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The discovery of graphene!-? raises the prospect of a new class of
nanoelectronic devices based on the extraordinary physical
properties>® of this one-atom-thick layer of carbon. Unlike
two-dimensional electron layers in semiconductors, where the
charge carriers become immobile at low densities, the carrier
mobility in graphene can remain high, even when their density
vanishes at the Dirac point. However, when the graphene
sample is supported on an insulating substrate, potential
fluctuations induce charge puddles that obscure the Dirac point
physics. Here we show that the fluctuations are significantly
reduced in suspended graphene samples and we report low-
temperature mobility approaching 200,000 cm?> V~!s™! for
carrier densities below 5 X 10° cm™2. Such values cannot be
attained in semiconductors or non-suspended graphene.
Moreover, unlike graphene samples supported by a substrate,
the conductivity of suspended graphene at the Dirac point is
strongly dependent on temperature and approaches ballistic
values at liquid helium temperatures. At higher temperatures,
above 100 K, we observe the onset of thermally induced long-
range scattering.

The unusual low energy excitation spectrum of graphene,
consisting of quasiparticles that are massless Dirac fermions,
implies the emergence of novel electronic properties such as
negative index of refraction’, specular Andreev reflections at
graphene—superconductor junctions®® and evanescent transport!®.
Moreover, because graphene is a semimetal, it can be reduced to
nanoscale dimensions without becoming an insulator as occurs in
doped semiconductors. Underlying these predictions is the
assumption that graphene is minimally affected by interactions
with the environment. However, the environment!'"!2, particularly
the substrate'’, can significantly affect such ultrathin films. For
graphene deposited on silicon/SiO,, substrate-induced carrier
inhomogeneity due to trapped charges in the oxide or at the
graphene—oxide interface is especially deleterious near the Dirac
point where screening is weak'*'” leading to reduced carrier
mobility. In addition, the atomic roughness of the substrate can
cause the mobility to deteriorate by introducing short-range
scattering centres or by inducing quench-condensation of ripples
within the graphene layer's. Here we address one of the
outstanding questions about graphene—what are its intrinsic
transport properties close to the Dirac point—by studying
graphene in the absence of a supporting substrate.

To eliminate substrate-induced perturbations, graphene films
were suspended from gold/titanium contacts to bridge a trench
in a SiO, substrate (Fig. la). In contrast to earlier realizations
of suspended graphene (SG)'"?°, which did not provide

electrical contacts for transport measurements, the SG devices
described here incorporate multiple electrodes that allow four-
lead transport measurements. The SG devices were fabricated
from conventional non-suspended graphene (NSG) devices
using wet chemical etching (see Supplementary Information).
In a typical SG device (Fig. 1b), the graphene layer is
suspended from the voltage leads, which run across the sample
and at the same time provide structural support. This two-lead
configuration avoids complications such as sensitivity to details
of the lead geometry that arise in ballistic devices when
transport measurements are carried out with a conventional
Hall bar?! design. For the two-lead voltage configuration
used here, the measured transport properties of ballistic
devices depend on lead separation and doping in a
straightforward way that can be calculated from first principles!
(see Supplementary Information).

Low-temperature (4.2 K) magnetotransport measurements
were carried out to determine the number of graphene layers and
to obtain the relation n(Vg) between the induced carrier density
n and the gate voltage V, (Fig. 1c,d,e). Note that n(Vg) is linear
in V,, indicating that, within the range of applied gate voltages,
bending of the graphene sheet due to the electrostatic force is
negligible. Comparing the carrier density capacitance of the SG
sample ag; = 11/V,(~2.14 x 10" cm™? V™) to that of the NSG
sample, (aygq ~ 7.4 x 101°cm™2 V™), we find that the ratio
anse/ s =346 is ~15% smaller than the ratio of the
corresponding dielectric constants (SiO, and vacuum). This
suggests a slight permanent sagging of the SG devices that is
attributed to the deformation of the leads by wicking action of
liquids during the fabrication process.

