperature to 1603 cm-1 at 600 °C.  

  The previous investigation demonstrated that electron-phonon coupling plays an important 

role in the temperature dependence of the G-band and D’-band shifts [78]. Figure 2.8 represents 

the peak shift in the G’-band of HOPG platelets and IPGF patterns at different measurement 

temperatures. Room temperature Raman measurement exhibited G’-band in the HOPG platelets 

at ~ 2720 cm-1. However, it shifted to 2693 cm-1 at 600 °C. Similarly, the G’-band was also shifted 

from 2701 cm-1 at room temperature to 2684 cm-1 at 600 °C in IPGF patterns. It was observed in 

the previous investigation that the G’-band was more sensitive to changes in the electronic band 

structure that were induced by temperature induced strain [79]. On the contrary, the G-mode is 

related to the optical phonon which is substantially sensitive to the carrier density instead of 

temperature-induced strain [80, 81]. Similar peak position shift (around 14 cm-1 as can be seen in 

Figure 3(c)) in the G-band was observed due to the temperature increment (from room temperature 

to 600 °C), both for HOPG and IPGF samples. However, the G’-band peak shift with increasing 
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temperature was much higher in the HOPG sample (~ 28 cm-1) compared to IPGF (~ 19 cm-1) 

sample (Figure 2.8). These results suggest the higher sensitivity of the G’-band peak position shift 

is likely due to the higher crystallinity in the HOPG platelets compared to the IPGF patterns. The 

defect ratio (D/G) of IPGF patterns was ~ 0.26 and the full-width-half-maximum (FWHM) of the 

G-band was 26.4 cm-1. On the other hand, the FWHM of the G-band of mechanically exfoliated 

HOPG platelets was ~ 18.6 cm-1, which suggests that our inkjet-printed graphene is comprised of 

a significant fraction of crystalline graphene platelets with minimal defects. 
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Figure 2.6: Raman spectra of IPGF patterns and HOPG platelets at different temperatures.  
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Figure 2.7: Variation of G-band with temperature in IPGF patterns and HOPG platelets.  
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Figure 2.8: Variation of G’-band with temperature in IPGF patterns and HOPG platelets. 
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2.5 Electronic transport of HOPG and IPGF  

In order to investigate the electronic transport properties of both IPGF patterns and HOPG 

platelets, their electrical properties were measured in terms of current, resistance and power 

dissipation. In the case of IPGF, 1 mm2 films were printed with varying printing passes (10, 20, 

30, 40 and 50 passes). Figure 2.9(a) represents the variation of current with voltage for HOPG 

platelets. Figure 2.9(b) shows the variation of current with voltage for IPGF patterns. The 

resistance obtained from the HOPG platelets measurement was ~ 885 Ω, whereas the resistance 

obtained from IPGF patterns with 50 passes was ~ 297 Ω which was significantly lower than the 

HOPG platelets. The thickness of the 1 mm square IPGF patterns were measured using the Bruker 

DektakXT Stylus Profiler. The thickness increased from ~ 505.37 nm for 10 printing passes to ~ 

1667.88 nm for 50 printing passes. The resistivity values ranged from 0.44 mΩ-m to 0.56 mΩ-m 

with an average value of ~ 0.51 mΩ-m. Figure 2.10(a) and (b) represent the variation of power 

with voltage for both HOPG platelets and IPGF patterns. It can be seen that even with larger probe 

separation distances and a number of passes as low as 10 passes, our chemically exfoliated inkjet-

printed graphene films showed power comparable to mechanically exfoliated HOPG platelets, i.e. 

1.03 mW and 1.13 mW, respectively. With an increasing number of passes, the power dissipation 

in the IPGF patterns increased significantly compared to the HOPG platelets. Figure 2.11 and 

Figure 2.12 provide a comparative analysis for resistance and power of HOPG platelets and IPGF 

patterns with varying number of passes. Electrical transport of inkjet-printed graphene patterns 

showed high currents (up to 3.35 mA at 1 V), high powers (up to 3.35 mW at 1 V) and low 

resistance (down to 297 Ω) values as compared to previously reported work for inkjet-printed 

graphene [45, 82, 83].  This suggests the presence of a continuous network of graphene platelets 

with a high mass fraction to yield electrically conducting IPGF graphene films. Higher power and 
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lower resistance may be obtained by increasing the number of passes even further beyond 50 

passes. However, the present study also aims to minimize the number of passes to efficiently save 

time and promote productivity from a practical standpoint toward a manufacturing platform. 

 

Figure 2.9: Current as a function of voltage for (a) HOPG platelets and (b) IPGF patterns. 

 

Figure 2.10: Variation of power with voltage for (a) HOPG platelets (b) IPGF patterns.  
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Figure 2.11: Variation of resistance with number of printing passes.  
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Figure 2.12: Variation of power with printing passes. 
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2.6 Length-dependent electronic properties of IPGF 

A geometrical scaling study of our printed graphene lines was also conducted.  Line 

patterns with 1 mm width but with increasing lengths (1, 2, 3, 4 and 5 mm) were printed with 50 

passes to gauge the scalability of electronic transport properties of inkjet-printed features. 

Scalability refers to accurately printing patterns of large dimensions, and though up to 5 mm was 

used in this study, this by no means represents an upper limit for what is possible with inkjet 

printing where roll-to-roll processes are commonly used in printed and flexible electronics. Figure 

2.13 shows an optical image of the printed graphene films with varying lengths on SiO2/Si 

substrates. Figure 2.14 represents the variation of current with voltage and length in IPGF patterns. 

It can be observed that the change in current values is appreciable when the probe separation 

distance increases from 1 mm to 3 mm but not significantly altered after 3 mm. This suggests that 

after 3 mm length, current values will not significantly decrease when the number of passes is kept 

constant. Figure 2.15 shows the increase in resistance of printed graphene films with increasing 

length. Linear resistivity (slope of resistance versus length plot) of 281.98 Ω/mm was obtained for 

printed graphene films with increasing linear scaling. Figure 2.16 illustrates the variation in power 

with voltage with varying line length of the printed graphene patterns. The highest power value 

was observed in printed graphene pattern with 1 mm length and sequentially decreased with 

increasing pattern length (Figure 2.16). However, comparable current, resistance, and power 

values were observed at 5 mm line length compared to mechanically exfoliated HOPG platelets. 

The good carrier conduction in the IPGF patterns can be attributed to graphene nanomembranes 

which are continuously distributed over large areas without any visible signs of clustering or 

aggregation as is evident from the optical and SEM micrographs in Figure 2.17 and Figure 2.18, 

respectively. 
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Figure 2.13: Photograph of graphene printed lines with varying length, L (1, 2, 3, 4 and 5 mm).  



 49 

 

Figure 2.14: Variation of current with voltage and line length for graphene patterns.  
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Figure 2.15: Resistance as a function of length for graphene printed patterns.  
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Figure 2.16: Variation of power with length for graphene printed patterns. 
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Figure 2.17: Optical micrograph of the center of inkjet-printed graphene films, showing large-

area uniformity.  
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Figure 2.18: SEM image of inkjet-printed graphene films over large areas depicting a continuous 

network of graphene on the substrate. 
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2.7 Conducting graphene contacts for photodetectors 

To demonstrate the application of our graphene inks as conducting contacts, graphene/WS2 

photodetector was fabricated by first printing two 3 mm square graphene patterns with 30 printing 

passes and 1 mm spacing in between. This was followed by annealing at 250 °C for 2 hours. The 

WS2 inks were then prepared using a similar procedure as used to formulate the graphene inks. 

