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Direct Synthesis of Layer-Tunable and Transfer-Free
Graphene on Device-Compatible Substrates Using Ion
Implantation Toward Versatile Applications

Bingkun Wang, Jun Jiang, Kevin Baldwin, Huijuan Wu, Li Zheng, Mingming Gong, Xuehai Ju,
Gang Wang* , Caichao Ye* , and Yongqiang Wang*

1. Introduction

Graphene has attracted widespread attention in
several areas due to its distinct two-dimensional
(2-D) hexagonal lattice structure and extraordi-
nary physical properties.[1–6] To achieve the
potential of graphene in integrated circuits for
important device applications, large-area uni-
form graphene with a layer-tunable character
must be readily and reliably synthesized� rst
since many physical/chemical features of gra-
phene are associated with its thickness.[7–9]

However, accurate control of the layer number
of graphene is still a signi� cant challenge.
Among multiple synthesis routes, chemical
vapor deposition (CVD) onmetallic substrates
(both C-soluble and C-insoluble) has become
the leading choice for the large-scale production
of large-area graphene.[10–14] Due to the non-
equilibrium precipitation process, however, it is
very challenging in theory to adjust the thick-
ness of graphene during the CVD when utiliz-
ing C-soluble metallic substrates, such as Ni,
Co, Pd, etc.[15,16] For C-insoluble metallic sub-
strates, such as Cu, Ag, Pt, etc.,[17,18] the ability
to control the thickness of graphene using the
CVD is also yet satisfactory, as the self-limiting
surface mechanism leads to an inability to pro-
duce graphene beyond the monolayer thickness.
To grow more than single-layer or able to con-
trol the number of layers in graphene synthesis,
researchers have combined the virtues of C-
soluble and C-insoluble materials such as Ni-Cu
binary alloys[19,20] and bilayered substrate called
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Direct synthesis of layer-tunable and transfer-free graphene on technologically
important substrates is highly valued for various electronics and device applications.
State of the art in the� eld is currently a two-step process: a high-quality graphene
layer synthesis on metal substrate through chemical vapor deposition (CVD)
followed by delicate layer transfer onto device-relevant substrates. Here, we report a
novel synthesis approach combining ion implantation for a precise graphene layer
control and dual-metal smart Janus substrate for a diffusion-limiting graphene
formation to directly synthesize large area, high quality, and layer-tunable graphene
� lms on arbitrary substrates without the post-synthesis layer transfer process.
Carbon (C) ion implantation was performed on Cu–Ni � lm deposited on a variety of
device-relevant substrates. A well-controlled number of layers of graphene, primarily
monolayer and bilayer, is precisely controlled by the equivalent� uence of the
implanted C-atoms (1 monolayer~4 3 1015C-atoms/cm2). Upon thermal annealing
to promote Cu-Ni alloying, the pre-implanted C-atoms in the Ni layer are pushed
toward the Ni/substrate interface by the top Cu layer due to the poor C-solubility in
Cu. As a result, the expelled C-atoms precipitate into a graphene structure at the
interface facilitated by the Cu-like alloy catalysis. After removing the alloyed Cu-like
surface layer, the layer-tunable graphene onthe desired substrate is directly realized.
The layer-selectivity, high quality, and uniformity of the graphene� lms are not only
con� rmed with detailed characterizations using a suite of surface analysis techniques
but more importantly are successfully demonstrated by the excellent properties and
performance of several devices directly fabricated from these graphene� lms.
Molecular dynamics (MD) simulations using the reactive force� eld (ReaxFF) were
performed to elucidate the graphene formation mechanisms in this novel synthesis
approach. With the wide use of ion implantation technology in the microelectronics
industry, this novel graphene synthesis approach with precise layer-tunability and
transfer-free processing has the promise to advance ef� cient graphene-device
manufacturing and expedite their versatile applications in many� elds.
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smart Janus substrate such as Ni-Cu[21–23] during the CVD. However,
the ability to control the layer number of graphene� lms is still unsatis-
factory since both carbon absorption and precipitation processes are
thermally driven and occur simultaneously during the CVD. Note that
semiconductor/dielectric substrates, such as Si, SiC, SiO2, glass, and
sapphire, pose challenges for the CVD method in graphene
production.[24,25] This is due to the incapability of these two substrate
materials to catalyze the decomposition of carbon source gases and
facilitate the adsorption and arrangement of active carbon atoms.[26–28]

