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Woafer-scale fabrication and growth dynamics
of suspended graphene nanoribbon arrays

Hiroo Suzuki!, Toshiro Kaneko!, Yasushi ShibutaZ, Munekazu Ohno3, Yuki Maekawa? & Toshiaki Kato'

Adding a mechanical degree of freedom to the electrical and optical properties of atomically
thin materials can provide an excellent platform to investigate various optoelectrical physics
and devices with mechanical motion interaction. The large scale fabrication of such atomically
thin materials with suspended structures remains a challenge. Here we demonstrate the
wafer-scale bottom-up synthesis of suspended graphene nanoribbon arrays (over 1,000,000
graphene nanoribbons in 2 x2cm? substrate) with a very high yield (over 98%).
Polarized Raman measurements reveal graphene nanoribbons in the array can have relatively
uniform-edge structures with near zigzag orientation dominant. A promising growth model of
suspended graphene nanoribbons is also established through a comprehensive study that
combined experiments, molecular dynamics simulations and theoretical calculations with a
phase-diagram analysis. We believe that our results can contribute to pushing the study of
graphene nanoribbons into a new stage related to the optoelectrical physics and industrial
applications.
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two-dimensional (2D) materials>* attract intense

attention because of their prominent electrical and
-7

Q tomically thin materials such as grazlphenel’2 and other

optical properties””. Because of their extraordinarily small
thickness, large surface area, low mass density and high
Young’s modulus, atomically thin materials also have excellent
mechanical properties and can be used as good detectors of mass,
force and charge®®. Combining these superior optoelectrical
features with their excellent mechanical properties can open up
the possibility of utilizing atomically thin materials in wide
variety of scientific fields and applications. To use the mechanical
degree of freedom, a freely suspended structure allowing
mechanical vibration is necessary. Thus, the fabrication and
integration of atomically thin materials with suspended structures
is one of the most important subjects from both fundamental and
industrial points of view. Up to now, various suspended devices
with nanoscale materials have been demonstrated, includin
single-walled carbon nanotubes!®!!, graphene!>!3, nanowire!
and other 2D materials.!>!%, resulting in many promising features
such as the quantum-coherent coupling of a mechanical oscillator
with optical cavities!”, current-induced black-body radiation'®,
ballistic interference!® and a nanoscale mechanical resonator’.
Graphene nanoribbon (GNR), which consists of strips of
graphene, is another candidate for such atomically thin
materials. It has a high carrier mobility, clear band gap, and
spin-polarized edge state, which do not appear in other
materials?! 24, This indicates that suspended GNR can provide
a promising platform for a wide variety of scientific fields and
applications.

The preparation of GNRs is now possible using both top-down
and bottom-up approaches. GNRs with high-width controll-
ability can be fabricated by etching 2D graphene?!?>26,
The unzi9pping of carbon nanotube can prepare high-quality
GNR?”-2, The decomlposition of SiC can realize the integrated
synthesis of GNRs>®3!, The edge structures can be controlled
through the organic synthesis of GNRs*>3. However, these
GNR fabrication methods are limited to on-substrate structures.
There are few methods for fabricating suspended GNRs, which
are the combination of 2D graphene (carbon nanotube) etching
(unzipping) and partial etching of the SiO, substrate under GNRs
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to bridge the GNRs between electrodes®®. This top-down
approach is limited to a small sample area, and causes
significant damage, which results in a low device performance.
Recently, we developed a novel bottom-up synthesis method for
suspended GNRs that combines a Ni nanobar catalyst and
advanced plasma processing®. Site and alignment-controlled
GNR growth with a suspended form can be realized. Although
this technique has huge potential for the integration of suspended
GNR devices, the GNR growth yield is very low, which strongly
restricts its utilization in various studies. The unknown growth
mechanism also makes it difficult to control the structures of the
suspended GNRs, which is the critical issue to obtain better
device performance.

In this study, we solve these critical issues and realize a wafer-
scale (2 x 2cm?) high-yield synthesis (over 98%) of suspended
GNR arrays (~1,000,000 GNRs). Polarized Raman mapping
measurements reveal the suspended GNR array includes uniform
D-band to G-band intensity ratio with parallel polarization
(Ipy; over Ig;,=0.95 % 0.25), which should denote the uniform-
edge structure with near zigzag rich orientation. Local-gate
operation with this suspended GNR is also demonstrated,
showing that various electrically addressable logic circuits can
be fabricated on a large scale using this suspended GNR. A short
(below 100 nm) GNR with a suspended structure shows very high
electrical conductivity (approximately 10°Sm ~!). The growth
kinetics of the suspended GNR is also systematically investigated
through a comparison of thermal chemical vapour deposition
(CVD) and plasma CVD results. Theoretical calculations
and molecular dynamics simulations are also used to identify
the detailed nucleation dynamics of the suspended GNR.
Locally gate-tunable suspended GNR arrays with high electrical
conductivity can open up a novel stage for both fundamental
studies and practical applications of GNR in various
optoelectrical, chemical and biological application fields in
combination with the mechanical degree of freedom.

