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Abstract

CMOS technology, from its introduction in 1963, has found applications in ana-
log and digital electronics and nowadays it represents the main building block
of modern electronics. The performances of CMOS devices depend entirely on
the characteristics of the silicon metal-oxide-semiconductor field-effect transistors
(MOSFETs). So far the scaling of the dimensions of the transistors has allowed
to reach the needed improvements required by the market. However, the MOS-
FET scaling is approaching a limit in which a further shrinking of the devices will
not be possible anymore. For that reason it will be necessary to introduce new
materials in order to continue with the increase of the performances of electronic
devices.

From its discovery graphene has been considered as the material that could
replace silicon in future CMOS technology. Graphene is the name given to a
flat monolayer of carbon atoms tightly packed into a two-dimensional honeycomb
lattice. Scientific and technological interests in graphene have rapidly grown
because of its extraordinary electronic properties, such as high-mobility of charge
carriers which can travel thousands of inter-atomic distances without scattering.
Andre Geim and Konstantin Novoselov were the first to perform groundbreaking
experiment on graphene sheets for which they were awarded the Nobel Prize in
Physics in 2010. Graphene has significant potential for electronic applications
but, unfortunately, its applicability is currently limited by the fact that it is a
semi-metal. For that reason graphene field effect transistors (GFETS) cannot be
turned-off and that mainly limit use of graphene in niche applications of analog
electronics.

In this thesis the effects of short channel length and width on the performances
of the Si MOSFETs are analyzed and a direct comparison with GFETs is made.
It is shown that it is difficult to reach a saturation region of the drain current
in GFETs. This influences the voltage gain which has usually been small in
graphene circuits preventing signal amplification. GFETs must exhibit an over-

unity intrinsic voltage gain in order to allow the realization of more complex
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circuits. This thesis is focused on the realization of realistic graphene digital
circuits. All steps that allow to reach that goal are described and a comparison
with Si CMOS is made.

Graphene voltage amplifiers were fabricated starting from mechanically ex-
foliated graphene flakes. The use of very thin top-gate dielectrics allowed the
realization of graphene complementary inverters with a high voltage gain (>10
dB) operating at room temperature. Such devices could be used as the main
building block of both analog and digital graphene electronics. For instance, the
fabricated graphene inverters could be used in audio applications since it is able
to maintain an over-unity voltage gain in the audio frequency range.

In graphene digital logic gates it is also important to have an over-unity voltage
gain in order to match the input and output signals. Without signal matching it
is not possible to cascade different logic gates and realistic digital circuits cannot
be realized. In order to allow the scalability of the logic gates, CVD graphene
was used. It is shown that it was possible to match the input and output signals
at room temperature for the first time ever. This also allowed to cascade different
logic gates, which has not been demonstrated at any temperature so far.

The obtained results were the pre-requisite for the realization of realistic
graphene digital circuits, out of which the most important classes are the ring
oscillators (ROs). ROs represent the perfect device to test the ultimate perfor-
mances limits of a given technology. The first graphene ROs operating at giga-
hertz frequencies have demonstrated. Performance increased by reducing gate
length of the GFETs in ROs was also demonstrated.

However it is shown that graphene digital circuits cannot compete directly
with Si CMOS even though the same gate delays are obtained in both cases.
Graphene transistors have large static power dissipations compared to Si CMOS
which is a low-power consumption technology. Graphene instead could find ap-
plications in extremely high-frequency devices where static power dissipation is
not an issue. Graphene could replace InP in high-frequency electronics due to its

higher mobility but for this to happen further technological advances are needed.
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Chapter 1

Field-Effect Transistors

1.1 Introduction

The metal-oxide-semiconductor field-effect transistor (MOSFET) is the most im-
portant member of the family of the field-effect transistors and it represents also
the main building block of VLSI technology in microprocessors and semiconductor
memories. The MOSFET is an unipolar or majority-carrier device since the cur-
rent is transported mainly by carriers of only one polarity (electrons in n-channel
devices and holes in p-channel devices).

It was proposed for the first time by J. E. Lilienfeld in the early 1930s, but it
became practical much later in the early 1960s and at first only n-type transistors
were produced. The revolution in semiconductor industry began in 1963, thanks
to Frank Wanlass, when the complementary MOS (CMOS) technology was intro-
duced, where n-channel and p-channel MOSFETs are fabricated side by side on
the same substrate.

The principal division of semiconductor electronics are analog and digital
circuits. CMOS devices found application in both fields but it rapidly captured
the digital market. That is due to the fact that CMOS gates dissipate power
only during switching and require only few devices. CMOS technology became
attractive also thanks to low fabrication costs and to the possibility of placing
both analog and digital circuits on the same chip, improving the performances
and reducing the cost of packaging.

The modern digital logic is completely based on that type of technology, where
different type of transistors are combined in order to perform a certain logic
operation. So we can say that nowadays digital logic circuits depends entirely on
the performance of a single type of device: the MOSFET.

Till now the scaling of the CMOS devices has provided the needed performance
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Figure 1.1.1: MOSFET channel length scaling in integrated circuits (filled red
circles) and International Technology Roadmap for Semiconductor (ITRS) targets
(empty red circles) together with the number of transistors per processor chips
(blue stars). Taken from reference [31].

improvements required by the market from one generation of integrated circuits to
the next one. Figure 1.1.1 show the progress made by the companies in shrinking
the dimension of the devices from 1970 to nowadays. However it seems now
that the MOSFET scaling is approaching its limit and that in the future it will
be necessary to introduce new materials and device concepts in order to have
performance improvements. In this view graphene could be the material of the
future CMOS technology.

The aim of this chapter is to introduce the basic knowledge about physics
and modeling of standard silicon MOSFETs and to compare these devices with
graphene field effect transistors (GFETS).

1.2 Physics and characteristics of MOSFETSs

The basic structure of an n-channel MOSFET is shown in figure 1.2.1a. It can be
seen as a four-terminal device that is formed by a p-type semiconductor substrate,
which is named bulk (B), into which there are two n™ regions, that formed the
source (S) and drain (D). A metal contact on an insulator is named gate (G)
and it acts as a control electrode [18, 35, 3, 36|. Figure 1.2.1b shows the device
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Figure 1.2.1: n-channel MOSFETSs (a) symbols, (b) current and voltages. Taken
from reference [18].

voltages, where Vg, represents the gate-source voltage that is used to control
the value of the drain current Ip, which flows through the device from drain to
source.

The main part of the device, as it can be seen in figure 1.2.2a, consists of a
metal-oxide-semiconductor (MOS), which is formed by the gate (G) on top of an
insulating layer (typically silicon dioxide). Underneath the gate there is a p-type
silicon epitaxial layer (S) on top of a p™ substrate. The physics of the MOS
structure, when is coupled with the source and the drain, is the origin of the I-V
characteristic of the device.

There are several basic device parameters that have to be considered for the
circuits design. One of them is the channel length L of the MOSFET, which
is defined by the distance between the two n* regions shown in figure 1.2.2a,
since this critical dimension influences the electrical characteristics of the device.
There is also the channel width W, indicated in figure 1.2.2b, which is the region
that supports the current flow between source and drain, that together with
the channel length defines the aspect ratio, defined as W/L. Other important
parameters are the insulator thickness x,,, the substrate doping N, and the drawn
channel length L’ (figure 1.2.2b), that is effective length of the gate electrode and
is larger than the channel length L.

Another extremely important parameter of a MOSFET is the threshold volt-
age Vr and it is used as a reference for the I-V characteristics of the device.
Typically the transistors in CMOS design are based on enhancement-mode (E-
mode) where Vg, is used to enhance the conduction between the source and the
drain. This parameter is particularly relevant for high performance circuits and
in an n-channel E-mode transistor it assumes a positive value (V, > 0), which

range usually from 0.5 V to 0.9 V.
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Figure 1.2.2: nFETs (a) cross-sectional view, (b) top view. Taken from reference
[18].

In an ideal n-channel MOSFET the transistor is placed in a cut-off state when
the gate source voltage has the value Vg, < Vp,, and ideally the current that
flows into the channel is zero. Instead if the voltage of the gate source is increased
to Vs, > Vo, the transistor is in the active mode and it can conduct a current
Ip,. In practice the value of Vg, relative to Vr, determines the value of the
current I p,, inside the channel and so if the transistor is in a ON or OFF state.

The physics of a p-channel MOSFET will not be described since if is the
complement of the one that will be used for an n-channel device. The p-channel
MOSFET is obtained by changing n-type regions of source and drain into p-type,
p-type substrate into n-type, reversing the electrons with holes, the polarities of

the voltages and the direction of the current.

1.2.1 The threshold voltage

The central MOS structure,which has the characteristics of a simple capacitor, is
the part of the MOSFET that can allow the conduction between source and drain.
This unique property is due to the fact that an electric field can penetrate into
a semiconductor for a small distance and this can change the charge distribution
at the the surface.

Typically the oxide capacitance per unit area is expressed as C,p = €45/ T0p I
units of F/cm?, where ¢,, is the oxide permittivity. In current technologies the
oxide thickness is less then 10 nm, which gives values of the oxide capacitance of
the order of 1077 F/cm? or even bigger. In this type of device it is better to have
thin oxides in order to increase capacitance since in this way the conduction in
the MOSFET can be better controlled.
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Figure 1.2.3: (a) potential distribution in a MOS structure, (b) band diagram of
the MOS under strong inversion. Taken from reference [35].

With the aim of trying to find the origin and the characteristics of the thresh-
old voltage, let us start at the beginning to take into account the basic MOS
structure. The gate voltage Vi is used to control the charge carrier density at the
semiconductor surface and in particular negative charge is induced in the semi-
conductor region under the oxide when Vi > 0. This is due to the field-effect:
using the external voltage an electric field can be created and it can penetrate
into the semiconductor and control the charge densities. Using Kirchoft’s voltage

law on the circuit the gate voltage can be expressed like
Ve = Vor + s (1.2.1)

where V,, is the voltage across the oxide and ¢g is the surface potential whose
behavior is shown in figure 1.2.3a. From the expression 1.2.1 can be understood
that if Vi is increased, also ¢g is increased and this gives stronger electric field
in the semiconductor.

The surface charge density (Qs can be defined as the total charge at the surface
of the semiconductor into the p-type bulk and is expressed with units of C/cm?.
As it can be seen in figure 1.2.4a, for small values of V5 a depletion region is
created and it is formed by a negative space charge in order to support the
electric field. This type of charge is due to ionized acceptor atoms and it takes

the name of bulk charge, that can be written as

Qp = —/2¢esiNats. (1.2.2)

In this formula, £g; is the permittivity of the silicon, N, is the acceptor dop-
ing density in the substrate and ¢ is the elementary charge. In this case Qg is

completely formed by the bulk charge, which means Qs = @p, and since it is
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Figure 1.2.4: (a) depletion and (b) inversion in a MOS structure. Taken from
reference [18].

composed by ionized atoms it is an immobile charge.

When the gate voltage is increased to reach the threshold voltage (Vo = Vi),
at the surface of the semiconductor a thin layer of electrons, called inversion layer,
is formed with a surface charge density ),. In the case Vz > Vp, the inversion

charge (),, will contribute to the surface charge density, which is given now by

Qs = Qp + Qn. (1.2.3)

This operational mode is called inversion and is characterized by the charges
present in figure 1.2.4b.

The depletion and inversion mode could also be described by the point of
view of the energy band across the MOS. When a positive voltage is applied
to the metal, its Fermi level moves downward and in this way it creates a field
in the oxide layer which accelerates the negative charges in the direction of the
metal electrode. A similar field is induced in the p-semiconductor and causes the
band bending at the surface. If the voltage is high enough, the band bending is so
strong that it can create a wide depletion region and an inversion region as shown
in figure 1.2.3b. In the case of depletion the valence band close to the surface is
more far away from the Fermi level with respect to the valence band in the bulk.
The holes concentration close to the surface is lower than the one in the bulk and
it can be seen as if the holes are repelled from the interface with the oxide by
the positive voltage. For inversion the conduction band at the surface is closer
to the Fermi level compared to the valence band and the holes are depleted from

the surface. This condition is energetically favorable for electrons to populate the
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conduction band and the surface behaves like an n-type material.

Differently from bulk charge, inversion charge is made by mobile electrons
that can move in the direction parallel to the surface. If V¢ is increased further
the charge in the depletion region ()p remains approximately constant while @,
continues to increase, providing a larger current from source to drain.

In this mode the surface potential ¢g that is needed to form the inversion

ds ~ 2|pp| =2 (qu) In (Z-) (1.2.4)

where ¢ is the bulk Fermi potential and n; ~ 1.45 x 10'%m?3 is the intrinsic

layer can be written as

density of silicon. From the equation 1.2.4 it can be seen that the value of the
surface potential depends on the substrate doping N,, which is typically equal to
10*° cm? and gives values of ¢g ~ 0.58 V.

In order to find an expression for the threshold voltage it has to be taken into
account the case when the inversion layer has just started to form, which means
Vo =V, and @, = 0, so that (g is the total charge at the surface. Using the
capacitive relation () = C'V together with equations 1.2.2 and 1.2.4, the oxide

voltage is given by

@ \/261551 (2 |¢F|)

Voz = 1.2.5
OOLE OOJ? ( )

Due to the Kirchhoff equation the ideal threshold voltage is given by
Vi = \/2q€sz (2|orl) (1.2.6)

which is ideal expression because it takes into account that the MOS structure is
a perfect insulator and ignores the fact that the materials that form the substrate
and the gate are usually different.

To find an expression for the threshold voltage that can be used for realistic
MOS structure two effects has to be taken into account: charge traps in the
oxide that can modify the electric field and the difference in terms of electrical
characteristics of the different materials of the gate and the substrate. To do this

the flat-band voltage has to be introduced and it can be written as

Vrg = (¢a — ¢s) —

Oox (Qf + Qox) (127)

where (¢ — ¢g) is the difference of the work function between the gate and the

substrate, () is the surface charge density at the interface between insulator and
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semiconductor and @, is the charge trapped in the oxide. @),, mostly originates
from the alkali impurity ions, such as Na™ and K, that are trapped in the oxide.
These kind of impurities are able to move under an applied electric field and in
this way they can generate unstable threshold voltages. To reduce the effect of
trapped charge the oxidation process is performed in chlorinated atmosphere, so
the alkali contaminants form neutral NaCl and KCI salts do not affect the V1,
stability. @)y instead is due to the change in composition passing from silicon to
silicon dioxide and in cannot be removed, it can only be minimized by the use of
a thermal annealing.

Now incorporating the flat-band voltage into equation 1.2.6, V1, can be ex-

pressed as
1

COZ‘

However, with standard processing condition, the flat-band voltage assumes

Vin = Vig + 20| + V/2qe5iN, (2 |6r)). (1.2.8)

typically negative values and usually it brings to negative threshold voltages. For
standard CMOS circuits V7, should have positive values since positive values of
power supply are used. This problem can be solved implanting acceptor ions into

the substrate, with a dose D; that gives the number of inons/cm?

. Using this
process, called threshold adjustment ion implant, an additional bulk charge is
introduced at the surface and this induce a positive shift of the threshold voltage
that can reach typical working values of 0.7 V. With that adjustment in the

inversion regime the inversion charge density can be expressed like

Qn = _Co:p (VG - VTn) (129)

which modifies the equation 1.2.8 as follows

1
CO[L'

gD
CO(E .

Vi, = Vig + 2 |¢p| + \/2q€SiNa (2|or]) £ (1.2.10)

Now that an expression for the threshold voltage in a MOS structure was
found, it should be updated in the case of a MOSFET. In fact, even if the value
of Vi, is similar to the one of the MOS structure, equation 1.2.10 should be
modified in order to take in account the application of a voltage between source
and drain. Considering the MOSFET device in figure 1.2.5a, with the p-type
substrate grounded, the application of source-bulk voltage V sg,, induces a shift
of the threshold voltage to higher values. This is due to the fact that Vg,
introduces a reverse-bias at the interface between the p-substrate and the n-

channel, which increases the bulk depletion charge Q5. This is called the body-
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Figure 1.2.5: (a) MOSFET biased in inversion mode, (b) body bias effect. Taken

from reference [18].
bias effect and as a result the threshold voltage can be written as

1
CO{E

gD,

V/2025iNa (2101 + Vipn) £ 5

Virn = Vi + 2|ér| +

(1.2.11)

If zero-body bias threshold voltage V 7, is defined, applying V g5, the thresh-

old voltage is increased by

where + is the body-bias factor in units of V'/? and it can be written as

1
fy:O v/ 2qes; N,. (1.2.13)

In this way, using equations 1.2.11 and 1.2.12, the threshold voltage is given
by

Viw = Veon +7 (V216r] + Vo — /21071 (1:2.14)

which is plotted in figure 1.2.5b in which the square-root dependance of Vi, can

be observed.

1.2.2 Current-voltage characteristics

The [-V characteristics of MOSFETs can be derived using some basic assump-
tions: the MOS capacitor structure is an ideal insulator, the are no interface
traps nor mobile oxide charges, only drift current will be taken into account, the
doping in the channel is uniform and everything will be treated using the gradual-
channel approximation. The last condition is the most important and it assumes

that the longitudinal field E, (along the channel) is much less then transverse
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Figure 1.2.6: MOSFET charges in (a) OFF state and (b) ON state. Taken from
reference [18|.

field E, (perpendicular to the channel) and is valid for long channel length with
dimensions around 20 pum.

Consider the case in which the MOSFET is in OFF state, when Vg, < Vi,
as shown in figure 1.2.6a. In this mode the gate voltage is not high enough to
induce the formation of the inversion layer, so the only charge present is the bulk
charge Qg below the oxide. Between the drain and the source there are two p-
junctions, which have respectively a reverse-bias across it and a zero-bias applied,
that blocks the flow of current, resulting in Ip, ~ 0. While the situation in the
ON state is completely different. In fact with Vgg, > Vi, the electron inversion
layer is formed and allows the formation of the conduction channel from the drain
to the source as it can be seen in figure 1.2.6b. In this way when drain to source
voltage V pg, is applied the channel electric field is formed. The field forces the
electrons to move from the source to the drain resulting in a drift current Ip,, in
the opposite direction, that can be calculated in function of Vgg, and Vpg,. In

the channel, in this regime, there is an electron inversion charge given by

Qn = —Cor [VGSn —Vr, =V (y)] (1215)

where V' (y) is the electrical potential function generated by V pg, that creates an
electric field in the channel E' = dV/dy. The negative sign in the equation 1.2.15
is needed since the channel consists of negative electrons, in this way @, < 0.

