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Bottom-Up Growth of Graphene Nanospears and 
Nanoribbons

Haibin Sun, Fengning Liu, Leining Zhang, Kyungmin Ko, Ben McLean, Hao An, 
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One dimensional graphene nanostructures are one of the most promising 
materials for next generation electronics. Here, the chemical vapor depostion 
growth of graphene nanoribbons (GNRs) and graphene nanospears 
(GNSs) on a copper surface is reported. The growth of GNRs and GNSs 
is enabled by a vapor–liquid–solid (VLS) mechanism guided by on-surface 
propagation of a liquid Cu-Si catalyst particle. The slow lateral growth and 
the fast VLS vertical growth give rise to spear head-shaped GNSs. In situ 
observations further confirm that the lateral graphene growth can be com-
pletely suppressed and thus GNRs are grown. The synthesized field effect 
transistor (FET) devices show that the GNRs and GNSs have high carrier 
mobilities of ≈2000 cm2 V−1 s−1. Both FET and Kelvin probe force microscopy 
measurements confirm that the Fermi levels of the synthesize GNSs shift 
downward from the wide part to the tip is strongly p-doped. These findings 
yield key insights into the growth mechanism of graphene and open a door 
for achieving a facile and scalable method of synthesizing free standing GNRs 
and GNSs and their applications, such as the Fermi-level tunable devices.
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application in electronics.[5] However, 
applications of GNRs is greatly hin-
dered by the challenge of their difficult 
synthesis.

Top-down methods of GNRs synthesis, 
such as unzipping carbon nanotubes[6] 
and etching graphene,[7] have proven 
challenging, as they commonly introduce 
defects and irregular edge structures 
at low yields with difficulty in control-
ling GNR width. For the last decade,[8] 
bottom-up synthesis of GNRs from aro-
matic molecular frameworks has seen 
more success, despite often requiring 
costly ultra-high vacuum (UHV) condi-
tions,[9] and those based in solution are 
difficult to transfer to insulating sub-
strates and edge functionalization can 
diminish favorable optoelectronic proper-
ties.[10] Chemical vapor deposition (CVD) 
presents a facile alternative to bottom-up 
GNR synthesis and has been utilized to 

grow GNRs on Au(111) surfaces[11] though often have imperfect 
edges and short lengths. Cu(111) provides a more accessible 
substrate for GNR synthesis though has only been successful 
under UHV conditions.[12] Recently, controlled growth of ori-
ented GNRs via CVD was achieved in etched hBN channels 
on a quartz substrate,[13] and suspended GNR arrays were 
synthesized in high yield on Ni following plasma CVD and 

ReseaRch aRticle

1. Introduction

Graphene nanoribbons (GNRs), inherit properties from large 
2D graphene such as high mobility,[1] high mechanical,[2] and 
thermal stability.[3] Notably, GNRs exhibit a bandgap that can 
be tuned depending on the GNR width and its crystallographic 
orientation,[4] and therefore offer exciting opportunities for 
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cooling,[14] however the mechanisms of growth for each case 
lack understanding.

Here, a unique approach to CVD growth of GNRs on a 
Cu surface is reported. Atmospheric pressure CVD graphene 
growth yields graphene islands exhibiting a variety of shapes 
including the formation of what we term graphene nanospears 
(GNSs). The mechanism of GNSs growth is different from 
CVD graphene[15] that is typically grown via a vapor–solid–solid 
(VSS) mechanism, where individual graphene islands nucleate 
and grow from precursor decomposition and addition to the 
graphene edge on the Cu surface.[16] The observed sharp GNS 
structures form as a result of a suppression of the VSS growth 
of graphene in favor of vapor–liquid–solid (VLS)[17] growth of a 
central GNR structure. By controlling H2 flow in a flexible in 
situ scanning electron microscopy (SEM) system, the complete 
suppression of VSS growth leads to the VLS-grown GNRs. In 
other words, 2D VSS graphene growth is degenerated in favor 
of 1D  VLS GNR growth. Besides, it is demonstrated that the 
surface potential of GNS is dependent on the width and thus 
Fermi energy tunable electronic devices might be built with by 
using GNSs as the base material. The experimental findings, 

obtained here for the case of graphene, are confirmed by the-
ory-based growth simulations, and can be generalized to other 
2D materials. Based on the gained understanding of the 2D 
VLS evolution, conditions for the optimization of scalable pro-
duction of 2D materials are established.

