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Assembly of PS monolayer on SiO2/Cu substrate
We assemble PS monolayer using a method developed in Qi’s group.
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 10 % water dispersion containing monodisperse PS nanosphere with diameter of 230 nm was purchased from Unisize Technology (Changzhou) Co., LTD.. 10 μL water/ethanol (volume ratio 1:1) dispersion was dropped onto the top surface of a 1×1 cm piece of Si substrate with 300 nm SiO2, surrounded by water located at the mid-bottom of a glass dish, as shown in left part of Fig. S1a. The dispersion spread freely on the water surface and generated a discontinuous monolayer film, as shown in middle part of Fig. S1a. A drop of sodium dodecyl sulfate (SDS) solution could alter the surface tension and make a continuous monolayer film, as shown in right part of Fig. S1a. Fig. S1b shows the optical microscopy image of a continuous and yellow PS monolayer film with area of 30 cm2. Then the PS monolayer film was picked up with 25 μm thick Cu foil (Alfa Aesar, #13382) covered by 15 nm SiO2 film using e-beam evaporator, which was treated by air plasma in advance for hydrophilic surface. After natural drying in air for half an hour, the assembly of PS monolayer on SiO2/Cu substrate was succeeded. Fig. S1c shows the low-magnification SEM image of large-area and continuous PS monolayer film with area more than 100 × 100 μm on SiO2/Cu substrate. The enlarged SEM image in Fig. S1d suggests that PS nanosphere monolayer film is made up of nanosphere domain with the size of ~5 μm, nanospheres are periodically arranged in each domain, just like atom arrangement in crystals, and different domains have different orientations.
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Figure S1. (a) Schematic illustration of the assembly of PS nanosphere monolayer film at solution surface. (b) Photographic image of continuous PS nanosphere film up to 30 cm2 in area at the water surface. (c) Low-magnification SEM image of the close-packed monolayer of PS nanosphere with large area on SiO2/Cu. (b) Enlarged SEM image showing that PS monolayer film is made up of domain with the size of ~5 μm.
Growth of graphene and GNM, and growth mechanism
~40 nm gaps between every two PS nanospheres could be formed after close-packed monolayer of PS nanosphere was etched using air plasma with the flow rate of 10 sccm, power of 90 w and time of 130 s, as show in Fig. 2b. In order to effectively protect the SiO2 film beneath the PS nanosphere, the samples were baked in air at 130 °C for 5 min to increase the contact area between the PS nanosphere and SiO2 film. The baked samples were further etched using a CF4 plasma at a pressure of 20 Pa, a power of 50 w and a duration of 2 min. The SEM image (not shown here) reveals that the gap between every two PS nanospheres hardly increases during the CF4 plasma etching process, which suggests that PS nanospheres are stable under a CF4 plasma and can protect the SiO2 film below. After CF4 plasma etching, the samples were processed with ultrasonic treatment in toluene to remove the PS nanospheres on SiO2 film. SEM image in Fig. 2c shows that periodic SiO2 mask on Cu foil can be obtained through the above mentioned techniques, and the gap between each SiO2 mask is several nm larger than between each of the PS nanospheres because of PS sphere morphology.

The Cu foil and that patterned by the periodic SiO2 mask were used as a substrate for graphene growth by low-pressure CVD method under the same condition. The furnace temperature rose from room temperature to 900 ºC in 25 min with H2 flow rate of 10 sccm and pressure of 75 Pa, followed by a 10 min annealing process. Afterward, CH4 with flow rate of 8 sccm was introduced for graphene growth, the pressure was increased to 125 Pa, and the duration is 10 min. After growth, the furnace cooled down to room temperature within 1 h. When 100 nm SiO2 nanoparticles assembled onto Cu foil (Fig. S2a), after high-temperature growth, some periodic holes with 40 nm diameter and 10 nm depth were observed on Cu foil as SiO2 nanoparticles were removed with HF, as shown in Fig. S2b. When the growth time was reduced to 5 min, we observed graphene and GNM domains, as shown in Figs. S2c and S2d. Based on the above mentioned observation, we proposed a possible mechanism, which was explained in detail in the text and schematically illustrated in Figs. S2e and S2f.