Results

Wafer-scale high-yield synthesis of suspended GNRs. The
synthesis of GNRs was carried out using the previously
developed rapid-heating plasma CVD (RH-PCVD)3>. The typical
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Figure 1 | Comparison of growth method between thermal CVD and Plasma CVD. (a-d f-h) Schematic illustration of growth method for suspended
GNR by (a-d) rapid heating thermal CVD and (a,f-h) rapid heating plasma CVD (RH-PCVD). Arrows in b,f and ¢,g shows the direction of
hydrocarbon (C,H,) supply and dewetting of Ni nanobar, respectively. (e,i) Typical SEM images of the (e) broken Ni nanobar and (i) suspended

GNR with sub 10 nm width. Scale bar, 100 nm (e,i).
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fabrication process is shown in Fig. 1. A Ni nanobar (width
ranging from 20 to 100nm) was fabricated with large Ni
electrodes using conventional electron beam lithography and a
lift-oft process followed by Ni deposition (thickness: ~ 80 nm)
(Fig. 1a; see Methods section for more detailed conditions). The
systematic comparison of plasma and thermal CVD was possible
by simply turning on and off the radio frequency (13.56 MHz)
power supplied to the coils placed outside a quartz tube. In the
case of thermal CVD, the Ni nanobar was broken, and GNRs
could not be grown (Fig. 1b-e), whereas suspended GNRs
could be formed between the Ni electrodes using plasma CVD
(Fig. 1f-i; the detailed growth dynamics will be discussed later).

To improve the growth vyield of suspended GNRs, we
optimized the various growth conditions such as the growth
temperature, temperature increasing rate, total process time,
cooling rate, gas pressure, gas mixture ratio, plasma generation
power and plasma irradiation time. The growth yield of GNRs
was estimated using the GNR conversion rate from Ni nanobar in
dense array structures. Each Ni nanobar space was set at 250 nm.
Supplementary Fig. la shows the growth yield of suspended
GNRs as a function of the plasma irradiation time (¢,), which is
one of the most sensitive growth parameters. In region A, where
the growth yield is low, a broken Ni nanobar was often observed
(Supplementary Fig. 1b). In contrast, in region C, the amount of
Ni residue was high (Supplementary Fig. 1d). The high-yield
synthesis of suspended GNRs could only be realized between
these conditions in region B (Supplementary Fig. la,;
Supplementary Note 1). This narrow growth window and high
sensitivity to #, could be well explained by the growth model
established in this study (see Discussion section). Under suitable
conditions, we succeeded in the fabrication of GNR arrays with a
high growth yield of >98% in a wafer-scale substrate (totally over
1,000,000 suspended GNRs on 2 x 2cm? substrate; Fig. 2a-f).
This is the first time that the formation of suspended GNR arrays
has been realized on a wafer-scale (Supplementary Fig. 2;
Supplementary Note 2). The sub-10-nm order (minimum:
~6.9nm) of narrow GNRs can be also grown by our method
(Supplementary Fig. 3; Supplementary Note 3), which is almost
same order of GNRs produced by the other method both for
top-down and bottom-up approaches?1-2>-34,

Edge-structure analysis of suspended GNRs arrays. The edge-
structure control of GNRs is regarded as one of the most
important subject as can be seen in several recent progresses with
organic synthesis’® and epitaxial synthesis of GNRs on a Ge
substrate®’. Then, the edge structure of suspended GNR arrays
was carefully investigated with polarized Raman mapping
measurements, where the orientation of the polarizer for
inspecting the scattered light was parallel to the polarization of
the incident light (VV configuration; see Methods section for
detailed measurement set-up). Bright and dark patterns can be
appeared in D-band intensity mapping with parallel polarization
(Ip,)), which well matches with the location of GNRs confirmed
by SEM, denoting the polarized Raman signal can be obtained
from each individual GNR (Fig. 3a,b). Plot of I, against to the
polarized angle (0) shows periodic oscillation, which can be fitted
with a function of cos*0 (Fig. 3c,d). This is consistent with
previous reports®8. Polarized Raman features can be also obtained
from G-band (Supplementary Fig. 4; Supplementary Note 4).
To identify the distribution of edge orientation of GNRs in the
array, the distribution of D/G ratio with parallel polarization
(Ipy; over Ig,) was measured for 49 GNRs in the same array.
The distribution of I, over Ig/, is very narrow compared with
previously reported value by other group with unzipped carbon
nanotubes8, denoting relatively uniform-edge structures should
be formed in our GNR array (Fig. 3b,e). The averaged I, over