The channel of WS2 with length and width ranging from 2 mm and 1 mm, respectively, was then 

printed using 30 printing passes followed by annealing at 250 °C for 2 hours. Figure 2.19 shows 

the photoresponse of inkjet-printed graphene/WS2 based photodetector up to 20 seconds with 0.5 

seconds of laser pulse time when a stream of radiation pulses was applied to the active area of the 

device. The inkjet-printed device is shown in the inset of Figure 2.19. Figure 2.20 depicts a 

magnified region of a single laser on/off pulse.  From this, the rise time and decay time of ~ 4.53 

ms and 4.81 ms were observed, as shown in Figure 2.21 and Figure 2.22, respectively. Thus, it is 

clear that the graphene-based inks serve as an adequate interconnect for printed electronics 

applications, where its integration with a semiconducting WS2-based ink served as a prototype 

demonstration of high-performance, high-speed photodetector devices. 
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Figure 2.19: (a) Photoresponse of inkjet-printed graphene/WS2 based photodetector up to 20 

seconds. Inset: photograph of inkjet printed graphene/WS2 based photodetector.  
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Figure 2.20: Variation of photocurrent with time for a single laser on/off cycle.  



 57 

 

 

Figure 2.21: Photocurrent-time graph showing rise time of 4.53 ms.  
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Figure 2.22: Photocurrent-time graph showing decay time of 4.81 ms.  
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Chapter 3: Inkjet printing of liquid-exfoliated, highly conducting 

graphene/PEDOT: PSS nanosheets for organic electronics 

Surfactants used to achieve desired viscosity for inkjet printing can be divided into two 

categories- conductive and non-conductive. Both promote stabilization of dispersed 2-D 

nanosheets [84, 85, 86], however, use of conducting polymer like PEDOT: PSS (poly(3,4 

ethylenedioxythiophene) poly(styrenesulfonate)), as a surfactant helps in enhancing electrical 

conductivity in applications where high electrical conductivity is desired [87, 88]. 

Graphene/PEDOT: PSS inks have found applications in gas, electrochemical and biochemical 

sensing [89, 90, 91]. This work utilizes the conductive property of PEDOT: PSS polymer surfactant 

to demonstrate good electronic transport properties of graphene/PEDOT: PSS inkjet printed films 

and promotes inkjet printing as a scalable approach to yield printed features with the desired high 

electrical transport properties. 

3.1 Materials and methods 

Graphite powder in the amount of ~ 15 mg/ml was obtained by breaking graphite rod 

(Sigma Aldrich #496553) and placed in a glass vial and 10 ml NMP (Sigma Aldrich #270458) was 

then added. The solution was sonicated in a Branson 2800 bath sonicator for 48 hours. 0.25 

weight% PEDOT: PSS was then added to the solution and magnetic stirred for 1 hour at 100 rpm. 

This was our final conductive ink. Ink preparation procedure is shown in Figure 3.1. PEDOT: PSS 

used in the present study was 1.1 weight% PEDOT: PSS in water solution (Sigma Aldrich 

#739332). 
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Figure 3.1: Schematic representation of ink preparation procedure. 
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PEDOT: PSS was added primarily to obtain a viscosity of about 12 cP which is ideal for 

inkjet printing. It also prevents particle agglomeration and improves suspension stability. 

Graphene/PEDOT: PSS ink was characterized by optical absorption spectroscopy using CARY 

5000 spectrophotometer. DMP-2800 series Fujifilm Dimatix Materials Printer with a printhead 

consisting of 16 inkjet nozzles was used to print various patterns in this work. Annealing of printed 

patterns was done at 2500C for 2 hours to remove solvents. Cartridge temperature of 300C and 

platen temperature of 600C was used during all the printing work.  

3.2 Optical characterization of graphene/PEDOT: PSS inks 

Optical absorption study was conducted to observe the effectiveness of the exfoliation and 

dispersion, where the absorption measurements of the graphene/PEDOT: PSS solutions was 

conducted in the visible range (400-700 nm).  NMP was used as the reference sample. High values 

of optical absorbance were found indicating good uniform dispersibility and high concentration of 

graphene and PEDOT: PSS in NMP as shown in Figure 3.2. These high values of absorbance are 

attributed to nanodispersions of graphene and PEDOT: PSS particles which were confirmed by 

optical micrograph of annealed graphene/PEDOT: PSS printed line as shown in Figure 3.3. 
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Figure 3.2: Optical absorption spectra of graphene in NMP sonicated for 48 hours. 
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Figure 3.3: Optical micrograph showing graphene/PEDOT: PSS nanosheets. 
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3.3 Raman spectroscopy of graphene/PEDOT: PSS inks 

Raman spectra of annealed printed PEDOT: PSS showed a strong peak at about 1436 cm-

1 which is ascribed to C=C stretching [92, 93, 94, 95] as shown in Figure 3.4. Raman spectra of 

annealed printed graphene/PEDOT: PSS showed D-band, G-band, G*-band and G’-band of 

graphene and PEDOT: PSS peak at about 1436 cm-1 indicating uniform mixing of graphene and 

PEDOT: PSS nanoparticles as shown in Figure 3.5. No other significant peaks were observed as 

NMP solvent was removed completely by annealing at a temperature of 250 oC for 2 hours which 

is well above its boiling point. 

 



 65 

 

Figure 3.4. Raman spectra of annealed printed PEDOT: PSS patterns. 
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Figure 3.5: Raman spectra of annealed printed graphene/PEDOT: PSS patterns. 
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3.4 Inkjet printing of PEDOT: PSS and graphene/ PEDOT: PSS inks 

Lines of 5 mm length and 1 mm width were printed first with 2.5 weight% PEDOT: PSS 

in NMP [Figure 3.6] and then with graphene/2.5 weight% PEDOT: PSS in NMP [Figure 3.7] 

followed by annealing at 2500C for 2 hours to remove NMP solvent. Good resolution and uniform 

printability was observed during printing of both inks. This was done to study and compare the 

optical and electrical behavior of PEDOT: PSS in NMP inks with and without graphene. Lines of 

different lengths (1, 5, 10, 15, 20 and 25 mm) with 50 number of printing passes [Figure 3.8] were 

printed to show good dimensional accuracy and scalability of inkjet printing process. 
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Figure 3.6: 5 mm length and 1 mm width line patterns of annealed PEDOT: PSS with different 

number of passes (N= 10, 20, 30, 40 and 50). 
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Figure 3.7: 5 mm length and 1 mm width line patterns of annealed graphene/ PEDOT:PSS with 

different number of passes (N= 10, 20, 30, 40 and 50). 
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Figure 3.8: Printed lines with 50 number of passes of annealed graphene/PEDOT: PSS of 

varying lengths (L = 1, 5, 10, 15, 20 and 25 mm). 
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3.5 Electrical characterization of PEDOT: PSS and graphene/ PEDOT: PSS inks 

Electrical measurements of annealed printed patterns were carried out to compare the 

electrical behavior of graphene/PEDOT: PSS and only PEDOT: PSS printed films. Figure 3.9 

demonstrates that 0.25 weight% PEDOT: PSS is not conductive by itself even up to 50 number of 

printing passes. Graphene/PEDOT: PSS annealed printed patterns showed good conductivity up 

to 0.7 mA with 50 number of printing passes at 5 mm length scale or probe separation distance 

[Figure 3.10]. 

