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ABSTRACT OF THE DISSERTATION

ADVANCED GRAPHENE MICROELECTRONIC DEVICES

by

Chowdhury G. Al-Amin

Florida International University, 2016

Miami, Florida

Professor Nezih Pala, Major Professor

The outstanding electrical and material properties of Graphene have made it a promising
material for several fields of analog applications, though its zero bandgap precludes its
application in digital and logic devices. With its remarkably high electron mobility at room
temperature, Graphene also has strong potential for terahertz (THz) plasmonic devices.
However there still are challenges to be solved to realize Graphene’s full potential for

practical applications.

In this dissertation, we investigate solutions for some of these challenges. First, to reduce
the access resistances which significantly reduces the radio frequency (RF) performance
of Graphene field effect transistors (GFETS), a novel device structure consisting of two
additional contacts at the access region has been successfully modeled, designed,
microfabicated/integrated, and characterized. The additional contacts of the proposed
device are capacitively coupled to the device channel and independently biased, that induce

more carriers and effectively reduce access resistance.

Vi



In addition to that, in this dissertation, bandgap has been experimentally introduced to
semi-metallic Graphene, by decorating with randomly distributed gold nano-particles and
zinc oxide (ZnO) nano-seeds, where their interaction breaks its sublattice symmetry and
opens up bandgap. The engineered bandgap was extracted from its temperature dependent
conductivity characteristics and compared with reported theoretical estimation. The
proposed method of device engineering combined with material bandgap engineering, on

a single device, introduces a gateway towards high speed Graphene logic devices.

Finally, THz plasmon generation and propagation in Graphene grating gate field effect
transistors and Graphene plasmonic ring resonators have been investigated analytically and

numerically to explore their potential use for compact, solid state tunable THz detectors.
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CHAPTER I

INTRODUCTION



1.1 Graphene Material Overview

Graphene, a novel electro-optic material consisting of one or a few atomic layers of carbon
sheets is considered to be the first truly 2D crystal ever observed in nature and is very
promising for high performance micro/nanoelectronics [1]. Carbon, the elementary
constituent of Graphene, is the 6th element of periodic table consisting of 6 protons, 6 to 8
neutrons, and 6 electrons. The electronic configuration of carbon is 1s22s?2p?; 2 electrons
in 1s atomic orbital (full), 2 electrons in 2s atomic orbital (full), 1 electron in 2px atomic
orbital (not full), 1 electron in 2py atomic orbital (not full) and O electron in 2p, atomic
orbital (empty) [2]. In Graphene, the orbitals 2s, 2px and 2py make a sp2 hybridization
while the remaining p; is perpendicular to the x-y plane as shown in Figure 1, and thus it

forms a honeycomb lattice.

. 5o ; " ¥ .ﬂ. 3 tetrahedral .
» 1 radially symmetric 'ﬁruggna - SPZ-ODHAS — S trigonal
s-orbital P LR AR, +1PpObital — / \d planar
2s 2px 2py 2p: Hybridized Orbital

Figure 1: SP2 hybridization in Graphene

Fullerine, carbon nanotube, Graphene, and graphite are respectively 0D, 1D, 2D and 3D
allotropes of carbon as shown in Figure 2 [3]. Fullerines are molecules consisting of
wrapped Graphene by the introduction of pentagons on the hexagonal lattice, carbon
nanotubes can be viewed as rolled-up cylinders of Graphene, while graphite can be viewed

as a stack of Graphene layers sticking together due to van der Waals interaction. As we



already know, three out of four valence electrons of carbon in Graphene form covalent

bond with the neighbor atoms and their wave function can be expressed as follows [4]:

%(% (25)+2y,(7,2p)),(i=12.3) M

Here, v, (2s) is the 2s wave function and y,(r;2p) are the 2p wave function. The forth

electron is in the 2p; state. As three of the valence electrons form the coplanar bonds, they

do not participate in electric conduction and thus has one conduction electron in 2p; state.

Figure 2: (a) Fullerine, (b) Carbon Nanotube, (c) Graphene, and (d) Graphite [3]



The unit cell of the hexagonal layer, PQRS as shown in Figure 3 contains two carbon atoms

A and B. The distance AB is the lattice constant a=1.42 A°. The fundamental lattice

displacements of Graphene are al=AA”" and a2=AA"" and theirs magnitude is al=a2= x/§ X
1.42 A°=2.46 A°. The reciprocal lattice vectors are 8m/3a and are in the directions of AB

and AS, respectively.

/
\
’

Figure 3: Honeycomb lattice structure of Graphene, made out of two interpenetrating triangular
lattice.

Graphene has an unusual band structure with a zero bandgap. The energy momentum

relation of a conventional semiconductor material can be expressed as [5]:



EZ — m2C4 + pZCZ (2)
where E= total energy, m= rest mass, c= velocity of light, p= momentum.

() E(k) (b) E(k)

A

kx K Filled

Figure 4: Energy-Momentum relation of (a) conventional semiconductor (b) Graphene

This equation represents a parabolic relationship which is true for ordinary semiconductors
as shown in Figure 4 (a). For Graphene, this relationship is linear as in Figure 4 (b) and it
can be expressed by the above equation if and only if we consider m=0. When an object
moves with velocity (v), it has kinetic energy. Electrons in ordinary systems obey Newton's
equation where energy increases quadratically in relation to velocity (E ~ v?). But in

Graphene, electrons’ energy increases linearly with velocity (E ~ v). That is the reason

electrons in Graphene behave as if they are relativistic, massless particles that obey Diract’s

equation and have high fermi velocity, 1/300 times the velocity of light [6].



Single layer Graphene and few layer Graphene can be synthesized by several methods and
can be broadly classified into exfoliation, chemical vapor deposition (CVD), arc discharge,
and reduction of Graphene oxide [7]. Exfoliation can be divided into two sub-categories:
mechanical exfoliation and chemical exfoliation. Stacking of Graphene sheets in graphite
is due to the overlap of partially filled p, orbital which is perpendicular to the plane.
Exfoliation of Graphene from graphite is the reverse process of stacking where work is
done against the weak van der Waals force between Graphene layers with large lattice
spacing. It has been possible to peel off one or a few sheets of Graphene using scotch tape
and deposition on SiO>/Si substrate. Mechanical exfoliation produces highest quality
Graphene though it’s limited due to low productivity. In case of chemical exfoliation, the
first step is to increase the interlayer spacing by intercalating Graphene to prepare
Graphene intercalated compounds (GICs) which are then exfoliated into Graphene in the
second step by heating or sonication [7]. The most promising and inexpensive process for
deposition of reasonably high quality Graphene is CVD on transition metal substrate. A
RF plasma-enhanced CVD system is widely used to synthesize Graphene on various
transition metal substrates by decomposing hydrocarbons such as methane, ethylene,
acetylene, and benzene. The layer number of Graphene depends on the hydrocarbon and
reaction parameters. Synthesis of Graphene by arc evaporation of graphite in presence of
H> has also been possible and reported. In this process, two or three layers of Graphene
with flake size of 100-200 nm can be prepared. Chemical reduction of graphite oxide is
another established procedure in which large quantity of Graphene can be prepared.
Graphite oxide when ultrasonicated in water forms a homogeneous colloidal dispersion of

predominantly sheet Graphene oxide (SGO) in water. Reduced Graphene oxide (RGO)



with properties similar to that of Graphene is prepared through chemical, thermal, or

electrochemical reduction pathways [7].

1.2 Prospect of Graphene as an Electronic Material

Graphene is considered to be a very promising novel material for high performance
nanoelectronics, due to its high carrier mobility, concentration, and stability [8, 9]. It is a
prime candidate for many electrical and optical applications due to its extremely high
thermal conductivity, long phonon mean free path, and as a 2D material, it could also
enable extreme device scaling [10, 11]. With its large band structure velocity (1x10% cm/s),
large saturation velocity (4x107 cm/s), and low 1/f noise characteristics [12, 13, 14, and
15], Graphene is particularly attractive for high frequency electronics. Significant progress
has been made on Graphene analog devices capable of good high frequency performance

in the region of radio frequency (RF) and Terahertz (THz) frequency.

Numerous groups have reported Graphene based analog devices with amplification and
phase detection capability [16, 17] as well as plasmonic THz detection capability [18].
Moreover, because of strong ambipolar effect and lack of bandgap [9], Graphene is
believed to be more suitable for analog applications than for digital electronics. The
physical thinness of Graphene shows prospect of two dimensional high-speed electronics.
In addition to its outstanding electrical and thermal properties, its high optical transparency
(97.7%) and mechanical elasticity open windows for high-speed transparent and flexible

electronics.



Figure 5: Graphene based transparent and flexible electronics [19]

Numerous groups have reported many fascinating and outstanding high frequency
characteristics of Graphene field effect transistors. For example, Lin et al. reported a GFET

with a gate length of 144 nm and a current gain cut-off frequency, fr of 350 GHz [1].

Sio
] Graphene

Si

Figure 6: Graphene nanowire gate GFET



Duan et al. reported a nanowire gate GFET as shown in Figure 6 of 144 nm long gate with
a fr of 300 GHz [20]. Similarly, Avouris et al. and Farmer et al. reported GFET with gate

length of 40 nm and 240 nm with a fr of 100 GHz and 155 GHz, respectively [8, 21].

In addition to Graphene based RF FETSs, numerous groups have also worked and reported
on Graphene based plasmonic THz detectors that operates in room temperature. For
example, Knap et al. reported GFETSs based on single layer and bilayer Graphene as shown

in Figure 7, with acceptable responsivity and photoresponse in room temperature [89].

Figure 7: Schematic of THz plamsonic detectors based on Graphene



1.3 Effect of Zero Bandgap Graphene as Channel Material

The electronic bandgap of a solid material is the energy gap between the bottom of the
conduction band and the top of the valence band. Electrons from the valence band can jump
the gap to the conduction band to participate in electric conduction by means of thermal or
optical excitation [22]. The band structure of different types of materials including

Graphene is shown in Figure 8.

The insulators have a large bandgap that the electrons in valence band cannot gain enough
energy to jump up to conduction band, as a result, insulators are bad conductors. On the
other hand, metals valence and conduction bands overlap and the electrons in valence band

can go to conduction band without any excitation, that’s why metals are good conductors.

Energy Bandgap in Materials

Conduction _
Band Conduction Conduction e .
Band Band Band

Overlap

Electron Energy

Insulator Semiconductor Metal Graphene

Figure 8: Band structure of insulators, semiconductors, metals and Graphene
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The existence of a small bandgap allows semiconductor devices to partially conduct as the
word “semiconductor” implies. It is the bandgap that gives semiconductors the ability to
switch currents on and off as, in order to achieve a desired electrical function. Unlike
metals, the band structure of Graphene exhibits two bands intersecting at the k and k™ points
in the Brillouin zone—Dirac point, and at this point, valence and conduction band are
degenerate, which results in Graphene to be a zero bandgap semi-metal material. As it has
a zero bandgap, Graphene transistors can never be turned off, which precludes it use in
digital and logic application, as well as in pseudospintronics, and infrared nanophotonics

[23].
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CHAPTER II

GRAPHENE FET WITH IMPROVED CONTACT RESISTANCE
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2.1 Introduction:

The advantages of Graphene as a channel material of FETs include but not limited to its
perfect 2D confinement of carriers, high residual carrier concentration, high carrier
mobility, mechanical flexibility, and extremely high thermal conductivity. The access
resistance of GFETSs adversely affect the current gain cut-off frequency, fr by reducing the
transconductance and drain current and specially becomes very crucial in downscaled
GFETSs with shorter gate length. It is therefore desired to minimize GFET access resistance.
In conventional silicon based RF transistors, the resistance of access regions is reduced by
doping through ion implantation [24]. However, In GFETS, the access regions consist of
just a monolayer ungated Graphene with a high sheet resistance, compared to that of
heavily doped Si MOSFETS. As a result, the access resistance of GFETSs is comparable to
the resistance of gated Graphene channel and the 2D structure of Graphene negates the use
of ion implantation to dope [25]. The typical value of access resistance of a Silicon
MOSFET is at the order of ~150 Q-um [26]. On the other hand, the typical access resistance
value of a Graphene FET is ~350 Q-um and 80% of the total device resistance [27]. To
utilize the complete advantage of Graphene as a channel material, the set of limitations on
the high-frequency performance of GFETSs arisen from the access resistances must be

eliminated.

It is well known that the source/drain resistances comprising of contact resistance and
access resistance impose important set of limitations on the high frequency performance of
sub-micrometer FETs by reducing the external transconductance leading to a lower drain

current and their minification ensures improved RF performance. These resistances delay
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the transition of carriers through the device and in terms of delay time, reduction of transit
delay time caused by channel resistance and parasitic delay time caused by source/drain
resistance ensure high cut-off frequency that can be achieved through shorter gate length
and smaller access regions, respectively. Here are some attempts of transit time reduction
to improve RF performance: 550 nm and 240 nm long top gated GFET with epitaxially
formed Graphene on the Si face of a semi-insulating high purity SiC wafer and 10 nm
HFO. as gate dielectric demonstrated cutoff frequency of 53 GHz and 100 GHz
respectively [8]. GFET with epitaxial Graphene on Si-face of 4H-SiC having gate lengths
between 2 um to 0.5 pum demonstrated current gain cut-off frequency fr of 4.1 GHz for 2.0
um long gate GFET whereas the 0.5 um long gate GFET showed an exceptional high power
gain cut-off frequency of 16 GHz [28]. GFETs having CVD Graphene transferred from
copper to diamond-like carbon (DLC) as substrate with 500nm, 140nm and 40nm long

gates demonstrated cut-off frequencies of 26GHz, 70GHz and 155GHz respectively [21].

Self-aligned process is used to reduce access region length that can effectively reduce
parasitic delay time and increase fr. Self-aligned fabrication of T-gate CVD Graphene FET
with gate length of 110nm and 170nm with shorter ungated Graphene sections of about 20-
40nm were reported showing fr of 15 GHz and 23 GHz respectively [29]. GFETs with self-
aligned nanowire gate having gate length of 210 nm, 182 nm and 144 nm demonstrated fr
of 125 GHz, 168 GHz and 300 GHz respectively [20]. However self-aligned process makes

fabrication more complex with smaller tolerances.

