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General Introduction 

Flexible electronics has drawn growing attention for the past several years due to 

its numerous potential applications. The relevant research relies on the existence of 

suitable fabrication technologies and novel materials. The objective of my PhD work 

is to develop devices based on flexible substrates. There are mainly two parts 

involved: (i) passive devices (transmission lines, antenna, etc) fabricated by inkjet 

printing technology; (ii) Graphene field effect transistors (GFET) fabricated by 

conventional electron-beam lithography. 

In chapter 1, we show how to utilize inkjet printing technology to fabricate 

passive devices on flexible substrates and the characterization of these devices. Inkjet 

printing is a promising fabrication technology for flexible electronics due to the 

advantages of being low cost, mask-free process, waste reduction and compatible with 

arbitrary substrate. The challenge of this technology is the quality and reliability of 

printed patterns in terms of geometry. In this work, we firstly present the work of 

optimizing inkjet printing technology based on Dimatix printer equipment, 

commercial ink from Suntronic (U5603 - silver nanoparticles based solution) and 

commercial flexible substrates, KAPTON and PEN. After optimization, we are able to 

print patterns with well controlled geometry. Some microwave passive devices such 

as coplanar wave guide and antenna were fabricated. For RF characterization, the 

device performances were explored with flat (without strain) or bent (strained) 

substrates.  We show that inkjet printing technology has promising potential for 

flexible electronics.  

In chapter 2, we discuss the field effect transistors based on graphene material on 

rigid substrates. Graphene, a two-dimensional carbon based material, has attracted 

attentions due to its unique electronic properties. Additionally, the truly 

two-dimensional nature and strong mechanical property makes graphene very suitable 

for flexible electronics. In our work, we present the fabrication and characterization of 

GFETs on rigid substrates. The bottom gate structure using aluminium as metal gate 

is chosen. The GFET dielectric is formed by the natural oxide of aluminium. This 

approach is used to avoid conventional atomic layer deposition method, which needs 

high temperature. Chemical vapor deposition grown graphene on copper foil is 

adopted, and transferred using an optimized wet transfer process. The high quality 

monolayer graphene is preserved both after graphene transfer and device fabrication 

process. Contact resistance is explored by using different transmission line model 

structures. The transistors with different geometry (gate length of 100, 200 and 300 nm 

combining with gate width of 12, 24 and 50 µm) is characterized by both static and 
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dynamic measurements.  

In chapter 3, we discuss the fabrication and characterization of graphene field 

effect transistors on flexible substrates. By using almost the same fabrication process 

on rigid substrates, we successfully fabricate GFETs on a flexible substrate, kapton. 

Pure Au is used to form contact metal and low contact resistance is obtained. The 

transistors with different geometry (gate length of 100, 200 and 300 nm and width of 12, 

24 and 50 µm) are characterized by both static and dynamic measurements. We report 

as measured current gain cut-off frequency ( ft-DUT ,without any de-embedding) of 39 

GHz and maximum oscillation frequency (fmax) of 13.5 GHz in devices with 100 nm 

gate length and 12 µm gate width. To our knowledge, these results reach to the state of 

the art for flexible GFET. Moreover, the evaluation of RF performances for different 

substrate bending radius (strain varying from 0% to 0.5%) is discussed and the thermal 

dispersion of substrate in channel region for different drain source bias is explored. The 

results presented in chapter 3 further demonstrate the great potential of our process for 

graphene based flexible electronics. 
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Chapter I Inkjet printing of microwave passive 

components 

I.1 Introduction 

Printed electronics is a set of printing methods for depositing electronic materials 

(insulating, conducting, and semiconducting) onto arbitrary substrates to create a wide 

range of devices, such as organic thin film transistors (OTFTs), light-emitting devices 

(LEDs), diodes, detectors, etc
[1-10]

. Compared with conventional electronics, printed 

electronics has attracted attention due to its significant advantages such as 

compatibility with various substrates (flexible, transparent and low cost substrates, 

such as paper), low temperature processing, and no requirement for vacuum 

processing
[11-14]

. Printed electronics has become a growth industry that already has 

generated significant revenue. Source from Organic Electronics Association (OE-A) 

manifests that the sales of products including printed electronics were 23-24 billion US 

$ in the year of 2014, and future annual growth rates of 20% were predicted.( as shown 

in Figure I-1). 

 
Figure I-1: Evolution of printed/organic electronics market 

[15]
 

Inkjet printing is a promising fabrication technology for flexible electronics. 

However, improving the quality and the reliability of printed patterns in terms of 

geometry and resolution remains challenging. It means, the printed pattern dimensions 

must be as close as possible to the designed value, and the pattern defects such as 

holes and the rough pattern boundary must be well controlled.  

This chapter is oriented to the printing technology for design and fabrication of 

flexible radio frequency (RF) components. At this frequency range, the geometry of 
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devices has high impact on their performances. The objective of this chapter is to use 

printing technology to fabricate devices with well controlled geometry. In this work, 

the inkjet printing technology has been chosen as fabrication technique. Therefore, in 

the first part of this chapter, I will describe the printing equipment (Fujifilm Dimatix 

printer) and printing principal associated with commercial silver nanoparticles ink 

(SunTronic U5603) and flexible substrates of PEN and Kapton. The process 

optimization will be described in appendix I while the main results will be shown in 

main text. 

In second part, based on optimized printing parameters, the structures of CPW 

transmission lines with nice printing quality were realized. The RF characterization of 

these transmission lines combining the considerations of geometric dimensions, 

sintering temperature, and substrate bending will be presented. For CPW lines on 

KAPTON, the loss lower than 0.4 dB/mm up to 40 GHz was obtained, which shows 

possibility to design RF circuits using this technique. Also, it has been found that the 

RF performance of the CPW lines on KAPTON is minimally affected by substrate 

bending. Besides, two collaboration works about antenna printing and three omega 

method structures printing will be shortly presented, which both further indicate the 

potential of our work for flexible electronics.  

Figure I-2 shows two examples of printed achievements in this work: (a) is a 

pattern of IEMN shaped by array of droplets on PEN substrate; (b) shows a bended 

Kapton substrate on which the CPW transmission lines with different dimensions have 

been fabricated by inkjet printing. The study of this new technology was completed in 

the beginning of my PhD thesis. 

 

Figure I-2: Examples of some printed results by Dimatix in this work, (a) Pattern of 

IEMN shaped by array of droplets on PEN substrate; (b) CPW transmission lines on 

Kapton substrate 
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I.2 Inkjet printing technology  

I.2.1 Inkjet printing working principle  

Inkjet Printing is a type of material deposition technique that forms a patterned 

layer by ejecting ink droplets from a chamber through a hole, called nozzle, onto 

arbitrary substrates, such as paper, plastic etc. Additionally, an annealing process, or 

referred as sintering, is necessary to make the ink solvents evaporate leaving a solid 

layer on the substrate. Figure I-3 (a) shows a typical illustration of inkjet printer, and (b) 

shows the picture of Fujifilm Dimatix inkjet printer, which is used in this work. The 

pattern is first designed in a computer, and then is realized by inkjet printing on 

substrate. Dimatix is based on Drop-on-Demand (DoD) approach
[16][17]

. All the droplets 

ejected are directly deposited to the target substrate and form the patterned layer. One 

major advantage of DoD inkjet printing is that it is a mask-free process, which reduces 

the cost. 

 

Figure I-3:(a) Illustration of inkjet printer (b) Picture of the Fujifilm Dimatix Materials 

Printer used in this work, with the screen showing a designed mask. 

I.2.2 Description of printing equipment: Dimatix Fujifilm 

inkjet printer 

The Dimatix inkjet Printer is a laboratory tool that enables researchers, scientists, 

and engineers to evaluate the use of ink jetting technology for new manufacturing  

processes
[18-21]

. It is designed to be convenient and easy to carry out “proof of concept” 
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and development work using inkjet technology. The printer is made up of different 

components mainly detailed as Figure I-4 shown.  

-Cartridge. The part which contains ink materials and ejects ink droplet with a 

certain formation setting, see more details below section of printing principle. 

-Platen. A turntable surface to maintain substrate for printing. It has a vacuum 

system to maintain flexible substrate as flat.  

-Drop watcher. A camera to observe droplet formation in real time. It provides 

important information, such as, stability, volume and speed of as printed droplets, and 

by which different parameters could be determined.  

-Fiducial Camera. A camera right above the as printed substrate with two main 

functions: first, to select position where printing originates and also align the pattern 

position before printing, and second, to verify the printing result after fabrication 

process.  

 

Figure I-4:Picture of the Fujifilm Dimatix Materials Printer 

I.2.2.1 Cartridge description  

As Figure I-5 (a) shows, with 16 identical nozzles beneath, the cartridge is filled 

with ink. Each nozzle has been connected with a tube through which the ink is allowed 

to pass. On one side of the tube a piezoelectric element can be found to induce pressure 

and depression inside the tube, because this piezoelectric element has shape 

deformation according to various voltage applied on it. Therefore, by setting different 

voltage value and their duration time, which is named as waveform parameter (or as 

drop formation), the jetting process would be accordingly formed. Typically, waveform 

is divided into four segments, as shown is Figure I-5 (b). Each segment has three 

properties: duration, level and slew rate. Duration and slew rate are two parameters 

linked with jetting frequency, which can be defined for inks with different viscosity. 

Additionally, slew rate can also define the velocity of droplet ejected from nozzle. 
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Level parameter is used to define the volume of one jetted droplet, and it reflects how 

much the piezoelectric element would be deformed while duration and slew rate 

reflects how fast the piezoelectric element verifies.   

 

Figure I-5: (a) picture of a cartridge  and (b) simplified schematic of waveform for 

ejection voltage 

Figure I-6 gives more details about droplet ejecting process. In segment 1, which 

is the beginning of an ejecting pulse, a negative voltage makes the piezoelectric 

element back to a relaxed or straight position from depressed state of segment 4, and the 

chamber with its maximum volume have the ink pulled in. In segment 2, a main drop 

ejection phase, the chamber would be compressed by the piezoelectric element with its 

maximum level and the output pressure would generate a droplet ejected. In segment 3, 

a recovery phase, the voltage would be set back down and piezoelectric element 

decompresses a bit to have ink refilled into chamber again. In addition, the pulling back 

force in this segment is also helping to break off the droplet ejected in previous segment. 

In segment 4, zero voltage moves the piezoelectric element back to its original position 

in preparation for segment 1 again. To this end, a cycle of droplet ejecting has been 

finished.  
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Figure I-6: Schematic of four-segment voltage waveform of the piezoelectric crystal 

It is clear now that by verifying the parameters of these four segments: duration, 

level and slew rate, different drop formation for different viscosity liquid can be 

obtained. It should he noted that during the printing process, a clean nozzle without 

clotting by some particles in solution based ink is critical to the head performance. To 

avoid the cases of blocked fluid path, DMP2800 has a special nozzle cleaning treatment, 

purging. As a maintenance function, purging will apply air pressure to outside of fluid 

bag to force ink through entire fluid path and out all nozzles promptly. Therefore, 

purging is an inevitable action for an error free jetting process.  

I.2.3 Substrates 

Among the flexible substrates, the properties of PET, PEN and Kapton have 

retained our attentions for RF application. Figure I-7 represents an image of  

commercial version of the three substrates, as well as their monomer formulation. 

Table I-1 provides the thermal, physical and electrical properties of these three 

substrates. 
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Figure I-7: Image of substrate PET, PEN and Kapton with their monomer formulation 

Thermal property is a crucial parameter to be considered by engineers during the 

fabrication process. One can find that Kapton is more suitable for applications  which 

require higher temperature since it has the highest melting point and the lowest 

shrinkage.  For this reason Kapton was selected for my thesis.  

Among the physical properties, surface roughness has an important role on 

determining the morphology of the patterns that can be printed on the surface. PEN  

features the lowest roughness, with 0.6 nm, therefore it was also used in this thesis. 

The electrical properties of the substrate are important when the substrates are 

used for electric devices
[22][23]

. For example, the resistivity needs to be very high for 

radio frequency application.  From an electronics point of view, the three substrates 

are relatively similar with high resistivity and a dielectric constant varying between 2.9 

and 3.5.  
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Table I-1: Main Properties of PET, PEN and Kapton substrates 

Properties PET PEN Kapton 

Thermal 

Shrinkage,at 150 ºC (%) 1.5 0.4 0.17 

Melting Temperaure,Tm(ºC) 258  269  410  

Glass transition temperature,Tg(ºC) 110  155  360  

Physical  

Surface roughness(nm) 0.8  0.6  5  

Youngs Modulus, at 150 ºC (GPa) 1  3  2  

Electrical  

Dielectric Constant 3.1 2.9 3.5 

Resistivity (Ω·cm) 10
16 

 10
15 

 10
17 

 

I.2.4 Ink  

One key component of the printing technology is the ink
[24-26]

. The properties of 

the ink depend on the specific printing technique. Generally, the printable 

solution-based ink for piezoelectric nozzles must have properties listed below: 

 Surface tension between 28 to 33 dynes/cm, an important parameter to 

determine its contact angle on a certain substrate.  

 Viscosity between 10 to 30 cps, directly affecting waveform as mentioned 

previously. 

 Low evaporation rate after printing, thus solvent with high boiling point is 

preferable.  

 Nano-particles uniformly dispersed in solution without aggregating each 

other.  

In this study, we use a commercial ink, Suntronic U5603, which has 20wt% Silver 

nanoparticles with ethanol based solution, in addition with ethanediol(10-20wt%) and 

glycerol(5-10wt%). The datasheet of this product shows a surface tension of 27-31 

dynes/cm and viscosity of 10-13 cps at 25ºC.  

Importantly, regardless of the formation method of inks, the sintering process is 

always necessary to remove the solvent and surfactant layer on surface of nanoparticles. 
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The metallic nanoparticles dispersed in solvent have large surface curvature, i.e., very 

high surface energy due to the large surface-to-volume ratio, they tend to aggregate. In 

further, the direct contact between individual nanoparticles in the aggregation may lead 

to merging behavior, and subsequently, to a larger cluster. All these bigger particles can 

be threats to printing stability or even to cause nozzle clotting. Therefore, to have a 

stable and uniform dispersion in solution, the nanoparticles have to be modified on their 

surfaces to avoid aggregation. 

Figure I-8 illustrates different status of metallic nanoparticles (taking silver as an 

example here) from dispersing in ink solvent to form densified and conductive bulk 

layer. With surface modification, a protection shell, or referred as surfactant will be 

present on each nanoparticles to avoid nanoparticles aggregation
[14]

, as Figure I-8 (a) 

shows.  The solvent evaporation will occur right after inkjet printing, which renders 

the particles close together, shown in Figure I-8 (b). Nevertheless, the surfactant layer, 

usually some non-conductive organics, even as thin as few nanometers, is still 

sufficient to prevent electrons moving from one particle to another 
[27]

. To have direct 

physical contacts between nanoparticles, typically, the surfactant can be removed by an 

increase in temperature. In low temperature range, the nanoparticles began to lose 

their organic shell and partly contact physically, as Figure I-8 (c) depicted. In this 

phase, due to the reduction of surface energy as driving force for sintering, the necks 

between particles begin to form. As temperature increased, all the organic materials 

will be burnt off and necks area will further increase, leaving a more condensed 

structure as depicted in Figure I-8 (d).  

 
Figure I-8: Simplified schematic of sintering process of silver nanoparticles 

In this study, with consideration of commercial ink Suntronic U5603, we 

performed experiments for the effect of two factors, sintering temperature and sintering 

time, on the morphologies and electrical resistivity of printed pattern. Relative results 

will be presented in section I.3.3. 
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I.3  Parameters optimization of the inkjet printing on 

flexible substrate 

The previous paragraph highlights the general information about printing 

principle, substrates (especially PEN and Kapton) properties, and the thermal sintering 

treatment of nanoparticles-based ink. Particularly, we explained the formation process 

of one droplet from ink cartridge to substrate through nozzles, which is a critical part of 

inkjet printing technique.   

Various electrical components with different structures realized by inkjet printing 

on flexible substrate have been reported in literature
[15]

. These studies demonstrate the 

possibility of realizing microwave circuit by inkjet printing technology. However, 

improving the quality and the reliability of printed patterns in terms of geometry and 

resolution remains a major challenge. Briefly speaking, for electrical components 

fabricated by inkjet printing, such as coplanar wave guide (CPW) transmission line, 

there are four important criteria which will finally determine the printed device 

performance: 1) as low as possible the mismatch between printed and designed 

pattern; 2) well controlled pattern defects ( holes, cracks and rough pattern boundary); 

3) minimum printable distance between two separated tracks; 4) a sufficiently low 

resistivity of the pattern.   

In details, to meet the four criteria as mentioned in last paragraph, there are several 

parameters concerning to Dimatix equipment, substrate and ink which are possible to 

be optimized. In this section, we will give the optimized printing parameters by 

showing the good results. Although many works has been done in optimization, the 

details of parameters optimization will not appear in the main text, but be presented in 

annexes.     

I.3.1 Firing voltage 

As mentioned previously, waveform is consisted of four segments to have one 

droplet ejected. The voltage amplitude of second segment, referred as firing voltage, is 

regarded as a main parameter in waveform. Two aspects of the droplet ejection, volume 

and velocity of the as ejected droplet, would be effectively controlled by firing voltage. 

An increased value of firing voltage results in both larger volume and higher velocity of 

as-ejected droplet. We find that a high firing voltage and thus high jetting velocity 

destroys the completeness of the droplet shaped on substrate. As Figure I-9 (a) shows, 

in high firing voltage range (30~40V), the formation of droplets with good shape 
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becomes difficult. The jetting velocity as a function of firing voltage is plotted in Figure 

I-9 (b). The droplet jetting velocity can be obtained directly from Dimatix manipulate 

software. We find that for ink of SunTronic U5603, jetting velocity in range from 4 to 

12 m/s (firing voltage from 16 V ~ 25 V) is preferable to obtain droplets with good 

shape.   

 

Figure I-9: (a) Optical image of droplets formed on PEN by three different firing 

voltage (20, 30 and 40 V); (b) jetting velocity as a function of firing voltage 

As shown in Figure I-10, with the firing voltage of 16 V, arrays of droplets with 

intact round shape are formed on substrates of PEN and Kapton. The diameters of the 

droplets on these two substrates are slightly different: 38 µm for PEN and 47 µm for 

KAPTON. It indicates the surface tension of PEN and KAPTON should be slightly 

different.   
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Figure I-10: Droplets formation on substrates of PEN in (a) and KAPTON in (b), both 

by firing voltage of 16V 

I.3.2 Pattern design 

In pattern design, a Dimatix software based computer work, we can create and 

modify printing patterns. There is a very important parameter in terms of smooth 

pattern control, drop spacing, which gives the centre to centre distance from one droplet 

of ink to another adjacent in X and Y direction, as what Figure I-11 (a) shows. Figure 

I-11 (b) shows a part of the real design of a rectangular shaped pattern in Dimatix 

software.  

 

Figure I-11: (a) Schematic diagram of drop spacing and (b) a real design in Dimatix 

software 

The final pattern geometry is strongly determined by drop spacing. The 

optimization work of drop spacing is provided in Appendix I, in which the pattern 

geometry depending on different drop spacing values is carefully explored on PEN (we 

don’t show the details of optimization of printing patterns on Kapton, because of the 

identical process as presented for PEN). Because the droplet diameter on PEN and 

Kapton are different, the optimized drop spacing values are also different accordingly. 



Inkjet printing of microwave passive components 

19 

 

Therefore, we have normalized the drop spacing by dividing the droplet diameter, so 

that the ratio of drop spacing over droplet diameter can be regarded as a universal 

reference for pattern geometry control. Table I-2 shows the remarks of pattern 

geometry obtained from different ratio of drop spacing over droplet diameter. Note that 

these results are based on many tests as shown in appendix I from both on PEN and 

Kapton substrates.  

Table I-2: Lines smooth control depending on the ratio of drop spacing over droplet 

diameter 

Drop spacing /Droplet 

Diameter 
Smooth control comment 

< 0.6 
Lines will be continuous, but bulging phenomenon and 

wave-like boundary are often observed  

~ 0.7 

Good range to obtain continuous lines with smooth 

boundary control  

> 0.8 
Although the smooth boundary control is good, but the 

lines are highly risk to be not continuous  

 

Figure I-12(a) shows a line pattern printed on PEN. The jetting voltage used is 

20V, and drop spacing of 28 µm is used to keep ratio of drop spacing over droplet 

diameter around 0.7. Figure I-12(b) shows the thickness of the line, which has been 

measured by profile meter from point A to B as illustrated in Figure I-12 (a). Note that 

the scale of the thickness is nanometer and that of the width is micrometer. A standard 

thermal sintering process is explored prior to thickness measurement so that the ink 

solvent is removed.  
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Figure I-12: (a) optical image of a line printed on PEN by 20V jetting voltage; (b) 

thickness measurement from point A to B as illustrated in (a) 

The minimum printable distance between two separated tracks is another 

challenge for inkjet printing technology. In this work, Dimatix is capable to print two 

separate patterns either in one time printing (the two patterns belong to one design file) 

or in two times printing (the two patterns belong to two different design file).  The 

reproducible minimum distance between two patterns of around 17µm is obtained in 

this work by one time printing method, as shown in Figure I-13. 
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Figure I-13:patterns printed on PEN with a reducing gap, the minimum separation 

between two patterns of 17µm is obtained 

On substrate of Kapton, with the optimized parameter obtained on PEN, the same 

printing results are obtained. To this end, we have discussed about 

equipment-dependent parameters: firing voltage and drop spacing. Next section will 

focus on the properties of the ink and also its interaction with substrate.   

I.3.3 Wettability 

Wettability is normally used to describe how a liquid maintain its contact with a 

solid substrate which results from a balance between adhesive and cohesive forces. 

This balance, in Yong’s equation: γSL + γLG cos θ = γSG, equals the balance of surface 

tension between the three phases: solid, liquid and gas
[17]

. From Figure I-14 we see a 

contact angle θ which provides us important information of wettability as it is 

determined by the balance of those three phases surface tension.  

 

Figure I-14: Schematic for Yong’s equation and contact angle 

The surface tension of a substrate is determined by either the material or 

temperature of the substrate 
[28]

. Taking PEN as an example, to verify the wettability 
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evolution of Suntronic U5603 ink on PEN substrate with different surface tension, we 

separately deposit single droplets on different PEN substrates which are already baked 

up to 25ºC, 70ºC, 110ºC and 150ºC, respectively. Figure I-15 shows the contact angle 

measurements of these single droplets. Supposing surface tension of ink is a constant 

value, deduced from Yong’s equation, we believe that the variation of contact angle 

from 12.3º to 28.1º are resulted from different surface tension of PEN caused by 

different substrate temperatures. It is concluded that ink of Suntronic U5603 shows the 

best wettability on PEN substrate at room temperature(around 25ºC). In further, the 

effect of wettability on pattern formation is studied. Figure I-16 shows a line pattern 

printed on PEN substrate with 25 ºC in (a) and with 70 ºC in (b). We observe that the 

printed line pattern on PEN with temperature of 25 ºC exhibits good boundary control, 

and a uniform line without holes or bulging is obtained. However, line pattern printed 

on PEN with temperature of 70 ºC shows a quite worse boundary control, and 

non-uniform line was observed due to the high contact angle.  

 
Figure I-15: contact angle variation on substrate of PEN with its different temperature 

 

Figure I-16: One line printed on PEN with substrate temperature of 25°C, in (a) where a 

line with good geometry has been obtained; and of 70°C in (b), where a poor shaped 

line has been formed 
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I.3.4 Ink of Suntronic U5603, sintering and resistivity  

I.3.4.1 Realization of Van der Pauw structures for resistivity 

measurement  

Several sintering methods have been reported for inkjet printing technology, such 

as microwave, laser and thermal sintering
[29-36]

. The conventional thermal sintering 

method has been used in this work. Van der Pauw method has been used for resistivity 

measurement. Van der Pauw patterns has been printed on silicon wafer and sintered at 

different temperature. HL5500PC with four tips platform was used for measurement. 

Below, details of Van der Pauw fabrication by inkjet printing and resistivity extraction 

will be provided. Based on that, the effect of sintering temperature and time on 

resistivity will be explored.  

Van der Pauw method is widely applied for resistivity and mobility measurement 

of two-dimensional materials. More details of measurement principle will be provided 

in Chapter2. The goodness of this technology lies in a highly accurate measurement 

which thus requires a symmetrical pattern with contacts located on the circumference. 

Figure I-17 (a) shows the Van der Pauw pattern designed mask in Dimatix software. 

The pattern consists of one square shape (width of w), the measurement area, with four 

contacts on each of its corner where to place the probes. Totally, squares with three 

different dimensions (w=1, 1.25 and 1.5 mm) have been designed and printed. As 

Figure I-17 (b) shows, no holes, pattern defects, or inhomogeneous parts could be 

found in the printed Van der Pauw pattern (w=1 mm), which satisfies the Van der Pauw 

conditions.  
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Figure I-17: (a) Van der Pauw pattern designed in Dimatix; (b) optical image of the Van 

der Pauw pattern after printing; (c) measured thickness of Van der Pauw pattern 

followed the trace of AB as illustrated in (b) 

Figure I-17 (c) shows the Van der Pauw pattern thickness measured by profile 

meter. We observe a relative flat surface except for a bit thicker edge area caused by 

coffee ring effect. Coffee ring effect describes the phenomenon that during the 

evaporation of a droplet, the liquid evaporates faster from interior to the edge. In this 

study, after 30 min @150℃ sintering treatment, we find about 1300 nm thickness for 

edge and 900 nm for the rest area.  

In such case, the average thickness for the whole area would be calculated for 

resistivity measurement. For statistic, five patterns for each Van der Pauw dimension 

(x=1, 1.25 and 1.5 mm) have been printed. And with sintering conditions of 30 min 

@150℃, Figure I-18 shows the resistivity obtained by Van der Pauw measurement for 

different pattern dimension. 
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Figure I-18: Resistivity obtained from Van der Pauw pattern with pattern length of 

1mm, 1.25 mm and 1.5 mm 

I.3.4.2 Effect of sintering temperature on resistivity 

Several Van der Pauw patterns with identical dimensions (side length of 1.5mm) 

were inkjet printed on five Si/SiO2 substrates, respectively. Under ambient condition, 

five samples were separately heated up to 100℃, 125℃, 150℃, 175℃ and 200℃ on hot 

plate with heating rate of 15℃/min from room temperature. After having reached to 

target temperature, 30 min of duration with the target temperature and then a cooling 

down at 20℃/min were followed. Sheet resistance (R□) was directly measured by using 

Van der Pauw method, and resistivity(ρ) was calculated by taking into account the 

pattern thickness(t) as given by formula (ρ= R□·t).  