The response of current was inversely proportional to length. Values of the current 

increased with decreasing lengths [Figure 3.11]. It can be observed that high values of current 

(around 0.2 mA) can be obtained even at length scales of 25 mm which is significantly higher in 

the electronics industry. The resistance of printed graphene/PEDOT: PSS annealed films showed 

inverse proportionality with number of printing passes and direct proportionality with length of 

printed patterns. It decreased with increasing number of passes when length was kept constant at 

5 mm [Figure 3.12] and increased with line length when number of printing passes was constant 

at 50 [Figure 3.13]. Resistances as low as 1.36 kΩ and 6.49 kΩ at lengths of 5 mm and 25 mm was 

achieved with just 50 number of printing passes. Higher electrical conductivity can be achieved 

by either increasing number of printing passes, decreasing pattern lengths or using higher initial 

graphite concentration. 
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Figure 3.9: Variation of current with voltage for PEDOT: PSS at 5 mm length. 
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Figure 3.10: Variation of current with voltage for graphene/ PEDOT: PSS at 5 mm length. 
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Figure 3.11: Variation of current with voltage for graphene/ PEDOT:PSS at varying lengths 

(5,10,15,20,25 mm).  
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Figure 3.12: Variation of resistance with number of printing passes.  
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Figure 3.13: Variation of resistance with printing pattern length. 
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Chapter 4: High power exfoliation of tungsten disulfide for photodetector 

applications 

             One of the major potential applications of exfoliated WS2 nanosheets can be as an active 

semiconducting channel in photodetection devices. Photodetectors are used in wide range of 

applications from imaging to optical communications as they convert light into electrical signals 

[96, 97, 98, 99, 100, 101, 102, 103], which reach the quantum limit in certain cases through 

cryogenic cooling. Due to their transparency, WS2 nanosheets exhibit strong light-matter 

interaction, flexibility and ease of processing can be used to overcome limitations associated with 

the conventional choice of semiconducting channel (Si, InGaAs, etc) and produce bendable and 

transparent photodetection devices with high absorption efficiencies in a wide range enabling 

faster detection [104, 105]. Conventional semiconductors used in photodetectors are usually 

opaque, lack effective light absorption and are brittle in nature which limits their use to rigid 

substrates only. 
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There is no reported work yet on high power (significantly higher than 110 watts) 

exfoliation methods which can be done even at room temperature. In the present work, various 

high-power exfoliation methods (magnetic stirring, shear mixing, and horn-tip sonication) have 

been explored to optimize the best possible combination for enhanced semiconducting properties 

of WS2. The work also reports graphene/WS2 based photodetector where WS2 is used as a 

semiconducting channel and graphene due to its finite density of states from Dirac cones of valence 

and conduction bands, chemical inertness, and high stability is used as a highly conducting contact. 

Inkjet printing has been employed as a material-conserving technique for precise deposition of 

graphene and WS2 nanosheets. It is a modern production tool which enables the flow of ink 

(printable liquid) from the cartridge to the substrate. The liquid undergoes some drying after impact 

on substrate depending on platen temperature used. Various optoelectronic measurements 

including Raman and photoluminescence spectroscopy, photocurrent response, capacitance-

voltage and capacitance-frequency measurements have been performed on the all inkjet-printed 

device to understand device properties and graphene-WS2 interactions. 

4.1 Materials and methods 

Cyclohexanone (70%) /terpineol (30%) solution (C/T) mixtures were prepared in glass 

vials. Ethyl cellulose (2.5 weight%) was then added to the solution and bath sonicated for 2 hours 

to ensure complete dissolution of ethyl cellulose (EC) in C/T solution mixture. This particular 

combination of cyclohexanone, terpineol and ethyl cellulose (C/T/EC) was used because it has a 

viscosity of about 12 cP which is ideal for inkjet printing.WS2 powder in a concentration of 30 

mg/ml is used for all experiments. 
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For magnetic stirring, the WS2 powder was taken in two separate glass vials and 5 ml of 

C/T/EC solution mixture was added to them. A magnetic stir bar was then put in both glass vials. 

One vial was magnetic stirred at 100 rpm (MS (Low), lowest to stir the entire liquid) and another 

vial was stirred at 1500 rpm (MS (High), highest limit of the equipment) for 24 hours to ensure 

complete breakage of all the Van der Waals bonds. 

For shear mixing, the WS2 powder was taken in two separate glass beakers and 50 ml of 

C/T/EC solution mixture was added to them. This was the minimum amount of solution required 

for using our shear mixer. Lowest speed of 2500 rpm (SM (Low)) and highest speed of 6000 rpm 

(SM (High)) for 5 hours was used for shear mixing. These parameters were decided to achieve 

uniform mixing while avoiding overheating or long hours of operation.  

For horn-tip sonication, the WS2 powder was taken in two separate glass beakers and 20 

ml of C/T/EC solution mixture was added to them. This was the minimum amount of solution 

required for horn-tip sonication. Power amplitude of minimum 20% (HT (Low)) and maximum of 

40% (HT (High)) was used for 3 hours. Pulse on time of 30 seconds and pulse off time of 30 

seconds was used increasing total sonication time to 6 hours. The parameters for sonication was 

also chosen such that it can be performed at room temperature without heating of samples thus 

removing the need for ice bath or chiller. 

Extreme parameters are used for all three methods of chemical/ liquid-phase exfoliation to 

optimize the best approach of producing semiconducting WS2 nanosheets that are stable for at least 

one month. One drop of each sample was cast on Si/SiO2 wafer using a plastic pipette. Annealing 

was performed at 250 oC for 2 hours to ensure complete removal of the solvent.DMP-2800 series 

Fujifilm Dimatix Materials Printer consisting of 16 inkjet nozzles was used to print 
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graphene/WS2/graphene photodetector in this work. Cartridge temperature of 40 °C and a platen 

temperature of 60 °C was used during all the printing work.  

4.2 High power exfoliation methods for WS2 

As noted, the three techniques used to disperse WS2 in chemical dispersions are magnetic 

stirring, shear mixing and horn-tip sonication.  These techniques are illustrated in Figure 1 which 

shows the various mechanisms and parameters, used in producing single-to-few layer WS2 

nanosheets.  The first technique, Magnetic stirring, refers to using a magnetic field to create fluidic 

shear forces that are generated as a bar magnetic is spun in the liquid to generate the stirring and 

exfoliation mechanism. The details of the magnetic stirring mechanism is illustrated in Figure 

4.1(a). The magnetic stirrer moves the fluid in a clockwise direction when a value for the stirring 

rpm (revolutions per minute) is given as input. When a vial containing magnetic stirrer and liquid 

is placed above hot plate stirrer the magnetic stirrer also starts to move in a clockwise direction at 

same rpm. The energy provided by stirring breaks the 3D layered materials into 2D nanosheets. In 

the second technique, shear mixing, exfoliation results when a shear force is produced such that 

one area/layer of fluid travels with a different velocity relative to the adjacent area/layer. Figure 

4.1(b) demonstrates the mechanism of shear mixing used in the current work. High-speed rotation 

of the rotor blades in a clockwise direction results in shearing of nanosheets. In the third technique, 

exfoliation by horn-tip sonication refers to the case of exposing the layered material to ultrasonic 

waves in an appropriate solvent by inducing vibrations of horn-tip. This is shown in Figure 4.1(c). 

Ultrasonic waves generate cavitation bubbles that collapse into high energy jets, breaking up the 

layered crystallites to produce exfoliated nanosheets. Figure 4.1(d) summarizes the various 

parameters used for magnetic stirring, shear mixing, and horn-tip sonication. In the present work, 

MS (Low) and MS (High) refers to magnetic stirring conditions at 100 and 1500 rpm for 24 hours, 
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respectively. The shear mixing conditions at 2500 rpm and 6000 rpm for 5 hours is referred as SM 

(Low) and SM (High) whereas the horn-tip sonication at 20% and 40% power amplitude is denoted 

as HT (Low) and HT (High). 

 

 

 

Figure 4.1: (a-c) Mechanism of (a) Magnetic stirring, (b) shear mixing and (c) horn-tip 

sonication. (d) Schematic illustration of different parameters and techniques used 

for WS2 ink preparation. 
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4.3 Electrical and optical characterization of drop-casted samples 

Figure 4.2 demonstrates the current-voltage (I-V) relationship for drop-casted annealed MS 

(Low) and MS (High) samples. Figure 4.3 shows the current-voltage (I-V) relationship for drop-

casted annealed SM (Low) and SM (High) samples. Figure 4.4 displays the current-voltage (I-V) 

relationship for drop-casted HT (Low) and HT (High) samples. It can be observed that higher 

values of current are obtained at a higher speed of magnetic stirring and shear mixing and at a 

higher amplitude of sonication when the time is kept constant since net power applied to the 

solution is greater, leading to higher exfoliation rates. Raman and photoluminescence spectroscopy 

were used to explain this behavior. In WS2, there are two primary Raman active modes. A1g mode 

due to out-of-plane vibrations involving only sulfur atoms which occur at ~ 418.8 cm-1 and 

2LA(M) mode at about 352.4 cm-1 due to the in-plane displacement of tungsten and sulfur atoms. 

