






foil and the LSI processed Al foil during a nano-
indentation cycle. The hardness of as-received
samples is ~0.37 GPa, whereas the hardness at
the nanobars fabricated by LSI is ~0.64 GPa. The
improved strength of the nanostructures fabricated
by LSI correlates with grain/subgrain refinement
(fig. S13) and the number of residual dislocation
structures (fig. S14).
Metamaterial perfect absorbers (MPAs) have

attracted great attention for potential applica-
tions in emitter, sensing, detection, and wireless
communication (29). Although MPAs operating
at microwave and terahertz frequencies with
micrometer structures could be easily achieved,
fabricating nanometer features for visible and
ultraviolet regions remains a challenge because
of limited nanofabrication methods. Periodic alu-
minum nanotrenches with 10-, 20-, and 30-nm
gaps were fabricated using the LSI method in
a fast and inexpensive way via a single laser shot
(laser intensity of 0.61 GW/cm2) on a silicon nano-

mold (Fig. 4, B to D). We used atomic force
microscopy (AFM) to confirm the ultrasmooth
topography of the Al nanotrenches (fig. S2) and
finite-difference time domain (FDTD) simulations
to calculate the dependence of the absorbance
over the gap width (Fig. 4E). The results revealed
that the Al nanotrenches with 30-nm gaps have
near-perfect absorption at l = 436 nm (fig. S15
and fig. S16, A and B), thereby demonstrating
MPA with a visible band. The surface-enhanced
Raman scattering (SERS) of the Al nanotrenches
fabricated by LSI depends on thematching of the
incident and exciting radiation with plasmons on
the substrate, which is controlled by the geometry
of the fabricated structures. Figure 4F shows the
application of Al nanopatterns fabricated by LSI
as SERS substrate for graphene with an enhance-
ment up to three orders of magnitude for the G
and 2D peaks of graphene.
As a high–strain rate, cold-forming process,

LSI is also suitable for the fabrication of hybrid

nanostructures. Figure 4G illustrates the forma-
tion of graphene-metal hybrid nanostructures
by direct imprinting a single layer of graphene
grown on Cu foil and forming a graphene nano-
gap. Figure 4H shows the SEM image after defor-
mation of graphene-Cu thin film into nanogaps
by LSI with corresponding AFM image. The local
field is probed using a near-field scanning optical
microscope (NSOM) (Fig. 4I). As shown in the
NSOM image, a high-intensity region has been
detected at the center of the nanogap with laser
excitation wavelength 633 nm. Because of the res-
olution limit of the NSOM tip, the two hot spots
located at the structural corners aremerged during
the experiment, resulting in a single high-intensity
slit. Graphene can be strained without break-
ing under certain conditions. The strainability of
graphene by deforming to 3D nanoscale surface
has been studied (30). Figure 4J shows theRaman
spectrum of the graphene-Cu thin film after LSI
under several laser conditions. When the laser

SCIENCE sciencemag.org 12 DECEMBER 2014 • VOL 346 ISSUE 6215 1355

Fig. 4. Various ultrasmooth metallic and metal-graphene nanostruc-
tures made by LSI with enhanced electromagnetic and optical prop-
erties. (A) Schematic picture of transferring graphene on nanoshaped meal
structures for SERS measurements. (B to D) SEM images of periodic alu-
minum trenches (10, 20, and 30 nm) after LSI, and an AFM image showing the
ultrasmooth topography of the Al trench. (E) Absorption at l = 630 nm of the
Al nanotrenches fabricated by LSI vs. the gap width of the nanopatterns. (F)
SERS measurement of nanopatterned Al with various gap width. (G) Illus-
tration of the formation of graphene-Cu hybrid nanogaps, and transferring of

graphene to Au nanopyramid arrays. (H) SEM and AFM image of a graphene-
Cu nanogap after LSI (0.6 GW/cm2). (I) Results on local field enhancement of
the graphene-Cu nanogap by FDTD simulation and NSOM measurement. (J)
Raman spectrum of graphene on SiO2, graphene on Cu and nanopatterned
graphene-Cu structures by LSI (0.5 GW/cm2, 0.6 GW/cm2). (K) Illustration of
transferring graphene to Au nanopyramid arrays. (L) FDTD simulations results
showing the field enhancement around the tip at the resonant frequency. (M)
Raman spectra showing enhancement of Raman signatures of graphene on
nanopyramid compared with that on flat surfaces.
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intensity is larger than 0.6 GW/cm2, graphene
will be cut into nanogaps (Fig. 4H). The Raman
spectrum shows that D peak (related to defect
level) is high, while G peak is not shifted relative
to that in the unstrained graphene, since strain is
released after cut.When the laser intensity is less
than 0.5 GW/cm2, the graphene is continuous
and conformal on nanoshaped Cu. This is indi-
cated in the Raman spectrum (Fig. 4J) where the
D peak is low and the G peak is shifted to the left
because of straining.
In order to study the SERS of nanopyramids,