Figure I-19 shows the electrical resistivity variations of Suntronic U5603 as a 

function of sintering temperature. Scanning electron microscopy (SEM) images in 

Figure I-20 shows the morphology and particle packing within the printed patterns after 

different sintering temperature. Figure I-21 shows the silver nano-particle size 

distribution obtained by SEM image analysis.  
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Figure I-19: Dependence of patterns resistivity on different sintering temperatures 

As shown in Figure I-19, in the beginning with sintering temperature of 100℃, the 

resistivity is still relatively high. Probably in this early stage the organic protective shell 

are still not completely removed and the neck formation is not effectively started. 

Confirmed by Figure I-20 and particles size distribution analysis in Figure I-21, the 

silver nanoparticles with a typical diameter 20 to 50 nm can still be distinguished 

individually.  

As the sintering temperature increased up to 150℃, more organic materials would 

be removed and the coalescence of Ag nanoparticles begin to occur due to a tendency to 

minimize the overall surface area of particles. Confirmed by SEM image of Figure I-20, 

many of the particles are connected to each other while some still keep their shapes and 

are not fully connected yet. The resistivity drastically drops from 76 μΩ·cm to 34 

μΩ·cm, according to 100℃ and 150℃ respectively. This improvement of resistivity 

indicates that conduction path between the particle is established by inter particle neck 

formation. Good agreement can also be found in Figure I-21 which shows an increased 

diameter of 40-70nm for Ag nanoparticles after 150℃ sintering.  
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Figure I-20: SEM images of patterns cross section sintered by 100℃, 150℃ and 200℃ 

for 30 min 

Further increasing the sintering temperature up to 200℃ reveals an even lower 

resistivity of 11.6 μΩ·cm, which is about 8 times higher than the theoretical value of 

bulk silver. It is also noticed that the resistivity decrease rate from 150℃ to 200℃ is 

much smaller than that from 100℃ to 150℃. Probably because in this stage, the organic 

materials have been burned off already, and only the neck formation between 

nanoparticles contributes the resistivity decrease. A clear particle shape change from 

discrete-and spherical particles to continuous-and sintered particles could be observed 

in Figure I-20, particles begin to merge into larger agglomerates and these increased 

three-dimension continuous network structures explain the further drop of resistivity. 

The typical nanoparticles diameter distributes in the range of 40 to 120 nm after 200℃ 

sintering are shown in Figure I-21. 
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Figure I-21: Particle size distributions for patterns with different sintering 

temperatures,100°C in (a), 150°C in (b) and 200°C in (c),which are obtained by SEM 

image analysis (inset SEM image shows the typical nanoparticle morphology according 

to different sintering temperature) 

I.3.4.3 Effect of sintering time on resistivity 

Similar to the effect of sintering temperature discussed in above paragraph, the 

effect of sintering time on ink of Suntronic U5603 was studied in terms of resistivity. 

Several Van der Pauw patterns with identical dimensions (side length of 1.5mm) were 

inkjet printed on six Si/SiO2 substrates, respectively. Under ambient condition, six 

samples were all heated up to 200 °C on the hot plate with heating rate of 30 ℃/min 

from room temperature but separately remains for 10, 20, 30, 40, 50 and 60 min. Then a 

cooling down at the rate of 40 ℃/min was followed. The resistivity as a function of 

sintering time (sintering temperature of 200°C) is shown in Figure I-22.  

After the pattern was annealed for 10 min, the resistivity significantly drops to a 

value of 19±3 μΩ·cm. It means probably all the chemical part in the ink has been 

burned off in the first 10min. As the sintering time increases to 20 min, the resistivity 

reaches to 12±1 μΩ·cm. However, after sintering time of 30min, the resistivity value 

remains quite stable. It indicates that after 30 min sintering the neck formation between 

particles should be almost finished and we can conclude that 30 min is the effective 
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sintering time. 

 
Figure I-22:Resistivity of patterns as a function of the sintering time with a fixed 

sintering temperature of 200℃ 
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I.4 Realization of printed microwave devices 

I.4.1 Coplanar wave guide (CPW) transmission line 

CPW is a type of electrical transmission line which can be applied to convey high 

frequency signals with minimum reflections and power loss.
[37]

 It consists of three 

metal strips placed on the same side of a dielectric substrate. Figure I-23 shows the 

schematic of a CPW line. The central line with width W, conveys microwave signals 

while the two other metal lines separated from the central line on each side with a small 

gap of S are ground plane, or return conductor. Both central line and ground plane have 

the identical thickness, t, and length, L, approached by a simultaneous fabrication. 

 

 

Figure I-23: Three-dimensional schematic of CPW transmission line with geometric 

parameters 

I.4.1.1 Fabrication process of inkjet printing 

In this study, CPW transmission line were both inkjet printed on substrate of PEN 

and KAPTON. in previous section, we find that the diameters of the droplets on these 

two substrates are different: 38 µm for PEN and 45 µm for KAPTON. It indicates the 

surface tension of PEN and KAPTON should be slightly different from each other. 

Therefore, accordingly the printing parameters applied on PEN would be distinguished 

to that on KAPTON. Table I-3 shows the optimized printing parameters for both these 

two substrates.  
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Table I-3: Printing parameters used for printing CPW transmission lines on both PEN 

and KAPTON substrates 

Substrate 

Firing 

voltage 

(V) 

Drop 

space 

(µm) 

Jetting 

frequency 

(KHz) 

Substrate 

temperature 

(°C) 

Sintering 

treatment 

(min & °C) 

Resistivity 

(µΩ·cm ) 

PEN 16 27 3 25 
30min 

@150 °C 
~20 

KAPTON 16 30 5 25 
30min 

@200 °C 
~11 

 

CPW transmission line with six different geometry dimensions have been 

designed in Dimatix software in terms of central line width W, gap S to the ground 

plane, and  length L. Note that the length of Pad are not taken into account when we 

design and measure the length L. In these six different geometric structures, by using 

the optimized printing parameters, three were realized on PEN (PN1, PN2 and PN3) and 

another three were realized on KAPTON (KN1, KN2  and KN3). Figure I-24 (a) shows 

the design in Dimatix software with different value of W and S, and Figure I-24 (b) and 

(c) show the optical images of these lines obtained on PEN and Kapton. 

 

Figure I-24: CPW structures in (a) mask design; (b) obtained on PEN; and (c) obtained 

on Kapton 

(1) CPW on PEN 

Figure I-25 shows the patterns of PN1, PN2 and PN3 obtained on PEN. From 

zoomed-in images, we can see that the minimum value of 18 µm for S has been 

achieved thanks to the optimized printing parameters. In further, we don’t find any 
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defects such as holes or cracks. The as printed patterns are quite homogeneous and 

continuous, and a very good boundary control has been obtained. Table I-4 shows the 

printing results, which include the information of dimensions and the printing accuracy 

by comparing the structure dimensions of both designed and measured. Note that the 

dimensions of W, S and L have been illustrated in Figure I-23.  

 

Figure I-25: Optical images of PN1, PN2 and PN3 CPW lines on PEN, with zoomed-in 

images where the values of W and S are marked. 

(2)  CPW on Kapton 

Figure I-26 shows the patterns of KN1, KN2 and KN3 obtained on Kapton. From 

zoomed-in images, we can see that the minimum value of 20 µm for S has been 



Inkjet printing of microwave passive components 

33 

 

achieved. The printed structures with good quality (patterns are homogeneous and 

continuous) are also obtained. Table I-4 shows the printing results, which includes the 

information of dimensions and the printing accuracy by comparing the structure 

dimensions of both designed and measured.  

 
Figure I-26: Optical images of KN1, KN2 and KN3 CPW lines on Kapton, with 

zoomed-in images where the values of W and S are marked 
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Table I-4:Summary of CPW transmission lines printing results on both PEN and 

KAPTON substrates 

Substrate PEN KAPTON 

Samples PN1 PN3 PN5 KN1 KN3 KN5 

Wd, Desgined 

(µm) 
40 92 146 50 105 135 

Wm, Measured 

(µm) 
38 77 127 45 85 124 

Accuracy 95% 84% 87% 90% 81% 92% 

Sd,  Desgined 

(µm) 
70 43 16 65 46 15 

Sm, Measured 

(µm) 
70 37 18 60 33 20 

Accuracy 99% 86% 83% 93% 72% 67% 

Ld,  Desgined 

(mm) 
1000 1000 1000 1020 1020 1020 

Lm,  Measured 

(mm) 
983 978 980 1029 1033 1025 

Accuracy 98% 98% 98% 99% 99% 99% 

Accuracy: (1- |measured value – designed value| / designed value) x 100  (%) 

 

I.4.1.2 RF Characterization of CPW transmission lines printed on both 

PEN and KAPTON when substrate is flat 

In this work, for RF measurement of CPW transmission line fabricated by inkjet 

printing, what we want to know are the characteristic impedance Zc and attenuation 

constant α, which can be both extracted from S-parameters measurement, appendix II 

gives more details. The measurement is finished by another PhD student Moez, and 

the relative explanation will be given in his thesis. The measurements have been 

carried out using an HP8510C precision network (10MHz-40GHz) analyser (PNA) 

connected to the Cascade ground-signal-ground probes. The LRRM calibration 

technique was performed to shift the reference plan up to the probe tips by using an 

impedance-standard-substrate (ISS) from the probes manufacturer. Afterward, the 
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corresponding S-parameters of CPW transmission lines on both PEN and KAPTON 

were measured from 0.025 to 40 GHz. From the as measured S-parameters, the Zc and 

α were extracted.  Below, for the CPW transmission lines on both PEN and KAPTON, 

the characteristic impedance and attenuation constants will be presented. 

(1) Zc and α of CPW on PEN  

Figure I-27 shows the characteristic impedances versus frequency for PN1, PN2 

and PN3. In frequency range up to Giga hertz, the characteristic impedances can be 

expressed as zc = √
L

C
 , because the imaginary part becomes prominent and the real 

part can be negligible. Both C and L are highly dependent of the geometry of CPW 

transmission lines, especially the ratio of gap-to-central line width (S/W). This 

explains that for samples of PN1, PN2 and PN3 with different S/W ratio, different Zc 

were obtained, as shown in Figure I-27. Figure I-27 also shows the attenuation 

constant versus frequency for PN1, PN2 and PN3. Up to 40 GHz, the attenuation is 

found to be about 1.3 dB/mm, 0.8 dB/mm and 0.9 dB/mm for PN1, PN2 and PN3 

respectively.  
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Figure I-27: Characteristic impedance Zc and attenuation constant α of samples 

PN1,PN2 and PN3 on PEN substrate 

(2) Zc and α of CPW on KAPTON 

Similar to the discussion on PEN, Figure I-28 shows the characteristic impedances 

versus frequency for KN1, KN2 and KN3.  

Figure I-28 also shows the attenuation constant versus frequency for KN1, KN2 and 

KN3. Up to 40 GHz, the attenuation is found to be about 0.7 dB/mm, 0.5 dB/mm and 0.7 

dB/mm for KN1, KN2 and KN3 respectively. We believe that the less loss obtained from 

CPW lines on KAPTON comparing to that on PEN comes from the lower resistivity of 

CPW lines on KAPTON which thanks to the higher sintering temperature (see Table 

I-3).  
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Figure I-28:  Characteristic impedance ZC and attenuation constant α of samples 

KN1, KN2 and KN3 on KAPTON substrate 

I.4.1.3 Effect of substrate strain on attenuation constant 

(1) Strain calculation of bended substrate 

Since the flexible electronics is one major application for inkjet printing 

technology, the relative bending measurement needs to be developed. To analyse the 

mechanism of the bending layer in our substrate, the model from Chiang 
[38]

 is used 

here. For a simple case that the flexible substrate is composed by only single material, 

Figure I-29 (a) shows the substrate cross section with thickness of 2t. Before bending, 

in each layer of the substrate the lengths are identical: CD=AB=EF. Let’s define the 

layer CD, AB and EF are in the top, middle and bottom positions of the substrate 
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respectively. When the flexible substrate is bended on a supporter with radius of R, as 

shown in Figure I-29 (b), layer AB will keep its original length L and all the layers 

above AB will be stretched while those below it will be compressed. Because of this, 

the layer of AB is named as neutral layer (NL). The strain value of CD layer is defined 

by: 

𝜀 =
∆𝑙

𝐿
,      (I-1) 

where L is the original length and ΔL is the change of length after bending. In the 

case illustrated in Figure I-29, the strain of CD layer becomes: 

𝜀 =
𝐶′𝐷′−𝐶𝐷

𝐴𝐵
=

𝜃(𝑅+2𝑡)

𝜃(𝑅+𝑡)
− 1 =

𝑡

𝑅+𝑡
,  (I-2) 

In most cases, R ≫ t, so the strain can be estimated as ε ≈
t

R
. From this equation, 

we can conclude that thicker substrate thickness t or smaller bending radius R can both 

yield higher value of strain on the bending surface.  

 

Figure I-29: Illustration of one single-material film cross section of (a) before bending 

and (b) after bending on supporter with radius R 

(2) Evolution of attenuation constant with different substrate strain 

As an important nature of flexible electronics, microwave measurement based on 

KAPTON substrate being bended on supports with radius curvature of 25 mm and 15 

mm were carried out. The strain calculation using the method discussed above gives 

strain value of 0.5% and 0.3% for 15 mm and 25 mm radius supports. Figure I-30 (a) 

shows the flat and bended measurement. All the measurement results discussed before 

were based on this flat measure. After, the substrate was fixed onto bended support. To 

guaranty the measurement is adapted to this bending system, the substrate was bended 
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along the Z direction of a CPW line (Figure I-23). In this way, the centre and ground 

must be in the same plane for putting the RF tips. Figure I-30 (b) shows the measured 

attenuation constant versus frequency corresponding to strain of 0, 0.3 % and 0.5% 

from sample KN3. One can see that almost negligible difference could be found when 

the CPW line was bended with strain of 0.3 % and 0.5%. It indicates that the inkjet 

printed CPW lines possess very stable performance after bending, so that the CPW 

lines could be fully utilized without degrading the performance.  

 

Figure I-30: Illustration of Kapton substrate under different strain with RF probes in (a) 

and evolution of the attenuation constant versus frequency based on different strain in 

(b) 

I.4.1.4 Effect of sintering temperature on attenuation constant 

Because KAPTON has excellent thermal stability, we also studied the effect of 

sintering temperature on attenuation in the range of more than 200℃. Three KN3 CPW 

lines were inkjet printed on KAPTON with the same printing parameters discussed 

above, so that the same dimension could be obtained. Afterward, these three lines were 

sintered at 200℃, 250℃ and 300℃ for 30 min, respectively. Figure I-31 shows the 

evolution of the attenuation constant versus frequency for these three KN5 lines. Losses 

smaller than 0.3 dB/mm at 40 GHz is obtained after sintering treatment of 300℃, and 

this improvement is believed to be the result of a higher conductivity.  

It is worth to mention that 0.2 dB/mm at 40 GHz achieves the same order of 

attenuation from CPW lines fabricated by photolithography with the same dimension 

but with a 350 nm thick gold deposited by metal evaporation.  
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Figure I-31: Comparison of attenuation constant for sample KN3 sintered by 

temperature of 200℃, 250℃ and 300℃, respectively 

I.4.2 Coplanar square monopole antenna  

I.4.2.1 Fabrication process of inkjet printing on PEN substate 

Several circuits and antennas have been realized on flexible substrates with inkjet 

technology for applications at frequency below 10 GHz, such as RFID tags or sensor 

systems
[39-41]

, however no antenna fabricated by inkjet printing technology on flexible 

substrate with characterization up to 60 GHz has been fully presented. 

This work has been done with a collaboration of a group in University of Nice 

(Leat Group). We are in charge of structures fabrication. Note that the dimensions of 

the antenna are required for good precision because the performance is highly 

dimension-dependent.  
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Figure I-32: Top view of the layout of the antenna 

To obtain antenna patterns with accurate dimensions and also to have good 

boundary control, we have made many tests with different printing parameters until the 

best optimized parameters have been achieved (Table I-5). Particularly, this antenna 

design has several different components, such as patch, feed line and ground plane and 

the dimensions are differing from each other. Here, we used different firing voltages 

and drop space for these components according to different dimensions. With these 

optimized parameters which we believe are very suitable for this structure design, the 

final antenna has been printed, as shown in Figure I-33 and all the critical dimensions 

have been measured and compared with design values as presented in Table I-6. From 

Figure I-33, as-printed patterns are found to be homogeneous and continuous. The 

precision report in Table I-6 also indicates the quality and accuracy of our inkjet 

process. 

Table I-5: Optimized printing parameters for printing antenna on PEN substrate 

Parameters 

Firing 

voltage 

(V) 

Drop 

space 

(µm) 

Jetting 

frequency 

(KHz) 

Substrate 

temperature 

(°C) 

Sintering 

treatment 

(min 

@ °C) 

Resistivity 

(µΩ·cm) 

Values 16~25 20~25 3 25 
30min 

@150 °C 
~20 
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Figure I-33: Optical image of (a) the antenna fed by a 400 µm GSG probe (b) 

zoomed-in of red marked area 
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Table I-6: Summary of dimension performance for antenna 

Demensions 
Designed value  

Vd (mm) 

Measured value 

Vm (mm) 

Accuracy 

100 −
|Vm−Vd|

Vd
d(%) 

Htop 1.12 1.124 99.4% 

Hbot 1.27 1.255 99% 

Wgroud 0.195 0.204 95.4% 

Lslot 1.8 1.808 99.6% 

Gslot 0.2 0.197 98.5% 

Lpatch 1.4 1.401 99.9% 

W 0.15 0.152 98.7% 

G 0.018 0.019 95% 

I.4.2.2 The gain of antenna 

Figure I-34 gives the simulated and measured gain of the coplanar square 

monopole versus frequency in the (φ, θ) = ( 0°, 90°) direction. The total realized gain is 

found to be higher than 0 dB in the range of 50 to 62 GHz.  The very good agreement 

between simulation and measurement results demonstrates the quality of inkjet 

fabrication process in this work. The relative work has been published, and a comment 

from one reviewer is quoted as “a very good technology push” in this work. 

 

Figure I-34: Simulated (dashed line) and measured (plain line ) total realized gain 

patterns at 60 GHz versus frequency 
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I.4.3 Structures for thermal conductivity measurement  

I.4.3.1 Fabrication process of inkjet printing on polyimide substrate 

Thermal conductivity is an important issue to be considered especially for the 

applications of flexible electronics, in which the polymer materials are commonly used 

as substrate, such as polyimide (PI) etc. Three omega method is one of the methods to 

measure thermal conductivity of solid or soft materials but with accuracy and 

simpleness. Nevertheless, the structure fabrication is still challenging due to the 

limitations of conventional technique of lithography, such as time consuming, costly 

and poor compatibility with arbitrary polymer substrates caused by using different 

chemical products during the process. Therefore, inkjet printing offers another 

alternative fabrication method and was first time, to our best knowledge, applied to 

deposit metallic line on polymer substrate for three omega method measurement.   

The three omega method requires a metallic line, deposited on the surface of the 

sample to be tested, which serves as a heater and a temperature sensor. The thermal 

conductivity can be experimentally extracted from some analysis based on metallic 

resistance fluctuations when passing through alternating current.As shown in Figure 

I-35 (a), the metallic line with a certain length of L and width of 2b has two contact 

pads. To make fair comparison, six metallic lines were fabricated: three by 

conventional photolithography (lines A, B and C) and another three by inkjet printing 

(lines 1, 2 and 3).  

 
Figure I-35: Schematic of two pads metallic line with 2b width and l length of (a) 

original design and (b) Dimatix software design 

The substrate used in this study is a black opaque polyimide sheet with thickness 

of 1 mm bought from Goodfellow Company. The challenge for inkjet printing is the 

relatively high roughness of this polyimide as shown in Figure I-36(a). To obtain a 

continuous line on such a rough surface, high firing voltage and jetting frequency were 

found to be preferable after different parameters test, and the final optimized 

parameters are presented in Table I-7. Figure I-36 (b) shows the metallic line (Au) 
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deposited by photolithography and Figure I-36 (c) shows the metallic line (Ag) 

fabricated by inkjet printing. As shown in Figure I-36 (b), the smooth boundary control 

of the printed line is difficult to obtain due to the high surface roughness, and the line 

width varies between 57 µm and 62µm which yields an average width of around 60 µm. 

Table I-7: Optimized printing parameters for printing metallic line on polyimide 

substrate 

Parameters 

Firing 

voltage 

(V) 

Drop 

space 

(µm) 

Jetting 

frequency 

(KHz) 

Substrate 

temperature 

(°C) 

Sintering 

treatment 

(min  

&  °C) 

Resistivity 

(µΩ·cm) 

Values 35 25 5 25 
30min 

@200 °C 
~11 

 

 

Figure I-36: (a) Scanning probe microscopy image of a the surface of polyimide and 

optical image of metallic line on polyimide fabricated (b) by photolithography and (c) 

by inkjet printing 

I.4.3.2 Thermal conductivity 

Table I-8 summarizes the properties of all the six metallic lines: the width 2b, the 

length L, the line resistance R, and the thermal conductivity K. We can find that by 

using three omega method, the thermal conductivity of the metallic lines obtained by 

inkjet printing technology agrees very well with that of metallic lines prepared by 

photolithography. The relative work has been published, and we hope this technique 

will be a promising method for characterization of many polymers that have low 

chemical resistance.  
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Table I-8: properties of metallic lines deposited by photolithography and inkjet 

printing on polyimide substrate 

Technology Line 2b (µm) L (mm) R (Ω) K (W/m.K) 

Photolithography 

A 10 3 24.253 0.493 

B 20 10 38.806 0.511 

C 10 5 39.651 0.508 

Inkjet printing 

1 50 1 36.675 0.517 

2 60 2 39.825 0.498 

3 65 2 32.838 0.529 
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Conclusion of Chapter I 

Firstly, we have explored the parameters optimization of inkjet printing 

technology based on Fujifilm Dimatix printer, commercial ink of Suntronic U5603 and 

substrates of PEN and KAPTON. Printing qualities variations caused by different 

equipment-dependent parameters were fully presented. We find that in general case, 

setting the ratio of drop spacing over droplet diameter around 0.7 could give nice 

printing qualities. Nevertheless, different firing voltage needs to be taken into account 

for different pattern dimension, and also for the consideration of nozzle jetting 

conditions. For the commercial ink and substrates of PEN and KAPTON, room 

temperature on substrate surface during printing is preferable due to the better 

wettability. The sintering temperature dependent resistivity of the ink Suntronic U5603 

was also studied, the resistivity as low as 11.6 μΩ•cm could be achieved by sintering 

the ink at 200 ℃ for 30 mins.  

Secondly, for applications based on our optimized printing parameters, different 

components have been realized. CPW transmission lines with different characteristic 

impedance on both PEN and KAPTON substrates have been successfully printed with 

good printing quality. The RF characterizations of these lines combining the 

considerations of geometric dimensions, sintering temperature, and substrate bending 

have been performed. For CPW lines on KAPTON, the loss lower than 0.4 dB/mm up 

to 40 GHz after 300 ℃ sintering was obtained, which is comparable to similar CPW 

lines fabricated by conventional lithography techniques. Also, we find that the RF 

performance of the CPW lines on KAPTON is minimally affected by substrate bending. 

Additionally, two collaboration work about antenna printing and three omega method 

structures printing have been shortly presented, which both further indicate the 

promising potential of the optimized inkjet printing technology in this work. 
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Chapter II    On rigid substrates: bottom gate 

Graphene Field Effect Transistor with dielectric of 

natural oxide  

II.1 Introduction 

Graphene, a two-dimensional carbon material, has attracted attention for 

developing novel electronic devices due to its unique electronic properties, the high 

mobility and saturation velocity of carriers. One promising application of graphene is 

to be used as channel material for radio frequency field effect transistors.  

In this chapter, after a brief presentation of graphene material and state of the art 

of graphene field effect transistors (GFETs), we present the fabrication and 

characterization of GFETs on rigid substrates. A bottom gate with natural aluminum 

oxide as its dielectric is used to avoid the conventional atomic layer deposition (ALD) 

technique beacause it needs high temperature. Chemical vapor deposition (CVD) 

grown graphene on copper foil is adopted and, particularly, an optimized conventional 

graphene wet transfer process is developed. The quality of monolayer graphene is 

well preserved both after graphene transfer and device fabrication process.  

In the second part, the transistors with different geometry (gate length of 100, 200 

and 300 nm combining with gate width of 12, 24 and 50 µm) have been characterized 

by both static and dynamic measurements. We report an intrinsic current gain cut-off 

frequency (ft-int) of 15.5 GHz and maximum oscillation frequency (fmax) of 11 GHz in 

devices with 100 nm gate length and 12 µm gate width.  

It’s important to note that the objective of this work is not to compete with the 

state of the art on rigid substrates, but to achieve proof of concept of a low thermal 

budget process compatible with flexible substrates. The results presented in this chapter 

indicate that the full fabrication process exhibits great potential for graphene based 

flexible electronics. 
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II.2 Description of graphene and graphene transistor  

Before talking about graphene transistors, we will start by a brief discussion about 

the graphene material properties, especially the unique electronic properties which are 

relevant to transistors. Besides, the mechanical and optical properties of graphene will 

be shortly mentioned, which also show that graphene is a very suitable material for 

flexible electronics.  

We will then introduce graphene field effect transistors, because so far most work 

on graphene devices has been related to field effect transistors (FET). The GFETs 

operation principle will be shortly introduced. Compared to conventional silicon or 

III-V materials, we will find why graphene is regarded as a promising candidate 

channel material for post-silicon era. Finally, the state of the art for radio frequency 

GFETs figures of merit, cut-off frequency (fT) and maximum oscillation frequency 

(fmax), will be presented.  

In this work, the chemical vapor deposition (CVD) growth of graphene and a wet 

transfer technique were used. The work of graphene growth was carried out by G. 

Deokar, who is from the EPIPHY group in IEMN. She also worked on the optimization 

of the graphene wet transfer process. The optimized transfer recipe is used in my 

device fabrication. Therefore, in last part of introduction, we will discuss about 

graphene growth and transfer. Particularly, it’s worth to provide more details of the 

graphene transfer process, because the transistor performances are strongly determined 

by this process.  

