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Controlled epitaxy and patterned growth
of one-dimensional crystals via surface
treatment of two-dimensional templates
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Mixed-dimensional van der Waals (vdW) heterostructures offer promising platforms for exploring
interesting phenomena and functionalities. To exploit their full potential, precise epitaxial processes
and well-defined heterointerfaces between different components are essential. Here, we control the
growth of one-dimensional (1D) vdW microwires on hexagonal crystals via plasma treatment of the
growth templates. AgCNservesasamodel 1Dsystem for examining thedependenceof thenucleation
andgrowthparameters on the surface treatment conditions and substrate types. The oxygen-plasma-
treated transition metal dichalcogenides form step edges mediated by formation of surface metal
oxides, leading to robust AgCN epitaxy with an enhanced nucleation density and low horizontal
growth rates. Monte Carlo simulations reproduce the experimentally observed growth behaviors and
unveil the crucial growth parameters, such as surface diffusivity. The plasma treatment results in
distinct effects on graphite and hexagonal boron nitride templates, which undergo plasma-induced
amorphization and deactivation of the AgCN vdW epitaxy. We achieve the selective growth of AgCN
microwires on graphite using the deactivated vdW epitaxy. This study offers significant insights into
the impact of surface treatment on 1D vdW epitaxy, opening avenues for controlled fabrication of
mixed-dimensional vdW heterostructures.

Mix-dimensional van der Waals (vdW) heterostructures have recently
garnered significant attention owing to their potential to reveal controlled
physical properties and achieve advanced functionalities1–3. The interplay
between the components present in vdW heterostructures exhibit various
interesting behaviors, such as vdW epitaxy, interfacial structural recon-
struction, and electrical and chemical modification via charge transfer or
other processes4–11. Two-dimensional (2D) crystals have shown high com-
patibility with other materials and have emerged as excellent hosts for the
formation of various vdW heterostructures6,10,12,13. In particular, through
vdWepitaxy, 2D crystals can serve as superior templates for obtaining high-
quality vdW heterostructures without encountering the lattice mismatch
problem. Owing to these advantages, 2D crystals allow epitaxial growth of
other 2D crystals14,15, variousmetallic films11,16, and semiconductors17,18 with
clean interfaces, enabling various interesting applications.

In-depth investigations are required to reveal the effect of surface
defects in growth templates on the epitaxial process. Various defects that

reside in 2D crystals, such as vacancies, surface residues, and grain
boundaries, tremendously affect the physical and chemical properties of
these 2D crystals19–21. Previous studies have also shown that the assembly
behaviors of atoms andmolecules can be tuned bymodifying the properties
of their host surface22–25. Because the pristine surface of 2D crystals do not
contain dangling bonds, the defects present in these crystals govern the
growthmodes ofmaterials on these 2D surface26. Therefore, investigation of
the vdWepitaxial process on surface-modified 2D crystals, can enhance our
understanding of the role of defects in vdW epitaxy. Moreover, tuning the
vdWepitaxy behavior is conducive to achieving tailored surface patterns for
diverse applications.

In this study, we controlled the growth behaviors of one-dimensional
(1D) vdW microwires via surface treatment of various hexagonal crystal
templates. Recently, various types of 1D-2D vdW heterostructures have
emerged as exciting platforms to induce interesting phenomena with
potential in device applications27–30. AgCN microwires were adopted as
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model 1D systems to investigate the effect of surface treatment conditions
and substrate types on nucleation and growth parameters. Oxygen plasma
treatment on transition metal dichalcogenides (TMDCs) induced surface
oxidation and formation of step edges. With plasma treatments, we
observed the increased nucleation density and the reduced horizontal
growth rates ofAgCNmicrowires.MonteCarlo simulations reproduced the
experimentally observed growth behavior and uncovered crucial growth
parameters, such as surface diffusivity. Moreover, graphite and hexagonal
boron nitride (h-BN) templates underwent amorphization due to the
plasma treatment, and the vdW epitaxy of the AgCN assembly was deac-
tivated. Thus, through the controlled deactivation of vdW epitaxy and
patterned plasma treatment, we successfully selectively grew AgCN
microwires on graphite. The results enhance our understanding of the
surface treatment effect on 1D vdW epitaxy, and the proposed process is
expected to facilitate controlled fabrication of mixed-dimensional vdW
heterostructures for various interesting applications.