Ion implantation has been routinely used in the microelectronics
industry as well as materials R&D labs due to its advantages in precise
control of dopant species, location, and concentration, in large and uni-
form area processing ability, as a low-temperature process compared
with diffusion, and in overcoming solubility limits of desired chemical
species from thermodynamically based synthesis approaches, such as
CVD. Naturally, C-ion implantation was explored early on to synthesize
layer-tunable graphene on metallicsubstrates both soluble and insoluble
to C. For C-soluble substrates, such as Ni,[29,30] it was found that the
thickness of graphene on the substrate is nonuniform and the correla-
tion between the C-implanted� uence and layer number of graphene is
not strictly followed, though the average graphene thickness agrees
roughly with the implanted C-ion� uence (e.g., 49 1015

ions cm� 2 ~ 1 monolayer). For C-insoluble substrates, such as Cu,[31]

it was found that the thickness of graphene does not vary according to
the implanted C-ion� uence, and instead, the bilayer graphene was
always formed with reasonable uniformity independent of substantial
variation in the C-ion� uence. These initial results by ion implantation
in single elemental metal substrateswere largely disappointing but not
totally unexpected when consideringthe stochastic nature of ion-solid
interactions during ion implantation, i.e., the number of C-ions
implanted in a speci� c location is governed by Poissonian statistics (i.e.,
not deterministic). Furthermore, the complex C absorption and precipi-
tation processes during the post-implant annealing pose additional
uncertainty in precise layer control in graphene formation by the ion
implantation approach.

To decouple thermally driven C absorption and C precipitation on
the Ni–Cu smart Janus substrate during the CVD, our team� rst pro-
posed and applied ion implantation processing onto the Ni–Cu smart
Janus substrate and successfully demonstrated layer-tunable graphene
synthesis on metallic substrates using ion implantation and thermal
injection approach.[5,32] The C-ions were implanted in the Ni sublayer
of the Ni-Cu bilayer substrate. During the post-implantation thermal
annealing, the implanted C atoms in the Ni sublayer were expelled
toward the surface by the underneath Cu out-diffusion when forming a
Cu-like alloy. Besides the advantage of the layer number strictly con-
trolled by the implantation� uence, the C precipitation in this approach
is achieved under steady temperature, which bene� ts the defect healing
of graphene and leads to the formation of graphene layers with excel-
lent crystallinity and uniformity.

Despite these important advances in synthesizing layer-tunable graph-
ite by the CVD and ion implantation through smart Janus substrate, the
required transfer of graphene layer off these metal or alloy substrates
onto technologically more relevant substrates, such as sapphire, glass, Si,
and SiO2, still poses a challenge for near-infrared photodetectors based
on graphene/Si,� eld-effect transistors based on graphene/SiO2, and
heating devices based on graphene/glass.[33,34] During the transfer
procedure, loss of substrate material and the introduction of defects,
wrinkles, cracks, and contaminations are unavoidable, resulting in a sig-
ni� cant decline in the performance of graphene-based nanoscale

electronic devices.[35–39] To avoid these issues during layer transfer,
research efforts on promoting transfer-free approaches for the direct syn-
thesis of layer-tunable graphene on device-bound substrates become
increasingly important and urgent.[40]