II.2.1 Graphene properties 

Graphene, a single atomic layer of sp2-hybridized carbon atoms arranged into a 

hexagonal honeycomb lattice, is the first truly two-dimensional crystalline material 

with extremely high carrier mobility and has attracted intense scientific interest.  

The low-energy electronic band structure of graphene can be well described by a 

simple tight-binding Hamiltonian considering only nearest-neighbor hopping and one π 

orbital per carbon atom. In pristine non-doped graphene, the conduction and valence 

bands touch at the K and K’ points, so graphene is a zero-gap material. The energy 

bands near K (K’) yields a linear dispersion which produces touching conic bands at the 

K and K’ points of the Brillouin zone as shown in Figure II-1. Electrons in graphene are 

referred to as Dirac fermions because the energy–momentum relation is linear for low 

energies near the 6 individual corners of the Brillouin zone and these 6 touching points 

in momentum space on the edge of the Brillouin zone are called Dirac points. At the 
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Dirac point, electrons and holes have zero effective mass
[1-3]

. 

 
Figure II-1: Electronic dispersion in the honeycomb lattice. Right: zoom in of the 

energy bands close to one of the Dirac points. 

II.2.1.1 Transport properties 

Owing to its unique band structure, graphene exhibits novel transport effects, 

which leads to exceptional transport properties in comparison with common 

semiconductors. This can be seen on Table II-1 which compares two of the main 

electronic properties (carrier mobility and saturated velocity) of graphene with those of 

common bulk semiconductors. 

Table II-1:Comparison between the electronic properties of graphene and common 

bulk semiconductors. Energy band gap (Eg), electron effective mass (m*/me), electron 

mobility (μe) and electron saturation velocity (νsat) 

 Eg at 300K (eV) m*/me 
μe at 300K 

(cm²V
-1

s
-1

) 

νsat 

(10
7
 cm/s) 

Si 1.1 1.08 1350 1 

Ge 0.67 0.55 3900 0.6 

Ga As 1.43 0.067 4600 2 

AlGaN/GaN 

2DEG 
3.3 0.19 1500-2000 3 

lnSb 0.17 0.014 8×10
4
  

Graphene 0 0 500-2×10
5
 4 

 

In graphene, the E-k relationship near the Dirac point is linear 
[4]

; this makes the 

velocity of carriers independent of energy, and is equal to the Fermi velocity. Hence, 

spin in graphene can be transported at the Fermi velocity. In the case of graphene, 

Fermi velocity VF is expected to be 1×10
6
 m/s for high quality graphene.  
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With this graphene device in hand, one can tune the charge carrier density between 

holes and electrons by applying a gate voltage (Vg) above graphene, see the insets of 

Figure II-2. The gate voltage induces a surface charge density n=ε0εVg/te, where ε0 is 

the dielectric permittivity, where e is the electron charge and t is the thickness of the 

dielectric layer. This charge density shifts with the Fermi level position (Ef) in the band 

structure.
[1][5]

  

 

Figure II-2: Ambipolar electric field effect in graphene corresponding to the change in 

resistivity. The insets show the changes in the position of the Fermilevel Ef as a 

function of gate voltage
[6]

  

Another important advantage of graphene is its high carrier mobility at room 

temperature. Mobility, as high as 10
6
 cm

2
V

−1
s

−1
, has been recently reported for 

suspended graphene
[1]

. For large-area graphene grown on Cu and transferred to a 

substrate, mobility greater than 7,000 cm
2
V

−1
s

−1
have been measured.  

The mobility is constant but only for low electric fields. As the channel length 

decreased, the field becomes higher so that at high electric field, the carrier velocity 

saturates. In this case, the concept of mobility is no longer valid but the saturation 

velocity becomes important for carrier transport. For graphene, the maximum carrier 

saturation velocity of 4×10
7
 cm s

-1
 has been predicted as compared to 2×10

7
 cm s

-1 
for 

GaAs and 1×10
7
 cm s

-1
 for silicon. 

II.2.1.2 Other properties 

Besides its unique electrical properties, graphene is a promising transparent 

conductor with unique optical properties, and also the strongest material ever measured 

with a high elasticity. 

Simply because graphene is very thin, photons can easily pass through it. 

Consequently, the optical properties, in particular, the high transparency and low 



On rigid substrates: bottom gate Graphene Field Effect Transistor with dielectric of natural oxide 

57 

 

reflectance of graphene make it an attractive choice for use in optoelectronic devices. 

Each single layer graphene will contribute an absorbance of 2.3% to visible light. The 

absorbance of few-layer graphene sheets is roughly proportional to the number of 

layers.  

Graphene is also the strongest material ever tested, with a Young’s modulus of 1 

TPa and an intrinsic breaking strength of 42 Nm
–1

. Therefore, combined with its 

excellent electrical property, it is very promising for applications in flexible electronics. 

II.2.2 Field effect transistors based on graphene 

For the past decades, the semiconductor industry has enjoyed a dynamic evolution 

which leads to an annual market growth of around 17%. The famous Moore’s law has 

been followed so far mainly due to the success of continuous scaling of silicon 

metal-oxide-semiconductor field-effect transistor (Si MOSFET) 
[7]

. 20 nm gates have 

been achieved for MOSFET and are in mass production today with future perspective 

of 10 nm gates anticipated by the International Technology Roadmap for 

Semiconductors (ITRS)
[8]

. However, it becomes increasingly difficult to further reduce 

the Si MOSFET dimensions for higher performance. The bottleneck comes from 

short-channel effects, increased parasitic elements and difficulties in terms of 

fabrication technology at the industry level. Therefore, the device engineers are making 

considerable effort to find new channel materials particularly with high carrier mobility, 

so that the Moore’s law can be continued in a healthy way 
[9]

. 

Graphene, a two dimensional lattice of carbon atoms arranged in a honeycomb 

lattice, has attracted enormous attentions for the development of novel electronic 

devices since 2004
[10][11]

. The interest for this material stems from the unique electronic 

and mechanical properties of graphene which derive from its truly two-dimensional 

nature, the high mobility, high Fermi velocity and massless Dirac fermions character of 

the charge carriers
[12][13]

. Many works have been achieved on field effect transistors 

using graphene as the channel material. Figure II-3 shows the main aspects involved for 

the application of graphene based transistors. Among these works, two main directions 

of the GFETs have been explored.  

One is the transistors switching ability, with the potential of being used for logic 

integrated circuits application. Owing to the absence of gap in graphene, the channel of 

GFET does not switch off, and consequently the Ion/Ioff ratio is very low (large-area 

gapless graphene with on-off ratio only 2~20, comparing to 10
4
~10

7
 for Si 

MOSFET)
[14][15]

. Nevertheless, there are several ways of opening the graphene gap, 

such as to pattern graphene as nano-ribbons
[16][17]

, to obtain A-B staked bilayer 



On rigid substrates: bottom gate Graphene Field Effect Transistor with dielectric of natural oxide 

58 

 

graphene
[18][19]

, or even to apply strain onto graphene sheet
[20][21]

. Meanwhile, it should 

be noticed that the high mobility will suffer from creating a bandgap
[22]

. Therefore, 

many challenges still remains in this direction and intensive work on such type of 

transistor application is under way. 

 

Figure II-3: Classification schemes for graphene transistors, source from[12] 

Another direction is to amplify signals and provide gain, which is suitable for 

analog/radio-frequency (RF) applications. The field of RF transistors has seen fast 

advances in wireless communications, and many different transistor types based on 

various materials have been realized, such as high-electron-mobility transistors 

(HEMTs) based on III-V semiconductors (GaAs, InP, Si n-channel MOSFETs) and 

different types of bipolar transistors
[23][24]

. For such RF transistors, the device does not 

need to switch off in the operating regime and high mobility plays a critical role. 

Therefore, large area graphene has been regarded as a promising candidate to be used as 

channel material for post-silicon RF electronics. Additionally, the short channel effect 

due to scaling down the gate length could be suppressed if a thin enough (in thickness) 

channel material is used 
[25]

. With just one atomic layer thickness, graphene perhaps is 

the most attractive material.  

The basic operation principle for a FET relies on the variation of channel 
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conductivity, and thus the drain current Ids is controlled by gate voltage Vgs. See  

Figure II-4, the Ids-Vgs behavior is shown in transfer characteristic, the variation of 

drain current according to gate voltage is defined as transconductance, gm (𝑔𝑚 =
𝜕𝐼𝑑𝑠

𝜕𝑉𝑔𝑠
). 

For high speed applications, FETs should respond quickly to the variation of Vgs, 

which means a large gm is desired. As seen in Figure II-4, the transfer characteristic of 

GFETs has an unique ambipolar effect due to the gapless nature of graphene. The 

carrier density and type of carrier (electrons or holes) are controlled by gate voltage. 

Positive gate voltages promote an electron accumulation in the channel (n type 

channel), and negative gate voltages cause a p-type channel. The type of carriers 

changes at the Dirac point. Figure II-4 shows an ideal case without any doping. The 

output characteristic of the conventional Si MOSFET exhibits two regimes, the linear 

regime of Ids with low Vds and the saturation regime with high Vds. For graphene FET, 

the output curve always shows a linear shape without any saturation or only weak 

saturation. The absence of drain current saturation is also due to the graphene’s gapless 

band structure. The output conductance, gds (𝑔𝑑𝑠 =
𝜕𝐼𝑑𝑠

𝜕𝑉𝑑𝑠
), can be extracted from the 

output drain current curve. 
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Figure II-4: Illustration of transfer characteristic and output characteristic for both 

conventional Si MOSFET and Graphene FET. 

To discuss the radio frequency performance, a small signal equivalent circuit is 

needed, and is schematized in Figure II-4. As shown in Figure II-4, when optimized DC 

values of Vds and Vgs (with the best gm) are found, an input small radio frequency 

signal is superimposed to the fixed DC value of Vgs. The small gate voltage variation 

±ΔVgs leads to a drain current which varies accordingly, and this amplified current 

signal is the GFET output. The amplification characteristics of transistors are described 

in terms of current gain H21 and unilateral power gain U. Two figures of merits are 

often used for RF transistors, the cut-off frequency fT (related to the current gain) and 

the maximum oscillation frequency fmax (which measures the power gain). The cut-off 

frequency is the frequency at which the magnitude of H21 has dropped to unity (0 dB) 

and the unilateral power gain equals unity at fmax. Therefore, fT and fmax mark upper 

frequency limits and transistors will lose the ability to amplify the input signal if used 

beyond these frequencies. Since RF transistors are operating at high frequency 

(Gigahertz or Tera Hertz), the parasitic effects of the measurement setup and probe 

pads on the transistor parameters can be notable. Therefore, a de-embedding procedure 

is commonly used to exclude all those effects so that the intrinsic performance of the 
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transistor can be explored. Equation II-1 and II-2 give an approximation of intrinsic fT 

and fmax respectively. The useful approximations for extrinsic performances can be 

found in
 
[26-28]  

𝑓𝑇 =
1

2𝜋
∙

𝑔𝑚

𝐶𝑔𝑠+𝐶𝑔𝑑
         (II-1) 

𝑓𝑚𝑎𝑥 =
𝑔𝑚

4𝜋𝐶𝑔𝑠
∙

1

(𝑔𝑑𝑅𝑖)1/2  (II-2) 

Where Cgs is the gate-source capacitance, Cgd the gate-drain capacitance, gd the 

output conductance and Ri the sum of gate resistance and drain source resistance (all 

these elements are deduced from small signal equivalent circuit shown in section 

II.4.3.2). 

Generally, to achieve high intrinsic fT and fmax, the transistor’s transconductance 

should be as large as possible and all the other elements should be as small as possible. 

The gm is mainly dependent on the mobility of the channel material, making graphene a 

very interesting material due to its high mobility. Therefore, GFETs have shown 

impressing fT performances, which are even competitive with the best performances of 

conventional FET
[29-32]

. On the contrary, GFETs behave rather poorly in terms of 

maximum frequency of oscillation fmax, as it is difficult to obtain the saturation of drain 

current and thus a small value of gd, due to the gapless nature of graphene and also to 

contact resistance issues. Table II-2 shows the state of the art for both fT and fmax 

intrinsic performance of GFETs on rigid substrates. Large value of fT >300 GHz have 

been reported. The gate length scaling has revealed that in GFETs fT generally increases 

with decreasing gate length, similarly to conventional semiconductor based FET 

transistors. The current record fmax of 38 GHz has been reported for a 70 nm gate length 

with self-aligned T-shaped gate geometry (fmax = 70 GHz after de-embedding)
[33]

. 

Note that the result of IEMN shown in Table II-2 comes from the work of a 

previous PhD student, Nan Meng, who has reported 60 GHz of intrinsic fT and 30 GHz 

of fmax from top-gated graphene nanoribbon-based FET on SiC substrate
[34]

.  

In this chapter, we report an intrinsic current gain cut-off frequency of 15.5 GHz 

and a maximum oscillation frequency of 11 GHz from 100 nm gate length (12µm gate 

width) bottom-gated GFET on Si/SiO2 substrate. Although our performances are lower 

than the state of the art for rigid substrate, the purpose of this work is to develop a 

fabrication method which is compatible with flexible substrates. We use natural 

oxidation of aluminum to make the dielectric layer, which avoids high temperature 

processes such as ALD and thus reduces the risk of damaging flexible substrates. Our 

device fabrication relies on an optimized CVD graphene wet transfer work
[35]

. We 

believe that our fabrication method provides an alternative way for future flexible 
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GFETs. Such devices have been realized on a flexible substrate, kapton, which will be 

discussed in Chapter 3. 

Table II-2: Details of the performance reported in Figure II-3 

 
Transistor 

ft 

(GHz) 

fmax 

(GHz) 

gm 

(mS/μm) 

Lg 

(nm) 

μ 

(cm
2
/V

-1
s

-1
) 

Ref. 

G
ra

p
h

en
e 

CVD 427 - 1.33 67 2000 [36] 

Exfoliation 300 - 1.27 nanowire 3300 [37] 

Epitaxy 350 42 - - 3000 [38] 

CVD 300 44 - - 3000 [38] 

Epitaxy 110 70 0.25 100 8700 [33] 

Epitaxy 93 105 0.7 100 1170 [39] 

Epitaxy 

GNRFET(IEMN) 
60 30 0.9 150 460 [34] 

S
i 

Silicon 485 - 1.3 29 1400 [40] 

ITRS 2014 480 540 - 18 - [40] 

II
I-

V
 InP 385 >1100 1.2 <50 15000 [40] 

IbAs 628 331 1.62 30 13200 [40] 

II.2.3 Graphene synthesis  

There are several methods for production of graphene, which can be classified as: 

(1) top down method, such as mechanical exfoliation of highly oriented pyrolitic 

graphite (HOPG), liquid phase exfoliation from bulk graphite and graphene oxide 

reduction; (2) bottom up method, such as Molecular beam epitaxy (MBE) on silicon 

carbide (SiC) and Chemical Vapor Deposition (CVD) on metals. Figure II-5 shows the 

comparison of these mass-production methods of graphene in terms of quality and price. 

Table II-3 gives the properties and applications of graphene obtained by different 

methods. It can be seen that CVD graphene combines the advantages of being able to 

provide large scale material with good quality and low cost. The according transfer 

technique in development makes an unlimited possibility to apply CVD graphene on 



On rigid substrates: bottom gate Graphene Field Effect Transistor with dielectric of natural oxide 

63 

 

arbitrary substrate, especially on flexible substrates. Therefore, the CVD graphene is 

used in this work. 

 

Figure II-5: Several methods of mass-production of graphene, which allow a wide 

choice in terms of size, quality and price for any particular application
[41]

. 

Table II-3: Properties and application of graphene obtained by different methods 

Method  Advantage Disadvantage 
Mobility 

(cm2V-1 s-1) 
Applications 

Mechanical 

exfoliation 

Low cost, good 

quality crystalline 

Unproducible, 

small area 
＞2×105  Research 

Liquid-pahase 

exfoliation  
Mass production 

Requirement of 

reduction 
102 

Coatings, paint/ink, composites, 

transparent 

conductive layers, energy 

storage, bioapplications 

graphene oxide 

reduction 
Large scale 

inferior electrical 

properties 

requirement of 

reduction 

1 

Coatings, paint/ink, composites, 

transparent 

conductive layers, energy 

storage, bioapplications 

CVD on metal 
Large covered 

area 

Requirement of 

transfer 
102103 

Photonics, nanoelectronics, 

transparent 

conductive layers, sensors, 

bioapplications 

SiC High quality Costly growth 103104 

High-frequency transistors and 

other electronic 

devices 
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II.2.3.1 Graphene growth by CVD in this work 

CVD method is an attractive approach to produce graphene, because large 

graphene domains can be obtained, and most importantly, graphene deposited on some 

transition metals [Cu, Ni, Ru, Ir, Co, Pt, Pd] can be transferred to other substrates
[42][43]

. 

In the beginning of this work, Ni was used for graphene synthesis. But very soon we 

changed to use Cu for mainly two reasons. First, the carbon solubility in Cu at graphene 

growth temperature (~1000 to 1070°C) is extremely low (0.03 atom%)
[44]

, so 

single-layer graphene growth will predominantly occur on Cu. Second, the flexible Cu 

foils are available at low cost.  

Cu foil (50 µm thick Alfa-Aesar, purity 99.9999%) is used in this work for 

graphene growth. Figure II-6 (a) shows the picture of rapid thermal processing CVD 

reaction chamber used for graphene growth; (b) shows the schematic of the chamber 

structure. Prior to graphene growth, the Cu foil was pre-cleaned in acetic acid to 

remove surface oxide. The optimized growth parameters in terms of temperature and 

time are described in Figure II-6 (c). During the annealing phase, the sample is exposed 

to Ar/H2: 100/10 sccm with 10 Torr chamber pressure. In the growth phase, 20 sccm of 

CH4 is introduced into chamber for five minutes. After growth, the sample is fast 

cooled down (30ºC/s) below 700 ºC and further slowly to room temperature with Ar 

and H2 ambient.  

 
Figure II-6: (a) Picture of rapid thermal processing CVD reaction chamber; (b) 

schematic of the chamber structure; (c) optimized growth parameter 
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Figure II-7 (a) shows an example of a Cu foil after graphene growth; (b) provides a 

zoomed-in optical image of the selected region in (a). T1 and T2 in (b) represent two 

points where we measured the Raman spectra which are shown in (c). We observe that 

the Raman intensity ratio between 2D band and G band is 3.5, which indicates that 

monolayer graphene is obtained on Cu. Typically, the high 2D/G intensity ratio (>2) 

indicates monolayer graphene with low charged impurity concentration. Besides, the 

Raman intensity ratio between the D and G bands is 0.2 or even less, which 

demonstrates a low defect density. From these two ratio, we can conclude that high 

quality monolayer graphene has been obtained on Cu foil using optimized growth 

parameters. Note that graphene growth optimization has been completed by G. Deokat 

during her postdoctoral stay.  

 

Figure II-7: (a) Picture of Cu foil after graphene growth; (b) zoomed-in optical image of 

selected area in (a), in which T1 and T2 in represent two points where we make the 

Raman measurement; (c) Raman spectra obtained in two neighboring Cu grain 

(denoted by T1 and T2 in (b)) 

II.2.3.2 Graphene transfer process in this work 

I was mainly involved in graphene transfer and device fabrication, including 
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optimizing many crucial processing steps. A conventional PMMA based wet chemical 

transfer process has been used all through my PhD work for different samples, but with 

significant improvement from the beginning to the end. The challenges for this transfer 

process can be summarized as (1) the selection of an optimum Cu etchant to avoid 

metallic contaminations; (2) a reproducible method to avoid crack, hole and fold 

formation; (3) an efficient way of PMMA removal; (4) formation of strong adhesion 

between graphene and target substrate to avoid graphene delamination. To tackle these 

challenges, a transfer process was optimized, which is shown in Figure II-8, and more 

details for each step will be provided in the following part. 

 
Figure II-8: General wet graphene transfer process with optimized steps 

Step 1: Graphene growth 

As discussed above, graphene grown by CVD on Cu foil with centimeter scale 

was used. High quality monolayer graphene has been confirmed by Raman 
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measurements. Note that graphene growth occurs on both sides of the Cu foil.  

Step 2: PMMA protection 

To provide protection and also a mechanical support to graphene, a PMMA layer 

of 200 nm thickness was spin-coated on top of the graphene/Cu foil as transfer medium. 

This layer also helps to locate the graphene during the wet process. Afterwards, the 

PMMA/graphene/Cu sample was baked at 170 °C for 10 min and slowly (1 hour) 

cooled down to room temperature.   

Step 3: Back side graphene removing 

Because the graphene growth occurs on both sides of the Cu foil, the removal of 

the graphene on the back side is necessary. If the back side graphene was not removed, 

it could easily become teared and aggregated after Cu etching, as shown in Figure II-9 

(a). Therefore, an oxygen plasma (90s, 50W RF power, 25 sccm at 100 Torr) is used to 

etch the back side graphene, the efficiency of this process being always confirmed by 

Raman measurement. In the beginning of my work, this step was neglected, and Figure 

II-9 (b) compares the graphene morphology after transfer without backside graphene 

etching (left) and with backside graphene etching (right). Apparently, the graphene 

appears much more homogeneous after this treatment. 

 

Figure II-9: (a) SEM image of graphene after transferring onto Si/SiO2 with backside 

graphene, (b) Comparison of back side graphene removing treatment: optical images of 

one device just after process of isolation etching from sample Si08 (on left, without 

back side etching) and one device just after process of drain & source deposit (on 

right, with back side etching) 
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Step 4: Cu wet etching 

After backside graphene etching, the next step is Cu substrate etching. There are 

already various chemical etchant for Cu such as aqueous ammonium persulfate 

((NH4)2S2O8), iron nitrate (Fe(NO3)3), iron chloride (FeCl3), nitric acid (HNO3), and a 

mixture of hydrochloric acid/hydrogen peroxide (HCl+H2O2). Among these 

candidates, we finally choose (NH4)2S2O8 or HCL+H2O2 in our work, because other 

etchants are more likely to introduce metal contaminants due to the incomplete Cu 

etching 
[45][46]

. The rate of the etching process, which is achieved at room temperature, 

is controlled by diluting the etchant with DI water. When the etching rate is too high, 

which occurs when a high etchant concentration is used, the fast etching may lead to 

gas aggregating beneath the graphene (as shown in Figure II-10). We observed that 

these gases (bubbles) result in broken graphene with many holes and cracks after 

transfer. Therefore, the recipe of HCl/H2O2/H2O (1/1/50) and (NH4)2S2O8 0.5M were 

finally adopted although the etching time is relatively long. Nevertheless, we believe 

that enough time for graphene/PMMA floating on the solution may lead to a complete 

removal of Cu and other ions. Figure II-14 shows a PMMA/graphene sample after Cu 

etching by (NH4)2S2O8 0.5M, without bubbles formation. Table II-4 summarizes the 

bubble size and density for different etching rate. Note that the ratio in each recipe is 

considered by volume.  

 

Figure II-10: (a) using HCl + H2O2 (10/1) with big bubbles observed, (b) using HCl + 

H2O2+H2O (3/3/20) with many small bubbles observed 
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Table II-4: Different recipe for Cu etching 

HCl H2O2 H2O Time Remarks 

10 1 0 5 mins Big and Many bubbles 

4 1 4 10 mins Big and Many bubbles 

5 5 20 <1 h Small but Many bubbles 

3 3 20 <3 h Small and some bubbles 

1 1 20 <5 h Small and a few bubbles 

1 1 40 <8 h Small and few bubbles 

1 1 50 <10 h Almost no bubbles 

(NH4)2S2O8  0.5M <15 h Almost no bubbles 

 

Step 5: etchant dilution  

After Cu etching, the etchant must be removed by DI water dilution as much as 

possible, because the Al bottom gates could be etched by either HCl or (NH4)2S2O8 . 

Figure II-11 (a) shows one damaged bottom gate. The dilution is carried out by 

carefully transferring the sample of graphene/PMMA which is always floating on 

liquid from the original solution to pure DI water. It is preferable to repeat this transfer 

process for more than 15 times to insure the solution is far less dangerous to the bottom 

gate. Figure II-11(b) shows an example of a bottom gate which remained intact after 

transfer thanks to a sufficiently diluted solution. 

 

Figure II-11: Bottom gate after graphene transfer (a) without enough dilution transfer, 

gate are partly etched, (b) with enough dilution transfer, gate remains intact 

Step 6: wet transfer 

In this step, the target substrate (rigid Si/SiO2 or flexible Kapton with bottom gates 

processed) is placed in the water at an inclined angle (as shown in Figure II-21 step6) 

and the substrate position is adjusted to have PMMA/graphene membrane floating right 
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above the device area. Then, by keeping the inclined angle and lifting the target 

substrate, PMMA/graphene is gently transferred onto its surface. Sometimes, tweezers 

are useful for positioning the membrane exactly on the device area. The substrate is 

inclined to help the PMMA/graphene membrane spread across the substrate from one 

side to avoid water being trapped between graphene and substrate, which could result 

in broken graphene.  

 
Figure II-12: (a) left, graphene folded due to partial detachment with zoomed-in of red 

rectangle marked region; right, graphene completely detached (b) graphene transferred 

onto bottom gates with optimized baking step 

Thereafter, a slow baking at 90 °C needs to be carried out. The remaining water 

droplets trapped underneath the graphene will be removed by this baking step, which 

helps not only to reduce the occurrence of holes and cracks in graphene, but also to 

increase the adhesion between graphene and target substrate. Deficient baking may lead 

to a poor graphene/target substrate adhesion which consequently results in graphene 

delaminating from substrate. Figure II-12 (a) left image shows that the graphene from 
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the corner part became detached from the substrate, several layers of graphene being 

formed by folding onto each other. The right image shows graphene completely 

detached from substrate. Both problems occured during after-transfer processes. Figure 

II-12 (b) shows bottom gates fully covered by monolayer graphene without any 

observations of holes, cracks or detachment, thanks to the optimized baking step.  

Step 7: UV treatment & Step 8: PMMA removal 

It has been reported that PMMA results in P-type doping of graphene
[47]

and that 

polymeric residues still remain on graphene surface if only acetone is used as PMMA 

remover
[48]

. Several techniques for removing polymeric residues on graphene have 

been reported, but an easy and efficient process tolerant PMMA removal method is still 

desired. In this work, we used a deep UV exposure (from a Xe-Hg arc lamp) carried out 

on the sample prior to dipping it into MIBK for PMMA dissolution. After, the sample 

was rinsed by first acetone and then isopropyl alcohol. The efficiency of this PMMA 

removal technique is examined by Raman spectra measurement, as shown in Figure 

II-13. The PMMA peaks radically disappear after UV exposure- MIBK dissolution- 

acetone resin treatment, which indicates an efficient PMMA removal. This technique 

efficiency was further confirmed by X-ray photoelectron spectroscopy (XPS) analysis. 

