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One-Dimensional Electrical Contact to
a Two-Dimensional Material

L. Wang,“* I. Meric,™ P. Y. Huang,? Q. Gao,* Y. Gao,” H. Tran,’ T. Taniguchi,® K. Watanabe,®
L. M. Campos,® D. A. Muller,? J. Guo,* P. Kim,” J. Hone,? K. L. Shepard,’t C. R. Dean™>2}

Heterostructures based on layering of two-dimensional (2D) materials such as graphene and
hexagonal boron nitride represent a new class of electronic devices. Realizing this potential,
however, depends critically on the ability to make high-quality electrical contact. Here, we report
a contact geometry in which we metalize only the 1D edge of a 2D graphene layer. In addition
to outperforming conventional surface contacts, the edge-contact geometry allows a complete
separation of the layer assembly and contact metallization processes. In graphene heterostructures,
this enables high electronic performance, including low-temperature ballistic transport over
distances longer than 15 micrometers, and room-temperature mobility comparable to the
theoretical phonon-scattering limit. The edge-contact geometry provides new design possibilities
for multilayered structures of complimentary 2D materials.

tomically thin two-dimensional (2D) ma-

terials (/, 2)—such as graphene, hexago-

nal boron nitride (BN), and the transition
metal dichalcogenides (TMDCs)—offer a variety of
outstanding properties for fundamental studies
and applications. More recently, the capability
to assemble multiple 2D materials with comple-
mentary properties into layered heterogeneous
structures presents an exciting new opportunity
in materials design (2—1/1), but several fundamen-
tal challenges remain, including making good
electrical contact to the encapsulated 2D layers.
Electrically interfacing 3D metal electrodes to 2D
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materials is inherently problematic. For graphene
devices, the customary approach is to metalize
the 2D surface. However, graphene lacks surface
bonding sites, so the lack of chemical bonding
and strong orbital hybridization leads to large con-
tact resistance (/2—/9). In multilayer structures,
the requirement to expose the surface for metalli-
zation presents additional restrictive demands on
the fabrication process. For example, encapsulated
BN/graphene/BN heterostructures (BN-G-BN)
need to be assembled sequentially so as to leave
the graphene surface accessible during metalli-
zation, because no process to selectively remove
the BN layers has been identified. Moreover, poly-
mers used during both the layer assembly and
lithography steps are difficult to remove (20).
Their presence can degrade the electrical contact
(21, 22) and channel mobility (23) and contam-
inate the layer interfaces, causing bubbles and
wrinkles that multiply with the addition of each
successive layer, limiting typical device size to
~1 um (2, 4, 24).

We demonstrate a new device topology
where 3D metal electrodes are connected to a
2D graphene layer along the 1D graphene edge
(14, 19, 25-27). We first encapsulate the graphene

layer in BN. The entire multilevel stack is then
etched to expose only the edge of the graphene
layer, which is in turn metalized. This contact
geometry is similar to that in conventional semi-
conductor field-effect transistors (FETs), where
doped 3D bulk regions make lateral contact to
a 2D electron gas. Although carrier injection is
limited only to the 1D atomic edge of the graphene
sheet, the contact resistance is remarkably low
(as low as 100 ohm-pm in some devices). The edge-
contact process also allows a complete separation
of the layer assembly and contact metallization
processes, which permits implementation of a
polymer-free layer assembly method. Combining
these two techniques, we fabricated graphene de-
vices with unprecedented performance exhibiting
room-temperature mobility up to 140,000 cm*/Vs
and sheet resistivity below 40 ohms per square at
n>4 x 10" cm 2, comparable to the theoretical
limit imposed by acoustic phonon scattering. At
temperatures below 40 K, we observed ballistic
transport over length scales longer than 15 um.
The edge-contact fabrication process is illus-
trated in Fig. 1A. Beginning with a BN-G-BN
heterostructure, a hard mask is defined on the top
BN surface by electron-beam lithography (EBL)
of a hydrogen-silsesquioxane (HSQ) resist. The
regions of the heterostructure outside of the mask
are then plasma-etched (see supplementary ma-
terials section 1.2) to expose the graphene edge.
Finally, metal leads (1 nm Cr/15 nm Pd/60 nm Au)
are deposited by electron beam evaporation to
make electrical contact along this edge (other
metal combinations showed inferior performance)
(table S1). In Fig. 1B, a cross section scanning
transmission electron microscope (STEM) image
of a representative device shows the resulting
geometry of the edge-contact. In the magnified
region, electron energy-loss spectroscopy (EELS)
mapping confirms that the graphene and metal
overlap at a well-defined interface. From the an-
gle of the etch profile (~45°), we expect that the
graphene terrace is exposed only 1 to 2 atoms
deep. Within the resolution of the STEM image,
there is no evidence of metal diffusion into the
graphene/BN interface, confirming the truly edge
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Fig. 1. Edge-contact. (A) Schematic of the edge- A
contact fabrication process. (B) High-resolution