Iy is about 0.95*0.25 showing the edge can be near zigzag
structures (Fig. 3e). The relatively small D-band intensity ratio of
parallel to perpendicular polarization (I, over Ip ) as can be
seen in Fig. 3c may be due to the microscopic misalignment or
amorphous carbon residue (Supplementary Fig. 5; Supplementary
Note 4).

Although the concrete mechanism of preferential synthesis
of near-zigzag edge orientation is still not clear, the possible
explanation can be given by considering the energy balance
between armchair and zigzag edges. It has been reported the there
is a clear difference in the energy required to vaporize a C-C unit
from the armchair edge (~6.7eV) and zigzag edge (~11eV)>.
The preferential stability of zigzag edges has also been reported by
other groups*®*!, Since the growth reaction is happened during
the high-temperature condition (~900 °C) the bond structure of
edge should be renormalized during or after the nucleation
process, resulting in the stable structure dominant, which should
be the zigzag or near zigzag edges. Although the thermal energy
(900°C~0.1eV) itself is not enough to cause the bond
renormalization, the catalytic effect of Ni can lower the
threshold energy for the bond renormalization. The suspended
structure of our GNR sample can also enhance the
renormalization of edge structures. When GNRs attach on the
substrate, the required energy to cause bond renormalization
should be higher than that of suspended one due to the surface
interaction between substrate and carbon atoms at the GNR
edges. Thus, the free-standing structure of GNR edge can be
another important point to realize GNR synthesis with zigzag or
near zigzag edge dominant orientation.

Electrical properties of suspended GNR. This high-yield
synthesis of suspended GNRs will make it possible to design
various electrical device structures. Since an electrically addres-
sable local-gate system is necessary to develop complementary
metal-oxide semiconductor circuits, we attempted to fabricate a
local-gate transistor with suspended GNR. Fig. 4a-c shows a
schematic illustration (Fig. 4a) and scanning electron microscope
(SEM) images (Fig. 4b,c) of a suspended GNR transistor with
side-gate structures. Note that the side-gate electrodes were
prepared with Ni nanobar before the plasma CVD, indicating one
step fabrication of side-gate structures without any post processes
is possible. In the case of a side-gate bias voltage (V) = — 10V,
the drain-source current (I4s) could be tuned by the back-gate
voltage (Vi,), showing the well-known I3~V feature with a
charge neutral point (Vcy) at Vg =22V (Fig. 4d). The charge
neutral point could be shifted to — 5 and — 22V by changing V.
to 20 and 30V, respectively (Fig. 4e,f). The contour plot of I4 as
functions of V},; and Vi also showed the clear dependence of the
charge neutral point modulation by V, (Fig. 4g). The linear
fitting performed for Vo as a function of Vi, revealed a side-gate
efficiency (n = 4Ven/4Vg) of n~1 (Fig. 4h). This indicated that
the side-gate can locally control the conductivity of the suspended
GNR. Similar features can be also obtained with the other
GNR device with side-gate structures (Supplementary Fig. 6;
Supplementary Note 5). To the best of our knowledge, this is the
first demonstration of the local-gate operation of a suspended
GNR transistor. A very high electrical conductivity could also
be observed for the relatively short suspended GNR. The
conductivity of the short-channel (~77nm) suspended GNR
(width: ~50nm) was about 10°Sm~! at 15K (Fig. 4i). This
value was almost the same order or slightly higher than that of a
GNR grown by unzipping carbon nanotube?’, which is known to
produce a very high-quality GNR. Because of the difficulty of
thickness measurement of suspended GNR, the thickness of GNR
was assumed as 5nm for the conductivity calculation. The
variation of conductivity calculated with different thickness from
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Figure 2 | Wafer-scale synthesis of suspended GNR arrays. (a-c) (a) low- and (b) high-magnification optical microscope image and (¢) SEM image of
wafer-scale synthesis of suspended GNR arrays. Scale bar, 200 um (b); 1um (¢). (d,e) Typical (d) low- and (e) high-magnification SEM images of
suspended GNRs grown under the high growth yield. Scale bar, 1pm (d); 100 nm (e). (f) Histogram of product concentrations in suspended GNR array (d).
We counted the broken structure of Ni without GNR, Ni nanobar without GNR and GNRs regardless of the amount of Ni nanostructures remained as
Broken, Ni nanobar and GNR, respectively. The count in f represents the number of each structure. The total amount of counted structure is 395.

