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Top-gated, few-layer graphene field-effect transistors (FETs) fabricated on thermally decomposed
semi-insulating 4H-SiC substrates are demonstrated. Physical vapor deposited SiO, is used as the
gate dielectric. A two-dimensional hexagonal arrangement of carbon atoms with the correct lattice
vectors, observed by high-resolution scanning tunneling microscopy, confirms the formation of
multiple graphene layers on top of the SiC substrates. The observation of n-type and p-type
transition further verifies Dirac Fermions’ unique transport properties in graphene layers. The
measured electron and hole mobilities on these fabricated graphene FETs are as high as 5400 and
4400 cm?/V s, respectively, which are much larger than the corresponding values from
conventional SiC or silicon. © 2008 American Institute of Physics. [DOI: 10.1063/1.2889959]

To a large extent, the success of modern microelectron-
ics is based on the continuous miniaturization or scaling of
silicon metal-oxide-semiconductor field-effect transistors
(MOSFETs), which make them smaller, faster, and cheaper.
However, silicon-based technology will encounter physical
and technical limits within the next decade, which motivates
the semiconductor industry to explore alternative device
technologies such as Ge,1 III-VS,2 and carbon nanotubes®™ to
replace silicon as active channel materials. Graphene, a
monolayer of carbon atoms tightly packed into a two-
dimensional (2D) hexagonal lattice, has recently been shown
to be thermodynamically stable and exhibit astonishing
transport properties, such as an electron mobility of
~15000 cm?/V s and velocity of ~10® cm/s.® High-quality
monolayer graphene has been obtained in small (few micron)
areas by exfoliation of highly ordered pyrolytic graphite
(HOPG) and transferred onto SiO, substrates for further de-
vice fabrication.”® However, this exfoliation process cannot
form the basis for a large-scale manufacturing process. Re-
cent reports of large-area epitaxial graphene by thermal de-
composition of SiC wafers have provided the missing path-
way to a viable electronics technology.9 The advantage of
epitaxially grown graphene for nanoelectronic application re-
sides in its planar 2D structure that enables conventional top-
down lithography and processing techniques.

Three-terminal MOSFETSs constitute the backbone of to-
day’s silicon industry and similar device structures are envi-
sioned for graphene. For these devices to be successful, car-
rier transport in the conduction channel must be controlled
efficiently by the top-gate structure. Some attempts to ad-
dress these issues were reported very recently, both on peeled
graphene flakes' or SiC surfaces after graphitization.11 In
this letter, the observation of n-type and p-type transitions on
epitaxially grown graphene films by top-gate bias is reported.
More importantly, the measured electron and hole mobilities
on fabricated top-gate graphene field-effect transistors ex-
ceeds 5400 and 4400 cm?/V s, respectively. This is one
order-of-magnitude higher than earlier reported11 and ap-
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proaches the values obtained from exfoliated graphene
films.®™®

The graphene films were grown on the carbon or silicon
face of semi-insulating 4H-SiC substrates in an Epigress
VP508 SiC hot-wall chemical vapor deposition (CVD) reac-
tor. The off-cut angle of the substrate is nominally 0°. Prior
to growth, substrates are subjected to a hydrogen etch at
1600 °C for 5 min, followed by cooling the samples to be-
low 700 °C. After evacuating hydrogen from the system, the
growth environment is pumped to an approximate pressure
of 2X 1077 mbar before temperature ramping at a rate of
10-20 °C/min up to a specified growth temperature.
Growth  temperatures  investigated  ranged  from
1350-1650 °C. Scanning tunneling microscopy (STM) im-
ages taken at a constant set point current of 0.5 nA with a
bias of —0.5 V revealed nanometer high steps, as illustrated
in Fig. 1(a), implying that graphene follows the 4H-SiC sur-
face topography after H, etching. The surface roughness of a
plateau was measured to be ~0.2 nm. This morphology is
critical in achieving high-mobility graphene films on SiC.
Atomic resolved STM images within a graphenelike domain
were performed in constant height mode. Figure 1(b) shows
a typical atomic-resolution STM image after denoising using
a FFT filter. The image is superimposed with a triangular
lattice with lattice vectors of 0.25 nm, agreeing well with the
expected 0.246 nm lattice spacing of HOPG. This is far dif-
ferent from the 0.307 nm lattice constant of 4H SiC. The
observed triangular lattice is expected from the Bernal stack-
ing of neighboring graphene sheets, as in HOPG.'? The for-
mation of multiple graphene layers on SiC after high tem-
perature decomposition is further confirmed by the similar
measurement on HOPG, where a similar triangular sublattice
is observed with the lattice vectors of 0.26 nm.

