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Abstract

Graphene transistors are of considerable interest for radio frequency (RF) applications. In general,
transistors with large transconductance and drain current saturation is desirable for RF
performance, which is however nontrivial to achieve in graphene transistors. Here we report high
performance top-gated graphene transistors based on chemical vapor deposition (CVD) grown
graphene with large transconductance and drain current saturation. The graphene transistors were
fabricated with evaporated high dielectric constant material (HfO,) as the top-gate dielectrics.
Length scaling studies of the transistors with channel length from 5.6 um to 100 nm shows that
complete current saturation can be achieved in 5.6 um devices and the saturation characteristics
degrade as the channel length shrinks down to 100-300 nm regime. The drain current saturation
was primarily attributed to drain bias induced shift of the Dirac points. With the selective
deposition of HfO, gate dielectrics, we have further demonstrated a simple scheme to realize a
300 nm channel length graphene transistors with self-aligned source-drain electrodes to achieve
the highest transconductance of 250 uS/um reported in CVD graphene to date.
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Graphene exhibits many unique characteristics, including the highest carrier mobility, the
highest carrier saturation velocity and highest thermal conductivity, that make it an attractive
electronic material for ultra high-speed radio frequency applications.1~” In particular,
graphene transistors with maximum cut-off frequency exceeding 100 GHz have been
recently demonstrated using epitaxial graphene or CVD grown graphene.5=7 This
exceptional performance advancement is achieved by continued shrinking the transistor
channel length. However, the performance of these devices is still at least partly limited by
the presence of access resistance due to the gaps exist between the source-gate and gate-
drain electrodes. In the state-of-art silicon metal-oxide-semiconductor field-effect transistor
(MOSFET) technology, a self-aligned gate structure is used to ensure the precise positioning
of source, drain and gate electrode to reduce the gaps and overlaps between gate and source
or drain in order to simultaneously minimize the access resistance and parasitic capacitance
for desired transistor performance. However, the traditional fabrication processes in silicon
MOSFET technology cannot be readily applied to graphene transistors due to the difficulties
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Supporting Information: Additional description of graphene growth method, characterization of evaporated HfO2, and plot of
saturation conductance.
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associated with selective deposition and pattern of dielectric materials on graphene without
degrading the structure or electronic performance of graphene. A self-aligned process has
recently been developed using synthetic metal/dielectric core/shell nanowires as the gate,
and enabled graphene transistors with cut-off frequency reaching 300 GHz or higher.*8 The
scalable fabrication of graphene transistors using this approach, however, is complicated
with the usage of the mechanically peeled graphene flakes and the requirement of
unconventional nanowire assembly process. It therefore remains a significant challenge to
realize short channel transistors for high frequency applications due to the difficulties in
selective patterning the dielectric layer on grapheme in large scale. Additionally, the
transistors reported in these previous efforts showed little drain current saturation, which is
undesirable for power gain performance.? Although drain current saturation has been
reported in phonon scatter limited velocity saturation regime using exfoliated graphene or
with h-BN as the back gate dielectrics,10-13 it has not been reported in CVD graphene to
date.

To address these challenges, here we report our effort in exploring an evaporation process
that can allow for selective deposition of a high-dielectric constant (high-k) dielectric layer
on large area CVD graphene enabling the self-aligned fabrication of graphene transistors.
Importantly, high performance top-gated CVD graphene transistors have been fabricated
with clear drain current saturation. Self-aligned graphene transistor is fabricated with a
record high transconductance of 250 uS/um obtained in CVD graphene device. Using a
conventional lithography and CVD grown graphene, this process opens opportunity for the
large scale fabrication of high performance graphene transistors.

The graphene transistors studied here consist of CVD grown graphene as the channel
material, Pd/Au thin film as the source and drain electrodes, and HfO,/Ti/Au as the top gate
stack (Fig. 1). To make the device, high quality single layer graphene was grown on Cu foil
based on an ambient pressure CVD method (supplementary materials) and transferred onto
silicon substrate (with 300 nm SiO, on top).1415 The graphene was then patterned into strips
with desired width through a photolithography and oxygen plasma etching process. The
source-drain electrodes were next defined by e-beam lithography followed by e-beam
evaporation deposition of Pd/Au (10/30 nm) thin film. After forming the contact electrodes,
a 40 nm HfO, film was evaporated onto the graphene substrate as the top gate dielectrics by
e-beam evaporation.16 The dielectric constant of evaporated HfO, thin film was measured to
be ~ 19 (Fig. S2), comparable to the reported values for e-beam evaporated HfO,.17-19 The
top-gate electrode was subsequently formed by e-beam lithography patterning and
metallization process (Ti/Au). Devices with different channel length (L) were fabricated to
study the channel length scaling behavior. To investigate the basic device performance, the
grapheme transistors were fabricated with complete gate to source or drain overlapping to
minimize the access resistance.

