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ABSTRACT: The van der Waals epitaxy of functional
materials provides an interesting and efficient way to
manipulate the electrical properties of various hybrid two-
dimensional (2D) systems. Here we show the controlled
epitaxial assembly of semiconducting one-dimensional (1D)
atomic chains, AuCN, on graphene and investigate the
electrical properties of 1D/2D van der Waals heterostructures.
AuCN nanowire assembly is tuned by different growth
conditions, although the epitaxial alignment between AuCN
chains and graphene remains unchanged. The switching of the preferred nanowire growth axis indicates that diffusion kinetics
affects the nanowire formation process. Semiconducting AuCN chains endow the 1D/2D hybrid system with a strong
responsivity to photons with an energy above 2.7 eV, which is consistent with the bandgap of AuCN. A large UV response
(responsivity ∼104 A/W) was observed under illumination using 3.1 eV (400 nm) photons. Our study clearly demonstrates that
1D chain-structured semiconductors can play a crucial role as a component in multifunctional van der Waals heterostructures.
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Because of emerging properties originating from the
interactions between different components, van der Waals
heterostructures incorporating two-dimensional (2D) materials
have been intensively studied for investigation of various
fundamental physical and chemical properties as well as
applications for next-generation electronic devices.1−3 For
example, the interfaces between 2D layers can host interesting
electronic bandstructure, charge carrier dynamics, and
structural reconstruction originating from interlayer interac-
tion.4−10 Organic molecular films and inorganic materials can
also be interfaced with the 2D layers to form heterojunctions
exhibiting synergetic electrical and optical properties suitable
for high-performance transistors, photodetectors, photovol-
taics, and light-emitting diodes.3,11−18

The coherent interaction between components through
relatively weak van der Waals forces is often undermined by
surface dangling bonds or interface residue. Various 2D
materials are naturally equipped with well-terminated surface,
which makes them highly suitable for van der Waals vertical
heterostructures. Similarly, inorganic 1D atomic chain

materials, possessing strong covalent bonds in axial directions
and van der Waals-like interaction between the chains, can
interact with 2D materials without any disturbance from
dangling bonds. One such candidate is gold(I) cyanide
(AuCN)19 which has the atomic structure of (−Au−C
N−)n. Previous studies have demonstrated the 1D/2D van der
Waals heterostructure assembly (Figure 1a) through the
epitaxial alignment of the 1D atomic chains of AuCN on
graphene.20,21 However, the detailed assembly process of 1D
chains on graphene or any synergetic properties arising from
van der Waals interactions were not studied in the previous
work, limiting the fundamental understanding of these 1D/2D
hybrid systems and their applications.
In this study, we investigated the controlled fabrication and

synergetic operation of a 1D/2D van der Waals heterostructure
formed with AuCN and graphene. First, we examined in detail
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the growth behaviors of 1D semiconducting AuCN atomic
chains on graphene using transmission electron microscopy
(TEM). Although 1D AuCN atomic chains always align along
with the zigzag lattice of the underlying graphene substrate, the
nanowire assembly of 1D chains shows that their morphology
changes depending on the growth conditions. We found that
the nanowire axis is perpendicular to the molecular chain axis
when a fast drop-cast method was used due to diffusion
kinetics. In contrast, the nanowire morphology was parallel to
the molecular chain axis when a slow incubation method was
used. Second, we investigated the optoelectronic properties
and phototransistor behaviors of the 1D/2D van der Waals
heterostructure. Semiconducting AuCN chains endowed the
1D/2D heterostructures a strong responsivity to photons with
an energy above 2.7 eV, which is consistent with the
bandstructure of AuCN. We observed a large UV response
with a responsivity ∼104 A/W under illumination of 3.1 eV
(400 nm) photons.
Results and Discussion. To form epitaxially grown AuCN

nanowires on graphene, a facile drop-cast method was utilized.
Figure 1b shows the schematic illustration of the AuCN