2. Results

2.1. Growth and Characterization of the Graphene Islands

Performing atmospheric pressure CVD at 1050  °C, with 
150 sccm of diluted CH4 and 200 sccm of H2 (Figure S1a, Sup-
porting Information), we observe graphene islands presented 
in Figure  1a–h and Figures  S2 and S3 (Supporting Informa-
tion). Consistent with previous graphene growth on Cu foils, 
a large number of graphene islands are hexagonal shaped 
(Figure  1b). Interestingly, graphene islands exhibiting a range 
of other shapes are also observed. Figure  1c–h shows SEM 
images of graphene islands with elongated, sharp tips that 
terminate in a particle. Graphene islands with one or more 
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Figure 1. Catalyst particle-mediated graphene islands grown on Cu foil. a) SEM image of graphene islands with different shapes; b) hexagonal graphene 
island typically observed following CVD growth; c–h) catalyst-mediated graphene growth resulting in various graphene island shapes with particles 
(white) attached to the tips and many particles present on Cu foil; i–k) AFM images of a parallelogram-shaped graphene island grown on Cu and the 
magnified zones with catalyst particles; l) EDS spectrum of the catalyst particle, showing strong Si and O signals.
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particles attached to the tips take the shape of various irregular 
polygons. As shown in Figure 1e, a parallelogram-shaped island 
is present when there are two particles attached, with the two 
sharp tips having tip angles of ≈60°. Tip angles ranging from 
13° to 60° are observed. Sharp tip angles are only observed 
in the presence of a particle at the tip, making it clear that 
these particles play a crucial role during the growth process 
of these graphene islands with sharp tips. Figure 1i–k presents 
the atomic force microscopy (AFM) image of a parallelogram-
shaped graphene island and the magnified images of its two 
sharp tips, with particles clearly attached. Since the quartz tube 
is mainly composed of SiO2, it is unavoidable to introducing Si 
content to the Cu substrate under a H2 environment during the 
heat treatment.[18] Figure 1l is the energy-dispersive x-ray spec-
troscopy (EDS) analysis of the particle surface, showing signifi-
cant Si and O contents in it. X-ray photoelectron spectroscopy 
(XPS) shown in Figure  S4 (Supporting Information) spectra 
also displays strong Si-2p, O-1s signals, which further confirms 
the silicon and oxygen contents on the Cu surface. Based on 
the observed coalescence behavior of these particles (presented 
in Figure 4), we can deduce that these particles are in a liquid 
state with a melting point lower than the experimental tem-
perature (1050  °C). Therefore, these particles are notably not 
SiO2 particles (melting point 1710 °C) as observed in most CVD 
experiments for graphene growth. In addition, from the phase 
diagram of Cu–Si,[19] we find that a Cu(1-x)Six alloy with x from 
0.15 to 0.3 has the melting point of ≈850  °C. It is reasonable 
to guess that the particle is then a Cu-rich liquid Cu–Si  alloy 
although the exact content cannot be determined in this system.

On a Cu surface, the propagation of graphene edge is the 
consequence of adding carbon atoms from vapor phase, hence 
the VSS growth mechanism. The typical hexagonal shape of 
graphene islands is due to anisotropic growth of the graphene 
lattice with a six-fold symmetry. As a result of the slow VSS 
propagation of the zigzag (ZZ) edge, each side of the hexag-
onal island comprises of ZZ edges.[20] According to the crystal 
growth kinetics, the formation of a sharp-tipped graphene 
island requires a faster growth rate along the direction of the 
bisect angle of the tip.[16b,20d,21] Here each sharp tip corresponds 
to the presence of a particle hence the particles are responsible 
for the faster growth rate and the symmetry breaking of gra-
phene growth.