In this work, we use a reverse-orderJanussubstrate (Cu-coated Ni on
an arbitrary substrate) instead of the Ni-coated Cu in our previous ion
implantation work[32] to achieve both layer-tunability and transfer-free
characteristics. During the post-implantation thermal annealing, the top
Cu layer behaves like a“C diffusion barrier” to gradually inward
diffuse into the bottom Ni layer (i.e., Cu atoms“ top-down diffusion”
and Ni “bottom-up diffusion” ). The poor solubility of C in Cu
(<0.001 at.%)[41] facilitates the implanted C ions (initially located in
the Ni layer) to be ejected toward the Cu/Ni interfacial front and� nally
converted into graphene on the substrate promoted through the cataly-
sis impact of the Cu–Ni alloy.[23,42,43] Removing the Cu–Ni alloy layer
leaves behind the as-synthesized graphene on the substrate that was ini-
tially used to deposit the Ni� lm. We have fabricated three ordinary
devices using as-synthesized graphene� lms on Si, SiO2, and glass sub-
strates to demonstrate the graphene� lm quality of our layer-tunable
and transfer-free synthesis approach and the excellent performance
characteristics of these low-cost manufacturing devices:� eld-effect tran-
sistors, heating devices, and near-infrared photodetectors. Considering
that ion implantation is already widely used in the microelectronics
industry and entirely compatible with current CMOS technology, we
believe that growing layer-controllable and transfer-free graphene on
an arbitrary substrate using this novel approach can expedite and
expand graphene-based device applications.

2. Results and Discussions

2.1. Formation Mechanism of Graphene Directly Synthesized on
Arbitrary Substrate by C-Ion Implantation

Figure1a1–a3schematically illustrate our graphene growth processes.
A 100 nm-thickness Ni layer was evaporated on arbitrary substrates
and then implanted under room temperature with 70 keV C ions with
the pre-determined� uences, as presented in Figure1a1. According to
the Monte Carlo stopping and rangeof ions in matter (SRIM) code, the
projected area of the implanted C ions in Ni is about 80 nm with a
range of~46 nm (standard deviation). The� uence of implanted C ions
and the lateral uniformity could be accurately controlled using a 4-
corner Faraday cup assembly, and the� uences of 49 1015 and
8 9 1015 atoms cm� 2 are selected to achieve uniform single and dou-
ble graphene layer, respectively.Following the C ion implantation,
150 nm Cu� lm was placed on top of the Ni layer by magnetron sput-
tering where the substrate was kept at room temperature (Figure1a2).
The graphene with the expected thickness is obtained at the interface of
the Cu-Ni alloy and the objective substrate after the thermal treatment
(1000 °C for 10 min under 10� 5 mbar) of the Cu/Ni dual metal sub-
strates (Figure1a3). Afterward, the Cu–Ni alloys are easily removed
using thermal release tape, leaving the graphene on the arbitrary sub-
strate. The current strategy can directly synthesize graphene on arbitrary
substrates, bypassing the undesiredpost-synthesis transfer process for
further device fabrication. Besides, considering C ions are pre-implanted
into the Ni layer on the objective substrate before the thermal treat-
ment, the experimental conditions, especially the gas sources operated
for the annealing process, become less critical as compared in other gra-
phene synthesis processes where hydrogen capture of oxygen from
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metal oxides is needed to facilitate graphene formation at metal
surfaces.

To investigate the forming processof graphene on an arbitrary sub-
strate (in this case, SiO2) through ion implantation, secondary ion mass
spectrometry (SIMS) is employed to evaluate the depth distributions of
C, Cu, and Ni in the Cu/Ni dual metal on SiO2 substrates, as exhibited
in Figure1b1–b3. After the C ion implantation into the Ni layer, the
implanted C ions present a Gaussian-like distribution in the Ni layer
(Figure1b1).[29,32,44] The implantation energy is selected to keep the
implanted C ions within the Ni layer based on their projected ranges,
as schematically illustrated in Figure1c1. Note that the Si signal corre-
sponding to SiO2 substrates is also shown while the O signal is omitted
to show better clarity for theinterested species. Figure1b1 represents
the SIMS result of the deposition of 150 nm Cu� lm on top of the Ni
layer, showing that Cu, Ni, and C signals emerge at their respective
locations about the surface (as schematically shown in Figure1c2). As