nanowire growth process on a graphene substrate. In brief,
AuCN-dissolved solutions with various AuCN concentrations
were dropped onto single-layer chemical vapor-deposited
(CVD) graphene samples (graphene on SiO2/Si or graphene
TEM grid) and dried under mild heating on a hot plate (see
Methods for details). TEM imaging was utilized to investigate
the detailed nanowire crystal structure and their alignment
with respect to the graphene substrate. We found that the
drop-cast method allows for the successful formation of AuCN
nanowires on graphene (Figure 1c−j). At a 0.8 mM
concentration, the scattered nanowires formed on graphene,
where the three-fold nanowire directions were clearly observed
(Figure 1e−g). Selected area electron diffraction (SAED) was
also employed to study the overall directional alignment of
AuCN on graphene as shown in Figure 1f. Observed AuCN
diffraction peaks were positioned along the graphene zigzag
directions, which indicates that the atomic chains of AuCN
nanowires were preferentially aligned to the graphene zigzag
lattice directions.20 This observation was consistent with the
high-resolution TEM images in Figure 1d.

Figure 1. Epitaxially aligned AuCN nanowires on graphene. (a) Schematic of 1D AuCN atomic chains on graphene. (b) Schematic of AuCN
nanowire growth process. (c) Atomic model of AuCN on graphene. (d) High-resolution TEM image of AuCN on graphene. Scale bar, 1 nm. (e)
TEM image of synthesized AuCN nanowires on graphene using a 0.8 mM AuCN solution. Scale bar, 250 nm. (f) SAED of AuCN on graphene.
Scale bar, 5 nm−1. (g) Magnified TEM image of AuCN nanowires on graphene. Scale bar, 50 nm. (h−j) TEM image of synthesized AuCN
nanowires on graphene using a 2.0 mM AuCN solution. Scale bar, 2 μm, 500 nm, 200 nm, respectively. The red box in panel i is the field of view for
panel j.
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The drop cast method has various advantages including the
ability to control the density of the nanowires and to confine
nanowire growth to graphene. By either controlling the
concentration of AuCN or increasing the number of drop-
casts, we demonstrated that the density of nanowires grown on
graphene was controllable (Supporting Figure S1). When a
high AuCN concentration (2.0 mM) was used, we observed
that the nanowire formation almost fully covered the graphene
surface (Figure 1h−j). As shown in Figure 1h, the nanowires
also selectively grew on the graphene surface but did not grow
on the amorphous carbon substrates. This selectivity was
consistent with our previous observation, where AuCN
spontaneously bonds to the graphene substrate.20 The zoom-
in image (Figure 1j) clearly shows the three-fold symmetric
growth direction of nanowires (white dashed arrows). We
caution that the excessive deposition (multiple droplets with
2.4 mM) may lead to formation of AuCN films rather than the
epitaxial growth of AuCN on graphene (Supporting Figure
S2).
A careful investigation of the nanowire morphology revealed

that the nanowire formation process depends on the growth
conditions. As shown in Figure 1d, we found that, although
AuCN atomic chains were aligned to the graphene zigzag
lattice (orange dashed arrows), AuCN nanowire axes (white
dashed arrows) were in fact perpendicular to the atomic chain
(Figure 1g). This was in contrast to previous observations
where the AuCN nanowire axes were parallel to the atomic
chain.20,21 We studied the evolution of the nanowire
morphology under different growth conditions (Figure 2).
With relatively high (≥0.8 mM) concentrations, the nanowire
elongation on the graphene substrate was perpendicular to the
graphene zigzag lattice (Figure 1g, Figure 2a, and Supporting
Figure S3). On the other hand, the nanowire morphology
showed that the preferred formation axis was parallel to the
graphene zigzag lattice with low AuCN concentrations using
the drop-cast method or with the incubation method (Figure
2b and Supporting Figure S3). Figure 2c−e clearly show the
evolution of nanowire dimensions along the graphene zigzag
lattice and armchair lattice directions together with their aspect
ratio under different growth conditions.
The observed morphology evolution can be attributed to the

competition between the kinetic factors and thermodynamic
effect during the AuCN growth on graphene.22,23 With a very
slow growth process, where the deposition rate of materials is
smaller compared to the diffusion rate on the substrate, the
crystal morphology is mainly governed by the thermodynamic
effect, which drives the system toward the lowest energy
configuration.22,23 On the other hand, with a fast growth
process where the deposition rate is high the kinetic factors are
crucial in determining the nanostructure formation. The
incubation method is a very slow process and, therefore, the
observed parallel configurations (nanowire axis in the direction
of the zigzag lattice) with incubation are likely to be low energy
configurations. The nanowire morphology with a longer axis in
the direction of the atomic chain can be rationalized by the
stronger covalent bond along the chain compared to the
weaker van der Waals interaction across the chains. On the
contrary, the perpendicular direction growth mode, observed
with high concentration drop-cast process, can be explained by
kinetic factors concerning the fast deposition rate compared to
the diffusion rate of the molecular moiety on the graphene
surface.