The corresponding boundary conditions of the channel potential are

V(0)=Vs=0

V(L) = Voo (1.2.16)

In order to find the I-V equations for the MOSFET it can be used the channel
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Figure 1.2.7: Channel geometry of the MOSFET. Taken from reference [18].

geometry shown in figure 1.2.7. Note that the channel act as a resistor and by
considering a differential segment dy with a rectangular shape, through which the

current Ip, flows, the resistance is given by

d
iR = 2

_ 1.2.17
v (1.2.17)

where o is the conductivity of the section and A; is the cross-sectional area. This
area could be expressed as A; = Wx;, where W is the channel width and z; the
thickness of the channel inversion layer. The conductivity is given by o = qu,n,
where p, is the electron surface mobility and n; is the electron density of the
channel. Combining these two informations the denominator of equation 1.2.17
can be written as

cA; = qupyniWa, = —pu,Wo,. (1.2.18)

At this point the voltage that drops on the segment of the channel dy is

]Dndy

dV = —
W Q,

(1.2.19)

where the negative sign is due to the fact that the current flows in the -y direction.
Substituting ), and integrating from y = 0 to y = L the general expression for

I p, is expressed by

Ip, =k, (%) / Vasn — Ve — V (y)] dV (1.2.20)
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Figure 1.2.8: I-V characteristics of MOSFET, where the dash lines separate the
different regions. Taken from reference [35].

where k, = p,C,y in units of A/V? is the process parameter. Since the aspect
ratio (W/L) is an important parameter of the geometry of the MOSFET that

influence the current of the device, it is worthed to introduce the device parameter

By = ky <¥) | (1.2.21)

Starting from equation 1.2.20 and assuming V7, constant in the channel it
is possible to find the the basic [-V characteristics of an ideal MOSFET using

the square-law model. This approach predicts that at the beginning, for a given

that can be written as

value of Vg, the drain current [Ip, increase linearly with the drain voltage
V psn (linear region), then it starts to level off (nonlinear region) and at the end
it approaches a saturated value (saturation region). In figure 1.2.8 it is possible
to see the three different regions and in particular the dash line on the right it
corresponds to the values of V pg,, where the drain current reaches its maximum
value I pgg:.

Now the different operations of the device will be discussed in order to better
understand what happens in every single region. Start to consider the case in
which a positive voltage is applied to the gate, high enough to obtain an inversion

at the interface of the semiconductor. With a drain-source voltage applied, the
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conductive channel will be formed and in this way the current can flow from
source to drain, as shown in figure 1.2.9a.
If a small V pg, is taken into account equation 1.2.20 can be reduced to

Ip, = % 12 (Vasn — Vi) Vosn — Vs (1.2.22)

and it describes the so called non-saturated current flow. In particular for values

of Vpsn < (Vgsn — Virn) the channel act as a linear resistor equal to

1

R, = )
Bn(VGSn - VTn)

(1.2.23)
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This corresponds to the linear region where the current [p, is proportional to
the drain source voltage V pg,,.

As the drain-source voltage increases the current goes into the non linear re-
gion since the charge close to the drain is reduced by the channel potential. It
will reach a point at which the inversion charge at the drain @, (L) is approx-
imately zero as can be seen in figure 1.2.9b. This point is called of pinch-off
point. The equation 1.2.20 predicts increasing of the current that reaches a peak
and for higher V pg,, it drops. The decrease in the current is not physical and it
corresponds to the case in which the charge of the inversion layer at the drain
becomes @, (L) = 0.

The maximum value of the current [ p,,; occurs when

ol n n
- % (Vi — Vin) — Visa] = 0. (1.2.24)

In this condition the value of V pg, defines the saturation voltage as the in-
crement
Vsat = VGSn - VTn (1225)

as shown in figure 1.2.8. Equation 1.2.22 is valid only for Vpg, < Vi The
current [ ps, at the saturation voltage can be obtain simply noting that in this
condition V' (L) = Vi and @, (L) = 0, which gives

B

Insat = Ipn |vps, =V = > (Vasn — VTn)2 - (1.2.26)

Looking the the figure 1.2.8, that shows a family of curves for different values
of Vs, the border between the non linear region and the saturation region is
approximately parabolic since it can be written

B

2
[D ’border: 7 ‘fsat .

(1.2.27)

For voltages higher then V. the simplest approximation is to extend the
maximum value of current and in this way keep it constant. In fact in the sat-
uration region the pinch-off point starts to move toward the source keeping the
voltage of the pinch-off point at V. In practice the number of carriers, and
so the current, that arriving at the pinch-off point remain the same. The only
thing that change is the channel length that in this case it reduces to Ly as
shown in figure 1.2.9c. The expression for Ip, in the saturation region could
be modified trying to take into account the phenomena of the so called channel

length modulation, which becomes relevant when L, is a very small part of the
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Figure 1.2.10: Drain current in function of gate-source voltage on a logarithmic
scale (on the left) and on a linear scale (on the right). Taken from reference[31].

original channel. The value of the current could be adjust by starting from the

saturated value and adding a factor, writing in this way

_ I

IDn 9

(Vasn — Vi) 2 [L+ X (Vosn — Vaar)] (1.2.28)

where A is the channel-length modulation parameter. The change of the effective
length of the channel will slightly increase the drain current with the increment
of the drain-source voltage.

Depending on the gate and source-drain voltages the MOSFET can be biased
in the sub-threshold region when Vg, < Vp,, or into the saturation region when
Vasn > Vr,. In a linear scale the drain current Ip, seems to approach zero
immediately below the threshold voltage. If everything is plotted on logarithmic
scale it can be seen that in reality the drain current remains at non negligible
values for Vs, < Vr,, as shown in figure 1.2.10. This is due to the fact that
the inversion charge density (),, does not drop instantaneously to zero. The sub-
threshold region shows how fast the current drops and so it describes how a
MOSFET switches off. This behavior is particularly important for low-voltage
and low-power applications, such as in digital logic and in memory circuits.

It is useful to define the sub-threshold swing S, which is the inverse of the
sub-threshold slope, that quantifies how fastly the transistor is turned off by the
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gate voltage V g,. This parameter is defined as the gate voltage that is needed
in order to induce a change in the drain current of one order of magnitude, so it

can be calculated as

dVGSn kT C(d
S=—+"-=23—1{1 1.2.29
d<log[Dn) q ( * Co:p) ( )

where C'y is the depletion capacitance which will be introduced in the next section.
The minimum value of S can be found by considering C,, — oo which leads
to 60 mV/dec at room temperature, but in the state of the art MOSFETs is
typically 80-100 mV /dec due to parasitic components. In order to have sharp
sub-threshold voltage, which means small values of S, it would be excellent to
have low channel doping, thin oxide layers low interface traps density and low
temperature operation.

Considering the saturation region, another important figure of merit that can
be defined is the transconductance g,, that corresponds to how well the device
current responds to a voltage change, as is shown in figure 1.2.10. It can be

expressed a
dlp

OVasn

In practice the transconductance g,, represents the sensitivity of the device. It

9m = ‘VDSn:const: Bn (VGSn - VTn) . (1230)

would be better to have high values of g,, so that a small change in V g, results
in a large change of Ip,. Typical values of g, are between 10 and 30 mS/um for
a 65 nm technology node.

In figure 1.2.10 another important parameter can be extracted: the ON/OFF
ratio. It represents the ratio between the ON current and the OFF current of the
MOSFET and it gives an idea of the performance of the digital switching of the
device. Higher the value the better the switching capability is and in the current
state of the art of silicon CMOS digital circuits the ratio I,,/l,g is in between
10* and 107 [31].

In radio-frequency applications figures of merit are the cut-off frequency fr
and the maximum oscillation frequency fa;4x. In this case the transistor is driven
in the ON-state and a small radio frequency signal that has to be amplified is
superimposed on the gate-source voltage Vg [31, 32]. Small variation of V gg can
change the concentration of the carriers in the channel and consequently the drain
current of the device. For such operation the device does not need to be turned-off.
The cut-off frequency is the frequency at which the magnitude of the small-signal
current gain drops to unity (0 dB) while the maximum oscillation frequency

corresponds to the case in which the power gain equals unity. The maximum
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Figure 1.2.11: (a) Drain current and cut-off frequency, (b) transconductance, gate
capacitance and output conductance in function of the drain-source voltage V pg
of a radio-frequency GaAs transistor. Taken from reference [31].

oscillation frequency farax represents the upper limit of the transistors action
which loses the capability to amplify a signal. In radio-frequency applications

both f7 and fj;ax should to be maximized. They are given by

9m 1
= — 1.2.31
1= (Cas + Cep) [14 ga(Rs + Rp) + Capgm (Rs + Rp)] ( )
9m 1
fuax = (1.2.32)
ArCas \/gd (Ri + Rg + Rg) + gmRa ggg

where Cgs and C'p are the gate-source and gate-drain capacitances and R;, Rg,
Rp and R are the internal, source, drain and gate resistances. In order to achieve
high values of fr and fj;ax the transconductance g, has to be maximized and
the output conductance g4 expressed as

olp

_ 9D 1.2.33
9d aVDS |VGS’* t ( )

minimized. All other capacitances and resistances of the radio-frequency device
must also be minimized. The values of all these components depend on the DC
value of the drain-source voltage V pg and the gate-source voltage Vgs. As can be
seen in figures 1.2.11a and 1.2.11b the dependance on V pg is particularly crucial
for the FET operation. The peak of the cut-off frequency fr occurs when the
device is driven into saturation regime where g,, is close to its maximum value
and gg4, Cas and Cgp are as small as possible. For this reason the saturation
region of the drain current [p is important to reach the highest operating speed

of the device. This is even more evident looking the peak of fy;4x which is moved
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Figure 1.2.12: (a) Parasitic capacitances and (b) prospective view of a MOSFET.
Taken from reference [18].

deeper in the saturation where g4 plays an essential role for achieving high power

gain and consequently for the maximum oscillation frequency.

1.2.3 MOSFETs modeling

An important aspect of the MOSFET technologies are the parasitic components
that exist mainly due to physical structure and operation mode. They must be
considered when a device is modeled since these elements are the limiting factors
of the circuit performances. In real devices when the current flows from the
channel to the terminal contact, there is a small drop in the value of the voltage
at the drain and source regions due to finite silicon resistivity and metal contact
resistance. As the channel length decreases source and drain parasitic resistances
cannot be neglected and can generate current degradation. Two parameters that
can affect the performances are the access resistances due to ungated part of the
channel and the contact resistance in the region where the current flows into the
metal line.

Another key role in MOSFET devices is played by parasitic capacitances since
they influence the switching delay of a logic gate. In fact the capacitance deter-
mines how fast the gate of a FET can be charged to a certain potential. Looking
at figure 1.2.12a the MOSFET’s capacitances could be divided into two groups.
The first regards the MOS structure, related with the gate oxide capacitance, and
is constituted by Cgp, Cgs and Cgp. Instead the second set takes into account
the depletion capacitance of the drain and the source C',.

To define the parasitic capacitances, the gate region of a MOSFET shown
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in figure 1.2.12b has to be considered. The value of the oxide capacitance of
a transistor is very important since it influences the drain current through the
process parameter k, and is expressed as Cop = €4p /T With units of F/cm?. For
this type of structure the gate capacitance C'¢ has to be take into account which

is the input capacitance seen looking to the gate and is given by
Cg=CoWL (1.2.34)

where L' = L + 2L, with Ly is the gate overlap distance. The gate capacitance

can be divided into different contributions in this way
Ca =Cy+2Cy. (1.2.35)

In particular C; = C,,W L is the gate capacitance in which the “effective” channel
length L is considered and C, = C,,LoW is the overlap capacitance due to
overlap of the gate on both the drain and the source side of the transistor. For
a simple estimation it is sufficient to use the expression 1.2.34 of Cg with a
reasonable value of C\,, to have a quite good estimation.

Now for a better characterization gate-channel capacitances have to be ex-
amined and they are represented by Cgp, Cgs and Cgp expressed in farads.
They originate from the coupling of the gate electrode with the channel and all
the three contributions are non linear since the channel characteristics depend
on the applied voltage. A way to define these parasitics is to calculate how the

application of a given voltage changes the gate charge Q). C'gs and Cgp can be

cos- ()

Cop = — (ZQTE) (1.2.36)

written as

where Vg and V p are the source and drain potential measured with respect to
the gate voltage. Cgp instead could be seen as composed by the series of the

gate oxide capacitance and the depletion capacitance Cy

11\
Cop=WL + = : 1.2.37

“b (Com Cd) ( )

The behavior of the three capacitors is shown in figure 1.2.13. In the saturation
and non saturation region C¢p could be neglected since the inversion layer acts
as a shield and the charge is supplied by the source and the drain. What has to
be underlined is that all the MOS capacitances increase with the channel width

W and this is not perfect from the physical point of view, but they are sufficient
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Figure 1.2.13: Gate-channel capacitances normalized to the value of C's as a
function of the operational regions of the MOSFET. Taken from reference [18].

for a first estimation for the design of the transistors.

Another important contribution to the limitation of the switching speed of the
device is the depletion capacitance Cy, in units of F/cm?, which also has a non
linear behavior. C'; originates from the ionized dopants in the proximity of a p-n
junction as is illustrated in figure 1.2.14a. If a step doping profile is considered
with doping densities N, and N, for the p-region and the n-region respectively,

the zero-bias capacitance can be defined as

Cyp = 25 (1.2.38)
Zdo

2651'@0 1 1
= R — 1.2.39
o \/ q <Na Nd) ( )

is the zero-bias depletion width, with ¢q defined as the built-in voltage. The value

where

of x40 became larger increasing the applied reverse-bias voltage V z. This means

that the depletion capacitance can be expressed in function of Vi as

Cao
T
1/1+¢—§

which gives the behavior shown in figure 1.2.14b.

Cy (V) = (1.2.40)

In a MOSFET structure a great contribution of the parasitic capacitances

comes from the depletion capacitance of the source and the drain regions C',,. In
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Figure 1.2.14: (a) depletion charges in a p-n junction, (b) behavior of the deple-
tion capacitance. Taken from reference [18].

order to describe them it is necessary to consider the typical n-channel MOS-
FET region represented in figure 1.2.15. Source and drain regions have three
dimensional geometry, so to simplify the calculation they can be split into bot-
tom and sidewall part and the total capacitance will be obtained adding the two

components. Starting from the bottom capacitance it can be easily written as
Chot = CaoW X (1.2.41)

where W is the width and X the lateral extension of the source or drain re-
gion. The sidewall capacitance instead is calculated taking into account that the

sidewall has a depth z;, which brings the expression
Ciidze = Caoswr;2 (W 4+ X)) . (1.2.42)

So the total zero-bias depletion capacitance of the source or drain region is
given by
Ch, = Crot + Ciige = CaoW X + Caosw?2 (W —+ X) . (1243)

The value of C,, is used for a first approximation of the performance of the
MOSFET device. In fact the depletion capacitance is non linear and, since C,
decreases when the reverse-bias voltage is increased, the zero-bias depletion ca-
pacitance overestimates the contribution in a digital circuit analysis. All these
contributions will simply give an estimation of the total capacitance at every node

in digital CMOS circuits and will give an idea about the circuit performance.
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Figure 1.2.15: MOSFET junction geometry for the calculation of the source and
drain depletion capacitances. Taken from reference [18].

1.2.4 Scaling theory

The MOSFET model discussed so far is valid only for devices with channel length
of the order of 20 um. In fact for smaller transistors the physics change and affect
the circuit operation. In this situation the scaling theory helps to understand how
the device characteristics are affected by the reduction of the device dimensions.
The scaling theory can be applied both to surface (lateral scaling) and vertical
(vertical scaling) features of a MOSFET so that, ideally, the long-channel behav-
ior of the internal electric field is preserved. With this approach it is useful to
introduce the scaling factor S > 1, that is used to shrunk the dimensions of the
long-channel transistors. In the case of the lateral scaling the channel width W,

the channel length L and the channel area A = WL for a scaled device becomes

_w

w =%
L'=% (1.2.44)

A=4

as shown in figure 1.2.16. As we saw in section 1.2.2 the current in the MOSFET
is proportional to the aspect ratio (W/L) which is invariant for a transistor with
reduced lateral dimensions. This type of scaling results only in the reduction of
the area of the channel.

The MOSFET is an electric field-effect device, so performing only lateral
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Figure 1.2.16: MOSFET lateral scaling. Taken from reference [18].

scaling the electric field distribution in the channel will be modified and this will
change the current-voltage characteristics. In order to restore the original field
distribution also vertical dimensions must be reduced as it can be seen in figure
1.2.17a. The most important parameters that have to be scaled are the oxide
thickness x,, and the junction depth z;, which are reduced by the scaling factor
S as is illustrated in figure 1.2.17b. These two dimensions have an impact on the
device I-V characteristics through the values of the process parameter k and the
device parameter . In particular larger values of £ and [ are desirable and this
can be done simply by increasing the oxide capacitance C,, i.e., by reducing the

oxide thickness x,,. In fact for the scaled devices it can be written

ZE/ — Zox
o 8 (1.2.45)
O(/,x = i?T - SCO;B

which will increase the process and the device parameters to

k' = Sk

1.2.46
g — 58 (1.2.46)

since the aspect ratio is invariant. It has to be considered that the field-effect in
a MOSFET is related to the doping density N, and N, This means that these
two parameters must be modified as well to new values N’, and N’; in order to

preserve the same operational characteristics. It has to be underlined that chan-



CHAPTER 1. FIELD-EFFECT TRANSISTORS 24

| J— J
Gme,(_L_,, e L'=L/m _H__L
Gate
e H Gate
Ip Ip Ip
Vbs Vos Vbs
(a)

PIIIITIIII AR fox

.
»i Xox
o

nt, Nd nt .tj ”j" X
— [ ———>} l— [ Ng }
p-type, Ng p-type, N
Original device Scaled device
(b)

Figure 1.2.17: (a) Electric field distribution in scaled devices, (b) MOSFET ver-
tical scaling. Taken from reference [18].

nel doping cannot be increased indefinitely, otherwise it will lead to p-n junction
breakdown. The gate oxide thickness, for short CMOS channel lengths, has ap-
proached the low nanometer scale. In this range the gate tunneling current could
be too high in order to have an operating device. To solve this problem high per-
mittivity dielectrics must be used as gate insulators, as aluminum oxide, hafnium
oxide and yttrium oxide. In fact they can have a thicker physical thickness for
the same capacitance, reducing in this way the gate tunneling current.