Results and discussion
AgCN is a wide bandgap semiconductor with closely-packed atomic chains
composed of [Ag–C≡N–]n

31–33. In this study, AgCN serves as a model 1D
vdW system, which displays a directional assembly behavior on 2D crystals.
Previous studies demonstrated that AgCN displays an oriented vdW
assembly behavior, wherein the substrate crystal symmetry governs the
directions of the AgCN wire axis33–38. We employed low-power oxygen
plasma treatment tomodify the surfaceof various 2Dtemplates and tune the

AgCN growth behavior (please refer toMethods and Supplementary Fig. 1
for detailed information on the plasma treatment and growth process).

Figure 1 shows the effectof plasma treatmenton the vdWepitaxyof the
AgCN microwires on WS2, a representative TMDC template. The optical
and scanning electron microscopy (SEM) images confirm the aligned
assembly of theAgCNmicrowires on the pristineWS2 substrate (Fig. 1a, d).
The axis of the AgCN microwires represents the molecular chain
[Ag–C≡N–]n directions in theAgCNcrystals, and the three-fold directions
(orange arrows in Fig. 1d) correspond to the zigzag lattice directions of the
underlying 2D substrate33. Fig. 1b, c show the AgCN assembled on the
plasma-treated WS2 substrate for 10 s under powers of 10 and 30W,
respectively. Evidently, the behavior of the AgCN assembly is modified by
the plasma treatment. Although the assembled morphology and density of
thewires are affected, the oriented vdWepitaxy ofAgCN ismaintained even
with the plasma treatment, as evidenced by the observed three-fold axis of
assembled AgCN in Fig. 1b, c, e, f.

The assembled microwires with 30W plasma treatment require in-
depth characterizations owing to their shortened assembled morphology.
To precisely analyze the azimuthal angle distribution of the AgCN micro-
wires and perform detailed structural characterizations, we employed the
transmission electron microscopy (TEM) and selected-area electron dif-
fraction (SAED) techniques, which allowed direct visualization of the
relative orientations between WS2 and the AgCN sub-microwire axis, as
demonstrated in Fig. 1g–j33,38. Figure 1g displays a scanning transmission
electron microscope (STEM) image of the shortened AgCNmicrowires on

Fig. 1 | Effect of plasma-treatment on the vdW epitaxy of the AgCN microwires.
a–cOptical images of theAgCNmicrowires grown onWS2 depending on the oxygen
plasma treatment condition (pristine, 10 and 30W). d–f SEM images of the AgCN
microwires on WS2 depending on the oxygen treatment condition (pristine, 10 and
30W). The red and orange arrows represent themolecular chain directions of AgCN
aligned along the zigzag lattice of the substrate. g STEM image of the AgCN
microwires grown on plasma-treatedWS2 (30Wpower). The red and orange arrows
indicate the AgCN molecular chain directions. h Atomic model of the AgCN

