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Abstract 

 
The novel electronic properties 

including a linear energy dispersio
purely two-dimensional structure, hav
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nanoscale devices.  In this paper, we re
electronic properties of graphene th
potential for high-frequency electron
We then present the latest results o
voltage characteristics of top-gated g
These devices show unique character
the ambipolar nature of the graphen
addition, the devices show very h
velocities, suggesting the possibility fo
frequency performance.  Our initia
transconductances as high as 150 μS/
on-off current ratios, making the devic
for analog/RF applications. 
 
1. Introduction 
 

Field-effect transistors based on ca
have been the subject of intensive rese
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diameter of nanotubes (and the assoc
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limitation is the requirement for tightl
of nanotubes to achieve current levels
silicon field-effect devices[6]. Graphe
of the advantages of carbon nan
mobilities of up to 2 x 104 cm2/V-s
supported devices[7-9] and large (~108

current densities[10]—without the need
large parallel arrays of nanotubes to a
currents.   

At the same time, however, graph
electronic properties that make it 
semiconductors, presenting both c
opportunities. 
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Figure 1.  Band structure of graphene. 

2. Electronic structure of gr
 

Graphene, a two-dimensional
structure of carbon, has a unique
results in unusual transport p
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In a 2D graphene field-effect structure, the 
modulation of the Fermi level in the channel is 
determined not only by the electrostatic capacitance 
(Ce) of the gate dielectric but by the quantum 
capacitance (Cq) of graphene, which considers density-
of-state effects in determining modulation of charge.  
The two capacitors act in series, leading to an effective 
top gate capacitance of ܥ௧௢௣ ൌ ஼೜஼೐஼೜ା஼೐.   Cq is sheet-

carrier-concentration-dependent and is given by ܥ௤ ൌ ට௡గ ௘మ௩ಷ԰. [17] Since the devices are fabricated on a 

conducting substrate, this can act as a backgate.  The 
quantum capacitance does not have a significant effect 
on the effective back-gate capacitance because the 
back-gate capacitance per unit area is substantially 
smaller than for the top gate. 

 
3. Field-effect device fabrication 
 

One of the principle challenges in graphene 
technology is materials synthesis.   The most 
promising growth techniques are based on high-
temperature silicon desorption from SiC surfaces[18].  
As a result, most devices are fabricated from graphene 
mechanically exfoliated from Kish graphite, a labor-
intensive process that produces very small flakes of 
graphene. [10]  These are usually exfoliated on a 300-
nm thermally grown SiO2 wafer, which allows optical 
recognition of the graphene sheets.  Raman 
spectroscopy is generally employed to verify that these 
are single graphene sheets. 

In our case, top-gated graphene field-effect 
transistors (GFETs) begins with the identification of 
strips of graphene with widths between 1-5 μm.  Cr/Au 
electrodes are patterned lithographically to define 
source and drain contacts.  A low-temperature atomic-
layer-deposition (ALD) process is used to directly 
grow 15-nm HfO2 onto the graphene sheet as a high-κ 
gate dielectic for the local top gate.  Because graphene 
does not have any dangling bonds on its surface, 
chemical-vapor-deposition- (CVD-) based growth 
techniques are often difficult.  Some have suggested 
functionalizing the graphene first with NO2 as part of 
the growth procedure.[19]  In our case, growth is most 
likely due to physiosorption, which is enhanced by the 
low-temperature growth procedure we employ. 
 
4. Field-effect device characteristics 
 

We have measured top-gated GFETs based on this 
high-κ HfO2 gate dielectric.[20]  Despite Ion/Ioff~ 7, 
high transconductances and current saturation are 
achieved, making this device well-suited for analog 

applications. The GFETs (Fig.2a) have source and 
drain regions that are electrostatically doped by the 
back gate, which enables control over the contact 
resistance and threshold voltage of the top-gated 
channel. Fig.2b shows a GFET structure with 3-μm 
source-drain separation, a 1-μm top gate length, and a 
device width of 5 μm. We review representative 
measurement and modeling results for a similar device 
with a width of 2.1 μm.  