2.2. Mechanism of the Graphene Nanospears and Nanoribbons 
Growth

To understand how a particle facilitates the graphene growth, 
we recall the VLS growth mechanism of nanowires and carbon 
nanotubes.[22] In this model, feedstock from the vapor phase 
adsorbs to the liquid phase catalyst particle that facilitates 
decomposition of the precursors and subsequent attachment to 
the solid nanowire or nanotube. Recently, the VLS growth of 2D 
materials has been observed in the growth of ultralong MoS2 
nanoribbons.[23] Here, we use the combination of the liquid 
catalyst-guided VLS GNR growth and the general VSS gra-
phene growth to explain the formation of the various shapes of 
graphene islands observed in Figure 1. As shown in Figure 2a, 
the propagation of a liquid particle on Cu surface leads to the 

formation of a GNR behind it (the black ribbon) while simul-
taneously, slower VSS growth of the GNR edge leads to a sur-
rounding graphene layer (the gray area). The angle, β of the 
spear-like tip is

2sin 1 VSS

VLS

β = 





− R

R
 (1)

where RVSS and RVLS are the VSS and VLS growth rates of gra-
phene, respectively. From Equation  (1), we can clearly see that 
the shape of the graphene nanospear can be tuned by varying 
RVSS, RVLS or both. As shown in Figure  2a,b, sharp graphene 
nanospear can be formed if RVLS ≫ RVSS. Critically, if the VSS 
graphene growth is completely suppressed, a GNR will be 
formed by catalyst guided VLS growth (Figure 2c).

Following the proposed mechanism, we illustrate the 
growth process of a few graphene islands guided by the propa-
gation of the catalyst particles. Figure 2d1–d4 corresponds to 
the growth mechanism of the graphene island in Figures 1f–h.
Figure  2e1–e4 present the growth process of the graphene 
island in Figure 1c,d. Figure 2f1–f4 predicts how the parallelo-
gram in Figure 1e may form. The observed graphene islands 
have all formed as a result of the proposed VSS + VLS mecha-
nism, with the liquid catalyst particle propagating across the 
Cu surface.

2.3. Synthesis of the Graphene Nanospears

We demonstrate that the shape of the graphene nanospear can 
be tuned by varying the experimental condition. By increasing 
the H2/CH4 ratio, which has previously been shown to facili-
tate the etching of graphene and slow down the VSS growth 
rate,[7d,24] we have successfully synthesized very sharp GNSs, 
comprising of a central GNR (Figure  3a,b; Figure  S5, Sup-
porting Information). The SEM images of a typical GNS with a 
tip angle of 10° is shown in Figure 3c,d. This tip angle implies 
that the VLS growth rate is ≈10  times that of the VSS growth 
rate. In the central part of Figure 3d, a narrow ribbon-like track 
can be clearly seen. After it was transferred to a SiO2 surface, a 
dark line of ≈200 nm wide is notable (Figure 3e), indicative of a 
GNR, supporting the proposed two-step mechanism shown in 
Figure 2. The central GNR is grown via the VLS mode guided 
by the liquid catalyst particle while the surrounding graphene 
is grown via the VSS mode. The AFM image (Figure 3f) con-
firms that the central GNR is different from the surrounding 
graphene. Figure  3g measures the size of the catalyst particle 
to be 100  nm in height and the GNR to be 50  nm in width. 
Furthermore, statistical result shown in Figure 3h presents that 
the tip angles of these GNSs are distributed in a small range 
between 1° to 12°, implying that increase H2/CH4 ratio can 
greatly increase the ratio of RVLS to RVSS by suppressing the 
VSS graphene growth. The growth mechanism of the central 
VLS GNR is illustrated in Figure 3i, where the precursor mole-
cules (CH4) decompose on the Cu substrate and the released C 
atoms diffuse to the liquid catalyst particle. The liquid catalyst 
particle facilitates the attachment of C atoms to an end of cen-
tral GNR by overcoming a lower reaction barrier than that of 
VSS graphene growth.