Figure 1b depicts the representative transfer characteristics with channel length ranging from
2 pum to 100 nm. The devices show typical characteristics of p-type doping and electron-hole
asymmetry in which the Dirac points are located at positive gate voltage with a suppression
of electron conduction branch. The p-type doping is attributed to oxygen doping during
graphene growth and transfer process, and the electron-hole asymmetry is likely originated
from imbalanced carrier injection caused by misalignment between the contact electrode
work function and channel neutrality points.29 The hole transport branches switch from
saturation to current minimum in a gate voltage span of about 2 V. A general trend of
positive shift of Dirac point and decrease of on-off ratio is observed with the decrease of
channel length. This can be explained as a short channel effect: in short channel device,
where the channel potential is strongly affected by the drain potential, a more opposite
voltages is needed to turn off the channel.2! Similar to the silicon p-MOSFETSs short channel
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threshold roll-off, in graphene FETs when current carriers are holes, a more positive voltage
is needed to reach the current minimum, leading to a positive shift of Dirac point with down
scaling of the channel length. On the other hand, the transconductance in shorter channel
device increases due to the reduction of channel resistance. The peak transconductance at
bias of 100 mV increases from 36 pS/um (L=2 yum) to 77 pS/pm (L=300 nm) (Fig. 1c).
However, a further shrinkage of channel length to 100 nm results in a reduction of peak
transconductance to 34 puS/um, due to a short channel effect.2! The transconductance is also
highly dependent on the drain voltage. The measured largest transconductance is 350 puS/pm
obtained at L=300 nm and Vg5 of =1V (Fig. 1d).

Interestingly, our fabricated graphene transistors show clear drain current saturation at
relative low voltage (—1 V to —1.4 V) (Fig. 2). A full current saturation is achieved in a long
channel device (L=5.6 um), exhibiting near zero drain source conductance (gqs) (< 2 uS/pum)
in the saturation region (Fig. 3a, S3). The gqs is about 47 puS/um for L=2 um device and 65
uS/um for L=300 nm channel device (Vgs=1.4 V and V4=-2 V). Little saturation is found
when L shrinks down to 100 nm. A important figure-of-merit in analog amplifiers is
evaluated by intrinsic gain (gm/gqs) Which represents the theoretical maximum gain
achievable by a single transistor.® Previously reported graphene RF devices show little drain
saturation with a relatively large drain conductance and low intrinsic gain typically smaller
than unit, making it less interesting for practical amplifier applications. In our case, the
intrinsic gain for L=5.6 um device is estimated to be larger than 50 (at Vgs=—1.3 V, V¢=0.2
V). This value drops to 7 for L=2 um and to about 4 for L=300 nm devices. Although
similar current saturation was previously reported in graphene devices made by high quality
exfoliated graphene,10-13 our work demonstrated for the first time that current saturation can
also been achieved in devices produced on CVD grown graphene, making it possible for
large scale fabrication of graphene devices with desirable intrinsic gain.

To further probe the origin of the saturation behavior in our graphene transistors, we focus
on a device showing good p-type doping and saturation characteristics at zero gate (gate
grounded at zero bias) (black curve in Fig. 3a). Interestingly, no clear current saturation is
observed in the same device when the gate electrode is floated, suggesting that the current
saturation observed here is likely due to the relative potential between the drain and gate (ie:
bias induced additional gating effect), rather than the intrinsic velocity saturation associated
with phonon scattering. In field-effect transistors, bias voltage alters the channel potential in
a way equivalent to a gate voltage with opposite sign coupled through the oxide. In analogy
to the pinch-off behavior in silicon device, a negative bias in graphene transistor creates a
relative positive potential in the gate (in reference to the drain) to deplete the holes at the
drain end, and current saturation is observed when the minimal carrier density is reached.
Usually, a good gate coupling (large Coy) is needed in order to achieve saturation at relative
low bias voltage, which we can achieve with the evaporated high-k dielectrics. The pinch-off
effect has also been evaluated in exfoliated graphene FETs by Meric et. al., where the
observed current saturation was attributed to phonon scattering induced velocity
saturation.10 Additionally, the gy rise up with further increase Vs beyond the saturation
voltage, produce a current kink in the I-Vg curve.22-24 It can be explained by the formation
of additional electron conduction channel at the drain end as the pinch-off point moves into
the channel. The current kink is a unique characteristic for ambipolar transistors. Similar
results were also found in carbon nanotube ambipolar transistors.22-24