the top Cu� lm is thicker compared to the bottom Ni layer of
~100 nm, when Cu/Ni inter-diffusion proceeds during the thermal
annealing, the thinner Ni is diluted by Cu and eventually disappears
entirely into the Cu-dominant Cu-Ni alloy. Development of Cu-Ni alloy
is veri� ed through Ni showing up near the surface (Figure1b3) after
10 min under 1000°C. As is well-known that Ni has a neutral C solu-
bility of 0.4–2.7 at% at 600–1300 °C,[15] while the solubility of C in
Cu is more than two orders of magnitudes smaller and thus negligible
(<0.003 at%) at 1000°C.[17] Hence, the C solubility in the afresh
formed Cu-dominant Cu–Ni alloy is expected to decrease signi� cantly
when the inter-diffusion of Ni and Cu proceeds to form the Cu–Ni
alloy (FiguresS1andS2, Supporting Information). Therefore, C atoms
are driven toward the interface of the Cu-Ni alloy and the objective
substrate, and� nally converted into graphene structure promoted
through the catalysis impact of the Cu-Ni alloy,[32,42,44,45] as illustrated
schematically in Figure1c3.[8,23,32] The optimal growth conditions of

Figure 1.Formation mechanism of graphene directly synthesized on arbitrary substrate by C-ion implantation. a1–a3) Schematic illustration of our graphene
synthesis method. b1–b3) SIMS depth pro� les of C-implanted Cu–Ni � lms on SiO2 substrate. c1–c3) Schematic diagrams showing the graphene synthesis
process by C ion implantation into the Smart Janus Cu–Ni dual metal substrate.
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monolayer and bilayer graphene� lms synthesized by C ion implanta-
tion into the Cu/Ni dual metal substrates were investigated systemati-
cally and are detailed in FiguresS3–S5, Supporting Information.

2.2. The Distribution of C Concentration in Ni at Different C/Ni
Ratios Was Evaluated to Verify the Growth Mechanism of
Graphene

Based on the above analysis, it can be inferred that the formation of
graphene through the inter-diffusions of Ni and Cu, resulting in a grad-
ual decrease in the proportion of Ni and a corresponding increase in
the proportion of C, and� nally converted into graphene on the sub-
strate promoted via the catalysis effect the Cu–Ni alloy. Molecular
dynamics (MD) simulations are performed to further verify this gra-
phene growth mechanism by evaluating the concentration distribution
of C in the Ni with different C/Ni ratios using the ReaxFF as a
measure.[46] The initial models of the Ni-C system were built by ran-
domly replacing Ni atoms with C atoms, as shown in FigureS6, Sup-
porting Information. InFigure 2, the � rst line (black), heat line
(orange), and last line (blue) are the representative concentration distri-
bution of C atoms along the z-direction (the normal direction of the
substrate) at initial structures at 300 K, heated structure at 1800 K, and
the� nal annealed structure at 1800 K. Figure2a,bshow representative
snapshots of the annealed C–Ni systems for 75% and 85% C

concentration, respectively. Withthe processing of annealing, the� rst
peak and the second peak both rise signi� cantly, indicating that C atoms
are more easily stabilized to a certain plane to form stable graphene.
The proportion of C atoms does not affect the position of graphene.
However, the peaks in Figure2d are higher than the peaks in
Figure2c, further demonstrating that the Ni–C alloy with a higher con-
centration of carbon atoms (85%) is more suitable for the growth of
graphene than that with a lower concentration of carbon atoms (75%).