The device structure of the fabricated graphene FET is
shown in the inset of Fig. 2(a). Device isolation of the
graphene film was realized by 120 nm deep SFg based dry
etching with photolithographically defined photoresist as a
protection layer. Ti/Au metallization was used to form
Ohmic contacts on graphene as source and drain. Physical
vapor deposition (PVD) SiO, was used as top-gate dielectric.
Plasma-based processing was avoided to prevent damage to
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the graphene films. CVD or atomic layer deposition cannot
form high-quality dielectrics on the basal plane of graphene
without a noncovalent functionalization layer.l3"1 Finally,
conventional Ni/Au metals were electron-beam evaporated,
followed by liftoff to form the gate electrodes. The process
requires three levels of lithography (isolation, Ohmic, and
gate), all done using a contact printer.

Figure 2(a) shows the dc I~V characteristic with a gate
bias from —1 to 2.5 V on a device with a fully covered gate,
as shown in the inset. The measured graphene FET has a
designed gate length (L,) of 400 um and a gate width (L,,)
of 50 um. The gate oxide is 50 nm SiO,. The gate leakage
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FIG. 2. (Color online) (a) Iy vs Vg, as a function of Vg on a few-layer
graphene FET measured at room temperature. V,, changes from 2.5 V (top)
to —=1.0 V (bottom) in 0.5 V steps. (b) Transfer characteristics of the same
device at Vy=2 V. The dashed lines are corrected one around Dirac point
after extracting the p-n junction resistance or “odd” resistance component
(see Ref. 21).
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FIG. 1. (Color online) The graphene layer was studied
using an Omicron ultrahigh-vacuum STM operating at
room temperature in the low 1071 Torr regime. Etched
W tips were used throughout. The XY piezocalibration
was checked independently by imaging atoms in
HOPG. (a) STM image of a graphene film formed on a
carbon-face on-axis semi-insulating 4H SiC substrate.
The 1.2 or 1.4 nm steps are unit steps in the basal plane
of the SiC substrate. (b) Atomic resolution STM image
of a triangular sublattice of carbon atoms in a graphene
film. Due to the offset between two sublattices in a
multiple graphene film, only every other surface atom is
imaged.