We now discuss the electrical properties of hybrid AuCN/
graphene structures. There have been very limited number of
research works24 on the electrical and optical properties of
AuCN prior to our work. We performed optical character-
izations of AuCN together with its bandstructure calculations.
Figure 3a shows the optical transmittance of the AuCN/
graphene samples. With the deposition of AuCN on graphene,
we observed a significant reduction in the transmittance with
the appearance of a structure around the 450 nm wavelength.
The transmittance data were converted to an absorption plot,
which indicates that the estimated direct bandgap of AuCN is
around 2.7−2.8 eV as shown in Figure 3b. The slight shift of
absorption edge can be attributed to the different nanowire

Figure 2. Evolution of AuCN nanowire morphology under different
growth conditions. (a,b) TEM images of a synthesized AuCN
nanowire on graphene (a) with a fast drop-cast process and (b) with a
slow incubation method. Scale bar, 10 nm. (c) Dimension of
nanowires in the direction of the graphene zigzag (ZZ) lattice. (d)
Dimension of nanowires in the direction of the graphene armchair
(AC) lattice. (e) Aspect ratio of nanowires. (f) Schematic illustration
of different formation behaviors of AuCN nanowires on the graphene
surface.
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size and morphology depending on the AuCN deposition
quantity on graphene. For the conversion of the transmittance
data to absorption plots, we considered the possible scattering/
reflectance changes from roughened surface of AuCN
deposited samples. The measured difference in diffuse
reflectance (Supporting Figure S4) was smaller than 1%

compared to graphene sample and the estimated values of
AuCN bandgap were not affected when we considered the
increased scattering.
We also performed density functional theory (DFT)

calculations on the hexagonal bulk AuCN crystal (Figure
3c). The lattice constants of the AuCN crystal were calculated

Figure 3. Optical absorption measurement and the bandstructure of AuCN. (a) Optical transmittance of graphene and AuCN/graphene samples.
(b) Optical absorption plot as a function of photon energy. (c) AuCN crystal structure. (d) Calculated bandstructure of AuCN, where the Fermi
level was set to zero. The inset shows the symmetric k-point paths in the Brillouin zone.

Figure 4. AuCN/graphene hybrid phototransistors. (a) Schematic of the AuCN/graphene field effect transistor. (b) Transfer curve of devices with
Vds = 0.1 V (0.8 mM, 1 drop). The solid (dotted) black line is the response of the AuCN/G device with (without) light illumination. The orange
line is obtained from a bare graphene device. (c) Photon-energy-dependent photoresponsivity of the AuCN/graphene device. (d) Transfer
characteristics (Vds = 0.1 V) of the AuCN/graphene device under different illumination powers. (e) Band alignment diagram at the interface
between graphene and AuCN under the light illumination condition.
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to be 3.48 and 5.08 Å for the axial distance and height,
respectively, which is in agreement with the experimental
values of 3.40 and 5.09 Å.19 The calculated electronic
bandstructure of the bulk AuCN obtained using the HSE
method is shown in Figure 3d. The band structure shows that
AuCN is a semiconductor with a direct bandgap of 2.73 eV
and an indirect bandgap of 2.23 eV. The calculated value of the
direct bandgap at L point is consistent with the experimentally
observed value. The another band-to-band transition near H
point is possible around 4.0 eV, which is consistent with the
observed features in transmittance and absorption plots. We
also observed that the calculated valence band along the M-K
path and along the L−H path showed a very flat bandstructure.
The M−K or L−H paths correspond to the perpendicular
direction to the AuCN chain axis and the obtained flat
bandstructure indicates that there is very weak electron−
electron bonding between the AuCN chains.
To investigate the interaction between AuCN and graphene,