The intensity ratio, I2LA(M)/ IA1g, can be used to approximate the number of layers present. The 

intensity ratio of 2.2 or higher is a signature of the presence of monolayers whereas intensity ratio 

of 0.47 or less indicates the presence of WS2 in its bulk form [106, 107, 108]. Intensity ratio in 

between 0.47 and 2.2 may be indicative of the presence of few-layer WS2. Figure 4.5 shows Raman 

spectra of MS (Low) and MS (High) samples. Intensity ratios of MS (Low) and MS (High) sample 

were found to be 3.826 and 1.171 indicating presence of monolayer and few-layer WS2 

respectively. Figure 4.6 displays Raman spectra of SM (Low) and SM (High) samples. Intensity 

ratios of SM (Low) and SM (High) samples were found to be 1.159 and 0.923, respectively 

indicating the presence of few-layer WS2. Figure 4.7 shows Raman spectra of HT (Low) and HT 

(High) samples. Intensity ratios of HT (Low) and HT (High) samples were found to be 2.104 and 

1.229 respectively indicating the presence of few-layer WS2.    
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Photoluminescence (PL) refers to emission of light from a material after absorption of 

photons. Figure 4.8 shows the PL spectra of MS (Low) and MS (High) samples displaying a single 

peak. However, the PL peak of MS (High) sample (FWHM ~ 90.39 nm) is broader and is blue-

shifted by ~ 4.47 nm from the PL peak of MS (Low) (FWHM ~ 87.22 nm) sample. Figure 4.9 

shows the PL spectra of SM (Low) and SM (High) samples displaying a single peak. However, 

PL peak of SM (High) sample (FWHM ~ 144.38 nm) is broader and is blue-shifted by ~ 39.6 nm 

from the PL peak of  SM (Low) (FWHM ~ 43.63 nm) sample. Figure 4.10 shows the PL spectra 

of HT (Low) and HT (High) samples. PL spectra of HT (High) sample showed strong single peak 

(FWHM ~ 142.62 nm) whereas PL spectra of HT (Low) sample does not indicate any dominant 

PL peak and its highest point was ~ 146. 9 nm from the PL peak of HT (High sample). 
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Figure 4.2: Current-voltage measurements of drop-casted and annealed MS (Low) and MS 

(High) samples. 
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Figure 4.3: Current-voltage measurements of drop-casted and annealed SM (Low) and SM 

(High) samples. 
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Figure 4.4: Current-voltage measurements of drop-casted and annealed HT (Low) and HT (High) 

samples.  
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Figure 4.5: Raman spectra of drop-casted and annealed MS (Low) and MS (High) samples. 
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Figure 4.6: Raman spectra of drop-casted and annealed SM (Low) and SM (High) samples. 
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Figure 4.7: Raman spectra of drop-casted and annealed HT (Low) and HT (High) samples. 
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Figure 4.8: Photoluminescence spectra of  MS (Low) and MS (High) samples. 
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Figure 4.9: Photoluminescence spectra of  SM (Low) and SM (High) samples. 
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Figure 4.10: Photoluminescence spectra of  HT (Low) and HT (High) samples. 
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The higher electrical conductivity of MS (High), SM (High), and HT (High) samples may 

be due to the lower resistance offered by few-layer WS2 nanosheets as they have extra channels 

for carrier transport [109, 110]. However, MS (Low) and MS (High) samples were unstable and 

WS2 nanosheets precipitated at the bottom of the vial in less than 12 hours. On the other hand, SM 

(Low), SM (High), HT (Low) and HT (High) samples were stable for at least 1 month indicating 

good stability. The photographs of solutions just after the experiment and 12 hours after the 

experiment is shown in Figure 4.11 and Figure 4.12 respectively. However, HT (High) sample 

showed higher conductivity than the former three samples. Thus, horn-tip sonication was used as 

the approach of choice for inkjet printing our photodetector devices in the subsequent work. 

 

 

Figure 4.11: The photographs of solutions just after the experiment. 
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Figure 4.12: The photographs of solutions just after the experiment and 12 hours after the 

experiment 

 

4.4 Inkjet printing of graphene/ WS2 based photodetector 

Horn-tip sonication with 40% power amplitude for 3 hours duration was used to make 

graphene and WS2 inks. The line pattern of 1 mm (width) and 0.8 mm (length) were printed with 

40 number of passes with WS2 inks followed by annealing at 250oC for 2 hours. Two 3 mm 

graphene pads were then printed such that effective WS2 channel length was 0.6 mm followed by 

annealing at 250oC for 2 hours. This is shown in the inset of Figure 4.13. Figure 4.13 illustrates 

typical dark current-voltage relationship for graphene/WS2/ graphene photodetector device. Figure 
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4.14 demonstrates the same current-voltage graph plotted in log scale to show the dark current 

value (0.1342 µA) at 0V which is used for further calculations. 

 

 

Figure 4.13: Dark current measurement of graphene/WS2 based inkjet printed photodetector 

(Inset: Photograph of inkjet printed graphene/WS2/graphene photodetector). 
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Figure 4.14: Dark current-voltage measurement in log scale to show dark current value at 0V 

used for responsivity and detectivity calculations.  
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4.5 Photocurrent measurement of graphene/ WS2 based photodetector 

Figure 4.15 shows the photodetection measurement setup. It consists of an arbitrary 

waveform generator which generates electrical waveforms and provides input to the laser source. 

Laser source then emits light of wavelength 660 nm through the process of optical amplification. 

The laser light is then made to drop on the device under test (DUT) which is kept in a probe station. 

When laser interacts with the semiconducting WS2 channel, enhanced electrical conductivity is 

obtained due to extra free carriers generated by photon absorption. This can be confirmed by 

current-time measurements using semiconductor device analyzer and laser on and off cycle. Laser 

power in this work was varied by changing the input voltage from 1V to 5V which led to a change 

in laser power from 2.29 mW/cm2 to 12.13 mW/cm2. A linear relation was observed between laser 

power and input voltage. This is shown in Figure 4.16. Figure 4.17 shows the time response of 

graphene/WS2 based photodetector with varying laser power. 
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Figure 4.15: Instrument setup for photodetection measurement.  
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Figure 4.16: Variation of laser power with an applied voltage. 
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Figure 4.17: Photoresponse of graphene/WS2 based photodetector at various laser power. 
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4.6 Photodetector parameter study for graphene/ WS2 based photodetector 

  The amount of photocurrent, decay and rise time, on/off ratio, responsivity, and detectivity 

are key figures-of-merit for the photodetector. The photocurrent is the current induced when the 

light of appropriate wavelength is made to fall on the semiconducting substrate. Decay time is the 

time required by the photodetector to reach 10% of maximum photocurrent value when the laser 

is switched off from it's on the state. Rise time is the time required by the photodetector to reach 

90% of maximum photocurrent value when the laser is switched on from its off state. On/off ratio 

refers to the ratio of the on-state current and off-state current in a photodetector. Responsivity (R) 

is a measure of the device’s electrical response to incident light and can be calculated using 

equation 1[111],  
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where Ip is the photocurrent, Id is the dark current and Plaser is the laser power. 

Detectivity (D) is the measure of the photodetector’s sensitivity to incident light and can 

be calculated using equation 2, 
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where A is te effective channel area in cm2 and e is the elementary charge of 1.6* 10-19 C. 