Reduction of access resistance for enhanced RF performance in IlI-N high electron

mobility transistors (HEMT) [30] and in Graphene FETs (GFET) have been reported [31,
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32]. Here, rather than reducing the access resistance by minimizing ungated region length
or doping, we propose, extensively analyze, fabricate/integrate, and characterize a novel
device structure with controllable access resistance having a total of 5 contacts including
source, drain, gate, and 2 field controlling electrodes (FCEs). The FCEs are capacitively
coupled to the access regions of the device. The proposed device shows a higher cut-off
frequency due to minimization of parasitic resistance. In addition to that, the capacitive
coupling technique of the additional contacts ensures mitigation from additional power

consumption.

2.2 Theory

2.2.1 Current Gain and Current Gain Cut-off Frequency

An important metric for RF transistor’s performance measurement is its current gain cutoff
frequency, fr. Current gain is the ratio of current at the output terminal to that in the input
terminal [33]. In common emitter configuration, the input terminal of a FET is the gate and

the output terminal is drain.

[h21| A

| 3

N logs

Figure 9: Relation between current gain, |h21| and frequency
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As it is a FET, the input current in DC is zero. As a result, the current gain for DC is
theoretically infinite, h21 = iou/iin = Tout/O = infinite. The reactance of gate to channel
capacitance is inversely dependent on frequency and with increasing frequency, the
reactance decreases. As a result, the input AC current also increases with frequency which
results in a decrement of current gain. The frequency at which, current gain drops to unity
is called current gain cut-off frequency. A typical relation of current gain, |h21| and

frequency is shown in Figure 9.
2.2.2 Small Signal Circuit Analysis of Regular Graphene FET

The schematic of a conventional 3-terminal GFET on SiO> with the small-signal equivalent

circuit laid on top is shown in Figure 10.

Source C Drain

sio,

Figure 10: Schematic of a conventional 3-terminal GFET on SiO2 with the small-signal equivalent
circuit laid on top.

The gate to channel capacitance is actually a distributed capacitance and is usually

simplified as two capacitors: gate to source capacitance, Cys and gate to drain capacitance,
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Cgd, such that
C,=C, +C, (3)

The gate to source capacitance and gate to drain capacitance are composed of both internal

and external parts which can be expressed as

Cy =Cyyi +C

gd ,ex
(4)
Cy =C4i +C

gs,ex

Where Cggi and Cgaex are the intrinsic and extrinsic part of gate to drain capacitance,
whereas, Cgs,i and Cgsex are the intrinsic and extrinsic part of gate to source capacitance.

The intrinsic capacitances, Cgqdi and Cgsi are parallel plate capacitances which are
dependent on gate length. On the other hand, the extrinsic capacitancesC, ., andC , are

in fact fringe capacitances and independent on gate length [34].

The small-signal gate-source and gate-drain capacitance can be calculated as:

0
Cy = Qo , Vs is constant (5)
GS
0Q
C,, =—* Vgs is constant 6
Y GS (6)

Here, Q. is the total charge in Graphene channel, V; is gate to source voltage and Vg is

the gate to drain voltage. The total channel charge Q; can be expressed as:
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WC V
Qey = E = Vis [Veff _sz (7)
AV

Here, W is the device width, Cox is the gate oxide capacitance, Eav is the average electric

field, and Ver is effective gate-source overdrive voltage. If we replace E,, ~ VES in the

above equation, the simplified expression for Q. turns out to be:

Qey = CoxWL(Veff _V;S ) (8)

Now, the small signal gate to drain and gate to source capacitance can be calculated as:

C, =C WL
C, WL (9)
ng — [0),8
2
If g, is the intrinsic transconductance, the extrinsic delay of the device r,, can be
expressed as [35]
C.ex +C
T, = gs,exg gd ,ex (10)

The intrinsic capacitances C_,. and C_ . are dependent on gate length and directly scale

gd,i gs,i

with that. The intrinsic delay time 7, . can be expressed as

int

— C:gs,i + ng S
gm,i

Tine (11)
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The parasitic time delay due to parasitic resistances and capacitances can be expressed as

[34]
Toa =Cyy (Rs +Rp).[L+(1+C /Cyy) o/ ] (12)

where go=1/Rsp is the output conductance and Rs and Rp are the source and drain
resistance representing the ohmic contact resistance, Rc and source/drain access resistance,

Racs In series:
RD = Rs = Rc + (Lacs /,anoW) (13)

here Lacs iS the access region length (Lgs and Lga), u is the carrier mobility, q is electronic
charge, no is the residual carrier density in Graphene and W is the device width. The current
gain cut-off frequency fr is inversely proportional to the total delay time in the device and

can be expressed as

127t =7, +7

int

+ T par (14)

ext

Thus according to [35], through summing up all the delay times and rearranging, the fr of

the device can be related to the small signal circuit parameters as follows:

‘o 9n /(27) (15)
T [Cy +Cy 1+ (Rs +Ry) / Ry |+ Cyy-0,-(Rs + Ry )

where Rsp is the channel resistance that can be expressed as follows [29]:

Rep = Lo / uq(n +12)"W (16)
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where ng is the carrier density due to gate modulation. One needs to minimize the delay
times to increase the current gain cut-off frequency, fr as well as maximum oscillation
frequency, fmax, which is proportional to fr. From Figure 11, it is visible that for short
channel devices, the effect of parasitic time delay, zpar becomes more prominent compared
to that of long channel devices. So, for short channel devices with good high frequency

performance, its minimization becomes indispensable [36].

Delay (ps)
n

|=—o— Intrinsic Delay
—o— Parasitic Delay

0 100 200 300 400 500
Gate Length (nm)

Figure. 11: Intrinsic and parasitic time delays vs. gate length of Ino7GaosAs-channel HEMTSs
reproduced from [36].

2.2.3 Small Signal Circuit Analysis of Top FCE GFET

To reduce the GFET access resistance, here we propose a novel device structure consisting
of two capacitively coupled FCEs, placed on top of the device, at the ungated access

regions as shown in Figure 12 (b). As the transistor action of the device takes place at the
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gate terminal, the additional DC bias at the FCEs will help supporting the total device
current in either of the transportation regimes (electron/hole) by selective population of

particular type of carriers at the access regions.

¢-FCE
-FCE
FCE-s(fringe)

H Cosex
£

B
g
S
g
3]
bt
)

FLacs+—Lg—+LacsH

H ng,ax
C
C

i:

Si0,

Figure 12: (a) Small signal equivalent circuit overlaid on top of top FCE GFET (b) Schematic of the
proposed top FCE GFET (not in scale).

The proposed FCEs independently biased with a DC voltage reduce the source/drain access
resistance, as well as, introduce some additional parasitic capacitance. A small signal
equivalent circuit overlaid on top of the proposed GFET with two FCEs placed on top of
the access regions is shown in Figure 12 (a). The FCEs make a parallel plate capacitance,
Crcepp and two fringe capacitances, Crce(ringe) With the Graphene channel. As all three of
the capacitances are parallel to each other, the total FCE capacitance, Crce can be

expressed as:

CFCE = CFCE(pp) + 2CFCE(fringe)

17
WLFCE +2CFCE(fringe) ( )

= 80 gr
0X
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Here, &,is the permittivity of free space, ¢, is the relative permittivity of air, W is the device

width, Lrce is the FCE length, and tox is the gate oxide thickness. The gate terminal makes

two parallel plate capacitance with FCE on each side and can be expressed as:

Wit

Cyree = &0 L (18)

g—FCE
The total gate to source capacitance, Cgstotary and Cgd(totar) after adding FCEs turn out to be

c _ Cree X Cg—FCE
gs(total) — “gs
CFCE + Cg—FCE (19)
c e Cree X Cg—FCE
gd(total) — “gd C C
ree T Cg-rce

If an FCE of length Lrce is placed at the access region of length Lacs, then the new

expression for Rs and Rp becomes

Lacs -L L
RD — RS — RC +( FCE ) + FCE — (20)
Wuen, W pe(ng +n)

The induced carriers nece caused by FCE modulation effectively reduces the resistance of

the ungated access regions and thus results in a decrement of zpar and increment of fr.
2.2.4 Small Signal Circuit Analysis of Bottom FCE GFET

In this part of this report, we study the theory of the proposed device consisting of two

independently biased capacitively coupled contacts placed at the access regions on bottom
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of the GFET as shown in Figure 13. As like as the top FCE GFET, the FCEs on the bottom

of the device are independently biased and capacitively coupled to the channel.

f<L,>t L, <L, >

G
S 24 nm dielectric D

FCE

Substrate

Figure 13: Schematic of the proposed GFET with 2 bottom FCEs at the ungated region

The independently biased FCEs induce additional carriers at the access region according
to eqn. 16 As proposed, an FCE of length Lrce placed at the access region of length Lacs
making two no-FCE regions on both sides each having a length of Lno Fce changes the

expression of Rs and Rp as follows-

4Lno_FCE + 2LFCE (21)
uens W pe(ng +nZ.)Y°W

The resistance of the ungated access regions decreases by the induced carriers nece due to
FCE modulation which results in a decrement of zpar and increment of fr. In this device,

the key advantage is the ease of fabrication with high tolerance, because the FCEs are to
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be patterned on a different layer other than the gate layer. In addition to that, the larger

distance between FCEs and gate will result in lower parasitic capacitances.

2.2.5 Small Signal Circuit Analysis of Hybrid Contact GFET

In this part, we have proposed, studied, and extensively analyze a GFET with hybrid
contacts capable to reduce the access resistance and contact resistance of the device,

simultaneously.

Source C3 C3  Drain

Figure 14: Small signal equivalent circuit overlaid on top of the proposed hybrid contact Graphene
FET

The hybrid contact consists of a ohmic contact having capacitive extension towards the
Gate. The capacitively coupled part of the contact reduces the contact resistance and
provides a low resistance path for the high frequency signal. In addition, the extension
towards Gate reduces the access region length and the associated resistance—the access
resistance. Small signal equivalent circuit of the proposed hybrid contact GFET overlaid

on the device schematic is shown in Figure 14.
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If two capacitively coupled contacts (C3s) are placed on the access regions and connected
to the ohmic Source/Drain as shown in Figure 2, the C3 will make a path for high frequency
RF signal parallel to the ohmic contact. The C3 impedance Zcs=Rc3-jXc3 consists of real
and imaginary parts and the total contact impedance comes to be Zc = Rc||Zc3 = Rel|(Rcs-

JXc3). After rearrangement and simplification, Zc can be expressed as:

! ’

Ré Res + RczzsRc + XCZZSRC : XcaR(Z: :
c~ 2 2 - 2 2 RC - JXC
(Re +Re3)” + XG5 (Re +Re3)” + XG5

(22)

Assuming the length of C3 is Lcs, the access region length of the hybrid contact GFET

comes to be -a=La~Lesand the new expression for Source/Drain impedance and total

channel impedance become as follows:

Zy=2g=2Zc+R, =R —JX¢+(L,/ uanW)

Zsp =272+ Ry =Ry — I Xgp (23)

From the equation above, we can see that the total channel resistance has real part as well
as an imaginary part. A simple matching network can be designed for matching and
eliminating the imaginary part of the input impedance. An impedance matching network
is an additional circuit that consists of a reactive element of such a value that can effectively
nullify the opposite signed reactive element of the device and thus eliminate the effective
reactance of the whole system. It can be achieved with only 2 reactive elements that
transform both the real and imaginary part. A common 2 reactive element configuration is

referred to as L-section matching network as shown in Figure 3(a).
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Figure 15. (a) Matching Network-1 (b) Matching Network-2.
Considering network-1, we can quantify the input impedance as:
Zn:jXL+ _RSD_'—JXSD
1+ JXcRep = X Xgp (24)

To match it with a resistance R, we consider Zin=R and after equating the real and imaginary

parts, we get:

x - 1 XoR R
X CAP RSD X CAP RSD

SD_\’ SD \/R +XSZD SD

X
o RSZD + XSZD (25)

By solving these equations, we can determine the capacitor and inductor values required
to nullify imaginary part of contact impedance. These two relations are derived for
network-1 and are valid if Rsp>R. On the other hand, if Rsp<R, network-2 as shown in
Figure 3(b) needs to be used and after following the same procedure, we can estimate X,

and Xcap as follows:
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X L= i\/RSOURCE—DRAIN (R - RSOURCE—DRAIN) - X L

\/(R B RSOURCE—DRAIN ) / RSOURCE—DRAIN

R (26)

XCAP =t

For devices working on a wide frequency range, a very common technique in RF/mobile
communication named “frequency transformation technique” needs to be used, as reported

in [37].

Once the matching network has been used, only the real part of contact resistance R’¢

remains and the new expression of source/drain resistance comes out to be:

|QD - RS - R(,: + (L,'A /,LtanW) (27)

One can easily get the relation between fr and Z¢ by plugging this new Rs and Rp into the

fr equation in (5).