1 to 10 nm was also shown as error bars in Fig. 4i. Note that the
electrical performance in this study was measured using a
two-point contact measurement because of the unique device
structure, implying that the intrinsic conductivity of the
suspended GNRs may be far higher than that obtained by this
two-point measurement.

As we demonstrated, our fabrication method for suspended
GNRs includes the following benefits: first, wafer-scale
integration; second, relatively uniform-edge structure with near
zigzag orientation; third, electrically addressable local-gate
structures; and fourth, high electrical conductivity. These can
contribute to pushing GNR studies from basic science to practical
use, especially in the optoelectrical field for various sensors
(gas, chemical and biological), highly sensitive photon detectors
in the terahertz region, and also the spintronic device application
using unique spin state in zigzag edge GNRs in combination with
the mechanical motion of GNRs.

Growth dynamics of suspended GNR. We demonstrated the
successful fabrication of highly conductive suspended GNR arrays
on a wafer-scale. Further adjustments in the GNR structures
such as the width, length and layer number can open up the
application field of this novel device. To realize the fine tuning of
GNR structures, it is necessary to thoroughly understand the
detailed growth mechanism of suspended GNRs.

In general, there are two different growth modes in graphene,
depending on the catalyst. In case of a catalyst with low carbon
solubility such as Cu, the supplied carbon migrates on the catalyst
surface, and graphene grows along the surface of the catalyst from
the nucleation center. This is called the surface diffusion model
and is known as an isothermal reaction>*3, On the other hand,
in case of a catalyst with high carbon solubility such as Ni,
the supplied carbon penetrates into the catalyst. Thereafter, the
graphene is grown during the cooling process by the precipitation

of carbon, which is called the bulk diffusion model and is
governed by a non-isothermal reaction??.

Because we used a nanoscale Ni catalyst (Ni nanobar) in this
study, we basically used the non-isothermal model to describe the
GNR growth in our method. Although the isothermal reaction
can occur even with Ni under low-temperature (~600°C)
growth*4, the temperature range used in this study was much
higher (~900°C). To explain the experimental result, that is,
suspended GNRs being formed from Ni nanobar, the following
two required conditions should be considered. First, the
Ni nanobar should maintain its fine structure even under a
high-temperature condition (~ 900 °C), at least until just before
the cooling process. Second, the Ni nanobar should be spatially
dissipated, followed by the GNR growth during the cooling
process.

To establish an accurate growth model satisfying the above two
requirements, we carried out experiments by focusing on the
following two essential questions. The one is for the reason why
a Ni nanobar can maintain its fine structure even under
high-temperature (~900°C) conditions. The other is about the
formation mechanism of the suspended GNR structures during
the cooling process.

Because systematic investigations were required to obtain the
answers to these questions, we used a thin Ni film instead of the
Ni nanobar. Note that the GNR growth from the thin Ni film
was also confirmed to be similar to that with the Ni nanobar
(Supplementary Fig. 7; Supplementary Note 6). To answer the
former question, the stability of Ni is one of the key issues. To
quantitatively investigate the stability of the Ni film, we measured
the depression rate of the surface coverage of Ni (ASy;) based on
SEM images using automatic image processing (Supplementary
Fig. 8; Supplementary Note 7). The ASy; values were analysed
for various CVD experiments as functions of the CVD time,
temperature and CVD type (thermal or plasma). Interestingly,
a clear difference in the ASy; values could be observed between
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Figure 3 | Polarized Raman features of suspended GNR array. (a-e) Integrated intensity mapping of (a) Ip,, and (b) Ip,, over Ig,, of suspended
GNR array. The sign of x in a and b shows the position of each GNR. Scale bar, Tum (a,b). (¢) Polar plot of Ip. (d) Ip as a function of 6. (e) Histogram
of Ip,, over Ig,, for our GNRs and unzipped GNR (traced from ref. 38). The smaller (larger) value of Ip,, over Ig,, corresponds to zigzag (armchair)

dominant edge orientation as descrived with arrow in e.

