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The influence of transistor size reduction (scaling) on the speed of realistic multi-stage integrated circuits

(ICs) represents the main performance metric of a given transistor technology. Despite extensive interest

in graphene electronics, scaling efforts have so far focused on individual transistors rather than multi-

stage ICs. Here we study the scaling of graphene ICs based on transistors from 3.3 to 0.5 μm gate lengths

and with different channel widths, access lengths, and lead thicknesses. The shortest gate delay of 31 ps

per stage was obtained in sub-micron graphene ROs oscillating at 4.3 GHz, which is the highest oscillation

frequency obtained in any strictly low-dimensional material to date. We also derived the fundamental

Johnson limit, showing that scaled graphene ICs could be used at high frequencies in applications with

small voltage swing.

1. Introduction

Scaling of electronic devices has been the dominant trend in
modern electronics over the last 50 years as smaller transistors
operate faster.1 Both digital and analog circuits benefit from
scaling because a reduction of transistor feature sizes allows
for higher data and analog signal bandwidths.2 However,
scaling also has a detrimental influence on the properties of
field effect transistors (FETs), manifested by weakening of the
gate control over the channel at the expense of an increased
drain control, resulting in short-channel effects.1 The most
promising way of keeping the channel under strong control of
the gate is to also scale the devices in the direction perpen-
dicular to the channel, which has mostly been done in the
past by reducing the gate oxide thickness. However, due to
aggressive scaling, the oxide thickness has been reduced to cri-
tically low levels ( just a few atomic layers, limited by gate oxide
tunneling). Therefore the remaining viable path to continue
transistor scaling is to reduce the thickness of the channel
itself, typically to <1/4 of the channel length.3 This approach
has resulted in the development of silicon-on-insulator tech-
nology4 and a recent commercial push to Si Fin-FETs at the
22 nm technology node.5,6

Two-dimensional (2D) materials such as graphene, MoS2,
or WSe2 offer the realization of FETs at few-nanometer gate
lengths due to their sub-nanometer, atomically thin channels.
What sets graphene apart from other 2D materials and other
conventional semiconductors are its large and equal7,8 elec-
tron and hole mobilities9–11 due to its symmetric band struc-
ture.12 Different figures of merit have been used in the past to
evaluate to what extent the high mobility of graphene, despite
its zero band gap, can be utilized in FETs and how such FETs
scale with the gate length L. The most commonly used per-
formance metrics have been the transistor cutoff frequency
fT

13 and the maximum frequency of oscillation fmax.
14

However, despite the importance of fT and fmax in the charac-
terization of individual high-frequency transistors, they do not
reflect the actual speeds at which the realistic ICs operate.15

ICs run at much lower frequencies because both fT and fmax

are measured under highly-idealized conditions in simple
single-transistor configurations.† In realistic electronic circuits
with several transistor stages connected together, many other
factors, e.g., loading by the following stage, interconnects, gate
resistances, and mismatch between different stages, limit the
highest operating frequency. Moreover, both fT and fmax are
valid only in a small-signal regime, while most of the elec-
tronic circuits (especially digital) operate in a large-signal
regime. The typical figure of merit in a large-signal regime is
the intrinsic gate delay CV/I16 which has been widely used to
demonstrate the progress of Moore’s law17 over the years. The
scaling of the Si complementary metal–oxide–semiconductor
(CMOS) logic was closely followed by the reduction of the
intrinsic gate delay, reaching just below 1 ps at the 22 nm
node.18 However, CV/I delay cannot directly be measured and
is also a single-transistor metric which, similarly to fT and fmax,
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does not reflect realistic transistor delays in ICs. For this
reason the International Technology Roadmap for Semicon-
ductors (ITRS)19 decided to use fan-out-of-one (FO1) inverter
gate delay τ in ring oscillators (ROs) as the main speed metric
of scaled ICs since 2009.20 In the Si CMOS technology this
delay is currently τ = 2.2 ps at the 22 nm node.18,20