microwires grown on WS2. i Simulated SAED pattern of AgCN on WS2.
j Experimental SAED pattern of AgCN grown on WS2. The diffraction signals of
AgCN and WS2 are marked with black and red circles, respectively. k Histogram of
the azimuthal distributions of theAgCNchain directions (red arrows) onpristine and
plasma-treated WS2. l Density of the AgCN microwires grown on pristine and
plasma-treated WS2. The error bars indicate the standard deviation from 10 to 15
samples.m Length distribution of the AgCN microwires grown on pristine and
plasma-treatedWS2. The inset shows thewidth distribution of theAgCNmicrowires.
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plasma-treated (30W)WS2. Figures 1h and i show atomicmodels of AgCN
aligned on a WS2 substrate and their corresponding simulated SAED pat-
terns. Figure 1j shows the experimental SAED pattern of the AgCN crystals
grown on plasma-treated (30W for 10 s) WS2; here, the WS2 and AgCN
signals are shown using red and dark circles, respectively. The diffraction
signals detected from both the materials are azimuthally well-aligned,
confirming that the atomic axis of the AgCN crystal is parallel to the zigzag
direction ofWS2. Interestingly, the correlation between the real-space image
and SAED patterns confirms that the short side corresponds to the mole-
cular chain axis (black dashed arrows)38. Figure 1k shows a histogram of the
azimuthal angledistributionsof theAgCNmolecular chaindirectionsunder
different surface conditions ofWS2 (pristine in black, 10W in red, and30W
in green); thisfigure clearly shows the robustness of the aligned growth even
after the plasma treatment.

Although the oriented epitaxy of AgCN is maintained after the plasma
treatment of theTMDCtemplates, the plasma treatmentmodifies the growth
behaviorofAgCN. Inparticular, compared to thegrowthbehavioronpristine
WS2, the nucleation density and morphology of the assembled microwires
change after the plasma treatment.After plasma treatment at 10Wpower for
10 s, the nucleation density (Fig. 1l) becomes approximately twice that on the
pristineWS2,while the lengthof thewires significantlydecreases compared to
that on the pristine WS2 (Fig. 1m). Upon plasma treatment at 30W, the
nucleation density undergoes a five-fold increase compared to that in
thepristine case (Fig. 1l).Theaverage lengthdecreases further (Fig. 1m),while
thewidth remains relatively stable (inset of Fig. 1m).Consequently, the aspect
ratio of the grownwires decreases further, as shown in Supplementary Fig. 2.
A similar plasma-treatment effect is observed on the AgCN vdW epitaxy on
other TMDC substrates. For example, an increased nucleation density and
shortened wire morphology are observed after plasma treatment on MoS2
and WSe2, as shown in Fig. 2a and Supplementary Figs. 2 and 3.

We evaluated the changes in the plasma-treated TMDC surfaces to
understand the AgCN growth modification universally observed on
TMDCs. We monitored the surfaces of the TMDC substrates at different
stages of the sample fabrication procedure using atomic force microscopy
(AFM) imaging and Raman spectroscopy techniques, and the corre-
sponding results are shown in Fig. 2b–e. The AFM images show that the O2

plasma treatment (power 30W) does not induce a noticeable change in the
surface roughness of MoS2 (Fig. 2c, d). On the other hand, the Raman
spectra displays peaks corresponding to distinct vibrational modes of

MoS2
39,40 and those of MoO3 after the O2 plasma treatment as shown in

Fig. 2e. The observed formation of MoO3 from the O2 plasma is consistent
with the results of previous studies41. Previous reports indicate that Ar
precursor results in etching of layers42, whereas O2 precursor transforms a
fewsurface layers ofMoS2 into oxide layers suchasMoO3

41,43,44. The absence
of a noticeable surface roughness can be attributed to atomically flatMoO3,
which is formed by the reaction of MoS2 with O2.

The metal oxide formed during the O2 plasma treatment undergoes
further chemical reactions under the AgCN growth environment. AgCN is
grown by drop-casting an AgCN solution in ammonia water. MoO3 reacts
with ammonia and formswater-soluble ammoniummolybdate45. The surface
roughness drastically increases owing to the removal of MoO3 after the
ammonia water treatment, as shown in Fig. 2d. By TEM analysis, we directly
confirmed the effect of oxygen plasma treatment on TMDC templates. As
shown in Supplementary Fig. 4, dark field (DF) TEM analysis and atomic
resolution STEM imaging with MoS2 samples revealed that the plasma
treatment leads to sample thinning and the generation of step edges. There-
fore, compared to the pristine surface, the plasma-treated TMDC templates
show a large number of step edges and high surface roughness, as indicated in
Fig. 2f. This increase in the number of surface defects22 can modify the
assembly behaviors of AgCN. Conversely, the surface of TMDC still main-
tains the overall hexagonal lattice during the surface treatment (Supplemen-
tary Fig. 4d) and can host the observed persistent oriented vdW epitaxy.