The back-gate capacitance (Cback) is approximately 
12 nF/cm2 (thickness of 285 nm, κ ~ 3.9).  Sheet carrier 
concentrations (electrons or holes) in the source and 
drain regions can be approximated 
by ݊ ؆ ට݊଴ଶ ൅ ൫ܥ௕௔௖௞൫ ௚ܸ௦ି௕௔௖௞ െ ௚ܸ௦ି௕௔௖௞଴ ൯/݁൯ଶ, where ௚ܸ௦ି௕௔௖௞଴  is the back-gate-to-source voltage at the Dirac 
point in these regions and n0 is the minimum sheet 
carrier concentration as determined by disorder and 
thermal excitation[21, 22]. ௚ܸ௦ି௕௔௖௞଴ ؆  2.7 ܸ, 
indicating slight p-type doping, most likely due to 

impurities adsorbed to the graphene. Under the top 
gate, carrier concentrations are determined by both the 
front and back gates, ݊ ؆ට݊଴ଶ ൅ ൫ൣܥ௕௔௖௞൫ ௚ܸ௦ି௕௔௖௞ െ ௚ܸ௦ି௕௔௖௞଴ ൯ ൅ ௧௢௣൫ܥ ௚ܸ௦ି௧௢௣ െ ௚ܸ௦ି௧௢௣଴ ൯൧/݁൯ଶ
 with ௚ܸ௦ି௧௢௣଴ ؆ 1.45 ܸ, where ܥ௧௢௣ ؆  ଶis݉ܿ/ܨ݊ 552
the effective top-gate capacitance per unit area. If one 
takes the top-gate capacitance as being the series 
combination of the electrostatic capacitance (Ce) of the 
gate dielectric and the quantum capacitance (Cq) and 
for ܥ௤ ؆ ௘ܥ ,ଶ݉ܿ/ܨߤ 2 ؆  ଶ, which is݉ܿ/ܨ݊ 762
slightly less than the 944 nF/cm2 predicted for the HfO2 

gate insulator (thickness of 15 nm, κ ~ 16), probably 
due to surface impurities trapped between the HfO2 
and graphene, increasing the effective gate insulator 
thickness.  

 

Figure 2. Basic top-gated graphene FET design.  (a) 
schematic depiction of a graphene FET on a Si/SiO2 substrate 
with a heavily doped Si wafer acting as a back-gate and a 
gold top-gate. (b) SEM micrograph showing a representative 
graphene top-gated FET.  The Cr/Au top-gate of this device 
is 1 μm long, with 3 μm spacing between the source-drain 
contacts. 
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Figs. 3a and 3b show the measured Id as a function 
of Vsd (for different Vgs-top voltages) at Vgs-back of 40V 
and -40V.  To understand these curves, we focus first 
on the Id curve from Fig. 3a for Vgs-top= -0.3V, which 
shows a pronounced “kink” in the characteristic, 
shown in more detail in Fig. 4a. Similar to the features 
observed in ambipolar semiconducting nanotubes 
FET[23],these kinks in the Id characteristics signify the 
presence of an ambipolar channel. The carrier 
concentration in the channel, shown schematically in 
Fig. 4b for different points in the I-V trace, is 
calculated using a field-effect model: ݊ሺݔሻ ൌ ට݊଴ଶ ൅ ൫ܥ௧௢௣൫ ௚ܸ௦ି௧௢௣ െ ܸሺݔሻ െ ଴ܸ൯/݁൯ଶ, where ଴ܸ ؆