We next focus on the carrier density dependence of the
resistivity p(n) in a zero magnetic field in the temperature range
4.2-250 K (Fig. 2a). The particle—hole asymmetry seen in the
figure is observed in all our samples, SG as well as NSG, if the
lead separation is sufficiently short (L <1 wm), but it becomes
negligible in samples with large lead separation or in the samples
with the Hall bar geometry. This implies a contact-induced
asymmetry that could arise due to contamination during
fabrication or doping by the lead material. However, it could also
occur as a result of the unique boundary conditions imposed by
the two-lead geometry. Further studies are needed to determine
the precise cause of the asymmetry. We limit our discussion to the
hole branch where well-defined Shubnikov-de-Haas (ShdH)
oscillations are observed. For SG samples, the peak in p(V,) at
the Dirac point becomes very sharp at low temperatures. On the
hole branch the half-width at half-maximum (HWHM) is almost
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Figure 1 Suspended graphene (SG) sample characterization. a, Schematic representation of the structure of the SG devices: top view (left panel), side view (right
panel). The electrodes are shown in yellow and the SiO, in blue. b, Scanning electron microscope image of a typical SG sample. ¢, Shubnikov-de-Haas (ShdH)
oscillations in the hole branch at the indicated gate voltages. The plateaus at R,, ~ 13 k(2 (h/26?) reflect a contribution from the Hall resistance, seen as a result of
the non-ideal shape of the sample. d, A ‘fan diagram’ constructed for the hole branch from the gate dependence of the ShdH oscillations in ¢ by plotting the Landau
level index versus 1/B for the indicated gate voltages V- The linear dependence extrapolated to the index number 1/2 identifies the sample as single-layer
graphene®. e, The slopes of the curves in d give the ShdH oscillation periods 1/B for each value of Vg, from which the gate dependence of the carrier density

n=4e/hBe(V,) is obtained.

one order of magnitude narrower for SG samples than that of
the best NSG samples reported to date*?2. This is directly seen
(Fig. 2a) in the side-by-side comparison of the p(n) curves for
SG and NSG samples taken from the same graphite crystal. In
Fig. 2b we compare the low-temperature p(n) curves with
ballistic predictions!® for two SG samples (see Supplementary
Information). Although the ballistic curve is still sharper than the
SG curve, the discrepancy is much smaller than for NSG samples.
At low carrier densities, the SG devices show near-ballistic
transport away from the Dirac point, as revealed by the weak
dependence of the conductance per unit width on channel
length (Fig. 2c¢).

A remarkable feature of the p(n) curves in SG samples is the
strong temperature dependence of the maximum resistivity, in
marked contrast to NSG samples, as illustrated in Fig. 2a.
Whereas in NSG the maximum resistivity saturates below
~200 K (ref. 23), in SG it continues to grow down to much
lower temperatures. We attribute this difference to the absence of
substrate-induced random potential fluctuations in the SG. The
random potential introduces electron—hole puddles'>'7 close to
the Dirac point that cause spatial fluctuations in doping
levels. The average deviation of the local Dirac point from the
Fermi energy defines an energy bandwidth E, within which
the effect of gating is limited to a redistribution of carriers
between electrons and holes without significantly changing the
total carrier density. Similarly, the effect of thermally excited
electron—hole pairs is masked until kT ~ E}** (where kg is the
Boltzmann constant). The effect of the random potential can
be estimated (Fig. 3a) from the gate voltage below which the
conductivity o(n) =p '(n) no longer changes with gating.
This defines a saturation density #**' that was used to estimate
Et = hvp(ntm)'/2, where v,=1x 10°ms™! is the Fermi
velocity. In Fig. 3b we compare the temperature dependence of
Ef# for two SG samples and one NSG sample. At high T, the
slopes of the SG curves approach k; as expected for thermally

excited carriers. At low T, where the fluctuation energy is
controlled by charge inhomogeneity, its value in the SG samples,
Ef™ < 10 meV, is much smaller than in the best NSG samples
reported to date, E}* ~ 40 meV (ref. 22). A direct consequence
of the low level of potential fluctuations in the SG samples is that
one can follow the intrinsic transport properties of Dirac
fermions much closer to the Dirac point than is possible with
NSG samples. The effect of temperature on the conductivity
curves o(n) is shown in Fig. 3c. Outside the saturation
regime, the curves can be fit with a model where scattering is
primarily due to boundary confinement and midgap states?!
Oeate = (Opg + 011) . Here

