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            Abstract
Nanometre-scale pores and capillaries have long been studied because of their importance in many natural phenomena and their use in numerous applications1. A more recent development is the ability to fabricate artificial capillaries with nanometre dimensions, which has enabled new research on molecular transport and led to the emergence of nanofluidics2,3,4. But surface roughness in particular makes it challenging to produce capillaries with precisely controlled dimensions at this spatial scale. Here we report the fabrication of narrow and smooth capillaries through van der Waals assembly5, with atomically flat sheets at the top and bottom separated by spacers made of two-dimensional crystals6 with a precisely controlled number of layers. We use graphene and its multilayers as archetypal two-dimensional materials to demonstrate this technology, which produces structures that can be viewed as if individual atomic planes had been removed from a bulk crystal to leave behind flat voids of a height chosen with atomic-scale precision. Water transport through the channels, ranging in height from one to several dozen atomic planes, is characterized by unexpectedly fast flow (up to 1 metre per second) that we attribute to high capillary pressures (about 1,000â€‰bar) and large slip lengths. For channels that accommodate only a few layers of water, the flow exhibits a marked enhancement that we associate with an increased structural order in nanoconfined water. Our work opens up an avenue to making capillaries and cavities with sizes tunable to Ã¥ngstrÃ¶m precision, and with permeation properties further controlled through a wide choice of atomically flat materials available for channel walls.
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                    Figure 1: Graphene capillary devices.


Figure 2: Water permeation through graphene nanocapillaries.


Figure 3: Water flow through channels of different height.
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Extended data figures and tables

Extended Data Figure 1 Microfabrication process flow.
(1) A micrometre-scale hole is prepared in a silicon nitride membrane. (2) Bottom graphite is transferred to cover the opening. (3) An array of graphene spacers is transferred on top. (4) The hole is extended into the graphiteâ€“graphene stack by dry etching. (5) Top graphite crystal is transferred to cover the resulting aperture. The accompanying optical images (in natural colours) illustrate the results after each step for one of our devices. Graphene spacers are invisible in the photos and indicated by an opaque rectangle in (3). Steps 3 and 4 were often interchanged.


Extended Data Figure 2 Additional images of graphene capillaries.
a, Optical image of a final device. The green region is the free-standing silicon nitride membrane. The Si wafer is seen in brown and the top graphite crystal (arrowed) in yellow. Red, yellow and grey contours indicate positions of the top graphite, bottom graphite and graphene spacers, respectively. The nearly-vertical dark lines are wrinkles in the bottom layer. b, AFM image of four-layer graphene spacers on top of a bottom graphite crystal (height profile along the dashed line is shown below the image). Inset, high-resolution scan (friction mode) from the region indicated by the arrow. The observation of the atomic lattice confirms that our assemblies have atomically smooth surfaces. Such smoothness is impossible to achieve using conventional materials and processes that invariably lead to the surface roughness exceeding the scale given by few-layer graphene spacers. Although the side walls of our channels are rough due to limitations of electron-beam lithography, we estimate that, because of the large ratios w/h, the side wall contribution to the flow resistance cannot exceed 5% even for our 10â€‰nm devices52. c, SEM micrograph of a capillary device with hâ€‰â‰ˆâ€‰15â€‰nm. d, Bright field STEM image of a graphene capillary with Nâ€‰=â€‰4. Spacers and channels are arrowed in c and d.


Extended Data Figure 3 Sagging of top graphite.
a, Left, AFM image of trilayer channels, which are covered by a graphite layer of varying thickness. b, Left, partial sagging of the top graphite into wide channels. We can see that the top graphite bends down into the channels over their entire height hâ€‰â‰ˆâ€‰5â€‰nm. Right, height profiles that correspond to the traces shown by the dashed lines in the AFM images at left.


Extended Data Figure 4 He leak through graphene capillaries.
a, Schematic of our set-up. Two vacuum chambers are separated by the silicon nitride wafer incorporating a nanocapillary device. Valves connect the chambers to a pump, a He leak detector and a gas inlet. He atoms are represented by filled orange circles. b, Leak rates normalized for 1â€‰Î¼m length and given per channel as a function of applied pressure for capillary devices with Nâ€‰=â€‰5 and Nâ€‰â‰ˆâ€‰45 (hâ€‰â‰ˆâ€‰1.7â€‰nm and 15â€‰nm, respectively), and a control device without graphene spacers (Nâ€‰=â€‰0).