Here, we demonstrate the scaling of graphene sub-micron
ICs which has not been done so far. Only the scaling of single-
transistor frequencies fT and fmax has been demonstrated by
collecting data from different sources,21,22 and no scaling data
are available for CV/I delay. Non-systematic studies on the
scaling of graphene ICs are available only for three different
gate lengths above 1 μm.23 We demonstrate the scaling by fab-
ricating and characterizing graphene ROs of nine different
gate lengths, from 0.5 to 3.3 μm, while varying the channel
width, access length, and lead thickness at the same time. The
shortest FO1 gate delay was τ = 31 ps at the gate length L =
0.9 μm, which represents the shortest FO1 gate delay demon-
strated to date in any low-dimensional material. By compari-
son, the shortest reported FO1 delays in low-dimensional
materials are 104 ps in graphene,23 1.9 ns in carbon nano-
tubes,24 and 62.5 ns in bilayer MoS2,

25 while the shortest delay
in conventional thin-film materials is 100 ps, as obtained in
40 nm thick polycrystalline Si thin-films.26 The shortest
demonstrated delay in graphene allowed the realization of the
fastest low-dimensional oscillators running at 4.3 GHz, exceed-
ing the oscillation frequency of previously realized graphene
ROs by more than a factor of three.23 The oscillations in the
investigated ROs were possible because a high voltage gain
(Av ∼ −5) was obtained in the fabricated sub-micron graphene
inverters. High voltage gain resulted in a static noise margin
(NM) equal to 17% of the output voltage swing, similar to
other transistor technologies. We also derived the fundamen-
tal Johnson limit27 for graphene, demonstrating a trade-off
between the highest operating frequency and output device
power in scaled graphene FETs. Finally, our work highlights
the need for further reduction of contact resistance in gra-
phene FETs in order to continue the observed scaling trend of
graphene circuits and further improve their noise margin.

2. Experimental

Graphene monolayers were grown by chemical vapor depo-
sition (CVD) on Cu with a CH4 precursor and transferred to
SiO2 (300 nm)/Si substrates. Conductive channels of widths
W = 5 μm and W = 10 μm were defined by patterning large-area
CVD graphene by electron-beam (e-beam) lithography and
reactive-ion etching. The source, drain, and gate contacts were
patterned by e-beam lithography and deposited in an e-beam
evaporator. Top gates composed of Al/Ti/Au (32/1/9 nm) were
fabricated first by direct evaporation of Al on graphene, which
upon exposure to air formed a very thin (∼4 nm) native AlOx

gate insulator at the interface with graphene.28 The gates were
terminated by Ti/Au during the same evaporation step in order
to form Ohmic contacts with the source/drain terminals of the

following inverter stage. Source and drain contacts were made
in the following step and consisted of Au (75 nm or 100 nm),
without the use of any adhesion layer. Two different contact
lengths were used (2.1 μm and 0.7 μm) which did not influence
the operation of ROs as long as the lead resistance was the
same. At even shorter contact lengths the contact resistance
will increase. However, this could be compensated for by
increasing the injection of charge carriers through graphene
edges (e.g., by etching graphene below the metal contacts).29,30

As fabricated, both FETs in an inverter were identical.
Complementary operation was obtained between the Dirac
points of the two FETs31 which split after the supply voltage
VDD > 0 is applied.23 The inverters exhibited the highest
voltage gain at the dc operating point that lies approximately
halfway between the Dirac points of the two FETs. The dc mis-
match between the input and output voltage of an inverter at
the highest gain point was equal to the Dirac voltage V0 of the
unbiased FETs.32 In ROs with relatively large Dirac voltages
(V0 > 0.1 V) it was therefore necessary to apply a positive back-
gate voltage to shift the Dirac point back to zero and eliminate
the in/out mismatch. All measurements were performed at
room temperature. ROs which required low (or zero) back-gate
voltages were operated in air while ROs which required larger
back-gate voltages (VBG > 50 V) were operated in air under N2

flow (to stabilize the position of the Dirac points at zero).
The exact dimensions of the graphene FETs were character-

ized using an SEM. We found that the previously reported
ROs23 have gates ∼10% longer than those reported (due to the
e-beam proximity effect), i.e., the shortest gate length pre-
viously demonstrated in graphene ROs was 1.1 μm instead of
1 μm. Here, we additionally investigated five shorter gate
lengths: 1, 0.9, 0.8, 0.7 and 0.5 μm.