L 4é
Opal = WTZ Tn
n=1

is the ballistic contribution to the conductivity, the summation is
over all available longitudinal transport channels and T, is the
transmission probability in the nth channel, which depends on
sample width, lead separation and chemical potential. The
Landauer formula is used because, as we show below, the mean
free path (mfp) is comparable to the lead separation'®. Because of
interference effects associated with the boundaries, T, (and
consequently all other transport properties) is an oscillatory

function of the chemical potential’® (see Supplementary
Information). The other term,
2
e 2 2
Opg = ﬂ;ké(ln keRy)"s

describes scattering by midgap states produced by topological
defects of characteristic size R, and density n; The fit at 4K
gives Ry~ 3.4nm and n;~ 1 x 10'°cm™2 Close to the Dirac
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Figure 2 Carrier density dependence of transport. a, Resistivity of an SG
device with channel length L = 0.5 um and width W = 1.4 um at the indicated
temperatures (left panel). Resistivity of an NSG device with L = 0.5 um (right
panel). Note that the resistivity peak almost coincides with the neutrality point
(Vg = 0), indicating little extrinsic doping. The asymmetry in the curves is
observed in all SG samples (see Supplementary Information). The HWHM of

the resistivity peak of the SG sample is significantly narrower (8, ~ 0.15 V,

dn = 3.2 x 10° cm~?) than that of the NSG sample (81~ 2.2 x 10" cm~?).
b, Comparison of the carrier density dependence of the resistivity for the SG
device in the left panel of a (red curve, L = 0.5 um, T = 4.2 K) with predictions
of the ballistic model'® at 7= 0 for channel length L = 0.5 pum (black curve).
The ballistic model predicts a HWHM of 81 ~ 2.14 x 108 cm~2 for the p(n)
peak. ¢, Comparison of conductance per unit width for two SG samples with
different dimensions: L = 0.5 wm, W= 1.4 um (red curve) and L = 0.25 um,
W= 0.9 um (blue curve) at 4.2 K.

point the minimum conductivity o, is roughly linear in T for
T < 100 K with a finite intercept at T = 0 (Fig. 3¢, inset),

2
o, =84S = 1.75

Here 4¢?/h is the theoretically predicted value at the Dirac point
for ballistic transport mediated by evanescent modes!’. The linear T
dependence cannot be understood within existing theoretical
models*>?’. Further work is needed to elucidate how different
scattering mechanisms, interactions and the boundary conditions
affect the temperature dependence.

We next focus on the mobility, u= o/en, and the mean
free path, mfp = oh/(2e’k;), calculated from the measured
conductivity. These quantities are meaningful outside the puddle
regime, n > n®' (n**' marked by arrows) where the carrier
density is known. In Fig. 4a we compare the density dependence
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Figure 3 Potential fluctuations. a, Comparison of the carrier density
dependence of conductivity for SG (red curve) and NSG (black curve) devices
with channel length L = 0.5 um, at 7= 100 K. The arrows indicate the carrier
density below which transport properties are dominated by potential fluctuations.
Inset: A similar plot comparing two SG devices: L = 0.5 um (red curve) and

L =0.25 wm (green curve) at 7= 4.2 K. b, Temperature dependence of the
charge inhomogeneity (measured as the amplitude of the Fermi energy
fluctuation) for two SG samples: L = 0.5 pm (red), L = 0.25 pm (black), and
one NSG sample with L = 0.5 wm (green). The dotted line represents

ES? = KgT. ¢, Carrier density dependence of conductivity for the indicated
temperatures (the data were shifted to align the minima with the neutrality point).
For T < 100, outside the saturation regime the data collapse onto the calculated
CUINVE O gyie = (0g + ) ', Where i the ballistic contribution controlled
by lead confinement'® and o, is the contribution from midgap states?* as
discussed in the text. d, Temperature dependence of the minimum conductivity of
the device with L = 0.5 wm and I/ = 1.4 wm. The dashed lines correspond to
46?/h (upper line) and the theoretical value for evanescent transport 4¢%/mh
(lower line). The dotted line is a guide to the eye.