The C3 can be considered as a RC transmission line and its impedance can be analytically
calculated [38]. If a C3 is placed on top of Gate dielectric, the contact metal and Graphene
channel with in-between dielectric material form a RC transmission line. The propagation
constant y and characteristics impedance Zo of this transmission line can be estimated by
the following equations:

y =\/i2zR,C,Z, S

W \i2z fC (28)
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where, Rsh is sheet resistance of Graphene channel, C is the metal to Graphene capacitance
per unit area, W is the width and f is the frequency. The C3 impedance can be estimated

equal to the input impedance of this open ended transmission line as follows:

Z,, =Z,coth(yLe;) (29)

Contact Metal O— z —0

[ 2R,

e, o]

Figure 16. Schematic of a RF TLM structure on Graphene with small-signal equivalent circuit overlaid
on top and the equivalent 2-port network

In simulation, the impedance of C3s can be calculated by using RF Transmission Line
Method (TLM) structures with multiple C3s with various in-between distances. Two C3s
and the Graphene channel in-between is a Two-Port network as shown in Figure 4 and its
impedance can be estimated by extracting the 2 port S-Parameters and converting them to
B-Parameter [39]. The real and imaginary parts of B-parameter are actually the real and
imaginary parts of total impedance of the two port network—two C3 impedance in addition

to in-between Graphene channel resistance.
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2.3 Simulation of GFET with FCEs

2.3.1 Simulation of Top FCE GFET

Here we simulate and analytically estimate the performance of the top FCE GFET and
compare with the conventional ones. The baseline conventional GFET in this study was
chosen similar to the one reported in [10]. We name it as GFET-A. It consists of 3.0 pm
long gate and 1.5 pm long access region having SiO2 as substrate and Al.O3 with SiO: as
gate dielectric as shown in Figure 17 (a). Using the reported characteristics, residual carrier
(hole) concentration at the Graphene channel is extracted as 7.02 X10'? cm? at Ves=0
which results in an access resistance of Racs=25.2 Q for the device width of 100 um. We
simulated the DC and RF characteristics of the baseline GFET using physics based
numerical device simulation tool with parameters modified for Graphene. This type of
simulation approximates the operation and transportation of carriers through the structure
by applying a set of differential equations including Poisson's Equation, Carrier Continuity
Equations and Drift-Diffusion Equation, derived from Maxwell’s laws, onto a 2D grid,
consisting of a number of grid points called nodes. This way the electrical performance of
a device can be modeled in DC, AC or transient modes of operation [40]. The results
presented in Figure 17 (b) are in good agreement with the measured characteristics in [10]
which validate our simulation method where the contribution of both the electrons and
holes to the drain current is considered. For the baseline GEFT, fr and fuax are extracted
as 1.0 GHz and 1.2 GHz, respectively. Operating regime (electron or hole) of the device
can be chosen by biasing the gate on either side of Dirac point to make one type of carriers

dominant. The total device current on either regime is still supported by the low density
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residual carriers at the ungated access regions causing high source/ drain resistance which
adversely affect the RF performance. The simulation decks have been documented in

APPENDIX A and APPENDIX B.
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Figure 17: (a) Schematic of the baseline GFET-A, (b) DC and RF characteristics (Current Gain, |h21]
and Unilateral Power Gain, UPG) of the baseline GFET-A from simulation.

In the proposed device, two capacitively coupled FCEs are placed at the ungated access
regions as already shown in Figure 12 (b). As the transistor action of the device takes place
at the gate terminal, the additional DC bias at the FCEs will help supporting the total device
current in either of the transportation regimes by selective population of particular type of

carriers at the access regions.
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We consider two devices for our analysis: (i) GFET-A; the long channel device with L3=3.0
pm, Lacs=1.5 pm, £n=530 cm?/V.s and =336 cm?/V.s and (ii) GFET-B; the short channel
device with Lg=0.5 um, Lacs=1.5 pm, #e=4900 cm?/V.s and xn=3100 cm?/V.s. Analytical
calculations using the equations above show that for GFETs with a typical residual carrier
(hole) concentration of 4.8%X10% cm™, the GFET-A, the long channel low mobility device
with two 1.3 um long FCEs each biased at -3 V can lower the Racs Of an initial value of

36.8 Q down to 20 Q.
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Figure 18: RF characteristics of both GFET-A and GFET-B with Vece=-3V and Vg=-2V. Inset shows
the 14-Va characteristics of GFET-A & B with Vrce in hole transportation regime at Vgs=-2V
considering concentration dependence of the hole mobility.

The minimization of Racs makes the fr of Device-1 to be 1.47 GHz whereas the fr of this
device with Vece=0 is 1.1 GHz calculated for hole transportation regime. Similar
minimization of access resistance due to biased FCE makes the fr of GFET-B; the short
channel high mobility device to be 22.1 GHz which has a value of 16.9 GHz at Vrce=0

also for hole regime operation.
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The numerical device simulation tool was used to simulate the proposed novel GFET with
residual carrier (hole) concentration of 4.8 X102 cm™ same as that used for baseline device
simulation and analytical calculations. The RF characteristics at Vgs=-2V (hole regime) and
Vrce = -3V along with the 14-V4s characteristics with FCE bias of both GFET-A and GFET-
B are shown in Figure 18. The 14-V4s characteristic is depicting the decrement of Rs and

Rp due to the decrement of Racs by FCE bias.
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Figure 19: Improvement of fr with Vece for both GFET-A and GFET-B in hole regime.

The improvement of RF characteristics with FCE bias estimated using both analytical and
numerical techniques for hole regime is shown in Figure 19. It was reported that carrier
mobility did not show significant dependence on carrier concentration in the range of
concentration we worked [41]. Therefore, the hole mobility for the GFET-A value was kept
constant at 530 cm?V.s throughout the entire range of FCE in both analytical and

numerical analyses.
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Figure 20: Improvement of fr with Vrce for both GFET-A and GFET-B in electron regime at V¢s=6.0
V (numerical simulation results).

On the other hand, Graphene hole mobility was considered to be significantly dependent
on carrier concentration for the GFET-B, and its values at Vrce=0, -1, -2, and -3V were
estimated using the data in [42] for all analyses. The analytical technique resulted higher
cutoff frequency compared to that obtained from numerical simulations because of the
limitations to take the additional parasitic capacitances introduced due to the FCE contacts

into account.

One can expect similar improvement of fr while the GFET is in electron transport regime.
Such improvement is estimated using the simulation tool considering similar concentration

dependent mobility of electrons for GFET-B and shown in Figure 20.
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2.3.2 Simulation of Bottom FCE GFET

To improve the RF performance we added FCEs at the 1.5 um long ungated regions on
bottom of GFET-A as already shown in Figure 13. As we cannot make the gate dielectric
so thick that the gate loses good control over the channel, we have a limitation on the gate
voltage too not to surpass the gate dielectric breakdown electric field. As the dielectric
between FCEs and channel is much thicker compared to the gate dielectric, the FCE voltage
was much higher than the gate voltage. To determine the optimum FCE length and position
providing maximum fr for GFET-A, we placed FCEs of different lengths at the center of
the access regions leaving two equal no_FCE regions both sides and simulated the RF
performance at Vrce= -9V which represents an electric field moderately lower than the
breakdown electric field of SiO> [43]. It was reported that carrier mobility did not show
significant dependence on carrier concentration in the range of concentration we consider
here [44]. Therefore, the hole and electron mobility was kept constant at 530 cm?/V.s and
336 cm?/V.s respectively for Vece= -9V as well as for rest of the analyses performed on
GFET-A throughout the entire range of FCE bias. The dependence of fr over Lrce shown
in Figure 21 (a) reveals that two 1.4 um long FCEs at the access regions leaving 50 nm
no_FCE regions on each side is the optimum condition in this case. Keeping the
Source/Drain to FCE distance (Lsqd-Fce) unchanged to 50 nm, we gradually decreased the
Gate to FCE distance down to zero (FCE edge aligned to Gate edge) and plotted fr against
them as shown in Figure 21 (b). The decrement of Lg.rce showed deterioration of fr rather

than improvement here. At Lg.rce= 50 nm, we later decreased the Lg/qg-rce from 50 nm down
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to zero gradually. This time, the decrement of Lsq-rce increased the fr as shown in Figure

21 (c).

From Figure 21, the optimum Lrce, Lyd-rce and Lg-rce were found 1.45 pm, 0 pm and 50
nm respectively. Using the FCEs with optimum length and position, for hole regime
operation of GFET-A (Vg = -2.0 V), the DC simulations showed that the drain current
increased with increasing negative FCE bias (Vrce) shown in Figure 22, which reveals

reduction of access resistance.

(@ 1.22 (b) 1,214

V. . =90V V=90V
1.21 i 1212_ Lsﬂd-FCE = 50 nm
N N
T 1.201 1
5 a 1.210
‘._I— o
1.19- 1.208
1181, . ‘ : - 1.206 ; ; ; \ ;
1.1 1.2 13 14 15 0 10 20 30 40 50
L (V) L, ce (nm)
© 1.2136
12132
T 1.2128
o
e
1.2124 _
VFCE =9V
LgvFCE =50 nm
121207 — —
0 10 20 30 40 50
L V)

s/d-FCE

Figure 21: At Vrce=-9 V (a) f plotted against different Lrce. (b) At Lyd-rce =50 nm, fr plotted against
Lg-rce. (¢) At Lgrce =50 nm, fr plotted against Lsd-FcE.

Analytical calculations based on the equations presented above were used to quantify the
reduction and was found that for Lgs/ Lga=1.5 um with FCEs of optimum size and position,
the access resistance Racc=36.8 Q of the baseline device went down to 23.0 Q at Vece = -

9V.
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Figure 22: Increment of drain current with FCE bias at Vgs = 5.0 V and Vg =-2.0 V.

We used analytical and numerical investigation to estimate the RF improvement in both
electron and hole regime of operation. Fig. 5 (a) shows the simulated current gain, |hos| -
frequency relationship of the device for the DC biasing conditions of Vgs = -2V, Vgs =5
V which represents hole regime operation of GFET-A and for different FCE biases. The
current gain cutoff frequency, fr was extracted from the data in Figure 23 (a) and
compared to the ones analytically calculated in Figure 23 (b). As the simulation tool
estimates the transportation of carriers through the structure by applying differential
equations onto the nodes of a 2D grid, it was capable of including the additional
capacitances arisen due to the presence of the additional contacts (FCESs) by itself. To

include them in the analytical calculation part, we modified the capacitance values of Cgs
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and Cgyq in the RF equations derived for conventional 3-terminal FETs by calculating the
FCE capacitances using geometric and material parameters. Considering the device width
to be 100 pum, each of Cgs and Cgq valued 3.90x10® F calculated for conventional 3

terminal GFET and after inclusion of additional capacitances due to FCEs, it became

4.40x1013 F.
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Figure 23: (a) Current gain |h21| - frequency relationship of the GFET-A with FCEs at varying Vrce
values in hole regime of operation. (b) frvs. Vrce where fr is calculated using analytical technique and
also extracted from (a).

For electron regime of the same device, DC biasing of Vgs =5 V and Vg = 6 V was
considered for similar analytical and numerical estimation of the cut off frequency, fr . The
fr of baseline GFET-A in this condition was extracted to be 0.57 GHz. Figure 24 (a) shows
the |h21|-frequency relationship of GFET-A with FCEs at different Vrce and the extracted

fr values along with those from analytical technique are plotted against Vece in Figure 24
(b).

We also explored the effect of biased FCEs on RF improvement in short channel high

mobility GFETSs. The baseline GFET chosen for this analysis is similar to the one reported

37



in [34]. The device has CVD-grown Graphene channel with carrier mobility of u = 2234
cm?/ V.s on sapphire substrate with Ly = 210 nm, Lsg = 1.5 um and named as GFET-B.
Considering the device geometry to be symmetrical, access region length is Lgs = Lga =

645 nm.
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Figure 24: (a) Current Gain |h21| - Frequency relationship of GFET-A with FCEs at different Vrce
values in electron regime of operation. (b) fr vs. Vrce where fr is calculated using analytical technique
and also extracted from (a).

The simulated RF performance of the baseline device presented in Figure 25 is in good
agreement with the reported one after de-embedding. fr and fmax were extracted as 22.1
GHz and 23.3 GHz, respectively. To improve the RF performance, FCEs are added on
bottom of two 645 nm long ungated regions and biased up to £9.0 V as before not to exceed
the breakdown voltage of Al>O3 reported in [45]. Graphene hole and electron mobility was
considered to be significantly dependent on carrier concentration and their values at

different Vrce were estimated using the data in [42] for all analyses.

To determine the optimum FCE length and position for GFET-B, we placed FCEs of

different lengths as before and simulated the RF performance. The dependence of fr over
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Lrce, Lg-rce and Lya-rce Shown in Figure 26 reveals that the optimum values of Lrce, Ls/-

rce and Lg-rce are 495 nm, 0 nm and 150 nm respectively.
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Figure 25: Current Gain and Unilateral Power Gain vs. frequency of the short channel high mobility
baseline GFET.

Using the optimum FCE length and position, we estimated the RF improvement in both
electron and hole regime of operation using both simulations and analytical technique.
Analytical calculation showed that the access resistance of 645 nm long access region with
an initial value of 3.66 Q went down to 2.31 Q for Vrce = -9 V. In frequency domain AC
simulations, a biasing condition of V¢s=-1.6 V, Vg=-0.6 V was assumed for hole regime

and V¢s =-1.6 V, Vg = 1 V was assumed for electron regime.
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Figure 26: At Vrce= - 9 V (a) fr plotted against different Lrce. (b) At Lsd-rce =150 nm, fr plotted
against Lg-rce. (C) At Lgrce = 150 nm, fr plotted against Lsid-rce.

The extracted fr values from the frequency response for hole regime along with those from
analytical calculation using modified RF equation for 5-terminal GFET are plotted against

Vrce in Figure 27 (a) whereas that for electron regime in Figure 27 (b).
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Figure 27: Extracted fr from frequency response and from analytical calculations plotted against Vrce
for (a) hole regime operation and (b) electron regime operation.

2.3.3 Simulation of Hybrid Contact GFET

We aim to add two C3s on this device and short them to the ohmic contacts to extensively
analyze its effect on the device’s high frequency performance. As a starting point of
capacitive impedance simulation, we first simulated a simple capacitor-like structure. It
consists of 30nm SiO2 between two metal contacts and each metal contact has a contact

resistance of 0.7 ohm-mm, shown in Figure 28 (a).

The real and imaginary parts of this capacitive impedance are estimated using simulation
as well as analytical technique. In Figure 28 (b), the real and imaginary part of capacitive
impedance estimated from simulation and analytical calculations are plotted with respect
to frequency. We can see that the results using both of the methods are in a very good
agreement, which validates our simulation technique of estimating capacitive impedance.
For further verification, we successfully regenerated the experimental data for 11I-N RF

TLM structures reported in [38]. To estimate the impedance of the capacitance formed
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between a C3 and Graphene channel with Gate dielectric in-between, we simulated a RF

TLM structure on Graphene having two C3s with various in-between distances.
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Figure 28: (a) Schematic of the capacitor like structure (b) The real and imaginary part of impedance
estimated from simulation and analytical calculation.