we fabricated field effect transistor devices using the hybrid
AuCN/graphene structure as shown in Figure 4a (see Methods
and Supporting Figure S5 for details). The bare graphene
devices on SiO2/Si substrate showed usual ambipolar graphene
transport characteristics with a minimum conduction point
(Dirac point) around 20 V and a charge carrier mobility of
∼1000 cm2/(V·s) under vacuum at room temperature. We
observed that the bare graphene device did not show a
photoresponse under light illumination, which is consistent
with previous studies.25,26 The photogenerated carriers in
graphene are not expected to yield photoconductance due to
ultrafast (∼ps) recombination in graphene.27

After the formation of AuCN nanowires on graphene, the
AuCN/graphene devices (0.8 mM, 1 drop) showed a change
in the transfer curves. We generally observed reduced charge
carrier mobility (∼500 cm2/(V·s)) in addition to an upshift of
Dirac point to 40 V after AuCN deposition on graphene
(Figure 4b). The shift of Dirac point indicates that electrons
are transferred from graphene to AuCN, which results in an
increased p-doping of graphene due to the AuCN-graphene
interaction. The polarity of charge transfer was consistent with
previous calculations.20 With the electron donation from
graphene to AuCN, the AuCN band edge is expected to be
bent downward at the interface (Figure 4e). Under the white
light illumination, the AuCN/graphene device showed a large
photoresponse as shown in Figure 3b. We also observed that
the Dirac point was downshifted to ∼30 V under illumination,
which indicates that p-doping of graphene was reduced with
incident photons compared to the light-off condition.
The main mechanism of the observed high photoresponse in

the AuCN/graphene heterostructures can be explained by the
photogating effect, which has been previously discussed in
other graphene hybrid phototransistors.25,26,28 In the AuCN/
graphene hybrid phototransistors, photogenerated holes and
electrons in AuCN can be transferred to graphene with
different transfer rate because of the built-in electric field at the
AuCN−graphene interface.28 Because of the unequal transfer
rate between holes and electrons, there will be an extra charge-
accumulation in AuCN, which results in the photogating effect.
The photon-energy-dependent photoresponse of AuCN/
graphene devices clearly shows that the device responsivity
starts to rapidly increase around 2.7 eV, which is consistent
with the measured direct bandgap value of AuCN (Figure 4c).
With UV (3.1 eV) illumination, we observed a large
photoresponsivity of ∼8000 A/W and an external quantum

efficiency of ∼2 × 104 (Supporting Figure S6). The
photoresponsivity of devices strongly depends on nanowire
growth conditions and the increased photoresponsivity was
generally observed with increased density of nanowires. The
best performance (∼3 × 104 A/W) was achieved with devices
using drop-cast of 2.4 mM solution (Supporting Figure S7).
The relatively large variation of photoresponsivity with 2.4 mM
solution may be related to the possible change of AuCN
growth to film formation at high concentrations (Supporting
Figure S2). Further study is necessary to fully optimize the
device performance and reduce the device-to-device variation.
The output curves under different illumination powers also
show a typical linear behavior where the observed photo-
current is proportional to the off-current (Supporting Figure
S8). This indicates that we can easily achieve higher
photoresponsivity by simply increasing the applied drain-
source Vds. Previously, the realization of hybrid graphene
phototransistors with large UV photoresponsivity has relied on
well-known large-gap semiconductors (ZnO and TiO2).

29−32

Our study clearly demonstrates that AuCN chains have great
potential in optoelectronic applications.
To investigate the doping behaviors of hybrid graphene

phototransistors, we changed the power of the incident light
and measured the response as shown in Figure 4d. As the
power of the incident light increased, we observed a steady
shift in the Dirac point to lower values, which indicates the p-
doping of graphene is reduced under light illumination. We can
draw a band diagram at the AuCN/graphene interface as
shown in Figure 4e. With the incident photons, electron−hole
pairs were generated in AuCN and electron could be
preferentially transferred to graphene due the band bending.
Therefore, the p-doping from the original electron-donation
from graphene to AuCN is reduced under light illumination,
which is consistent with our experimental observation of the
Dirac point downshift. The charge transfer under light
illumination is more clearly observed under monochromatic
light sources as shown in Supporting Figure S9. Interestingly, a
feature of new Dirac point was observed at hole transport side
(to the negative gate-voltage compared to the original Dirac
point) under strong blue and UV illumination. This can be
attributed to spatially inhomogeneous charge transfer between
AuCN and graphene. The growth of AuCN nanowires on
graphene can be spatially nonuniform, which results in the
inhomogeneous doping levels in graphene under light
illuminations.
The AuCN/graphene phototransistor showed a highly