௚ܸ௦ି௧௢௣଴ ൅ ൫ܥ௕௔௖௞ ⁄௧௢௣ܥ ൯൫ ௚ܸ௦ି௕௔௖௞଴ െ ௚ܸ௦ି௕௔௖௞൯ functions as a 
device threshold voltage, controlled by the back-gate; x 
is the distance along the graphene channel; and V(x) is 
the potential in the channel.  For the device in Fig 3, 
with channel length L, V(L) = Vsd, so that for ௦ܸௗ ൑௦ܸௗି௞௜௡௞ ؆ ௚ܸ௦ି௧௢௣ െ ଴ܸ current is carried by holes 
throughout the length of the channel (Fig 3b-I). The 
linear relationship between Vgs-top and Vsd-kink is also 
evident in the contour plots of Fig. 2c and 2d. For ௦ܸௗ ൌ ௦ܸௗି௞௜௡௞, the vanishing carrier density produces 
a “pinch-off” region at the drain (Fig 3b-II) that 
renders the current in the channel relatively insensitive 
to Vsd and results in the pronounced kink seen in the I-
V characteristic. ForVsd>Vsd-kink, the minimal density 
point resides in the channel, producing a “pinch-off” 
region that moves from source to drain with increasing 
drain bias magnitude(Fig. 3b-III). In this bias range the 
carriers in the channel on the source side of the 
minimal density point are holes, while those on the 
drain side are electrons. The voltage drop across the 
“hole” portion of the channel remains fixed at Vsd-kink 
while the voltage drop across the “electron” portion 
increases as Vsd-Vsd-kink.  In this ambipolar regime, the 
pinch-off point becomes a place of recombination for 
holes flowing from the source and electrons flowing 
from the drain.  Because there is no bandgap, no 
energy is released in this recombination.   

For the I-V curves at Vgs-back= -40V and Vgs-top < -0.8  
V (Fig. 2b), the device shows flat saturating I-V 
characteristics (high-field regime for a unipolar 
channel). To accurately model these characteristics, the 
drift velocity must be assumed to saturate at some 
value vsat for electric fields beyond a critical electric 
field (Ecrit). This is consistent with the carrier drift 
velocity eventually saturating due to optical-phonon 
scattering, as in the case of metallic nanotubes[24] 
[25]. For values of Vgs-top sufficiently negative, such 
that Vsd-kink> EcritL, the I-V characteristics show a 
strongly saturating behavior in the unipolar region with 
the kink indicating a transition to an ambipolar 
channel. Large enough electric fields are reached in the 
channel at the drain end for the holes to reach 
saturation velocity, resulting in an Id that becomes 
independent of Vsd.   

 
Figure 4. Model (solid) and measured (dashed) Id-Vsd curves 
are compared for Vgs-back=-40 V at Vgs-top=0V, -1.5V, -1.9V, 
and -3V (from the bottom to the top) 

With this consideration, the current in the channel is 
expressed by[26]: ܫௗ ൌ  ௐ௅ ׬ ݁݊ሺݔሻݒௗ௥௜௙௧௅଴ ሺݔሻ݀(1)  ݔ 
Where L is the channel length and W  is the channel 
width.  Current continuity forces a self-consistent 
solution for the potential V(x) along the channel. We 
approximate the carrier drift velocity (vdrift) by a 
velocity saturation model[27]: ݒௗ௥௜௙௧ ൌ ఓாଵା ഋಶೡೞೌ೟  (2) 

where vsat is the saturation velocity of the carriers. For 
simplicity, we assume that both electrons and holes are 
characterized by the same μ and vsat values in our 
model. A closed-form analytical expression for Id can 
be derived from these expressions. Fig. 4 shows a 
comparison of this model with the measured data at 

Figure 3.  Current-voltage characteristics of GFET device: (a)
drain current (Id) as a function of source-to-drain voltage (Vsd) for 
Vgs-top=-0.3V,-0.8V,-1.3V,-1.8V,-2.3V, and -2.8V (from bottom to
top) for Vgs-back=40 V; (b) Id as a function of Vsd for Vgs-top=-0.3 V,-
0.8V, -1.3V, -1.8V, -2.3V, and -2.8V (from bottom to top) for Vgs-