Adv. Funct. Mater. 2022, 2206961
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2.4. Real-Time Real-Space Characterization of GNR Growth

The observations in Figure  3 support our hypothesis that the 
growth of a GNS contains a VLS-grown GNR central to the 
VSS-grown graphene edges. However, our thermal CVD system 
is incapable of reliably tuning the experimental condition to 
fully suppress VSS growth of graphene surrounding the GNR. 
To realize the VLS growth of the GNR while suppressing the 
VSS growth, we employ a more flexible operanto SEM system. 
Figure 4 (a1→a2→a3→a4) demonstrates the real-time and real-
space growth of a GNR via operanto SEM. The GNR grows 
in length by ≈120 nm s−1 with no significant change in width. 
During the whole growth process, the width of the GNR remains 
≈500 nm, implying that in-plane VSS growth is completely sup-
pressed. In turn, this suggests that the activation energy of gra-
phene VSS growth is much higher than that of maintaining 
graphene VLS growth facilitated by the catalyst particle.

Figure  4(b1→b2→b3→b4→b5) presents another example 
of GNR growth by operanto SEM, during that the catalyst 

particle becomes smaller and smaller and finally disap-
pears from view. As the catalyst particle appears to shrink, 
the growth of the GNR slows and the width gradually 
decreases until growth ceases at 104.5  s after the catalyst 
disappears. This observation highlights the critical role of 
the catalyst particle in growth, in support of the VLS growth  
mechanism.

Figure  4(c1→c2→c3→c4) demonstrates the liquid nature of 
the catalyst particles on the Cu surface under the growth condi-
tion. During this evolution, it can be clearly seen that particles 
1, 2, and 3 merge into a large particle after 72 s; while particle 4, 
increasing gradually in size, diffuses toward the newly formed 
particle over 108  s. The quick coalescence and diffusion of 
≈100 nm diameter catalyst particles strongly support the liquid 
state of these particles, as discussed above.

To investigate the charge transport characteristics of 
GNS structure, the field-effect transistors were fabricated 
and measured with a back-gate configuration (Figure  5a). 
Their room-temperature mobility was estimated to be 1801 
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Figure 2. The mechanism of catalyst particle mediated graphene growth. a) A liquid catalyst particle (red circle) moves forward at the rate of RVLS 
initiating continuous vapor–liquid–solid (VLS) growth of GNR (black line) behind it. The normal VSS growth of graphene (gray area) on Cu surface 
leads to a GNS with tip angle of β, where RVSS is the graphene growth rate on Cu foil (RVLS > RVSS). b) Slower VSS graphene growth compared to the 
VLS GNR growth leads to a sharper GNS (RVLS >> RVSS). c) Suppressing the VSS graphene growth completely (RVSS = 0) leads to only GNR growth. 
d1→d2→d3→d4) A liquid catalyst particle attached to a hexagonal graphene island initiates VLS GNR growth toward the right and leads to an elongated 
hexagon with a sharp tip. e1→e2→e3→e4) A liquid catalyst particle attached to a hexagonal graphene island initiates diagonal GNR growth and leads 
to an elongated pentagon with a sharp tip. f1→f2→f3→f4) Two liquid catalysts particles attached to a hexagonal graphene island initiate the growth of 
two GNRs diagonally leads to a parallelogram-shaped graphene island with two sharp tips.
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and 420  cm2  V−1  s−1 for the “narrow” and “wide” channels 
of GNS, respectively (Inset of Figure  5a). As indicated in 
Figure 5b, the position-dependent channel width also results 
in Dirac points shift of GNS found in the measured transfer 
characteristics. That is, the “narrow” tip part shows the Dirac 
point voltage (VDirac) of ≈25 V, while that of “wide” part shifts 
to a higher value of ≈38 V, suggesting heavier local p-doping 
in the wide part of GNS. Such width-dependent carrier den-
sity and its VGS modulation are related by the following 
equation[25]