Finally, the clean monolayer graphene has been transferred from its host substrate, Cu, 

to the new target substrate. Figure II-14 illustrates some of the key transfer process 

from step4 to step8.   

 

Figure II-13: Raman spectra of PMMA for removal confirmation 
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Figure II-14: One successful transfer process from step4 to step8 

Transfer results: 

In this work, an improved wet transfer process has been developed. The efficiency 

of our transfer process were confirmed by using optical microscopy, SEM and Raman 

spectroscopy mapping. Figure II-15(a) shows an optical image of graphene after 

transfer onto the bottom gate. The transferred graphene has an excellent surface 

uniformity. Structural defects such as holes, cracks or folds are not observed, which are 

achieved, we believe, thanks to the optimized transfer process. Moreover, Raman 

mapping in the region marked by a white dotted rectangle was performed. The Raman 

mapping, as shown in Figure II-15(b), gives the ratio of the 2D and G peak integrated 

intensities A2D/AG. This ratio stands above 2 for 90% of the mapping points, and 

Raman spectra of three selected points, marked as blue, red and black circles in the 

mapping region, are given in Figure II-15(c) with A2D/AG values of 2.8, 2.2 and 0.95, 

respectively. The A2D/AG ratio is sensitive to the numbers of graphene layer and also to 

the presence of charged impurity
[49]

. The high A2D/AG ratio (>2) indicates monolayer 

graphene with quite low charged impurity concentration
[49]

. The D peak is barely 

observable, suggesting that a very low density of defects was present in the graphene 

even after the transfer process. The Raman measurement confirms the highly 

homogeneous monolayer and defect-free graphene coverage on our samples. 
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Figure II-15: (a) Optical image of graphene transferred on SiO2/Si substrate with 

bottom gate using improved transfer process, (b) Integrated intensity ratio of the 2D 

and G peaks measured by Raman mapping, (c) Normalized Raman spectra at three 

elected points marked 

Furtherly, Figure II-16 shows the SEM image of the graphene morphology before 

and after transfer onto Si/SiO2 substrate with bottom gates, using our optimized process. 

In Figure II-16, no obvious residues or holes are observed, which confirms again the 

high efficiency of our transfer work.     

 

Figure II-16: SEM images of graphene grown on Cu, and after transfer onto the bottom 

gates 
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II.3 Process technology for bottom gate GFETs with 

natural oxide as dielectric 

This section will discuss the fabrication process of bottom-gate graphene field 

effect transistors (GFETs) based on CVD grown graphene. Figure II-17 shows the three 

dimensional imaginary image of the GFET in this work. Before device fabrication, 

substrate selection and preparation need to be considered. For devices applied for high 

frequency, the substrate needs to be highly isolated, to prevent either the leakage 

current in DC regime or signal loss in RF regime. Because of this, commercial silicon 

wafer with resistivity higher than 5000 Ω•cm was selected, and then around 300 nm 

SiO2 was obtained by thermal growth on the surface of silicon. 

The objective of developing this fabrication process is to make it compatible with 

different substrates, especially with flexible substrate. For example, when the ambient 

temperature is higher than 200 ºC for PEN and 300 ºC for KAPTON, the phenomenon 

of shrinkage for both substrates becomes very predominant (>0.5%). For this reason, 

high temperature process (>200 ºC) need to be avoid by using alternative method, such 

as the dielectrics, between gates and channel material of graphene. The dielectric is 

formed by natural oxidation at room temperature rather than by using atom layer 

deposit method which may be operated at temperature higher than 300 ºC. The 

bottom-gates structures with its natural oxide as dielectric differs this work from all 

the other previous reports about GFETs.   

In following, this section will start by the work of device design in layout software. 

Following that are some details of electron-beam lithography, which is the crucial part 

almost used in each step. And after, the device fabrication process with several steps 

will be discussed in detail.   

 
Figure II-17: Three dimensional illustration of the GFET structure in this work 
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II.3.1 Layout design 

The geometry of device with different dimensions and also other structures such 

as alignment marker, Hall effect and TLM structures have been all designed by layout 

prior to any real fabrication step. The layout design for sample Si08 is shown in Figure 

II-18 (a) and (b) shows the optical image of final devices and other structures according 

to this design; (c) shows an overview of the whole chip of Si08. 

 

Figure II-18: (a) pattern design of transistors with all the other structures in layout; (b) 

optical image of a final completed structures according to the design; (c) an overview of 

the chip Si08 

II.3.2 Electron-Beam lithography  

Electron-Beam lithography (EBL) is the crucial technology in nano-devices 

fabrication. It is mask-free (as shown in Figure II-19) and has high resolution (sub-10 

nm) due to the much smaller wavelength of electron comparing to photon for 

photolithography. The pattern realization starts by scanning a focused beam of 

electrons on resist to change its solubility. The trace of the scanning is defined by 

pattern design in software such as layout. The solubility difference between electrons 

exposed and non-exposed regions enables a selective removal of resist by immersing 

the sample in a solvent, which is referred as developing process.  

In this work, the device patterns (transistors, Hall effect and TLM structures) have 

been pre-designed in layout as mentioned in previous section. Two-layer electron 

sensitive resist, COPO/PMMA (copolymere/polymethyl-methacrylate, positive 

electronic resist) were used to form lift-off structure which may ease the lift-off process. 
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The resist thickness is defined by the speed of spin-coating, and should be proportional 

to the metal deposition thickness, i.e.normally 1.5 times higher. Otherwise the lift-off 

process would be difficult. Table II-5 gives details for each step. For the process of 

developing after electron beam exposure, a mixture of MIBK and IPA (1:2 by volume) 

was used to remove the resist exposed by electrons.       

 

Figure II-19: Simple schematic of photolithography (left) and electron-beam 

lithography (right). 

During the process of EBL, most electrons (the forward scattered electron) have 

elastic collisions with atoms of resist and substrate, the energy loss is low so that these 

electrons are able to reach deeply into the substrate. However, besides these forward 

scattered electrons, there are some other electrons referred as back scattered electrons. 

Instead of going forward down to the substrate, the back scattered electrons will be 

strongly deflected to any direction even back to surface due to the non-elastic collisions 

where the energy loss is not negligible. The back scattered electrons are the killer of the 

writing resolution since they have enough energy to affect the resist around the 

exposure region. One solution to reduce the impact of back scattered electrons is to 

deposit a conductive layer on resist for evacuating these electrons promptly. 

Nevertheless, if the substrate has some certain conductivity, this conductive layer can 

be negligible. In this work, the devices fabricated on rigid substrate (SiO2/Si) are not 

always necessary to deposit conductive layer before electron beam exposure. However, 

for flexible substrate such as kapton, it is obliged to deposit this conductive layer each 

time before EBL, and here 5 nm of Ge was always used due to the fast removal method 

of Ge (several seconds in H2O2). 

With a fixed given power to electrons, here is 100 keV, dose is the most decisive 

parameter which will result in the EBL resolution. The term of dose reflects the number 

of electrons received per unit area, expressed as µC/cm
2
. Additional to dose, parameter 

of current will determine the whole exposure time and slightly affect the resolution. 

Figure II-20 gives two groups of examples with comparison of using wrong and correct 

dose. Table II-5 gives the optimized EBL parameters used for each step. The following 
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paragraph will provide details of those each step. 

Table II-5: Parameters of EBL used in each step 

Steps 

PMMA / 

COPO 

Thickness 

(nm) 

Ge 

Deposit 

5 nm 

Dose 

(µC/cm²) 

Current 

(pA) 

Exposure 

time (min) 

Metalization 

(nm) 

Step1: 

Alignment 

Marker 

70/560 No 370 20000 ~ 5 
Ni/Au 

(50/150) 

Step2: 

Bottom-gate 
160/170 Yes 350 12000 ~ 15 Al (40) 

Step5: 
Graphene 

Isolated pattern 

etching 

70/450 No 350 25000 ~ 40 - 

Step6: 

Drain & Source 

Deposit 

70/450 No 350 20000 ~ 20 
Ni/Au 

(20/30) 

Step7: 

Pads Deposit 
70/600 No 370 25000 ~ 50 

Ni/Au 

(50/300) 

 

 

Figure II-20: Examples of different pattern profile with correct and wrong dose 
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II.3.3 GFET fabrication process 

 

Figure II-21: General device fabrication process for GFETs on rigid substrate 

A general description of the whole device fabrication process is provided (see 

Figure II-21). Following by this part, details of each important subsidiary process will 

be discussed. Table II-6 shows the main techniques used for each subsidiary process. 
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Table II-6: Fabrication method used for each step 

Steps 
E-Beam 

lithography 
Metallization 

Etching 

Graphene Al2O3 

Step 1     

Step 2     

Step 3     

Step 4     

Step 5     

Step 6     

Step 7     

used       not-used 

 

Step1: Alignment Marker 

Alignment marker is a crucial element for electron beam lithography (or optical 

lithography) based fabrication process, because a multilevel writing mask requires 

perfectly realign with each new step. The aligning procedure is automatically realized 

by e-beam lithography system, and according to the equipment of IEMN, typically the 

markers being metal squares with side of 8 or 20µm and thicker than 200 nm is 

preferable.  

In this work, the dimensions (squared shape with side length of 20µm) of the 

markers have been precisely patterned by e-beam lithography, and the final markers 

were obtained by Ni/Au (50/150 nm in thickness) deposition (metal thermal 

evaporation) and lift-off process (in Acetone at room temperature). The Ni is used 

here to strength the adhesion between Au and substrate, since Au has very poor 

bonding strength with SiO2. Figure II-22 (a) and (b) shows the alignment marker 

designed in layout and Figure II-22 (c) shows an optical image of one marker from 

sample Si10. 

 
Figure II-22:  Illustration of alignment marker (a) and (b) layout design, (c) optical 

image of alignment marker obtained on Si/SiO2 
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Step2: Bottom Gates 

For bottom gates, 40 nm Al was selected to deposit. Because in air Al can easily 

form a layer of Al2O3 with high density on its surface due to a self-limit oxidation. We 

take this advantage to form the dielectric in our GFETs. The thickness of bottom gate 

can’t be too large or too small. If the thickness is too large, the graphene layer might be 

easily damaged after transferred above gates due to the stress. If the thickness is too 

small, the gate resistance will increase rapidly and consequently the RF performance 

such as fmax suffers decreasing.  

The bottom gates with different geometry design (gate length Lg= 100, 200, and 

300 nm; gate width W= 12, 24, 50 µm) were precisely patterned by e-beam 

lithography and then finished by 40 nm Al metallization and lift-off process (in 

Acetone @ room temperature). Figure II-23 (a) shows the optical images of 300 nm 

gate length with different gate width W from sample Si10. Figure II-23 (b) shows 

examples of SEM images of the bottom gate with different gate length Lg.  

 

Figure II-23: Illustration of bottom gate geometry (a) with different gate width W, (b) 

with different gate length Lg 

Step3: Natural Dielectric 

The nature dielectric of Al2O3 was obtained by exposing the substrates with 

bottom-gate structure to the air for more than 24 hours. The thickness of Al2O3 formed 

by this natural oxidation process was confirmed to be 4.3 nm by spectroscopic 

ellipsometer. This thickness value is obtained by parameters fitting, as shown in the 

following Figure II-24. Note that Ψ and ∆ describe the change in polarization that 
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occurs when the measurement beam interacts with a sample surface causing a change in 

the outgoing polarization. So the best fit has been found for a Al2O3 thickness of 4.3 

nm.  

 
Figure II-24: Ellipsometer measurement and data fitting for Al2O3 thickness 

 This natural oxidation process avoids high temperature deposition of dielectric 

layer, which is compatible with the GFET fabrication process on various flexible 

substrates. This technique has been already used in fabrication of GFET with top-gate 

structure
[50-52]

. In our work, bottom-gate structure is used in order to further reduce the 

possibilities of degrading graphene mobility due to electron irradiation which could 

happen in directly e-beam writing on the top of graphene channel
[53]

. 

Step4: Graphene Transfer 

In this work, graphene grown by CVD on copper foil was used. A wet chemical 

transfer process has been developed to transfer monolayer graphene from host 

substrates to various target substrates. The details of graphene transfer process has been 

provided in section of graphene transfer. Figure II-25 shows an optical image taken 

after graphene transfer process on sample Si10. This image was randomly taken from a 

small part of the whole chip, and where we can find bottom gates with gate width of 50 

µm and gate length of 0.1µm (marked by green circle) and 0.2µm (marked by red 

rectangle). All the gates have been well covered by graphene and a graphene crack 

observed in the image helps us distinguish the contrast between substrate and graphene.  
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Figure II-25: Overview of bottom gates with graphene transferred 

Step5: Graphene Isolated pattern etching 

After graphene transferred onto substrate with bottom gates, graphene etching 

process is followed to obtain isolated patterns. Oxygen plasma is an effective and 

inexpensive method which has been widely used to clean the substrate and also to etch 

organic materials, such as carbon nanotube or graphene. The high activity of O +ions 

makes the oxidation of carbon possible and thus the C-C bond would be broken with 

production of CO and CO2. These newly generated gases would be eliminated by a 

pumping system. The optimized etching parameter (50w, 25sccm, 100 mTorr and 2min) 

will etch at least 2 layers of graphene. Figure II-26 (a) shows an graphene isolated 

patterns (for Hall effect pattern) after O2 plasma etching. Accordingly, an Raman 

spectroscopy mapping (see Figure II-26(b)) has been explored on this pattern. Three 

points, marked as blue, red and black, have the spectroscopy shown in Figure II-26 (c). 

One can see that in graphene region, the signal of G and 2D peak are very strong. The 

high A2D/AG ratio (>2) and very low D peak indicate the existence of monolayer 

graphene with quite low charged impurity concentration and low defects density
[49]

. So 

graphene quality is not degraded during the O2 plasma etching. In the red point, 

i.e.graphene etching region, all the graphene feature peaks disappear, which indicates 

that the graphene layer has been efficiently etched.  
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Figure II-26: (a) optical image a graphene pattern for Hall effect structure; (b) the 

according Raman mapping; (c) Normalized Raman spectra at three elected points 

marked in (b) 

Step6: Drain & Source Deposit  

Drain and source contacts have been defined by depositing Ni/Au (20/30nm 

thickness) followed by a lift-off process. The drain source distance Lds is mainly 

defined as 1 µm to make our process tolerant to the misalignment induced by electron 

beam lithography, which is a problem in the fabrication process on flexible substrates. 

Nevertheless, the Lds of some transistors has been designed to be 0.7 µm only on rigid 

substrate for RF performance comparison. To decrease the value of Lds for further 

device optimization will be our future work. Figure II-27 shows an overview optical 

image of devices with drain and source contacts. Note that both Figure II-25 and Figure 

II-27 are showing the same devices in the same region of Si10 substrate. Figure II-28 

shows one transistor (50 µm gate width) with drain source illustrated. 
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Figure II-27: Overview of devices with drain and source deposited. 

For drain and source, the purpose is to form ohmic contact between graphene and 

electrode with contact resistance as low as possible. Metals of Cr, Ni and Au with 

different combination have been studied, contact resistance in the range of 200~3000+ 

Ω·µm are found in this study and section for contact resistance provides more details. 

Regardless of the metal choice, the total thickness is controlled as 50 nm. If the 

thickness is small, the contact resistance would increase accordingly; if the thickness is 

large, the capacitance between drain, gate and source would increase as well. For both 

two cases, the RF performance would reduce.  

There is another reason for Ni and Au used here, i.e. their excellent chemical 

stability. Comparing to other metals such as Ti or Pd, they have good resistance to 

chemical attack of acid, such as hydrofluoric acid which is used in dielectric wet 

etching. 

 

Figure II-28: Optical image of (a) device with drain source deposited, (b) device with 

pads completed 
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Step7: Pads Deposit as Coplanar Wave Guide Access for RF Measurement  

In order to make our devices compatible with on-chip probe measurements, the 

device fabrication were finished by depositing Ni/Au (50/300 nm in thickness) for gate, 

source and drain pads (coplanar wave guide access). The total thickness of 350 nm 

satisfies well the on-chip probe measurement. A typical GFET device with 24 µm gate 

width is shown in Figure II-29, illustration of pads in (a) and details of active region in 

(b).  

 

Figure II-29: SEM image of (a) one GFET with pads finished (b) zoomed-in of the 

rectangle marked region in (a) 

In this last process, one challenge is to realize metal contact between gate and 

gate-pad by removing the layer of natural oxidation of Al2O3. The contacting area 

between gate and pad is clearly presented in Figure II-30 . Here, the thickness of this 

layer oxide is 4.3 nm which is obtained by Al nature oxidation. A wet chemical etching 

method was used in this work, with a solution of hydrofluoric acid buffer (BOE 1:7) 

diluted 20 times by DI water. The etching time was optimized as 30 second.  

 

Figure II-30: SEM image of final device with illustration of gate and gate pad contact 

area in (a) the rectangle marked area and (b) a further zoomed-in 

After all these device fabrication process, the graphene quality was verified by 

Raman measurement. Figure II-31 (a) shows the optical image which has a marked area 
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for Raman spectroscopy mapping. From optical image, graphene presents a good 

uniformity without observation of structures defects such as cracks or folds. The 

uniformity is further confirmed by Raman mapping. In Figure II-31 (b), the ratio of 2D 

and G peak integrated intensities A2D/AG standing above 2 of 90% of the mapping 

region. Three selected points marked as blue, red and black circles in the mapping 

region, give the A2D/AG values of 5, 3.8 and 1.7 respectively. The A2D/AG ratio is 

sensitive to the numbers of graphene layer and also the presence of charged impurity
[49]

. 

The high A2D/AG ratio (>2) indicates monolayer graphene with quite low charged 

impurity concentration
[49]

. The D peak is barely observable, suggesting that very low 

density of defects were deduced after device fabrication process. The Raman 

measurement confirms that highly homogeneous monolayer and defects free graphene 

after all the fabrication process.  

 

Figure II-31: (a) Optical image of graphene transferred on SiO2/Si substrate after all 

device fabrication process (b) Integrated intensity ratio of the 2D and G peaks measured 

by Raman mapping, (c) Normalized Raman spectra at three elected points marked in 

(b) 

Final device images  

Figure II-32 upper part shows optical images of complete devices with different 

gate width W and Figure II-32 below part shows the according zoomed-in SEM images 

of the channel region. Figure II-33 shows the complete devices with different gate 

length Lg. From both Figure II-32 and Figure II-33, the gates are found well covered by 
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monolayer graphene. The patterns obtained with well-defined dimensions indicates that 

the GFETs geometry designed in this work are fully achievable by our fabrication 

process, even for the case of 100 nm short gate length with gate width up to 50 µm. 

Additionally, very few contaminations, defects of devices and graphene such as cracks 

or holes could be observed, which all proves a reproducible, reliable and 

contamination-free fabrication process for bottom-gate GFETs with CVD transferred 

graphene.         

 

Figure II-32: complete devices with gate width of 12 µm in (a), 24 µm in (b) and 50 µm 

in (c). 
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Figure II-33: complete devices with gate length of 300 nm in (a), 200 nm in (b) and 100 

nm in (c). 
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II.4 Physical and electrical characterization  

The study of characterization will firstly start by graphene mobility and device 

contact resistance extraction. Because these two information is important to understand 

the device performance in both DC and RF regime.  

II.4.1 Graphene mobility 

In response to an electric field, mobility describes the ability of charge (electron or 

hole) moving through a medium, given by formula μ =
Vd

E
, where µ is the mobility, E 

is the electric field, and Vd is the drift velocity. Practically, the mobility of a certain 

material can be measured by Hall Effect measurement. As mentioned above, high 

mobility is one outstanding property of graphene, and therefore we start by mobility 

extraction based on our transferred graphene.   

II.4.1.1 Method illustration 

(1) Hall effect 

As shown in Figure II-34, in a two-dimensional material with rectangle shape, a 

magnetic field applied (z-direction) which is perpendicular to the current flow 

(x-direction) through the material will cause the carriers affected by magnetic force, 

referring as Lorentz force. If considering that a carrier with charge q moves with 

velocity v in the presence of an electric field E in conjunction with a magnetic field B, 

the Lorentz force will be defined as: 𝐹 = 𝑞[𝐸 + (𝑣 × 𝐵)]. As a result, described in 

Figure II-34, carriers will change their original motion direction (x-direction) and begin 

to accumulate on the two sides of this material (y-direction). Note that holes and 

electrons will experience the opposite Lorentz force and thus a separation is found on 

the two sides. This new charge distribution then results in an establishment of a 

transverse voltage, VH, and this measureable value can be expressed as:  𝑉𝐻 =
𝐼𝐵

𝑛𝑞
. 

Where I is the current applied, B is the magnetic field; q is carrier charge; n is carrier 

density 



On rigid substrates: bottom gate Graphene Field Effect Transistor with dielectric of natural oxide 

90 

 

 

Figure II-34: Schematic of Hall effect measurement 

(2) Van der Pauw 

The technique of Van der pauw method is capable of implementing resistivity 

measurement (sheet resistance, Rs) and Hall Effect measurement for especially 

two-dimensional materials. Firstly, as shown in Figure II-35 (a), a current source is 

applied to contacts 2,3 (I23) and the voltage measured across contacts 1,4 (V14). From 

these two value, a resistance named as R23,14 can be found as R23,14 =
V14

I23
. In the same 

way, by making an additional reciprocal measurement, i.e. current flow through 

contacts 1,4 and voltage is measured from contacts 2 and 3, another resistance named 

as R14,23 can be obtained. Here, we find an average value defined as vertical resistance: 

Rvertical =
R23,14+R14,23

2
. Next, as shown in Figure II-35 (b), a current source (I12) is 

applied to contacts 1,2 and voltage (V34) is measured from contacts 3 and 4. After, the 

same reciprocal measurement as mentioned above is carried out and an average 

resistance named as Rhorizontal is obtained from: Rhorizontal =
R12,34+R34,12

2
. Then, the 

sheet resistance (Rs) is related to the measured resistances Rvertical and Rhorizontal by Van 

der Pauw formula: 

𝑒
−𝜋

𝑅𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙
𝑅𝑆 + 𝑒

−𝜋
𝑅ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙

𝑅𝑆 = 1 (II-3) 

If considering the two-dimensional material with squared pattern is symmetrical 

and free of defects (holes, cracks etc.), then Rvertical =  Rhorizontal = R  and Rs =
πR

ln 2
.  
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Figure II-35: Schematic of Van der Pauw method 

For Hall Effect measurement, as shown in Figure II-35 (c), a magnetic field B 

perpendicular to sample plane is applied while there is a current flow I between 

contacts 1 and 3. By measuring the voltage VH across contacts 2 and 4, and a further 

calculation combining sheet resistance Rs and carrier charge q, sheet carrier density (ns) 

and Hall mobility (µH) will be obtained by equation II-4:  

𝑛𝑠 =
𝐼𝐵

𝑞𝑉𝐻
, 𝜇𝐻 =

𝑉𝐻

𝑅𝑆𝐼𝐵
=

1

𝑅𝑆𝑞𝑛𝑠
 (II-4) 

(3) Hall bar 

Similar to Van der Pauw, technique of Hall bar is another approach for resistivity 

and Hall effect measurement, but it is more suitable for material with high orientation. 

Firstly, material should be symmetrically patterned as what illustrated in Figure II-36. 

Shown in Figure II-36 (a), the contacts 5 and 6 are only applied a current source (I) 

while measuring the voltage between contacts 1,4 and also contacts 2,3. Then the sheet 

resistivity Rs could be obtained by calculation: Rs =
VW

IL
, where V is the average value 

of V14 and V23 ,W is the pattern width and L is the length between contacts 1 and 4.  

For Hall effect measurement, the principle of Hall bar is identical to Van der Pauw. 

As shown in Figure II-36 (b), because of the asymmetrical structure, the current is only 

applied to contacts 5,6 and Hall voltage VH is measured across contacts 1,2 and 4,3 (the 

average of these two) with the presence of a magnetic field (perpendicular  direction to 

the pattern plane). The same case as Van der Pauw, sheet carrier density (ns) and Hall 

mobility (µH) could be obtained by equation II-4.  
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Figure II-36 Schematic of Hall bar 

II.4.1.2 Results  

In our study, HL5500PC is used to carry out the sheet resistivity and Hall effect 

measurement for CVD graphene transferred onto both Si/SiO2 and Kapton substrates, 

as shown in Figure II-37. Structures of Van der Pauw, with square side of both 15µm 

and 30 µm, and structures of Hall bar have been fabricated (Figure II-37) and measured. 

Table II-7 presents the measurement results for different samples with different 

structures. Note that all the Hall measurement values presented in Table II-7, are based 

on measurements with symmetry factor Q < 1.5, indicating that these measurement 

results are reliable enough.   

 
Figure II-37 (a) HL5500PC measurement platform, (b) optical image of a Van der 

Pauw pattern, (c) SEM image of the graphene sample with Van der Pauw pattern 

contacts 
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Table II-7  Information obtained from Hall effect measurement 

Sample 

(Graphene source) 
Substrate 

Hall 

structure 

Sheet resistance 

(ohm/sq) 

Doping type & 

Carrier density 

 (cm
-2

) 

Hall Mobility 

(cm
2
/Vs) 

Si07 

(Cambridge) 
Si/SiO2 

VDP 

HB 
900 4.3 × 10

12 1900 

Si08 

(IEMN) 
Si/SiO2 VDP 1500 1.3 × 10

12 3200 

Si09 

(Korea) 
Si/SiO2 VDP 1600 1.2 × 10

12 3400 

Si10 

(IEMN) 
Si/SiO2 VDP 1000 2.6 × 10

12 2800 

VDP: Van der Pauw;  HB: Hall bar 

 

In Table II-7, the variation of mobility for different samples could be ascribed to 

several reasons. For example: graphene quality (defects of cracks or holes etc) after 

transfer technique; residuals of eb-resist (PMMA) after device fabrication process; or 

the different substrates. In this work, four samples with rigid substrate (Si07, Si08, Si09 

and Si10) and one sample with flexible substrate have been completed. More details of 

these samples will be provided in appendix III.  