bright-field STEM image showing details of the edge- BN Metal Lead
contact geometry. The expanded region shows a
magnified false-color EELS map (fig. S6) of the inter-
face between the graphene edge and metal lead. (C)
Two-terminal resistance versus channel length at
fixed density, measured from a single graphene de-
vice in the TLM geometry. Solid line is a linear fit to
the data. Inset shows an optical image of a TLM
device with edge-contacts. (D) Contact resistance
calculated from the linear fit at multiple carrier
densities for two separate devices. Error bars repre-
sent uncertainty in the fitting. Inset shows resist-  metal
ance scaling with contact width measured from a  'eads
separate device.
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nature of the contact. The EELS map additionally
indicates that contact was made predominantly to
the Cr adhesion layer.

To characterize the quality of the edge-contact,
we used the transfer-length method (TLM). Mul-
tiple two-terminal graphene devices consisting of
a uniform 2-um channel width but with varying
channel lengths were fabricated, and their resist-
ances were measured as a function of carrier den-
sity n induced by a voltage applied to a silicon
back gate. Figure 1C shows the resistance versus
channel length, measured at two different carrier
densities. In the diffusive regime, where the chan-
nel length remains several times longer than the
mean free path, the total resistance in a two-
terminal measurement can be written as R =
2Rc(W) + pL/W, where Rc is the contact re-
sistance, L is the device length, ¥ is the device
width, and p is the 2D channel resistivity; Rc and
p were extracted as the intercept and slope of a
linear fit to the data shown here for two separate
devices (Fig. 1D). R was remarkably low, reach-
ing ~150 ohm-um for n-type carriers at high den-
sity. This value is ~25% lower than the best reported

Fig. 2. Polymer-free layer assembly. (A) Schematic of the van der Waals technique for polymer- ~ surface contacts without additional engineering
free assembly of layered materials. (B) Optical image of a multilayered heterostructure using the  such as chemical (/8) or electrostatic (/7) doping.
process illustrated in (A). (C) AFM image of a large-area encapsulated graphene layer showing that it Because this value is obtained in a two-terminal
is pristine and completely free of wrinkles or bubbles except at its boundary. (D) High-resolution cross-  geometry, it includes the intrinsic limit set by the
section ADF-STEM image of the device in (C). The BN-G-BN interface is found to be pristine and free of ~ quantum resistance of the channel, which can be
any impurities down to the atomic scale. subtracted to yield an extrinsic contact resistance
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nearly 100 ohm-pum (fig. S4). In both devices,
the contact resistance is asymmetric, being lower
by a factor of 2 to 3 when the device is gated to be
n-type versus p-type. This asymmetry is consist-
ent with electrical contact being made primarily
to the Cr adhesion layer, as suggested by the
cross-section EELS map (Fig. 1B), because the
Cr work function is ~0.16 eV lower than that of
graphene (/2). The contact resistance scales in-
versely with the contact width (inset in Fig. 1D),
as expected for the edge-contact geometry. Fi-
nally, we find that the contact resistance is largely
independent of temperature (fig. S9), in contrast
with the linear temperature scaling that has been
reported for surface contacts (15).