The kinetic process of graphene forming is shown inFigure 3.
There are 85% C atoms and 15% Ni atoms in the initial system, and its
front views are displayed at 0 ps. Figure3a–e provide the evolution of
the surface morphology of this system revealing four steps in the for-
mation of graphene. At the� rst stage, randomly distributed atoms
began to diffuse freely, and free C atoms tended to form C chains in 0–
150 ps due to the strong bonding energy between C atoms. Soon after-
ward, a few elongated C chains were spontaneously folded into isolated
C rings. These isolated C rings were easy to connect with free C chains
or free C atoms as a nucleus, and the nucleus expanded into small
pieces of graphene at 160 ps as the connected C chains folded again
into new C rings around it. When the time is up to 500 ps, small
pieces of graphene grow more signi� cantly, merge with other ones,
and� nally become a large piece of graphene. After 500 ps, the size of
the large graphene changed slightly. However, the graphene self-
optimized itself into a more regular shape, and its internal defects
reduced as the annealing continued to 1650 ps, suggesting that the

quality of the resulting graphene was improved
by extending the annealing time. The pair dis-
tribution function for C–C bonds is shown in
Figure3f, suggesting that with annealing, the
peak at~1.4 �A is very sharp. Since the length
of the C–C bond in graphene is approximately
1.42 �A, the more C–C bonds formed at~1.4 �A
indicate that more graphene ring structures are
formed during the annealing and cooling
process.

2.3. Characterization of Monolayer and
Bilayer Graphene Synthesized by C-Ion
Implantation

We have carefully examined the quality of the
graphene layers formed on these arbitrary sub-
strates using this novel synthesis approach.Fig-
ure 4a schematically illustrates that removing
the Cu–Ni alloy by a simple thermal release
tape leads to graphene directly synthesized on
arbitrary substrates. Figure4b displays Raman
spectra of the as-synthesized monolayer gra-
phene on Si, SiO2, glass, and sapphire sub-
strates, respectively, indicating the excellent
quality of monolayer graphene on these diverse
substrates where three distinctive bands of gra-
phene, D-band, G-band, and 2D-band, can be
recognized.[47,48] Figure4c shows the Raman
spectra of monolayer and bilayer graphene
structures on the SiO2 substrate synthesized by
this approach. For a� uence of 49 1015

atoms cm� 2, the I2D/I G ratio is larger than 1.8,

Figure 2.Representative snapshots of atomic distribution within the X-Y plane for the annealed Ni–C
alloy with a) 75% C-concentration and b) 85% C-concentration, respectively. Representative
concentration distribution pro� les of C-atoms along the z-direction for the annealed Ni–C alloy with
c) 75% C-concentration and d) 85% C-concentration, respectively.
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indicating that monolayer graphene is produced.[8,15,23] When the� u-
ence of 89 1015 atoms cm� 2 was used, the corresponding I2D/I G

ratio became approximately 0.5, indicative of a bilayer graphene
structure.[8,29,32] The layer number of the as-synthesized graphene
� lms is separately con� rmedviaUV–visible spectrophotometry consid-
ering the absorbance of the single graphene layer is 2.3%. The compar-
ison of absorbance shows that the absorbance of the bilayer graphene is
twice that of the monolayer graphene (FigureS7, Supporting Informa-
tion). The enlarged images in the inset of Figure4d,g reveal a honey-
comb lattice construction and a three-fold symmetry for the monolayer
graphene and the AB-stacked bilayer graphene.[49,50] These two scan-
ning tunneling microscopy (STM) images exhibit no visible lattice
defect, indicating that both the monolayer and bilayer graphene sam-
ples have a high crystalline quality.[35] The selected area electron dif-
fraction (SAED) pattern (Figure4e) displays one set of the hexagonal
diffraction pattern and the band intensity ratio (outermost to inner-
most) of~1:2 (the inset of Figure4e) implies the monolayer graphene
is formed.[51] The hexagonal diffraction pattern is also recognized when
the implantation� uence is 89 1015 atoms cm� 2, although the
band intensity ratio increases to~2:1 (the inset of Figure4h), meaning
the formation of an AB-stacked bilayer graphene.[52,53] High-resolution
transmission electron microscopy (HRTEM) (the right side of
Figure4e,h) acquired from the crack-edges of the as-synthesized� lms