II.4.2 Graphene contact resistance  

II.4.2.1 Contact resistance reported in literature 

In general, contact resistance is the resistance to current flow in the interface 

between two different contacting materials. It can be determined by the work function 

of these two materials, surface conditions and contact area, etc.
[54-56]

 In graphene-based 

devices, the resistance of metal-graphene interface is referred as contact resistance.  

Importantly, in GFET devices, the contact resistance is a major issue to be 

considered. Because the contacts in device must be able to supply the sufficient current, 

which means the voltage drop across the contacts should be as small as possible 

comparing to the voltage drop across the active regions, especially when the graphene 

channel has been designed to be very short(few hundreds nanometers) in nowadays. 

Furtherly, the high mobility nature of graphene would be obscured if the contact 

resistance is high
[57]

. Thus, contact resistance has become one major limiting factor for 

the device electrical performances, such as on/off current ratio, cutoff frequency and 
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maximum oscillation frequency 
[54][58]

. However, to obtain low contact resistance is 

always a challenge due to the small density of states (DOS) of graphene in its Dirac 

point
[57]

. To date, various metal-graphene contact resistance have been reported 

concerning different metal materials, such as. Ni, Au, Cr, Pd, Ti, Cu, and Ag, and some 

special treatments which are all shown in Table II-8, such as oxygen plasma or 

ultraviolet ozone treatment
[59]

, rapid thermal annealing
[55]

 and graphene contact area 

patterning
[60]

. Many outstanding results have been achieved. For example, ref[60] has 

reported RC of 150 Ω·µm from Cr/Pd/Au thanks to edge-contact pattern design; in 

ref[55],it has been found that there is a significant improvement of RC if the rapid 

thermal treatment is applied; and ref[57] has reported Rc less than 100 Ω·µm for Pd 

with 50V back-gate voltage, since RC is gate-voltage dependent. Note that for fair 

comparison, all the results presented in Table II-8 are based on the conditions of 

monolayer graphene, room temperature measurement and gate voltage at zero volt 

since Rc might be dependent of graphene layers, ambient temperature and gate voltage.   

Here, regarding to obtain good graphene contact resistance, we can draw some 

main conclusions from previous reports: (1) a clean interface beneath contacts on 

graphene, which means a residues free process is required, (2)  high quality graphene 

is needed to have sufficiently long carrier mean-free-path, (3) metal roughness control 

of graphene-metal interface is important, which means that probably post-annealing is 

preferable and metal evaporation is prior to sputtering, and (4) the metals with high 

work function might be preferable 
[61]

 although some other groups have reported the 

independence of Rc on work function of metals. 

In this work, based on transferred CVD grown graphene on both rigid substrate 

(Si/SiO2) and flexible substrate (see more details in chapter 3), different contact metals 

of pure Au, Cr/Au and Ni/Au (with different thickness ratio) have been formed by 

thermal evaporation. Note that thermal evaporation has become a common method for 

the formation of electrodes on graphene due to the low level of defects comparing to the 

defects of metals made by sputtering
[62]

. Besides the different metal contacts, different 

pattern of graphene-metal contacting area (pattern A, pattern B and pattern C) have 

been studied and sections II.4.2.2 gives more details and results. Among the metal 

contact candidates shown in Table II-8, there are two further considerations in our 

choosing criterion. First is the adhesions between contact and substrate, ig, Cr and Ni 

have better adhesion with Si/SiO2 than pure Au. Second is compatibility of these 

metals with our chemical etching process. Table II-9 gives a summary of Rc obtained in 

IEMN. 

Table II-8  Contact resistance Rc reported in literature 
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E-bE: electro-beam evaperation; TE: thermal evaporation 

Table II-9 Contact resistance obtained in IEMN 

Contact 

(nm) 

RcW 

(ohm·µm) 

Rch 

(ohm/sq) 

Method 

Graphene/Metalization 
Special treatment Ref 

Cu 2900 ~1400 CVD / E-bE 
Rapid thermal 

treatment 
[8] 

Cu 

(35) 
135 ~1500 Exfoliated / TE Annealing [15] 

Cu 

(50) 
125 ~1900 Epitaxial / E-bE 

edge-contact 

geometry + 

Annealing 

[16] 

Au 630 ~1400 CVD / E-bE 
Rapid thermal 

treatment 
[8] 

Au 

(20) 
340 ~1300 CVD / E-bE - [17] 

Ag 1400 ~1400 CVD / E-bE 
Rapid thermal 

treatment 
[8] 

Pd 570 ~1400 CVD / E-bE 
Rapid thermal 

treatment 
[8] 

Pd 

(50) 
457 ~570 Epitaxial / E-bE 

edge-contact 

geometry + 

Annealing 

[16] 

Ti 700±500 ~5000 Cleavage / E-bE Annealing [9] 

Ti/Au 

(20/80) 
570±240 ~450 CVD / E-bE 

Ultraviolet Ozone 

treatment 
[16] 

Ti/Au 

(10/25) 
800±200  Exfoliated / E-bE - [15] 

Ni 

(100) 
100 ~2400 Exfoliated / TE 

Zigzag graphene 

edges contact + 

Annealing 

[18] 

Ni/Au 

(30/20) 
2100 ~3000 CVD / E-bE - [10] 

Cr/Pd/Au 

(1/15/60) 
150 40 CVD / E-bE 

edge-contact 

geometry + h-BN 

protection for 

graphene 

[13] 

Cr/Au 

(15/20) 
10000 ~2500 Cleavage / TE - [19] 

Pd/Au 

(30/50) 
400 ~400 Exfoliated / E-bE - [12] 
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Sample 

name 

Contact 

(nm) 

RcW 

(ohm·µm) 

RS 

(ohm/sq) 
Method 

Pattern 

type 
Ref 

Si10 
Ni/Au 

(20/30) 
370 - 960 1000 CVD B Wei 

Kap10 
Au 

(40) 
190 - 580 1100 CVD A Wei 

GF5 
Ni/Au 

(20/30) 
930 2300 Epitaxial A Mele 

Pattern type A, B and C can be found explanation in following sections 

II.4.2.2  The contact resistance obtained in this work based on different 

TLM pattern structure 

We calculated the contact resistance from Transmission Line Method (TLM). 

Theoretical consideration of this method is provided in appendix IV. On the same chip 

with other transistors, TLM pattern is fabricated by graphene transfer process, O2 

plasma isolating etching and the metal evaporation followed by a lift-off process. There 

are totally three different TLM structures explored in my thesis: pattern A on sample 

Si08 and Si09; pattern B on sample Si10 and pattern C on sample Si10. Detailed 

discussion and the difference of these three structures will be illustrated in following.  

(1) Evaluation of Rc based on Pattern A 

Pattern A was used for samples Si08 and Si09. Figure II-38 (a) shows sample Si09 

with two probes DC measurement platform which is also applied for all the other 

samples. Figure II-38 (c) and (d) show that pattern A was designed to have metal 

contact with two different width of graphene channel, which are 100 µm and 160µm 

respectively. The separation between two adjacent contacts (d1,d2,d3,d4,d5 and d6) are 

designed to be 2, 5, 10, 20, 40 and 80 µm. Additionally, the metal contacts were 

designed big enough to be pads where the probes for measurement could be placed, as 

shown in Figure II-38 (b). In this way, the three-dimensional metal contact are directly 

stacked on the two-dimensional graphene, and thus a conventional surface contact has 

been formed
[60]

.   
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Figure II-38 (a) Sample of Si09 with DC probes for resistance measurement, (b) TLM 

patterns A with probes placing on the pads, (c) pattern A with graphene channel of 100 

µm, (d) pattern A with graphene channel of 160µm 

Figure II-39 (a) shows the measured I-V curve obtained from two adjacent pads 

with different separation. The linear behavior in I-V curve indicates the formation of 

ohmic contacts in the pattern A. This behavior is expected for a metal-graphene contact, 

which behaves like a metal-semimetal system at room temperature 
[62]

. By equation 

R =
V

I
, the resistance are calculated and plotted as function of separation distance. 

Figure II-39(b) shows the measured resistance with error bar (average value from 

several TLM patterns measured results) and linear fitting for both the two kinds of 

patterns with different channel width (W= 100 µm and W=160 µm).  According to the 

description in Appendix IV, the information such as RCW, RS, LT and graphene 

homogeneity are deduced from Figure II-39 (b) and presented in Table II-10.  
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Figure II-39 (a) I-V curve with different channel length (separation between two 

adjacent pads), (b) Interpretation of TLM results for two channel width, W =100 µm 

and W =160 µm 

Table II-10 Information obtained from TLM of Pattern A 

Pattern A 

Sample 

W 

(µm) 

RCW 

(Ωµm) 

LT 

(µm) 

ρ□ 

(Ω/□) 
E homogeneity 

Si08 

Ni/Au (20/30nm) 

100 3000 2.5 1600 12 √ 

160 1400 1.5 1800 9 √ 

Si09 

Ni/Au (20/30nm) 

100 2800 2.8 1900 17 √ 

160 3300 3 1800 13 √ 

E: Standard error of linear fitting        √: Good 

(2) Evaluation of Rc based on Pattern B 

Pattern B was used for samples Si07 and Si10. Different from pattern A, in pattern 

B, the metal contacts on graphene are designed to be separate from pads for placing 

probes, as shown in Figure II-40 (a), (b) and (f). Two different width of graphene 
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channel have been designed, which are 12 µm and 48 µm respectively, as shown in 

Figure II-40 (c) and (d). The separation between two adjacent contacts (d1,d2,d3,d4,d5 

and d6) are designed to be 1, 2, 4, 6, 8 and 14 µm for graphene channel with width of 

12µm; and 1, 2, 4, 8, 16 and 24 µm for the channel with width of 48µm. Figure II-40 (e) 

is the SEM image of Figure II-40 (d), from which the graphene channel with rectangle 

shape below the contacts could be easily identified. In pattern B, comparing to pattern 

A, two different things may occur due to the separation of pads and contact metal. First, 

besides the surface contact in the case of pattern A, there is also the part of edge contact 

making contribution when current flows from metal contacts into graphene. Because 

the probes are not directly placed on the metal contacts above the graphene, instead, 

they are placed on pads which are away from channel with some certain distances, the 

edge contact needs to be taken into account in the current flowing path. In this way, a 

mixed contact method combining both the surface contact and edge contact has been 

formed. Second, because the pads are formed directly on SiO2, the metal-substrate 

adhesion is believed to be stronger than the ones from pattern A, which has pads 

directly formed on graphene. Thanks to this stronger bonding, no pads movement was 

observed during measurement in pattern B and also the measurement results were 

found to be less fluctuating than the ones obtained from pattern A. 

 

Figure II-40 (a) pattern B with graphene channel of 12 µm, (b) pattern B with graphene 

channel of 48µm, (c) zoom-in of (a), (d) zoom-in of (b), (e) SEM image of (d), (f) TLM 

patterns B with probes placing on the pads 
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Figure II-41 (a) shows the measured I-V curve obtained from two adjacent pads 

with different separation. The formation of ohmic contacts in the pattern B is verified 

by the linear behavior of I-V curve. Then, the resistance are calculated and plotted as 

function of separation distance. Figure II-41 (b) shows the measured resistance with 

error bar (average value from several TLM patterns measured results) and linear 

fitting for both the two kinds of patterns with different channel width (W= 12 µm and 

W=48 µm).  According to the description in Appendix IV, the information such as 

RCW, RS, LT and graphene homogeneity are deduced from Figure II-41 (b) and 

presented in Table II-11. 

 

 

Figure II-41 (a) I-V curve with different channel length, (b) Interpretation of TLM 

results for two channel width, W =12 µm and W =48 µm 
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Table II-11 Information obtained from TLM of Pattern B 

Pattern B 

Sample 

W 

(µm) 

RCW 

(Ωµm) 

LT 

(µm) 

ρ□ 

(Ω/□) 
E homogeneity 

Si10 

Ni/Au (10/40nm) 

12 370 0.6 1100 23 √ 

48 960 2 1000 2 √ 

Si07 

Cr/Ni/Au (2/20/30nm)  

12 6600 > 5  660 96 √ 

48 7400 > 5  1200 20 √ 

E: Standard error of linear fitting        √: Good 

(3) Evaluation of Rc based on Pattern C 

Pattern C was used for samples Si07 and Si10. The pattern design is similar to 

Pattern B, the metal contacts on graphene and pads for placing probes are separate, as 

shown in Figure II-42 (a). The only modification is that the metal strips on graphene 

have several squared area with metal-SiO2 formation. These formations are achievable 

thanks to the fabrication process of graphene isolated pattern etching. Figure II-42 (b) 

shows the SEM image of metal contact strips on graphene channel, and the squared 

holes patterns beneath the strips can be dimly distinguished. Figure II-42 (c), an 

optical image, shows the squared holes etched on graphene. This image has been 

taken during the fabrication process after development of PMMA with opening the 

strips pattern and before metallization. In pattern C, to have enough space for holes 

patterns, only 48µm channel width is designed. The separation between two adjacent 

contacts (d1, d2, d3, d4, d5 and d6) are designed to be 1, 2, 4, 8, 16 and 24 µm. The 

objective of creating these squared holes with metal-SiO2 formation is to increase the 

edge contacts comparing to pattern B. As illustrated in Figure II-42 (d), a layout 

design, the edge contacts could be introduced.  
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Figure II-42 (a) pattern C with graphene channel of 48 µm, (b) SEM image of zoom-in 

from (a), (c) optical image of pattern C during the fabrication process of contacts 

patterns opened, (d)Layout design illustration of zoom-in of (c) 

The measured linear behavior of I-V curve obtained from two adjacent pads with 

different separation indicates the ohmic contacts in the pattern C (see Figure II-43(a)). 

The resistance are calculated and plotted as function of separation distance. Figure 

II-43 (b) shows the measured resistance with error bar (average value from several 

TLM patterns measured results) and linear fitting for sample Si10. According to the 

description in Appendix IV, the information such as RCW, RS, LT and graphene 

homogeneity are deduced from Figure II-43 (b) and presented in Table II-12. We find 

the relatively higher value of RCW comparing to that from pattern B. The possible 

reason could be the less effective area for transferring the current from metal to 

graphene. The distance from the square holes to contact strips edge is designed to be 

800 nm, as shown in Figure II-42 (d), and this value seems shorter than the transfer 

length of 1.2 µm which is deduced from TLM measurement. The transfer length would 

be further discussed in (5). 
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Figure II-43 (a) I-V curve for sample Si10 with different channel length, (b) 

Interpretation of TLM results for channel width of W =48 µm 

 

Table II-12  Information obtained from TLM of Pattern C 

Pattern C 

Sample 

W 

(µm) 

RCW 

(Ωµm) 

LT 

(µm) 

ρ□ 

(Ω/□) 
E homogeneity 

Si10 

Ni/Au (10/40nm) 
48 1300 2.5 910 3 √ 

Si07 

Cr/Ni/Au (2/20/30nm)  
48 5700 > 5  1200 17 √ 

E: Standard error of linear fitting        √: Good 
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(4) Removing resistance from measurement system and pattern 

Because in pattern B and also pattern C, the pads and contact metals on graphene 

are connected by metal strips, and these strips have different length according to 

different pads. Therefore, for a more precise TLM measurement, a pattern to extract 

unit resistance of the metal strip has been designed and fabricated together with other 

TLM patterns on the same chip, as shown in Figure II-44. The strip connecting different 

pads has a length of 20µm. The same fabrication process allows the same geometry 

(thickness and width) of these strips as the ones in TLM patterns. After resistance 

measurement with different combination of the six pads, as shown in Table II-13, the 

resistance coming from two probes and the resistance of metal strip are estimated as 1 

Ω and 2 Ω per 100 µm, respectively. Based on this result, the resistance presented for 

pattern B and pattern C are the values after subtracting the resistance from probes and 

the metal strips.  

 

Figure II-44 Optical image of patterns for strip metals resistance extraction 

 

Table II-13 Resistance obtained from different pads combination 

Combination Component Measured value 

Case 1 
Pad3→Pad6 

Rprobe + 1/3Rstrip 1.9 Ω 
Pad6→Pad5 

Case 2 Pad3→Pad5 Rprobe + 2/3Rstrip 2.2 Ω 

Case 3 

Pad1→Pad2 

Rprobe + Rstrip 2.3 Ω Pad2→Pad3 

Pad3→Pad4 

Case 4 
Pad1→Pad3 

Rprobe + 2Rstrip 2.8 Ω 
Pad2→Pad4 

Case 5 Pad1→Pad4 Rprobe + 3Rstrip 3.2 Ω 
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(5) Transfer Length LT based on Pattern B.  

As the current always preferentially flow the least resistance path, from the edge 

of the contact to far edge area, the current density is not uniform, as shown in Figure 9 

(b) of Appendix IV, which is known as current crowding. Moving a certain distance 

away from the edge, the current drops off until zero and this according length is defined 

as transfer length LT. Note this extraction method for LT is based on the assumption that 

the carrier concentration of graphene has no variation from the channel region to 

contacts parts where graphene is beneath the metals, which means the linear fitting 

deduced LT as illustrated in Figure 9 (c) of Appendix IV is possible. However, some 

other groups have reported the variation of carrier concentration of graphene from 

channel to graphene beneath the metal
[63]

. Therefore, the LT values presented in this 

work are only robust approximation.   

In order to verify the effect of transfer length on contact resistance, a pattern with 

different metal/graphene (Au/Ni/Graphene) contacting area has been fabricated, as 

shown in Figure II-45. In this pattern, the separation between two contacts is kept as a 

constant value, which is 3µm. But the contacting strips width are varied as: L1= 1µm 

for pad “a”; L2= 2µm for pad “b”; L3= 4µm for pad “c”; L4= 6µm for pad “d”; L5= 

10µm for pad “e”; L6= 14µm for pad “f”.  

 

Figure II-45 (a) SEM image of pattern for study of transfer length, with insert of an 

optical image, (b) zoom-in of (a) 
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Figure II-46 Resistance vs different pads combination 

The resistances between two pads are measured as shown in Figure II-46. Since 

the channel length is constant for all strips separation, the variations of the measured 

resistance are due to the changing of contact resistance. It is clear to see two 

phenomenons. First, when strip width is < 4µm, as shown in Figure II-46, the resistance 

between two strips is increasing as the strip width decreased. It proves that the effective 

transfer area for current from metals to graphene is defined by transfer length. Second, 

when the strip width is > 4µm, as shown in Figure II-46, the resistance between two 

strips becomes constant. It is evident that the contact resistance is determined by edge.  

II.4.3 GFETs characterization  

In this section, the electrical characterization of GFETs with different dimensions 

(gate length and gate width) fabricated on rigid substrate of Si/SiO2 will be discussed. 

For device performance, the discussion will start from DC behavior of our GFETs, i.e. 

out-put and transfer characteristic. The dimensions-dependent performance will be 

presented both from some typical devices and statistical analyses. The result obtained 

in DC will help to well explore RF performance.  

The RF measurement will be carried out by a vector network analyzer (with 

frequency range of from 0 to 67 GHz), which allows to superimpose high frequency 

signal to the gate in form of voltage with low amplitude (small signal regime). The 

microwave detailed study in this section consists of current gain |H21| and unilateral 

gain U as a function of the frequency of input signal. Additionally, the extrinsic and 

intrinsic device performance will be deduced by a de-embedding process which will be 

briefly introduced prior to RF measurement discussion. Importantly, the purpose of this 

work is to realize GFETs without using high temperature fabrication process, which is 
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to obtain the dielectric layer by Al natural oxidation on bottom gate. Therefore, the gate 

capacitance will be explored together with the discussion of RF measurement.   

Note that three samples (Si08, Si09 and Si10) will be discussed for Dc and RF 

measurement, as sample Si07 gives too high contact resistance. The main difference 

between sample Si08, Si09 and Si10 is the graphene transfer process. The device 

fabrication of Si08 and Si09 with un-optimized transfer process has been completed 

several months before Si10, but Si10 has been finished by adopting the optimized 

transfer process. Although we don′t observe significant improvement in terms of ft and 

fmax, the performance dispersion of all the devices measured in Si10 was found less 

fluctuating than what was obtained in sample Si08 and Si09. 

II.4.3.1  DC Characterization 

Approximately 130 GFETs devices from Si08 and Si09, and 50 devices from Si10 

have been characterized. More than half of them are found to be functional. For 

different device dimension (gate length of Lg = 100, 200, 300 nm and gate width of W= 

12, 24, 50 µm), the best performance will be presented, and also a statistic of the 

performance dispersion will be provided.  

(1) transfer characteristic  

This DC measurement was carried out at room temperature with an Agilent DC 

parametric Analyzer (E5260B) in the static mode (gate voltage Vgs was applied in 

linear way) to determine the variation of drain to source current Ids in a response to Vgs. 

As mentioned before, being a bend gapless material, the type and concentration of 

carriers in graphene will continuously change as the function of gate voltage
[64][65]

.  

In low Vds bias of 10 mV 

Firstly, the transfer characteristic was performed in low bias which has Vds of 10 

mV. In such a low bias, the intrinsic properties of graphene such as channel resistance 

and carrier mobility could be extracted more precisely. Figure II-47 shows the transfer 

characteristic of devices with different gate width (12 µm gate width device from 

sample Si09, 24 and 50 µm gate width device from sample Si10). All the devices 

exhibit ambipolar behavior and Figure II-47 (a) shows the Vgs dependent drain source 

current Ids, where the minimum Ids is found around Vgs= 0.25 V, indicating the Dirac 

point. The increase of Ids before (towards negative gate voltage) and after (towards 

positive gate voltage) indicates the accumulation of holes or electrons as controlled by 

the gate voltage. Importantly, the position of Dirac point locating at positive gate 

voltage range indicates a p-type behavior which is due to the p-doped graphene. It is has 

been well discovered that CVD grown graphene with transfer process is easily p-doped. 
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Because the long time exposure to air during the device fabrication process leads to 

graphene channel doped by water, oxygen or even PMMA residue which possibly 

remain from the transfer process
[66][67]

. This p-type doped behavior observed here is 

also in good agreement with Hall effect measurements results.  

 
Figure II-47: DC transport characteristics of the device with gate length of 300 nm at 

Vds = 10 mV, (a) Ids as function of Vgs for device with gate width of 12 μm ; (b) 

resistance deduced from Vds/Ids of (a), (c) resistance deduced from Vds/Ids of device 

with 24μm gate width and (d) resistance of device with 50μm gate width; (e) 

distribution of drain source resistance normalized by gate width 

Figure II-47 (b) presents the resistance as a function of Vgs deduced from Vds/Ids 

of Figure II-47 (a), only the current value is converted to resistance. Note that the 

resistance presented here consists not only the graphene channel resistance, but also 

contact resistance and graphene access resistance (the resistance from graphene 

between drain and source where has not been governed by gate voltage). In such way, 
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the Dirac points are still clearly visible, but the influence of gate width becomes more 

obvious in terms of resistance. We find all these three devices have been p-type doped. 

The resistance at Dirac point almost proportionally decreases as the gate width 

increases, which indicates the graphene in the channel region should be intact and 

complete. Additionally, the gate modulation over the total resistance are found to be in 

the range of 40% to 50% for all the three devices. Figure II-47(e) shows the distribution 

of the measured drain-to-source resistance normalized by gate width from devices with 

all different geometry. The resistance variation can be caused by graphene broken or 

contact instability, which is due to the fabrication process.  

To further explore the graphene doping, a statistic of gate voltage dispersion at 

Dirac points dispersion from around 50 devices in Si08 and Si09 is presented in Figure 

II-48. In Figure II-48 (a), it is found that most of the devices are p-type doped and some 

devices are not doped or even n-type doped when Vds of 10 mV is applied.  

 
Figure II-48: Distribution of Dirac points at Vgs out of 52 devices (a) in Vds of 10 mV 

and (b) in Vds of 1 V 

In high Vds bias of 1 V 

A higher bias with Vds of 1 V is then applied and the ambipolar behavior is still 

observed ( see Figure II-49 (a)). However, comparing to the Ids curve obtained with 

low bias with Vds of 10 mV (dot red line), three variations could be found. First, the 

whole Ids value have increased to mA from µA. Taking the Dirac point as an example, 

the minimum Ids are found to be 14 µA and 1.8 mA for Vds of 10 mV and 1V 

respectively. Second, the Vgs position of Dirac point has shifted from 0.25 V to 0.55 V . 

This shift indicates that the concentration of p-type carriers has increased in graphene 

channel, which is due to the larger bias voltage
[68]

. Third, the shape of the ambipolar 

curve has become less obvious, which is also due to the larger density of carriers. 

To further explore the graphene doping, a statistic of gate voltage dispersion study 

at Dirac points is employed again. In Figure II-48, as Vds increases up to 1 V, the whole 

Dirac points are found to be moved towards positive Vgs, which agrees well with the 
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occurrence observed in Figure II-49(a). 

Figure II-49(b) shows the leakage current through the dielectric, the 4.3 nm Al2O3 

natural oxidation, is very low with the order of nA for both 10 mV and 1 V of Vds. It 

indicates the good quality of this oxidation layer, even comparing to the previous work 

where 10 nm of Al2O3 was deposited by the ALD method for the same Vds of 1V.  

 
Figure II-49: From sample Si09, (a) Transfer characteristics with two different bias 

voltage Vds (10mV and 1V); (b) leakage current through the gate 

(2) Transconductance  

Transconductance describes the ratio of drain current (Ids) variation to the gate 

voltage (Vgs) variation, and it is written as gm. It reflects how much the current through 

channel is responding to the gate modulation via gate voltage. It is a crucial parameter 

for determining the device performance in RF regime. In DC regime, the gm definition 

is found below:  

𝑔𝑚 =
𝜕𝐼𝑑𝑠

𝜕𝑉𝑔𝑠
=

𝜕

𝜕𝑉𝑔𝑠
(𝑛𝑒𝜇𝑉𝐶ℎ

𝑤

𝐿
)   (II-5) 

Where n:carrier concentration; e: element charge; µ:carrier mobility; Vch: the 

voltage drops in channel region; W: gate width; L: gate length 

Importantly, the Vch is proportional to Vds, and the ratio is constant which is 

determined by channel resistance, access resistance (graphene region between drain 

and source which has not been governed by gate) and contact resistance. Therefore, 

Vch will increase proportionally with increasing Vds. Figure II-50 (a) shows the gm 

deduced from Ids curve with Vds of 1V, and (b) shows the evolution of gm according to 

different Vds. The absolute value of gm is found to be increased as the increase of Vds, 

which can be explained by Equation II-5.  
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Figure II-50: From sample Si09, (a) Transfer characteristics with gm deduced with Vds 

of 1V (b) evolution of gm with different Vds (10mV and 1V) 

In Figure II-50 (a), the maximum static transconductance of 150 µS/µm in 

absolute value could be extracted. One can find that in the electron branch, the 

maximum gm is around 90 µS/µm, which is smaller than what we find in hole branch, 

indicating that the p-type branch of our GFETs varies faster than that of n-type branch. 