Responsivity and detectivity are key device parameters used to evaluate the photodetector’s 

performance. Zhang et al. [62] reported Ti/Au/WS2 based photodetector with the rise and decay 

time less than 0.245 and 0.358 ms, on/off ratio and spectral responsivity as high as 336 and 3.14 

A/W. Tan et al. [109] fabricated graphene/WS2 based photodetector synthesized by chemical 
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vapor deposition with responsivity up to 3.5 A/W and detectivity up to 9.9 * 1010 cmHz-1/2W-1. 

However, there is no reported work on graphene/WS2 based all inkjet-printed photodetector so far.  

In this work, different figures-of-merit for all inkjet printed photodetector is reported. 

Figure 4.18 and Figure 4.19 shows the decay time and rise time of less than 50 ms when the laser 

power of 12.13 mW/cm2 was used for current-time measurements. Figure 4.20 shows a variation 

of photocurrent with laser power. Photocurrent increases with laser power as a number of photons 

having energy higher than band gap increases which lead to higher number of electron-hole pair 

generation. It also increases with laser power as shown in Figure 4.20 due to higher photocurrent 

generation. Figure 4.21 shows a variation of responsivity and detectivity with laser power. 

Effective semiconducting channel area (A) of 0.006 cm2 (0.06 cm length by 0.1 cm width), dark 

current value of ~ 0.1342 µA and photocurrent values of 11.83, 12.43, 13.25, 13.62 and 14.15 µA 

which corresponded to 2.29, 4.68, 7.14, 9.53 and 12.13 mW/ cm2 were used for responsivity and 

detectivity calculations. Graphene/WS2 based photodetector showed high photoresponsivity in the 

range of 0.86 A/W to 0.19 A/W. High detectivity in the range from 1013 cmHz-1/2W-1 to 2.29*1012 

cmHz-1/2W-1 was also observed. Both responsivity and detectivity are inversely related to laser 

power. 

 



 103 

 

Figure 4.18: Photocurrent- time graphs at 5V to show decay time.  
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Figure 4.19: Photocurrent- time graphs at 5V to show rise time.  
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Figure 4.20: Variation of photocurrent and on/off ratio with applied laser power. 
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Figure 4.21: Responsivity and detectivity as a function of laser power. 
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4.7 Graphene/WS2 interface analysis using capacitance measurements 

Capacitance-voltage measurements were also conducted to study the nature of graphene 

(semi-metal) and WS2 (semiconductor) interface. Figure 4.22 shows a schematic of front-view of 

graphene/WS2/graphene photodetector. Graphene-WS2 junction appears to form Schottky barrier 

thus behaving like a Schottky diode. Therefore, two Schottky diodes are in series with each other. 

Figure 4.23 shows capacitance at different frequencies as a function of bias voltage. The initial 

increase in capacitance with bias voltage can be attributed to the formation of a Schottky barrier 

against electron flow at the graphene/WS2 interface. Capacitance remains constant up to certain 

bias voltage and then decreases. This decrease in capacitance can be attributed to removal or 

reduction of the Schottky barrier at WS2/graphene interface. The value of capacitance is dependent 

on the filling and refilling of trap states by electrons [112, 113]. When frequency applied is 

significantly low, a higher value of capacitance is observed because of extra capacitance offered 

by interface trapped states. Capacitance decreases with an increase in frequencies from 20 kHz to 

100 kHz which may be due to a decrease in Schottky barrier height. No significant change in 

capacitance was observed at frequencies of 200 kHz and higher indicating absence of barrier 

against electron flow. The decrease in capacitance with frequency can be attributed to the fact that 

lesser number of electrons get trapped in interface states and after a certain amount of applied 

frequency, their contribution to capacitance formation is nearly negligible. Highest capacitance 

value measured at 20 kHz and zero bias voltage was 324.88 pF whereas lowest capacitance value 

measured at 3000 kHz frequency and zero bias voltage was 2.81 pF. Figure 4.24 shows capacitance 

at different frequencies as a function of positive bias voltage. This behavior is typical of 

semiconductor (WS2)-semi-metal (graphene) interface. Capacitance-voltage measurements help in 

predicting the formation of the depletion region and predicting the charging and discharging of 



 108 

capacitance [114,  115]. Capacitance-frequency measurements were also performed to investigate 

the effect of frequency on capacitance formation as shown in Figure 4.25. It can be observed that 

there is a sharp decrease in capacitance value from nearly 315.75 pF at 25.76 kHz to 23.79 pF at 

480 kHz frequency indicating a strong effect of frequency on capacitance built-up at graphene/WS2 

interface. 

 

 

Figure 4.22: Front-view of the graphene-WS2-graphene photodetector.  
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Figure 4.23:  Capacitance at different frequencies as a function of bias voltage. 
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Figure 4.24:  Capacitance at different frequencies as a function of positive bias voltage. 
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Figure 4.25: Capacitance versus frequency graph showing a sharp decrease in capacitance at 

approximately 25 kHz frequency. 
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Chapter 5: Hexagonal boron nitride nanosheets for photosensitive capacitor 

applications 

Interesting properties and various synthesis routes to produce 2-D h-BN nanosheets have 

opened up different avenues for its use as dielectric especially for charge storage in capacitors 

which are devices used to store an electric charge. Capacitors in applied electronics are used for 

power supply smoothing [116, 117], audio frequency coupling [118], RF coupling [119] and 

decoupling [120] and tuning circuits [121, 122] depending on the conductive layer/ electrodes 

used, dielectric present in-between them and measured capacitance. 

Lee et al. [123] fabricated metal/h-BN/metal capacitor with a breakdown electric field of 

over 4 MV/cm. Wu et al. [124] reported parallel plate capacitor with an h-BN dielectric having 

high breakdown field strength of approximately 9.0 MV/cm and specific capacitance of up to 6.8 

µF/ cm2 using low-pressure chemical vapor deposition (LP-CVD) process. Coleman et al. [125] 

reported graphene/ boron nitride capacitive heterostructure using a combination of inkjet printing 

and spray coating deposition techniques with areal capacitance ranging from 0.24 to 1.1 nF/cm2 

with limiting the dielectric thickness of 1.65 µm. 

However, there are no reports to date on graphene/h-BN based all inkjet printed capacitors. 

The present work aims to explore the thickness-dependent optoelectronic properties of h-BN 

nanosheets with increasing number of passes through the help of Raman spectroscopy, UV-vis 

spectroscopy, leakage current density and capacitance density measurements. The work also 

intends to explore the effect of temperature on Raman peaks of h-BN printed patterns with different 

thickness and to study the effect of LED illumination, temperature, and frequency on capacitance 

density of all inkjet-printed graphene/h-BN based capacitor. 
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5.1 Materials and methods 

A mixture of 70% cyclohexanone and 30% terpineol (C/T) was prepared in glass vials with 

total volume of solution amounting to 20 ml. Ethyl cellulose (EC) surfactant was then added to 

increase the viscosity of the solution and promote stability.  The mixture was bath sonicated for 2 

hours to promote complete and uniform mixing of EC in C/T solution mixture. This combination 

also has a viscosity of approximately 12 cP which is ideal for inkjet printing [45]. The h-BN 

powder in a concentration of 30 mg/ml or 0.6 grams was then taken in a 50 ml beaker and 20 ml 

of C/T/EC solution was added to it. Horn-tip sonication at 40% power amplitude and magnetic 

stirring at 500 rpm for 3 hours was then employed for ink preparation. Fujifilm Dimatix Materials 

Printer consisting of 16 inkjet nozzles was used to print graphene and h-BN inks for different 

patterns and devices in this work. Cartridge temperature of 40 °C and a platen temperature of 60 

°C was used during all the printing work. The height measurements for AFM studies were 

performed for the areas of 5 μm x 5 μm with the scanning speed of 0.85 Hz.  