1 1
1

= − = − +






−

n n n
V V

e C C
e h

GS Dirac

ox q

 (2)

where the quantum capacitance (Cq  ≈ 10−6  F  cm−2) is much 
higher than the oxide capacitance (Cox  ≈ 10−8  F  cm−2) for a 
300 nm SiO2. Thus, Equation 2 can be further simplified for a 
carrier density (n) to

( )/= −n C V V eox GS Dirac  (3)

The Fermi energy (EF) can be calculated by EF  = ℏvFkF,[25] 
and 2D Fermi wave vector kF depends on the carrier density 

through 4 /π=k n g gF s v  with gs(gv) being spin (valley) 
degeneracy factors of graphene ( gs  = gv  = 2). Based on the 
above equations, i.e.,

� π=E v nF F  (4)

where vF is the Fermi-Dirac velocity (1.1 × 106 ms−1), the differ-
ence in the Fermi energy of the narrow and wide regions can 
be estimated to be ≈55 meV under the effective width approxi-
mation (see Fermi energy calculations in Supporting Informa-
tion). The heavy doping of the graphene samples is responsible 
for the relatively low mobilities measured in this study.[26] So, 
the measured low mobility does not imply that the fabricated 
graphene samples is low.

As shown in Figure 5c, the width-dependent surface poten-
tial of GNS on copper substrate is further confirmed by Kelvin 
probe force microscopy (KPFM). Being measured along the 
white line (Inset in Figure 5c), it is clearly seen that the surface 
potential increases with width being increasing, suggesting 
more local p-type doping in the wider region of GNS. Such vari-
ation (≈60 meV) of surface potential along the scanned length 
of 5  µm within GNS is indeed comparable to that obtained 
from the shift of Fermi energy (55  meV) throughout the 
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Figure 3. The growth of sharp GNSs comprising GNRs on Cu foil. a) SEM image showing approximately 20% of graphene islands grow as GNSs 
after increasing the H2 flow rate from 200 to 300 sccm. b–d) GNSs with different magnifications by SEM. d) Magnified SEM image showing the tip 
angle of this GNS is only 10°. e) Magnified SEM image of a GNS transferred to SiO2 surface clearly showed a central GNR within the GNS. f,g) AFM 
images of the GNS wall and tip, within that the central GNR can be seen. Particle measured to be ≈100 nm in diameter. h) Statistical results showing 
the distributions of tip angles. i) A schematic model showing the growth mechanism of the central VLS GNR and GNS.
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electrical transport measurements. Our combined characteriza-
tions demonstrate that GNS grown in a bottom-up manner is a 
promising candidate for electronic device applications with its 
tunable local Fermi energy in the channel.

3. Conclusion

The growth of GNSs that comprise a GNR by atmospheric 
pressure CVD has been reported, utilizing the propagation 

Adv. Funct. Mater. 2022, 2206961

Figure 5. Electrical transport properties of GNS field-effect transistors (FETs) and their width dependent surface potential. a) Optical image of the 
back-gate FET devices with varying channel width. The channel length of the device was identically as 3 µm (5 µm when including two electrodes). 
b) Current–voltage transfer curves of the GNS FETs with different channel widths. They were fabricated on SiO2/Si substrates and measured under 
VDS = 50 mV. c) Surface potential of GNS determined by Kelvin prove force microscopy (KPFM) measurement. (Top) Inset is an image of the surface 
potential of GNS scanned along the white line. (Bottom) Inset shows a schematic drawing of width-dependent Fermi-level modification.