The voltage signals were measured using an Agilent In-
finiium DSOX91304A (bandwidth 13 GHz) digital storage oscil-
loscope while the parasitic capacitive load of the ROs was
minimized by connecting the output of the ROs to the oscillo-
scope through low-capacitance (<0.08 pF) active probes.

3. Results and discussion

The fabricated graphene ROs were composed of three inverters
(each with two FETs) cascaded in a loop (Fig. 1). The loop
makes a RO unstable and therefore induces oscillation if all
inverters are identical and exhibit signal matching and voltage
gain |Av| > 1/cos(π/n), where n ≥ 3 is the odd number of inver-
ters in the loop33 (here n = 3 and |Av| > 2). Since each inverter
stage in the loop is both driven and loaded by another stage,
the frequency fo,FO1 = 1/(2nτ) at which ROs oscillate represents
the highest operating frequency under realistic conditions
(characterized by the absence of driving current/voltage
sources, zero or infinite loads, matched impedances, or exter-
nal unilateralization feedbacks). The fourth inverter was added
to the RO to isolate it from the measurement equipment. This
reduces the oscillation frequency to fo = 0.82fo,FO1 as the fourth
inverter doubles the load of the third inverter.23 Measuring fo
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it is possible to determine fo,FO1 and therefore the FO1 gate
delay τ. The graphene ROs were laterally scaled by fabricating
them from inverters with nine different gate lengths, in the
range 0.5 μm ≤ L ≤ 3.3 μm. The other two lateral dimensions,
channel width W (10 μm and 5 μm) and access lengths La
(0.5 μm and 0.25 μm), were also scaled in order to investigate
the influence of parasitics on the oscillation frequency.
Similarly to the state-of-the-art Si CMOS circuits, only
lateral dimensions were scaled, while the equivalent gate oxide
thickness (EOT) was kept constant, EOT = ε/Cox = 2.5 nm,
where ε is the permittivity of SiO2, and Cox = 1.4 μF cm−2 is the
capacitance of the top-gate stack in which a thin (∼4 nm) AlOx

layer was used as a gate insulator (see the Experimental
section).23

The measured oscillation frequencies and FO1 gate delays
of 65 fabricated ROs are shown in Fig. 2. For a constant
channel width W and access length La the oscillation frequency
was found to scale as fo ∝ L−1 (Fig. 2a) in an identical manner
to conventional semiconductor ROs.34 Ideally, a square depen-
dence L−2 is expected because both channel resistance and
geometric gate capacitance scale down with L and therefore
the corresponding time constant scales as L2. However, the
channel resistance is only one part of the total resistance,
which contains several additional components that do not
scale with L, such as contact resistance and resistance of inter-
connects and leads. Moreover, the gate resistance increases
with decreasing L. Similarly, the capacitance which influences
the gate delay also includes parasitic capacitances that do not

Fig. 1 Integrated graphene ring oscillators (ROs). (a) Exploded view of a buffered three-stage graphene RO. Monolayer graphene channel (black) on
an insulating substrate (blue) was defined by reactive-ion etching of large-area graphene in the first step (bottom). The AlOx/Al/Au gate stack (gray/
ruby/red) was patterned in the second step (middle). The Au source/drain contacts (yellow) were patterned in the third step (top). The drains of the
previous inverter stage and Au-terminated gates of the next stage were overlapped in order to form Ohmic contacts between the cascaded stages.
(b) Circuit diagram of a buffered three-stage RO. The RO is composed of three inverters (1–3) cascaded in a loop with the fourth inverter (4) acting
as a buffer. (c) Scanning electron microscopy (SEM) image of a RO with the largest investigated dimensions (L = 3.3 μm and W = 10 μm). The false
colors correspond to the colors used in (a) and the numbers mark the inverters shown in (b). (d) SEM image of a RO with the smallest investigated
dimensions (L = 0.8 μm and W = 5 μm) at which it was possible to obtain oscillation. To demonstrate scaling, this image is shown in the same scale
as the image in (c). (e) SEM image of an FET in a RO showing a gate of length L and access parts of the channel (the ungated parts of the channel
between the gate and source/drain) of lengths La.