5.2 Optical characterization of h-BN 

Figure 5.1 shows the working mechanism of the unique ink preparation setup comprising 

of horn-tip sonicator and hot plate with magnetic stirrer employed in the present work. The 

photograph of actual setup is shown as its inset. Both horn-tip sonication and magnetic stirring 

have been used either as a medium of exfoliation or medium for uniform mixing. Horn-tip 

exfoliation is a very good and effective high power means of exfoliation, but the degree of 

exfoliation varies from being the highest in the vicinity of the probe tip to lowest at the bottom of 

the vial resulting in the very large amount of unexfoliated particles at the bottom. A very slow 

magnetic stirring at the bottom of the beaker can resolve this issue. The horn-tip vibrates and 
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generates energy for exfoliation of layered material whereas the slow magnetic stirring does not 

allow particles to settle down in form of precipitates. The thickness of inkjet printed h-BN on 

SiO2/Si substrate with a different number of printing passes is shown in Figure 5.2. Its inset 

comprises of a photograph of actual printed patterns. It can be observed that the optical contrast of 

h-BN printed structures varies from translucent to opaque with a different number of printing 

passes due to increase in thickness. It has been reported that h-BN in its monolayer form is highly 

transparent [126, 127, 128, 129, 130]. However, obtaining monolayer h-BN with inkjet printing 

remains a challenge.  

Figure 5.3 represents Raman spectra of h-BN with different printing passes. No change in 

Raman peak position and no significant change in full-width at half-maximum (FWHM) was 

observed which may be due to the presence of few-layer h-BN even in a printed structure with 1 

pass. It can be observed that the intensity of Raman spectra increases with increase in number of 

passes. This can be attributed to higher interlayer interactions in thicker h-BN patterns [131]. The 

absorbance of h-BN as a function of wavelength is shown in Figure 5.4. Absorption peaks for 1, 

5, 10, 20 and 30 passes were observed at approximately 252, 275, 279, 282 and 287 nm 

corresponding to 4.92, 4.51, 4.44, 4.39 and 4.32 eV band gap. This is in accordance with reported 

literature indicating a reduction in band gap with thickness. No peaks at 307 or 365 nm were 

observed indicative of no optical transitions and redistribution of h-BN’s electron-hole density 

between Van-Hove singularities [132, 133]. 

    Figure 5.5, Figure 5.6 and Figure 5.7 show the atomic force microscopy (AFM) images of the 

inkjet printed h-BN patterns on SiO2 substrates with 1, 5 and 10 passes respectively. AFM images 

of the inkjet printed h-BN patterns showed the same value roughness depending on the number of 

printing passes which indicates that the roughness does not change even if the number of printing 
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passes increases. The 1, 5 and 10 passes inkjet printed samples showed a root mean squared (RMS) 

roughness of 78.7 nm, 72.0 and 74.2 nm, respectively. 

 

 

 

Figure 5.1: Schematic of working mechanism involved in ink preparation. Inset: Photograph of 

actual setup.  
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Figure 5.2: Thickness dependence on number of inkjet printing passes. Inset: 2 mm square inkjet 

printed h-BN patterns with 1, 5, 10, 20 and 30 number of printing passes.  
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Figure 5.3: Raman spectra of inkjet h-BN films with different printing passes. 
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Figure 5.4:  Absorption spectra of h-BN printed films. 
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Figure 5.5: AFM image of the inkjet printed h-BN pattern on SiO2 substrates with 1 pass. 
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Figure 5.6: AFM image of the inkjet printed h-BN pattern on SiO2 substrates with 5 passes. 
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Figure 5.7: AFM image of the inkjet printed h-BN pattern on SiO2 substrates with 10 passes. 
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5.2 Temperature-dependent raman spectroscopy of printed h-BN films 

Figure 5.8 and Figure 5.9 shows temperature-dependent Raman spectra of inkjet printed h-

BN patterns with 20 and 30 passes respectively. Raman spectra of h-BN typically comprise of the 

just single peak at around 1366 cm-1 corresponding to the E2g phonon vibration mode [132]. E2g 

band position red shifts to approximately 19 cm-1 from 1366.34 cm-1 at room temperature (298 K) 

to 1347.29 cm-1 at 873 K for h-BN inkjet printed pattern with 20 passes. The relatively smaller E2g 

band position red shift of approximately 16 cm-1 was observed from 1365.89 cm-1 at room 

temperature to 1349.69 cm-1 at 873 K suggesting higher temperature stability of thicker h-BN 

printed films. The red shift with temperature is attributed to B-N bond strength change [134]. To 

study the temperature effect further, the first order temperature coefficient (χ) which is the slope 

of the linear fit of E2g mode frequency shift (ωE2g) versus temperature curve was obtained and is 

shown in Figure 5.10 for 20 and 30 printing passes respectively. It was found to be -0.033 cm-1/K 

and -0.028 cm-1/K for 20 and 30 printing passes respectively suggesting higher temperature 

stability for 30 passes as mentioned above. The reported first order temperature coefficients of 1-

layer, 2-layer and 9-layer h-BN nanosheets synthesized using low-power chemical vapor 

deposition (LPCVD) are – 0.0341, – 0.0315 and – 0.0378 cm-1/K, respectively. The present work 

also reports a lower temperature coefficient for h-BN films than previous reports [134]. 
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Figure 5.8: Raman spectra of 2 mm square h-BN inkjet printed pattern with 20 passes at different 

temperatures.  
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Figure 5.9: Raman spectra of 2 mm square h-BN inkjet printed pattern with 30 passes at different 

temperatures.  
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Figure 5.10: Linear fit showing the extracted first order temperature coefficient (χ) of -0.033 cm-

1/K and -0.028 cm-1/K for 20 and 30 passes of printed h-BN. 
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5.3 Effect of number of printing passes on current density and capacitance density 

 

  Leakage current density and capacitance density are two important figures-of-merit used 

to compare the performance of capacitors with different geometries. Leakage current density is the 

current flowing through the capacitor per unit area whereas capacitance density refers to 

capacitance per unit area of a capacitor. Figure 5.11 and Figure 5.12 shows the variation of leakage 

current density with voltage of graphene/ h-BN based capacitor with 20 and 30 number of h-BN 

printing passes having a thickness of 6.083 and 6.596 µm. Their inset shows the actual capacitor 

with 1 and 20 number of printing passes. Graphene 5 mm by 3 mm with 30 number of printing 

passes was printed first followed by annealing at 350 oC for 3 hours. This was followed by 5 mm 

by 3 mm h-BN printing with 20 and 30 number of printing passes and annealing at 450 oC for 2 

hours. Graphene 7 mm by 1 mm with 30 number of printing passes was printed then followed by 

annealing at 350 oC for 3 hours. The high conductivity of the only graphene is shown in Figure 

5.11 inset to validate that top and bottom graphene are not in contact. The current density was 

lowest (0.072 µA/mm2 at 40 V) for 30 number of printing passes due to thicker h-BN dielectric 

presence.  