The general heteroepitaxy on the surface usually occurs in the fol-
lowing steps: (1) surface adsorption of monomers, (2) diffusion on the
surface, (3) nucleation of a crystallite, and (4) attachment ofmonomers and
growth of crystallites (Fig. 3a)22,46,47. According to the general nucleation
theory22,47, when the size of an AgCN crystallite reaches a particular critical
value, stable nucleation events occur. In our experiments, the AgCN
monomer dissolved in the solvent was adsorbed onto the surface of the 2D
crystal templates and subsequently exhibited surface diffusion or desorption
via the above-mentioned processes. The surface defects, such as vacancy or
step edges, can promote AgCN nucleation via a heterogeneous nucleation
process.On theotherhand, ona surfacewith a significantnumberof defects,
the subsequent attachment process of monomers may be slowed down due
to the reducedmonomer diffusivity resulting from elevated energy barriers
associated with detrapping from defects22.

To evaluate the nucleation and lateral growth behavior of the AgCN
microwires on the TMDC templates, Monte Carlo simulations were

Fig. 2 | Surfacemodificationof theTMDCsvia oxygen plasma and treatmentwith
theAgCNgrowth solution. aThe density of the AgCNmicrowires grown onMoS2
and WSe2 under different plasma treatment conditions. The error bars indicate
the standard deviation from 10 to 15 samples. b–d AFM topography images of
pristine, plasma-treated, and ammonia water-treated MoS2. e Raman spectra of

pristine, plasma-treated, and ammonia water-treated MoS2; the metal oxide is
marked with a red signal. f Schematics showing the effect of plasma treatment and
ammonia water during the AgCN growth. The oxygen plasma treatment leads to
the formation of a surface metal-oxide layer, and ammonia water selectively
removes the metal oxide.
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performed, and the results were compared with those of the experiments48

(details of the simulation process are provided in the Methods section).
Figure 3b shows the overall simulation process of the AgCN growth on the
hexagonal lattice, in which the AgCN wires can occupy individual lattice
points. In our simulation, each cycle is composed of nucleation and sub-
sequent attachment steps, with total t cycles. The number of nucleation

events per cycle, number of attachment attempts, and probability of a
successful attachment are the crucial simulation parameters. We assume
that although the nucleation occurs at random sites, the pre-existing
nucleation sites deactivate the nearby nucleation events for a certain lattice
distance (parameter a)49. The number of nucleation events per cycle (from
the first cycle to the tth cycles) is considered a Gaussian distribution, as

Fig. 3 | Monte Carlo simulation of the AgCN
microwire growth on a hexagonal 2D substrate.
a Schematic showing the atomic-scale AgCN
microwire growth process on a 2D substrate.
① Surface adsorption of AgCN monomers. ② Dif-
fusion of AgCN monomers on the substrate. ③
Nucleation of AgCN crystals. ④ Horizontal growth
of AgCN wires from the monomer attachments.
b Schematics of the growth simulation process.
Individual growth cycles compose of nucleation and
growth steps based on the growth mode along the
hexagonal lattice directions. Cycles are repeated t
times to reach the final configurations. c Schematic
showing the growth parameters. The growth is set to
be proportional to the effective area (green regions)
related to the edge growth. d Exemplary simulation
results with given growth parameters.

https://doi.org/10.1038/s41699-024-00473-w Article

npj 2D Materials and Applications |            (2024) 8:36 4



shown in Supplementary Fig. 5, to reflect the mild-heating-induced growth
phenomena of AgCN. The nucleated crystallites undergo subsequent
attachments, and the direction of the horizontal growth is randomly
assigned at thefirst growth stage of a crystallite. Once the growth direction is
set, horizontal elongation is allowed, with two wire ends serving as the
growth fronts. The number of growth attempts per cycle is expressed as
G0min 1þ b

a ; α
� �

, and the probability for a successful growth is P (value
between 0 and 1). The function min 1þ b

a ; α
� �

modifies the number of
growth attempts as a function of the crystallite size (Fig. 3c), and G0 is a
constant related to surface diffusivity. In particular, we assume that the

effective area (green color in Fig. 3c) for the successful edge-mediated
growth, and the area near the central region of thewires does not contribute
to the edge-mediated growth. In summary, the average number of attach-
ments per cycle is given by G0 Pmin 1þ b

a ; α
� �

, and an exemplary result is
shown in Fig. 3d.