Paper Nanoscale

8078 | Nanoscale, 2015, 7, 8076–8083 This journal is © The Royal Society of Chemistry 2015

Pu
bl

is
he

d 
on

 1
5 

A
pr

il 
20

15
. D

ow
nl

oa
de

d 
by

 S
ta

nf
or

d 
U

ni
ve

rs
ity

 o
n 

27
/0

4/
20

15
 1

9:
22

:0
8.

 
View Article Online

http://dx.doi.org/10.1039/c5nr01126d


scale with L, such as gate fringe capacitances and capacitances
between the source/drain contacts and the substrate. As a con-
sequence, the gate delay scales slower, typically as τ ∝ L
(Fig. 2b) and therefore fo ∝ L−1.

At smaller access lengths La, the total channel resistance is
smaller and therefore the gate delay is smaller, as evidenced
by comparing the green/square and blue/rhombus plots in
Fig. 2. At smaller channel widths W the gate delays were also

found to be smaller, as evidenced by the blue/rhombus and
red/triangle plots in Fig. 2. Although this seems counterintui-
tive (because channel and contact resistances scale as W−1 and
geometric and fringe gate capacitances as W) at smaller
channel widths the gate resistance is smaller which reduces
the gate delay. In addition, there are several other components
in the total FET resistance which do not depend on W, e.g.,
resistance of the leads and interconnects, which also lead to a
smaller gate delay at smaller W (due to the reduction of gate
capacitances). Finally, the larger thickness of the source/drain
leads (tS/D up to 100 nm) results in smaller source/drain resist-
ances and therefore smaller delays, as evidenced by comparing
the red/triangle and black/circle plots in Fig. 2.

In contrast to oscillation frequency fo which depends on the
number of inverter stages in a RO, the FO1 gate delay is inde-
pendent of the number of inverters and mostly depends on
the channel mobility in otherwise identical ROs.35 For this
reason, FO1 gate delay is used to compare different IC techno-
logies and represents the main IC speed metric used by the
ITRS.20 Fig. 2b shows FO1 gate delays τ in the fabricated gra-
phene ROs and Si CMOS ROs.34,36,37 Although most of the fab-
ricated graphene ROs scale faster than Si CMOS ROs (due to
the larger channel mobility of graphene FETs), these two
technologies cannot directly be compared because the leakage
drain current in graphene ROs is ∼3 orders of magnitude
larger than in Si ROs.23 Si CMOS is designed for low-power
applications which impose the lower limit for the threshold
voltage Vth of Si MOSFETs. Without this power constraint it
would be possible to further reduce Vth and therefore reduce
the MOSFET on-state resistance ∝ (VDD − Vth)

−1, resulting in
shorter gate delays.38 In addition, the scaling trend of Si CMOS
ROs has been preserved down to the 22 nm node (physical
gate length L ∼ 34 nm),5 while in the graphene case no
oscillations were observed for physical gate lengths below
L = 0.8 μm.

The absence of oscillation in the fabricated graphene ROs
with L < 0.8 μm can be explained by a loss of voltage gain at
short gate lengths. Fig. 3 shows the dc voltage gain in the
best performing graphene inverters with L = 0.8 μm. The
obtained highest gain Av ∼ −5 is large enough to satisfy the
oscillation criterion and compensate for small in/out
signal mismatches at the highest gain points of the inverters
in a RO.32 However, at the shorter investigated gate lengths
(0.7 μm and 0.5 μm) the voltage gain of the inverters was
reduced to Av ∼ −2. This reduction is caused by contact and
access resistances which do not scale with gate length and
cannot be gated. At short gate lengths, these constant series
resistances (here, in the range from 300 Ω μm to 1 kΩ μm, nor-
malized by the FET width) become comparable to the channel
resistance and therefore suppress the voltage gain. Even
though the gain of 2 is just enough to support oscillation in
three-stage ROs, it is unlikely that all three inverter stages can
exhibit such a gain due to fabrication-induced variability. This
leads to the absence of oscillation if the voltage gain drops
below 2 in just one stage. The constant series resistances also
suppress the decrease of the total channel resistance as the