  Capacitance density-voltage measurements were performed at different frequencies on 

both the devices at room temperature as shown in Figure 5.13 and Figure 5.14 respectively. Higher 

values of capacitance density (~ 24 fF/µm2 at -25 V for 1kHz frequency) were observed for a 

capacitor with 20 number of h-BN printing passes owing to the lower thickness and thus lower 

area. The capacitance-voltage measurement technique is widely used for characterizing 

semiconductor and dielectric materials and devices. The applied voltage is varied, and capacitance 

values are obtained. Capacitance density is then derived by dividing capacitance by area and 

plotted with respect to voltage. In the metal-insulator-metal type of capacitors, metal-insulator 
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junction behaves as depletion region which does not have to conduct electrons or holes but may 

contain ionized donors or electrically active traps which promotes the flow of leakage current in 

the capacitor. Initial capacitance values in the capacitance-voltage measurement of inkjet printed 

graphene/h-BN based capacitor decreases with frequency. This can be attributed to the reduction 

of the barrier at the graphene/h-BN interface. At lower frequencies, a higher value of initial 

capacitance is obtained because of interface trapped states. When the applied voltage is small, the 

valence band edge is driven far from the Fermi level resulting in low carrier density. This explains 

the drop-in capacitance at lower voltages. However, at higher frequencies, lower value of initial 

capacitance and a lower drop in capacitance at low voltages is observed due to the inability of 

interface trapped charges to retain a charge. Figure 5.15 shows drop in initial capacitance density 

(from ~ 24 fF/µm2  at 1 kHz to ~ 10.4 fF/µm2 at 1 MHz) as a function of frequency at -25 V for 20 

passes respectively. Figure 5.16 shows drop in initial capacitance density (from ~ 22.7 fF/µm2  at 

1 kHz to ~ 10.3 fF/µm2 at 1 MHz) as a function of frequency at -25 V for 30 passes respectively. 
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Figure 5.11: Leakage current density variation with voltage for a graphene-h-BN-graphene 

capacitor with 1 h-BN printing pass (Inset: Inkjet-printed graphene-h-BN-graphene 

capacitor with 1 h-BN pass). 
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Figure 5.12: Leakage current density variation with voltage for a graphene-h-BN-graphene 

capacitor with 20 and 30 h-BN printing passes (Inset: Inkjet-printed graphene-h-

BN-graphene capacitor with 20 h-BN passes). 
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Figure 5.13:  Variation of capacitance density with the voltage at 1 kHz and 1 MHz for 20 

number of h-BN printing passes. 
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Figure 5.14:  Variation of capacitance density with the voltage at 1 kHz and 1 MHz for 30 

number of h-BN printing passes. 
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Figure 5.15: Drop in initial capacitance as a function of frequency at -25 V for 20 passes. 
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Figure 5.16: Drop in initial capacitance as a function of frequency at -25 V for 30 passes. 
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5.4 Effect of temperature and LED illumination on capacitance density 

The effect of temperature and LED illumination on capacitance density of graphene/h-BN 

based capacitor with 30 number of printing passes was also studied. Figure 5.17 and Figure 5.18 

shows the variation of capacitance density with the voltage at 1 kHz frequency and at 6 K and 350 

K temperature respectively with (Light) and without (Dark) LED illumination. Figure 5.19 and 

Figure 5.20 shows the variation of capacitance density with the voltage at 1 MHz frequency and 

at 6 K and 350 K temperature respectively with (Light) and without (Dark) LED illumination. It 

can be observed that both temperature and LED illumination reduces the drop in capacitance at 

lower voltages. This can be attributed to the fact that both temperature and LED illumination drive 

the valence band edge closer to Fermi level which results in relatively higher carrier density even 

at lower applied voltages. Thus, lower drop in capacitance values indicating the photosensitive and 

temperature-sensitive behavior of the all inkjet-printed graphene/h-BN based capacitor. 
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Figure 5.17: Variation of capacitance with voltage in dark and with LED illumination (Light) at 

1 kHz at 6 K temperature. 
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Figure 5.18: Variation of capacitance with voltage in dark and with LED illumination (Light) at 

1 kHz at 350 K temperature. 
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Figure 5.19: Variation of capacitance with voltage in dark and with LED illumination (Light) at 

1 MHz at 6 K temperature. 
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Figure 5.20: Variation of capacitance with voltage in dark and with LED illumination (Light) at 

1 MHz at 350 K temperature.  
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Chapter 6: Different dielectrics for microstrip antenna and coupled 

transmission line applications 

In this work, SiO2 and h-BN substrates have been investigated for their potential use as 

dielectric material for graphene-based micro strip antenna and coupled transmission line 

fabrication [135, 136, 137]. A microstrip patch antenna is essentially a metallic strip mounted on 

a dielectric substrate. It finds its application in GPS, mobile satellite communications, and remote 

sensing applications. Coupled transmission lines find their application where the transfer of power 

is desired from one line to other.  

6.1 Materials and methods 

The ink preparation procedure for h-BN and graphene inks in the present study is similar 

to the one described in section 5.1. A mixture of 70% cyclohexanone and 30% terpineol (C/T) was 

prepared in glass vials with total volume of solution amounting to 20 ml. Ethyl cellulose (EC) 

surfactant was then added to increase the viscosity of the solution and promote stability.  The 

mixture was bath sonicated for 2 hours to promote complete and uniform mixing of EC in C/T 

solution mixture. The h-BN/graphite powder in a concentration of 30 mg/ml or 0.6 grams was then 

taken in a 50 ml beaker and 20 ml of C/T/EC solution was added to it. Horn-tip sonication at 40% 

power amplitude and magnetic stirring at 500 rpm for 3 hours was then employed for ink 

preparation. Fujifilm Dimatix Materials Printer consisting of 16 inkjet nozzles was used to print 

graphene and h-BN inks for different patterns and devices in this work. Cartridge temperature of 

40 °C and a platen temperature of 60 °C was used during all the printing work. All inkjet printed 

samples were subjected to vacuum annealing at 250 °C for 24 hours to ensure maximum surfactant 

and solution removal. 
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6.2 Inkjet printing of graphene on SiO2 and h-BN/SiO2 substrates 

Inkjet printed graphene lines of length 5 mm and at 1, 2 and 3 mm separation distance on 

SiO2 substrate is shown in Figure 6.1. Inkjet printed graphene lines of length 5 mm and at 1,2 and 

3 mm separation distance on h-BN/ SiO2 substrate is shown in Figure 6.2. 

 

Figure 6.1: 5 mm graphene lines on SiO2 substrate. 
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Figure 6.2: 5 mm graphene lines on h-BN/ SiO2 substrate. 
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6.3 Capacitance analysis of graphene/h-BN inkjet printed coupled transmission lines 

Variation of capacitance with frequency and with different separation distance for graphene 

electrodes on SiO2 substrates is shown in Figure 6.3. The drop in capacitance was observed with 

increased separation distance from ~ 0.48 nF for 1 mm separation distance to ~ 0.40 nF for 3 mm 

separation distance at 1 kHz frequency. The drop in capacitance was also observed with an increase 

in frequency from 1 kHz to 1 MHz due to a decrease in a number of electrons getting trapped in 

interface states. 

The variation in capacitance with the voltage at different frequencies and at 1 mm, 2 mm 

and 3 mm spacing for graphene electrodes on SiO2 substrates is shown in Figure 6.4, Figure 6.5 

and Figure 6.6 respectively. It can be observed that capacitance initially dropped with an increase 

in voltage which may be attributed to silver-graphene interface effect where silver is highly 

conducting and graphene is relatively less conducting thus creating the interface. The subsequent 

rise in capacitance can be due to the graphene/SiO2 (dielectric) interface effect behaving like a 

metal-insulator junction. The drop in capacitance following that may be attributed to SiO2 

(dielectric)/ graphene interface and subsequent rise again may be the effect of formation of 

silver/graphene interface. 
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The variation of capacitance with frequency and with different separation distance for 

graphene electrodes on h-BN/ SiO2 substrates is shown in Figure 6.7. It showed a similar trend as 

one obtained on only SiO2 substrates but with diminished value of capacitance due to h-BN effect. 