graphene is transferred onto the Au nanopyramids
array (Fig. 4K) tomeasure the localized plasmon-
enhanced Raman spectra and verify the enhance-
ment of the Raman signatures of graphene. As
shown in Fig. 4M, the Raman signature of a
monolayer of graphene (both G and 2D peak) is
highly increased when it is placed on top of the
nanopyramids, demonstrating the capability of
local field enhancement of these structures. The
ratio of 2D/G intensities has decreased from
around 3 to 1, which could be a result from charge
doping of graphene from the imprinted plas-
monic nanostructures under laser excitation. FDTD
simulations confirmed the field enhancement
around the tip at the resonant frequency (Fig. 4L
and fig. S16, C and D).
LSI is a high-throughput 3D nanoimprinting

technique capable of producing nanoscale crystal-
line metallic nanostructures over a 6-inch wafer
within 30 s, using laser pulses (pulse energies of
150 to 250 mJ, a beam size of 3 mm, and pulse
frequency of 10 Hz). The crystalline nanostruc-
tures fabricated byLSI have several characteristics
that make them especially suited for electronic,
plasmonic, or sensing applications: (i) precise and
ultrasmooth nanoshaping due to better formabil-
ity and low-temperature processing; (ii) complex
3D nanoshaping, sub–20-nm lateral sizes, and as-
pect ratios up to 5 when fabricated using silicon
nanomolds; (iii) beneficial crystalline metallic
nanostructure for device performance, because it
has the potential to improve electronic stability
and to reduce optical loses, noise, and energy con-
sumption. Our results show that LSI has the po-
tential to provide new insights into the role of
crystallinity in theelectronic, optical, andmechanical
behavior of metallic nanostructures. Further, LSI
is an attractive fabrication method for the devel-
opment of future electronics, optics, and sensing
devices.
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MEMBRANES

Metal-organic framework nanosheets
as building blocks for molecular
sieving membranes
Yuan Peng,1,2 Yanshuo Li,1* Yujie Ban,1,2 Hua Jin,1,2 Wenmei Jiao,1,2

Xinlei Liu,1 Weishen Yang1*

Layered metal-organic frameworks would be a diverse source of crystalline sheets with
nanometer thickness for molecular sieving if they could be exfoliated, but there is a challenge
in retaining the morphological and structural integrity.We report the preparation of
1-nanometer-thick sheets with large lateral area and high crystallinity from layered MOFs.
They are used as building blocks for ultrathin molecular sieve membranes, which achieve
hydrogen gas (H2) permeance of up to several thousand gas permeation units (GPUs) with
H2/CO2 selectivity greater than 200.We found an unusual proportional relationship between
H2 permeance and H2 selectivity for the membranes, and achieved a simultaneous increase in
both permeance and selectivity by suppressing lamellar stacking of the nanosheets.

G
as separationwithmembranes is an energy-
efficient and environmentally friendly al-
ternative to cryogenic and adsorptive or
absorptive gas separation processes. Poly-
mer membranes are subject to a trade-off

between productivity (permeability) and efficien-
cy (selectivity), known as Robeson’s upper bound
(1, 2). Membranes based on molecular sieve ma-
terials are expected to overcome this limitation
by relying on their ability to distinguishmolecules
based on size and shape (3–8). Molecular sieve
nanosheets (MSNs) with large lateral area and
small thickness are themost appropriate building

blocks for ultrathin, and thus ultrapermeable,
molecular sieve membranes (9). The permeance
of such membranes is measured in gas perme-
ation units (1 GPU = 10−6 cm3 cm–2 s–1 cmHg–1 at
STP). Tsapatsis et al. demonstrated the fabrica-
tion of molecular sieve membranes based on ex-
foliated zeolite nanosheets with thickness at the
unit cell level (~3 nm) (10), whereas the types of
zeolites that can be easily exfoliated are rather
limited (11). Recently, graphene oxide (GO) nano-
sheets with selective defects were used to pro-
duce ultrathin membranes with thickness of as
low as 1.8 nm (12). However, the measured H2

permeance of these extremely thin GO mem-
branes, ~300 GPUs, was still at the same level as
conventional microporous membranes (13). This
can be attributed to the low density of selective
defects and their random distribution in the GO
nanosheets.
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