The reduction of all these parameters will influence the square-law equations
of a MOSFET. In particular two type of scaling should be considered: full-voltage
scaling and constant-voltage scaling. In both cases the analysis starts by taking
into account the equations 1.2.22 and 1.2.26 for the non-saturated I, and satu-
rated I pg, currents respectively for the original device. In the full-voltage scaling

the scaling factor S is also used to reduce the applied voltages V pg and Vg to

VI — VDS
bs— s (1.2.47)
V/ _ VGS e
GS — § -

Assuming to adjust the ion implantation so that even the threshold voltage can
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be scaled to V. =V /S, the currents I'p and I’ pg, of the scaled device become

=1
bop (1.2.48)
]/Dsat - D§at .

The interesting aspect of this approach is the power dissipation of the transistor.

In fact the power of the scaled device turns into

P IV, = %’% _ g. (1.2.49)
So in this way the area and the power dissipation of the scaled device are reduced
by the same factor, keeping constant the power dissipation per unit area.

In general is not possible to change arbitrarily the power supply. So the
constant-voltage scaling takes into account how the [-V characteristics are affected
when the dimension of the transistors are scaled while the applied voltages are

kept constant. Proceeding as before, I'p, I’ psqr and P’ can be written as

I, =SIp
Iheut = SIpsat (1.2.50)
P =SSP

showing that with this approach there is a problem related to the power dissipa-

tion, which is increased by a factor of S.

1.2.5 Short-channel effects and narrow-width effects

Even if the scaling theory is applied correctly, as the dimension of the channel
are reduced at about 2 um there are deviations from the long-channel behavior.
Short-channel effects arise from the fact that it is not possible anymore to use
the gradual-channel approximation. In fact for small transistors the potential
distribution becomes two-dimensional, since it depends both on the transverse
field £, and longitudinal field £, which are controlled respectively by the gate
voltage and the drain bias. This behavior can cause mainly four type of short-
channel effects: the threshold voltage V1 is non constant with L, the drain current
I p cannot saturate with drain voltage V p, I p is not anymore proportional to 1/L
and the transistor characteristics degrade with time. The most important results
for small transistors is that the threshold voltage is reduced below the value found
in section 1.2.1. In case of long-channel devices the gate voltage Vg supports the
bulk charge @5 on the entire area of the channel (W L) underneath the gate. This
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Figure 1.2.18: (a) Bulk charge distribution in short-channel MOSFET, (b) short-
channel effect on threshold voltage. Taken from reference [18].

is not valid for a short-channel since there are some depletion charges induced
by the drain-bulk and source-bulk pn junctions which cannot be ignored. For
this reason, if only the bulk charge is considered, the threshold voltage will be
overestimated.

In order to calculate the reduction of the threshold voltage it is useful to
take into account the bulk charge distribution for the small-geometry transistors
shown in figure 1.2.18a. The gate voltage that supports the bulk charge (5 has a
trapezoidal shape looking at the cross-section. In particular the upper part of the
trapezoid has a length L, while the bottom one has a length L, = L—2 (AL) where
AL is considered to be the same on both sides. Assuming that the depletion
thickness x4 of the pn junction corresponds to the maximum MOS depletion
depth, from the simple geometry of figure 1.2.18a the change in the threshold
voltage can be calculated. So including the short-channel effect the threshold

voltage for an n-type MOSFET can be written as

(VTn>SCE = VTn + (AVTn>SCE (1251)

where Vo, is the long-channel value. From the calculation it turns out that
(AVryw)gep » which depends on the channel length L, has a negative value and
this explain the reduction of the threshold voltage from the long-channel value.
In figure 1.2.18b is illustrated the general trend of the threshold voltage (Vi) gop
in function of the channel length L.

Short-channel effects start to be important when the depletion regions of the
source an the drain are a relevant fraction of the channel length. If in extreme case
the widths of the depletion regions approach the channel length, the device will

be influenced more seriously. Usually this phenomenon is called of punch-through
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Figure 1.2.19: Energy band diagram at the surface of the semiconductor for
(a) long-channel MOSFET and (b) short-channel MOSFET, showing the DIBL
effect. The dashed line represent the case for V p = 0, while for the solid line
Vp > 0. Taken from reference [35].

and it consists in a large leakage current between the source and the drain. The
origin of the punch-through arises from the lowering of the barrier close to the
source and is called drain-induced barrier lowering (DIBL) used in figures 1.2.19a
and 1.2.19b. In practice the drain bias can influence the barrier at the source
if the channel is too short, so that the carrier concentration in the channel at
the source is no longer fixed. This can be shown looking at the energy band
diagram at the semiconductor surface. In the case of a long-channel MOSFET,
the drain voltage can change the effective channel length but the barrier at the
source remains the same as it can be seen in figure 1.2.19a. This is not valid for a
short-channel transistor since the lowering of the source barrier gives origin to an
injection of extra carriers as shown in figure 1.2.19b. In punch-through condition
this effect is present both in the above threshold and sub-threshold regimes.

As the channel becomes shorter and shorter the internal electric field increases.
This has an effect on the value of mobility since p = v/FE, where v is the drift
velocity of the carriers. For low electric field the device is in the linear region so
the velocity is proportional to the electric field and the mobility can be assumed
as constant. In devices with channels length smaller then 1 pum the electric field
can exceed 10 V/cm leading to the non linear region and it is not possible
anymore to use a constant value for the mobility of electrons and holes. As the
strength of the field is increased the drift velocity approaches its maximum level
vs which is called saturation velocity as it can be seen in figure 1.2.20. This value
is the maximum velocity that a charge carrier can reach inside the lattice. This
limitation is due to the fact that, even if the electric field tries to increase the

energy, collisions tend to remove energy from the carrier. In the case of silicon
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Figure 1.2.20: Velocity-Electric field relations in bulk silicon. Taken from refer-
ence [18].

at room temperature vy = 107 cm/s. This phenomena will also have an effect on
the current of the MOSFET: as the electric field will become higher, the current
will increase together with the drift velocity. When the velocity saturates also the
current reaches a constant value. It has to be noticed that this kind of mechanism
is completely different from the case of constant mobility. In fact the constant
value of the current is not due to the pinch-off point, but it is due to the saturation

velocity of the carriers. So the saturation current can be expressed as
IDsat = WCO:EUS (VGS - VT)

when Vpg > Vi

The reduction of the channel length is not the only thing that can influence
the value of the threshold voltage. In fact decreasing the channel width W leads
to narrow width effects. In particular the threshold voltage, due to the shrinking
of W, exhibits larger value compared to the one found using the gradual-channel
approximation. This behavior can be understood by looking at figure 1.2.21a.
What happen is that the fringing electric fields deplete the silicon on an area
which is greater than the one defined by the channel width W. Since this compo-
nent of the bulk charge is not considered in a large-width devices, the threshold
voltage Vr is underestimated in the case of narrow-width transistors. Consider-
ing the geometry of the cross-section of the MOSFET shown in figure 1.2.21a the
reduction of V1 can be calculated. The narrow-width effect correction arise from

the presence of the charges due to the extra area Ay g estimated by assuming
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Figure 1.2.21: (a) Bulk charge distribution in narrow-width MOSFET, (b)
narrow-width effect on threshold voltage. Taken from reference [18].

that the depletion edges have a circular shape. In this way the threshold voltage

can be written as
(VTn)NWE = Vi + (AVTn>NWE (1252)

with (AVr,) ywe > 0 and its behavior due to the shrinking of the channel width
W can be seen in figure 1.2.21b.

During all these years it was possible to scale silicon MOSFETs following
the Moore’s law. Today this technology allows the fabrication of transistors
with dimension of the gate length of 22 nm. The international roadmap for
semiconductor (ITRS) predicted the need for devices with gate length of 10 nm
by 2020. However it is complicated to further scale Si MOSFETs keeping the
needed performances in the presence of short-channel effects. For this reason it
will be necessary in the future to introduce devices based on different physics or
on materials other than silicon in order to continue to improve the MOSFETs

performances.

1.3 Graphene field-effect transistors

In the search of new materials that could represent an option for the post-silicon
electronics some material properties should be considered. The ideal semiconduc-
tor should have a wide band-gap, high value of mobility, be producible on large
scale, compatible with Si CMOS technology, good interface with dielectrics with
a long term stability and low contact resistance [32]. Graphene represents a good
trade off to these requirements. A single layer of graphene is a two-dimensional
material that is composed of carbon atoms arranged in a hexagonal lattice. It was

isolated for the first time in 2004 [28] with the technique of the micro-mechanical
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Figure 1.3.1: First Brillouin zone of graphene lattice [5] and band structure of
graphene with the linear dispersion around the K points. Taken from reference
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exfoliation, but today it can be grown on metals with the chemical vapor de-
position (CVD) process in order to produce it on wafer-scale. Graphene is not
a semiconductor like silicon, but is a semi-metal with a zero band-gap. Differ-
ently from Si MOSFETs, which are unipolar, the charge carriers in graphene
channel can be changed from electron to holes simply applying a gate potential.
The minimum carrier density point is called the Dirac point. Looking at the
band structure in figure 1.3.1, the valence and conduction bands meet at the K
points of the Brillouin zone and, differently from semiconductors where the bands
have a parabolic-shape, they have linear energy-momentum dispersion close to
the Dirac points. In this case electrons, propagating through graphene lattice,
mimic relativistic particle. For that reason particle should be described by Dirac-
like equations rather then Schrodinger equations [11]. Because of the absence
of a band-gap, transistors made with graphene cannot be turned-off and their
ON/OFF ratios are poor (<100), which in theory makes such devices unsuitable
for most logic applications. The impossibility of switching devices off also results
in large static power consumption, absence of which is one of the great advan-
tages of the Si CMOS. Tt was demonstrated that it is possible to modify the band
structure of graphene in order to open a band-gap. This can be done by confining
graphene in one dimension by forming nanoribbons, by biasing bilayer graphene
or by applying some strain to the monolayer [31].

Despite the fact that graphene does not have a band-gap, it offers many
advantages in FET channels. The biggest one is its high carrier mobility at
room temperature. In fact on exfoliated graphene usually mobilities of 10000-
15000 cm?/Vs are measured, reaching values of 10° cm?/Vs in case of suspended

graphene devices. For large area-graphene grown with CVD process and trans-
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Figure 1.3.2: Electron drift velocity-electric field for standard semiconductor,
carbon nanotubes (simulation) and large-area graphene (simulation). Taken from
reference [31].

ferred on SiO, substrates, mobility up to 4000 cm?/Vs has been measured [31].
Even if these values are lower compared to the exfoliated graphene they still are
about 4 times larger than the mobility of bulk silicon. Such high values of mobility
are useful for the fabrication of transistors for very high frequency applications.
In conventional semiconductors the hole mobility is much lower compared to the
electron mobility. In fact for silicon the ratio p, /. is approximately 0.3 and even
lower for TII-V semiconductors, while for graphene that difference is not so large
and the hole mobility can be even higher than that of electrons|32].

The deposition of oxides on the top of graphene for the realization of top-gated
transistors seems to be a problematic issue since it was leading to the degradation
of the mobility of the devices. During these years several steps were made in that
direction until it was possible to obtain mobilities of 24000 cm?/Vs in top-gated
graphene FETs [31]. This demonstrates that it is possible to fabricate good
devices with dielectrics with a long term stability simply by making the proper
choice of the materials and optimizing the deposition process.

In the state-of-the-art FETs, where devices have short-channels, high electric
fields reduce the importance of the mobility. In fact in this situation the sat-

uration velocity of the carriers becomes an important figure of merit, as it was
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explained in section 1.2.5. Figure 1.3.2 shows the graph of the electron drift ve-
locity versus the electric field for common semiconductors and simulated plots
for large-area graphene and carbon nanotubes (CNT) [31]. From the simulation
in the case of graphene it can be seen that for high electric fields the velocity
does not drop as fast as in the case of III-V semiconductors and moreover recent
experiments shown values of saturation velocities of 3 — 6 - 107 cm/s (close to
Fermi velocity of ~ 10® ¢cm/s) for large-area graphene [32|. Considering that the
velocity saturation for silicon MOSFETs is 107 ¢m/s it can be concluded that
graphene has some advantages over the conventional semiconductors.

Another advantage of graphene consists in the fact that graphene is a 2D-
material and it could allow to fabricate devices with extremely thin channels that
can result in better gate control of the channel. Even though graphene is so thin

2 similar the the conventional

it can provide carrier sheet densities of 10'2 cm™
transistors, allowing in this way the appropriate MOSFET operation [32]. More-
over an atomically thin channel can be scaled to extremely short channel lengths
without experiencing short-channel effects, allowing graphene to be more scalable
compared to standard FETs [31]. The two dimensional nature of graphene can
in addition enable monolithic 3D integration.

For the operation of transistors another key issue is the contact resistance be-
tween the source and drain metal and the underneath graphene layer. Typically
it is given in the normalized form in units of resistance times the contact width,
Q- pum, and its value should be as low as possible. Contact resistances of first
graphene field-effect transistors (GFETs) were quite high compared to Si MOS-
FETs, but in the meanwhile significant progress has been made reducing its value
to 100-200 € - um, about 5 times the contact resistance in Si [10, 16, 22, 27, 38, 45].

Traditional semiconductors usually are rigid materials and cannot be used for
emerging technologies such as flexible and printable electronics [32]. In that fields
organic semiconductors are used, but those materials have low mobility. Large
area graphene is bendable and has a significantly higher mobility compared to or-
ganic semiconductors such as pentacene. These characteristics allowed graphene
to be deposited on flexible substrates and used in inks for printable electronics.

All these properties can allow graphene to be the material of the future to-
gether with the fact that it is fully compatible with existing CMOS technologies
and gives the possibility for hybrids with silicon for high performance and flexi-
ble devices. However, due to the absence of a band-gap and small values of the
ON/OFF ratio, GFETs so far have been used mainly in niche application such as

frequency doublers [41], radio-frequency mixers [40] and phase modulators [15].
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Figure 1.3.3: Different type of graphene field-effect transistors with (a) back-gate
structure and with (b) the combination of top-gate and back-gate. Taken from
reference [31].

1.3.1 Transfer characteristics

The first graphene field-effect transistor (GFET) was reported in 2004 [28]. Dif-
ferently from Si MOSFETS, that are usually top-gated, this type of graphene
device had a layer of 300 nm of SiO; underneath the channel, that was used as
back-gate dielectric, and a back-gate made by doped silicon substrate, as illus-
trated in figure 1.3.3a. The main reason to use that configuration was that it was
necessary to have a good optical visibility for the graphene flakes and this can
be obtained only for specific thicknesses of the oxide [4]. Back-gated transistors
where useful to prove the FET operation when graphene is used as the chan-
nel in a MOSFET structure, but they suffered from huge parasitic capacitances.
Moreover with such a thick layer of oxide it is hard to have a good control over
the channel and such GFETs cannot be integrated with other components. An
important step for the improvement of the performances of GFETs was made in
2007 when the first graphene top-gated device was made [19]. During these years
top-gated transistors, like the one shown in figure 1.3.3b, were fabricated using
both exfoliated graphene and graphene grown on metals (such as copper and
nickel) for the channel and growing SiOs, Al,O3 and HfO, as top-gate dielectric.
All these and the use of top-gate in combination with the back-gate allowed to
GFETs to compete with Si MOSFETs.

GFETs have a unique transfer characteristic due to the fact that the con-
duction and valence bands are not separated by a band-gap like in conventional
semiconductors. Like in Si MOSFETs the carrier density in the channel is in-

fluenced by the potential difference between the channel and the gates, but in
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Figure 1.3.4: Band diagram and transfer characteristics of (a) gap-less graphene
and (b) n-channel Si MOSFET. Taken from refence [32].

A

graphene this also can change the type of carriers and due to the missing gap
GFETs cannot be switched off, as it can be seen in figure 1.3.4a [32].

When a positive gate voltage V gg1 is applied, the Fermi level tends to move to
the position E gy inside the conduction band promoting an electron accumulation
in the channel that corresponds in the transfer characteristics to the value Ip;
of the drain current. As the bias applied to the gate is reduced, the Fermi level
is shifted downward and decreases the concentration of the electrons causing the
reduction of the drain current.

In case that the gate voltage is equal to V5o = Vpirac the Fermi level Eps is
located exactly where the conduction and valence bands meet. This corresponds
to the case of minimum carrier density and drain current I po. This point is called
Dirac or charge neutrality point. Here in theory the density of the electronic states
should vanish but there is still a residue of conductivity due to the presence of

electron and hole puddles, caused by a small overlap between the conduction
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and valence bands, and for that reason graphene undergoes ambipolar transition
without the depletion of the carriers [25]. In the case of undoped graphene, as in
figure 1.3.4a, Vpiae = 0 and this also represents the flat-band voltage of the device
when the drain current is at its minimum. As soon as the gate voltage assume
negative values the type of carriers change from electrons to holes. So, for the case
of figure 1.3.4a, for the gate voltage Vg3 the Fermi level moves inside the valence
band and the carrier concentration increase again and rise the drain current
to the value Ips. So reducing the gate voltage Vs the graphene channel can
change from n-type to p-type MOSFET and this phenomenon is called ambipolar
conduction. This behavior gives to graphene the peculiar transfer characteristic
of two branches separated by the Dirac point.

For conventional semiconductors as silicon the situation is completely different
as it can be seen in figure 1.3.4b. Start with considering an n-type channel where
a positive bias Vg1 is applied, the Fermi level moves inside the conduction band
and there is an electron accumulation in the channel associated to the drain
current /pq, like in the case of graphene. But if the gate voltage is reduced to
lower values such as Vg2 or Vg3 the Fermi level goes rapidly into the gap and
switches off the transistor.