the thermal CVD and plasma CVD. In the case of the thermal
CVD, ASy; reached around 80% at 750 °C (Fig. 5a-c,g), whereas
ASy; could be maintained at a low value (below 20%) even at
900 °C (Fig. 5d-f,g) with plasma CVD. A similar difference was
found for the growth-time dependence. The value of ASy; rapidly
increased at around 5-10min of growth with thermal CVD
(800 °C; Fig. 5h), whereas the value of ASy; did not reach 10%
even after 20min with plasma CVD (800°C) (Fig. 5h). To
elucidate the most critical reason for this difference between
thermal CVD and plasma CVD, the atomic components were
analysed using X-ray photoelectron spectroscopy for the Ni film
after thermal CVD and plasma CVD at 800 °C. The depth profile
of the Ni film was carefully analysed in combination with Ar ion
sputtering. In case of the Ni film after thermal CVD, the carbon
concentration on the surface of the Ni was slightly higher than
that of the untreated sample (Fig. 5i). However, the carbon
concentration obviously decreased inside the Ni, which was at the
same level as the untreated one. On the other hand, more than
10% of the carbon could be found inside the Ni after plasma CVD
(Fig. 5j). The proportion of the integrated intensity of ClIs to
Ni2p?? (ZIci/Zlnizpzs) was also calculated (Fig. 5k), where
Sigma () represents the summation of peak intensity for Cls
(Ics) and Ni2p2/ 3 (Inizp2s3) along the film thickness direction.
This indicated that the carbon concentration in the Ni after
plasma CVD was at least three times higher than that after
thermal CVD (Fig. 5k).

The origin of the differences in the thermal stability of the
Ni film between thermal CVD and plasma CVD could be
explained with the phase diagram of the Ni-C system by
considering the carbon-concentration differences (see Methods
and Supplementary Fig. 9; Supplementary Note 8). In general,
there are three main phases in the Ni-C phase diagram: liquid
(Ni+ C), face-centred cubic (fcc) solid solution (Ni+ C),
and graphite. To discuss the stability of Ni, we have to focus on
the phase equilibrium between the liquid and fcc under the
high-temperature condition (before the cooling stage). Because
the graphene should be formed during the cooling process, we
assumed that the graphitization of solid carbon did not occur
under the high-temperature (900 °C) condition. On the basis of
this assumption, the phase diagram could be drawn as shown in
Fig. 6a. The melting point of a nanoscale material is sensitive to
its structure and known to decrease by several hundred degrees
from that of the bulk crystal*. In this study, it was confirmed that
the melting point of the Ni nanobar was between 550 and 600 °C
(Supplementary Fig. 10; Supplementary Note 9). Therefore,
to make an appropriate comparison between the results of the
calculation and experiment with Ni nanobar, we used a
temperature normalized by the melting point of the Ni (bulk
crystal or nanobar) (T,,) (T/T,,) instead of the absolute one. The
two blue lines in Fig. 6a denote the phase boundaries between the
liquid and fcc phases. As a control experiment, we first performed
simple annealing of Ni nanobar under the Ar atmosphere
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Figure 4 | Side-gate operation of suspended GNRs device. (a-c) (a) Schematic illustration and (b,c) SEM images of side-gate suspended GNR transistor.
Scale bar, 100 nm (b,c). (d-f) I4-Vjg curves of suspended GNR transistor under different Vi, bias voltages ((d) Viz= —10V, (e) 20V, (f) 30 V).
The red and black arrows in d-f show the position of charge neutral point and transition of carrier type between p and n, respectively. (g) Contour plot of /4

as function of Vg and Vi,

. (h) Plot of Vcy varying with Vg. Red line in h shows the linear fitting line. (i) Conductivity of short suspended GNR under 15 and

300K. Inset in i denotes the SEM image of short suspended GNR; Scale bar, 100 nm. The error bars correspond to the range of conductivity difference
calculated with different thickness of GNR from 1 to 10 nm, that is minimum and maximum value in each error bar corresponds to the calculated

conductivity assuming GNR thickness as 10 and 1nm, respectively.

(250 Pa) without CH,4 at 900 °C for the same process time as the
CVD growth. After the simple annealing, the Ni nanobar was
converted to Ni nanoparticles, indicating that the Ni nanobar
should be in the liquid phase at 900 °C (Supplementary Fig. 10).
Thus, we plotted the state of the Ni nanobar during simple
annealing at 900°C as point A in Fig. 6a, where T/T,,=1.5
(we assumed the melting point of Ni nanobar is 600 °C due to the
nanoscale effect as shown in Supplementary Fig. 10). For the Ni
nanobar during the thermal CVD, the temperature was the same
(900°C), but carbon was weakly supplied from the CH, gas
phase. Thus, it could be plotted at position point B in Fig. 6a.
Because the Ni nanobar in the plasma CVD included a higher
concentration (~10%) of carbon, it was possible to plot it at
position point C in Fig. 6a. Note that the liquid temperature
gradually decreases with increasing carbon composition in
Fig. 6a. Hence, these indicate that all three states (point A,
point B and point C in Fig. 6a) should be the liquid phase of
Ni+ C under the high-temperature condition (900 °C).