Fig. 2 Scaling of integrated graphene ROs. (a) Oscillation frequency fo
of 65 buffered three-stage ROs as a function of the gate length L. Four
different RO layouts (coded in different colors/symbols) were used in
order to demonstrate the influence of the channel width W, access
length La, and thickness tS/D of the source/drain metal (i.e., lead resist-
ance) on scaling. (b) FO1 gate delay τ as a function of the gate length L.
The delay was calculated from the measured fo as τ = 0.82/(6fo). The
FO1 gate delays of Si CMOS ROs made by Intel are plotted as a reference
although graphene and Si CMOS circuits cannot directly be compared,
see the main text. The delays for all nodes (filled orange rhombuses)18

were calculated from the CV/I delays provided by Intel as τ = 3.1CV/I,
where the proportionality constant of 3.1 was obtained by fitting CV/I
delays with actual FO1 gate delays (open purple triangles) of Si CMOS
ROs which Intel provided for some of the nodes.34,36,37 Inset: the same
plot in the full scale (25 nm ≤ L ≤ 3.3 μm).
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graphene FETs are reduced in size, thereby slowing the scaling
trend for L < 1 μm (Fig. 2). These findings demonstrate the
need for alternative contacts if the scaling of graphene ICs is
to be continued.

The static voltage transfer characteristics shown in Fig. 3
can also be used to determine the static NM of the fabricated
graphene ICs. The static NM based on a maximum product cri-
terion is obtained by maximizing the area of a rectangle inside
the inverter transfer characteristic loop39 as shown in Fig. 3.
For the present inverters with L = 0.8 μm this gives NM = 0.17 V
at the output voltage swing ΔV = 1 V, i.e., 17% of the swing.
At longer gate lengths the voltage gain increases and the static
NM reaches ∼35% of the voltage swing. Similar NMs are
obtained in conventional semiconductor circuits. High-speed
InP heterojunction bipolar transistor (HBT) emitter-coupled
logic (ECL) gates, which are used in wide bandwidth (>100
GHz) digital and mixed-signal ICs,40 have NM = 1.8VT at ΔV ∼
10VT, i.e., 18% ΔV, where VT is the thermal voltage (25 mV at
room temperature).40–42 The NM of Si CMOS logic gates ranges
from ∼25% ΔV in the past logic gates (e.g., at L = 0.8 μm and

ΔV = 5 V)42,43 to 15% ΔV in the aggressively scaled state-of-the-
art logic gates (L = 10 nm and ΔV = 0.55 V).44 However, in
absolute terms, Si CMOS still has the highest NM because it
has the highest output voltage swing which is almost equal to
the voltage supply, ΔV ≈ VDD. The small absolute swing in ECL
gates is compensated by the fact that these logic gates generate
very low levels of ground and supply noise.42,43 The extent of
noise generation in graphene logic gates at high frequencies is
yet to be investigated.

The actual voltage swing ΔV measured at the output of the
fabricated ROs is much smaller than the swing obtained from
the static voltage transfer characteristics (Fig. 3), as evidenced
by the low power levels of the output signals shown in Fig. 4.
The main reason for this discrepancy is the low-pass filtering
of the fourth inverter which is loaded by a fixed parasitic
capacitance between the output on-chip pad and the back gate
(CBG,ox = 11.5 nF cm−2). This capacitance does not scale with
gate length L and, when multiplied by the total FET channel
resistance including the contacts (which scales slower than L),
results in a time constant τout which scales slower than L.
Because of this, the oscillation frequency (which scales as
fo ∝ L−1) increases faster than the output bandwidth (2πτout)−1

as the gate length is reduced and therefore the suppression
of the output signal is stronger at higher oscillation
frequencies.