Ideally the Dirac point of graphene should be located at Vg = 0, but this is
not always true. In fact the position of the charge neutrality point depends on
several factors. This shift could be due to the difference of the work functions
between the gate and the graphene, the density and type of charges at the top
and bottom interface of the channel and due to doping of graphene introduced
by adsorbed ambient impurities. Figure 1.3.5a shows the typical behavior of
two GFETs that have the Dirac points at positive voltages, which stems for p-
doping. As it can be seen the transfer characteristics are not fully symmetrical, in
particular the electron mobility is lower then the hole mobility, and the ON/OFF
ratios are quite low. The asymmetry is caused by a geometry dependance due
to the combination of the formation of p-n junctions between the channel and
the source and drain regions together with the contact resistances that depend
on the gate voltage [29]. Typically the values of ON/OFF ratio of transistors
fabricated with large-area graphene are around 2-20, while for devices realized
with exfoliated graphene, due to a higher crystallographic quality, it can reach
values of 100 at room temperature [44].

Due to graphene transistor properties it is useful to use MOSFETs structure
like the one in figure 1.3.3b in order to take advantage of the combination of

two different gates. In fact due to its ambipolar conduction it is possible to
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Figure 1.3.5: (a) Typical transfer characteristic for two different MOSFETs with
large-area graphene used as channel, taken from refence |31], (b) transfer charac-
teristic of a GFET at different values of the back-gate voltage.

use the back gate to dope electrostatically the graphene channel.

As shown

in figure 1.3.5b, applying different constant voltages to the back-gate shifts the

Dirac point in the transfer characteristics. In this way it is possible first of all

to choose between n-type or p-type channel and moreover to have the control on
the threshold voltage of the top-gated channel [26].

An important characteristic for the performances of a MOSFET is the transcon-

ductance as explained in section 1.2.2, that describe how well the device current

responds to a voltage change. It was found experimentally in top-gated GFETs

a transconductance g, ~ 150 puS/pum [26]. Extrapolating the effects of the series

resistance and considering v,,; = 5.5+ 107 ¢cm/s in a single layer graphene, the

transistor intrinsic transconductance becomes equal to 833 uS/um. This value
should be compared to the transconductance of a Si MOSFET with a 65 nm chan-
nel length with a gate capacitance of 1.77 uF/cm? that has g,, ~ 1.5 uS/um,

which results to be lower then in the GFET. The value of the transconductance

of that particular graphene device could be even higher if it would have the same

gate capacitance as in the Si MOS structure.

For that transistor a dielectric

layer HfO, that has a gate capacitance of 0.762 uF/cm? was used. So using a

higher gate capacitance, similar to the one used in standard silicon technology,
the GFET would have g, > 2.9 uS/pum which is definitely higher then the values
of the transconductances of the state-of-the-art silicon MOSFETs.
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Figure 1.3.6: Output characteristics in GFETs (a) with linear-shape or weak
saturation [34], (b) with saturation and second linear region. Taken from reference
[32].

1.3.2 Current-voltage characteristics

Output characteristics of an ambipolar GFET differ significantly from the unipo-
lar St MOSFETs. The charges that contribute to the drain current in a Si MOS-
FET are always electrons (n-channel) or always holes (p-channel) inside all the
regions of the operation of the device. In case of graphene instead, since it is a
zero-gap material, the conduction is due to electrons when the Fermi level is above
the Dirac point or due to holes if the Fermi level is below the charge neutrality
point. Moreover when the channel makes the transition from n-type to p-type
the conduction is due to both types of charges. This of course has an influence
on the drain current, as can be seen in figure 1.3.6a, that shows a linear-shape
without any saturation or only with a weak saturation which are both disadvan-
tages for the device operation [31]. Such characteristic is due to the lack of the
band-gap that does not allow a correct pinch-off of the channel. However some
graphene devices are able to show a saturation behavior which then is followed
by a second linear region as shown in figure 1.3.6b. In this case at large values of
the drain-source voltage V pg there is a crossing between output characteristic at
different gate voltages that can lead to a zero or even negative transconductance
9m, which is highly undesirable condition [31].

The saturation region assumes a relevant importance for GFETs applications
if the intrinsic voltage gain A, = ¢,,/gq4 is considered. In order to have values
of intrinsic gain comparable to Si MOSFETs the output conductance must be
small and this can be achieved only if the GFET operates in the saturation

regime. The same discussion can be made for f7 and f;ax of radio-frequency
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Figure 1.3.7: (a) I-V characteristic of a GFET with three different regions, (b)
carriers concentration under the top-gate region. Taken from reference [26].

transistors. For this reason it is important to fully understand the nature of the
saturation behavior in GFETs. This phenomenon was explained for the first time
in 2008 by Meric [26].

For small values of the drain-source voltage the output characteristic is in
the linear regime (region I of figure 1.3.7a) and the current along the channel
is carried by holes as illustrated in figure 1.3.7b. As V pg starts to increase the
carrier density in the channel decreases leading to high electric field. When the
potential at the end of the drain equals to the Dirac voltage, the field reaches its
maximum value and the part of the channel close to the drain starts to change
the type of carriers. In this situation V ps = Vprac and the vanishing carrier
density produces a sort of pinch-off region close to the drain and the drain current
enters the saturation regime shown in figures 1.3.7a and 1.3.7b. In the region II
the drain current is relatively insensitive the the drain-source voltage since the
electric field is so high to cause velocity saturation in the channel and allow Ip to
assume constant values. The I-V characteristics show a strong saturation regime
when the channel is in the unipolar region and moreover the saturation indicates
the transition to the ambipolar conduction. As the drain-source voltage is further
increased (Vps > Vprac) the minimum density point stays inside the channel
and produces the pinch-off point that starts to move in the direction of the source
end. This condition corresponds to the the region III in figures 1.3.7a and 1.3.7b
and it represents the second linear region in the output characteristics of the

transistor because the carrier density begins to increase again while the electric
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field goes down. In region III, as it can be seen in figure 1.3.7b, the carriers
on the left side of the minimum density point are holes and on the drain side
electrons. The voltage that drops across the left side of the channel stays at the
fixed bias Vprac while on the right side the voltage increases to V pgs — Vprac-
In this ambipolar regime the pinch-off point is the place where the holes, coming
from the source, and the electrons, injected from the drain, recombine but, since
graphene has no band-gap, the recombination does not release energy.

The saturation effect is highly affected by the type of oxide that is used for the
gate. In the case of a back-gated device, made by 300 nm of SiO,, the saturation
regime would be weak due to inferior electrostatic coupling with the gate electrode
compared to the top-gated transistor. In GFETs it is possible to observe an
output characteristic similar to the punch-through of the Si MOSFETs. It can
happen at high values of V pg when the transistor starts to be weakly coupled to
gate electrode in particular for short-channel devices. For extremely high values
of the drain-source voltage, the drain current can lead to irreversible thermal
damage of the graphene channel. It should be underlined that an important
role in the saturation behavior in a graphene transistor is played by the contact
resistance [29]. In fact, in case of poor contacts, a great part of the voltage drops
across the contacts and it becomes difficult to observe the saturation region in
the device. For that reason in order to reach high electric fields for the saturation
characteristics as the quality of graphene is improving, increasing the mobility, it
should be necessary to improve the quality of the contacts.

The drain current in function of the drain-source voltage can be modeled using
as a reference the cross-view of the GFETs in figure 1.3.8a. Start to consider the
carrier concentration in the channel for different values of V pg in the output
characteristic as it was shown in figure 1.3.7b. So using a field-effect model the

concentration can be expressed as

n () = \/ 13+ (Crop Vassop — V (&) — Vo) fe)? (1.3.1)

where
VE] = VGOSftop + (CbaCk/CtOP) (VC(J]S'fback - VGS*back) (132)

works as the threshold voltage and V (x) is the potential inside the graphene
channel. Vg op and Vs paa represent the top-gate and back-gate voltage of
the Dirac point respectively and their role is similar to the one of the flat-band
voltage in Si MOSFETs [37].

In order to make an accurate model to derive the drain current, above a
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Figure 1.3.8: (a) Cross-section of a GFET taken from reference [37], (b) compar-
ison of modeled and measured I-V curves taken from reference [26].

certain critical electric field E,; the drift velocity has to reach the saturation
value v,q. So there can be a saturation behavior if Vgg_top has a value such that
Vbimrac > EeigL. This model assumes that the velocity saturation in graphene is
due to the optical-phonon scattering. The coupling with the phonons is so strong
that when the electrons reach the energy threshold for the phonon emission, they
are immediately scattered. This assumption implicates that the Fermi sea is
shifted by the phonon energy A{2 and the saturation velocity can be expressed as
h$)

Vsat = VF 77—

E (1.3.3)

Differently from semiconductors where the drift velocity is limited from the ther-
mal velocity, in case of graphene the limiting factor is the Fermi velocity vr and
the derivation for v, is not valid close to the Dirac point. Using a velocity

saturation model the drift velocity can be approximated to

J)

= 1.3.4
L+ pE/vsq ( )

Udrift (l‘)
where it is assumed that the electron and hole mobility and velocity saturation
are the same.

With all these considerations the drain current in the graphene channel can

be expressed as
W L
Ip = —/ en () varife () dx
L Jo

where L is the channel length and W the channel width. Figure 1.3.8b shows

(1.3.5)
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Figure 1.3.9: Drain current in function of drain-source voltage, at different top-
gate voltages, for two different values of the back-gate voltage. Taken from ref-
erence [26.

the comparison of the output characteristics derived with this model and the
experimental data.

The use of back-gate and top-gate in the GFETs can be important. Since
the control over the channel by the back-gate is weaker then the top-gate (due
to the thicker layer of the oxide) the former could be used to move the Dirac
point of the graphene channel as it was explained before. This can make a huge
difference because it can allow to have high electric field in the channel and so to
reach the saturation velocity. As can be seen in figure 1.3.9a the voltage applied
to the back-gate does not allow to have high fields and it can only be observed a
linear-shape of the drain current with no saturation or weak saturation. Instead
the back-gate voltage applied to the device in figure 1.3.9b allows to have the
conditions for the saturation of the drift velocity and the drain current shows the
saturation behavior for different values of the top-gate voltage.

Even though GFETs have shown weak current saturation so far, it is impres-
sive to see the values that these devices can achieve in terms of cut-off frequency
fr. In fact only in saturation regime it is possible to reach small values of the
output conductance that can maximize fr [31]. Figure 1.3.10a shows the cut-off
frequency of the best performance GFETs realized with exfoliated, epitaxial and
CVD graphene compared with the state of the art of the radio-frequency tran-
sistors [32]. The highest value of fr reported so far for graphene MOSFETS is
427 GHz for a device with a gate length of 67 nm [8]. This is still slower than

the best conventional radio-frequency transistors but is showing definitely better
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Figure 1.3.10: (a) Cut-off frequency fr and (b) maximum oscillation frequency
famax of GFETs in function of the gate length L together with competing ra-
diofrequency FET devices. Taken from refence [32].

performances than Si MOSFETs with the same gate length and is getting really
close to the characteristics of GaAs device.

In contrast GFETs show poor performances in terms of maximum oscillation
frequency furax as it can be seen in figure 1.3.10b. The highest reported frax
for graphene transistors is 45 GHz which is one order of magnitude smaller than
the fiyrax of conventional state-of-the-art semiconductor MOSFETs and it even
does not show any gate length dependence [32]. The main reason for the different
behavior of fr and fy;ax is due to the output conductance g4 which has a second
order effect on the cut-off frequency compared to the strong effect that it has on
the maximum oscillation frequency. Current saturation and small values of gq4
are much more important for power gain than for current gain. For this reason
large values of the output conductance in graphene devices significantly reduce
the intrinsic gain of GFETs with respect to Si MOSFETs.

1.3.3 Quantum capacitance

As it was shown graphene behaves differently from conventional semiconductor
materials used as channels of MOSFETs. Another thing that has to be considered
for the performances of GFETs is the gate capacitance together with the density
of states (DOS). In fact the gate capacitance Cg in case of transistors with
finite density of states cannot be approximated simply with the oxide capacitance
Cor = €ox/tox , Where g, and t,, are the dielectric constant and the thickness
of the gate oxide [37]. In case of graphene devices the quantum capacitance C,

connected in series with C',, has to be considered. The overall gate capacitance
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Figure 1.3.11: (a) 2D carrier density in a single layer graphene as the function of

gate voltage for different oxide thicknesses, (b) quantum capacitance of graphene
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in this way becomes
CyCos

" Cyt+ O

and its value is smaller than the oxide capacitance in particular close to the Dirac

Ce (1.3.6)

point.
Defining V', as the potential across C, as it can be seen in figure 1.3.11b,
the quantum capacitance is derived from the channel charges with respect to the

channel potential and can be defined as

Q)

“= o,

(1.3.7)

and it represents the extra voltage that is required to modulate the charge density
in the channel [9]. Differently from 2D electron systems, where the quantum
capacitance assumes constant values and it depends only on the effective mass of
the carriers in the parabolic limit, in graphene the quantum capacitance depends

on the position of the Fermi level since it has a linear band structure [29]. Writing
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the total charge in the graphene sheet as
Q=q(p—n) (1.3.8)

where q is the electron charge, the quantum capacitance becomes

QQQkT [ ( C]Vch>]
C,=——=In|2|1+ cosh . 1.3.9
q T (hUF)2 kT ( )

Under the condition ¢V, > kT it reduces to

2qV.
L — Ppy (aVin) (1.3.10)
7 (hvg)

where p.p, is the linear density of states of graphene and its behavior in function
of the channel potential is illustrated in figure 1.3.11a compared with other oxide
gate capacitances.

Figure 1.3.11b shows instead the dependance of the channel charges in graphene

with the gate voltage for different thicknesses of SiO, and can be expressed as

nap = ng — ng (‘/1+27;—G—1) (1.3.11)
q

where n¢ is the carrier density that neglects the quantum capacitance and n, is
the one that arises only from the quantum capacitance [9]. For very thin layer of
the gate oxide the modulation of the carriers is very strong since in that condition
Cy = Coy, while the field effect becomes weaker, as the thickness increases, since
Cor < (4. So reducing the effective oxide thickness of the gate the quantum
capacitance of graphene can reach comparable value with the oxide capacitance
and have a negative impact on the performances of the device. Moreover the
dependance of the gate capacitance could introduce non linearity that could have
a negative impact on the linear metrics of amplifiers and mixers [29)].

The effect of the quantum capacitance over the gate capacitance is shown in
figure 1.3.12 and as it can be seen in this range of voltages C, can change the
gate capacitance by a factor of two. This means that the quantum capacitance
must be treated in a correct way, in its voltage dependance, in order to make
an accurate modeling of the GFETs. In fact it also influences the drain current
of the device through the voltage V( of equation 1.3.2, where the overall gate
capacitance is represented by the top gate capacitance C,,.

In conclusion it can be said that GFETs are a quite new type of devices

compared to Si MOSFETs that have been investigated for so many years. Even if
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Figure 1.3.12: Effect of the quantum capacitance of graphene on the gate capac-
itance. Taken from reference [37].

they have a short history, graphene transistors reached impressive performances
and further progress can be done. However the missing band-gap still represents
a problem when graphene has to compete with conventional semiconductors and
for that reason it has not been used so far in logic applications but only in niche
analog application. However the unique properties of graphene could help it to
become the leading material in other fields such as devices for beyond CMOS
logic, devices with ambipolar conduction, applications on flexible substrates and

printable electronics [32].



Chapter 2

Graphene digital electronics

2.1 Introduction

The extremely high mobility of charge carriers in graphene at room temperature
makes this material suitable for applications in high-speed electronics. However
graphene has been used only in niche applications in analogue and radio-frequency
electronics so far. In fact the absence of the band-gap results in the impossibility
to switch-off GFETs which limits use of graphene in logic applications.

The first graphene devices were not capable of signal amplification which is the
ultimate requirement for the fabrication of realistic electronic circuits. For that
reason GFETs must exhibit over-unity intrinsic voltage gain A = g,,/gq4, where
Jgm 18 the transconductance and g4 is the output conductance, in order to be able
to realize analogue voltage amplifiers and digital logic gates which represent the
main building block of the analogue and digital electronics respectively.

In the past the ambipolar conduction of GFETs was used in digital application
to obtain logic gates with a fewer number of transistors compared to Si MOSFETs
[33]. Also graphene complementary digital inverters with stable and separated
output logic levels have been fabricated [39] but they exhibited very small values
of the voltage gain. For this reason this thesis is on the fabrication of graphene
logic gates which can be used in realistic high-frequency digital circuit due to the
high mobility of graphene.

This chapter illustrates all the steps and the outstanding performances of
graphene transistors that effectively allows the fabrication of real digital elec-
tronics with graphene, starting from graphene voltage amplifiers to graphene

ring oscillators.

46
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2.2 Graphene amplifiers

In order to realize real digital circuits using graphene, graphene voltage amplifiers
with a sufficiently high value of voltage gain A, must be fabricated first. A, > 1
is very difficult to obtain in GFETs because this two dimensional material is
limited by the absence of the band-gap which prevents the depletion of charge
carriers. This is responsible for the limited control of the gate voltage over the
drain current which reduces the transconductance g,, of the GFETs compared to
conventional FETs. Moreover the absence of the depletion leads to a weak drain
current saturation in graphene devices that increases the value of the output
conductance g; and consequently reduces the voltage gain. Signal amplification
is important in electronic circuits since the amplitude of analogue or digital signals
must be sufficiently large to drive a load, to overcome the noise or to have well

separated logic levels in digital circuits [3].

2.2.1 Complementary inverters

Voltage amplifiers can be realized as integrated complementary inverters which
are also the main building block of the silicon CMOS digital electronics. A CMOS
inverter performs the basic NOT function in digital electronics. An inverter is
fabricated by using two MOSFETs of opposite type, as can be seen in figure
2.2.1a, that share the same gate to which the input voltage V;y is applied. The
output voltage Vopyr is taken at the common drain electrode of the FETs. In
this way only one of the two transistors is conductive when there is a stable high
or low voltage at the input [18|. Apart from the voltage gain, other important
parameters are: the speed, the supply voltage, the power dissipation, the linearity,
the noise and also the maximum voltage swing of the device. CMOS digital
circuits usually have large voltage swing and dissipate power only when the input
signal is switched. The performances of the inverters are also influenced by the
input and output impedances since they determine how the circuit interacts with
the previous or following stage.