Figure 4. Time-laps image series recorded of VLS GNR growth on Cu foil. a1→a2→a3→a4,b1→b2→b3) The linear growth of two GNRs. b4→b5) GNR 
growth ceasing after run out of catalyst. c1→c2→c3→c4) Coalescence of liquid catalyst particles.
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of liquid catalyst particles on a Cu surface. Controlling the 
H2 flow during growth allows for the rates of VSS graphene 
growth and VLS GNR growth to be tuned. In turn, this con-
trols the tip angle hence length and width of the GNS and 
potentially of the GNR. Controlling the dimensions along the 
GNS tip allows for selectivity regarding electronic properties, 
as the band gap of the material will depend on the width. 
Complete suppression of VSS graphene growth was directly 
observed by in situ SEM to preferentially grow a free standing 
GNR on Cu foil in an unparalleled way under relevant CVD 
conditions. It enables us to track the evolution behavior of 
VLS GNR growth during the real CVD process in real-time 
real-space with nanometer-scale resolution. These synthesized 
GNRs and GNSs show high carrier mobilities, and the doping 
levels of GNSs are found dependent on the width, which 
make them an excellent material for the Fermi-level tunable 
device applications. Achieving this level of control in CVD cre-
ates the first facile method under atmospheric conditions for 
synthesizing free-standing GNRs.

4. Experimental Section
Atmospheric Pressure CVD Growth of Graphene Nanospears on Cu Foils: 

Under atmospheric pressure (760 Torr), a polycrystalline Cu foil (Alpha 
Aesar#46365, 25  µm, 99.8  wt.%) was heated to 1050  °C in purified 
Ar gas (500 standard cubic centimeters per minute (sccm)) and then 
annealed for 60  min at this temperature in a mixed gas (500  sccm 
Ar, 200  sccm H2). Next, after diluting (1%) in Ar, CH4 (150  sccm) was 
added the constant mixed gas for 60 min. Finally, the sample was rapidly 
cooled to room temperature. The temperature-time profile is shown in 
Figure S1a (Supporting Information).

By tuning the experimental condition, GNSs with very sharp tips 
were achieved. As shown in Figure  S1b (Supporting Information), the 
Cu foil was heated to 1000 °C in mixed gas (500 sccm Ar, 100 sccm H2) 
and then annealed for 60 min. After that, purified CH4 (5 sccm) and H2 
(300  sccm) was introduced the CVD chamber for 10  min. Finally, the 
sample was quickly cooled to room temperature.

In Situ Observations by Environmental SEM: In situ growth of GNR 
was performed inside the chamber of a modified environmental SEM 
system (Thermo Fisher Quattro S) with a custom infrared laser heating 
stage and with gas supplied station. The growth temperature arranged 
from 900 to 1000 °C under 40 Pa. Images were recorded by a large-field 
detector. During the experiments, the microscope was operated at an 
acceleration voltage of 3  kV. No influence of the electron beam on the 
growth and etching process could be observed. The imaged regions and 
their respective surroundings showed similar behavior, as evidenced by 
changing the magnification or by moving the sample under the beam. 
Furthermore, no electron beam induced contamination was observed at 
elevated temperatures.

Device Fabrication and Measurement: Prior to device fabrication, 
substrates (300  nm thick SiO2/p+-Si) were thoroughly cleaned up in 
piranha solution and by O2 plasma treatment to remove any surface 
contamination. The grown nano-spear graphene flakes were then 
transferred to the substrates using PMMA (polymethyl methacrylate). 
The e-beam lithography equipment (NBL NB3) was used to produce 
source and drain patterns (beam current: 4.4  nA, Dose: 9.3  C  m−2), 
followed by e-beam evaporation of 10 nm Cr and 50 nm Au (Temescal 
FC-2000). A highly doped p-type Si was employed as a gate electrode. 
The semiconductor analyzer (Keithley 4200-SCS) was used to study the 
electrical transport properties of GNS field-effect transistors in a low-
vacuum (≈10−2  torr) probe station. The I–V characteristics between 
drain (0.05  V) and source (0  V) were measured at room temperature 
depend on back gating applied to the highly doped p-type Si substrate 
(−60 to 60 V).

Characterization: Optical images were obtained using an Olympus 
BX51 optical microscope. SEM images were conducted with an FEI 
Verios 460 environmental SEM field emission gun at 20 keV. AFM and 
KPFM data were performed with a Bruker Dimension Icon system. 
Raman spectra and maps were performed with a WITec scope with a 
532 nm wavelength excitation Ar laser.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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