The drain bias induced gating effect can be better viewed by observing the shift of Dirac
point with different drain bias voltages. As shown in a family |-V curves with different
drain bias Vs (Fig. 3b), the increase of negative V45 not only increases the overall current,
but also shifts the curves to negative voltage direction. In conjunction with the sharp
switching of hole transport branch, the 1-Vq curves at different bias voltage grow closer to
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each other with the increase of negative Vs so that the drain current saturation can be
reached (for example, along the dash line in Fig. 3b). In ambipolar transistors, a current
minimum point is reached when electron/hole current injected from source/drain is balanced
with each other, in equivalent to hold the Dirac point at zero gate voltage and apply equal
and opposite voltage (+1/2V ) to source and drain. Therefore, the gate-source or gate-drain
potential difference, which is also the Dirac point voltage when either the source or drain are
grounded, will shift by 1/2AVys with a change of bias voltage AVs. In our long channel
device, the Dirac point shifts approximately —0.7 VV when Vs increase from —0.1 V to -2 V
(Fig. 3b and inset), close to the theoretical prediction. Similar effect was reported in
ambipolar graphene or carbon nanotube FETs.2122-24 On the other hand, when channel
length shrinks down to 100 nm, the short channel effect starts to dominate. As discussed
above, the short channel effect will move the Dirac point to the opposite side of applied bias,
leading to a positive shift of Dirac point with a negative Vgs. As a result, the Dirac point
shifts to positive voltage at L=100 nm and no current saturation is observed (Fig. 3c, 2d).
This also explains the observation of weak saturation at L=300 nm.

Selective deposition of HfO, dielectric layer on CVD graphene can allow for the fabrication
of the self-aligned graphene devices (Fig. 4a). To fabricate the device, a narrow strip of the
gate stack (HfO,/Cr/Au: 40 nm/4 nm/20 nm) is first defined on graphene by one step e-beam
lithography followed by vacuum deposition and lift-off processes. After the formation of the
gate stack, a thin layer of Pt (10 nm) is deposited on top of graphene and across the pre-
formed gate stack, in which the gate stack separate the Pt thin film into two separated pads
as the self-aligned source and drain electrodes (Fig. 4a). The transport measurement shows
only slight saturation in the output characteristics (Fig. 4d), likely due to the short channel
effect. The transfer characteristics are similar to devices described above. The device shows
an on-off ratio of 2 within a full on-off swing in the gate range of 0-1.5 V. The self-aligned
structure can enable small access resistance to ensure a large delivery current up to 0.44 mA/
um at Vgs=—0.8 V and V4=0.8 V. The transconductance reaches 250 uS/pum at Vg4s=—0.5 V,
and degrades with further increase in bias voltage. To the best of our knowledge, the scaled
on-current and transconductance obtained here represents the highest value among the
reported CVD graphene transistors.

In conclusion, we have shown that high performance transistor can be obtained by using the
CVD graphene as the channel and the evaporated HfO, as the gate dielectrics. A drain
current saturation can be achieved in graphene transistors with channel length down to 300
nm, which was attributed to the bias induced shift of the Dirac point. We have also
demonstrated a simple scheme to realize a self-aligned gate structure with the best
transconductance reported for CVD graphene transistor to date. Combining with the
development of large area CVD graphene, this simple lithography based self-alignment
method could open up exciting opportunities for large scale fabrication of high performance
graphene devices.2®
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Figure 1.

(a) Schematic illustration of the device structure of top gated graphene transistors for the
evaluation of the channel length scaling effect. (b) Transfer characteristics of top-gated
graphene transistor at V4s=—0.1V with channel lengths 2 pm, 1 pm, 300 nm and 100 nm.
The channel width is 3.4 um for all devices. (c) The corresponding transconductance of the
devices shown in (b) at V4s=—0.1V. (d) The evolution of transconductance with gate voltage
for the 300 nm channel device at bias voltage —0.1V, —0.3V, —0.5V, —0.8V and —1.0V.
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Figure 2.
Output characteristics showing the current saturation behavior for devices with variable
channel lengths: (a) L=5.6 um, (b) 2 um, (c) 300 nm, and (d) 100 nm.
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Figure 3.

(a) 1-V characteristic of a long channel device (L=5.6 um) under grounded or floated gate
condition. (b) Transfer characteristic at different bias voltage for the device with L=2 pm.
The inset shows Dirac point shift as a function of bias voltage. (c) Transfer characteristic at
different bias voltage for the device with L=100 nm.
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(a) Schematic (top), top view (bottom left) and cross section (bottom right) SEM image of a
typical self-aligned device. The scale bar indicates 2 um in the top view SEM image, and
200nm in the cross section SEM image. (b) Transfer characteristic and (c) corresponding
transconductance under different bias voltage for an L=300 nm self-aligned device. (d)
Output characteristics of the same device.
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