The voltage gain in the fabricated graphene inverters can
be increased by increasing the voltage supply above that used
here (VDD = 2.5 V),45 which could be used to restore oscillation
in short-gated ROs and also increase the output voltage swing.
However, scaling of electronic circuits is usually accompanied
by the decrease of the voltage supply in order to keep the elec-
tric field in scaled devices below the breakdown field of the
material. High electric fields arise both in the gate dielectric
and channel of scaled FETs. Since the investigated FETs are

Fig. 3 Voltage gain and NMs in short-gated graphene inverters at VDD

= 2.5 V. (a) Static voltage transfer characteristic (blue) and its mirrored
reflection (red) of an inverter with L = 0.8 μm, W = 5 μm, and La =
250 nm. The output voltage swing ΔV = 1 V. The low (NML = 0.17 V) and
high (NMH = 0.27 V) static NMs are determined by the rectangle of the
largest area that can be drawn inside the loops. The actual static NM is
the smaller of the two, i.e., NM = NML. Inset: schematic of an inverter.
(b) Low-frequency voltage gain obtained as the first derivative of the
static transfer curve shown in (a).

Fig. 4 The power spectra of the output signals with the highest oscil-
lation frequency for each of the investigated RO layouts (coded in the
same colors as in Fig. 2). The finite capacitance of the output pad results
in signal attenuation which is stronger at higher frequencies, as
described in the main text. In the fastest two RO layouts (red and black
curves) the surface area of the output pad was reduced from (150 μm)2

to (80 μm)2 because of which the attenuation of the signal in red is
almost the same as that for the signal in blue. A pure sine wave with a
voltage swing ΔV = 1 V (as in Fig. 3) has a power level of 4 dBm.
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not scaled in the vertical direction, gate dielectric breakdown
limits the voltage supply to a fixed value, i.e., VDD < 2BVox = 5 V,
where BVox = 2.5 V is the breakdown voltage of the used gate
oxide, here AlOx (see the Experimental section). On the other
hand, the maximum voltage drop Vmax along the channel (VDS
< Vmax), which imposes the limit VDD < 2Vmax, depends on
channel dimensions as Vmax = RWJmax, where R is the total
channel resistance and Jmax = 1.2 mA μm−1 is the maximum
current density in graphene.46 Although it may seem from this
expression that the contact, access, and other series resist-
ances are beneficial in increasing R and therefore Vmax, they
should be excluded from the consideration because they also
deteriorate transistor properties. Hence, the lower limit for
Vmax is obtained by assuming that the channel resistance is
equal only to the gated part of graphene, i.e., R = RshL/W,
where Rsh is the sheet resistance of graphene in the fabricated
top-gated FETs (here Rsh ∼ 4 kΩ sq−1 at the Dirac point). From
this, Vmax = RshLJmax = 4.8L V μm−1 which leads to Vmax = 3.8 V
for L = 0.8 μm. Therefore, the gate insulator breakdown limits
the voltage supply to 5 V which is above the supplies used
here. However, the highest voltage supply used in the fabri-
cated ROs was 3.5 V because we found that at higher voltage
supplies transistor properties were unstable due to intense
power dissipation (Joule heating).47

One of the consequences of scaling is that at the shorter
gate lengths L, the maximum voltage drop Vmax on a transistor
decreases while the cutoff frequency fT at the same time
increases. In HBTs, a similar consideration leads to a trade-off
between fT and Vmax given by the Johnson limit fTVmax = vsatEB/
(2π), where vsat is the saturation velocity of charge carriers and
EB is the dielectric strength of the transistor material.27 This
limit, although suggested to be valid also for graphene transis-
tors,48 is not directly applicable to graphene FETs. The
Johnson limit was originally derived by considering the dielec-
tric breakdown of the reverse biased collector p–n junction in
bipolar junction transistors.27 Since graphene FETs do not
have any p–n junctions, the correct limit can be obtained by
multiplying the intrinsic cutoff frequency13 fT = vsat/(2πL) with
Vmax = RshLJmax. This gives the valid limit for graphene FETs
fTVmax = vsatRshJmax/(2π) ∼ 229 GHzV, for vsat ∼ 3 × 107 cm s−1,11

which is comparable to that of Si, in which fTVmax ∼
200 GHzV.27 However, the numerical value for the limit in gra-
phene is given for illustration purposes, because it is obtained
using relatively large sheet resistance in the fabricated top-
gated graphene FETs at the Dirac point (Rsh ∼ 4 kΩ sq−1). At
smaller sheet resistances, higher fT with respect to that of Si
FETs could be reached only at the expense of a lower Vmax, i.e.,
smaller signal amplitude and lower power. Alternatively, this
shows that even though the intrinsic cutoff frequency is inde-
pendent of carrier depletion, it is still smaller in graphene
FETs than in Si FETs at the same signal amplitude. This obser-
vation is not necessarily a drawback, but serves to guide gra-
phene technology towards low-voltage oscillators, which is not
unexpected as it is well-known that the optimal operating
voltage of a semiconductor technology tends to scale with the
material band gap.