To obtain the answer for the first question, we have to discuss
the following point about why the stability of the Ni+ C liquid
phase varies between the thermal and plasma CVD at 900 °C.
This can be explained by the difference in the wetting probability

of the Ni + C liquid on a SiO, substrate. Figs 6b,c and 6d,e shows
histograms of the contact angle and typical SEM images,
respectively, of a Ni nanoparticle after thermal CVD (Fig. 6b,d)
and plasma CVD (Fig. 6ce). Note that a slightly higher
temperature and longer process time were used to enhance the
morphology transition of the Ni thin-film to nanoparticles, which
was required to measure the contact angle. In case of the thermal
CVD, almost all of the Ni+ C nanoparticles showed larger
contact angles, with an average value of 120° (Fig. 6b,d), whereas
the plasma treated Ni+ C nanoparticles tended to show smaller
contact angles, with an average of 30° (Fig. 6¢c,e). This indicated
that the thermal and plasma treated Ni+ C particles were
hydrophobic-like and hydrophilic-like state, respectively
(Supplementary Fig. 11; Supplementary Note 10). To support
this experimental result, the wettability of the Ni nanoparticles on
SiO, was also estimated using a molecular dynamics simulation,
revealing that the pure Ni nanoparticles tended to have higher
contact angles on a SiO, substrate, with an average angle of 138.9°
and a hydrophobic-like behaviour (Fig. 6f,g; see Methods section,
Supplementary Figs 12-14, and Supplementary Note 11 for more
details). This is consistent with the hydrophobic-like behaviour of
Ni + C nanoparticles with a lower carbon concentration (thermal
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Figure 5 | Comparison of Ni-film stability between thermal CVD and plasma CVD. (a-f) SEM images of Ni surface after (a-¢) thermal CVD and
(d-f) plasma CVD under various temperature conditions ((a,d) 700 °C, (b,e) 800 °C, (c,f) 1,000 °C). Scale bar, 5um (a-f). (g,h) Plot of ASy; as a
function of (g) temperature and (h) CVD time. The red and blue colours in g and h show the thermal and plasma CVD, respectively. The multiple
SEM images were taken for each sample used for the plot in g and h. The ASy; was calculated as an averaged value obtained from those multiple
SEM images. The range between maximum and minimum value of ASy; for each sample is shown with the error bars. (ij) Concentration rates of carbon
(black line) and Ni (red line) in Ni thin-film (70 nm) after (i) thermal CVD and (§) plasma CVD as a function of sputtering time (sputtering time is
proportional to depth in Ni). Blue dashed line in i and j shows the carbon concentration of initial Ni film (untreated). (k) Comparison of (Zlcss/ZlNizpz/3)

values between thermal and plasma CVD.

CVD). The hydrophobic-like nanobar tended to form particle-
like shapes to satisfy the minimum surface energy, as explained by
the Plateau-Rayleigh (P-R) instability*®. Hence, during thermal
CVD the Ni nanobar was in a hydrophobic-like liquid state
as a result of the lower carbon concentration, resulting
in a morphology change from the nanobar to nanoparticles
(Fig. 6h-k). In contrast, in the plasma CVD, a higher
concentration of carbon could be supplied to the Ni nanobar,
forming a hydrophilic-like liquid state, which was relatively
stabler than a hydrophobic-like liquid, making it possible to
maintain the Ni nanobar structure at a high-temperature
condition (Fig. 6h,,m). The decrease of contact angle of Ni+ C
liquid with carbon supply can be explained by considering the
surface tension of Ni+ C liquid. The contact angle () can be
calculated with the Young equation: cos o = (ys — ys)/yL, Where
¥s Y1 Y1s Shows surface tension of solid (SiO,), liquid (Ni+ C)
and solid (SiO,)-liquid (Ni+ C) interface, respectively. On the
basis of the literatures, it was reported that the surface tension of
metal liquid can decrease with an increase in carbon
concentration?”. The low y; increases cos «, resulting in the low
contact angle. This address the question about why the Ni
nanobar was stable in the plasma CVD even under a high-
temperature condition.