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Figure S2. (a) SEM image of 100 nm SiO2 nanospheres assembled on Cu foil. (b) AFM image of some periodic holes with 40 nm diameter and 10 nm depth on Cu foil as SiO2 nanoparticles were removed with HF after growth. SEM image of (c) graphene domains and (d) GNM domains at early growth stage. The schematic illustration for the proposed growth mechanism of (e) graphene and (f) GNM. The growth process of both includes nucleation, growth and the linkage of domains with different orientation. 

Edge characterization of as-grown GNM by TEM
We checked some edges from different as-grown GNM holes. The typical TEM images can be seen in Figs. S3a-S3c. The observed maximum length of the smooth edge is up to ~30 nm, except the dent position (marked by white arrow in Fig. S3b) due to the SiO2 mask with rough edges caused by CF4 plasma etching. We also found some ultra-smooth bi-layer edges shown in Fig. S3c, which are comparable to graphite nanoribbon edges reconstructed by Joule heating inside a TEM-STM system from reference.
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Figure S3. TEM image of (a), (b) and (c) as-grown GNM edge at different position with Figs. 4b and 4c in text.
Post-growth etched GNM
We obtained the post-growth etched GNM using a method similar to reference,4
 and the process is schematically illustrated in Fig. S3. After the growth of graphene on the Cu foil under the same conditions with GNM, graphene/Cu was used as the substrate for the assembly of a PS monolayer film, which is similar to the assembly of PS film on SiO2/Cu substrate without plasma etching process. An alumina precursor was deposited in between the interstitial regions of the PS nanosphere from a DI-water: Triton-X-100 (400:1) solution of 0.25 M Al(NO3)3 via spin-coating at 8000 rpm. The substrate was annealed on a hot plate at 80 ºC for 15 min to oxidize the precursor into Al2O3, and then PS nanosphere was removed by immersion in toluene for 2 min, leaving behind an Al2O3 mask on the graphene/Cu, as shown in Fig. S5a. After fabricating the Al2O3 mask on graphene, the exposed graphene was etched away by air plasma (Femto, Diener Electronics) with a flow rate of 10 sccm, a power of 90 w and a time of 20 s, and thereby a GNM (Fig. S5b) could be obtained. Figs. S5d-S5f show the statistics for neck width of Al2O3 mask, post-growth etched GNM, and as-grown GNM, which are mostly in the range of 80-90 nm, 70-80 nm, and 65-75 nm, respectively. The neck of post-growth etched GNM is narrower than that of Al2O3 mask, which means over-etching. For comparison with as-grown GNM, we intentionally fabricated post-growth etched GNM with wider neck than as-grown one, because it is almost impossible to realize the same neck width for both GNM. 
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Figure S4. Schematic illustration for the fabrication process of the post-growth etched GNM.
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Figure S5. SEM image of (a) Al2O3 honeycomb mask on graphene/Cu, (b) post-growth etched GNM after removing Al2O3 mask, and (c) as-grown GNM. The white marker in (a) represents the neck width of Al2O3 mask. Statistics for neck width of (d) Al2O3 mask, (e) post-growth etched GNM and (f) as-grown GNM corresponding to (a) (b) and (c), respectively.
Transfer and characterization of GNM
The as-grown and post-growth etched GNM sample were immersed in 2% HF for 1 h to remove SiO2 or Al2O3 mask on Cu foil, and was then transferred onto silicon substrates with a 300 nm thick SiO2 surface layer. Transfer of both as-grown and post-growth etched GNM onto SiO2/Si substrate was conducted as our previous work.5
 In short, a 5% solution of 996K PMMA (Sigma Aldrich, #182265) in anisole was spin-coated onto the GNM/Cu foil, and then the sample coated with PMMA was baked on a hot plate at 170 ºC for 5 min. Graphene on the back side of Cu foil was etched off by air plasma. 2.0 mol/L FeCl3 acid solution was used for the etching of Cu foil. After cleaning by dilute hydrochloric acid and DI water, the graphene supported by PMMA film was picked up by a SiO2/Si substrate. The PMMA was then removed by immersing in boiling acetone heated by a hot plate at 170 ºC for 1 min. The obtained samples on SiO2/Si substrate can be directly used for OM, SEM and Raman characterization and transistor fabrication. Before AFM measurements and TEM characterizations, the samples were annealed in H2/Ar at 350 ºC for 2 h to remove PMMA residuals. The transfer of GNM onto a standard TEM Cu grid for TEM characterization was achieved according to reference.6
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