con� rmed the characteristics of monolayer and bilayer graphene,
respectively. The crystallographicfeature and domain size of the as-
synthesized graphene� lms were further examined by extensive SAED
patterns (FiguresS8and S9, Supporting Information). The thickness
uniformity of the as-synthesized graphene is con� rmed through Raman
intensity mapping, over a 30l m 9 30 l m. Figure4f shows that
>90% of the� lm area has I2D/I G ratios larger than 1.8, indicating the
� lm is a uniform monolayer graphene. Figure4i shows that the� lm
has no monolayer Raman signal (I2D/I G > 1.3) seen at any pixel on
the Raman mapping while~90% of the� lm has an I2D/I G ratio of 0.5,
suggesting the formation of uniform bilayer graphene.[54] X-ray photo-
electron spectroscopy (XPS) analysis was performed to measure the sur-
face chemical composition and chemical states of monolayer and
bilayer graphene grown on SiO2 (green line), Si (blue line), sapphire
(red line), and glass (gray line) substrates, as shown in FigureS10,
Supporting Information.

2.4. Photodetector Constructed with the Monolayer Graphene
Directly Synthesized on Si Substrate

Finally, we demonstrate the high-quality performance properties of
three different devices directly fabricated from our monolayer graphene

Figure 3.Representative snapshots of graphene formation process at the surface of the annealed Ni–C alloy with 85% C-concentration a–e) and the pair
distribution function for C–C bonds f).
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grown on different substrates.Figure5adisplays the schematic diagram
of our as-fabricated monolayer graphene photodetectors on Si substrate.
To evaluate the performance of the individual photodetector in broad-
band detection, both visible light (532 nm) and near-infrared light
(980 and 1550 nm) with a� xed power density of 30 mW cm� 2 are
used to stimulate the graphene/Si Schottky junctions. Figure5b shows
the I–V features of our photodetectors under dark and light illumina-
tion at various wavelengths, indicating the typical current recti� cations
in our Schottky junctions of graphene and Si substrate.[55,56] During
illumination in the Schottky junction area, a pronounced photocurrent
can be seen at the reverse bias. Moreover, the generated

photocurrent improves immediately as the wavelength is shortened
from 1550 to 532 nm, demonstrating the device’s good capability for
photoelectric conversion.[57]

2.5. Characterization of the Graphene/Si Schottky Junctions
Analyzed by SKPM and CAFM

Scanning Kelvin probe microscopy (SKPM) and conducting atomic
force microscopy (CAFM) were used to investigate the surface poten-
tial, photovoltaic effect, and recti� cation effect of the graphene/Si