The effects of various growth parameters on the growth behaviorswere
systematically evaluated.G0,P,α, and twere varied to observe the changes in
the length distribution as shown in Supplementary Fig. 6, and these simu-
lated distributions were compared with the experimental observations to
elucidate the crucial growth parameters and their effects. Figure 4a–c shows

Fig. 4 | Comparison between the experimental and simulation results of the
AgCN microwire growth behavior. a–c SEM images of the AgCN microwires
grown on pristine and plasma-treated WS2. d–f Simulation results obtained with
various simulation parameters. The simulation results shown in d–f correspond to
G0 = 11, 7, and 3, respectively. Other parameter conditions; P ¼ 0:6; α ¼ 2:

g Comparison between the experimental and simulated AgCN microwire length
distributions. The error bars indicate the standard deviation from 10 simulations.
h Identified G0 value and the experimental nucleation density. The error bars
indicate the standard deviation from 10 ~ 15 samples.
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the experimental results obtained for the pristine sample at different plasma
powers of 10 and 30W. Figure 4d–f presents the exemplary simulation
results, which are in good agreement with the experimental ones. As
summarized in Fig. 4g, the simulated and experimentally observed wire
lengthdistributions are in good agreementwith eachother. Interestingly, we
identified a critical correlation between the growth attempt and nucleation
number. In particular, the identified growth attempt parameter (G0) is
reduced by a factor of approximately 3–4 for the 30-W-plasma-treated
samples, whereas the number of nucleation sites increase by a factor of
approximately 3 compared to the pristine case (inset of Fig. 4h). The anti-
correlation between G0 and the nucleation density is consistent with our
understanding that the surface defects increase the nucleation probability
but decrease the surface diffusion.Wealso observed that the usednumber of
cycles (t) display an anti-correlation with G0:This can be attributed to the
early consumption (smaller t) of the growth material under the faster dif-
fusion case (larger G0).

Chemical vapor deposition (CVD) process has emerged as effective
way to produce high-quality large-area TMDC samples50–54. The con-
firmation of AgCN microwire growth on CVD TMDC samples is also an
interesting subject. Furthermore, the charge transfer behavior between
AgCN and monolayer TMDC provided by CVD method can be studied
efficiently. We confirmed the successful growth of AgCN microwires on
metal-organic CVD (MOCVD) monolayer MoS2 substrate as shown in
Supplementary Fig. 7. The morphology of AgCN microwires bears some
resemblance to those observed on plasma-treated mechanically-exfoliated
TMDC samples. The utilizedMOCVDMoS2 samples have the grain size of
approximated 1 μm53, and the presence of grain boundaries can play a role

similar to those of step edges and other types of defects induced by plasma
effect. We also confirmed that there is a charge transfer between AgCN
microwires and MoS2 by photoluminescence (PL) measurement as shown
in Supplementary Fig. 7c–h. The slight blue shift in PL position and the
increased exciton signal suggest the reduced n-doping of MoS2 by the
electron transfer from MoS2 to AgCN