Extended Data Figure 5 Ion transport through graphene nanochannels.
a, Schematic of our measurement set-up. A nanocapillary device fabricated on top of a Si nitride wafer (SiN is shown in green) is clamped using O-rings (black) to separate two containers (indicated by magenta lines). The containers are filled with a KCl solution (blue), and silver chlorideâ€“silver wires (dark grey) are used as electrodes to measure ionic conductance. b, Examples of currentâ€“voltage (Iâ€“V) characteristics of the smallest capillary devices (Nâ€‰=â€‰2) at different KCl concentrations (labelling the curves; L ranges from 2.8â€‰Î¼m to 7â€‰Î¼m). c, Same as b but for a device with Nâ€‰â‰ˆâ€‰17 of approximately the same average length  (L from 1.7â€‰Î¼m to 7.3â€‰Î¼m). d, Ionic conductance for these devices as a function of KCl concentration, C (without normalizing for their slightly different ). Both blank Si nitride wafers separating the reservoirs and control devices with Nâ€‰=â€‰0 (no spacers but otherwise prepared using the same fabrication procedures) exhibited leakage conductance of the order of 20 pS, which did not change with C (olive symbols). The dashed lines show ionic conductance G expected from the bulk conductivity of KCl for the given channel dimensions. The solid curves are fits taking into account an additional parallel conductance due to the surface charge.


Extended Data Figure 6 Gravimetric measurements.
a, Extended schematic of the experimental set-up. A small aluminium container filled with water is sealed with a Si nitride wafer containing a graphene capillary device (total weight should not exceed ~15â€‰g to allow the required measurement accuracy). The container was weighed either upside down (water in contact with capillaries as shown in the sketch) or in the upright position as shown in the inset of Fig. 2a (capillaries are exposed to 100% RH). Both orientations resulted in the same Q. b, Photographs of our gravimetric set-up. Main image, microbalance with our miniature container being weighed (its position is indicated by a dashed square). Image to the right, the container is open and the Si nitride wafer (that is clamped between the O-rings during measurements) is removed. c, Examples of water evaporation through apertures of different diameters, D (colour coded) d, Dependence of the evaporation rate on D (error bars, s.d.). Red line, best linear fit. Inset, optical micrograph (natural colour) of an aperture of 30â€‰Î¼m diameter, which is etched in a Si nitride membrane.


Extended Data Figure 7 Molecular dynamics simulations of water flow through graphene slits.
a, Our capillaries are filled with water and the driving pressure is determined by evaporation of the extended meniscus that appears at the capillary mouth. The meniscus is sketched in the drawing, showing a thin film of water propagating along the graphite surface26. b, MD set-up with the simulation box indicated by the black lines. The particular snapshot is for Nâ€‰=â€‰4. Dark grey balls represent carbon atoms arranged into graphene planes. Red and light grey spheres show oxygen and hydrogen atoms of water molecules. c, Simulated slip length Î´ and water flux Q as a function of N. In the case of NEMD, Î´ (blue symbols) was calculated from the simulated Q (blue bars) using equation (1). Using Î´ found from the EMD simulations (grey symbols) and the pressure gradient of 1015â€‰Paâ€‰mâˆ’1, equation (1) yields Q shown by the grey bars.


Extended Data Figure 8 MD simulations of capillary pressure.
a, Our MD set-up for Nâ€‰=â€‰4. Colour coding as in Extended Data Fig. 7b. Graphene planes to the right represent a graphite crystal with four atomic planes removed. The vertical graphene plane is used as a movable membrane to apply a compensating force to stop the water meniscus from propagating to the right. b, Main figure, simulated capillary pressures (symbols with s.d. error bars). The red curve shows the best fit for large N using P0â€‰=â€‰2Ïƒcos(Ï•)/h, which yields Ï•â€‰â‰ˆâ€‰80Â°. Blue and magenta curves show Î vdW with the Hamaker constant Aâ€‰â‰ˆâ€‰115 zJ (ref. 53), and the entropic pressure due to changes in Ï�, respectively. Dashed green curve, combined pressure from the three contributions. Inset, simulated density Ï� of water confined between graphene sheets under external pressure of 1â€‰bar.


Extended Data Figure 9 Micromechanical stability of graphene cavities.
Shown are snapshots of mono- and bilayer capillaries (left and right columns, respectively) after 100â€‰ps of MD simulations. aâ€“d, Capillaries with different thicknesses of graphite walls, respectively 2, 6, 20 and 40 graphene layers.
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