The C3s were placed on exactly the same structure, as in baseline GFET-1, consisting of 9
nm SiO2 and 15 nm Al>O3 serving as Gate dielectric deposited on CVD Graphene with
carrier mobility same as that of baseline GFET-1, shown in Figure 17 (a). The impedance
between contact 1 & 2, 2 & 3, and 3 & 4 were calculated at a specific single frequency,
plotted with respect to distance, and extrapolated up to zero distance to extract the real and
imaginary part of a single C3 impedance at that frequency. This procedure was repeated
over the frequency range of 5 GHz to 25 GHz with a step size of 1 GHz. The real and

imaginary part of C3 impedance plotted with respect to frequency is shown in Figure 29

(b).

42



15

2 pm 4 pm 6 um — Imaginary Part (Simulation)
_ = =~ Real Part (Simulation)
. . E o i P, e ™, 5
Dielectric E 12 Imaginary Part (/fnalytlcal (,a‘leulatmn)
g O Real Part (Analytical Calculation)
~ Graphene |
£ o
=
ot
g 6
300 nm Si0, 3
=%
|
34
® g °
L= )
eeeeeeeeeeeeee(
Substrate 0

5.0x10” 1.0x10" 1.5x10" 2.0x10" 2.5x10"

Frequency (Hz)

() (b)

Figure 29: (a) Schematic of RF TLM structure on Graphene. (b) The real and imaginary part of C3
impedance estimated from both simulation and analytical calculations plotted with respect to
frequency.

Finally, we simulated the proposed GFET which has two C3s shorted to the ohmic
Source/Drain contacts of the already simulated baseline GFET-1, shown in Figure 30. The
length of capacitively coupled extension was 0.8 um in this simulation. The Current Gain,
|h21]| of the baseline GFET-1 and the proposed modified version with C3s are plotted with
respect to frequency in Figure 31 (a). According to definition, the frequency at which
current gain becomes 0 dB is the current gain cut-off frequency, fr. We can see from Figure
31 (a) that for a C3 length of 0.8 um, the fr of this proposed GFET reached a value of 0.78
GHz whereas that for the baseline GFET-1 was 0.74 GHz. In each and every numerical
calculation, the gate to source/drain parasitic capacitances have been considered. In
addition to that, in analytical calculations, the parasitic capacitances have been estimated
using geometric and material parameters. The value of these parasitic capacitances ranged

from 3.90x1071% F to 4.40x10° F.
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The drain to source voltage as well as the drain side C3 to source voltage, V4s was 5.0 V
during frequency domain AC simulation. As the drain bias as well as the drain side C3 bias
IS positive, we considered the GFET electron regime operation so that the drain side C3
bias accumulate more major carriers (electrons) underneath. A Gate bias of V¢=2V was

used to operate the GFET in electron regime.

Substrate

Figure 30: Schematic of the proposed GFET (not in scale).

We later gradually increased the length of C3s. The approaching C3 towards Gate reduced
access region length as well as access resistance. Also the increment of capacitive coupling
area due to C3 length increment decreased capacitive impedance. As a result of access
resistance decrement as well as the decrement of capacitive impedance, the fr of the
proposed GFET further increased. The effect of increased C3 length over fr for this device
is shown in Figure 31 (b) estimated from both simulation and analytical calculation. We
can find from Figure 31 (b) that the fr of this proposed device reached a value of 0.89 GHz

for a C3 length of 1.4 um whereas it was just 0.78 GHz for C3 length of 0.8 um before.
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Further increment of C3 length was studied and due to introduction of high parasitic

capacitance, that resulted in fr deterioration.

As the C3 impedance is dependent on frequency and from our results in Figure 29 (b), it
was found that the real part of C3 impedance is reduced at higher frequencies; we intended
to quantify the effect of C3 on RF performance of a shorter channel higher mobility GFETS.
To do so, as before, a short channel high mobility GFET reported in [34] was chosen as

our short channel high mobility baseline and named it as GFET-2.
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Figure 31: (a) Current Gain, |h21| of the baseline GFET-1 along with that of the proposed hybrid
contact GFET in electron regime (Vg=+2.0 V and V4s=+5.0 V) plotted with respect to frequency (b)
The current gain cut-off frequency (fr) of the proposed GFET extracted from |h21|vs f characteristics,
plotted with respect to Lcs.

The device has CVD-grown Graphene channel with carrier mobility of z = 2234 cm?/ V.s
on sapphire substrate with gate length of 210 nm, Source to Drain distance of 1.5 um. We
considered the device geometry to be symmetrical and estimated the access region length
to be 645 nm on each side of the Gate. We simulated the DC and RF characteristics of the
baseline GFET-2 as before and they were in a very good agreement with the reported data

[34]. For this simulation as well as for the following simulations and analytical
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calculations, the device width was considered to be 100 xm as before. Later we simulated

our proposed short channel high mobility GFET with hybrid contact by making a capacitive

extension of 245 nm of both Source and Drain towards Gate.
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Figure 32: (a) Current Gain, |h21] of the baseline GFET-2 along with that of the proposed hybrid
contact GFET in electron regime (Vg=+0.6 V and V4s=+1.6 V) plotted with respect to frequency (b)
The current gain cut-off frequency (fr) of the proposed GFET extracted from |h21|vs f characteristics,
plotted with respect to Lcs.

The RF characteristics of the baseline GFET-2 in electron regime along with that of the
proposed GFET having a C3 length of 245 nm are shown in Figure 32 (a). From Figure 32
(@), we see that the fr of the baseline reported GFET and proposed GFET with 245nm
capacitive extension are 20.05 GHz and 24.4 GHz respectively. Later the C3 length was
gradually increase up to 550 nm as shown in Figure 32 (b). Due to the increment of C3
length, the fr gradually increased and eventually reached a value of 25.9 GHz. As before,
further increment of C3 length was studied and Lc3=550 nm was found to be the optimum

extension.

In addition to the C3 extension over the access region, we also simulated a GFET with the

source to drain distance same as that of the baseline, but with a longer gate. The new length
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of gate was equal to old gate length plus 2Lcs, Lgnew=Lg-ola+2Lc3. From our simulation,
we found that this device does not show any improvement of fr, rather the fr deteriorates
compared to the baseline GFET. The reason behind this deterioration is the increment of
transit delay. Though the C3 is capacitively coupled to the channel as like as the gate
contact, the switching of the device takes place in gate, not in C3s. The increment of the
gate length increased the transit delay, whereas the equal C3 extension length reduced the

parasitic delay.

2.4 Fabrication/Integration of GFET:

2.4.1 Theory of Microfabrication:

The proposed GFET with two additional contacts was fabricated jointly in a class 100 clean
room of The Advanced Materials Engineering Research Institute (AMERI) at Florida
International University and Nanoscale Research Facility (NRF) at University of Florida.
The microfabrication involved processes including e-beam lithography, photolithography,
e-beam evaporation, atomic layer deposition, and reactive ion etching. In conventional
GFET fabrication process, the first step is transfer of Graphene on a suitable substrate,
followed by patterning device mesa and source/drain contacts. The pattering of Graphene
mesa as well as the patterning of source/drain contacts involve lithography, requiring the
Graphene to be exposed to resists and developer several times. It is well known that
Graphene is very much prone to contamination from resists and solvents [46], and the more
it is exposed to contamination, the more the key feature of Graphene— mobility, degrades.
Rather than following the conventional sequence of GFET fabrication steps starting with

Graphene transfer and mesa etch, and ending with gate patterning, here we started the
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process by firstly pattering gate-FCE on the substrate, then oxide deposition and patterning,
followed by source/drain patterning, and finally Graphene transfer followed by mesa etch.
As aresult, starting from the Graphene transfer ending with mesa etch, Graphene was never

exposed to resists and developers, and prevented from the consequential contamination.

2.4.1.1 Lithography

Lithography is the process of transferring geometric pattern on the surface of a substrate
wafer. The geometric pattern is transferred on a layer of resist which is coated on top of
the wafer or a chip. When the coated resist is exposed to ultraviolet light (photolithography)
or electron beam (e-beam lithography), it changes it physical properties in such a way that
the exposed (positive resist) or unexposed (negative resist) part of the resist dissolves in
the developed during the development process. The exposure of resist can be done in 2
ways: selectively obstructing light by using a mask, or direct writing where the writing
head exposes the resist according to the design file. The lithography process includes the

following steps:

2.4.1.2 Substrate Preparation

The basic intension behind surface preparation is to improve the adhesion of resist on the
wafer/chip surface. The first step of surface preparation—surface cleaning, is done to
remove organic and inorganic contaminants. Widely used solvents for surface cleaning are
Acetone, Isopropyl Alcohol, and Methanol. After cleaning with solvents, it is washed with

deionized water and baked at more than 100 °C for a few minutes to dehydrate. If the
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surface is hydrophilic, adhesion promoters such as hexamethyl disilizane (HMDS) is used

to improve adhesion.

2.4.1.3 Resist Spin Coat

Resist is a material which is sensitive to radiation, UV for photolithography and e-beam
for e-beam lithography. For photolithography, the resist that is used is sensitive to ultra
violet light and is called photoresist. On the other hand, e-beam resist is sensitive to electron
beam and used in electron beam lithography. In general, it contains inactive resin, solvent,
and photoactive compound. When a resist polymer and electromagnetic radiation interact,
two different types of chemical reactions can take place: (1) cross-linking (2) chain
scission. The second one is also referred as fragmentation. In case of negative resists, cross-
linking takes place, whereas, chain scission takes place with positive resist. In cross-
linking, after interaction with incoming radiation, the atoms in adjacent chains of the get
displaced and the carbon atoms bond directly, resulting in a material not dissolvable in
developer. On the other hand, radiation disrupts the polymer chains of positive resists,
breaking them up to smaller pieces, and makes a material, very fast dissolvable to
developer. The spin coater tool consists of a spinner chuck which holds wafer by vacuum

and its spin speed (RPM), ramp, and spinning time can be set by user.

2.4.1.4 Baking:

After coating the substrate with resist, the coated resist film contains remaining solvent
concentration, and is baked on hot plate before exposure. The baking reduces the quantity

of remaining solvent content to avoid mask contamination and sticking to the mask, prevent
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popping or foaming of the resist by N2 created during exposure, improve resist adhesion
to the substrate, minimize dark erosion during development, prevent dissolving one resist
layer by a following multiple coating, and prevent bubbling during subsequent thermal
processes (coating, dry etching). Baking can be divided in to two types: soft baking and
hard baking. Immediately after resist coating, soft baking is done. On the other hand, had
baking is the last step of lithography, done after exposure and development, in order to

harden the photoresist and improve adhesion to the wafer surface.
2.4.1.5 E-beam Direct Writing:

Once the substrate is coated with e-beam resist, direct e-beam writing is performed.
Patterning techniques other that UV lithography including electron beam lithography and
x-ray lithography are developed due to two driving forces. They are: higher resolution
(smaller feature size) and cost. The maximum achievable resolution of a UV lithography
system is limited with the wavelength of the beam. Conventional photolithography
systems, which rely on UV light, can therefore achieve a minimum “diffraction-limited”
feature size of several hundreds of nanometers and can be improved using advanced
resolution enhancement techniques (RET). However, RET for photolithography increases
cost and cycle time of masks along with increment of complexity for technology nodes.

An electron’s velocity and kinetic energy are related by the following equation:

kin

E = %mv2 (30)

And the de Broglie wavelength for electrons with kinetic energy Exin can be expressed as:
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h 1.23

/1 ) \/2mEkin ) \/Ekin [nm] (31)

It states that an electron accelerated to an energy of 10 keV would have a wavelength,
A=0.12 A. This clearly shows that e-beam lithography has a huge advantage over current

optical lithography systems, which are limited by their wavelength.

Modern sophisticated electron beam lithography (EBL) systems have the same
fundamental parts in common including electron sources, electron lenses, beam deflector,
aperture, beam blanker, stigmator, and stage. EBL patterning is performed in a high
vacuum chamber. The sample is mounted on a wafer holder consisting of a set of test
standards for calibration, focusing, and position. Calibration subroutines can be performed
before the actual writing or during the writing. The stage is moved by piezoelectric motors
and the position is controlled by laser interferometry system. The use of laser
interferometry system ensures to achieve nanometer-scale precision. To isolate mechanical
vibration from the system, the stage is also placed on a vibration isolation system. In some
of the systems, there is an additional charge coupled device camera inside the chamber to

assess the control of sample positioning.

2.4.1.6 Photo Mask Writing

Photo mask consists of a glass, one side covered with chrome, and the chrome is covered
with a photo resist. The pattern information, to be transferred on a wafer or chip, is created
in a drawing package and generally stored in a database. The design file is then reformatted

and transferred to a direct writing tool, which is generally named as Mask Maker.
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According to the drawing file, the mask maker exposes selective part of the photoresist on
mask. The imaged pattern on the mask is then developed to form a template over the opaque
chrome and put in chrome etchant to etch away chrome where the resist is clear. Once the
chrome is etched away, the remaining photoresist is removed, cleaned and stored for later

use, in a mask aligner tool.