This is due to the contribution of high holes density of our p-type graphene layer. 

Therefore, in this work, we mostly explore the hole branch of our devices. 

Table II-14 gives the measured gm (summarized as an average value without 

normalized by gate width, an average value normalized by gate width, and best 

individual value) for devices with different geometry in terms of gate width W and gate 

length Lg. In Table II-14, we find that the value of gm decreases slightly with the 

decrease of gate length for all the three gate width devices. We believe that this can be 

attributed to the competition between decreases of effective gating area and the 

increase of the non-gating area. Because in this work, the drain source separation is a 

constant value of 1 µm, which means the decrease of gate length will increase the 

access area (non-gating area graphene between drain and source), and consequently the 

access resistance will increase. It means, from equation II-5, when gate length L 

decrease, the value of Vch will also decrease. Therefore, the final gm value will be 

determined by the competition of these two items. 
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Table II-14: evolution of gm for devices with different geometry, @ Vds of 1V 

W 

(μm) 

Lg 

(nm) 

gm 

average 

ms 

gm 

average 

μs/μm 

gm 

best 

μs/μm 

12 

100 1.2 100 150 

200 1.5 128 167 

300 1.9 155 208 

24 

100 1.8 75 146 

200 2.3 96 104 

300 3.2 133 166 

50 

100 2.1 42 80 

200 3.8 76 100 

300 4.4 88 108 

(3) Output characteristics  

This DC measurement was carried out at room temperature with an Agilent DC 

parametric Analyzer (E5260B) to explore the drain source current Ids as function of 

both drain voltage Vds and gate voltage Vgs.  

Figure II-51 shows the output curves from devices with the same gate length 

(Lg=300nm) but different gate width (W= 12, 24 and 50 µm, from Si09 sample and 

Si10 sample, respectively). In Figure II-51 (a), the transfer characteristic can be found 

in Figure II-50 (a). The range of Vgs was selected from the hole branch observed from 

transfer characteristic. For example in Figure II-51(a), for the same device (Lg= 300 nm, 

W= 12µm) with transfer characteristic shown in Figure II-50, the Vgs from -1 V to 200 

mV have been explored to cover the best gm value for output drain current. In the same 

way, Figure II-51 (b) and (c) presents the output curve based on the same analysis. Note 

that the drain current shown in Figure II-51 is not normalized by gate width. After 

normalization (divided by gate width), the drain current reaches a maximum value of 

292, 308 and 260 μA/μm for device with gate width of 12, 24 and 50 µm respectively, 

at drain voltage of Vds=1V and Vgs=-1 V.  

We don’t observe the phenomenon of current saturation, even in the higher Vds 

region. Indeed the saturation is difficult to obtain in graphene due to the effect of 

contact resistance and the absence of proper bandgap 
[69]

. Therefore, these devices will 

not operate in saturation mode. Nevertheless, for the devices fabricated on flexible 

substrate (see next chapter), we observed the tendency of current saturation 
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phenomenon, which is believed due to the decrease of the contact resistance.  

 

Figure II-51: Output characteristic of devices with (a) gate width of 12 µm, the inset 

image show a final device with probes on its coplanar wave guide access; (b) gate width 

of 24 µm, the inset image show its transfer characteristic with Vds=1V; (c) gate width 

of 50 µm, the inset image show its transfer characteristic with Vds=1V  

II.4.3.2  Small-signal high frequency characteristics 

(1) Background knowledge 

In high frequency regime, the transistor can be seen as a two-port network. The 

high frequency signal will be treated as a wave, and its power will be considered and 

measured by S parameter, which are easier to be measured and worked with than any 

other voltage- or current-based parameters. More details about two-port network and S 

parameters have been given in chapter1. For our GFETs, an input small signal (voltage) 

with high frequency is superimposed with a certain voltage (gate voltage for best gm 

obtained in DC) on the gate, and the output signal (current) with a certain response high 

frequency will be measured. Both these input and output signal will be considered and 

measured in terms of S parameters by a Vector Network Analyzer (VNA), which is the 

most common and important measurement equipment in high frequency range. The 

measurement setup used in this work, see Figure II-52, composes of a probing station of 
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ground-signal-ground (GSG) coplanar microwave infinity cascade and an Agilent 

E8361 A Vector Network Analyzer which has a measurement frequency range of 0.01 

GHz ~ 67 GHz. The devices could be externally biased by a computer controlled 

external voltage sources and bias tees and the VNA could measure in this way the bias 

dependence of the S-parameters.  

 

Figure II-52: (a) Microwave station with microwave probes (b) Vector Network 

Analyzer 

For more precise measurement results, a calibration procedure has to be applied 

each time before the measurement, Figure II-53 shows the procedure of RF 

measurement for GFETs. The purpose of this calibration is to remove the errors 

introduced by external probes or coaxial cables so that the measurement reference 

plane could be moved near to the access component (device under test, DUT). In this 

work, a standard calibration method Line-Reflect-Reflect-Match is performed, which 

needs a transmission line (through); structures of both open circuit (open) and 

short-circuited (short); and a resistance of 50 Ω for matching the cable  impedance 

(match).  

 

Figure II-53: Procedure of RF measurement for GFETs 

(2) De-embedding 

On-wafer high frequency measurements always employ CPW as access to the 
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active region. However, parasitic effects from these CPW structures will be introduced 

to the final measurement results. Therefore, these effects have to be removed to obtain 

more accurate device characteristics. This removal procedure is implemented by 

de-embedding.  

Field Effect transistors working with small signals can be normally described by 

using an equivalent circuit, in which assuming all the elements are constant and 

independent of frequency. In previous work for GFETs, a small signal equivalent 

circuit has been extracted from the measured S parameters and all elements are 

confirmed to be independent of frequency, see Figure II-54 (a). Three levels (or 

reference plane) have been illustrated, which are plan of DUT, extrinsic, and intrinsic, 

the according elements for each plan has been marked by different color in Figure 

II-54(a). The performance of extrinsic and intrinsic can be obtained by pad 

de-embedding and mute de-embedding, respectively. To realize these two 

de-embedding procedures, two special open structures, denoted as “pad” and “mute” 

have been fabricated together with other transistors by the same fabrication process to 

keep the same geometry. See Figure II-54 (b), the pad structure has only the coplanar 

access of GFET. The mute structure has the same geometrical structure as the active 

part of transistors but without graphene between source and drain. S parameters of 

DUT, pad and mute are first obtained by measurement, which are then converted to Y 

parameters, the admittance matrix [Y]. The de-embedding procedure is simply based 

on [Y] subtraction. Y parameters of extrinsic are obtained by [Yextr]=[YDUT] – [YPad] 

and Y parameters of intrinsic are obtained by [Yintr]=[YDUT] – [YMute]. The [Yextr] and 

[Yintr] are then converted to [Sextr] and [Sintr] for device extrinsic or device intrinsic 

performance extraction. 
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Figure II-54: (a) a small signal equivalent circuit (b) practical de-embedding structure 

of Ypad and Ymute for extrinsic and intrinsic performance, respectively 

Note that in this work, the de-embedding structures of “pad” and “mute” were 

designed to mainly consider the effect of capacitance. Therefore, after “pad” 

de-embedding, the effect of capacitance Cgs-pad, Cgd-pad and Cds-pad will be 

removed (see Figure II-54(a), elements marked by purple), to obtain extrinsic 

performance. After “mute” de-embedding, only the effect of capacitance Cpgs, Cpgd 

and Cpds will be removed (see Figure II-54(a), elements marked by blue), but the effect 

of resistance and inductance still remains with “intrinsic” performance. A future work 

for a complete de-embedding is needed, in which not only the capacitances, but also the 

items of resistance and inductance will be taken into account.  
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(3)  Figure of Merit  

Current gain, |H21|  

In this section, the current gain (ratio of output current to the input current) as 

function of frequency, together with the information of cut-off frequency, ft (at which 

frequency the current gain drops to unity) for GFETs with different geometry will be 

discussed. The evolution of |H21| should decrease with a variation of -20 dB/ decade as 

increasing the frequency of the input signal. Equation II-1 gives the definition of ft 

based on elements of small signal equivalent circuit in intrinsic plane.  

From Figure II-55, it can be seen that for a given device with a constant value of 

gate capacitance, Cgs, ft will be determined by gm which is Vg dependent. To explore 

the best value of ft a certain range of Vg is selected to find the best gm based on transfer 

characteristic in DC regime. Figure II-55 gives an example of Vg dependent current 

gain from a device with 100 nm gate length and 300 µm gate width. Note that the 

current gain is intrinsic value, which was deduced after de-embedding operation. The 

relative discussion is shown in next paragraph. 

 
Figure II-55: The intrinsic current gain |H21| of GFET device with 100 nm gate length 

and 12 µm gate width as function of frequency for different Vgs, Vds= 1V 

Additionally, the performance before de-embedding, DUT, and also the after 

de-embedding performance of extrinsic and intrinsic will be provided. Equation II-6 

gives the current gain derived from S parameters. From S parameters of DUT, extrinsic 

and intrinsic based on different de-embedding procedure, current gain is deduced 

respectively. Figure II-56 (d) shows the scaling of gate length with ft, the cut-off 

frequency increasing with the decrease of gate length partially agrees with literatures, 

which is determined by both the variation of gm and total gate capacitance.  
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|𝐻21|2 = |
−2𝑆21

(1−𝑆11)∙(1+𝑆22)+𝑆12∙𝑆21
|

2

 (II-6) 

 

Figure II-56: The DUT, extrinsic and intrinsic current gain |H21| as function of 

frequency of GFET device with 12µm gate width and different gate length of (a)300 nm, 

(b)200 nm and (c)100nm,Vds=1V; (d) the scaling of gate length with fT 

Unilateral gain, U  

Mason’s unilateral gain U is the power gain with an evaluation of -20 dB/ decade 

as a function of frequency. The maximum oscillation, fmax, is the frequency at which U 

equals 1, indicating that power gain is not possible with frequency beyond fmax. 

Unilateral gain can be deduced from S parameters, as given by equation II-7. In this 

work, only the performance without de-embedding will be presented, because U is 

much less sensitive to the de-embedding procedure as explained previously.  

𝑈 =
|
𝑆21
𝑆12

−1|
2

2(𝑘|
𝑆21
𝑆12

|−𝑅𝑒(
𝑆21
𝑆12

))

 (II-7) 

Where k =
1−|S11|2−|S22|2+|S11S22−S21S12|2

2S21S12
  

We also find that maximum oscillation frequency is gate voltage dependent. 

Figure II-57 shows an example of best fmax extraction from evolution of U with 

different gate voltage. Figure II-58 shows the best fmax value obtained for device with 
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different gate length with gate width of 12μm, all the best and average performance of 

this device and other devices with 24 and 50 μm gate width are provided in Table II-15. 

 
Figure II-57:  Evolution of unilateral gain (U) with different gate voltage, Vds=1V 

 

Figure II-58: Unilateral gain (U) with different gate length, and a constant value of gate 

width, W= 12 μm and Vds=1V 
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Table II-15: Summary of device performance with different gate length and width 

W 

(μm) 

Lg 

(nm) 

fT 

average 

GHz 

fT 

best 

GHz 

fmax 

average 

GHz 

fmax 

best 

GHz 

12 

100 12 15.5 8 11 

200 9 13 7 9 

300 5 7.5 3.5 5.5 

24 

100 8 10 5 8 

200 6.5 8 5 7 

300 4 8.5 2 6 

50 

100 5 13 3.5 10.4 

200 4.5 8.5 2 5 

300 3.5 7 1.5 4 

 

In Table II-15, it is found that all the devices with gate width of 12, 24 and 50 μm, 

both the average and best cut-off frequency increase with the decrease of gate length. 

Here, this tendency is due to the effect from both gm and total gate capacitance, which 

is in accordance with previous reports 
[70]

. Also, we have observed that for the 50 μm 

gate width devices, the values of ft are smaller than that obtained from 12 and 24 μm 

gate width devices. This is ascribing to the less increasing of gm comparing to the total 

gate capacitance increase. For maximum oscillation frequency, the scaling behavior 

with both gate length and gate width is not as clear as ft. Because it is determined not 

only by gm and total gate capacitance, but also by the competition between gate 

resistance Rg and drain source resistance Rds. Note that in Table II-15, the values of ft 

are intrinsic performance after “mute” de-embedding, and fmax are DUT performance 

without any de-embedding procedure.  

Figure II-59 shows the device performance dispersion according to different 

drain-to-source resistance. Three range of as measured drain to source resistance are 

explored: 300 to 500, 500 to 700 and 700 to 1200 Ω. The variation of drain to source 

resistance can be caused by either graphene quality or contact resistance variation. We 

observe that devices with low drain to source resistance yields the best performance. 

It demonstrates the importance of keeping graphene quality intact and reducing 
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contact resistance. 

 

 
Figure II-59:Device performance dispersion according to different drain/source 

resistance: (a) transconductance, gm; (b) fmax and (c) ft-int 

Gate capacitance 

Because gate capacitance is an important parameter to determine both current gain 

and unilateral gain, and it is derived from 4.3 nm natural oxide of Al2O3 on bottom 

gates, which mainly differs this work from others, hereafter some discussion on it will 

be followed.  

We choose the 12 μm gate width devices to explore the gate capacitance because 

of their stable and excellent performance in RF. Deduced from S parameters, the 

average value of total gate capacitance were obtained to be be 16±0.8 fF, 28±1 fF, 

42±1.4 fF corresponding to gate length Lg=100 nm, 200 nm and 300 nm. After 

graphene transfer process, the graphene may suspend partly on the lateral side of gates 

after transfer process. As shown in Figure II-60(a) and (b), this suspending introduces a 

gap between graphene and gate dielectric with air inside. When the gate capacitance is 

calculated, this stray capacitance, Cx, needs to be taken into account as well. Therefore, 

to fully analyze the gate capacitance, we evaluated the geometric capacitance Cgs, 

quantum capacitance CQ and stray capacitance Cx which is caused by the air gap.  
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Figure II-60: Illustration of air gap between graphene and dielectric in (a) schematic 

and (b) SEM images, (c) scaling of total gate capacitance with gate length 

We first plot the total gate capacitance deduced from S parameter with the 

according gate length, and by a linear fit, about 0.65 fF of stray capacitance is obtained, 

as shown in Figure II-60(c). The quantum capacitance CQ describes the response of the 

charge inside the channel to the conduction and valence band movement due to the gate 
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voltage variation. CQ should be proportional to the density of states (DOS).When in 

conventional systems, CQ is large and can be neglected because it is parallel with the 

geometric capacitance. However, in low-dimensional system, such as graphene based 

devices, it can be very small and in this way have some contribution to the total 

capacitance which can not be neglected. Figure II-61 shows the total gate capacitance 

verse bottom gate voltage measurement. The clear variation of the total gate 

capacitance for different gate voltage indicates the existence of quantum capacitance in 

our devices.  

 

Figure II-61: Measurement of total gate capacitance Cg deduced from S parameters 

versus gate voltage for devices with 12µm gate width and different gate length of (a) 

300nm, (b) 200nm and (c)100nm 

The quantum capacitance is evaluated by using formula equation: 𝐶𝑄 =

2𝑒2

ℎ√𝜋𝑉𝐹/(2𝜋)
√𝑛 , here, h is planck constant, VF is the Fermi velocity of Dirac electron, e 

is the electron charge, and n is the carrier concentration
[71].

 The carrier density 

n≈2.6×10
15

 m
-2

 is evaluated by using experimental data from both I-V measurement and 

Hall measurement. This gives the value of CQ = 16.8 fF, corresponding to the gate 

length Lg = 100 nm and gate width W=12µm. Based on the values of CQ and total gate 

capacitance mentioned above, geometric capacitance Cgs is about 11.2±1.4 fF 

corresponding to the gate length Lg = 100 nm and gate width W=12µm (Note that we 

calculate it as a total value, by considering double-gate structure).  
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Conclusion of Chapter II  

For graphene transfer, we have optimized the conventional wet transfer process, 

and applied it to our device fabrication. Optical microscope, SEM and Raman mapping 

measurement have been used to analyze the transfer efficiency. Homogeneous, clean 

and defect free (holes, cracks or folders) graphene is observed by both optical and SEM 

images. High value of 2D to G peak ratio (around 5) and low value of D peak from 

Raman spectra fatherly indicate that good quality monolayer graphene has been 

obtained after transfer process.  

For device fabrication, we have developed a fabrication process based on natural 

oxidation of aluminum as dielectrics of bottom gates structure. This process avoids the 

conventional ALD method for dielectric which needs high temperature, thus it is very 

suitable for flexible devices. Importantly, the graphene quality is well preserved after 

all the fabrication process, which has been confirmed by SEM and Raman mapping. 

Devices of GFETs with different geometry (gate width of 12, 24 and 50 µm combining 

with gate length of 100, 200 and 300 nm) and also together with other components, 

such as Hall effect pattern and TLM structures have been realized after fabrication 

process. 

For device characterization, we first find p-type graphene with high value of 

mobility, 3400 cm
2
/Vs, obtained by using Hall effect measurement. Contact resistance 

has been deduced from different TLM pattern and the best value of contact resistance 

in range of 370~960 ohm·µm is obtained from pattern B with Ni/Au (20/30nm). After, 

DC behavior of our devices has been discussed prior to RF performance. Best 

transconductance, gm, is found to be 155 μs/μm for device with 300nm gate length and 

12 μm gate width. A tendency of gm decreasing with the decrease of gate length has 

been observed, and explained as the competition between gating and non-gating area 

due to the constant drain to source distance of 1μm. In RF regime, current gain and 

unilateral gain for devices with different geometry have been fully discussed. 

De-embedding procedures of pad and mute are used to extract extrinsic and intrinsic 

device performance. The intrinsic value of cut off frequency ft of 15.5 GHz and 

maximum oscillation frequency fmax of 11 GHz are obtained in device with 100 nm gate 

length and 12μm gate width. The scaling of ft with decreasing gate length is observed. 

Besides, overall performances disperse according to different channel resistance and 

device geometry has been also summarized. Additionally, total gate capacitance, stray 

capacitance and quantum capacitance have been evaluated.  

In final, this work provides an reliable graphene transfer and device fabrication 

techniques which can be another opportunity for further development of GFET on 
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flexible substrate. 
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Chapter III On flexible substrates: bottom gate 

graphene field effect transistor with dielectric of 

natural oxide 

III.1 Introduction 

Graphene is highly suitable for flexible electronics due to the excellent electronic 

and mechanical properties which derive from its truly two-dimensional nature. Thanks 

to its inherent mechanical robustness and flexible nature, large area monolayer 

graphene can be transferred to flexible substrate. Graphene flexible transistors have 

been recently achieved. 

In this chapter, we present the fabrication and characterization of GFETs on 

flexible substrate. Since the fabrication process is almost transplanted from what we do 

on rigid substrate, only the parts with new modification will be highlighted. For 

example, the greatest challenge in fabrication work is mis-alignment of electro-beam 

lithography process caused by the non-flat surface of flexible substrate. So we make a 

stable bonding between flexible substrate and rigid wafer to keep the flexible substrate 

flat. With the modified fabrication process, transistors with different geometry (gate 

length of 100, 200 and 300 nm combining with gate width of 12, 24 and 50 µm) are 

realized on flexible substrate. Both static and dynamic measurements of the devices are 

carried out. Besides, the evolution of device performance according to different 

substrate strain (varying from 0% to 0.5%) is evaluated, and the thermal dispersion of 

substrate in channel region for different drain source bias is explored. 
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III.2 General description of flexible GFET 

Two-dimensional material is bendable, and thus it has drawn enormous attention 

recently for the application of flexible devices. For example, the strain limit of 

graphene has been reported to be more than 20% 
[1][2]

. The large area grown graphene 

can be transferred from its host substrate onto flexible substrate without seriously 

degrading the high value of mobility. Graphene with high mobility on flexible 

substrates have been reported
[3-15]

. For example, electron mobility of 12000 cm
2
V

-1
s

-1
 

and hole mobility of 13000 cm
2
V

-1
s

-1
 have been reported for CVD grown graphene 

transferred to PEN substrates
[8]

. Thanks to this, radio frequency GFETs on flexible 

substrate has been reported. Among all these reports, GFETs with both top gate and 

bottom gate have been realized. 

Figure III-1(a) shows the top gate structure GFET from the work of 
[16]

. T-gate is 

used and self-aligned source/drain contacts is realized. The dielectric (AlOX) between 

top gate and graphene is formed by a natural self-oxidation of Al. They report extrinsic 

cutoff frequency of 32 GHz and maximum oscillation frequency of 20 GHz. Figure 

III-1 (b) and (c) show the bottom gate structure GFET from the work of ref[17] and 

ref[18], respectively. The difference between these two works is the dielectric 

formation. In ref[17], dielectric of 6 nm HfO2 is grown by atomic layer deposition 

(ALD), while in ref[18], dielectric of 10 nm Al2O3 is grown by ALD. Ref[17] reports 

23.6 GHz of ft and 6.5 GHz of fmax before de-embedding. Ref[18] reports 3.1 GHz of ft  

and 2.1 GHz of fmax.   
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Figure III-1:illustration of different GFETs structures reported before, in (a), from [16], 

transistor with T-shaped top gate and self-aligned deposited source & drain contact, the 

inset zoomed-in image illustrates the occurrence of Al natural oxidation in the interface 

between gate and graphene; in (b-c), from [17], top view and cross section schematics 

of bottom gate transistor with dielectric of HfO2 deposited by ALD; in (c), from 

[18],cross section schematics of bottom gate transistor with dielectric of Al2O3 

deposited by ALD 

Figure III-2 shows the GFET structure designed in this work. The bottom gate 

structure was used in order to further reduce the possibility of degrading the graphene 

mobility due to electron irradiation which would happen in directly e-beam writing on 

the top of graphene channel
[19]

. The dielectric of Al2O3 was formed by natural oxidation 

of aluminum, with thickness of 4.3 nm which was confirmed by spectroscopic 

ellipsometer (discussed in chapter 2). Our process avoids deposition process of 

dielectrics by ALD, which greatly reduces the risk of damaging flexible substrate, thus 

provides an easy alternative fabrication method for future flexible electronics. To our 

best knowledge, our GFET structure (bottom gate with natural oxide of Al2O3 as 

dielectric) has not been reported before.  
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Figure III-2:bottom gate with natural oxide of Al2O3 transistor structure in this work, 

(a) Schematic of GFET device; (b) cross section schematic of a GFET device 
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III.3 Device fabrication process and graphene 

characterization on Kapton substrate 

This section will discuss the fabrication process of bottom gate GFETs with CVD 

grown graphene on flexible substrate. Because the techniques applied for flexible 

GFETs are almost transplanted from what has been discussed for rigid GFETs in 

chapter 2, the identical parts will be skipped. Here, with the same structures, bottom 

gates with natural oxidation as dielectric; and also with the same device geometry, gate 

length of 100, 200 and 300 nm combining with gate width of 12, 24 and 50 µm, have all 

been realized on flexible substrate of Kapton. Besides, together with the GFETs 

devices, other components such as Hall effect structures, TLM structures and 

de-embedding structures of “pad” and “mute” have also been completed in the same 

time. Figure III-3 shows the design from layout, and the complete structures.  

 

 
Figure III-3:(a) pattern design of transistors with all the other structures in layout; (b) 

optical image of a final completed structures according to the design; overview of all 

the devices in (c) and with kapton substrate in (d) 

The main challenge for GFETs devices fabrication on flexible substrate is to 

overcome the errors or instabilities of electron-beam lithography (EBL) alignment 

procedure due to the rough and fluctuating surface of flexible substrate. The solutions 

we adopted include two things. First, prior to device fabrication, the flexible substrate 

was bonded onto a rigid substrate, a silicon wafer for instance, to keep the surface 

relatively flat. Second, the device map was designed to be smaller (as compared to what 

is on rigid substrate) so that the reduced distance between two furthest alignment 
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markers (four alignment markers with furthest distance between each other will be used 

for EBL alignment procedure) can help to improve the alignment precision. 

III.3.1 Optimization of alignment process 

As mentioned above, the biggest challenge of GFETs fabrication on flexible 

substrate is the crucial accuracy of alignment process between each step. In layout 

design, we have introduced cross-shaped structure to examine the alignment process. 

As shown in Figure III-4, these cross-shaped structures have been designed in four 

sides of one EBL writing field for the most critical device fabrication steps: bottom gate, 

graphene isolated pattern etching and drain & source deposit. In this way, we are able to 

fully examine the alignment process between different steps. Before the optimization 

work, we have failed many samples because of the poor alignment process, and Figure 

III-4 (b) and (c) shows an example. We have observed an obvious shift of the 

cross-shaped structure from its right position, and the shift of device structure due to 

this failed alignment process.  

 

Figure III-4:(a) layout design of device map with alignment testing structure, which are 

marked by different color (red, blue and green) representing different layer process; (b) 

an example of  failed alignment process reflected by testing structure; (c) an example 

of a failed device due to the poor alignment process 

Figure III-5 shows the SEM images of the cross-shaped structures in their right 

positions thanks to our improved alignment process.  
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 Figure III-5:SEM image of alignment testing structure verified by good alignment 

process  

We have compared the offset value of cross-shaped structures from all the 

fabrication process, before and after optimizing the alignment process. Figure III-6 

shows the statistic results. It can be seen that thanks to the optimization, the offset value 

between two electro-beam writing steps has been largely reduced.  

 
Figure III-6:Statistic offset value from all the fabrication process in (a) results from 

fabrication before optimization; (b)  results from fabrication after optimization. Less 

offset value are observed after the process is optimized 
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III.3.3 Device fabrication process  

 
Figure III-7:General fabrication process for GFETs on flexible substrate, Kapton 

The general description of the whole device fabrication process is provided in 

Figure III-7. Since the most parts of the fabrication process are transplanted from the 

process discussed in Chapter 2, only the different steps will be discussed, these steps 

are: Step 1, bonding Kapton with rigid substrate; step 6, graphene isolated pattern 
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etching; step 7, drain source deposit and step 9, detaching Kapton from rigid substrate.   