4. Conclusions

We have demonstrated the scaling of FO1 gate delay of gra-
phene ROs, which represents the main IC speed metric
adopted by the ITRS. The FO1 gate delay of the fabricated gra-
phene ROs is shorter than that of any strictly low-dimensional
materials (e.g., one-dimensional nanotubes, 2D graphene, and
MoS2) to date. The shortest obtained FO1 gate delay was 31 ps,
which corresponds to the highest oscillation frequency of
4.3 GHz measured in low-dimensional oscillators. The fabri-
cated graphene ROs also have a static noise margin compar-
able to that of Si ROs, as a fraction of the output voltage swing.
The obtained results stem from the relatively large voltage
gain (Av ∼ −5) exhibited by sub-micron graphene inverters
from which the ROs were composed. The derived Johnson
limit for graphene and measured scaling data indicate
that graphene ICs would not be able to deliver the same
power at high frequencies as the Si circuits, but could out-
perform them in terms of oscillation frequency at the same
gate length. The present graphene ICs could find applications
in simple graphene mixed-signal circuits (e.g., for baseband
processing) in which fast operation is favored over power
dissipation. Our results also emphasize the need for
further reduction of contact resistance and device variability
in graphene ICs in order to preserve the demonstrated
scaling trend.
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Cutoff frequency. The most commonly used transistor per-
formance metric is the cutoff frequency fT; the intrinsic fT
can be very large in graphene FETs ( fT ∼ 400 GHz)1,2 due
to large mobility in graphene, and compares favorably to that
of conventional FETs.3 The cutoff frequency was also found
to scale as fT ∝ L−1 similar to conventional semiconductor
FETs.1,3 However, the cutoff frequency is a measure of the
internal transistor transit time rather than transistor function-
ality at high-frequencies. This is because the cutoff frequency
is obtained from the small-signal current gain measured in a
circuit in which the gate is driven by a current source while
the output (between the source and drain) is shorted.4 Use of
an input current source makes the cutoff frequency indepen-
dent of the gate resistance which is one of the main limiting
factors affecting high-frequency response of FETs. Similarly,
the short circuit between source and drain shorts the output
conductance (in the absence of the parasitic source/drain se-
ries resistances) and therefore makes the cutoff frequency in-
dependent of the extent of the drain current saturation (shorted
output also does not have any practical relevance).

Maximum frequency of oscillation. A more realistic fig-
ure of merit is the maximum frequency of oscillation fmax
which represents the frequency at which the Mason’s unilat-
eral power gain5 falls to unity. Since the power gain is ob-
tained from a circuit in which the impedance of the input volt-
age source and the load impedance are finite,4 both the gate
resistance and output conductance influence the power gain
and therefore fmax. For this reason graphene FETs exhibit
much smaller fmax than other types of transistors, typically
∼ 50 GHz.6 By comparison, fmax > 1 THz has been obtained
both in InP high electron mobility transistors7 and heterojunc-
tion bipolar transistors.8 In addition, fmax of graphene FETs
was found to scale only weakly with the inverse gate length.3

The maximum frequency of oscillation represents an impor-
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tant benchmark because it is an invariant quantity which al-
lows comparison of different transistor technologies and ac-
counts for real signal amplification.5 However, it suffers from
the requirements for device unilateralization and impedance
matching which cannot be performed in realistic circuits.

Intrinsic gate delay. The typical figure of merit in a large-
signal regime is the intrinsic gate delay CV/I which represents
the time required to increase the voltage of the gate capacitor
CG by the large-signal output voltage swing ∆V when charged
by a constant drain current ID.9
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