Figure 4.Characterization of monolayer and bilayer graphene synthesized by C-ion implantation. a) Schematic sketch of physically peeling off the Cu-Ni
alloy using a thermal release tape. b) Raman spectra of the monolayer graphene grown on SiO2, Si, glass, and sapphire substrates, synthesized by C-ion
implantation with a� uence of 49 1015 atoms cm� 2. c) Raman spectra of the monolayer and bilayer graphene structures on SiO2 substrate, respectively.
The monolayer (bilayer) graphene synthesized by C ion implantation with a� uence of 49 1015 (8 9 1015) atoms cm� 2. d, g) STM of the monolayer and
bilayer graphene, respectively, and the insets correspond to the enlarged images of the selected regions. e, h) SAED patterns of the monolayer and bilayer
graphene and HR-TEM image revealing that the graphene is monolayer and bilayer, respectively, and the inserts show the pro� les of diffraction spot
intensities along a line in e) and h), respectively. f, i) Raman I2D/IG peak intensity ratio maps obtained from the monolayer and bilayer graphene� lms,
respectively.
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Schottky junctions and to better understand the rapid separation and
transfer of charge carriers in the depletion layer of the junction under
light illumination.[58,59] Figure 6a shows the excellent quality of a
two-dimensional AFM surface topographic image from the graphene/Si
Schottky junction. Figure6b,ccon� rm the surface potential distribution
of dark and light states, respectively. The observed surface potential
decrease under the light compared to the dark states is believed due to
the extensive built-in electric� eld between graphene and Si.[58] The
built-in electric � eld rapidly separates thephotogenerated carriers,
transfers holes to the graphene, and results in a decrease in the surface
potential and a downshift in the Fermi level.[58,60] Figure6d illustrates
the change between graphene and Si under light from the energy band
relationship. Under illumination, the electron–hole pair rapidly sepa-
rates under the built-in electric� eld, extending the life of the photo-
generated carriers.[58,61] Figure 6e–g, describe the graphene
morphology, the current diagram under dark and light states under
zero bias, respectively. It shows that the current changes signi� cantly
under light, as shown in Figure6g, meaning that the graphene/Si
Schottky junction has a noticeable photovoltaic effect.[62] Figure6h rep-
resents the current value corresponding to the white dotted line in
Figure6f,g. To determine the recti� cation ef� ciency of the Schottky
junction, the current values at varying bias voltages (� 3 to +4 V) were
measured over a 109 10 l m2 area under dark states, and the current
maps are displayed in Figure6i–k. These maps were then utilized to
calculate the average recti� cation rate of the Schottky junction
(Figure6l). Average currents of� 0.05 nA at� 3 V and 3.55 nA at
+3 V means that the average recti� cation ratio is approximately 77 at
� 3 V. Hence, our graphene/Si Schottky junction possesses not only a
strong photovoltaic effectbut also an excellent recti� cation effect.

2.6. Photoelectric Response Data Was Obtained Using a near-IR
Photodetector Fabricated Using our Graphene/Si Schottky
Junction

The photo-response of the as-fabricated photodetector is also evaluated
using a pulsed photon source and the results are shown inFigure7a.

The switching behavior of the photodetector
was measured with a 1550 nm pulsed laser at a
reversed bias of� 1 V and the laser intensity of
30 mW cm� 2. The rising/falling edges of the
photocurrents under the pulsed photon irradia-
tion correspond to the photo-induced voltages
or photocurrents, stemming from the infrared
thermionic emission.[63,64] Our photodetector
demonstrated excellent performance characteris-
tics (e.g., responsivity of 1.1 AW� 1 and a
detectivity of 1.69 1014 cmHz1/2 W� 1),
comparable to that of the conventionally CVD
synthesized and then transferred graphene.[63–

65] Figure7b displays how the photocurrent
changes while the intensity of the 1550 nm
laser irradiation is varied. The photocurrent
steadily increases as the photon intensity is
raised from 5 to 30 mW cm� 2, and then grad-
ually decreases as the photon intensity subse-
quently decreases back to 5 mW cm� 2. The

photocurrent remains unchanged at all times during the irradiation
with a � xed photon intensity, suggesting an excellent repeatability as
summarized in FigureS11, Supporting Information. To examine the
response speed of the device, pulsed photon signals at different pulsing
frequencies (from 500 to 2000 Hz) were used to irradiate the junction
and the results are shown in Figure7c. The relative balance between
the maximum and the minimum ((Imax–Imin)/ Imax) was found to
merely decline by no more than 10% even at 2000 Hz, as shown in
FigureS12, Supporting Information. The effect of the residual photo-
current storage in the device is practically negligible, as demonstrated
in Figure7d, where the photocurrent measurement was repeated on
the same device during a three-week time span. By expanding the
photo-response curve at the time axis, the rise time (tr) and fall time
(tf) for the device are estimated to be 60l s and 63l s, as shown in
Figure7e. These results are also comparable to the photo-response
recorded from the conventionally CVDsynthesized and then transferred
graphene.[65] To obtain the speci� c detectivity, the dark current noise
must be obtained. Generally, it can be measured directly using the Fast
Fourier Transform (FFT) algorithm method. Using a preampli� er with
a sampling rate of 10 kHz to measure the dark current and the data
were analyzed with FFT software. As shown in Figure7g, based on the
dark current of the device at 0 V, the measured dark current noise is
3.2 fA Hz� 1/2 at 1 Hz, which is again comparable to that obtained
from a CVD-synthesized and thentransferred photodetector.[64,66,67]