The complementary operation can be understood simply considering the rela-
tion between the input signal V;y and the gate-source voltages of the MOSFETs
[18]. Looking at figure 2.2.1a the bias voltages of the transistors can be expressed

as

Vasn = Vin (2.2.1)
Vsap = Vbop — Vin

where the input voltage assumes values in the range from 0 to Vpp and Vpp
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Figure 2.2.1: (a) Circuit diagram of a Si CMOS complementary inverter and (b)
the its voltage transfer curve. Taken from reference [18].

is the supply voltage. When the applied input voltage is high V;y = Vpp, the

gate-source voltages of the FETs are equal to

Vasn = Vbbb

(2.2.2)
VSGp =0

resulting in the cut-off of the p-MOSFET while the n-MOSFET is conductive. In
this way the n-type transistor provides the current path to the ground resulting
in
Vour = Vor =0 (2.2.3)
where Vo, is the output low voltage and is the smallest value that the output
signal can assume. If a low voltage is applied to the input V ;5 = 0, it ends up
with
Vasn =0
Vsap = Vb
and this time the p-MOSFET is conductive while the n-MOSFET is switched-off.

Now there is a conductive path to the power supply which results in

(2.2.4)

VOUT = VOH = VDD (225)

where Vo is the output high voltage and is the largest value of the output signal.
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To each of the two cases logic levels can be associated as

Vour =0 — Boolean 0 (2.2.6)
V =Vpp — Boolean 1

in a positive logic convention. From this, as illustrated in figure 2.2.1b, it can
be seen that the inverter exhibits a full-rail output voltage swing (i.e., equal to
the entire supply voltage range) which helps to clearly distinguish between logic
0 and logic 1.

Figure 2.2.1b shows the transfer curve of a typical complementary inverter
where it is possible to see the inversion operation since at low values of the input
voltage the output voltage assumes high values and vice-versa. The steepness of
the transition gives an indication regarding the value of the voltage gain of the

amplifier since it can be expressed as

dVour
Av = )
dVin

(2.2.7)

i.e., the higher the slope the higher the gain and also the larger the range of input
voltages which can be interpreted as logic levels 1 and 0. From the transfer curve
other several critical voltages can be extracted: the input voltages V;y and Vi
and the inverter threshold voltage Vr;. The input high voltageV;y is the smallest
value that the input signal can assume in order to interpret the output of the
inverter as a logic level 1. Instead the input low voltage Vi is the highest value
of Vin that corresponds to the logic level 0. Both V5 and V;p can be defined as
points in which the slope of the transfer curve is equal to -1. Vp; is the inverter
threshold voltage which is located at the midpoint between the two Boolean levels.
This is also an input voltage at the highest gain point which is located where the
intersection of transfer curve and the unity gain line Voyr = Vin.

Another important characteristic of this type of device is the switching time.
This feature is particularly relevant in CMOS digital circuits since it represents
the time that the output signal needs to stabilize after the change of the in-
put voltage. The switching time is influenced by the capacitor of the output
node Copr that needs to be charged and discharged during switching. Copr
is due to all the internal contributions of the FETs and the external load. The
switching time is relevant for an inverter since is the limiting factor in terms of

high-frequency operation of CMOS digital circuits.
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Figure 2.2.2: (a) Circuit diagram of a graphene inverter, (b) resistance curves as

a function of the input voltage. The range of the complementary operation is
shaded in yellow [39].

2.2.2 Graphene low-frequency voltage amplifier

Complementary integrated graphene digital inverters have been fabricated for the
first time in 2009 [39] using two GFETs of opposite type on the same graphene
flake. In contrast to silicon, graphene has an ambipolar conduction and therefore
only for certain values of the input voltage the complementary operation can
be achieved. As fabricated both the GFETs show the same behavior in terms
of the position of the Dirac points and in this way it is impossible to have two
channels with carriers of the opposite type. For that reason an electrical annealing
was performed in order to change the position of the charge neutrality point
of the FET R, of the inverter in figure 2.2.2a. This process removes ambient
contamination due to the Joule heating of the chosen channel and shifts the
Dirac point to lower values of V;y compared to the other transistor as it can
be seen in figure 2.2.2b. The complementary operation is obtained using input
voltages in between the two Dirac points (yellow area in figure 2.2.2b) where an
n-channel (R,) and a p-channel (R,) are formed at the same time. However, The
electrical annealing process is quite detrimental for the devices and the yield of
working transistor after this process is quite low.

Differently to Si CMOS in which there is no static power dissipation, the

graphene inverter is always conductive due to the absence of the band-gap. As a
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consequence the output stage dissipates power which can be expressed as

Vo

= m (2.2.8)
where R, and R, are the resistances of the two GFETs. One way to reduce
the static power dissipation could be achieved by increasing the resistance of the
GFETs but this would also affect the transient response time leading to slower
devices compered to the standard Si CMOS technology. In case of graphene in-
verters there is a trade-off between the static power dissipation and the maximum
speed that the device can reach.

Until 2011 all analog graphene circuits were not capable of amplifying small
alternating current (AC) voltage signals since these devices were exhibiting low
voltage gain mainly due to the fact that back-gated transistors (made with a
thick layer of 300 nm of SiOs) were used. This limits the extent of modulation of
the carriers and reduces the transconductance g,,. Low g,, suppresses the signal
amplification which limits the use of graphene not only in analogue electronics,
but also in digital electronics, because this prevents the coupling between digital
logic gates due to a mismatch of the output and input voltage swing. For that
reason graphene voltage amplifiers should be fabricated using top-gated structures
that use thin high-k gate insulators since A, o €,,/t,., where ¢,, and t,, are the
dielectric constant and the thickness of the oxide respectively.

It has been shown that it is possible to obtain a very thin layer of aluminum
oxide simply by evaporating an aluminum layer directly on graphene [20]. As
the device is exposed to the air the aluminum oxidizes and form a very thin
(~ 4 nm) layer of oxide at the interface with graphene, as shown in figure 2.2.3
[24]. The aluminum oxide has also the advantage to lower the gate voltages
of the transistors with respect to those used in standard back-gated graphene
devices. This is due to an enhancement of the coupling capability with respect
to the conventional 300 nm SiO, back-gate due to a thinner layer of oxide and a
larger relative permittivity. This A1O, /Al gate stack was used to fabricate digital
graphene logic gates that were exhibiting an over-unity voltage gain but only at
cryogenic temperatures [20].

Another way to increase the voltage gain is to improve the current modulation
of graphene devices by to fabricating graphene nanoribbons (GNRs) in which

quantum confinement opens a band-gap. In this way the current ON/OFF ratio
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Figure 2.2.3: Cross-sectional TEM image of the AlO, /Al gate stack. Taken from
reference [24].

is increased and since g, can be expressed as

dlp _ Ipon —Iporr Ipon

Im (2.2.9)

Vas  Vason —Vesorr  Vason — Vasorr

this should enlarge the value of the transconductance. However this advantage is
significantly reduced by the fact that in the state-of-the-art GNRs the ON current
is strongly attenuated by carrier scattering on disordered ribbon edges.
Over-unity voltage gain equal to 4.5 dB was achieved at room temperature
but only using a complex six-finger-gate FET configuration [14|. However such
a value of A, is not large enough for realistic applications of graphene amplifiers
since voltage gain larger than 10 dB is needed. Without this graphene circuits
should always rely on Si MOSFETs for the signal amplification and therefore a
hybrid technology would be needed, which leads to increased production costs.
In order to realize graphene voltage amplifiers exhibiting over-unity voltage
gain, AlO,/Al gate stack was used in graphene inverters fabricated on single
graphene flakes [13|. Graphene flakes were exfoliated from a highly ordered py-
rolytic graphite with the standard scotch-tape method and deposited on SiO,/Si
substrates. Exfoliated monolayers were used due to their high crystallographic
quality in order to estimate the upper performance limits of graphene amplifiers.
All the electrodes of the devices were patterned by electron beam lithography
(EBL) followed by the deposition of the contacts in an electron beam evapora-
tor. In the first step, 100 nm of Al were evaporated directly on graphene for

the realization of the common gate. As the devices are exposed to the air a
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Figure 2.2.4: A scanning electron microscope image of the graphene amplifier
[13].

very thin layer of AlO, naturally forms at the interface between graphene and
Al. Typical dimension of the graphene channels were length L = 1 ym and width
W =3 um. In the second step source and drain contacts, made of 5 nm of Ti
and 35 nm of Au, were patterned. These contacts were overlapped with the gate
electrode as it can be seen in figure 2.2.4. The aim of the overlap was to fab-
ricate a graphene channel that is fully covered by a gate as in conventional Si
MOSFETs. This increases g, and therefore A, because the access resistances
(ungated parts of the channel) are eliminated. The AlO, layer forms all around
the Al gate electrode and this prevents short circuits with the source and drain
contacts. Moreover the complete coverage of the channel with the gate electrode
helps to dissipate the heat more efficiently allowing to reach higher drain currents
Ip and so larger voltage gains A,. The absence of ungated parts also stabilizes
the electrical properties of the devices during the operation since it reduces the
influence of atmospheric contaminants at high currents. Moreover the graphene
channel is partially screened by the gates from water charge traps present on the
substrate which suppress the hysteresis.

It was found that it was extremely important to fabricate the gate first in
order to have reasonably large yield of working devices. In fact if source and drain
electrodes are realized before gates the yield of working devices was extremely
low (~ 5%). This could be due to the large thermal expansion coefficient of Al
one of the largest among metals, and is three times larger than that of Ti.

Figure 2.2.5a shows the circuit diagram of the fabricated graphene amplifiers
where Z = 1 MQ||13 pF is the input impedance of the oscilloscope that was used
to measure the input and output signals. 50 € is output resistance of the input
source meter and Ry, is used to simulate the input resistance of the next stage. The
Dirac point shift that allows to obtain the complementary operation is different
from the one previously explained. As fabricated both FETs (F1 and F2) in the

inverter have the same charge neutrality point, as it can be seen in figure 2.2.5b.
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Figure 2.2.5: (a) Circuit diagram a the graphene voltage amplifier, (b) Dirac
points shift for complementary operation [13].

In order to shift the Dirac points it is enough to apply a supply voltage Vpp > 0.
This increases the potential of the channel F2 with respect to the potential of the
channel F1 and shifts the Dirac point of F2 to higher input voltages with respect
to F'1 as is evident in figure 2.2.5b. In particular the complementary operation is
obtained when the input voltage V' ;y assumes values approximately between -0.4
V and -0.1 V. The fabricated complementary inverter is considered to be fully
integrated since both transistors are made on the same graphene flake. It has to
be underlined that the load resistance R; and the output resistance of the input
voltage source are not necessary for the signal amplification.

The transfer curve, the output voltage Voyr as a function of the input voltage
Vin, and the corresponding voltage gain of graphene amplifier are shown in figure
2.2.6, for a supply voltage Vpp = 1.5 V and the load resistance R;, — oc.
The blue curve represents the static (DC) transfer curve and the Q point is the
point at which the amplifier has the highest voltage gain, which in this case is
‘Av|

Vourg = 0.71 V and differently from conventional complementary inverters it

mae = 2.1 In particular, the Q point is placed at Viyg = —0.22 V and
is not located where the input and output signals are equal. The low-frequency
voltage gain in figure 2.2.6 is simply obtained as a derivative of the transfer curve,
equation (2.2.7), and the Q point is placed exactly were the slope of the transfer
has a maximum. The red curve is the dynamic (AC) transfer curve obtained
by applying an input voltage v;y = Viy + Vipsin(2w ft), where V,;y = —0.22 V
and V;, = 0.35 V at a frequency f = 1 kHz. The small hysteresis that can be
observed is not due to hysteric behavior of the graphene transistors, since the
channel is fully covered, but due to parasitic reactive components present in the

circuit. When the graphene amplifier is biased at the operating point Q and a
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Figure 2.2.6: DC (blue) and AC (red) transfer curves of the amplifier together
with the low-frequency voltage gain at room temperature [13].

small AC signal is super-imposed to the input signal Vi ¢ the amplitude of the
output AC signal is amplified by the factor |A4,], . .

In order to improve the low-frequency voltage gain it is necessary to derive
its expression in order to find which parameters affect its value. Considering the
circuit of the fabricated graphene amplifier and assuming that both the GFETs
have approximately the same characteristics i.e., ¢;u1 = gmo = gm and rg; = rgo =

rq, the voltage gain A, can be expressed as

.
A, = =2g.(5 || Ro). (2:2.10)

A, reaches maximum value for R; — oo when
Av = —dmTd- (2211)

Now it is necessary to find expressions for g,, and 74 in function of the parameters
of the DC circuit. To do this a simple model in which the GFETs are treated
as voltage-controlled resistors will be used. With this consideration the drain

current [p is equal to

w Eou
Ip = f(ao th | Vas = Vo [)Vps (2212)
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Figure 2.2.7: (a) Current-voltage characteristics of one of the FETs of the com-
plementary inverter, (b) maximum value of the voltage gain of the graphene
amplifier in function of the supply voltage V pp at room temperature. Taken
from reference [13].

where o is the conductance of graphene at the Dirac point, ¢,, and t,, are the
dielectric constant and the thickness of the oxide respectively, u is the mobility
of the carriers in graphene and V; is the Dirac voltage. Knowing this g,, and rq4

can be expressed as
(9ID Eox W

= =2 Vra— 2.2.13
g aVGS toxlu s L ( )
1 8[,3 Eox w
S = — (Ve — Vir))— 2.2.14
9d v Vs (o0 + twll( as — Vr)) 7 ( )

and consequently the low-frequency voltage gain is

_ Vbs
VGS - VE) + O-Otox/(golu) '

A, (2.2.15)

The maximum value of the voltage gain is obtained when the amplifier is

biased at the operating point Q at which

Y
Vps ~ —LL (2.2.16)
VGS B ‘/b ~ V02;V01 _ A‘guv 2.
that gives
Vbbb
n _ . 2.2.17

It has to be underlined that AV;y depends on the value of V pp and that there
is a proportionality between the maximum voltage gain and Vpp. From equa-

tion (2.2.17) it can be observed that in order to increase the voltage gain high-k
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Figure 2.2.8: Amplification of the AC component of the input voltage at a fre-
quency of 10 kHz at room temperature [13].

thin gate insulator should be used, as explained before, and high supply volt-
ages should be applied to the complementary inverter. This has been experi-
mentally demonstrated with the graphene amplifier as it can be seen in figure
2.2.7b. Increasing the value of Vpp it is possible to increase linearly the max-
=37 or 11.4 dB at Vpp = 2.5 V.

At this supply voltage it was possible to obtain a value of the transconductance

imum voltage gain which reaches |A,| .
gm/W =~ 0.5 mS/pum that combined with a relatively large value of the output
resistance W = 10.5 kQ2 - um (even without saturation of the drain current)
allows voltage gains above 10 dB at room temperature.

Figure 2.2.8 shows the AC components of the input and output signals of the
voltage amplifier measured at Vpp = 2.5 V, frequency f = 10 kHz and R; — o0.
In this particular case the maximum voltage gain equal to 3.7 was reached with
the DC component of the input signal V;y = 0.15 V. The amplitude of the
oscillations of the output signal was larger than 60 mV. With such a supply
voltage a maximum drain current density Ip/W = 0.26 mA/um was reached at
the Q point which is five times smaller than the breakdown current density of
exfoliated graphene |23]. In theory it would be possible to increase Vpp without
destroying the graphene channels but this was not attempted for other reasons.
In fact with Vpp applied to F2, the potential that drops across the gate oxide is
equal to Vpp — Vin. For supply voltages larger than 2.5 V the potential across
the oxide is higher than 2.35 V which is close to the breakdown voltage of the
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Figure 2.2.9: (a) Voltage gain of the complementary amplifier measured in dy-
namic mode at f = 1 kHz for different values of the load resistance, (b) frequency
response of the magnitude of the voltage gain of the graphene amplifier and the
phase shift between input and output signals [13].

gate insulator. The measured leakage current of all fabricated devices did not
influence the performances of the inverters since I < 1 nA.

The output resistance of the graphene complementary amplifier 74 || 740 =
rq/2 ~ 1.8 kQ should be able to preserve the high gain when the output of the
inverter is loaded with a resistance larger than 18 k). The attenuation of the
signal caused by the voltage drop across the output resistance of the amplifier is
present at all finite input resistances of the next amplifying stage. However, as
long as Ry, > r4/2 the attenuation is negligible. This is demonstrated in figure
2.2.9a which shows A, of the graphene voltage amplifier for three different finite
values of Ry.

Figure 2.2.9b shows the frequency response and the phase shift of one of the
fabricated amplifiers for frequencies below 5 MHz. As it can be seen the maximum
voltage gain of 11.4 dB is preserved up to f = 20 kHz and it decreases by 3 dB
at f_s3yp = 70 kHz which defines the bandwidth of the amplifier. For large values
of the frequency the magnitude of the gain is reduced by 18 dB/dec, which is
very close to the 20 dB/dec that indicates the presence of a dominant pole at
f_34p. The fabricated inverter has an unity-gain frequency f; = 360 kHz at
which it can be used as a buffer stage, while for higher frequencies the signal is
attenuated. The phase shift also confirms that the device is able to perform the
inversion of the signal at low frequencies while at higher frequencies the shift is
reduced to 90°. The plots in figure 2.2.9b indicate the presence of a dominant
pole at f 34 = 70 kHz. This pole does not originate from the amplifier but
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from the parasitic capacitances of the cables used to connect the device to the
measurement equipment. A total conductor-to-ground capacitance C, ~ 0.5 nF
was found which gives a pole frequency f, ~ 100 kHz that almost coincides with
the measured cut-off frequency.

It was also found that almost all realized devices exhibited over-unity voltage
gain, but only a smaller number, typically 20%, exhibited high voltage gain. For
high gain it is important to have two identical GFETs in an inverter with symmet-
ric transfer curves Ip vs Vg even at large supply voltages Vpp. In comparison
silicon amplifiers exhibit higher values of voltage gain, typically larger than 20
dB. The demonstrated technology is not scalable since it is based on graphene
flakes obtained by mechanical exfoliation and it suffers from large static power
dissipation due to the impossibility to turn-off the graphene transistors. However
these results reported the highest voltage gain obtained at room temperature for
any kind of graphene amplifiers realized until that time. The obtained results are
important since they pave the way for the use of GFETs as the main building

blocks of analogue electronics.