2.4.1.7 Mask Alignment and exposure:

In a multi-layer device fabrication/integration process, the first layer does not require any
alignment, but the subsequent layers require to be aligned to the preceding layer. To aid
the alignment process, each layer is accompanied by some features which help to align the
mask for the next layer. These features are called alignment marks and these marks are
transferred on the wafer in such a way they can be easily seen through a microscope of the
mask aligner tool on the surface of the wafer and the photomask. The alignment marks are
generally etched into the wafer after a previous photolithography step and it is required of
the lithography to know what marks on the wafer are supposed to line up with what marks
on the mask - which can get complicated after several masking steps. The mask alignment
procedure starts with loading of the mask and the wafer in the aligner tool. The wafer
vacuum stage on which the wafer is placed can be moved in x-dierection, y-direction, and
can be rotated (0). Using these knobs, the wafer is aligned to the fixed mask using a
microscope. Once the alignment is done, the wafer is brought to contact with mask.
Following the mask alignment and contact, the UV source power is measured, exposure

time is calculated and the wafer is exposed.
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2.4.1.8 Development

Once exposed, the wafer is removed from the stage and put into a solution named
developer. The developer is a chemical that removes the exposed (unexposed) part of the
positive (negative) photoresist coated on top of the wafer. The concentration of the
developer and development duration need to be estimated during process development.
After development, the wafer is rinsed with DI water and dried with N2 for subsequent

steps.

2.4.1.9 Descum:

This procedure is used to remove residual photoresist from the arears where photoresist is
removed by developer. The thickness of such residual photoresist film is generally less
than 1000 A, but its interference can very detrimental in the subsequent processing,
especially if the pattern geometry is very small. A low power short time reactive ion etching

is generally used to remove these residues.

2.4.1.10 Reactive lon Etching:

The reactive ion etching (RIE) uses chemically reactive plasma generated at the presence
of RF power under a low pressure (10-100 mTorr) to consume the material on wafer, in
addition to ionic bombardment. In the RIE system, the wafer is placed on a chuck which is
grounded, and another electrode on top of the grounded chuck is connected to RF source.
Generally the frequency of the RF source is 13.56 MHz. As the electrons are lighter
compared to ions, they move faster, collide very frequently and as a result, is removed of

the plasma. The positively charged plasma forms a DC electric field. In addition to
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chemical reaction between the plasma and target material, the positive ions can be
accelerated by applied electric field and can physically bombard the target as well. This
process of physical bombardment can also assist the etching process. In contrast to wet
etching, RIE can move the etchant in the direction of applied electric field and produce

anisotropic profile.

2.4.1.11 E-beam Evaporation

The electron beam evaporation system is used to produce uniform high-purity thin films.
It is used to evaporate refractory and dielectric materials, as well as the more common
conductive and semiconductor materials. Electron beam heating is an efficient way to
achieve high temperatures for uniform thin film, optical coating and vacuum metallurgic
processes. The e-Gun is a self-accelerated electron beam device, held at a high negative
potential, which is produced by the hot tungsten filament. The beam of electrons leaves the
filament and then magnetically focused. The evaporant material is put in a crucible and the
crucible is placed in a pocket where it is grounded and water cooled. The beam strikes the
evaporant material with a set spot size and intensity. Using an electro-magnetic system, the
electron beam can be swept over the evaporant material. The material deposition rate can
be changed by tuning input power, charge size, charge shape, and the characteristics of the
material to be evaporated. Material with low evaporation temperature and high thermal
conductivity can be evaporated with highest evaporation rates. In this process, the
evaporant are not contaminated because the focused electron beam strikes only the
evaporant source material in the crucible. The e-Gun source generally operates in a high

vacuum chamber and the magnitude of chamber pressure, which normally increases during

54



evaporation, depends on the pumping capacity of the system and the cleanliness of the

evaporant material.

2.4.1.12 Lift-off:

Lift-off is a method of patterning deposited thin films which are difficult to pattern by dry
etching. The pattern is transferred on the substrate using standard photolithographic
process followed by descum. The thin film is blanket deposited on top of the whole
substrate which covers the photoresist as well as the areas where photoresist has been
removed to open windows. As a result, at the windows, the film is deposited on the
substrate, whereas, in rest of the areas, it is deposited on photoresist. During lift-off, the
thin film covered substrate is put in a solvent that removes the photoresist as well as the
thin film deposited on top of photoresist, leaving behind the film deposited directly on

substrate.

2.4.1.13 Graphene Transfer

CVD Graphene grown on Copper sheet is coated with PMMA and put floating on a suitable
copper etchant without any disturbance while copper surface touching the solution. Once
the copper is completely etched, it is washed with DI water multiple times without flipping,
and eventually transferred on suitable substrate. After being transferred, the sample is put
in a desiccant to remove water molecules and then put in a suitable solvent to remove the

PMMA.
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2.4.2 Fabrication of GFET: Process Details

A 300 nm SiO; on top of N-type Silicon was chosen as substrate of the device. The
substrate was cleaned with acetone/IPA/methanol, rinsed with DI water, and dried with N2
flow. The sample was then baked at 100 °C for 3 minutes to remove solvent remnants. The
fabrication process consists of a total of 6 different layers, and the layout design of these

layers was done using Layout Editor.

Layer 1: Gate-FCE Layer 2: Gate-FCE Contact Pad
Layer 3: Gate Dielectric Etch Layer 4: Source-Drain

Layer 5: Source-Drain Contact Pad Layer 6: MESA Etch

Figure 33: Layout design of 6 different layers.
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The layout design of the 6 different layers is shown in Figure 33. 200 nm of 950 PMMA
A4 was spin coated (200nm thick, static pour, at 500 RPM for 5s, then 4000 RPM for 45s)
and oven baked at 185 °C for 30 minutes. The Gate-FCE layer with alignment marks were
patterned using e-beam lithography. For e-beam writing, 15kV beam voltage was used at
a dose of 18 OuUC/Cm?, with a step size of 25 nm, column aperture of 30 um, and a write
field of 200 um. It was developed in a solution of MIBK: IPA=1: 3 for 30 seconds at 4 °C
using a chiller plate. 10-nm Ti/40-nm Au was evaporated using e-beam evaporator at a
chamber pressure of 2x107 mTorr and lifted-off in acetone, in a standard sonic bath, by
sonicating for 1 minute. Figure 34 shows the optical image of gate-FCE along with the

alignment marks after lift-off.

(a)

Figure 34: Optical microscope image of (a) Gate-FCE layer after metallization and lift-off (b)
Alignment marks for mask alignment after metallization and lift-off.

The next layer was the pads. The substrate with Gate-FCE layer patterned and metalized is
then coated with 600 nm LOR 3B (Step 1: 500 RPM/100 Ramp, 5 s; Step 2: 1000 RPM/500
Ramp, 60 s) on top of 600 nm S1805 photoresist (Step 1: 1500 RPM/300 Ramp, 5 s; Step

2: 3000 RPM/500 Ramp). The LOR 3B lift off resist and S1805 photoresist were cured on
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a hotplate at 180 °C (10 minutes) and 115 °C (3 minutes), respectively. Photo mask for the
Gate-FCE pad layer was written using mask maker and aligned on the patterned substrate
using a mask aligner. After exposing with UV, it was developed in developer MF-26A for
15 minutes, rinsed with DI, dried with N2, and a descum was done by oxygen plasma
etching for 15 seconds. 10-nm Ti/500-nm Ni was evaporated for pad layer metallization
and lifted-off in Remover-PG without sonication. The optical microscope image of the

sample after lift-off is shown in Figure 35 (a).

Figure 35: Optical microscope image of (a) Gate-FCE pad layer after metallization and lift-off, (b)
Source/drain layer after metallization and lift-off.

Following the Gate-FCE layer and pad layer formation, 20 nm HfO, was deposited by
ALD, as gate dielectric. Then it went through the same photolithographic process with
mask to open windows for the pads. The 20 nm dielectric above the pads was etched by
reactive ion etching (Chlorine + Argon) through the windows. For the Source-Drain
patterning, the same e-beam lithographic process was used and 10-nmTi/50-nm Au was
evaporated, followed by the same lift-off process in sonic bath. The image of the chip after

source/drain metallization and lift-off is shown in Figure 35 (b). Source-Drain pad layer
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was patterned by the photolithographic process used for Gate-FCE pad layer, followed by

a 10-nm Ti/500-nm Au evaporation, and lift-off.
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Figure 36: (a) SEM image of the GFET with source, drain, gate, and FCEs marked. The letters S, D,
and G stand for source, drain, and gate respectively. (b) High magnification image of the device with
embedded scale showing FCE length, gate length, and access region length, (c) The Graphene channel
after mesa etch, marked with red rectangle, (d) a closer view of the Graphene channel edge.

Single layer CVD Graphene grown on Copper sheet was coated with PMMA using a
regular spin coater and was put floating on FeClz solution for 8 hours without any
disturbance while copper surface touching the solution. Once the copper was completely
etched, it was washed with DI water multiple times without flipping, and eventually was

transferred on the patterned substrate. After transfer, the sample was put in a desiccant for
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8 hours. Graphene covered with PMMA was then coated with S1805 photoresist and went
through the same photolithographic process with mesa mask, to open windows for mesa
etch, through which oxygen plasma etching was used to etch PMMA and Graphene. Figure
36 shown the SEM image of the GFET after fabrication at low and high magnification at
different regions. After mesa etch, the sample was put in acetone at 50 °C for 15 minutes
to remove PMMA over the Graphene channel. The simplified process flow is shown in

Figure 37.
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Figure 37: Simplified process flow of GFET fabrication/integration
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2.5 Characterization of GFET

The Graphene channel was characterized by Raman spectroscopy. Figure 38 shows the
Raman spectrum of the Graphene taken using a 532 nm laser with a spot size of 1 pm?.

The 2D/G ratio (0.93) of the Raman spectrum confirms the presence of single layer

Graphene.
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Figure 38: Raman spectrum of single layer Graphene forming FET channel

The DC characteristics of the fabricated device was measured using a HP 4156 A
semiconductor parameter analyzer integrated with a probe station. Figure 39 (a) shows the
drain voltage vs. drain current characteristics with different FCE biases starting from 0 V
to -6.0 V, applied on both of the FCEs, with a step size of 2.0 V. In Figure 39 (b), the gate
voltage vs drain current characteristics is plotted for different FCE biases, as well. From
the transfer characteristics, it is evident that the Dirac point was not reached up to +8.0

volts. It implies that the Graphene had unintentional p-type doping during growth/transfer.
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From the 14-V ¢ characteristics, as well as the 14-V¢ characteristics, it is evident that the
additional DC bias applied at both of the FCEs result in decrement of access resistance,

which eventually increases Drain current.
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Figure 39: (a) The 1d-Vd characteristics of GFET at different Vrce (b) The 1d-Vg characteristics of
GFET at different Vrce.

The gate leakage current of the device is plotted in logarithmic scale and shown in Figure

40. The leakage current was at the order of a pA.
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Figure 40: Gate leakage current
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In addition to gate leakage current, the FCE leakage current was measured as well. The
FCE leakage current was at the order of pA as well, as shown in Figure 41. Low gate

leakage current as well as low FCE leakage current is important for good RF performance.
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Figure 41: Leakage current of (a) FCE-1 and (b) FCE-2

The RF characteristics of the GFET was measured using a vector network analyzer HP 8510
C integrated with a probe station from J micro Technology with two coplanar waveguide
probes (50A-GSG-200-DP) from GGB Industries. The schematic of the setup is shown in Figure

42.
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Figure 42: Schematic of the S-parameter measurement setup
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Two 24" long low loss phase stable semi-rigid coaxial cable with one 2.4mm Female
connector and one 2.4mm Male connector were used to connect the probes. DC bias was
applied using two bias tees PE1610 from Pasternack and two Keithley 2400 SourceMeters.
Standard Short-Open-Load-Thru (SOLT) calibration was performed using a clabration
substrate CS-5 from GGB Industries, before measuring the 2-port S-Parameters. The
network analyzer was controlled by a comprehensive and intuitive on-wafer RF
measurement calibration software named WinCal XE from Cascade Microtech [47], to
achieve accurate and repeatable S-parameter measurement. The WinCalXE features
include exclusive 1-, 2-, 3-, and 4-port calibration algorithms, immediate and live data
measurement and viewing, LRRM, LRM+, SOLT-LRRM hybrid and NIST-style multi-
line TRL calibrations, as well as an Error Set Management capability for data comparison

and augmentation. A picture of the setup is shown in Figure 43.

Figure 43: A picture of RF measurement Setup
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The two port S-parameter of the device was measure, corrected by the calibration file, and

converted to h21 parameter using the following equation [48]:

h. = _2821(R01R02 )1/2
21 *
(1_ S11)(202 + Szzzoz) + SlZSZlZOZ

(32)

Where Zo; is source impedance and Zo> is load impedance. The complete procedure of

on- wafer S-parameter measurement has been documented step by step in APPENDIX C.