Step1: Bonding Kapton with rigid substrate  

The major challenge for GFETs devices fabrication on Kapton is the non-flat 

surface due to the nature of plastic material. This non-flat state is not compatible with 

the conventional device fabrication system. For example, the metal evaporation system 

requires a flat target substrate so that the thickness uniformity of deposited metal can be 

guaranteed; and also the EBL system requires flat enough substrate, otherwise the focus 

of electron beam occurrs at different height levels and the precision of pattern writing 

suffers. Therefore, the first task is to make Kapton substrate as flat as possible. We 

choose to bond Kapton with a silicon wafer (or any other rigid flat substrate) so that the 

Kapton can be relatively as flat as the wafer. Here, the bonding between wafer and 

Kapton has to meet two conditions: 1) to stand with the chemical products used in this 

work (Acetone, IPA, MIBK, BOE, H2O2, etc); 2) possible to detach Kapton from wafer 

when fabrication process is finished. Different bonding materials and methods have 

been tested, and Table III-1 gives the remarks of the experimental results. Finally, 

PDMS and commercial tape have been selected to bond Kapton due to their excellent 

stability with the presence of Acetone. Acetone is found to be the most aggressive 

chemical product to bonding materials in this work. Note that the bubbles in bonding 

material must be well controlled, because in any vacuum system (plasma, metal 

evaporation, EBL etc) these bubbles will inflate and thus damage the bonding layer. 

Because bonding strength of both PDMS and commercial tape comes from physical 

attraction and no chemical bonding is generated, the Kapton can be easily peeled off 

from wafer by using tweezer without using any special chemical product. 

Table III-1: Bonding experiments 

Materials Treatment Result 

Eb-resist, 

COPO MAA8.5 

EL6% 

Spin-coat, stick, and bake No resistance to lift-off, big bubbles 

ParyleneC 
CVD, plasma , bonding 

machine 
<3h resistance to lift-off, no bubbles 

Su8 
Soft baking, bonding 

machine 
<5h resistance to lift-off, no bubbles 

PDMS Pump to remove bubbles 
>6h resistance to lift-off, bubbles 

controlled 

Double sides 

tape 
no >6h resistance to lift-off, no bubbles 
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Step6: Graphene isolated pattern etching  

For step of graphene etching on flexible substrate, where the bottom gates have 

been covered by monolayer graphene, the same oxygen plasma recipe (50w, 25sccm, 

100 mTorr and 2min) as mentioned in chapter 2 was used. After oxygen plasma etching, 

we find that not only the graphene, but also the substrate of Kapton have been etched. 

Figure III-8 (a) shows the SEM image of bottom gate with graphene isolated pattern 

after oxygen plasma etching; (b) and (c) show the Atomic force microscopy (AFM) 

image illustrating substrate height difference caused by etching. Verified from AFM 

measurement, the Kapton substrate has been etched around 70 nm after our graphene 

etching process.  

 

Figure III-8:(a) SEM image of device after the process of graphene isolated pattern 

etching; (b) and (c) the AFM image of the red rectangle marked region in (a), indicating 

the Kapton  substrate is etched of 70 nm due to graphene etching process 

Step7: Drain source deposition  

The drain source contacts fabrication process is the same as the process on rigid 

substrate as discussed in chpter2, except that the contact material is different. Instead of 

Ni/Au (20/30nm) on rigid substrate, pure Au of 50 nm in thickness has been used as 

drain and source contact metal for flexible samples. The adhesion strength of gold to 

substrate or gold to graphene is an important issue to be considered. Because Au has 

relatively poor adhesion strength with Si or SiO2. Therefore, in this work, pure gold is 

only used to contact graphene in the region of drain and source, and it has been 

afterwards firmly fixed by pads pattern, as shown in Figure III-9. The same process as 

rigid sample, Ni/Au of 50/300 nm in thickness have been deposited for pads on Kapton 

substrate, the strong adhesion between Ni and Kapton has been afterwards confirmed 

by on chip DC and RF measurements. The probes can be easily placed on the pads 

without any observation of device movement with probes.  
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Figure III-9:(a) transistor after process of depositing pure Au drain & source contacts; 

(b) transistor after process of depositing coplanar wave guide access as pads for 

measurement (Ni/Au 50/300nm) 

Step 9: Detaching Kapton from rigid substrate 

When all the fabrication process are complete, the Kapton will be carefully 

removed from silicon wafer. A gentle force has been applied by using a tweezers from 

one side of the kapton to lift it up. Figure III-10 shows the schematic of this detaching 

process.  

 
Figure III-10: illustration of detaching Kapton from silicon wafer, in (a) the Katpton as 

stick on wafer; (b) the kapton is detached carefully by tweezers; (c) Kapton is 

successfully detached from wafer 

Final device images 

Figure III-11 shows optical images of complete devices with different gate width 

W (12, 24 and 50 µm) on Kapton substrate. By solving the difficulties of alignment 

process, plastic substrate etched by using oxygen plasma, bonding and detaching the 

Kapton with silicon wafer, which are all discussed as before, the final GFETs 

structures have been proved to be fully achievable. Even the structure with gate length 

of 100 nm and gate width up to 50 µm has been found well patterned. We have 

demonstrated a feasible GFETs fabrication process based on flexible substrate.  
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Figure III-11:Optical images of transistors fabricated on Kapton, with different gate 

width of 12, 24 and 50µm 
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III.4 Characterization of material and contact resistance  

Prior to explore the GFETs performance in DC and RF regime, we firstly study the 

transport properties in terms of mobility measurement and the contact resistance for the 

unique case here: graphene on flexible substrate of Kapton. These information will help 

us to understand the flexible transistors performance, such as ft and fmax, especially as 

comparing to the GFETs on rigid substrate reported in chapter 2.  

III.4.1 Graphene mobility on Kapton substrate 

Hall effect measurement was carried out by using Van der Pauw method. Figure 

III-12 shows the Hall effect structures fabricated on Kapton. 

 

Figure III-12:Optical image of Hall effect structure (Van der Pauw) on kapton substrate 

 

Table III-2:Comparison of informations obtained from Hall measurement of different 

samples 

Sample 

(Graphene 

source) 

Substrate 
Hall 

structure 

Sheet 

resistance 

(ohm/sq) 

Doping type 

& Carrier 

density 

 (cm
-2

) 

Hall 

Mobility 

(cm
2
/Vs) 

Si07 

(Cambridge) 
Si/SiO2 

VDP 

HB 
900 + 4.3 × 10

12
 1900 

Si08 

(IEMN) 
Si/SiO2 VDP 1500 + 1.3 × 10

12
 3200 

Si09 

(Korea) 
Si/SiO2 VDP 1600 + 1.2 × 10

12
 3400 

Si10 

(IEMN) 
Si/SiO2 VDP 1000 + 2.6 × 10

12
 2800 

Kap10 

(Spain) 
Kapton VDP 900 + 2.7 × 10

12
 2500 

VDP: van der pauw structure; HB: Hall bar structure  



On flexible substrates: bottom gate graphene field effect transistor with dielectric of natural oxide 

147 

 

III.4.2 Graphene contact resistance 

We have developed three types of TLM structures for samples with rigid substrate, 

Pattern of A, B and C, which have been carefully discussed in chapter 2. For sample 

Kap10 with flexible substrate, only pattern A has been used to extract graphene contact 

resistance. Because Kapton will be also etched during graphene etching process, to 

realize Pattern B and Pattern C become quite complicated. Like the Pattern A on rigid 

substrate, the same structure dimensions have been realized here: two different contact 

width, 100 µm and 160µm, with separation length between two adjacent contacts 

which are 2, 5, 10, 20, 40 and 80 µm. The only difference is the contact metal, instead 

of Ni/Au (20/30 nm) used for rigid substrate, pure Au of 50 nm in thickness has been 

used here to contact graphene. Figure III-13 (a) shows the structure with contact width 

of 100 µm. Figure III-13 shows the measured resistance with error bar (average value 

of three TLM patterns measured results) and the linear fitting compared to the results 

obtained from rigid substrate with contact width of 160 µm in (b) and 100 µm in (c). 

For both contact width of 160 and 100 µm, we see the significant drop of resistance for 

each channel from sample Kap10 as compared to sample Si08. Because of the identical 

TLM structures from both samples of Si08 and Kap10 (the same channel width and 

length), we believe that the resistance decreases mainly results from much lower 

contact resistance by using pure Au. As expected, from the two TLM structures with 

different channel width, the contact resistance deduced from the linear fitting is 190 

Ω·µm (160 µm channel width) and 580 Ω·µm (100 µm channel width) respectively. 

More information obtained from TLM measurement are presented in Table III-3.  
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Figure III-13:(a) Optical image of a TLM structure on Kapton substrate, with contact 

width of 160 µm; Comparison of TLM results between sample Kap10 (metal contact of 

pure Au) and sample Si08 (metal contact of Ni/Au) with contact width of 160 µm in (b) 

and with contact width of 100 µm in (c).    

 

Table III-3:Information obtained from TLM structures in sample of Kap10 

Sample  

Contact Metal 

W 

(µm) 

RCW 

(Ωµm) 

LT 

(µm) 

ρ□ 

(Ω/□) 
E homogeneity 

Kap10 

Au (50nm) 
160 190 0.3 1200 3 √ 

Kap10 

Au (50nm)  
100 580 0.5  1050 17 √ 

E: Standard error of linear fitting        √: Good 
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III.5 Characterization of GEFTs devices  

In this section, the electrical characterization of GFETs with different dimensions 

(gate length and gate width) fabricated on flexible substrate of Kapton will be discussed. 

We will start from DC behavior of our GFETs, i.e. out-put and transfer characteristic. 

The dimensions-dependent performance will be presented both from some typical 

devices and statistical analyses. The result obtained in DC will help to well explore RF 

performance. Additionally, a comparison (in terms of channel resistance, 

transconductance, etc.) between GFETs on flexible and rigid substrate will be 

provided.  

The RF measurement is carried out by a vector network analyzer (with frequency 

range from 0.1 to 67 GHz), which allows to superimpose high frequency signal to the 

gate in form of voltage with low amplitude (small signal regime). Microwave 

transistors figures of merit, the current gain |H21| (in terms of ft ) and unilateral gain U 

(in terms of fmax ), of the GFETs with different geometry will be fully discussed. 

Importantly, to explore the performance of our GFETs when different strain were 

applied to the flexible substrate, the RF characterization with substrate bended on 

different radius supporter (strain varies up to 0.5%) is carried out. In further, the 

thermal dispersion of the flexible substrate in channel region with different drain source 

bias is explored since the thermal sensitivity of flexible substrate is a major issue to be 

considered.  

III.5.1  DC Characterization when substrate is flat 

There are nearly 100 GFETs devices from sample Kap10 have been characterized. 

More than 80% of them have been found to be functional. For different device 

dimension (gate length of Lg = 100, 200, 300 nm and gate width of W= 12, 24, 50 µm), 

the best performance will be presented, and also a statistic of the performance 

dispersion will be provided.  

III.5.1.1 Transfer characteristic and transconductance   

This DC measurement was carried out at room temperature with an Agilent DC 

parametric Analyzer (E5260B) in the static mode. Similar to chapter 2, the transfer 

characteristic in both low bias (10mV) and high bias (300 mV and 500 mV) will be 

presented.  

In low Vds bias of 10 mV 

Figure III-14(a), (b) and (c) shows for GFETs with different gate width (12, 24 
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and 50 µm) but with the same gate length (100 nm), the gate modulation over drain to 

source resistance including the contributions from both graphene channel and metal 

contacts which were obtained from low bias of 10mV Vds. Because the curve of drain 

source resistance vs gate voltage is deduced from drain source current vs gate voltage, 

we will find the Dirac point in Vgs where has the maximum drain source resistance. As 

shown in Figure III-14, for devices with different gate width, the Dirac points are all 

found in positive branch of gate voltage, which indicates the p-doped graphene on 

Kapton substrate. This result agrees well with the conclusion in chapter 2, which is due 

to CVD grown graphene and its transfer process. This p-doped behavior observed here 

is also in good agreement with Hall effect measurement in previous section. Furtherly, 

the gate modulation over the total resistance are found very superior. It is worthy to 

note that variation of total resistance contains the contribution from both graphene 

channel and graphene metal contact. Figure III-14(d) shows the distribution of drain to 

source resistance normalized by gate width from devices with all different geometry. 

The resistance variation can be caused by non-homogeneity of graphene quality and 

graphene metal contact. Importantly, as comparing to the same statistic study from 

rigid substrate (Figure II-47), the overall resistance distributions on flexible substrate 

are much smaller. This is mainly due to the much lower contact resistance obtained on 

flexible substrate by pure Au.  

 
Figure III-14:DC transport characteristics of the device with gate length of 300 nm at 

Vds = 10 mV, drain to source resistance vs gate voltage for devices with gate width of 

12, 24 and 50 µm in (a), (b) and (c); in (d), distribution of drain to source resistance 

normalized by gate width from all the devices with different geometry. 
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In high Vds bias of 500 mV 

Higher bias with Vds of 300 mV and 500 mV have been then applied to explore 

the transconductance, gm. Figure III-15(a) shows the transfer characteristic and the 

deduced gm with 500 mV bias for transistor with 12 µm gate width and 100 nm gate 

length. The maximum absolute gm value of 3 mS is obtained in the hole branch, which 

is due to the contribution of high holes density of our p-doped graphene. Therefore, for 

our devices on flexible substrate we mostly explore the hole branch. Figure III-15(b) 

shows the leakage current through the dielectric (4.3 nm Al2O3 natural oxidation, as 

discussed in chapter 2) is very low, i.e. in the order of nA for both bias of 10 mV and 

500 mV. It demonstrates the good quality of the natural oxidation layer formed on 

flexible substrate in this work.  

 

Figure III-15:(a) transfer characteristics with gm deduced with Vds of 500 mV; (b) 

leakage current through the gate 

 Table III-4 gives the measured gm (summarized as an average value without 

normalizing by gate width, an average value normalized by gate width, and the best 

individual value) for devices with different geometry in light of gate width W and gate 

length Lg. We find that the value of gm decreases slightly with the gate length 

decreasing for all the three gate width devices. We believe that this can be attributed to 

the competition between decreases of effective gating area and the increase of the 

non-gating area, which has been carefully discussed in chapter 2. We also noticed that 

as comparing to the results obtained from rigid sample (Table II-14), the gm are 

generally increased. We believe that the improvement of gm is partially due to the 

higher effective channel voltage, Vch, thanks to the lower value of contact resistance. 

Although the drain to source voltage applied on sample Kap10 is 500 mV, only half of 

the value applied for devices on rigid substrate (1V), the voltage drops on graphene 

channel (channel voltage) becomes another case here because of the different contact 
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resistance. Taking the device with 300 nm gate length, 12 µm gate width and 1 µm 

drain to source separation for example, let’s first consider the devices on rigid substrate. 

With contact resistance of 2000 Ω·µm, and graphene sheet resistance of 1500 Ω/□, the 

channel voltage is estimated around 90 mV when drain to source voltage of 1V is 

applied. For devices on flexible substrate, with contact resistance of around 200 Ω·µm 

and graphene sheet resistance of 1200 Ω/□, the channel voltage is estimated around 120 

mV when drain to source voltage of 500 mV is applied.     

Table III-4: Evolution of gm for devices with different geometry, with Vds of 500 mV 

W 

(μm) 

Lg 

(nm) 

gm 

average 

mS 

gm 

   average 

μS/μm 

gm 

best 

mS 

12 

100 1.6 130 3.2 

200 2.8 233 3.7 

300 2.9 241 4.2 

24 

100 3.8 158 7.1 

200 6.1 254 11 

300 9.2 383 9.7 

50 

100 4.4 88 9.6 

200 7.4 148 8.8 

300 11.3 226 14.5 

 

III.5.1.2 Output characteristics   

We use Agilent DC parametric Analyzer (E5260B) to explore the drain source 

current Ids as a function of both drain voltage Vds and gate voltage Vgs. Figure III-16 

shows the output curves from devices with the same gate length (Lg=100 nm) but with 

different gate width (W= 12, 24 and 50 µm).  In Figure III-16 (a), the transfer 

characteristic has been provided in Figure III-15. The range of Vgs was selected from 

the hole branch observed from transfer characteristic to cover the best gm value. In the 

same way, Figure III-16 (b) and (c) presents the output curve based on the same 

analysis. Note that the drain current shown in Figure III-16 are not normalized by gate 

width. After normalization (divided by gate width), the drain current reaches a 

maximum value of 900, 850 and 360 μA/μm for device with gate width of 12, 24 and 50 

µm respectively, at Vds of 500 mV and Vgs of -1.5 V(for W=12 µm) and -0.5V (for 

W=24 and 50 µm). We also observe the tendency of current saturation, in the higher 



On flexible substrates: bottom gate graphene field effect transistor with dielectric of natural oxide 

153 

 

Vds region. This is believed mainly due to the low contact resistance obtained for these 

devices 
[20][21]

. 

 

Figure III-16:Output characteristic of devices with 100nm gate length and gate width of 

(a) 12 µm, the inset image shows a final device with probes on its coplanar wave guide 

access; (b) 24 µm; and (c) 50 µm, both with an inset image of showing its transfer 

characteristic with Vds of 500 mV. 

III.5.2 Small-signal high frequency characteristics when 

substrate is flat 

The high frequency performance of our flexible GFETs have been characterized 

by using the PNA Network Analyzer (Agilent E8361A) under ambient conditions in 

the frequency range of 0.1 ~ 67 GHz. The calibration procedure has been mentioned in 

chapter 2.   

III.5.2.1 Current gain, |H21| 

Figure III-17 shows the best value of current gain for devices with different gate 

length and gate width. The best performance of cut-off frequency is found to be 39 GHz 

for device with 100 nm gate length and 12 µm gate width. We also find good result of 

35 GHz ft from device with 100 nm gate length and 24 µm gate width. To our best 
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knowledge, these performances are approaching to the state of art for GFETs, 

especially considering the fact that no de-embedding procedure in our results. It 

indicates the great potential of our fabrication scheme for flexible GFETs.  

 

Figure III-17:The best value of as measured (DUT) current gain |H21| for GFETs with 

different gate length and gate width, in (a) W = 12µm; in (b) W = 24µm and in (c) W = 

50µm 

III.5.2.2 Unilateral gain U 

Figure III-18 shows the best value of unilateral gain for devices with different gate 

width. Because the value of maximum oscillation frequency is not simply scaling with 

the gate length, as discussed in chapter 2, we only present the best value of fmax obtained 

in devices with different gate width. The best performance of fmax is found to be 13.5, 12 

and 5 GHz for devices according to gate width of 12, 24 and 50 µm. These results are 

competitive with literatures.   
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Figure III-18:The best value of unilateral gain (U) of GFETs with different gate width, 

in (a) W = 12µm; in (b) W = 24µm and in (c) W = 50µm 

Figure III-19(a) shows the average value of ft for devices with different gate length 

and gate width. For all the three gate width of 12, 24 and 50 µm devices, the 

performance of ft are found to be increasing as the gate length decreases from 300 nm to 

100 nm. This gate length dependent scaling is also observed for GFETs on rigid 

substrate, which is due to the variation of gm and gate capacitance (equation of II-1). 

Figure III-19 (b) shows the evolution of fmax depending on devices geometry, which is 

not scaling with gate length, the same conclusion as mentioned before. It is worthy to 

note that both 12 and 24 µm gate width devices give the better RF performance 

compared to that of devices with 50 µm gate width.     
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Figure III-19:Average performance dispersion of GFETs with different gate width and 

length in terms of ft in (a) and fmax in (b) 

III.5.3 GFET characterization when substrate is bended  

To explore the evolution of device performance in both DC and RF regime with 

different strain limits, the flexible substrate has been fixed on curve-shaped supporters 

with different radius (65mm, 25 mm and 1s mm) by using adhesive tape. The strain 

values are calculated by using equation I-1 in chapter1. Figure III-20 shows the 

measurement setup adapted for different bending radius supporters.    

 
Figure III-20:Test bench for on wafer DC and RF measurement under bending 

conditions of (a) flat supporter; (b) bended supporter with 65 mm radius, strain limits of 

0.12%; bended supporter with 25 mm radius, strain limits of 0.3%; bended supporter 

with 15 mm radius, strain limits of 0.5%. 

For devices with different geometres (combination of 100, 200 and 300 nm gate 

length with 12, 24 and 50 µm gate width), we selected one or two transistors which 

typically possess the average or the best performance in its geometry for the DC and RF 

measurement with strain of 0.13, 0.3 and 0.5 respectively. We firstly choose the device 

with best performance of fmax with strain of 0.5% to present. The DC and RF 

characterization of this device will be provided. After, in a more general case, the 

device parameters, such as drain source resistance, transconductance, cut-off frequency 

and maximum oscillations frequency in variation with strain change for each gate width 

device will be discussed.  

In this work, with strain of 0.5%, we have firstly examined if the nature oxide 
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layer of Al2O3 can stand with the substrate bending by checking the gate leakage 

current. Figure III-21 (a) shows the leakage current through the dielectric when the 

substrate is flat and bended with strain limit of 0.5%, both at drain source voltage of 

500mV. We have observed very low current value in order of nA regardless the 

substrate is flat or bended with strain of 0.5%. It indicates no occurrence of dielectric 

breakdown when the substrate is bended with strain of 0.5%. Figure III-21 (c) and (d) 

show the output characteristics with two different strain values. When the substrate is 

flat (ε=0%), the drain-source current (Ids) as function of drain (Vds) has been measured 

by varying gate voltage from -1 V to 0.6 V by step of 0.2 V. The drain current reaches a 

maximum value of 6.3 mA at drain voltage Vds=0.5 V and Vgs= -1V. When the 

substrate is bended on supporter with 15 mm radius (ε=0.5%), the gate voltage is varied 

from -0.5 V to 0.9 V by step of 0.2V. The gate voltage variation is due to the shift of 

Dirac point. At drain voltage of 0.5 V and Vgs= -0.5V, the maximum drain current is 6 

mA.  

 

Figure III-21:Device with 12 µm gate width and 200 nm gate length, (a) leakage current 

through the gate dielectric; (b) comparison of drain to source resistance versus gate 

voltage for flat and bending conditions; (c and d) output characteristic of the device 

with increasing strain, for values of 0% and 0.5%. 

Figure III-22 shows the RF characteristic of the same device (200 nm gate length 

and 12µm gate width) discussed in DC measurement in previous paragraph. Both the 
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performance (DUT) of current gain (H21) and unilateral gain (U) have been extracted 

from as-measured S-parameters. A range value of gate voltage, Vgs, has been explored 

to find the maximum value of transconductance, thus to yield the best RF performance. 

Vgs of 0V and 0.5V have been chosen respectively for flat (ε=0%) and bended (ε=0.5%) 

measurement to extract the best performance. The change of the Vgs with strain may be 

due to the shift of Dirac point discussed in previous paragraph. With strain of 0.5%, we 

have obtained maximum oscillation frequency fmax of 11 GHz and cutoff frequency ft of 

15 GHz, as compared to fmax of 12 GHz and ft of 18 GHz with strain of 0%.  

 
Figure III-22:Radio-frequency characteristics with Vds of 500mV, current gain (h21) 

and unilateral gain (U) plotted as a function of frequency with strain of 0% in (a) and 

with strain of 0.5% in (b) 

In general, the evolution of some relevant device parameters with strain for 

different gate width (12, 24 and 50 µm) has been summarized in Figure III-23. In 

Figure III-23(a) – (c), the drain to source resistance (value extracted from Dirac point at 

Vds of 10 mV) for all the three gate width devices shows low variance (less than ±10%). 

It demonstrates the intact of graphene channel and drain/source metal to graphene 

contact with the strain changes from 0% to 0.5%. Figure III-23 (d) – (f) plots the 

maximum transconductance as a function of strain. We observe that gm decrease less 

than 10% for device with 12 and 50 µm gate width. The drop of gm may result from the 

shift of Dirac point or the variation of carrier mobility. Figure III-23(g)-(i) and Figure 

III-23 (j)-(l) show the evolution of ft and fmax as function of strain. For all the RF 

measurement with different strain, specific Vgs is selected to obtain the best 

performance. In general, for both ft and fmax, low variance (less than ±15%) are 

observed. Comparing the evolution of these four parameters (Rds, gm, ft and fmax) for 

each gate width device, approximately the similar tendency could be found. Note that 

all the values of transconductance, ft and fmax discussed above are deduced with Vds of 

500mV.     
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Figure III-23:The evolution of device characteristics, all normalized by the unstrained 

values (ԑ=0%), for different gate width (12, 24 and 50 µm) device: (a)-(c), maximum 

drain to source resistance, Rds, extracted at Dirac point with Vds of 10 mV; (d)-(f), 

maximum transconductance, gm; (g)-(i), current gain cutoff frequency ft ; and (j)-(l), 

unilateral gain, maximum oscillation frequency fmax . 

III.5.4 Thermal effect from substrate 

The thermal constraint of polymer substrate is an important issue to be considered 

for flexible GFETs 
[22]

. This issue is due to the relatively poor thermal conductivity of 

polymer material. Here, the thermal conductivity of Kapton is 0.12 W/(mK), comparied 

with 140 W/(mK) of silicon. With low thermal conductivity, the substrate material does 

not allow the heat from device (channel, contact, etc) to dissipate promptly. As a result, 

the accumulation of heat in substrate will continuously increase the temperature 

(self-heating) which may degrade the device performance. For most metal materials, 
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the higher temperature results in the higher resistivity 
[23]

. In the worst case, either the 

substrate or the device might be damaged (melted or even burned) due to the high 

temperature. Normally, the heat caused by device is proportional to the value of current 

passing through. Therefore, in this section, higher value of Vds is further explored to 

find out the operation limit of our GFETs. In the same time, according to the different 

Vds, the temperature of active region is recorded by using an infrared camera .   

Because increasing Vds is risk to damage the device, we did not choose the device 

which has the best performance. The resolution of the infrared camera is relatively low 

(1 µm
2
), so 24 and 50 µm gate width transistors are more suitable than 12 µm gate 

width transistor for infrared measurement because of larger active region. Additionally, 

50 µm gate width transistor exhibits poorer performance than that of 24 µm gate width 

transistor. Therefore, a GFET with 24 µm gate width and 300 nm gate length was used 

to test higher Vds. Figure III-24(a-e) show under two values of Vgs (Vgs = 0 V and Vgs 

= -0.6V), the drain-source current Ids as a function of drain-source voltage Vds. We 

observe that with the increase of Vds (from 0.5 V to 0.7 V), the current starts to saturate, 

which is due to the low contact resistance. In addition to that, the gate modulation is 

also enhanced, which is confirmed by gm measurement (as shown in Figure III-25(i)). 