of the mobility for SG and NSG samples. Just outside the puddle
regime, n ~ 4 x 10° cm™ 2 at T= 100 K, the maximum mobility
of the SG samples, ~120,000 cm? V™1 s~ is significantly larger
than that measured in the best NSG samples, ~2,000—
20,000 cm? V~! s~ 1. The mobility of the SG samples continues to
decrease upon further cooling, reaching its highest value,
~185,000 cm? V™! s7!, at T =20 K. Because at low densities the
mobility is mostly determined by long-range scattering'® (short-
range scattering is weak near the Dirac point due to
the small density of states?®), the lower mobility of the NSG
samples implies that removal of the substrate eliminates the
primary source of long-range scattering. At high carrier densities
(n>4 x 10" cm™2), the mobility in SG and NSG becomes
comparable (~10,000 cm? V~!s71), suggesting dominant short-
range scattering. Short-range scatterers reflect imperfections in
the graphene layer, which may be inherited from the parent
graphite crystal or could be introduced during the fabrication
process. Similar conclusions can also be reached from the mfp(#n)
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Figure 4 Mobility and mean free path (mfp) of hole branch carriers.

a, Carrier density dependence of mobility for the NSG device(black curve) and
the SG device (red curve) at T= 100 K, and ballistic model predictions (blue
curve). The onset of the electron—hole puddle regime, n% ~ 6 x 10" cm~2
and 4 x 10° cm~2 for the NSG and SG samples, respectively, is indicated by
arrows. In the puddle regime (n < n%) the mobility cannot be obtained from
these transport measurements, as discussed in the text. For these data, the
maximum meaningful mobility is ~120,000 cm?V~"s~" and

20,000 cm?V—"1 s~ for the SG and NSG samples, respectively. The finite
mobility and oscillatory dependence on carrier density shown in the theoretical
curve is a consequence of the finite size imposed by the voltage leads, as
discussed in the text. b, Carrier density dependence of the mfp for the NSG
(black curve) and SG (red curve) devices at T= 100 K and the ballistic

model prediction (blue curve). ¢, Carrier density dependence of mobility
outside the puddle regime at the indicated temperatures. d, Carrier density
dependence of mfp outside the potential fluctuation regime at the

indicated temperatures.

curves in Fig. 4b: the positive slope for the NSG samples reflects
long-range scattering'®, and the negative slope for the SG sample
is consistent with the absence of long-range scatterers such as
charged impurities'>?*. This is reinforced by the temperature
dependence of the mfp(n) curves for the SG sample (Fig. 4d).
The negative slope and absence of T dependence for T < 100 K
suggest predominantly short-range scattering. Comparing with
the ballistic prediction (Fig. 4b), we find that at low T the mfp in
the SG sample is within ~50% of the ballistic value, which
requires a description of the transport in terms of the Landauer
formalism. For T > 100 K, the trend to positive slopes suggests
the onset of thermally induced long-range scattering, possibly
due to thermally excited ripples'® or ripple-induced charge
inhomogeneity?®. However, more work is needed to understand
the scattering mechanism in this regime.

After completion of this study we became aware of transport
measurements on SG samples? carried out with a Hall probe
lead geometry. Although the maximum calculated mobility in
both experiments is comparable, it is important to realize that
the different lead configuration can produce qualitatively
different results (see Supplementary Information). The
geometry of voltage lead configurations is particularly
important in such clean systems as it determines the boundary
conditions on the electronic wavefunctions: open for the Hall
bar arrangement and closed for the two-lead geometry. Thus, in
the latter geometry the finite mfp imposed by the distance
between the voltage leads places an upper bound on the
mobility so that even for perfectly ballistic graphene, the
measured mobility is finite and depends on carrier density.
For a sample with dimensions as used in these experiments
L xW=0.5pum x 1.4 um, the maximum ballistic mobility is
~280,000 cm* V- ls latn~4 x 10° cm ™2

The transport measurements reported here show that the
maximum resistivity in SG samples (~12-40k) is
significantly higher than values reported for NSG samples
(~2-7kQ). These values do not coincide with the theoretical
prediction for ballistic transport wh/4e*. However, because the
contributions from charge inhomogeneity and scattering have
opposite effects, the value of the maximum resistivity cannot
in itself be proof of ballistic transport. In contrast, the peak-
width of p(n) does provide a reliable yardstick for comparing
to ballistic predictions because all scattering mechanisms
increase the width. Here we have shown that the resistivity
peak in SG devices is more than an order of magnitude
sharper than in NSG devices. Together with the high value of
the measured mobility, which continues to increase down to
the lowest temperatures, these experiments provide strong
evidence of near ballistic transport in suspended graphene.
They open the door to the realization of a new generation of
nanodevices based on the unique transport properties of
charge carriers governed by Dirac fermion physics.
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