Next, we will discuss the second issue, which is about how the
suspended GNRs can be formed during the cooling process.
Because graphitic crystallization should occur during the cooling
process as a result of the non-isothermal reaction, another phase
diagram was calculated by considering the following three states:
liquid, fcc, and graphite (Fig. 7a; see Methods section and
Supplementary Fig. 9b). As discussed in Fig. 6a, the starting point
during the cooling process for thermal and plasma CVD can be
plotted point B-i and point C-i in Fig. 7a, respectively. The

representative positions of step by step cooling process for point
B and point C are described with i to iii and i to v, respectively
(Fig. 7a). By decreasing the temperature, point B-i and point C-i
can move to the low-temperature position with keeping initial
carbon concentration. Once it crosses to the red curve in Fig. 7a,
graphitic crystallization should occur. In case of thermal CVD,
it cannot cross to the red curve until very low temperature
(T/T, = 0.3), indicating GNR growth is not possible with thermal
CVD. The states of Ni nanobar at point B-i, point B-ii and point
B-iii in Fig. 7a correspond with that shown in Fig. 6i-k,
respectively. For the plasma CVD, it can cross to the red curve
around the high-temperature condition (7/T,,, = 1.05), then move
to the low-temperature side by following the red curve. At this
stage, the GNRs could be nucleated on the surface of the liquid
(point C-ii and point C-iii in Fig. 7a, Fig. 7b,c). In this case,
a large number of carbon atoms were used to form GNRs
(Fig. 7b), and the carbon concentration in the liquid rapidly
decreased (Fig. 7c), which could cause the change in the liquid
state from hydrophilic-like to hydrophobic-like, as previously
discussed (Fig. 7d). Then, the Ni+ C liquid under the GNRs
became unstable and tended to form particle-like structures due
to the P-R instability (Fig. 7e). It should be mentioned that there
is another possibility causing the Ni nanobar breaking, which is
end pinching. Then, further detailed explanation of the breaking
of Ni nanobar liquid was considered. It was reported that the
breaking of continuous fluid is sensitive to the aspect ratio of fluid
I' = 0.5L/Ry and Ohnesorge number Ohg = p/+/paRy, where
L, Ry, i, p and o, denotes length, radius, dynamic viscosity,
density and surface tension of liquid, respectively*®. The simple
calculation shows that the Ohy for Ni nanobar (20-50 nm width
(Ro=10-25nm)) is Ohg = 0.215-0.34. It was reported that there
is a threshold for Ohg around 0.1, and lower and higher Ohg
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than 0.1 causes end pinching and P-R instability, respectively.
Thus, the breaking of Ni nanobar liquid in our experiment should
be caused by not end pinching, but P-R instability. In this case,
the aspect ratio I'=10-25 (L=500nm) matches with the
unstable fluid region in I'-Ohg plot in ref. 48 (Supplementary
Fig. 15; Supplementary Note 12), showing the Ni nanobar liquid
can be broken by P-R instability. The wavelength of perturbation
(4) can be also written by the simple correlation 4~9.02R,
(ref. 49). To confirm the possibility of P-R instability, we also
counted the GNR length grown from 20 nm width (Ry =10 nm)
of Ni nanobar. Interestingly, almost all of GNRs has longer
than 80-100nm, which is almost same with the 4~90.2nm
(Supplementary Fig. 16; Supplementary Note 12). This also
indicates that the P-R instability should be one of the possible
explanations causing the breaking of liquid-phase Ni nanobar.
After the breaking of Ni+ C nanobar liquid, it received a
capillary force (F), which is defined by the following equation®’.

F = 2wy, cosu, (1)

where w denote the GNR width. When we assumed that the
width of the Ni nanobar and GNR was 50 nm, and « = 120°, the
equation (1) gives F=88.5nN (we used the value of y; for pure
Ni in the liquid phase at 1,728 K (melting point), which is
1.77Nm ™! (ref. 51)). Since o is obviously larger than 90° as
shown in Fig. 6b,d,f,g the direction of F is towards the side of the
GNR (Fig. 7e). The relatively high surface energy of Ni+C
nanobar liquid also causes the morphology change to particle-like
shapes of Ni+ C liquid to satisfy the minimum surface energy.
Simple calculation shows that the surface to volume ratio of
Ni+ C nanobar decreases with length of Ni+ C nanobar,
reaching 64% (length: 60nm) of initial structures (length:
250 nm; Supplementary Fig. 17; Supplementary Note 13). On
the basis of these results, it can be revealed that the combination
of capillary force towards GNR end and morphology change
caused by surface-energy stability can cause the movement of
Ni+ C liquid under GNR to the end of GNR, resulting in the
formation of suspended GNRs (Fig. 7f). This can be the answer
of the second question about the formation mechanism of
suspended GNRs.