55,56.
The effect of the plasma treatment on the graphite andh-BNsubstrates

is significantly different from that on the TMDC substrates. The SEM
images of the AgCN microwires grown on pristine and plasma-treated
graphite and h-BN are shown in Fig. 5a–d. Unlike the case of the TMDC
substrates, the nucleation density of the AgCN microwires grown on gra-
phite and h-BN significantly decreases after the plasma treatment (Fig. 5e).
To characterize the plasma treatment effect, we measured the Raman
spectra of monolayer graphene before and after the plasma treatment (10
and 30W), and the measured spectra are displayed in Fig. 5f. The Raman
spectrum of pristine 1 L graphene shows G and 2D peaks. After the plasma
treatment, the 2Dpeak disappears, while theGpeak broadens, and aDpeak
appears. Overall, theRaman spectrumof plasma-treated graphene indicates
the generation of defective graphene (i.e., amorphization) due to the oxygen
plasma treatment (Fig. 5g)57,58. Because of the utilizedplasma conditions, the
graphene surface becomes amorphous with a thickness of minimum two
layers, because bilayer graphene also undergoes a similar degree of amor-
phization as monolayer graphene (Supplementary Fig. 8). The amorphized
graphene is robust against the ammonia water treatment owing to its high
chemical stability, which is different from the behavior of metal oxides.
Therefore, the amorphized surface of graphene due to the plasma treatment
explains the deactivation of the AgCN microwire epitaxy. A similar

Fig. 5 | Deactivation of vdW epitaxy by plasma treatment and patterned growth
of AgCN microwires on graphite and h-BN. a, c SEM image of the AgCN
microwires grown on pristine graphite and h-BN, respectively. b,d SEM image of the
AgCN microwires grown on plasma-treated graphite and h-BN, respectively (30W
power for 10 s). e Density of the AgCN microwires grown on various 2D substrates
with different plasma-treatment conditions. fRaman spectra of pristine and plasma-

treated monolayer graphene. g Schematics showing the amorphization of graphene
by plasma treatment. h Schematics showing the patterned growth of AgCN
microwires on graphite or h-BN. i SEM image showing the patterned growth of
AgCN microwires on graphite. j Zoomed-in SEM image of the blue dashed box in
panel 5i. The red and orange arrows indicate the three AgCN wire axes.
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deactivation behavior is observed on the plasma-treated h-BN and can be
also attributed to the generation of a defective h-BN surface59,60.

Finally, we demonstrate the patterned growth of AgCN on selected
regions via the deactivation of vdW epitaxy with plasma treatment on
graphite. Figure 5h schematically shows the process for patterned AgCN
microwire growth. This process includes (1) placement of amesh grid on
exfoliated graphite, (2) oxygen plasma treatment (30W for 10 s), and (3)
AgCN growth. A TEM grid was utilized as a patterning mesh in our
study. The recorded AFM images show that the phase signals detected
from the plasma-treated regions are different from those detected from
the regions protected from the plasma treatment (Supplementary Fig. 9);
this result implies that the surface property changes owing to the
amorphization. Figure 5i, j shows the SEM images of the patterned
AgCN microwires, which are assembled only on the regions protected
from the plasma treatment. The zoomed-in SEM image in Fig. 5j also
indicates close packing of the AgCN microwires with tri-axial oriented
epitaxy.

In summary, we controlled the growth process of 1D vdW micro-
wires via surface treatment of various hexagonal crystal templates. The
oxygen plasma treatment on the TMDC substrates resulted in the
increased nucleation density and the reduced horizontal growth rates of
AgCN assembly. Monte Carlo simulations reproduced the experimental
growth results and unraveled important parameters, including surface
diffusivity. Interestingly, the plasma treatment on graphite and h-BN
deactivated the AgCNmicrowire vdW epitaxy due to the amorphization
of the substrate. Using the deactivation of vdW epitaxy, we achieved
selective growth of AgCN microwires on graphite through patterned
plasma treatment. The family of 1D metal cyanides shows distinct
assembly morphologies and electrical/optical properties depending on
types of metals (Au, Ag, Cu, etc.) in cyanides32–34,38. The observed charge
transfer behavior between 2D substrate and 1D metal cyanides also
demonstrate the potential utility of 1D chains in various vdW platforms
including other types of 2D crystals16,29,38,61,62. This study highlights the
intricate mechanisms underlying the surface treatment of 2D templates
for realizing 1D vdW epitaxy as well as paves the way for controlled
fabrication of mixed-dimensional vdW heterostructures for various
applications.