tunable photoresponse depending on the applied gate voltage.
As shown in Figure 4b and Supporting Table 1, the hole
mobility of AuCN/graphene devices was reduced value under
white-light illumination whereas the electron mobility did not
significantly change. The device response under white-light
illumination is a combination of responses with different
wavelengths (Supporting Figure S9) and the apparent
reduction of hole mobility can be rationalized. Under negative
gate bias conditions, therefore, the effect of reduced hole
mobility could be dominant, and we observe a negative
photocurrent. On the other hand, when the gate bias was
bigger than the Dirac point, a positive photocurrent was
observed. The polarity switching of photocurrent from
negative to positive is clearly shown in Figure 5a,b. The
observed tunability allows us to control the on−off state and
gains of the photodetector, which is highly advantageous in the
pixelated imaging application. The AuCN/graphene device
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also showed good switching behavior under on−off light
modulation as shown in Figure 5a. For example, at Vg = 45 V,
the device responding time τ1 was ∼14 s, and decaying
response time τ2 was ∼52 s when fitting to a function of τ−e t/ .
With intermediate gate bias, such as Vg = 0 V, we observed the
mixing of two opposite photocurrent effects. The response
time can be further reduced by removing the induced charge
carriers at the interfaces using gate pulsing.28,33 With a
measured noise level of phototransistors of ∼2 × 10−8 A/ Hz
at Vg = 0 V (Supporting Figure S10), we estimated the lowest
measurable power density of devices as ∼10−4 W/m2 for 3.1
eV photons.
In conclusion, we developed a facile drop-cast method to

fabricate epitaxially grown AuCN nanowires on graphene and
investigated the evolution of nanowire morphology under
different growth conditions. The detailed TEM investigation of
AuCN/graphene clearly showed the competition between the
diffusion kinetics and energetics during the AuCN nanowire
formation process. Using complementary experiments and
calculations, we also demonstrated that AuCN is a semi-
conductor with a bandgap of ∼2.7 eV (direct bandgap value).
Moreover, the AuCN/graphene heterostructure showed a
prominent photoresponse especially for UV, demonstrating the

potential use of AuCN in optoelectronics. We believe that the
family of 1D chain-structured semiconductors19,24 can be a
crucial component in the fabrication of multifunctional van der
Waals heterostructures.

Methods. Graphene Growth. Graphene was synthesized
via low-pressure chemical vapor deposition (CVD) on 25 μm
Cu foil (99.8%, Alfa Aesar).34 The copper foil was inserted into
a quartz tube and heated to 1010 °C for 30 min under a H2
flow of 30 sccm at 180 mTorr. After annealing for 30 min, a
gas mixture of 30 sccm CH4 and 30 sccm H2 at 360 mTorr was
introduced for 15 min to grow the graphene. Consequently,
fast cooling to room temperature was performed.

Graphene Transfer. Graphene on SiO2/Si substrates was
fabricated using the PMMA-mediated transfer method. For
details, PMMA was spin-coated on graphene/Cu foils at 4500
rpm for 50 s. To remove the graphene on the back side of the
copper foil, oxygen plasma etching was performed. In order to
remove the copper, the PMMA/graphene/Cu stacks were put
in a 0.2 M aqueous solution of ammonium persulfate
[(NH4)2S2O8] for 12 h. The PMMA/graphene films were
rinsed with deionized water three times. Finally, the PMMA/
graphene films were transferred onto SiO2/Si substrates, and
then the PMMA films were removed using acetone for 2 h.
Graphene TEM grids were fabricated using a direct transfer
method without a polymer support.35