2.2.3 Graphene audio voltage amplifiers

A possible application of graphene voltage amplifiers could be amplification of
audio signals since the fabricated devices are capable of high signal amplification
at room temperature in the audio frequency range (< 20 kHz). In the audio
applications it is also necessary that amplifiers work in a linear mode without
introducing any noticeable harmonic distortions.

Conventional audio amplifiers are made in two stages. The first stage, that is
called preamplifier, has the purpose to amplify the input signal and has the same
functionality as previously discussed graphene voltage amplifiers. The second
stage is a power amplifier which exhibits a unity voltage gain and is used to
match the signal amplified by the previous stage to a low impedance load such as a
loudspeaker. Audio voltage amplifiers have to provide a high fidelity reproduction
and for this reason they should have a very low noise figure. Graphene is a perfect
candidate for that type of applications since it exhibits very low 1/f noise which
is the main noise component that affects the audio frequency range. Moreover
audio voltage amplifiers realized with graphene should also benefit from its high
mechanical and chemical stability and its high thermal conductivity [2].

Figure 2.2.10 shows the power spectrum of the output signal of the graphene
voltage amplifier at frequencies below 20 kHz and biased at Vpp = 1.5 V and

R; — oo, when a sinusoidal signal at a frequency fy = 1 kHz with an amplitude
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Figure 2.2.10: Power spectrum and the total harmonic distortion (insert) of the
output signal [13].

Vin = 18 mV is applied at the input. The non linearity of the complementary
amplifier results in the generation of higher order harmonics at frequencies f =
nfo where 2 < n < 20. For the fabricated device the second harmonic is 42 dB
below the first one and as the main contributions to the harmonic distortion are
due to the second and third harmonics. The total harmonic distortion (THD) is
a measure of the non linearity of the voltage amplifiers and is calculated as the
square root of the total output power of all the higher order harmonics divided
by the power of the first harmonic [13]. The insert of figure 2.2.10 shows the
THD as a function of the amplitude of the sinusoidal input signal. In the case
shown in the main panel (V;, = 18 mV) THD = 0.999%, which demonstrates
the high fidelity of the reproduction of the amplifier since the signal is considered
audible for THD less than 3%. As the amplitude of the input sinusoidal signal
is increased, the total harmonic distortion also increases due to increased device
non linearity. THD = 17.5% is reached at the amplitude V;, = 160 mV when for
the output signal reaches the minimum and maximum of the transfer curve where
the gain drops to zero. In conclusion the fabricated graphene voltage amplifier
could be used for high fidelity signal amplification in audio applications since the

total harmonic distortion is smaller than 1% at low input signal amplitudes.
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Figure 2.2.11: Transfer curves of conventional silicon CMOS with gate length of
45 nm and of the fabricated graphene voltage amplifier.

2.2.4 Digital logic gate

Successful fabrication of graphene voltage amplifiers exhibiting over-unity the
voltage gain opens a possibility to realize digital logic gates that are the main
building blocks of digital electronics. The complementary inverter could be used
as a digital logic gate simply applying the square-wave signal at the input. How-
ever the fabrication of a graphene amplifier represents only the first step in the
realization of realistic graphene digital circuits. High-gain in logic gates operating
at room temperature has not been demonstrated so far. High values of the voltage
gain in digital applications are required in order to distinguish between the two
logic levels and to match the input and output signals. Without the matching it
is not possible to cascade digital logic gates and realize realistic graphene digital
circuits.

Figure 2.2.11 shows a comparison between the transfer curves of a graphene
inverter and a conventional silicon CMOS with a gate length of 45 nm at the same
supply voltage Vpp = 1.5 V. Si inverters have a voltage gain which is almost 3

times larger with respect to that of graphene inverters but the gate length is 3
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Figure 2.2.12: Digital waveforms of the input and output signals measured on
the fabricated graphene voltage amplifier.

pm in the latter compared to 45 nm in the former. What is more evident is
the difference of the output voltage swings between the two devices. In the case
of silicon inverter the voltage swing reaches almost 100% of the supply voltage
Vpp compared to ~ 20% of the graphene inverter in which the GFETs cannot be
turned-off in both logic states. This could affect the ability to distinguish between
the two logic levels. As it can be seen in figure 2.2.11 the graphene device suffers
from large static power dissipation represented by the yellow areas. Those are
mainly due to the fact that in the two logic states both GFETs are in the ON
state (in contrast to silicon inverter in which one FET is always switched-off).
Therefore graphene logic gates cannot compete with conventional semiconductors
in terms of power consumption.

A square-wave signal at f = 5 kHz with an offset equal to Vg, (which is
the threshold voltage of the inverter) was applied to the fabricated graphene
complementary inverter was biased at Vpp = 1.5 V. As it can be seen in figure
2.2.12 it was not possible to obtain the matching between the input and output
signals even though it was possible to distinguish the two logic levels. It was found
that the mismatch between the signals is equal to the voltage at the Dirac point
of the unbiased GFETs. All GFETs were realized with mechanically exfoliated
graphene having charge neutrality points far away from zero due to the absorption
of ambient impurities on the flake prior to the fabrication. In order to match the

signals it is necessary to fabricate GFETs with Dirac points close to zero.
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2.3 Cascading wafer-scale graphene inverters

As it was shown in the previous section there are same issues that has to be
addressed in order to improve graphene logic gates. It should be noted that
all previously demonstrated devices were realized using mechanically exfoliated
graphene which is not a scalable technology since typical lateral dimensions of
this material are ~ 10 yum. In order to solve the problem of the scalability
of complementary graphene inverters it would be necessary to use large-scale
graphene films grown by chemical vapor deposition (CVD). This material was
provided by the group of Prof. Eric Pop from the Stanford University (previously
at the University of Illinois at Urbana-Champaign). Graphene monolayers where
grown by CVD on Cu foils with a CH, precursor at 1000 °C [43]. After growth
Raman spectra were acquired to confirm the absence of the D peak which indicates
the presence of defects in the graphene film. Subsequently graphene was removed
from the Cu foil and transferred to conventional Si substrates with 300 nm of

SiO5 on top in order to realize graphene logic gates.

2.3.1 Input and output matching

GFETs which were fabricated on large-scale graphene films and integrated into
digital complementary inverters are shown in figure 2.3.1. Several graphene
stripes with a width W = 20 ym and a length Ly, = 100 ym were patterned
using EBL and then etched using the reactive ion etcher with an oxygen plasma.
After etching, AlO, /Al gate stacks were fabricated by direct evaporation of Al on
graphene stripes followed by the fabrication of source and drain contacts, made
of Ti/Au (5/35 nm or 2/35 nm). These contacts partially overlap with the gate
electrodes in order to have a full coverage of the channel. This was obtained by
a self-aligned top-gate fabrication process that does not leave ungated parts. A
thinner adhesion layer of Ti helps to reduce the contact resistance of the FETs
and increases the voltage gain. From the optical image of the fabricated struc-
ture in figure 2.3.1 it is possible to distinguish six gate electrodes coming from the
right that corresponds to three different complementary inverters. The orange
electrodes are the source and drain contacts. In order to compact the structure
and therefore minimize the inhomogeneity between the GFETs the source con-
tacts are shared between two neighboring inverters (the third electrode from the
bottom and the top) [30].

GFETs were realized with channel length L = 2 ym and exhibited the same

characteristics as fabricated. In order to obtain the complementary operation the
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Figure 2.3.1: Optical microscope image of a series of graphene integrated com-
plementary inverters [30].

input voltage V;ny must lie between the Dirac points of the two transistors of the
inverter. This was achieved by applying a supply voltage Vpp > 0. It has been
found that the highest gain point Q lies halfway between the Dirac points of the
FETs. For that reason when negligible values of the supply voltage are applied
to the amplifier the two Dirac points are not shifted and the input and output

voltages at the highest gain point are

Vin =W

(2.3.1)
Vour =0

where V; is the Dirac voltage of the unbiased transistor. As Vpp is increased the

corresponding voltages are

Vin = Vo + Y2
VYT T (2.3.2)

v
Vour = 772

where « is the ratio of the resistances of the two FETs at V;y = 0. In this way
Vin — Vour =Wy (2.3.3)

represents the mismatch between the input and output voltages at the highest
gain operating point Q. For that reason, in order to be able to match the input
and output signals in air, inverters with GFETs that exhibit Dirac points close
to zero (typically Vj < 0.2 V) were used in measurements.

Figure 2.3.2 shows the DC characteristics of the graphene inverter under am-
bient conditions for different values of the supply voltage. As it can be seen,
it was possible to reach voltage gain of |A4,]|,,,, =~ 5 at Vpp = 2.5 V , which is
higher than the results obtained with graphene devices fabricated in section 2.2.2.

Amplifiers with GFETs with smaller gate length, 1 um and 500 nm, were also
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Figure 2.3.2: DC characteristics of large-area graphene inverters under ambient
conditions at different supply voltages [30]. (a) transfer curves, (b) voltage gain
and (c) power dissipation.

fabricated but the voltage gain was found to be independent from L as expected.
With such a large-area graphene it was possible to obtain current ON/OFF ra-
tios of up to to 3.4 (in the previously investigated amplifiers fabricated from
mechanically exfoliated graphene ON/OFF < 2). Such large ON/OFF ratios
and symmetry of the fabricated graphene transistors resulted in obtained high
values of the voltage gain. It can be observed in figure 2.3.2 that at the highest
gain point Q V;y = Vour, which is a requirement for signal matching.

The voltage gain should be larger than one in the vicinity of the Q point
in order to have the same voltage swing at the input and output. This can be
understood from figure 2.3.2 where V, ,_,, represents the voltage swing at which
Vinp—p = Voutp—p and is given by the intersection of the transfer curve with the
unity-gain line passing through the Q point. The higher the supply voltage, the
higher the voltage gain and larger the voltage swing.

Figure 2.3.2(c) shows the power dissipation of the graphene complementary
inverter, biased at Vpp = 2.5 V, as a function of the input voltage. A local max-

imum is located at the highest gain point Q around which the power dissipation
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Figure 2.3.3: (a) AC signal amplification with voltage gain A, = —5.3 and (b)
digital waveforms at the highest gain point Q, both measured under ambient
conditions [30].

decreases. The power dissipated at the minimum is 98% of the power at the local
maximum. Away of the QQ point the power increases again since for these values
of the Vi the inverter exits the complementary operation between the two Dirac
points. The dissipation could be reduced simply by lowering the supply voltage,
but this will result in a smaller voltage gain and voltage swing. This is different
from the Si inverters in which there is a maximum power that then reduces to
zero on either side of the Q point due to the rail-to-rail operation,which elimi-
nates the static power dissipation. For this reason graphene inverters should be
used in applications not suitable for silicon devices such as transparent circuits
on flexible substrates or, in case of digital applications, ultra-fast logic devices in
which the power dissipation is not an issue.

Figure 2.3.3a shows the AC components of the input and output voltages when
the graphene integrated complementary inverter is used as an analogue amplifier.

It was possible to achieve a maximum voltage gain |A,| = 5.3 at an input

frequency f = 50 kHz and a supply voltage Vpp = 2.5 V. This is the highest
gain reported for large-area monolayer graphene under ambient conditions, i.e.
better than the results obtained with mechanically exfoliated graphene [14, 13].
The two signals shown in figure 2.3.3b are mismatched by V5 = 0.14 V (in all
fabricated devices a positive Dirac voltage was found which stems for p-doping
by ambient impurities).

One of the fabricated graphene inverters was used as a digital logic gate and
figure 2.3.3b shows the measured square-wave signals at an input frequency f = 50
kHz biased with Vpp = 2.5 V (at the highest gain point Q there is a small

mismatch Vy = 0.11 V). To compensate the mismatching is important that logic
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Figure 2.3.4: (a) Comparison between analogue waveforms measured at the high-
est gain point () where there is no matching and digital waveforms at the DC
operating point M where there is matching of input and output signal [30], (b)
transfer curve and voltage gain together with the operating points Q and M.
Everything was measured in air.

gates exhibit high voltage gain. If |A,| is large enough it is sufficient to

operate inverters close to the highest gain point Q in the over-unity gain part of
the transfer curve in order to have the input and output signals on the same level.
Figure 2.3.4a shows the difference, on the same device at the same supply voltage
Vpp = 2.5V, between the operating points Q and M illustrated in figure 2.3.4b.
The AC components, at a frequency f = 50 kHz, are biased at the ) point in
which A, = —|A,|

biased at the operating point M in which the voltage gain is smaller A, ~ —3.5

mae = —4.7 and there is no matching. The square-waves are
but there is the digital signal matching. This was the first demonstration of
the matching between the input and output signals for a graphene digital logic
gate under ambient conditions. The fact that the output and input signals take
the same logic levels is important since this can allow the cascading of different
inverters which is a prerequisite for the realization of realistic digital circuits.
At the matching point M the voltage gain is slightly smaller and therefore
it did not affect very much the voltage swing of the input and output signals.
The voltage swing at this point is Vi, p—p = Vourp—p = 0.56 V while V4, ,—, =
Voutp—p = 0.6 V at the highest gain point Q, as illustrated in figure 2.3.3b.
The voltage swing at the M point is 22 times larger than the thermal voltage
Vi = kgT /e allowing unambiguously detection of the Boolean levels by the next
logic gate. However graphene cannot compete directly with conventional silicon

CMOS logic inverters which are capable of reaching a voltage swing of ~ 100% of
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the supply voltage (compared to 22.4% for the fabricated graphene device which
cannot be turned off in both logic states). Instead graphene logic gates could
compete with emitter coupled logic (ECL) gates in which the voltage swing is
only 15% of the supply voltage. The ECL is the fastest logic family and is made
of over-driven transistors to reach ultra-fast operation at the expense of the static
power dissipation which is similar to that of the graphene inverters. ECL gates
are comprised of SiGe bipolar CMOS (BiCMOS) or InP heterojunction bipolar
transistors (HBT). They are used for signal processing at frequencies above 100
GHz which cannot be reached by the standard CMOS technology. Replacing
the typical materials that are used in the state of the art of ECL with graphene
which has a higher mobility it would be possible to reach even higher frequencies.
Moreover graphene logic gates are simpler to fabricate than ECL gates and are
not limited by the trade-off between high speed and breakdown voltage which is
a serious problem of HBT. However there are several problems that has to be
resolved before graphene transistors could be used instead of HBTs in ECL logic
gates [30]. First, the contact resistance in graphene transistors should be reduced
below 10 2 - um to exploit the high intrinsic mobility of this material. Second
over-unity voltage gain must be demonstrated at extremely high frequencies (the
highest reported bandwidth for graphene amplifiers is 6 GHz [14]).

The matching of the input and output signals at room temperature was
achieved due to the high values of the voltage gain stemming from several char-
acteristics of the fabricated GFETs such as full-channel gating, good modulation
of the carriers inside the channel, good mobility, low output conductance and
manageable contact resistance typically 9 k(2 - ym.

The extrinsic carrier mobility was found from the transfer curves (the source-

drain current vs. the gate voltage) of GFETs through transconductance g, as

. Ltoa: 9m
H= €0x€0 VDSW

(2.3.4)

where Vpg is the source-drain voltage applied and the dielectric constant and the
thickness of the oxide are €,, = 5.65 and ¢,, = 5 nm [24]. In the fabricated GFETs
were obtained good values of the transconductance g¢,, ~ 3 mS (150 uS/pm)
resulting in typical device mobility at room temperature p ~ 300 cm?V—1s™1,
from which an intrinsic mobility jiine ~ 1000 cm?V~'s~! was obtained extracting
the contact resistance. This value is similar to the intrinsic mobility of typical
top-gate FETs realized using mechanically exfoliated graphene [21].

The fabricated GFETs were showing a weak saturation behavior, as it can
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Figure 2.3.5: (a) Drain current Ip and (b) leakage current Iog as a function of

gate voltage Vg and source-drain voltage V pg of a typical fabricated GFET
measured in ambient conditions.

be seen in figure 2.3.5a, which allowed to obtain relatively low values of the out-
put conductance g4 ~ 1 mS (50 pS/pm) under ambient conditions. In terms of
transconductance these results are comparable to the results obtained in tran-
sistors fabricated using mechanically exfoliated graphene deposited on exfoliated
h-BN flakes which is not a scalable technology.

Figure 2.3.5b shows the typical leakage current that can be measured in fab-
ricated GFETs. The highest values were obtained at the largest DC biasing, i.e.,
in the upper-left and bottom-right corners of figure 2.3.5b. However the GFETs
in inverters were operated in the upper-right corner of the plot where there is
no leakage through the gate oxide. This confirms that the obtained results were
not influenced by the gate current which is 6 orders of magnitudes smaller than
the drain current. Graphene devices were sensitive to variability induced by the
fabrication but it was demonstrated that this does not influence logic operation
as long as high values of voltage gain are preserved. Higher gains in analogue and
digital applications can be achieved in the future increasing the transconductance

Jm, reducing the output conductance g4 and lowering the contact resistances.

2.3.2 Cascading of graphene logic gates

The fact that it was possible to demonstrate the matching between the logic levels
of the input and output signals at room temperature does not imply that it is
also possible to cascade graphene logic gates in realistic applications. In fact,
due to fabrication issues, it is not possible to realize graphene inverters with the

same transfer characteristics and this has an effect on the highest gain operating
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Figure 2.3.6: Square-wave signals of two large-area graphene inverters in cascade

connection measured under ambient conditions at frequencies (a) f = 50 kHz and
(b) f =200 kHz [30].

points (01 and ()5 of the two inverters which will not be the same. Due to this it
is not possible to bias two inverters such that both operate at the same time at
their highest gain points. It was found that mismatch between the Q points can
be compensated if both inverters exhibit |A,| > 3.

Figure 2.3.6a demonstrates the successful cascading of two inverters under
ambient conditions at a supply voltage Vpp = 2.5 V and frequency f = 50 kHz.
This was obtained at the DC operating point that lies in between the highest
gain points of the two inverters because both inverters exhibit, |A,| > 4 at their
Q points. This allows to maintain the over-unity voltage gain in between the
two Q points and as a consequence to realize the cascade connection, with all

logic states at the correct levels. The final logic states 0 and 1 at the output of
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Figure 2.3.7: Frequency response of the magnitude of the voltage gain and phase
shift between input and output signals of a typical fabricated graphene inverter
measured in air [30].

the second inverter (green plot in figure 2.3.6a) are correctly interpreted because
the corresponding voltage levels span the larger range than at the input. It can
be noticed that it was possible to achieve a perfect matching at the first stage
while there is a larger voltage swing at the second stage. This is due to the fact
that, in graphene inverters the saturation voltage levels are not well defined as in
conventional CMOS inverters. However, this does not influence the operation of
the cascaded graphene logic gates since the high voltage gain does not allow the
creation of intermediate levels during the signal propagation.