Discussion
As previously discussed, through the comparison of experimental
results, molecular dynamics simulations and theoretical

calculations with the phase-diagram theory, we established a
possible growth model for suspended GNRs from Ni nanobars.
Since the segregation of GNRs happened within very short period
during the cooling process, we think that the non-equilibrium
reaction should mainly govern the formation process of GNR in
our method. The overall tendency of experimental results can be
well explained by traditional phase diagram, which is based on
the equilibrium state. This knowledge should be useful not only
for GNR synthesis but also for the synthesis of other types of
nanomaterials with high controllability. It is also true that further
progress is required to have the quantitative discussion for the
growth model of GNRs, which can be realized with advanced
phase-diagram analysis considering the non-equilibrium state
and also nanoscale effects. This can be the future work of this
study. Recently, a similar crystal growth with P-R instability has
been reported for nanowire synthesis®’, indicating that these
unique reactions have huge potential as a future method for
nanomaterial synthesis with the desired controllability.

In summary, the high-yield (over 98%) synthesis of over
1,000,000 suspended GNR arrays in a wafer-scale (2 x 2 cm?) was
realized using a RH-PCVD method. Polarized Raman analysis
revealed that the edge structure of suspended GNRs arrays can
have very uniform structure with near zigzag orientation

dominant. A locally addressable side-gate transistor operation
and highly conductive short-channel structures could also
be demonstrated with the suspended GNRs. Furthermore,
the detailed growth dynamics of suspended GNRs were
also investigated based on systematic experiments, molecular
dynamics simulations and theoretical calculations. The high rate
of carbon supply during plasma CVD was one of the critical
factors to stabilize the liquid-phase Ni nanobar under the high-
temperature condition because of the wettability change
from hydrophobic-like to hydrophilic-like state. After the
nucleation of GNRs during the cooling process, the P-R
instability could break nanobars into nanoparticles, and the
combination of capillary force and surface-energy balance could
move the liquid-phase Ni into both ends of the GNR, forming a
suspended GNR shape.

Methods

Plasma CVD. A homemade plasma CVD system was used for the RH-PCVD.
Before the plasma CVD growth, an electric furnace was heated to the desired
temperature (typically 800-900 °C) under flowing hydrogen (50 Pa). A substrate
was immediately transferred to the center area, and rapid heating was performed.
CH, and H, gases at a 9:1 flow ratio (250 Pa) were flowed just after reaching a fixed
heating time (typically 60's) where the Ni nanobar was not dissipated. After that,
the radio frequency power (60 W, 13.56 MHz) was supplied to the coils outside of
the quartz tube. The plasma irradiation time was typically 5-30s. Following the
plasma CVD, the substrate was moved from the center to the outside of the
electrical furnace to rapidly decrease the temperature of the substrate.

Characterizations. The structure of the GNR sample was characterized using SEM
(JEOL JSM-7100F and Hitachi SU1510, Japan). The electrical measurements of the
GNR devices were performed using a vacuum-probe station with a semiconductor
parameter analyser (HP 4155 C). The elementary analysis of the Ni film was
performed using X-ray photoelectron spectroscopy (Ulvac-phi, ESCA1600, Japan).
The polarized Raman measurements (HR-800, Horiba) were carried out using the
VV configuration, where the orientation of the polarizer for inspecting the scat-
tered light was parallel to the polarization of the incident light. An Ar laser with a
488-nm wavelength was used for the excitation. The mappings were performed
with 200-500 nm steps.

Phase-diagram calculations. The phase diagram of the Ni-C binary system was
calculated using the CALPHAD method with the thermodynamic parameters
reported by Guillermet®?. The regular solution approximation was applied to the
liquid phase, while the Ni-rich fcc phase was moulded using a two-sublattice
model. No solubility was taken into account for the thermodynamic state of
graphite. The phase diagram was constructed from these thermodynamic models
based on the common tangent rule.

Molecular dynamics simulations. The wettability of a Ni nanoparticle on a SiO,
substrate was examined with a classical molecular dynamics simulation using MS
ForcitePlus in Materials Studio 8.0 (ref. 54). The Condensed Phase Optimized
Molecular Potentials for Atomic Simulation Studies II (COMPASS II) was
employed for the interatomic potential®>>®. The cutoff distance for short-range
interactions was set to 12.5 A. The Coulomb interactions were calculated using the
Ewald method. The velocity Verlet algorithm was used to integrate the classical
equation of motion with a time step of 2.0 fs. A Nose thermostat was applied to
control the temperature.

Data availability. The authors declare that the data supporting the findings of this
study are available within the article and its Supplementary Information files.
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