The current gain, |h21| is plotted with respect to frequency in Figure 44 for two different
devices: conventional 3 terminal GFET and the same geometry GFET with proposed
additional contacts (FCEs). The DC biasing condition at source, drain and gate were same
for both of the devices whereas the proposed device had both of its FCEs biased at -3.0 V.
From Figure 44, it is evident that -3.0 V applied at both of the FCEs increases the current

gain cut-off frequency from 1.10 GHz to 1.22 GHz.
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Figure 44: Current gain of a conventional 3 terminal GFET along with that of a same geometry
proposed GFET plotted with respect to frequency for comparison.
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2.6 Conclusion

We proposed, extensively analyzed, fabricated, and characterized a Graphene FET with
two capacitively coupled field-controlling electrodes at the access regions of the device. It
is observed that the biased FCEs could control sheet carrier concentration at the ungated
regions, and thus resulted in a reduction of the access resistance and improvement of the
RF performance of GFETSs. The increment of current gain cut-off frequency, fr was 10.9%
compared to that of same geometry GFET without FCEs. The proposed GFET with

improved RF characteristics can be used for high frequency applications.
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CHAPTER IlI

BANDGAP ENGINEERING OF GRAPHENE
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3.1 Introduction

Atomically thin Graphene has attracted attention of researchers as a promising novel
material for electronic/optoelectronic applications due to its outstanding electrical, optical
and thermal properties that include but not limited to its high carrier mobility, residual
carrier concentration, saturation velocity, thermal conductivity and mechanical strength
[49, 50, 8, and 51]. Due to the degeneracy of Graphene valence and conduction band at the
Dirac point, it shows a semimetalic characteristics—zero bandgap nature, which precludes
its application in digital and logic circuits. In order to make Graphene a technology
applicable to real systems and devices, a non-zero bandgap is indispensable. A bandgap
can be introduced in Graphene either by breaking the translational symmetry or by breaking
the sublattice symmetry [52, 53]. From density functional theory studies, it is evident that
a bandgap in Graphene can be achieved in several ways, which include but not limited to:
adsorption of hydrogen molecule [54], doping with silicon [55] and group IV element [56],
adsorption of water molecule [57], and aromatic molecules [58]. In experiment, it has been
demonstrated that a bandgap starting from 2.5 meV up to 450 meV can be introduced in
Graphene by decoration with Si-rich two dimensional islands [59], fabrication of Graphene
nanomesh via nanoimprint lithography [60], formation of nanoperforated Graphene via
block copolymer (BCP) lithography [61], adsorption of patterned hydrogen [62] and
adsorption of water molecules [63], as mentioned in Table 1. However, these methods
either result in a negligible bandgap value, or demand sophisticated/complex lithographic

processes and controlled environment.
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Table 1: Bandgap opening method and value

Method Bandgap (meV) | Ref.
Decoration with Si-rich two dimensional islands 3.2 [59]
Fabrication of Graphene nanomesh via nanoimprint lithography | ~ 135 [56]
Formation of nanoperforated Graphene 100 [61]
Adsorption of patterned hydrogen 450 [62]
Adsorption of water molecules 206 [63]

3.2 Theory of Bandgap Opening

The band structure of Graphene exhibits two bands intersecting at the k and k™ points in the
Brillouin zone—Dirac point. At this point, valence and conduction bands are degenerate,
which results in Graphene to be a zero bandgap material. To introduce bandgap in
Graphene, this degeneracy of valence and conduction bands at the Dirac point needs to be
lifted off and it can be done by breaking the equivalence between the Graphene
sublattices—the sublattice symmetry. In the Graphene decorated with randomly distributed
nanoparticles, the interaction (van der Waals) between nano-seeds/particles and Graphene
breaks the sublattice symmetry resulting in opening a bandgap. The bandgap of a
semiconductor as well as engineered Graphene can be extracted from the slope of

Arrhenius plot [63, 64, 65, and 66].

3.3 Method

The rate constant of a chemical reaction (k) depends on absolute temperature (T), pre-
exponential factor (A), universal gas constant (R), and activation energy (A) by the

following exponential equation, well known as Arrhenius equation [67], as follows:
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_Ea

k=AeRT (33)

In a similar fashion, the conductivity of a semiconductor is dependent on its absolute
temperature (T) and activation energy for conduction (bandgap, Eg) by the following

equation:
o= Goe_Eglm (34)

The factor of 2 in the exponent is because, the excitation of an electron across bandgap

produces two mobile carriers: an intrinsic electron and an intrinsic hole. The last equation

can be written in the form of a linear equation and bandgap can be calculated from its slope:
E, 1

InUZInO'O—X?, (35)

3.4 Fabrication of Decorated Single Layer Graphene

3.4.1 Graphene Decorated with ZnO Nano-Seed

For the ZnO nanoseeds decorated Graphene, the nanoseeds were grown on top of single
layer Graphene using Zinc acetate dihydrate (Zn(CH3COQ); *2H.0) (ZAD) as reported
in [68]. We modified this approach and utilize the effects of sonication to produce solution
phase seeding in a solution exposed to the ambient. A 0.005M concentration of ZAD in
isopropyl alcohol (IPA) solution was prepared at room temperature by stirring with a
magnetic stir bar at 350 rpm for 5 minutes. Single layer CVD Graphene grown on Copper
sheet was coated with PMMA using a regular spin coater and was put floating on FeCls

solution for 8 hours without any disturbance while copper surface touching the solution.
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Once the copper was completely etched, it was washed with DI water multiple times
without flipping, and eventually was transferred on SiO». After being transferred, the
sample was put in a desiccant for 8 hours, and then was put in acetone at 50 °C for 15
minutes to remove the PMMA. Shadow Mask for Source/Drain patterning was written
using a laser engraver. 10 nm Ti and 100 nm Au were e-beam evaporated to pattern the
Source/Drain contacts at a chamber pressure of 2x107 mTorr. The contact length and width
were 5 mm and 1 cm respectively and the distance between contacts were 5 mm. The
samples were cleaned with methanol, acetone and isopropanol before immersing into the
ZAD-IPA solution. The solution with the immersed substrate then was irradiated using a
commercially available high intensity ultrasound setup (750W ultrasonic processor, Sonics
and Systems). The sample was prepared with a single sonication cycles of 15 minutes
duration and the amplitude of the 20 kHz ultrasonic probe was 75% of the maximum
amplitude (=30 W.cm™). The global temperature of the aqueous solutions did not exceed

~70°C.
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Figure 45: Raman spectra of pristine and ZnO nano-seed decorated single layer Graphene
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The undecorated Graphene as well as Graphene decorated with ZnO nano-seeds were
characterized by Raman spectroscopy. Figure 45 shows the Raman spectrum of the pristine
Graphene and Graphene decorated with ZnO nano-seeds. The 2D/G ratio (0.93) of the
pristine Graphene (bottom panel of Fig. 1) confirms the presence of single layer Graphene.
In addition, a peak at 432.39 cm™ of the decorated Graphene (top panel of Fig. 1) confirms
the presence ZnO [69]. From the Raman spectra of decorated Graphene, a shift of G and
2D peaks is visible, with respect to those of the undecorated one. This shift is due to
elongation or contraction of C-C bond because of van der Waals interaction between

Graphene and nanoparticles [70].

The SEM image of the ZnO nano-seed decorated Graphene shown in Figure 46 confirms

the average size of the nano-seeds to be ~ 10 nm with the average separation distance of

10 nm.

Figure 46: SEM image of ZnO nano-seed decorated single layer Graphene at two different
magnifications

The AFM image of the decorated Graphene shown in Figure 47 confirms the RMS and

average roughness to be 15.85 nm and 12.34 nm, respectively. This large roughness is due
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to the presence of ZnO nano-seeds, as well as, due to the surface roughness of Graphene

itself.
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Figure 47: AFM image of ZnO nano-seed decorated single layer Graphene. (a) 2D image. (b) 3D image.
(c) The profile along a straight line. (d) Roughness analysis: RMS Roughness= 15.85 nm and Average
Roughness=12.34 nm.
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3.4.2 Graphene Decorated with Gold Nanoparticles
For gold nanoparticles decorated Graphene, the nanoparticles were grown first on top of
the SiO./Si substrate and then CVD Graphene was transferred on top of the gold

nanoparticles.
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Figure 48: The profile of the step at the edge of sputtered gold thin film on (a) Sample-A, (b) Sample-
B, and (c) Sample-C, measured by Atomic Force Microscopy (AFM) with 2D and 3D views (inset).

Three SiO2/Si chips with 300 nm SiO2, named as Sample-A, Sample-B, and Sample-C,

were first solvent cleaned. Gold thin film was grown on SiO; by sputtering. The gold film
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thickness on Sample-A, Sample-B, and Sample-C were measured at the edge by using
atomic force microscopy (AFM). Figure 48 (a), (b), and (c) show the profile of the step of

Sample-A, B, and C, with the 2D and 3D views inset. The film thickness estimated from

the AFM image for Sample-A, B, and C were 1 nm, 4 nm, and 7 nm, respectively.

Figure 49: SEM image of gold nanoparticles grown on SiO: of (a) Sample-A, (b) Sample-B, and (c)
Sample-C.

The samples were then annealed in N2 environment at 800 °C for 30 minutes with a ramp
of 5 °C/s. At this high temperature and ramp, the gold thin film dewetted and formed gold
nanoparticles, as expected [71, 72]. The presence of nanoparticles was confirmed through

SEM imaging, as shown in Figure 49. From the AFM and SEM image shown in Figure 48
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and Figure 49, it is evident that: Sample-A with the thinnest gold film sputtered (1 nm)
resulted in the least dense nanoparticles growth with largest diameter, Sample-B with 4 nm
sputtered gold has denser nanoparticles with smaller diameter, compared to Sample-A, and

Sample-C with the thickest gold film (7 nm) has intermediate nanoparticle density and

diameter.
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Figure 50: Raman spectrum of undecorated Graphene and decorated Graphene: Samples-B, C

Using the standard Graphene transfer method mentioned above, single layer Graphene was
transferred on top of the gold nanoparticles decorated substrate, and eventually, PMMA
was removed with acetone. From Raman spectroscopy as shown in Figure 50, it is evident
that the 2D and G peaks of Graphene decorated with gold nanoparticles shifted compared
to those of the undecorated one, as expected [73, 74]. As before, shadow masks were used
to pattern contact pads with length, width, and in-between separation of 2 mm, 2mm, and

7 mm, respectively, consisting of 10 nm Ti and 300 nm Gold.



3.5 Bandgap Measurement of Decorated Graphene

Bandgap of nanoparticles decorated Graphene was estimated measuring temperature
dependent conductivity using the Eqn. 34. A commercially available vacuum probe station
integrated with a precision thermal chuck and temperature control system, turbo pump and
semiconductor parameter analyzer, as shown in Figure 51, was used to measure the

temperature dependent I-V characteristics.
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Figure 51: A picture of the temperature dependent conductivity measurement setup

At first, the current-voltage characteristics of the sample was measured inside a constant
pressure (25 mBar) chamber at different temperatures starting from 0 °C to 110 °C with a
step size of 5 °C, and at each temperature step, the sample was left for 5 minutes before the

measurement was taken.
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For the Graphene sample decorated with ZnO nano-seeds, a DC voltage was ramped
starting from -500 mv to +500 mv with a step size of 10 mV as shown in Figure 52 (a), and
both the hold time and delay time at each bias point were set at 20 ms. From the current-
voltage characteristics of this sample, its resistivity and conductivity were extracted for
each temperature value and the resistance was found to decrease linearly with temperature.
Eventually, from the Arrhenius plot shown in Figure 52 (b), slope was extracted and the
bandgap was calculated to be 7.36 meV. We further investigated this bandgap opening
process by decorating single layer Graphene with ZnO nano-seeds, whose lateral size

(~300 nm) was much bigger compared to Graphene lattice constant (~ 2.46 A) [75], and it

did not show semiconductor properties.
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Figure 52: (a) The current-voltage characteristics of the ZnO nano-seed decorated Graphene at
various temperatures, (b) The temperature dependent conductivity property.

For the Graphene samples decorated with gold nanoparticles, the same experimental setup
and procedure was followed to measure the introduced bandgap. The logarithm of film
conductivity versus inverse of temperature of Sample-B, and C are shown in Figure 53,

with the respective current-voltage characteristics and temperature-resistance
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characteristics at 50 °C, inset. The extracted bandgap from the slope of conductivity curve
of Sample-A (not shown in Figure 53), B, and C were 40.27 meV, 83.98 meV, and 59.91

meV, respectively, as expected from the density functional calculations reported in [76].
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Figure 53: The temperature dependent conductivity curve of (a) Sample-B and (b) Sample-C, with
corresponding current-voltage characteristics at different temperatures and temperature-resistance
characteristics, inset.

3.6 Conclusion

In conclusion, we have experimentally demonstrated the opening of a bandgap of single
layer CVD Graphene by decorating it with randomly distributed nanoparticles. The first
approach of decoration with randomly distributed ZnO nano-seeds opened an insignificant
bandgap. On the other hand, the resulting bandgap due to decoration with gold
nanoparticles was much more prominent compared to the ZnO nano-seed samples and
showed a dependence on nanoparticle density and size. The proposed method of bandgap
opening can be further investigated varying nanoparticle size, height, and density.
Graphene with a moderate bandgap achieved by fine tuning of this decoration process can

be used for digital and logic devices.
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CHAPTER IV
GRAPHENE THz DETECTOR
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4.1 Graphene Grating Gate THz Detector

4.1.1 Introduction

Terahertz technologies utilize electromagnetic (EM) radiation in the frequency range
between 300 GHz and 10 THz and their potential applications in biology, chemistry,
medicine, astronomy and security are wide ranging. The abundance of potential THz
applications fueled intense research in the last decade leading impressive advancements in
emission and detection of THz radiation. Plasma wave propagation in two-dimensions (2D)
has contributed to advancements in detection and control in THz spectral region [77]. Large
propagation velocity of plasma waves compared to electron drift velocities allows
plasmonic device to exceed electron drift limited cut off frequencies. Plasmonic THz
detection has been demonstrated using Silicon [78, 79, 80], I11-V compounds [81, 82, 83,
and 84], and I11-N [85, 86, and 87] based semiconductor devices. I11-N devices have been
particularly of interest due to their high sheet carrier concentration. The coupling efficiency
of single gate plasmonic devices to THz radiation is weak due to small active region of
these devices. To mitigate this problem, grating gate couplers on a large active region and
linearly integrated Field Effect Transistor (FET) arrays with high integration density are
proposed [88]. Device geometry has not been the only limitation for the response of THz
plasmonic devices. Most of the previously observed THz plasmonic detectors have
demonstrated very weak response at room temperature due to high electron scattering rates
[89, 90, and 90]. Graphene with remarkably high electron mobility at room temperature,
with reported values in excess of 15,000 cm2/Vs [92] has strong potential for THz

plasmonic devices. Recently, the high mobility properties of Graphene at room temperature
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was exploited to demonstrate Graphene plasmonic THz metamaterials [93]. However, the
reported structures were based on Graphene nanoribbons which were fabricated by plasma
etching presented low quality factors. The low quality factor could be ascribed to the high
carrier scattering rate and limited mobility due to the plasma damages induced during the
etching process [94]. Recently large area Graphene samples with good electrical
characteristics have been grown [95]. Intense research in the field is expected to make mass
production of large area high quality Graphene widely available in near future for various
applications [96]. True capabilities of Graphene grating gate structures need to be explored
to design and fabricate Graphene plasmonic THz devices. In this letter, we report on
theoretical and numerical analysis of THz plasmonic behavior in large area Graphene FET

structures with grating gate couplers.
4.1.2 Theory

A short channel with high sheet carrier concentration acts as a resonant cavity for the

plasma waves with the fundamental frequency of 4, and its harmonics. An incoming
electromagnetic radiation excites plasma waves in such a channel. When @,z >>1 (7 is

the momentum relaxation time) the resonant condition is satisfied. Sheet electron density

in a Graphene layer can be estimated by

&

N,=—
ed

(\/g _Vd ) (36)