Using the same supply voltage but increasing the frequency of the square-
wave signal to 200 kHz it can be seen in figure 2.3.6b that the digital signals
start to deteriorate. For this reason the frequency response of one of the fabri-
cated wafer-scale graphene inverters at Vpp = 2.5 V was studied (figure 2.3.7).
The unity-gain frequency is f; = 1 MHz and the bandwidth of the device is
mainly limited by the output resistance ry ~ 1 k{2 and parasitic capacitance of
the cable C. =~ 0.6 nF to f 345 = 1/(27ry3C..) =~ 270 kHz. The same parameters
also influenced the bandwidth of the graphene voltage amplifiers realized with
mechanically exfoliated graphene (section 2.2.2). With wafer-scale graphene in-
verters it was possible to achieve a larger value of f_ 345 due to the lower output
resistance (because of the smaller L/W ratio) since the parasitic capacitances of
the cable were almost the same.

Cascading of graphene logic gates has never been demonstrated so far at any

temperature. Here it was demonstrated that such operation is possible, i.e., that
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Figure 2.3.8: (a) Square-wave signals in devices with large Dirac voltages mea-
sured under ambient conditions (a) at the point Q and (b) at the matching
operating point. The sine-wave signals at the the point Q are also shown [30].

it was possible with one stage to trigger the next stage under ambient conditions.
This result paves the way for the realization of realistic graphene digital circuits

in which static power dissipation is not an issue.

2.3.3 Large Dirac voltages

As it was said before the matching of the input and output signals of the fabricated
graphene inverters depends not only on the voltage gain but also on the position
of the Dirac points of the GFETs. In the previous section it was demonstrated
that it was possible to match the digital signals and to cascade two inverters
comprised of GFETs with charge neutrality points close to zero, i.e., Vj < 0.2 V.
In this section inverters with large Dirac voltages (Vo > 0.2 V) are investigated.

Figure 2.3.8a shows digital waveforms in a graphene inverter biased at Vpp =
2.5 V at an input frequency f = 50 kHz, and V; = 0.23 V measured at the
highest gain point Q) in air. At this operating point the voltage swing is V;;, ,—, =
Voutp—p = 0.5 V but there is no signal matching since the Dirac voltage is too
large. As it was illustrated in figure 2.3.4b at the point M in order match the
signals. Since the point M is not very close to point ) the signal matching can
be realized only at the expense of the loss of the voltage gain, as shown in figure
2.3.8b. At the point Q A, = —3.5 which can be calculated from the sine-wave
the input and output signals shown in figure 2.3.8b. Comparing the square-wave
signals of the inverter operating at the points () and M a reduction in the voltage
swing can be noticed, Viy, ,—p = Vourp—p = 0.12 V. In such a condition it is possible

to have the signal matching in air but the voltage swing is suppressed.
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Figure 2.3.9: Vacuum transfer curves and voltage gain of the inverter with GFETs
exhibiting large Dirac voltages in air [30].

With such samples it is necessary to shift the Dirac point to zero to remove
the signal mismatch at the highest gain point and obtain sufficiently large voltage
swing. It was find out that this can be done by keeping the devices in vacuum at a
pressure of 107° mbar for approximately 1 day before starting the measurements.
Even though the graphene channel is fully covered, desorption of impurities in
vacuum takes place due to the diffusion of molecules at the interface between
graphene and aluminum. After 1 day in high vacuum the charge neutrality point
reaches approximately Vi = 0. The Dirac point will stay at zero even if the
pressure is afterward increased to 200 mbar.

Figure 2.3.9 shows the DC transfer curve of the previously investigated device
(Vo = 0.23 V) at different supply voltages but this time at a pressure p = 200
mbar. As it can be seen at the QQ point the input and output signals are equal in
vacuum. However, it was also found that the voltage reduces by 18% in vacuum;
i.e., it reduced from ~ 3.5 to approximately ~ 2.9 at Vpp = 2.5 V. This could be
explained by different shift of the Dirac points of the two GFETSs in the inverter.

The matching between the digital signals at low pressure is illustrated in
figure 2.3.10a where Vpp = 2.5 V and f = 50 kHz. It can also be noticed that
the voltage swing is now large enough to allow to distinguish between the logic
levels (Vinp—p = Voutp—p = 0.5 V) since the voltage gain is only slightly reduced
in vacuum. Moreover the highest gain points of two different inverters are close
enough which allows to cascade them at low pressure, shown in figure 2.3.10b

(Vpp = 2.5 V). This demonstrates that it is possible not only to match and
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Figure 2.3.10: (a) Digital signal matching and (b) cascading of graphene logic
gates performed at low pressure [30].

cascade different graphene inverters with small Dirac voltages but also with large
Dirac voltages. The only difference is that in the first case this was obtained

under ambient conditions while in the second case at reduced pressure.

2.4 Graphene ultra-high speed circuits

All previously fabricated devices pave the way for the realization of realistic
graphene digital circuits. Due to the over-unity voltage gain in graphene in-
verters it was possible to realize graphene digital logic gates capable of matching
the input and output signals which led to cascading of different stages, that is the
main prerequisite for digital electronics. Moreover it has to be underlined that
all these results were obtained under ambient conditions which is important in
realistic scenarios. But as it was described previously graphene digital inverters
cannot compete directly with Si CMOS logic gates due to static power dissipation
issues.

Recently digital systems operating at extremely high frequency (EHF), typi-
cally f > 100 GHz, have become relevant due to the rapid progress of wireless,
fiber optics and space communications which need signal processing at ultra-high
data transfer rates (typically >100 Gbit/s) [12]. A special class of digital circuits
based on ITI-V HBTs has been developed in order to perform data conversion at
the transmitting or receiving side of a serial EHF lines. After data conversion the
signals can be processed at smaller clock rates by a low power conventional silicon
CMOS logic. Graphene could emerge as a contender in EHF electronics due to
its large charge carrier mobility and probably replace InP which currently domi-

nates the high-speed electronics. For instance, the fastest ECL gates have similar
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Figure 2.4.1: (a) Drain current as a function of the top-gate voltage for different

back-gate voltages of a single GFET biased with Vp = 50 mV, (b) the linear shift
of the Dirac voltage Vj as a function of the back-gate voltage.

power dissipation and voltage swing as the fabricated graphene logic gates. How-
ever several improvements have to be made in order to replace InP with graphene

in EHF electronics.

2.4.1 Oxide capacitance

In order to fabricated of high-frequency grahene logic circuits it is necessary to
reduce as much as possible all parasitics components and increase as much as
possible the control of the charge carriers inside the channel of the GFETs. High
of the transconductance should also lead to high voltage gain. With that purpose
I spent three months at the University of Illinois at Urbana-Champaign to study
the oxide capacitance of the thin aluminum oxide layer used in our top-gated
GFETs.

The top-gate oxide capacitance of the AlO, /Al gate stack can be found from
the transfer curves of the GFETs measured at the different values of the back-
gate voltage Vpg, as shown in figure 2.4.1a. It can be seen that the Dirac voltage
shifts to lower values of Vg by increasing Vgg. In particular the Dirac voltage V
exhibits a linear dependence on the back-gate voltage as shown in figure 2.4.1b.
From the slope of the linear plot and the capacitance equation () = CV, the

top-gate capacitance is
AVpa

AVy
which gives Cg/Cpe = 121.2. The fabricated device has a back-gate oxide made

CG = Oox = _CBG

(2.4.1)

of 300 nm of SiO, with a dielectric constant ¢, g;0, = 3.9 which leads to a back-
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gate capacitance per unit area Cpg = €0&r.5i0,/tsi0, = 11.5nF/cm2. The top-gate
capacitance per unit area is then C,, = Cg = 121.2Cp¢ = 1.39 pF /cm?.

The measurements of the capacitance were performed at AC frequencies

1

where [ is the amplitude of the AC current passing through the structure, f
is frequency of the AC signal and V¢ is the magnitude of the measured AC
voltage. In practice the capacitance is obtained from the AC impedance of the
device by applying an AC voltage and measuring the resulting AC current and
voltage at the impedance. Such measurements take into account series or parallel
resistances associated to the capacitance.

Usually the frequency of the AC signal is in the between 10 kHz and 10 MHz
and the DC voltage is used to drive the MOS structure from the accumulation
region to the inversion passing from the depletion region. In case of GFETs the
results of the CV measurements are different since graphene is a semi-metal and
it undergoes an ambipolar transition without the depletion of the carriers.

In order to perform the measurements correctly it is important to calibrate
the CV meter in order to de-embed capacitances of the cables, probes, and chuck
of the probe station. This was done by measuring an open and short circuit.
Then the back of the chip is connected to ground together with the source and
drain contacts and the bias is applied at the gate electrode. In this way, the gate
capacitance of the GFET was obtained, as illustrated in figure 2.4.2, using an AC
signal at a frequency of 200 kHz with an amplitude of 0.1 V in parallel configura-
tion. In fact at this frequency the reactance of the capacitor was relatively large
(>10 kQ) and therefore the parallel resistance becomes more significant than the

series resistance. The gate capacitance is given by

CyCos

= - 2-4-
Cy+ Con (243)

a
and it represents the series of the oxide capacitance C,, of the top-gate and the
quantum capacitance of graphene C, (section 1.3.3). The value of the graphene
quantum capacitance is low and comparable to the capacitance of a thin gate oxide
close to the Dirac point. However, far away from the Dirac point it assumes very
large values. For this reason the quantum capacitance affects the gate capacitance
only in the proximity of the Dirac point, while away from it the gate capacitance
is dominated only by the oxide capacitance C,,. The oxide capacitance shown

in figure 1.3.12 is obtained by dividing the measured gate capacitance Cg by the



CHAPTER 2. GRAPHENE DIGITAL ELECTRONICS 77

1.4 T T T T T T T T

11

-1.0 -0.5 0.0 0.5 1.0 15

Figure 2.4.2: CV measurements performed on a graphene transistors with a very
thin aluminum oxide gate electrode.

product of the channel width W and length L. Its value is accurate only far
away from the Dirac point where the influence of C, is negligible. The oxide
capacitance obtained in this way is approximately 1.4 uF /cm? which is very close
to the value obtained by the Dirac shift voltage method (figure 2.4.1a and 2.4.1b).

The obtained result can be compared to the typical value of the oxide capaci-
tance of the standard 65 nm Si MOSFET in which the capacitance per unit area
is Cpp = 1.77 uF /em? [26]. The very thin aluminum oxide layer allows to reach
the value of the oxide capacitance of the Si technology and exceed the typical
oxide capacitance reported for graphene transistors [26]. Therefore this type of
gate represents a good choice for the realization of realist graphene digital circuits

since it allows a good control over the carriers in the channel.

2.4.2 Graphene ring oscillators

Even though of the cut-off frequencies fr above 100 GHz [8] have been reported for
a single GFET there are still no demonstrations of high-speed graphene digital
circuits, mainly because fr is just a measure of the internal transistor delays
rather than delays in realistic digital circuits. The most important circuits in
digital electronics are the ring oscillators (ROs) which are made by connecting
an odd number of inverters so that the output of one inverter is the input of
the next inverter, figure 2.4.3a [12]. This creates a loop which makes the RO

unstable and leads to oscillations at high frequency if the inverters are identical.
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Figure 2.4.3: (a) Circuit diagram and correspond (b) optical microscope image
of one of the fabricated ring oscillators with channel length L =1 ym [12].

In particular each inverter must exhibit an over-unity voltage gain and be able to
match the input and output signals. Also the on-state resistance of the GFETs in
an inverter should be as low as possible to allow a fast charge and discharge of the
gate capacitance of the next stage. The oscillation frequency fp in ROs is smaller
than the cut-off frequency fr since it represents a direct measure of the delay in
realistic scenarios. For this reason ROs represent the standard electronic circuits
used to test the ultimate performances (in terms of frequency) of the digital logic
families.

In the past ROs have been fabricated with other two-dimensional materials
such as carbon nanotubes (CNTs) [1, 7] and exfoliated MoS, [42] but not with
graphene. The oscillation frequency in CNTs and MoS; was limited by large
values of the on-state resistances to fo = 52 MHz (CNT) and fo = 1.6 MHz
(MoS,). Graphene has the possibility to reach higher frequencies due to its larger
mobility which results in small on resistance and it can also be fabricated by
simpler methods on a wafer scale.

The circuit schematic of one of the fabricated integrated graphene ring oscil-
lators is shown in figure 2.4.3a [12|. The first three inverters are cascaded in a

loop, forming the RO. The output of the third inverter is connected to the input
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of the fourth inverter, which is a of buffer stage used to decouple the RO from the
measurement equipment connected to the output. Differently from conventional
integrated circuits, in which there is only a single line for the ground and the sup-
ply voltage, here there are two ground and three Vpp lines. This was mainly done
in order to avoid an additional lithographic step (for the realization of the overlap
area between the DC lines) which could introduce additional contamination.

The ROs were fabricated starting from graphene monolayers grown by chem-
ical vapor deposition on Cu foils, using CH, as a gas precursor, and then trans-
ferred to SiO,/Si substrates with the metalized back which was used it as a global
back-gate. Graphene stripes with a width W = 10 um were defined by (EBL) and
reactive ion etching, followed by the fabrication of gate contacts by EBL. The
top-gates were created by evaporating 45 nm of Al, 2 nm of Ti and 13 nm of Au.
Gold termination was used to realize a good ohmic contacts between the gates
of one stage and the source and drain contacts of the next stage. This is visible
on the right-hand side of the image in figure 2.4.3b. Without gold termination
aluminum will oxidize also on the top side and prevent a good contact between
the inverters in the RO. The internal (as opposed to external) connections be-
tween the inverters reduce significantly the parasitic capacitances and therefore
increase the oscillation frequency of the circuit. The evaporation of the gates was
made under tilt so that the evaporated material forms smooth slopes instead of
abrupt edges. This helps the formation of good ohmic contacts since it increases
the contact area between the electrodes of different inverters. In the last step
source and drain contacts were patterned. They consist of 75 nm of Au in order
to decrease the contact resistance and increase the voltage gain. In this way the
contact resistance was reduced to approximately 2 k(2. um. As it can be seen
in figure 2.4.3b this time it was not possible to fully cover the graphene channel
since the top surface of the gates is terminated with a conductive layer, and that
introduced unwanted access resistances which reduce the voltage gain. Graphene
ROs were realized using graphene transistors with different channel lengths, 1
pm, 2 pm and 3pum, keeping constant the access lengths L, = 0.5 um.

As demonstrated in the previous sections, the complementary operation of the
inverters is obtained between the Dirac points of the GFETs in the inverters when
a supply voltage Vpp > 0 is applied. All fabricated GFETs exhibited V5 > 0.2 V
under ambient conditions, stemming for p-doping of the channel. Non-zero Dirac
voltages imply mismatch between the input and output signals at the highest
gain point of the inverter which, as a consequence, reduce the voltage swing in

multistage graphene digital circuits. For this reason a positive back-gate voltage
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Figure 2.4.4: Output voltage and voltage gain in function of the input voltage of
the buffer inverter [12].

(for Vo > 0) has to be applied in order to shift the Dirac point back to zero and
match the signals of different inverters. ROs with three stages were chosen to
realize since they oscillate at the highest frequency. However, they also require
the highest voltage gain (|A4,| > 2).

In order to check whether inverters in fabricated ROs satisfy this requirement
it was not necessary to fabricate separate inverters since the gain can be measured
on the last stage which is not a part of the RO. The input of the fourth inverter can
be accessed by supplying voltage Vpp; to the inverters that form the ring, which
is different from the supply Vpp of this inverter. Due to the circuit symmetry the
signal that arrives at the top-gate of the last inverter is Vin ~ Vppi/2, and the
transfer curve can be obtained varying Vpp;. Figure 2.4.4 shows the measured
transfer curve and the voltage gain of the buffer stage biased with Vpp = 2.5 V.
This plot also demonstrates that the back-gate voltage is capable of shifting the
Dirac point to zero achieving the signal matching and voltage gain |A,| > 4 at
the point Q. Therefore the fabricated ROs satisfies conditions for oscillation.

The oscillation frequency of ROs depends on the gate delays of the inverters
in the loop as

1 n

== 2 ; 7 (2.4.4)
where 7; is the gate delay of the i-th inverter. Assuming that all transistors are
identical with the same rise and fall delays 7, the expression for the oscillation

frequency of a RO with identical inverters (without the buffering stage) simplifies
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Figure 2.4.5: (a) Output signals and (b) power spectra of the best performing
fabricated buffered ring oscillators showing the best performances, measured for
different gate lengths at the same supply voltage Vpp = 2.5 V. The second

harmonic of the medium RO is located exactly in the position of the first harmonic
of the small RO [12].

to ]
= — = fo.maz- 2.4.5
fo=5_—=lo, (2.4.5)
Using a model in which the inverters do not reach the steady state before they

are triggered again, the gate delay 7 can be expressed as
T o< CGp! (2.4.6)

where Gp is the sum of the extrinsic drain conductances of the transistors that
form the inverter and C' is the parasitic capacitance that loads the inverter. This

load comes mainly from the gate capacitance Cy of the next stage, i.e., C' = 3Cg,
where Cq =~ WLC,,.
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The fabricated ROs have a buffer stage which introduces an additional ca-
pacitive load to the last inverter of the ring which has a fan-out N = 2 (FO2)
which reduces the oscillation frequency fo. In order to minimize the parasitic
capacitive load of the buffer stage the output was connected to the oscilloscope
via an active probe with a capacitance of 0.8 pF (bandwidth of 4 GHz). The mea-
surement performed under ambient conditions on different ring oscillators with
the buffering stage are shown in figure 2.4.5. This is the first demonstration of
graphene digital integrated circuits operating at gigahertz frequencies. All out-
put signals in this figure were obtained by applying a supply voltage Vpp = 3.5
V. During the measurements the back-gate voltage was used to shift the Dirac
points of the logic gates to zero so that the oscillations can start. In particular it
was measured in large ROs (L = 3 ym and W = 20 um) a maximum oscillation
frequency fo = 350 MHz and a voltage swing V,,_, = 0.284 V at Vpg =34 V, in
medium ROs (L =2 ym and W = 10 pm) fo = 618 MHz and V,,_, = 0.208 V at
Ve =5 V and in small ROs (L = 1 ym and W = 10 um) fo = 1.22 GHz and
Vp—p = 0.136 V at Vg =50 V.