When Vds increases to 0.8V, the saturation continues but the gate modulation becomes 

weaker. With Vds of 0.9V, the gate modulation over the current decrease. The drop of 

gm for Vds of 0.8 and 0.9V is also shown in Figure III-25 (i). Figure III-24(f) shows the 

RF performance, ft and fmax, as function of Vds. The maximum value of 20 GHz ft and 9 

GHz fmax have been obtained at Vds of 0.7V, which is seen significantly increased from 

7.3GHz ft and 2.6 GHz fmax with Vds of 0.3V.  However, with Vds of 0.8 and 0.9 V, 

both ft and fmax begin to decrease dramatically. The same tendency is observed also in 

Figure III-25 (i), which has the plot of gm as function of Vds.         
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Figure III-24:With two values of gate voltage (Vg = -0.6 and Vg = 0V), drain to source 

current Ids as function of drain voltage Vds which stops at (a) 0.5 V; (b) 0.6 V; (c) 0.7 V; 

(d) 0.8 V; and (e) 0.9 V. In (f) plots the ft and fmax as function of Vds. 

Figure III-25 shows the temperature infrared images recorded from infrared 

camera according to different drain to source voltage, with gate voltage at zero. From 

the infrared measurement, we are able to read the temperature of active region (channel 

area). Note that limited by the infrared camera resolution, the temperature information 

is mainly contributed by substrate. It means the real temperature of graphene channel is 

not measureable here by this tool. Nevertheless, it implies the occurrence of higher 

temperature on graphene channel. As shown in Figure III-25, the temperature of 

substrate in device active region is increasing rapidly with Vds increased, from 64 °C 

with 0.3 V to 255 °C with 0.9 V. The drain to source resistance, Rds, is found increasing 

with the increase of Vds. The raise of resistance might be caused by contact resistance 

or graphene itself. It is worthy to note that on rigid substrate(Si/SiO2) , the temperature 

in active region is only 62 °C when Vds is applied as 0.9 V.  
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Figure III-25:Infrared image of device with Vds of (a) 0V (before any measurement); (b) 

0.3V; (c) 0.4V; (d) 0.5V; (e) 0.6 V; (f) 0.7 V; (j) 0.8 V and (h) 0.9 V. (i) plots the gm 

and resistance of Rds as function of drain voltage 
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Conclusion of Chapter III 

With the fabrication experience accumulated from devices on rigid substrate, we 

have successfully fabricated GFETs on flexible substrate, kapton. In chapter 3, we 

present the results from the flexible GFETs. Contact metal of pure Au is used and low 

contact resistance in range of 192~500 ohm·µm are deduced. P-type graphene with 

mobility up to 2500 cm2/Vs is measured. The transistors with different geometry (gate 

length of 100, 200 and 300 nm combining with gate width of 12, 24 and 50 µm) have 

been characterized by both static and dynamic measurements. We report as measured 

current gain cut-off frequency ( ft-DUT ,without any de-embedding) of 39 GHz and 

maximum oscillation frequency (fmax) of 13.5 GHz in devices with 100 nm gate length 

and 12 µm gate width. To our knowledge, these results reach to the state of art for 

flexible GFETs. Besides, both values of ft-DUT and fmax for different gate length and 

gate width are also discussed. Moreover, RF measurement based on different substrate 

bending radius (substrate strain varying from 0% to 0.5%) shows less than 15% 

variation of RF performance. Importantly, the thermal dispersion of substrate in 

channel region for different drain source bias has been explored, we record 255 ºC in 

channel region with Vds of 0.9V, compared to rigid substrate (Si/SiO2) of only 64 ºC 

under the same bias. RF performance decreasing has been observed when Vds ≥ 0.7 V 

is applied.  

Figure III-26 shows the comparison between flexible GFETs RF performance in 

literatures and that in this work. Our result is at state of the art.   

 
Figure III-26:(a) Comparison of ft and fmax as measured performance (without 

de-embedding) of this work with literatures from [16][17][18] and [24][25][26][27] 
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General conclusion and Perspective  

Conclusion  

In this thesis, fabrication processes for flexible devices have been developed.  

First, we have optimized the parameters for inkjet printing technology, based on 

Fujifilm Dimatix printer, commercial ink from Suntronic U5603 and substrates of PEN 

and Kapton to obtain printed-patterns with well controlled geometry. The resistivity of 

the ink material, which depends on sintering temperature and time, has been studied by 

using the Van der Pauw method. An optimum resistivity of 11.6 µΩ·cm has been 

extracted under the sintering conditions of 200°C with 30 min. Structures of CPW 

transmission lines have been well realized and different characteristic impedances (ZC) 

have been reported after RF characterization. The minimum separation value, S= 20 

µm, has been achieved on PEN and Kapton substrates, which yields ZC of 60 Ω and 57 

Ω, respectively. The attenuation as a function of the sintering temperature has also been 

explored, and loss lower than 0.4 dB/mm up to 40 GHz after 300°C sintering have been 

achieved on Kapton substrate. Furthermore, the evolution of RF performances with an 

applied strain has been explored. We find that the RF performance of the CPW lines is 

minimally affected by bending the substrate with a strain up to 0.5%. In addition, we 

have successfully printed structures of antenna on PEN, in collaboration with 

University of Nice (group of Pr. Luxey), and structures for thermal conductivity 

measurement on polyimide, in collaboration with the MITEC group in IEMN. Both 

works further demonstrate the promising potential of the optimized inkjet printing 

technology.  

Second, we have developed a fabrication process based on an optimized wet 

graphene transfer process and bottom gate field effect transistors using natural 

oxidation of aluminum as dielectrics. GFET devices with different geometry, gate 

width of 12, 24 and 50 µm combined with gate length of 100, 200 and 300 nm, have 

been realized on rigid substrate of Si/SiO2. Graphene hole mobility up to 3400 cm
2
/Vs 

has been measured by using Hall Effect measurements. In DC characterization, output 

and transfer characteristics have been carried out. In RF characterization, current gain 

and unilateral gain for all the devices have been fully discussed. Finally, we report an 

intrinsic current gain cut-off frequency (ft-int) of 15.5 GHz and maximum oscillation 

frequency (fmax) of 11 GHz in devices with 100 nm gate length and 12 µm gate width. 

Third, we have successfully fabricated GFETs devices with similar length and 

width on flexible substrate, Kapton, by using almost the same fabrication process as for 

rigid substrates.. Some modifications have been added to make the process compatible 
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with flexible substrates.  By using pure Au, low contact resistance down to 192 

Ohm.µm have been obtained. Both static and dynamic measurements have been carried 

out. We report as measured (without de-embedding) current gain cut-off frequency ft of 

39 GHz, and maximum oscillation frequency fmax of 13.5 GHz in devices with 100 nm 

gate length and 12 µm gate width. This performance is obtained using the graphene 

material grown and transferred by Graphenea (one of our partner in the Flagship 

graphene project). The associated hole mobility up to 2500 cm
2
/Vs were extracted from 

Hall measurement. 

To our knowledge, these results reach the state of the art for flexible GFETs. 

Moreover, the evolution of RF performance according to different substrate bending 

radius (substrate strain varying from 0% to 0.5%) is evaluated, and performance 

variance less than ±20% has been observed.  

Perspective  

Based on the results of this work where we have shown the efficiency of the 

fabrication process for GFET on flexible substrates, one of the main perspective will be 

to achieved RF circuits on flexible substrates. From the process point of view, hybrid 

circuit will be first explored with several orientations: 

(i) Fabrication of circuit using conventional technology: this approach is 

preferable if high performances are required. 

(ii) Combination of inkjet printing technology (for passive devices) associated to 

conventional process (for active devices) to maintain high performance. 

(iii) Finally, we can also imagine a fully printed circuit, where active and passive 

devices are fabricated using inkjet printing technology. In this case it is 

necessary to used also graphene in solution (graphene ink). The preliminary 

work on fully printed GFET is illustrated on the figure below. 

The device channel is fabricated using graphene ink, the contacts (source and 

drain) are printed using silver nanoparticle ink, the gate dielectric is fabricated using 

deposition of parylene, and finally the gate contact is printed using silver nanoparticle 

ink. 

Based on the resolution of the printing technology, the cut-off frequency of this 

kind of devices is under the GHz range. 
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Figure 1: (a) Illustration of the side view of fully printed GFT; (b) Top view of the 

printed GFET. 
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Appendix I 

Considerations of inkjet printing parameters 

For the study of drop spacing, we have to determine the dimension of certain ink 

droplet on certain substrate. With the knowledge of droplet diameter and drop spacing, 

the pattern design will respect the following equation (1). 

Length or width = D+(n-1) · Ф                   (1) 

where D is diameter of droplet; n is the number of droplet for length direction or 

width direction; Ф is the drop space. With respect to the ratio of drop spacing over 

droplet diameter as constant value 0.67, different firing voltage (16V, 20V, 30V and 

40V) and together with different width design (N=1,3 and 5) have been tested on PEN 

substrate @ 20℃. Here, we define N as the number of droplets printed in y-direction, 

which is vertical to printing direction, as illustrated in Figure 1. For different firing 

voltages and width design, the theoretical width value, Wt, practical width value, Wp, 

together with its according image, and the final smooth control assessment are 

presented totally in Table . We find that with the same ratio of D/Ф, the printing quality 

are found to be different when different number of lines were printed. In the case of one 

line, N=1, for different firing voltages all the lines are continuous and have smooth 

boundary control. As the firing voltage increased, the width dimension difference 

between designed and measured is getting smaller. In the case of three lines, N=3, good 

quality line was obtained only when firing voltage is 20 V. A hole was observed in the 

line obtained by 16V firing voltage and boundary with fluctuation were found in the 

lines obtained by 30V and 40V firing voltage. In the case of five lines, N=5, very good 

printing quality were obtained. For all the firing voltage, the lines were found to be 

continuous, and have good smooth control. What’s more, the dimension differences 

between designed and measured are almost negligible. 

 
Figure 1: Schematic of patterns designed in Dimatix which have one (N=1), three (N=3) 

and five (N=5) lines to be printed in printing direction of X 

The conclusion from Table 1 is: when we find the best ratio of drop spacing over 

droplet diameter, firing voltage is another important parameter to be considered. In 
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practice, for arbitrary substrates, we need to find the most suitable firing voltage for 

each case, particularly for different needs of dimensions.  

Table 1: Summary of pattern lines with constant ratio of droplet diameter to drop 

spaceing but different firing voltage togther with considering dimension both 

designed and measured and also smooth control 

V 

(v) 

D 

(μm) 

Ф 

(μm) 

N=1 N=3 N=5 
Smooth 

Control 
Wt 

Wp 
Image 

Wt 

Wp 
Image 

Wt 

Wp 
Image 

16 40 23 
40 

33 

 

86 

76 

 

132 

128 

 

N=1 
 

N=3 
 

N=5 
 

20 44 25 
44 

37 

 

94 

88 

 

144 

142 

 

N=1 
 

N=3 
 

N=5 
 

30 46 26 
46 

42 

 

98 

95±4 

 

150 

150 

 

N=1 
 

N=3 
 

N=5 
 

40 48 27 
48 

47 

 

102 

98±9 

 

156 

158 

 

N=1 
 

N=3 
 

N=5 
 

V: firing voltage; D: droplet diameter; Ф: drop space; Wt ,Wp : theoretical and practical 

width value of printed line. 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix II 

174 

 

Appendix II 

Parameters extraction of CPW transmission lines 

The CPW transmission line can be regarded as an infinite series of two-port 

elementary components. As Figure 2 (a) shows, we define these elementary 

components with a unit length, ΔL, representing an infinitesimally short segment of the 

whole transmission line. Based on this elementary components, Figure 2 (a) illustrates 

the parameters of primary line constants (per unit length) such as the resistance, R, and 

the inductance, L, of conductors; the sum of capacitance, C, and conductance, G, 

between each of two conductors. Figure 2 (b) shows the according equivalent diagram 

to the two-port elementary components. Derived from the primary line constants, there 

are several parameters could be considered for the characterization of CPW 

transmission lines, such as character impedance Zc, and secondary line constant: 

propagation constant γ, attenuation constant α and phase constant β. 

 

Figure 2: (a) Representation of parasitic elements (primary line constants) in a unit 

length of CPW transmission line (b) equivalent circuit model of (a) 

Practically, all those parameters concerning the characterization of CPW 

transmission line could be obtained via the measurement of Scattering parameters 

(S-parameters). The section below introduces some basic background knowledge of 

S-parameters.   

(1) S-parameters.  

Differing to DC signals, in microwave frequency range, it is difficult to describe 

the electrical signals behaviour by considering the changes of voltage and current.  

In such case, therefore, any devices (CPW transmission line or transistors) in high 

frequency circuit can be treated as a two-port network [1] and the signal power 
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change is considered here which is more easily quantified than currents and voltages. 

The power change of RF signal can be equated with the propagation of a wave, which 

can be decomposed into an incident wave and a transmitted wave. In Figure 3, S11 and 

S22 represent coefficient of reflection (S11 = b1 / a1 when a2=0 and S22 = b2 / a2 when 

a1=0); S21 and S12 represent coefficient of transmission (S21 = b2 / a1 when a2=0 and 

S12 = b1 / a2 when a1=0). If the two-port network is symmetrical either considering 

from port 1 or port 2, we should have S11= S22 and S21=S12. The advantage of using 

two-port network is that one can obtain the property of the network only by the 

performance of two ports, without the analysis of what components are exactly 

included, which might be complicated. Equation (2) gives the relationship between 

the reflected, incident power waves and the S-parameter in matrix.   

 

Figure 3: Schematic of a two-port network 

[
b1

b2
] = [

S11 S12

S21 S22
] [

a1

a2
]          (2) 

(2)Relations of the CPW parameters considered in this study 

For the CPW transmission line fabricated by inkjet printing in this study, what 

we want to know is the characteristic impedance, Zc, and attenuation constant, α, 

which can be both extracted from S-parameters measurement based on equations of 

eq(3) and eq(5), as shown in Figure 4. The performance of Zc and α are linked to the 

primary line constants of R,L,C and G (illustrated in first paragraph of this Appendix) 

as described in equations of eq(4) and eq(6). By equations in eq(7), the primary line 

constant could be derived by geometric parameters of CPW lines, W,S and t 

(illustrated in Figure I-23), resistivity ρ of CPW lines and relative permittivity ε of 

substrate. In this work, the geometric parameters of CPW lines would be determined 

by inkjet printing technology, and the lines resistivity will depend on sintering 

parameters. Relative equations are listed in Table 2.   
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Figure 4: A schematic to show the relationship between some of the CPW parameters 

considered in this study 

Table 2: Equations for Figure 4 

𝑍𝐶 = ±𝑍0√
(1 + 𝑆11)2 − 𝑆21

2

(1 − 𝑆11)2 − 𝑆21
2

 Eq(3) 

𝑍𝐶 = √
𝑅 + 𝑗𝜔𝐿

𝐺 + 𝑗𝜔𝐶
 Eq(4) 

𝑒−𝛾𝑙 =
2𝑆21

1 − 𝑆11
2 + 𝑆21

2 ± √(1 + 𝑆11
2 − 𝑆21

2
)

2
− 4𝑆11

2

 
Eq(5) 

𝛾 = √(𝑅 + 𝑗𝜔𝐿)(𝐺 + 𝑗𝜔𝐶) Eq(6) 

𝐶 = (𝜀𝛾 + 1)𝜀02
𝐾(𝑘)

𝐾′(𝑘)
, 𝐿 =

1

𝑐2𝐶𝑎
, 𝑅 =

1

𝜎𝑊𝑡
 Eq(7) 

ZC: characteristic impedance; Z0: load impedance, S11 and S21: S-parameters; ω: 

frequency;  R,L,C and G: definitions are given in first paragraph of this Appendix; l: 

the length of transmission line; γ: propagation constant; ε0: vacuum permittivity; εr: 

relative permittivity;  
𝐾(𝑘)

𝐾′(𝑘)
: geometry coefficient; c: speed of light; Ca: capacitance 

with the substrate replaced by air; σ:conductivity of CPW lines; W and t: illustrated in 

Figure I-23. 

 

[1] C. T. Tai, Complementary Reciprocity Theorems for Two-Port Networks and 

Transmission Lines, IEEE transactions on Education,37: 42-45 (1992) 
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Appendix III 

Samples information 

Table 3: Information of GFET samples presented in thesis  

 

 

 

 

 

 

 

 

 

 

samples Si07 Si08 Si09 Si10 Kap10 

substrate 
Si/SiO2, 

rigid 

Si/SiO2, 

rigid 

Si/SiO2, 

rigid 

Si/SiO2, 

rigid 

Kapton, 

flex 

Graphene source Cambridge IEMN Korea IEMN Graphena 

Transfer work 

finished at: 
Cambridge IEMN IEMN IEMN Graphena 

TLM Structure 
Pattern B & 

C 
Pattern A Pattern A 

Pattern B 

& C 
Pattern A 

M
ea

su
re

d
  

  
d
ev

ic
es

 

W
=

1
2
 u

m
 

Lg=100 nm 5 14 10 3 15 

Lg=200 nm 6 18 15 2 9 

Lg=300 nm 6 22 19 2 12 

W
=

2
4
 u

m
 

Lg=100 nm 0 0 0 9 8 

Lg=200 nm 0 0 0 9 7 

Lg=300 nm 0 0 0 8 10 

W
=

5
0
 u

m
 

Lg=100 nm 0 0 0 10 5 

Lg=200 nm 0 0 0 6 5 

Lg=300 nm 0 0 0 6 7 
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Figure 5: Device map on sample Si07 (on rigid substrate) 
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Figure 6: Device map on sample Si08 and Si09 (on rigid substrate) 
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Figure 7: Device map on sample Si10 (on rigid substrate) 
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Figure 8: Device map on sample Kap10 (on flexible substrate) 
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Appendix IV 

Calculation of Rc based on Transmission Line Method 

We calculated the contact resistance from Transmission Line Method (TLM). On 

the same chip with other transistors, TLM pattern is fabricated by graphene transfer 

process, O2 plasma isolating etching and the metal evaporation followed by a lift-off 

process. As depicted in Figure 9 (a), an isolated patterned graphene with rectangle 

shape is connected by several metal pads with different separation (d1,d2,d3…). The 

total resistance (RT) measured between two metal contacts consists of several 

components as shown in Figure 9 (b) and formula 8. 

 𝑅𝐼 = 2𝑅𝐶 + 𝑅𝑐ℎ + 2𝑅𝑚  (8) 

where Rm is the resistance due to contact metal and measuring platform, ig, DC 

tips. RC is metal/graphene contact resistance, and Rch is the channel resistance coming 

from graphene, which can also be written as 𝑅𝑐ℎ = 𝑅𝑠
𝐿

𝑊
 (RS: sheet resistance of 

graphene channel; W and L: width and length of graphene channel). In approximation 

(for pattern A in this study), since the resistance of Rm is much smaller than RC, Rm << 

RC , the Rm was neglected. Therefore, the formula 9 will become: 

 𝑅𝑇 =
𝑅𝑠

𝑊
𝑑 + 2𝑅𝑐 (9) 

By measuring the total resistance RT between two adjacent contacts pads with 

different separation, and plotting the measurement results, the parameters of contact 

resistance RC, sheet resistance RS and transfer length LT could be deduced by a linear 

fitting. Figure 9 (c) gives an example to extract RC, RS and LT based on sample Si10 

with pattern B TLM structure (see more details about pattern B in below section). The 

measured resistance corresponding to different separation (d1,d2…d7) between two 

adjacent contacts are plotted and then linear fitted. The standard error of value 3 

indicates an rather accurate linear fitting and thus a highly reliable measurement. From 

the fitting line, RC, RS and LT can be extracted as: 2RC= intercept to resistance axis; LT= 

intercept to distance axis; RS= slope times width of graphene channel. Additionally, the 

variations of measured resistance which are well proportional to contacts separation 

distance (a linear fitting with small value of standard error) indicate the homogeneity of 

graphene between two contacts.  
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Figure 9:(a) and (b) Schematic of TLM structures, (c) Example of a data plotting 

obtained from TLM structure on sample Si10 
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Appendix V 

Table 4: Abbreviation  

2-DEG two-dimensional electron gas 

AFM Atomic force microscopy 

ALD atomic layer deposition 

BOE hydrofluoric acid buffer 

Cgs GFET bottom gates geometric capacitance 

COPO Copolymere, , e-beam resist 

CPW coplanar wave guide transmission line 

CQ quantum capacitance  

CVD Chemical vapor deposition 

DoD Drop-on-Demand, printing technique 

DOS density of states 

DUT device under test, without de-embedding 

E-BE electro-beam evaporation, metal deposition method 

EBL Electron-Beam lithography 

Ef Fermi level position 

FET Field effect transistor 

fmax maximum oscillation frequency 

ft cut-off frequency 

ft-int intrinsic current gain cut-off frequency 

GFETs graphene field effect transistors 

gm Transconductance 

GSG ground-signal-ground 

H21 Current gain 

HB Hall bar, method for Hall effect measurement 

h-BN hexagonal boron nitride 

HEMTs high-electron-mobility transistors 

HOPG highly oriented pyrolitic graphite 

Ids drain current 

Ids Drain-to-source current 

Igs Gate-to-source current, leakage current 

IPA Isopropyl alcohol 

ISS impedance-standard-substrate 

ITRS International Technology Roadmap for Semiconductors 

KAPTON Polyimide, poly-oxydiphenylene-pyromellitimide, flexible substrate 

LEDs light-emitting devices 

LRRM Line-Reflect-Reflect-Match, calibration method 

MBE Molecular beam epitaxy 

MIBK Methyl isobutyl ketone, e-beam resist developer 
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MOFET metal-oxide-semiconductor field-effect transistor 

NL neutral layer 

NP nano-particle 

ns sheet carrier density 

OE-A Organic Electronics Association 

OTFTs   organic thin film transistors 

PDMS Polydimethylsiloxane 

PEN Polyethylene naphthalate, flexible substrate 

PET Polyethylene terephthalate, flexible substrate 

PI polyimide 

PMMA polymethyl-methacrylate, e-beam resist 

RC Contact resistance 

RF radio frequency 

RFID Radio-frequency identification 

RIE Reactive ion etching 

S S parameters, scattering parameters 

SEM Scanning electron microscopy 

TE thermal evaporation, metal deposition method  

TLM Transmission Line Method 

U Unilateral gain 

VDP Van der Pauw, method for Hall effect measurement 

Vds Drain-to-source voltage 

VF Fermi velocity 

Vgs Gate-to-source voltage 

VNA Vector Network Analyzer, microwave measurement 

XPS X-ray photoelectron spectroscopy 

ZC Characteristic impedances 

μH Hall mobility, carrier mobility measured by Hall effect  

 

 



Process technologies for graphene-based high frequency flexible electronics 

Abstract 

Flexible electronic has drawn growing attentions for past several years due to its largely potential applications. 

The objective of my PhD work is to develop devices based on flexible substrate, for RF applications. There are 

mainly two parts involved: (i) fabrication of passive devices (transmission lines, antenna, etc) using inkjet 

printing technology; (ii) fabrication of graphene field effect transistors on flexible substrate using graphene 

growth by CVD technique. This work is partially involved in the European Flagship program GRAPHENE, and 

the ANR program GRACY. 

Inkjet printing is a promising fabrication technology for flexible electronics. The challenge of this technology is 

the quality and reliability of printed patterns in terms of geometry. Based on optimized printing parameters, the 

structures of coplanar wave guide (CPW) transmission lines with nice printing quality were realized (definition 

of 50 µm, resolution down to 20 µm). The RF characterization of these transmission lines combining the 

considerations of geometric dimensions, sintering temperature, and substrate bending are presented. 

The outstanding electrical and mechanical properties make graphene suitable for flexible transistors. In this 

thesis, we have developed and optimized a new low temperature process based on back-gated structure either on 

rigid substrate than on flexible substrate (here kapton). From flexible transistors, we report as measured current 

gain cut-off frequency ( ft-DUT ,without any de-embedding) of 39 GHz and maximum oscillation frequency (fmax) 

of 13 GHz in devices with 100 nm gate length and 12 µm gate width. This result is at the level of the state of art 

for flexible GFETs. 

Key words: flexible electronics, inkjet printing, Graphene Field-Effect transistors, High-frequency 

characterization 

 

Procédés technologiques pour l’électronique flexible à base de graphène 

Résumé 

L’électronique flexible est une thématique en plein essor, et impacte de nombreux secteurs applicatifs. 

L’objectif de cette thèse est de développer des composants sur substrats flexibles, pour des applications dans le 

domaine des radiofréquences. Elle est constituée de deux grandes parties : (i) la fabrication de composants 

passifs RF en utilisant la technologie d’impression par jet d’encre ; (ii) la fabrication de transistors graphène sur 

substrats flexibles. Ces travaux sont partiellement intégrés au projet Européen flagship GRAPHENE, et au 

projet ANR GRACY. 

La technique d’impression jet d’encre est particulièrement adaptée à la fabrication de composants  sur substrats 

flexibles. L’un des challenges de cette approche technologique est de pouvoir atteindre une définition et une 

résolution adaptée au fonctionnement en régime radiofréquence. Le travail mené dans cette thèse a permis de 

réaliser des lignes homogènes de largeur minimale de 50 µm, et une résolution (distance entre 2 lignes de 

l’ordre de 15 µm. Différents composants passifs ont été fabriqués et caractérisés avec succès, et ce même en 

appliquant des contraintes en flexion aux dispositifs. 

Nous avons également développé et optimiser un procédé technologique, adapté à la fabrication de transistors à 

effet de champ à base de graphène (GFET), sur substrat flexible. Ce procédé présente un bilan thermique faible, 

et est basé sur l’utilisation d’une grille arrière à base d’aluminium dont l’oxyde naturel sert d’oxyde de grille. De 

nombreux transistors ont été fabriqués sur substrat kapton, et avec un bon rendement. Les meilleures 

performances en termes de fréquence de coupure du gain en courant (ft=39 GHz) et la fréquence maximale 

d’oscillation (fmax=13GHz) ont été mesurées sur un transistor de longueurs de grille Lg=100 nm et un 

développement de 12µm. Cette performance  est à l’état de l’art de GFET flexibles. Ces performances sont 

conservées pour des contraintes atteignant 0,5%. 

Mots clefs: Electronique flexible, Impression jet d’encre, GFETs, Charactérisation HF 
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