Where ¢ is the permittivity, d is the dielectric thickness, e is the unit charge, Vg is the gate

voltage and Vjq is the voltage corresponding to Dirac point at which the Graphene sheet has
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charge neutrality. The electron energy dispersion in undoped Graphene is linear E =4V, k

with k being the electron momentum and Vr being the 2D Fermi velocity, which is a
constant for Graphene (Ve = 10° m/s). The linear electron energy spectrum implies zero

effective electron mass in Graphene. The electron “inertia” in massless Graphene is
described by a fictitious “relativistic” effective mass m. = E. /V.?, where Er is the Fermi

energy. The relation between the Fermi energy and sheet carrier density can be given as
Er =hVp 27Ny (37)

Using Egs. (1) and (2), one can obtain

h |27e
v Ved ° (38)

where Vo= V4—V4. For a typical value of Vo= 1, Eq. (3) yields mr= 0.03 mo where mq is the
free electron mass. It should be noted that me decreases to zero with the gate voltage Vg
approaches to the Dirac voltage. Electron relaxation rate in Graphene with electron

mobility, p can be estimated as 1/z=e/um.. Therefore, @,z >>1 is satisfied for

frequencies above 2 THz even for low mobility Graphene with i = 1600 cm?/Vs. Coupling
of EM radiation into 2D electron gas (2DEG) in high sheet carrier concentration channels
via grating gate couplers was first investigated by Zhent et al. [97] and later applied to 11—
IV [81, 82] and I11-N systems [86]. Plasmon dispersion in a gated Graphene can be formally
written in the same form as in a conventional semiconductor structure with substituting the

effective electron mass by the “relativistic” effective mass mg
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o=k |2 (39)

where q is the plasmon wavevector, which is determined by the grating gate period L, k =

2an/L (n =1, 2, 3....). Substituting Egs. (3) into (4) results in [98]

V. %e'd?
@ =K{Ng 2F7zh252 (40)

which gives the plasmon resonant modes in Graphene.

Room temperature operation is a crucial aspect for the practicality of the THz devices for
many practical applications like medical imaging, security and sensing. Plasma resonances
in a grating gate device can be best excited when the radiative damping, yrad IS equal to the
dissipative damping, 7ydis caused by the carrier scattering [87]. In this case the maximum
absorbance is given by 0.5 (1-VRo) where Ry is the reflectivity when there is no resonant
surface layer. Dissipative damping ydis of a plasmon mode increases with temperature.
Therefore, matching condition of ydis= yrad requires strong radiative broadening at room
temperatures. Since the radiative broadening is directly proportional to the conductivity of
the channel, Graphene layers are especially promising for room temperature resonant
absorption of THz radiation. Radiative dampening is also directly proportional to the
strength of coupling between the plasmon modes and the incident THz radiation. Strong
electric near field induced in narrow slits between the grating gate fingers greatly enhances

the coupling and hence the radiative dampening. Slit width w in the investigated devices
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was chosen to be about 10% of the gate finger width to achieve the maximum resonant

absorbance.

Resonant absorption of THz radiation by the plasmons induces an oscillating current and
creates nonuniform impedance distribution in the active layer which leads to an electrical
response depending on incident power, polarization and frequency. In the photovoltaic
(PV) detection scheme when asymmetric boundary conditions (i.e., short circuit boundary
condition at the source side of the channel and open circuit boundary condition at the drain
side of the channel) are applied, nonlinear properties of the transistor structure rectifies the
oscillating current induced by the incoming radiation and results in a photoresponse in the
form of DC voltage between source and drain [77, 78, and 79]. An improved signal can be
obtained when a constant current is applied between the ohmic terminals at the both ends
of the channel and drain voltage is monitored which is referred as the photoconductive
(PC) detection mode [81, 82]. Analysis of the electrical response at different modalities is

beyond the scope of this study.

4.1.3 Simulation and Results

The structures investigated in this study consist of Graphene layers on sapphire substrates
as shown in Figure 54. Titanium grating gates are placed on 17 nm thick SiO2 layer
deposited on Graphene. Different gate period, L, and gate finger length, w, combinations

were studied.
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Figure 54: Cross section of the studied structures (not to scale).

A commercial simulation package of finite-difference time-domain (FDTD) method with
a 3D Maxwell equation solver and a custom code for data analysis were used to calculate
absorption and transmission spectra of the structures. FDTD tool allowed both time domain
and frequency domain information. A broadband pulse was sent from the source and EM
field propagation through the structure was calculated until there was no electromagnetic
field left in the entire devices. Frequency domain information at the spatial points of
interest were obtained through Fourier transform of the time domain information.
Frequency dependence of power flow and modal profiles were obtained in the frequency
range of 1-8 THz. The simulations were carried out using periodic boundary conditions
for the grating gate arrays. Furthermore, real experimental data for dispersion relations and
different loss mechanisms for materials were used in the simulation. The mesh size was
sufficiently small to match experimental data for structures with small features. We

validated our simulation method by comparing the numerical results with the experimental
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results reported in the literature for GaN-based grating gate devices [86] and Graphene

nanoribbon metamaterial structures [93].
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Figure 55: Room temperature absorption spectra of AlGaN/GaN and Graphene grating gate FET
structures with L = 1.5 um, w = 0.15 um, Ns= 7.5x10'? cm™. (i) Graphene (ii) Alo2Gao.sN/GaN. Curve
(i) is in well agreement with the experimental data reported in Ref. [86].

In Figure 55, we compare the room temperature absorption spectra of Graphene and GaN
grating gate devices with the same geometrical parameters. Following the experimental
details reported in Ref. [86], Alo.GaosN/GaN High Electron Mobility Transistor (HEMT)
epilayer structure on sapphire was used for GaN devices with room temperature electron
mobility of u= 1200 cm?/V - s and sheet carrier density of Ns =7.5x10'? cm™2. For the

Graphene devices, mobility of p = 3000 cm?/V.s was used while the sheet carrier
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concentration was kept the same with the one for GaN devices. The Graphene devices
present well pronounced resonant absorption peaks corresponding to the fundamental
mode and first two harmonics in the 1-8 THz range. The resonant frequencies are in
agreement with the calculated values using the eqn. 40. Electric field distributions for the
first two resonant modes of the plasmons are shown in Figure 56. Resonant absorption for
GaN-based devices on the other hand is not observable due to higher scattering rates at

room temperature.

7| /gate metal

graphene

AP AAPBARBAAL

Figure 56: Electric field distribution for the first mode (top) and second mode (bottom) of plasmon
resonances in Graphene grating gate devices. Light colored boxes representing gate metals and dashed
lines representing Graphene layers are added for the clarity

The absorption characteristics for GaN devices is in good agreement with theoretical and
experimental ones reported in Ref. [86] which validates our simulation method. The
modulation depth in the absorption spectrum of the periodic gated FET structures is also
controlled by the carrier scattering rate in the channel. The lower scattering rate in
Graphene compared to GaN HEMT devices allows clear absorption peaks with large

modulation depth. Effect of the scattering rate in Graphene is presented in Figure 57.
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Figure 57: Absorption spectra of Graphene with different mobilities. L = 1.5 pm, w = 0.15 pm, Ns=
7.5x10% cm2. (i) u = 3000 cm?/V - s (ii) g = 15000 cm?/V - s (iii) i = 40000 cm?/V - s.

For lower mobilities (curve i), contribution of Drude absorption which monotonically
decreases with frequency is visible at the background. As the mobility increases,
modulation depth increases especially at higher frequency modes. This is in agreement
with the fact that Drude absorption also decreases with increasing mobility [99]. An
important advantage of the grating gate devices is tunability of the resonant absorption

frequencies though controlling the charge concentration by the applied gate voltage.
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Figure 58: Absorption spectra of Graphene grating gate FET structure with different carrier
concentrations. L = 1.5 pm, w = 0.15 pm, g =15000 cm?/V - s (i) Ns= 3.6 x 102 cm™2 (ii) Ns= 8.3 x 10%?
cm2 (iii) Ns= 1.5x10% cm™2,

Figure 58 clearly shows the shift of the resonant frequencies by the charge carrier
concentration as expected from the eqgn. 40. It should be noted that the plasmon frequency
in Graphene exhibits different dependence on the gate voltage (~NY#) as compared with
gated plasmons in conventional semiconductor structures (~NY?). The data in Figure 58
also shows that, it is possible to reduce spectral separation of modes (increase the spectral
density) by slightly decreasing the carrier concentration and to observe higher order modes

in a selected spectral range.
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4.2 Graphene THz plasmonic Ring Resonators

4.2.1 Introduction

Plasma oscillations in various types of field effect transistors (FETs) [77, 100] are used for
THz detection [100, 101, 81, 102, 103, and 104], mixing [105, 106, and 107] and generation
[108, 109]. Plasmonic THz detectors have the advantage of continuous tunability over the
conventional detectors such as bolometers and pyroelectric detectors [110]. However,
detection of THz radiation by such devices is greatly size dependent [87] and therefore,
their response to THz sources is diminished with decreasing size. On the other hand,
responsivity of FET based detectors is also limited by the size of their active region which
is typically much smaller than the wavelength of THz radiation [87]. The grating gate
devices need to have periodically spaced gate that are generally consists of tens and
hundreds of gates [86]. These resonant plasmon devices are typically hundreds of microns

in sizes [86].

Here, we propose novel Graphene plasmonic ring resonators with the capability to guide
THz radiation into deep sub-wavelength size with relatively higher quality factors with
sustaining the periodic structure. The size of the proposed devices can be a few microns
which is much smaller than the THz disc resonators consisting of dielectric [111] and
dielectric-metal plasmonic [112] that are in centimeter and hundreds of micrometer size
range reported in the literature. Moreover, the resonant modes of the guided plasmons can
be tuned by the applied voltage on the metallic gratings. The proposed devices can find

applications in THz filtering with the advantage of tunability. The proposed devices also
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prove that the THz plasmonic excitation can be achieved with split rings and THz plasmons

can be guided in plasmonic waveguides with waveguide width of as low as A/1200.

4.2.2 Simulation and Results

Graphene has high electron mobility characteristics at room temperature which makes it a
very attractive material for THz plasmonic applications. We investigated the response of

the Graphene based split rings to the incident THz radiation.

(a) Sk

Figure 59: (a) Split ring resonator placed on top of Graphene. (b) The cross section of the resonator
device.

In our Graphene ring design, a Graphene layer is placed on a THz transparent substrate and
covered by a thin layer of dielectric layer. On top of the thin dielectric layer, a split ring
structure is described as shown in Figure 59. Electron collision frequency and electron
concentration used in our simulations are extracted from the data in reference [113]. Our

simulation model is validated successfully by replicating the experimental data of THz
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transmission through Graphene micro ribbons. The mobility used in simulations is

12500cm?/(V.s) (epitaxial growth Graphene on SiC [114]).

The response of the Graphene devices are in a wider THz spectrum compared to the
AlGaN/GaN based devices due to its high mobility and electron concentration which arises
from the dispersion relation of the gated plasmons [77], as shown in Figure 60. The increase
in electron concentration will cause the higher energy shift of the modes like applying a
positive voltage over the split ring as discussed before in previous sections. According to
the dispersion of the plasmons in Graphene, the resonant frequency has fourth root
dependence on the electron concentration which causes smaller shift of the resonant modes

to the applied gate voltage compared to the AlIGaN/GaN devices.
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Figure 60. (a) Calculated electric field intensity of the fundamental mode in between the circular
grating and 2DEG, (b) second mode, (c) summation of modes from 1 to 5.

4.3 Conclusion

We investigated the plasmonic absorption characteristics of Graphene grating gate FET

structures at THz frequencies. FDTD simulations and analytic calculations showed that the
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investigated devices could present well pronounced resonant absorption peaks up to 6th
harmonic even at room temperature in 1-8 THz. The large modulation depth of higher
order modes hints that it is possible to observe even higher modes beyond 10 THz which
was the spectral limit in this study. Moreover, the resonant frequencies can be tuned by
modulating the channel carrier concentration by gate bias. The results are important to
design Graphene based plasmonic THz devices operating at ambient temperature for wide
range of applications. In addition to that, we have investigated split ring resonator for
Graphene based high electron mobility devices. The responses of the devices are in a wide
spectral range of THz frequencies. The resonant modes can be controlled with an applied
voltage over the gates. The radius and the width of the ring can be used to passively to tune
the resonant frequency. Increasing the radius of the ring causes higher order modes to be
observed. Graphene active layer devices show resonance response to the incident radiation
in a wider spectral range because of the dispersion relation and higher mobility at room
temperature. The proposed device can be used for applications of compact tunable THz

filters and THz detectors.
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CHAPTER V

CONCLUSION AND FUTURE WORK
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5.1 Conclusion

In this thesis, two different problem areas were addressed regarding the successful
application of Graphene as a field effect transistor channel material. First the adverse effect
of access resistance on high frequency performance of Graphene FET. To decrease the
access resistance, as well as, to increase the current gain cut-off frequency of GFET, three
different novel geometry GFETs were proposed consisting of two additional contacts
named field controlling electrodes (FCE), capacitively coupled to the device access region.
They are: the top FCE GFET, bottom FCE GFET, and hybrid contact GFET. The proposed
devices were extensively analyzed; their DC and small signal RF performance we
estimated from TCAD simulation as well as from analytical calculation. The successful
simulation of proposed device performance was followed by fabrication and experimental
characterization of DC and RF performance. The fabricated proposed device showed a
prominently improved DC and RF performance over those of same geometry conventional

GFET without FCEs.