To better understand why edge-contacts can
lead to low contact resistance, we investigated
the structure and behavior of the interface using
a first-principle atomistic model. Ab initio simu-
lation assuming a Cr metal electrode indicates that
edge-contacts lead to shorter bonding distance
with larger orbital overlap than surface contacts,

consistent with previous calculations for other com-
mon metals in the same contact geometry (25).
We also used density functional theory (DFT)
combined with the nonequilibrium Green’s func-
tion (NEGF) to calculate the transmission ef-
ficiency of the contact. Incorporation of some
additional interfacial species, such as oxygen,
which might result from the etch process, can
actually help to improve bonding and increase
the transmission. Results from the simulation
(supplementary materials section 2.5) are in good
agreement with the experimental data, predict-
ing a contact resistance as low as 118 ohm-um at
E—Ecnp=0.16eV (n=22x102 cm ) fora
Cr(110)-O-graphene interface, where E-Ecnp rep-
resents the fermi energy of graphene relative to
the energy corresponding to the charge neutrality
point. In both our data and the model, the contact
resistance diverged near the charge neutrality point,
which could be expected given a decrease of den-
sity of states in the 2D graphene layer. Experi-
mentally, we observed an additional local peak

in the contact resistance at finite negative density.
We have observed that exposure of the graphene
edge to a weak O, plasma immediately before
metallization can cause this satellite peak position
to vary (fig. S10), indicating that the origin of the
second peak may relate to the specific chemistry of
the edge termination.

The edge-contact geometry described here en-
ables a new fabrication process that allows us to
construct encapsulated BN-G-BN heterostructures
before introduction of metal contacts. In this tech-
nique, strong van der Waals (vdW) interaction be-
tween 2D materials was used to assemble the
layered structure directly. Figure 2A shows a
schematic of the process where an isolated few-
layer BN flake is used as a stamp to successively
pick up alternating layers of monolayer graphene
and few-layer BN (a detailed description of the
vdW assembly process can be found in supple-
mentary materials section 1.1). A critical feature of
this technique compared with previous methods to
mechanically layer 2D materials is that the active
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Fig. 3. Large-area, high-performance, BN-G-BN devices. (A) Four-
terminal resistivity measured from a 15 um x 15 um device fabricated by
the van der Waals assembly technique with edge-contacts. The left inset
shows an optical image of the device. Low-temperature response is shown
in the right inset. A negative resistance is observed, indicating ballistic trans-
port. (B) Room-temperature mobility versus density (solid black curve). Dashed
black curve indicates the theoretical mobility limit due to acoustic-phonon
scattering (28, 29). Remaining data points label the range of mobilities
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reported in the literature for high-performance 2D semiconductor FETs
(30, 31). (C and D) Calculated mean free path versus density and temper-
ature for the device shown in (A). Shaded region in (D) indicates the tem-
perature below which the mean free path exceeds the device size. Circle and
squares correspond to the “a” configuration and triangles correspond to the
“b"” configuration of the van der Pauw measurement (supplementary mate-
rials section 1.5). (E) Lower bound mean free path at T = 1.7 K for devices

with size varying from 1 to 15 pm.
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interfaces do not contact any polymer throughout
the process, reducing impurities trapped between
the layers. Figure 2C shows an atomic force mi-
croscope (AFM) image of a BN-G-BN hetero-
structure made by vdW assembly. The graphene
appears clean and free of macroscopic contam-
ination over the entire device area, ~200 um?>. In
Fig. 2D, a high-resolution cross section STEM
image shows that the resulting interface is pristine
down to the atomic scale, with the graphene layer
nearly indistinguishable from the adjacent BN
lattice planes.