Figure 2.4.5b shows the respective power spectra of the small and medium
ROs. Many graphene ring oscillators of different dimensions were fabricated and
the oscillation frequencies were in the range 284 MHz < fo < 350 MHz for large
ROs, 504 MHz < fo < 750 MHz for medium ROs and 1 GHz < fo < 1.28 GHz for
the small ROs. The variation of fo is due to small differences of the overlap area
of the internal connections between inputs and outputs of the inverters which
influences fo through the total drain conductance Gp.

As the channel length of the GFETs the ROs is reduced the capacitances
and resistances of the channel are reduced and as a consequence fo is increased.
Knowing the value of the oxide capacitance C,, and the dimensions of the tran-
sistor (W and L) it is possible to find the gate capacitances which influence the
gate delay. They are Cq = 0.84 pF, Cs = 0.28 pF and Cg = 0.14 pF for large,
medium and small ROs respectively. However while fo is increasing by decreas-
ing the channel length L the amplitude of the output signal is decreasing. This
is mainly due to the signal filtering by the low-pass filter present at the output of
the buffer stage. This last stage is loaded by the capacitance of the measurements

equipment (', that can be expressed as
Cr=C4s+ Couyr (2.4.7)

where Cy is the capacitance of the active probe and Coyr is the parasitic capac-

itance of the on-chip pad, connected to the output of the last stage. It was found
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Figure 2.4.6: (a) Output signal of unbuffered large RO and (b) buffered medium
and small ROs at the same supply voltage showing the highest voltage swings
measured [12].

Cr, = 20 pF. The bandwidth of the buffer inverter is then

1
Josan = 27 (Ron || Rorr) CL

~ 30 MHz. (2.4.8)

Unbuffered large ROs (comprised of only three inverters) were also fabricated
and measured to evaluate the effect of the measurement equipment on the os-
cillation frequency. The output signal in this case is shown in figure 2.4.6a at
Vpp = 3.5 V and Vg = 160 V. Typical oscillation frequencies were in the range
17 MHz < fo < 25 MHz which is well below the range of large buffered ROs.
This is due to the fact that the last inverter of a RO is not loaded by the gate
capacitance of the buffer stage, C, ~ 3Cs = 2.52 pF, but by the much larger
capacitance O, = 20 pF, given by equation (2.4.7). However, as the oscillation
frequency is very close to the bandwidth, the voltage swing is larger than in
buffered ROs, V,,_, = 0.57 V (see figure 2.4.6a). In this case the voltage swing is
16.2% of the supply voltage which is smaller than the result obtained in section
2.3.1 but still larger than the swing in ECL gates. By comparison the highest
voltage swing was reduced to 12.2% and 5% of Vpp in medium and small ROs
respectively (2.4.6b). For this reason it is important to minimize the parasitic
components of the measurement equipment in order to obtain signals of reason-
ably large voltage swings.

All ring oscillators reported in figure 2.4.5a were operated under ambient
conditions at back-gate voltages which means that the single GFETs exhibited
small Dirac voltages. It was also found that ROs with Vze < 100 V exhibited a
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Figure 2.4.7: (a) Total current (sum of the currents of four inverters) as a function
of the back gate voltage of a RO with high Dirac voltages and (b) drift of the
transfer curves of the corresponding buffer inverter [12].

long-term stability. This was not the case in samples with large Dirac voltages in
which it was not possible to keep the Dirac point at zero voltage with a constant
Vpe. Figure 2.4.7a shows a typical back-gated transfer curve recorded during the
measurements on a ring oscillator with a large Dirac voltage. The measurements
started by applying Vpe = 0 (point A). Then the back-gate voltage was swept to
point B (Ve = —50 V) and then to point C (Ve = 200 V) were the oscillations
started. During the oscillation the total current of the four inverters increased to
point D detuning the RO due to the fact that the Dirac points moved to higher
values. This demonstrates the short-term stability of the ROs with large Dirac
voltages. In order to restore the oscillation the entire cycle was repeated. The
shift of the Dirac voltage can be observed in figure 2.4.7b where transfer curves of
the buffer inverter where measured at different intervals of time. Higher the back-
gate voltage required for the oscillation shorter the stability of the RO (faster the
shift of the transfer curve). This shift introduces the mismatch between the input
and output signals of the inverters which stops the oscillation after a certain time.

All measurements were performed at room temperature and the samples re-
quiring low back-gate voltages exhibited long-term stability. The devices with
large Dirac voltages (operated at Vpg > 100 V) required reduction in exposure
to air in order to achieve an acceptable level of stability. This could be done
by measuring the ROs in vacuum since under such conditions Dirac points of
the GFETs shift to zero, as demonstrated in section 2.3.3. Howe very this was
not attempted because the vacuum is not a standard operating environment of

the electronic circuits. In order to increase the stability of the digital circuits
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Figure 2.4.8: Power spectrum of the output signal of a medium ring oscillator at
different values of the supply voltages|12].

measurements were performed at room temperature under a Ny flux.

In conventional ROs the supply voltage Vpp strongly influences the oscilla-
tion frequency fo and this can represent a serious problem in complex digital
circuits. In fact a large number of transistors and increased power consumption
place increased demand on the voltage supply causing it to fluctuate. This have
negative effect on the operation of digital logic gates and also reduce their noise
performance [12]. Figure 2.4.8 shows the power spectrum of the output signal of
a medium buffered graphene RO at supply voltages in the range from 2.1 V to
3.5 V causing a variation of fo from 645 MHz to 700 MHz. Vpp did not change
only the oscillation frequency but also the voltage swing which is higher at higher
supply voltages due to larger voltage gain of the inverters. The increase of the os-
cillation frequency is due to increase of the total drain conductance of the GFETs
at higher Vpp since fop o« Gp. It was found that fo has an average variation with
the supply voltage of approximately 5.6%fo,/V. The fabricated graphene ROs
are not so sensitive to the fluctuations of the supply voltage as Si CMOS ROs.
These fluctuations with the supply voltage are 7, 21, and 51 time larger in case
of Si, CNTs and MoS, respectively. The insensitivity to power supply fluctuation
is important in applications where the frequency stability is required such as for
clock generation in high-speed digital electronics.

The obtained results demonstrate the first wafer-scale graphene ROs operating
at room temperature under ambient conditions. The fabricated devices oscillated

at the highest reported frequency for any low-dimensional transistor material with



CHAPTER 2. GRAPHENE DIGITAL ELECTRONICS 86

voltage swing exceeding that of InP ECL gates, the fastest logic family. Although
this is an important step in the applications of graphene in digital electronics, it
should be noted that GFETs cannot compete with silicon logic FETS in terms of
static power dissipation. For instance, Ip/W ~ 100 nA/um at Vpp = 0.75 V in
22 nm [17] while Ip/W = 270 pA/pm at Vpp = 2.5 V in the fabricated GFETs
where Ip is the static drain current. The only advantage of graphene ROs with
respect Si CMOS ROs is represented by the smaller sensitivity to the variations
of the supply voltage, even though this is a consequence of the reduced voltage

swing.

2.4.3 Stand-alone graphene frequency mixers

The use of graphene in electronics has been limited to niche applications such as
frequency mixing for which an over-unity gain is not required. However without
the possibility to amplify signals it is not possible to generate oscillating signals.
For that reason the graphene mixers which have been realized so far used an
external local oscillator (LO) in order to make the frequency conversion. The
fabricated graphene ROs could be used in analogue applications for eliminat-
ing a need for an external LO. In this way graphene ROs could be used in the
modulation and generation of oscillating signals forming a stand-alone graphene
frequency mixers.

The result of super-imposing RF signal can be seen in figure 2.4.9 showing
the power spectrum of the output signal at a supply voltage Vpp = 2.5 V with
Vee = 166 V where the signal frequencies are frr = 25 MHz and fro = 292
MHz. As can be seen in the figure, there is the contribution of the signal of
the RO at the frequency fro and the product between the RF and LO signals
that results in the intermediate frequencies fro £+ frr. The device can work
also as a harmonic mixer if larger amplitude of the RF signal is used. In this
case intermediate frequencies [ fro = m frr will be generated, where 1 and m are
integers. In figure 2.4.9 a conversion loss of 19.6 dB at an oscillator power of -18.5
dBm and radio-frequency power of -34.3 dBm is obtained. The conversion losts
could be reduced by applying the RF signal through an additional inverter, which
will also suppress the influence of the oscillator signal on the radio-frequency port.

In this way the first stand-alone graphene mixers were realized demonstrating
the versatility of the fabricated ROs. This shows that graphene can find imme-
diate applications in RF (microwave) electronics. RF circuits consist of voltage
amplifiers, oscillators and mixers. The demonstration of the first graphene ROs

operating under ambient conditions opens a possibility to realize all-graphene
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Figure 2.4.9: Power spectrum of the input radio-frequency signal (RF) and output
signal (OUT) of the fabricated stand-alone graphene frequency mixer [12].

microwave circuits.

2.4.4 Scaling of graphene ROs

In order to further increase the oscillation frequency of graphene ROs it is nec-
essary to scale GFETs to sub-micron gate lengths. High frequency operation
requires low resistances R and capacitances C since fo o< 1/7 < 1/RC. The gate
delay is the result of different contributions and can be expressed as

L RsL, Rc

T = R[)CG = (RSW + 2 W + W) WLCDI (249)

where Ry is the resistance at the Dirac point, C¢ is the gate capacitance, Rg
is the sheet resistance, L, is the access length and R is the contact resistance.
As the dimensions of the channel length of the GFETs that form the inverters
are reduced the capacitances and resistances of the channel become smaller and
as a consequence fp is increased. In order to achieve even higher frequencies
the length of the line interconnections were reduced in order to obtain smaller
parasitic resistances and capacitances. The ungated part of the channel was
reduced by fabricating devices with smaller access length which increases both
the voltage gain and the oscillation frequency. The reduction of the channel
width reduces the parasitics capacitances but it also increases the channel and
contact resistance. For this reason the best way to increase the speed of ROs is

to decreases the channel length.
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Figure 2.4.10: (a) Power spectra of ROs with sub-micron graphene channel
lengths of 0.9 pm, 0.8 ym and 0.7 pm, (b) output signal of the two smallest
submicron buffered ROs.

With all these changes the fabricated buffered graphene ROs reached higher
oscillation frequencies shown in figure 2.4.10a. In particular, reducing the channel
width to W = 5 pum, the access length to L, = 0.25 yum and applying a supply
voltage Vpp = 2.5 V, it was possible to achieve fo = 3.16 GHz for L = 0.9 pm,
fo =3.5 GHz for L = 0.8 ym and fp = 3.66 GHz for L = 0.9 um. However, in
all these cases the voltage swing at the output is very small, V,_, ~ 10 mV. Such
a small swing is a consequence of the limited bandwidth of the buffer inverter as
discussed before. Here this bandwidth is higher (~ 300 MHz) because the load
capacitance C was reduced by reducing the on-chip pad area. However, even
such increased bandwidth is not high enough to eliminate the suppression of the
measured high frequency signals.

Figure 2.4.11a show how the frequency of the fabricated buffered graphene
ROs scale with 1/L for three different types of design. It would be expected that
oscillation frequency fo scales with 1/L? due to the fact the both the resistance
and the capacitance of the channel scale L. However, since the parasitic com-
ponents due to the contact resistance (that scales with 1/W) and the parasitic
resistances and capacitances of the interconnects do not scale, fo only scales with
1/L.

FO1 (which is the fan out that describes the number of gates attached at the
output) gate delay of the realized ROs is plotted as a function of the channel
length of the GFETs in figure 2.4.11b. A direct comparison with conventional
Si CMOS gates is also shown. The fabricated devices follows the same trend
as Si CMOS and most of them exhibit almost identical gate delay at the same
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Figure 2.4.11: (a) The oscillation frequency fo as a function of 1/L and the
channel length L and (b) FOI gate delay in function of L.
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channel lengths. However, ROs with W = 5 um exhibit even smaller gate delays
compared to Si CMOS, although they cannot compete with Si CMOS in terms

of static power consumption.

2.5 Conclusions

From its discovery graphene has been considered to be the material of the future
that could replace silicon in state-of-the-art MOSFETs. However, due to the
absence of a band-gap, graphene has not been used in realistic electronic circuits,
but mainly in niche analog applications which do not require signal amplification.
Previously to this work none of the fabricated graphene devices were capable of
signal amplification. In order to effectively prove that graphene could replace
silicon, realistic graphene electronic circuits exhibiting such amplification have to
be realized.

The extremely high mobility of charge carriers in graphene at room tem-
perature makes this material suitable for applications in high-speed electronics.
GFETs exhibiting an over-unity intrinsic voltage gain are required for the real-
ization of more complex graphene circuits and for this reason graphene voltage
amplifiers were firstly investigated. They were obtained by using a very thin top-
gate dielectric that allowed the realization of graphene complementary inverters,
on single graphene flakes, with a high voltage gain (>10 dB) at room tempera-
ture. The AlO, gate dielectric and the complete coverage of the channel increased
the control over the charge carriers and eliminates the access resistances, allow-
ing to reach high voltage gains A,. This result reported the highest voltage gain
obtained at room temperature for any kind of graphene amplifiers realized until
that time.

Such graphene devices could be used as the main building block of both analog
and digital electronics. However graphene cannot compete directly with conven-
tional silicon CMOS logic inverters which are capable of reaching a voltage swing
of 100% of the supply voltage, compared to ~ 20% for the fabricated graphene
devices. It is also difficult to reach a saturation region of the drain current in
GFETs, in which the output conductance is minimized, allowing to have large
voltage gains. It was shown that the demonstrated technology is not scalable
since it is based on graphene flakes obtained by mechanical exfoliation and it
suffers from large static power dissipation due to the impossibility to turn-off the
graphene transistors.

The fabrication of graphene amplifiers represents only the first step in the



CHAPTER 2. GRAPHENE DIGITAL ELECTRONICS 91

realization of realistic graphene digital circuits. The amplifiers were also used as
digital logic gates at room temperature by applying the square-wave signal at the
input. High values of the voltage gain in digital applications are required in order
to distinguish between the two logic levels and to match the input and output
signals. In this case it was not possible to obtain the matching between the input
and output signals even though it was possible to distinguish the two logic levels.
It was found that the mismatch between the signals is equal to the voltage at the
Dirac point of the unbiased GFETs. Typically, charge neutrality points were far
away from zero, showing a p-type doping in air, due to the adsorption of ambient
impurities on graphene prior to the fabrication. In order to match the signals it
was necessary to fabricate GFETs with Dirac points close to zero.

All fabricated graphene voltage amplifiers were realized using mechanically
exfoliated graphene which is not a scalable technology. In order to solve the prob-
lem of the scalability of complementary graphene inverters it was necessary to use
large-scale graphene films grown by chemical vapor deposition (CVD). Graphene
monolayers, provided by the group of Prof. Eric Pop from the Stanford University,
where grown by CVD on Cu foils with a CHy precursor. They were transferred to
Si0,/Si substrates and integrated into graphene digital complementary inverters.
Such a wafer-scale material allowed to achieved a weak saturation regime of the
drain current and large voltage gain (Ay = —5.3). This is the highest gain re-
ported for large-area monolayer graphene under ambient conditions in top-gated
GFETs. It was demonstrated that by using GFETs with V5 < 0.2 V in digital
logic gates, with sufficiently large voltage gain, signal matching can be obtained.
The voltage swing of the input and output signals was Vi, ,—p = Vourp—p = 0.56
V. The same result was achieved even in GFETs with 1V > 0.2 V but perform-
ing the measurement in vacuum. The lower pressure reduced only the voltage
gain due to a different shift of the Dirac points of the GFETs that form the
inverter. The fabricated graphene inverters were capable of reaching a voltage
swing of 22.4% of the power supply, since GFETs cannot be turned-off in both
logic states. Graphene logic gates could compete with high-frequency emitter
coupled logic (ECL) gates in which the voltage swing is only 15% of the supply
voltage. Replacing the typical materials that are used in the state-of-the-art of
ECL gates with graphene, which has a higher mobility, it would be possible to
reach even higher frequencies.

At the DC operating point that lies in between the highest gain points of two
inverters (in which they exhibit|A,| > 4) the over-unity voltage gain is maintained

in both inverters and as a consequence cascade connection can be realized, with
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the correct logic levels. In this way it was possible to trigger one stage with
another under ambient conditions, a result that has never been achieved before
at any temperature.. This paves the way for the realization of realistic graphene
digital circuits in which static power dissipation is not an issue. The very thin
aluminum oxide layer allowed to reach the same oxide capacitance as in the 65
nm gate length Si CMOS which exceeds the typical oxide capacitance reported
for graphene transistors. This provides a very good control over the carriers in
the channel.

The most important circuits in digital electronics are the ring oscillators (ROs)
which are made by connecting an odd number of inverters so that the output of
one inverter is connected to the input of the next inverter. ROs represent the
perfect device to test the ultimate performances limits of a given technology.
The previously demonstrated graphene logic gates were used in the realization of
graphene ROs. This was the first demonstration of graphene digital integrated
circuits operating at gigahertz frequencies. It was also demonstrated that as
the channel length of the GFETs in the ROs is reduced the capacitances and
resistances of the channel are reduced and as a consequence fp is increased.
Reducing the parasitic capacitances and resistances it was possible to reach, at
the channel length L = 0.7 ym, a maximum oscillation frequency of 3.66 GHz. It
was demonstrated that fo only scales with 1/L even though both the resistance
and the capacitance of the channel scale with L. This is because the contact
resistance (that scales with 1/W) and the parasitic resistances and capacitances
of the interconnects do not scale. It was found that the fabricated ROs exhibited
even smaller gate delays compared to Si CMOS at the same gate length. Another
advantage of graphene ROs was that they had a smaller sensitivity to the power
supply fluctuations compared to silicon CMOS ROs.

Graphene digital circuits cannot directly compete with Si CMOS circuits due
to larger power consumption. However, graphene could replace InP in high-
frequency electronics due to its higher mobility but for this to happen further

technological advances are needed.
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