AuCN Nanowire Growth. AuCN nanowires were synthe-
sized on the graphene using two different methods. For the
first method,21 AuCN solution (1.5 μL, 0.2−2.4 mM) was
drop-casted on graphene substrates (graphene TEM grid or
graphene on SiO2/Si) using a micropipette. The solution was
prepared by dissolving gold cyanide (99.99%, Alfa Aesar) in
ammonia solution (14.8 M, Samchun). After the drop-cast, the
substrates were heated at 50 °C on a hot plate for 15 min. For
the second method (incubation method),20 Au nanoparticles
(dispersed in organic solvents) were drop-casted and dried on
the graphene TEM grids. Then, the samples were floated on an
aqueous solution of 0.3 M ammonium persulfate for 10 h and
rinsed by transferring the grids to deionized water.

Characterizations. Optical microscope images were ac-
quired using a Leica DM-750 M with visible light. Trans-
mission electron microscopy (TEM) images and selected area
electron diffraction patterns (SAED) were obtained with an
FEI Tecnai-F20, operated at 200 kV. High-resolution TEM
imaging was performed using a spherical aberration (image)
corrected FEI Titan G2, operated at 80 kV. Scanning electron
microscopy (SEM) images were obtained using FEI-Verios
460L and JEOL IT-500HR at 5 kV. The bandgap of AuCN
was determined by UV−vis absorption spectra measurement
(Cary 5000 UV−vis-NIR spectrophotometer). For a direct gap
transition between the valence and conduction bands, the
absorbance A is given as

ν

ν
=

−
A

c h E

h

( )g
1/2

(1)

where c is a constant, hν is the photon energy, Eg is the optical
bandgap energy. The optical bandgap energy was obtained by
extrapolating a straight line of the plot (Ahν)2 versus hν.

Device Fabrication and Measurements. The electrodes
(Au 100 nm/Ti 5 nm) for the graphene devices were
deposited using e-beam evaporation with a metal shadow
mask. (Supporting Figure S5) For the hybrid AuCN/graphene
device fabrication, AuCN solutions were drop-casted on

Figure 5. Gate voltage-dependent photoresponse. (a) Gate-voltage-
dependent photoswitching characteristics of the AuCN/graphene
device under white light illumination (10.2 W/m2). (b) The
normalized photocurrent as a function of gate-voltage change.
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graphene devices and dried under mild heating. A parameter
analyzer, Keithley 4200, was used to measure the electrical
properties of AuCN/graphene devices under ∼3 × 10−5 Torr
at room temperature. Field effect mobility was calculated by

ε
μ = ×

Δ
Δ

× ×
d I

V V
L

W
1ox

ox

ds

g ds (2)

where dox (= 300 nm) is the thickness of the SiO2 layer, εox is
the permittivity of SiO2, L and W are the channel length and
width, respectively. For a white light source, we used a halogen
lamp purchased from Fiber Optic Korea Co., Ltd. The
spectrum of the white-light covers wavelengths from 380 to
720 nm. For wavelength-dependent measurements, we used
light-emitting diodes purchased from Opto-Edu (Beijing) Co.,
Ltd. The illumination power to phototransistors was calibrated
using a power meter, Thorlabs PM100A. For estimation of the
white-light illumination power, the representative wavelength,
574 nm, was used for input to the power meter. We used two
kinds of device geometries and the active area of photo-
transistors was either 45 μm × 1200 μm or 25 μm × 600 μm,
which was used to calculate the incident illumination power
density to phototransistors.
Calculations. Calculations were performed using first-

principles method based on the density functional theory.36

We carried out our calculations in the Vienna Ab initio
Simulation Package code with a projector-augmented-wave
method.37 For the exchange correlation energy functional, the
generalized gradient approximation38 was employed in the
Perdew−Burke−Ernzerhof scheme, and the kinetic energy
cutoff was taken to be 500 eV. To describe AuCN as a bundle
packed by the van der Waals interaction, we employed PBE-D2
method using the Grimme’s approach.39 The 15 × 15 × 15 k-
point sampling was used for the 1 × 1 × 1 AuCN unit cell.
Geometry optimization of the structure was carried out until
the Hellmann−Feynman force acting on each atom was
smaller than 0.01 eV/Å. To obtain accurate energy band gaps,
the HSE calculations40 were done for the bulk AuCN.
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