Figure 3A shows electrical transport from a
large-area, 15 pm x 15 pm, BN-G-BN device fab-
ricated by combining vdW assembly with edge-
contacts. The transport characteristics indicate
the graphene device to be remarkably pristine,
reaching a room-temperature mobility in ex-
cess of 140,000 cm?/Vs. At carrier density |n| =
4.5 x 102 cm™ 2, the sheet resistivity is less than
~40 ohms per square (fig. S13), corresponding
to an equivalent 3D resistivity below 1.5 pohm-cm,
smaller than the resistivity of any metal at room
temperature. Indeed, the remarkable feature of
this device response is the simultaneous realization
of both high mobility and large carrier density.
Using the simple Drude model of conductivity,
6 = nep, where p is the electron mobility, we cal-
culate a mobility of ~40, 000 cm”/Vs at densities
as large as n ~4.5 x 10> cm™2. In this high-density
regime, the measured mobility is comparable to
the acoustic-phonon-limited mobility theoretical-
ly predicted for intrinsic graphene (28, 29). The
room-temperature response of the graphene device
reported here outperforms all other 2D materials,
including the highest mobility 2D heterostruc-
tures fabricated from III-V (groups Il and V in the
periodic table) semiconductors (30, 37) (Fig. 3B)
by at least a factor of 2 over the entire range of
technologically relevant carrier densities.

At low temperatures, four-terminal measure-
ment yields a negative resistance (inset in Fig.
3A), indicating quasiballistic transport (4) over
at least 15 um. In the diffusive regime, the mean
free path, Ly, can be calculated from the con-
ductivity, 6, according to Lyg, = oh/2¢°k: where
kg = \/nn is the Fermi wave vector. In Fig. 3C,
L, versus applied gate voltage is shown for se-
lected temperatures from 300 K down to 20 K.
The mean free path increases with gate voltage
until it saturates at a temperature-dependent value
at high density. This maximum L. increases
monotonically with decreasing temperature until
the mean free path approaches the device size at
T ~ 40 K (Fig. 3D). In the low-temperature bal-
listic regime, four-terminal measurement is domi-
nated by mesoscopic effects (32) and the calculated
mean free path exhibits large variation, depend-
ing on the measurement geometry. The temper-
ature dependence therefore provides only a lower
bound of the mean free path.

The negative resistance observed at base tem-
perature indicates that electrons travel ballistically
across the diagonal of the square, correspond-
ing to a mean free path as large as 21 um in this

www.sciencemag.org SCIENCE VOL 342

device. This value corresponds to an electron
mobility of ~1,000,000 cm?/Vs at a carrier den-
sity of ~3 x 10" cm 2 We repeated this mea-
surement for devices varying in size from 1 to
15 pm. As seen in Fig. 3E, the maximum mean
free path scales linearly with device size. This
result indicates that in our devices the low-
temperature mobility is limited by the available
crystal size, and we have not reached the in-
trinsic impurity-limited scattering length. Even
higher mobility could be expected for larger-
area devices, which may be realized by combin-
ing recent progress in scalable growth techniques
(33, 34) together with the edge-contact geometry
described here.
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Pacific Ocean Heat Content During
the Past 10,000 Years

Yair Rosenthal,** Braddock K. Linsley,? Delia W. Oppo®

Observed increases in ocean heat content (OHC) and temperature are robust indicators of global
warming during the past several decades. We used high-resolution proxy records from sediment
cores to extend these observations in the Pacific 10,000 years beyond the instrumental record.
We show that water masses linked to North Pacific and Antarctic intermediate waters were warmer
by 2.1 £ 0.4°C and 1.5 + 0.4°C, respectively, during the middle Holocene Thermal Maximum
than over the past century. Both water masses were ~0.9°C warmer during the Medieval Warm
period than during the Little Ice Age and ~0.65° warmer than in recent decades. Although
documented changes in global surface temperatures during the Holocene and Common era are
relatively small, the concomitant changes in OHC are large.

mall, yet persistent perturbations in the
balance of incoming solar radiation (in-
solation) reaching Earth’s surface and out-
going long-wave radiation can lead to substantial
climate change. Nevertheless, relating climate var-
iations to radiative perturbations is not straight-
forward due to the inherent noise of the system

caused by large temporal (seasonal to decadal)
and spatial variability of the climatic response. A
long-term perspective of climate variability rel-
ative to known radiative perturbations can place
the recent trends in the broader framework of
natural variability. The comparison with paleo-
climate reconstructions of surface temperatures
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