The other problem area addressed in this thesis is the zero bandgap of Graphene. In spite
of its outstanding electrical and optical characteristics over conventional semiconductor
materials, Graphene’s zero bandgap property precludes its application in high speed digital
and logic devices, which require a high on/off current ration. To experimentally introduce
a bandgap in Graphene, it was decorated with two different types of nanoparticles: gold
nanoparticles and ZnO nano-seed, and the bandgap was measured from its temperature

dependent conductivity characteristics.
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In addition to that, a Graphene plasmonic THz detectors were analytically and numerically
investigated to estimate its performance as a room temperature THz detector which showed
a well pronounced resonant absorption peaks even at room temperature over a wide

frequency range.

5.2 Future Work

Based on the results presented in this thesis, one can find several further research topics

worth further investigation.

5.2.1 Fabrication of the proposed GFET with shorter gate length, different gate

dielectric and metal.

The current gain and cut-off frequency of a FET is inversely dependent on the gate length.
Using sophisticated lithographic technique, the gate length can be further shortened and
the effect of FCEs on the short channel device can be investigated. In addition to that, the
thickness of gate dielectric (HfO2) can be varied, as well as, different gate dielectric other
than HfO, can be investigated. Besides, gate and FCE metals other than Ti/Ni can also be

investigated.

5.2.2 Decoration of Graphene with gold nano-particles different size, shape, and

density

In this thesis, to decorate Graphene with nanoparticles, gold thin film of three different
thicknesses were sputtered and annealed. One can further investigate the growth of nano-

particles from gold thin films of other thicknesses and its effect on opened bandgap. In
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addition to that the effect of metal nanoparticles other than gold, including copper and

aluminum, can also be investigated.

5.2.3 Fabrication of the proposed GFET with bandgap engineered Graphene as

channel

The bandgap engineered Graphene can be used as the channel material of the proposed
GFET with FCEs, and its DC performance including on/off current ration along with high
speed switching performance can be further investigated. Successful investigation of this

device could lead towards high speed Graphene logic devices.

5.2.4 Fabrication and characterization of Graphene grating gate THz detector

Graphene THz detectors with grating gate can be fabricated and characterized to further

investigate its viability as a room temperature THz detector.
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APPENDIX A
SILVACO ATLAS DECK INPUT FILE FOR THE BASELINE GFET

HHHHHHH R R
# Normal Gate GFET

#

HHHBHHH
go atlas

Title Baseline GFET characteristics

#

# SILVACO International 1996

#

HHHHHHH

# SECTION 1: Mesh input

HHHHHHH

mesh nx=61 ny=49

#

x.mn=11=0.0r=1.0

#x.mn=151=1.5r=1.0

#x.m n=29 1=3.5r=1.0

Xx.m n=611=6 r=1.0

#

y.mn=11=-0.2 r=1.0

y.m n=9 [=0r=1.0

y.m n=101=0.012 r=1.0

y.m n=131=0.027 r=1.0

y.m n=16 1=0.036 r=1.0

y.m n=20 1=0.0365 r=1.0

y.m n=26 1=0.048 r=1.0

#y.m n=31 1=0.046 r=1.0

y.m n=49 1=0.25 r=1.0

#

HHHHHHH

# SECTION 2: Structure Specification

HHHHHHH

region num=1 material=Air y.min=-0.2 y.max=0.012
region num=2 material=al203 y.min=0.012 y.max=0.027
region num=3 material=SiO2 y.min=0.027 y.max=0.036
region num=4 user.material=graphene y.min=0.036 y.max=0.0365
region num=8 material=sio2 y.min=0.0365 y.max=0.25
#

# electrodes specification

#

elec name=source x.min=0.0 x.max=0.0\
y.min=0.02733 y.max=0.09
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elec name=drain Xx.min=6 x.max=6 \
y.min=0.02733 y.max=0.09

elec name=gate x.min=1.5 x.max=4.5\
y.min=0 y.max=.012

#elec name=s x.min=0.1 x.max=1.4\
#y.min=0 y.max=.012
#elec name=d x.min=4.6 x.max=5.9\
#y.min=0 y.max=.012

contact num=1 name=source resistance=130
contact num=2 name=drain resistance=130
contact num=3 name=gate work=4.8
contact num=4 name=s work=4.8

contact num=5 name=d work=4.8

interface intregion="3/4" charge=+7e12
#interface intregion="3/4" charge=-4.8e12
#

B AR AR AR R

# SECTION 3: Material Models

B AR AR R

#

# material parameters

#

material material=Graphene user.group=semiconductor \
user.default=silicon affinity=7.5 eg300=0 permitt=9.5\
mun=336 mup=530 nc300=0 nv300=0

# mobility velocity model

#

#model print srh fldmob

#mobility material=Graphene fldmob.n fldmob.p \
# betan=2.6 betap=2.6 vsatn=2.7e7 vsatp=2.7e7 \
#evsatmod=0 hvsatmod=0

method newton trap itlim=35 maxtrap=6 \
vsatmod.inc=0.1 carriers=2

output con.band val.band j.total

#
solve initial
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solve vgate=0

save outf=IV_band_0d.str

HHH R R
# SECTION 5: Ids-Vds calculation

HHHE R R
#log off

#

##method newton trap itlim=35 maxtrap=6 \
##vsatmod.inc=0.1 carriers=1 elec

#

##solve init

##save outf=dev.str

##tonyplot dev.str

#

# Apply a set of biases at the gate and save solutions
#

##solve vgate=-2 outf=idvd(-2).out

#

# Calculate 1V characteristic at Vg=-6

#

##load inf=idvd(-2).out

##log outf=idvd(-2).log

##solve outf=idvd(-2).out master

##solve v4=0 vstep=-.5 name=s vfinal=-3
##solve v5=0 vstep=-.5 name=d vfinal=-3
##solve vdrain=0.0 vstep=0.1 name=drain vfinal=5
#

##tonyplot -nosplash idvd(-2).log -set idvd.set

#H#quit

#
R
# SECTION 5: 1ds-Vgs calculation
R

method trap newton itlim=35 maxtrap=6 \
vsatmod.inc=0.1 carriers=1 elec

output con.band val.band j.total

#

solve initial

save outf=IV_band_0d.str

solve vdrain=0 vstep=1 name=drain vfinal=5
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log outf=1V_gm_d0.log master

#solve v4=0 vstep=-.5 name=s vfinal=-1
#solve v5=0 vstep=-.5 name=d vfinal=-1
solve vgate=-2 vstep=.4 name=gate vfinal=10

#
tonyplot -nosplash IV_gm_d0.log

tonyplot -nosplash IVV_band_0d.str

quit
U R R
# SECTION 5: 1ds-Vgs calculation
U R
method newton trap itlim=35 maxtrap=6 \
vsatmod.inc=0.1 carriers=2

#

solve init

solve vgate=-2

save outf=bias.str

#tonyplot bias.str

#solve v4=0 vstep=-.5 name=s vfinal=-3.0
#solve v5=0 vstep=-.5 name=d vfinal=-3.0
solve vdrain=0 vstep=.5 name=drain vfinal=5

save outf=structure.str

log outf=acac.log master gains s.params \
inport=gate outport=drain width=100

#

# AC calculation

#

solve ac freq=10 fstep=1.8 mult.f nfstep=50

#tonyplot -nosplash -add 1VV_gm_d.log IV_band_0d.str
tonyplot -nosplash acac.log -set ac.set

quit
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APPENDIX B
SILVACO ATLAS DECK INPUT FILE FOR THE 5-TERMINAL GFET

U R R R
# Normal Gate GFET

HHHHH R R R R R R
go atlas

Title 5-terminal GFET characteristics

#

# SILVACO International 1996

#

HUHHH R R

# SECTION 1: Mesh input

HUHHH R R R

mesh nx=61 ny=49

#

x.mn=11=0.0r=1.0

#x.m n=151=1.5r=1.0

#x.mn=29 1=3.5r=1.0

Xx.m n=61 1=6 r=1.0

#

y.mn=11=-0.2 r=1.0

y.m n=9 =0 r=1.0

y.m n=101=0.012 r=1.0

y.m n=131=0.027 r=1.0

y.m n=16 1=0.036 r=1.0

y.m n=20 1=0.0365 r=1.0

y.m n=26 1=0.048 r=1.0

#y.m n=31 1=0.046 r=1.0

y.m n=49 1=0.25 r=1.0

#

HHHE R R R

# SECTION 2: Structure Specification

HHHE R R R

region num=1 material=Air y.min=-0.2 y.max=0.012
region num=2 material=al203 y.min=0.012 y.max=0.027
region num=3 material=SiO2 y.min=0.027 y.max=0.036
region num=4 user.material=graphene y.min=0.036 y.max=0.0365
region num=8 material=sio2 y.min=0.0365 y.max=0.25
#

# electrodes specification

#

elec name=source x.min=0.0 x.max=0.0\
y.min=0.02733 y.max=0.09
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elec name=drain x.min=3.5 x.max=3.5\
y.min=0.02733 y.max=0.09

elec name=gate x.min=1.5 x.max=2\
y.min=0 y.max=.012

elec name=s x.min=0.1 x.max=1.4\
y.min=0 y.max=.012
elec name=d x.min=2.1 Xx.max=3.4 \
y.min=0 y.max=.012

contact num=1 name=source resistance=130
contact num=2 name=drain resistance=130
contact num=3 name=gate work=4.8
contact num=4 name=s work=4.8

contact num=5 name=d work=4.8

interface intregion="3/4" charge=+6.3e12
#interface intregion="3/4" charge=-4.8e12
#

HHHHHHH

# SECTION 3: Material Models

HHHHHHH

#

# material parameters

#

material material=Graphene user.group=semiconductor \
user.default=silicon affinity=7.5 eg300=0 permitt=9.5\
mun=1603 mup=2530 nc300=0 nv300=0

# mobility velocity model

#

#model print srh fldmob

#mobility material=Graphene fldmob.n fldmob.p \
# betan=2.6 betap=2.6 vsatn=2.7e7 vsatp=2.7e7 \
#evsatmod=0 hvsatmod=0

method newton trap itlim=35 maxtrap=6 \
vsatmod.inc=0.1 carriers=2

output con.band val.band j.total

#
solve initial
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solve vgate=0

save outf=IV_band_0d.str

B AR AR R R
# SECTION 5: Ids-Vds calculation

B AR AR AR R
#log off

#

method newton trap itlim=35 maxtrap=6 \
vsatmod.inc=0.1 carriers=1 elec

#

solve init

save outf=dev.str

tonyplot dev.str

#

# Apply a set of biases at the gate and save solutions
#

solve vgate=-2 outf=idvd(-2).out

#

# Calculate 1V characteristic at Vg=-6

#

load inf=idvd(-2).out

log outf=idvd(-2).log

solve outf=idvd(-2).out master

solve v4=0 vstep=-.5 name=s vfinal=-3
solve v5=0 vstep=-.5 name=d vfinal=-3
solve vdrain=0.0 vstep=0.1 name=drain vfinal=5
#

tonyplot -nosplash idvd(-2).log -set idvd.set

quit

#
R
# SECTION 5: 1ds-Vgs calculation
R

method trap newton itlim=35 maxtrap=6 \
vsatmod.inc=0.1 carriers=1 hole

output con.band val.band j.total

#

solve initial

save outf=IV_band_0d.str

solve vdrain=0 vstep=1.11 name=drain vfinal=5
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log outf=1V_gm_d0.log master

#solve v4=0 vstep=-.5 name=s vfinal=-1
#solve v5=0 vstep=-.5 name=d vfinal=-1
solve vgate=-2 vstep=.4 name=gate vfinal=10

#
tonyplot -nosplash IV_gm_d0.log

tonyplot -nosplash IVV_band_0d.str

M
# SECTION 5: 1ds-Vgs calculation
M
method newton trap itlim=35 maxtrap=6 \
vsatmod.inc=0.1 carriers=2

#

solve init

solve vgate=-2

save outf=bias.str

#tonyplot bias.str

#solve v4=0 vstep=-.5 name=s vfinal=-3.0
#solve v5=0 vstep=-.5 name=d vfinal=-3.0
solve vdrain=0 vstep=.5 name=drain vfinal=5

save outf=structure.str

log outf=acac.log master gains s.params \
inport=gate outport=drain width=100

#

# AC calculation

#

solve ac freq=10 fstep=1.8 mult.f nfstep=50

#tonyplot -nosplash -add 1VV_gm_d.log IV_band_0d.str
tonyplot -nosplash acac.log -set ac.set

quit
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APPENDIX C
ON-WAFER S-PARAMETER MEASUREMENT DIRECTIONS

Step-1: Turn on the HP 8510 C VNA, wait until it finishes booting

Step-2: Connect one end of the GPIB cable to the HPIB port on back panel of the VNA,
the other end to a computer’s USB port

Step-3: Download and install NI MAX from National Instrument website

Step-3: Check the GPIB address of the tool using the front panel and look for this tool in
NI MAX. Listing of this tool in NI MAX indicates that a connection has been stablished.

Step-4: Download and install WinCal XE from Cascade Microtech website

Step-5: After installation, run and select HP 8510 C from the dropdown menu under
VNA tab, “VNA Found” message indicates that a secure connection has been stablished

Step-6: Place the CS-5 calibration substrate on the probe station, and identify the Short,
Open, Load, and Thru structures on the substrate using microscope with help of the
calibration substrate manual

Step-7: Setup the frequency range, number of points, and power from the VNA tab of the
software

Step-8: Click calibration tab and select 2-port SOLT

Step-9: Place both of the GSG probes on Short structure of the CS-5 substrate, and click
measure next to the Short tab on the software. It will perform measurements and save all
by itself. Repeat this process for Open, Load, and Thru. After all the measurements
associated with calibration, save this calibration file with appropriate name.

Step-9: Replace CS-5 with the DUT, apply additional bias to the bias-T if required, click
2-port S-parameters in the measurement tab, and click run.

Step-10: Once measurements are finished, load your calibration file from Correction tab,
the raw data will be corrected.

Step-11: Plot and analyze.
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