current is very low, below 10~ A under the same bias con-
ditions, corresponding to a gate leakage current density of
3X 107 A/cm?. The drain current can be modulated by
~50% with a few volts gate bias. A reference SiC sample
without the graphitization treatment, processed at the same
time, shows no current (<40 pA). Figure 2(b) illustrates the
transfer characteristics of this graphene FET at V=0.2 V.
The drain current or conductance exhibits a region of mini-
mum at Vy~—0.8 V. This dip in single-graphene layer is
well documented and corresponds to a minimum conductiv-
ity of ~4¢?/h at the charge neutrality point or Dirac point,
where e and & are the electric charge and Planck’s constant,
respectively. It is the same physical origin here for multiple
graphene films. The device cannot be turned off to zero drain
current or conductance, since graphene or graphite is a semi-
metal with no bandgap. A finite bandgap can be created by
patterning graphene into graphene nanoribbons,'*!” but the
dimensions of such ribbons press the limits of modern lithog-
raphy. A finite bandgap may also be created by breaking the
graphene sublattice s?/mmetry using selective doping,1 a
vertical electric field,® or interactions with the underlying
substrate.”” With the conductance of 1.25X10™* S in this
particular device, we estimate that this few-layer graphene
film could contain six to seven layers of graphene. The
slope of the drain current shows that the peak extrinsic
transconductance (G,,) is ~1.4 mS/mm, due to its extraor-
dinarily large gate length. Assuming that epitaxially grown
few-layer graphene on SiC has the same layer-by-layer
separation of 0.335 nm as HOPG, the conduction channel of
this particular device should be constrained within ~2.0 nm.
The channel mobility can be simply estimated by wu
=[(A1,/Vy)/(L,,/L,)]/ Cox AV, using the surface-channel
device formula. Here, C,, is determined by gye,A/d, where
g( 1s permittivity of free space, €, is 3.0 for PVD SiO, with-
out annealing, A is unit area and d is the gate oxide thick-
ness. The extracted electron effective mobility is as high as
5400 cm?/V s, one order of magnitude higher than the value
reported in Ref. 11 and agpproaching values reported in ex-
foliated graphene films.°® In contrast to Ref. 10, no signifi-
cant degradation of mobility is observed due to the use of
PVD Si0O,. The device characteristics could become ambipo-
lar such as at low charge density or near Dirac point.14’21’2 A
simple approach, proposed by Huard et al., is used to further
characterize the sample by extracting the p-n junction
resistance,”’ as shown by the dashed lines in Fig. 2(b). The
corrected electron mobility drops 10%-30% around Dirac
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point Vg=-0.8 V. Note that this correction does not have to
be needed at unipolar condition or at high charge density.
To accurately control the number of graphene layers
formed by decomposition of the SiC surface remains a chal-
lenge. Figure 3(a) shows graphene sheet resistivity as a func-
tion of growth temperature for ten growth runs. It is obvious
that the number of graphene layers can be controlled by de-
composition temperature, time, and other processing condi-
tions. 1500—1550 °C is the growth temperature window for
monolayer graphene films on Si face of SiC in the CVD
system used in these experiments. Figure 3(b) illustrates
drain conductance versus V,, characteristics as a function of
V4 on a similar graphene FET with the possibility of only
one monolayer. The drain current at low drain voltage Vy
=0.2 V is around 2 X 107 A, which corresponds to a sheet
conductivity of 2¢?/h, the same order as 4¢?/h for a single
graphene layer. A clear n-type to p-type transition, a critical
feature for the graphene band structure, is also observed after
gate bias sweeps beyond —20 V. The SiO, is 120 nm thick,
with the gate leakage current less than 10~ A under gate
bias from —22 to 20 V. From the simple calculation de-
scribed above, the hole mobility and electron mobility are
4400 and 2000 cm?/V s, respectively. The origin of the ob-
served flat features at the n-type to p-type transition is un-
clear. It could be introduced by substrate leakage current
related to the relative low substrate resistivity (on the order
of 10° Q) cm) of the semi-insulating SiC substrate. This does
not exclude the possibility of opening a bandgap in the top
monolayer of graphene, coupled with a buffer graphene
layer.20 In particular, the narrowing plateau feature with in-
creasing drain voltage fits the bandgap picture well. It could
also be related to the coexistence of thermally activated elec-
trons and holes near the Dirac point at room ternperature.23 It
could also be related with creating a large fluctuating region,
where average carrier density is smaller than disorder or do-
main boundary induced fluctuations.”* More experimental
and theoretical studies are needed to clarify these points. The
drain conductance is not independent of drain voltage, since
device operation could become complicated if part of the
channel is negatively gate-biased and part is positively gate-
biased, as referenced to the neutrality point or Dirac point.
In summary, few-layer graphene FET fabricated on de-
composed semi-insulating SiC substrates with SiO, as gate
dielectric is fabricated. A clear n-type to p-type transition at
the Dirac point is observed. A maximum electron mobility
of 5400 cm?/V's and hole mobility of 4400 cm?/V's is
achieved. Graphene is a promising electronic material for
future nanoelectronics, due to its high carrier mobility

and high Fermi velocity compared to conventional semicon-
ductors.
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