Methods
AgCNmicrowire growth and plasma treatment
Single-crystal graphite, h-BN, andTMDCs (MoS2,WS2, andWSe2) were
purchased from HQ Graphene. Monolayer MoS2 samples were syn-
thesized by metal-organic CVD process, and the detailed description on
the growth process can be found elsewhere53. CVD graphene was syn-
thesized on polycrystalline Cu foil with CH4 at low pressure63,64. These
crystals were mechanically exfoliated onto 280-nm-thick-SiO2/Si sub-
strates. AgCNmicrowireswere grown on the exfoliated 2D crystals using
the previously developed drop-cast method33. Briefly, a solution of
AgCN (1− 2 mM) was prepared by dissolving AgCN (99%, Sigma-
Aldrich) in an ammonia solution (100 mL, 14.8 M, Samchun). Using a
micropipette, 1.5 μL of the AgCN solution was dropped onto the target
2D crystals on the SiO2/Si wafers. Mild heating on a hot-plate at 85 °C
was performed for 15 min in air. Prior to the AgCN growth, some 2D
crystals were subjected to O2 plasma treatment for 10 s at 10 or 30W
under a pressure of 3.6 × 10-1 Torr using a radio-frequency plasma
cleaner (COVANCE/CUTE, Femto Science Inc.). For the patterned
growth of AgCN microwires, a TEM grid (Ni mesh, 1500 slim bar, SPI
supplies) was placed on the exfoliated 2D crystals to partially protect the
surface of the 2D crystal from the plasma.

Characterizations
Optical microscopy images were acquired using Leica DM-750M. SEM
images were obtained using JEOL-JSM-7900F and JEOL-7016F-Plus
operated at 5 or 10 kV. SAED, DF imaging, and atomic-resolution
HAADF-STEM were obtained with JEOL 2100Plus operated at 200 kV

and spherical aberration-corrected JEOL ARM-200F operated at 80 kV.
The analysis of Raman spectra was obtained with MOCVD MoS2 and
CVD graphene samples at room temperature using a Raman spectro-
meter (Horiba) with an ND:Yag laser (532 nm). AFM images were
obtained in non-contact mode using the Park XE7 atomic force
microscope at a scan speed of 48 μm/s with a silicon cantilever (ppp-
nchr, Nanosensors). PL measurement was performed at room tem-
perature using a laser with a wavelength of 532 nm from Nanobase
XperRF.

Simulations
Monte Carlo simulations were performed using MATLAB R2021a-based
home-built codes. A hexagonal mesh substrate was used to model the tri-
axial 1D growth mode of AgCN. Each growth step was composed of (1)
random nucleation of wires and (2) horizontal growth of wires along the
hexagonal mesh. The total number of wire nuclei were adapted from the
experimental results, and Gaussian distributed nucleation events were
assumed for each growth step (Supplementary Fig. 5). All the existing and
newly added nucleation sites underwent edge-mediated growth via the
growth attemptswith a certain probability. For the growth, we assumed that
the AgCNmonomers need to land on a certain region (green regions in Fig.
3c) of the substrate anddiffuse to the edge location. For eachgrowth step, the
number of growth attempts was modeled as G0 min 1þ b

a ; α
� �

, and the
probability for a successful growth was denoted by P (value smaller than 1).
Here, a; b; andα are constants related to the effective landing area, andG0 is
a constant related to the diffusion process.When the edge growth front of a
wire met another wire, the growth was terminated as observed in the
experiment. The growth step (nucleation and growth) was proceeded for t
times. The parameter ranges used in the simulations were: a= 3 ~ 4 lattices,
b = a+L (L is the length of a given wire), α= 2 ~ 4, and G0 = 2 ~ 15.

Data availability
The authors declare that the data supporting the findings are available
within the paper and its supplementary information. The corresponding
authors can also provide data upon reasonable request.

Code availability
Upon request, authors will make available any previously unreported
computer code used to generate results that are reported in the paper.
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