back=-40 V. 
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Vgs-back= -40 V; the model has been implemented in 
Verilog-A as described in Section 5. As input 
parameters, the fit uses a low-field mobility of 550 
cm2/V-sec, a minimum sheet carrier density of 0.5 x 
1012 cm-2, and source-drain series resistances of 700 Ω.  
vsat for holes is found to vary between 6.3 x 106 cm/sec 
at high densities (at ݊ ؆ 10 ൈ 10ଵଶܿ݉ିଶ) and 5.5 x 
107 cm/sec at low densities (near n=n0). We find that 
vsat shows a linearly increasing trend with ݊ିଵ ଶ⁄  given 
by the simple relation ݒ௦௔௧ ൌ ிݒ ቀ԰Ωாಷቁ with ԰Ω 
designating the relevant optical phonon energy.[20]  
We find ԰Ω to be close to the 55 meV surface phonon 
energy of SiO2[28, 29] and consistent with the 
observation of the effect of this phonon energy on 
temperature-dependent low-field mobility.[30] This 
phonon energy is significantly below the 200 meV 
longitudinal zone boundary phonon of intrinsic 
graphene,[31] suggesting that the saturation velocity in 
future generations of graphene transistors may be 
augmented by choosing different substrates with higher 
phonon energies. 
 

 
Figure 5.  Small-signal transconductance (gm) as a function 
of drain-to-source voltage (Vsd) for Vgs-top=-2.9V. 

Figs. 5 show the small-signal device 
transconductance (݃௠ ؜ ൫߲ܫௗ ߲ ௚ܸ௦ି௧௢௣⁄ ൯ห௏ೞ೏,௏೒ೞష್ೌ೎ೖሻ 

as a function of Vsd for Vgs-top = 0 V. Model and 
measurement show good agreement. gm values exceed 
320 μS/μm (~150 μS/μm) for these 2.1-μm-channel-
length devices at Vgs-top=0 V, Vgs-back= -40 V, Vsd=1.6V. 
Removing the effect of series resistance, the device’s 
intrinsic transconductance is approximately 833 μS/μm 
at a vsat value of 5.5 x 107 cm/sec. In comparison, 
velocity-saturated n-channel 65-nm Si MOSFETs 
deliver transconductances of approximately 1.5 μS/μm 
with gate capacitances of approximately1.77 μF/cm2.   
At this gate capacitance, which is close to graphene’s 
quantum capacitance, the graphene transistor would 
have a transconductance of more than 2.9 mS/μm. As 

expected, and as is evident in Fig. 4e, the 
transconductance goes to zero at Vsd =Vsd-kink. The 
highest transconductances are observed in the unipolar 
regime away from Vsd-kink , which can be achieved by 
proper choice of V0. Therefore, the device is most 
likely to be operated in the high-transconductance, 
velocity-saturated region with Vsd below Vsd-kink.  

The performance potential of graphene comes from 
its comparatively high vsat value. Silicon, even with the 
most optimistic assumption on strain and perfectly 
ballistic channels, will have a vsat limited to 2 x 107 
cm/sec. [32] The competitive landscape with III-V 
materials is shown in Table 1.  InAs-based HEMTs in 
particular, offer the possibility for high saturation 
velocity (because of the low effective mass in InAs) 
but have relatively poor electrostatics, making scaling 
to short channel lengths difficult. [33] They are also 
characterized by relatively large “spacer” layers 
leading to high series resistances. 

 
Table 1.  Comparison of graphene for III-V materials. 

 InAs GaAs InP Graphene 
Electron 
effective mass 
(m*/m0) 

0.023 0.067 0.077 0 

Electron 
mobility (300K, 
ND=1017cm-3) 

16000 4600 2800 20000 

Electron 
saturation 
velocity (x 107 
cm/sec) 

4.0 2.2 2.2 > 5 

Energy 
bandgap (eV) 

0.36 1.42 1.35 0 

 
5. CAD challenges 
 

The most obvious challenges for computer-aided 
design are in the compact modeling of these devices, 
since they present very different current-voltage 
behavior than semiconductor-based FETs.  In Fig. 6, 
we show a simple large-signal device model that we 
have implemented in Verilog-A to describe the 
behavior of our GFET devices.  The Id(Vgs-top,Vds) 
relationship is determined by solution of Eqns. 1 and 2. 
The capacitance model at this early stage includes only 
the total gate capacitance as the gate-to-source 
capacitance.  More details will be presented 
elsewhere.[34] 

This model predicts fTs in excess of 40 GHz for the 
0.5μm GFET device of Figs. 3 and 4.   RF 
measurements will also be reported elsewhere.[34] 
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