The drop in capacitance was observed with increased separation distance from ~ 0.28 nF for 1 mm 

separation distance to ~ 0.24 nF for 3 mm separation distance at 1 kHz frequency. Change in 

capacitance with the voltage at different frequencies and at 1 mm, 2 mm and 3 mm spacing for 

graphene electrodes on h-BN/ SiO2 substrates is shown in Figure 6.8, Figure 6.9 and Figure 6.10 

respectively. They show a similar trend as one obtained on only SiO2 substrates but the rise and 

drop in capacitance were significantly less as compared to the former which is attributed to strong 

h-BN dielectric presence. 
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Figure 6.3: Variation of capacitance with frequency and line separation distance for graphene 

electrodes on SiO2 substrates. 
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Figure 6.4: Variation of capacitance with voltage at different frequencies and 1 mm spacing for 

graphene electrodes on SiO2 substrates. 
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Figure 6.5: Variation of capacitance with voltage at different frequencies and 2 mm spacing for 

graphene electrodes on SiO2 substrates. 
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Figure 6.6: Variation of capacitance with voltage at different frequencies and 3 mm spacing for 

graphene electrodes on SiO2 substrates. 
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Figure 6.7: Variation of capacitance with frequency and line separation distance for graphene 

electrodes on h-BN/SiO2 substrates. 

 



 149 

 

Figure 6.8: Variation of capacitance with the voltage at different frequencies and 1 mm spacing 

for graphene electrodes on h-BN/SiO2 substrates. 
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Figure 6.9: Variation of capacitance with the voltage at different frequencies and 2 mm spacing 

for graphene electrodes on h-BN/SiO2 substrates. 
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Figure 6.10: Variation of capacitance with the voltage at different frequencies and 3 mm spacing 

for graphene electrodes on h-BN/SiO2 substrates. 
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Chapter 7: Conclusions 

In summary, the viscoelastic stamping method for mechanical exfoliation appears to be a 

highly efficient method of mechanical exfoliation, as it leaves very little residue and yields larger 

platelets than the conventional scotch-tape mechanical exfoliation method. Mechanical exfoliation 

method in this work resulted in superior electrical properties (high current, high power, and low 

resistance) of HOPG platelets, as compared to previously reported work involving mechanical 

exfoliation. A very simple, yet highly efficient chemical exfoliation method is demonstrated for 

producing printable graphene inks with highly enhanced electrical properties. Scalability of the 

chemical exfoliation method was demonstrated while retaining similar or better electrical and 

optical properties than those produced by mechanical exfoliation. Both mechanical and chemical 

exfoliation was simple but highly efficient routes for producing graphene. The highly 

photoresponsive inkjet-printed graphene/WS2 detector was demonstrated with faster decay and 

rise time. 

High absorbance values were obtained for graphene/PEDOT: PSS inks indicating highly 

concentrated and dispersed graphene and PEDOT: PSS particles in NMP. Raman spectra 

confirmed the presence of both PEDOT: PSS and graphene in printed patterns. Graphene/PEDOT: 

PSS highly conductive patterns were successfully printed with good resolution using NMP as a 

solvent. High values of currents and low values of resistance were obtained which promotes inkjet 

printing as material-conserving and simple method for device fabrication. Scalability of inkjet 

printing process has also been demonstrated. This work will aid researchers in the organic 

electronics industry to make better conductive devices with graphene/PEDOT: PSS solution.  
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Magnetic stirring, shearing mixing, and horn-tip sonication methods have been explored 

using diverse and limiting conditions. Magnetic stirring gave the highest value of electrical 

conductivities but lack stability and uniformity over a period of time. Shear mixing gave lowest 

electrical values when compared to magnetic stirring and horn-tip sonication. The ink showed 

fewer defects but lacked stability. Horn-tip sonication offered electrical conductivities higher than 

obtained by shear mixing but lower than those obtained by magnetic stirring. However, horn-tip 

sonicated solutions were stable and did not show much precipitation with time. All inkjet-printed 

graphene/WS2 based photodetector showed good responsivity in the range of 0.19 to 0.86 A/W, 

good detectivity in the range of 2.29 X 1012 cmHz-1/2W-1 to 10 X 1012 cmHz-1/2W-1 and faster decay 

and rise time of less than 50 ms. Capacitance-voltage measurements at different frequencies 

indicated that capacitance built up was highest (324.88 pF) for lowest frequency of 20 kHz and 

was almost negligible (2.81 pF) for highest frequency of 3 MHz.  

Graphene/h-BN based capacitors were also fabricated and the effect of temperature, 

frequency and LED illumination on capacitance was studied using capacitance density-voltage 

measurements. The current density was lowest (0.072 µA/mm2 at 40 V) for 30 number of printing 

passes due to thicker h-BN dielectric presence. Higher values of capacitance density up to ~ 24 

fF/µm2 at -25 V for 1kHz frequency were observed for a capacitor with 20 number of h-BN 

printing passes owing to the lower thickness and thus lower area. The capacitors showed good 

responsivity to temperature and LED illumination marking their potential as photosensitive 

devices. 
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The effect of silicon dioxide (SiO2) and h-BN dielectric on graphene coupled transmission 

lines were studied using capacitance-voltage and capacitance- frequency measurements. The rise 

in capacitance can be due to the graphene/SiO2 (dielectric) interface effect behaving like a metal-

insulator junction. The drop in capacitance following that may be attributed to SiO2 (dielectric)/ 

graphene interface. The capacitance values were significantly reduced during h-BN presence. 
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Appendix I 
 

Operating Procedure for Dimatix DMP 2800 Inkjet Printer 
 

 

 

 
 

Figure 1: Dimatix DMP 2800 inkjet printer. 

 

1. Turn on the computer and printer. Ensure the platen is obstacle free. 

2. Keep the sample ready. It is also important to know the thickness of the sample on which 

printing needs to be done. The maximum thickness of the sample can be 25 mm. When 

using the fiducial camera, the system can print on a maximum substrate thickness of a 25 

mm. 

3. Double click on the “Dimatix Drop Manager” Icon. 

4. Then follow instructions from the software.     
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Figure 2: Software of Dimatix DMP 2800 inkjet printer. 

5. Place the substrate or cartridge when the software prompts to do so. 

6. While selecting patterns or cartridge settings, don’t modify the originals. If there is a need 

to modify anything, make copies and name the new ones. The same can be done for 

waveforms and cartridge settings.  

7. Please check with the superuser in order to modify printing patterns, waveforms, and 

cartridge settings. It is recommended to read the Dimatix manual before making any 

change.  
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8. With the pattern Editor one can modify the pattern and can also change drop spacing, a 

number of layers, pattern array, drop position array etc. There is a “Preview Drops” option 

here to finalize the pattern for printing. 

 

 

Figure 3: Pattern editor feature in Dimatix DMP 2800 inkjet printer. 

 

9. With the Cartridge Setting one can adjust the waveform, a number of nozzles, cleaning 

cycle, jetting voltage, tickling frequency etc which may be very useful for inks with high 

and low viscosity.  
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10. By default, the temperature of the platen and cartridge should be off.  

11. It is always a good idea to make sure the cartridge ejects drops by going to “Drop watcher” 

before printing. Here one can watch jetting of the drop, Cleaning cycle and display of the 

drop jetting. It is also possible to capture the movie of drop watch. This setting does not 

involve into the original printing settings. 

12. Place the sample gently and turn on the vacuum. 

13. If unsure about the position of the sample, use the “Fiducial camera” to align the sample.  

14. After printing is done, turn off the vacuum. Remove the substrate first and then the 

cartridge by going to the directions on the main menu. Do not forget to turn down the 

temperature of the platen and cartridge if it is high. Make sure everything is clean.  

15. Please check the cleaning pad before turning off the system. Located in the “Tools” pull-

down menu on the DDM main screen is a feature called “Replace Cleaning Pad”. Cleaning 

pad can be replaced with a new one when it gets filled with fluid or clogged by fluid residue 

and does not effectively blot the nozzle surface of the cartridge, or while changing cartridge 

fluids and to avoid cross-contamination from contact with the previous material on the 

cleaning pad. Please see the super user for appropriate technique. 

16. Be careful not to remove the cleaning pad by itself. This can damage the springs holding 

the receptacle which will then not position it correctly. Do not touch the top of the new 

maintenance pad with your fingers. Same instruction applies to the “Drop Watcher pad” 

also. 

17. Turn off the printer first and then turn off the computer. 
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