Besides the excellent photodetection demonstration, we also fabri-
cated two other devices from our layer-tunable and transfer-free gra-
phene� lms. A� eld-effect transistor (FET) was successfully fabricated
from our monolayer graphene directly grown on a SiO2 substrate and
its performance characteristics are shown in FigureS13, Supporting
Information. A heatingdevice was successfully fabricated from our
monolayer graphene directly grown on a transparent glass substrate
and its performance characteristics are shown in FiguresS14–S16, Sup-
porting Information. Like our graphene-Si Schottky junction photode-
tector, our� eld-effect transistor and heating device also demonstrate
excellent performance properties as compared to similar devices fabri-
cated through other methods but without the need for any graphene
layer transfer.[68–70]

Figure 5.Photodetector constructed with the monolayer graphene directly synthesized on Si
substrate. a) Schematic diagram of the photodetector. b) I–V characteristics of the graphene/Si-based
photodetectors measured in the dark and under light illumination with variable wavelengths of 532,
980, and 1550 nm, respectively. The laser intensity is set at 30 mW cm� 2.
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3. Conclusion

A novel versatile strategy for the direct synthesis of layer-tunable and
transfer-free graphene on arbitrary substrates via ion implantation
technology has been demonstrated.The stochastic nature of the ion-
implantation in terms of carbon atom distribution as well as uncer-
tainties during their post-implantation diffusion and precipitation into
graphene structure are eliminated by using smart Janus bi-metal sub-
strates with drastically different carbon solubility. Through this
approach, high-quality of mono- and bi-layer graphene� lms have
been synthesized directly on a variety of device-relevant substrates
(Si, SiO2, glass, sapphire, etc.) without the need for any graphene

layer transfer. The layer-tunability is precisely controlled by the
equivalent� uences (atoms cm� 2) during the carbon implantation.
The graphene/Si-based near-infrared photodetectors, graphene/SiO2-
based � eld-effect transistors, and graphene/glass-based heating
devices have been successfully fabricated without the graphene layer
transfer, and the comparable performance characteristics of our
devices to the current state of the art approaches using the graphene
layer transfer have been demonstrated (TablesS1–S3, Supporting
Information).Since ion implantation is a mature technology widely
used in the current integrated circuit manufacturing, our work has a
potential to promote layer-tunable graphene-based devices in a wide
range of applications.

Figure 6.Characterization of the graphene/Si Schottky junctions analyzed by SKPM and CAFM. a) Topographical image of the graphene/Si surface in SKPM
mode. b, c) Mapping the distribution of the surface potential in the presence (“light”) and absence (“dark”) of light irradiation, respectively. d) The band
change between graphene and Si is illustrated. e) Topographical image of the graphene/Si surface in CAFM mode. f, g) Mapping the distribution of the
surface current in the presence (“light”) and absence (“dark”) of light illumination, respectively. h) The current values correspond to the white dotted lines in
Figure3f,g. i–k) Images correspond to current maps collected using various biases and light states, as indicated on each image. l) TypicalI – V curve obtained
by sweeping the bias applied to the graphene/Si Schottky junctions between� 3 and+4 V in the dark (average value measured under the 109 10 l m2

area).
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4. Experimental Section

Graphene synthesis:A 100 nm thickness of Ni layer was evaporated on various
substrates (Si, SiO2, glass, sapphire etc.) using an electron beam evaporator. These
substrates were implanted with 70 keV carbon ions at room temperature to� u-
ences of 49 1015 ions cm� 2 and 89 1015 ions cm� 2 to achieve uniform
mono- and bi-layer graphene structures, respectively. Following the C-ion implan-
tation, 150 nm Cu� lm was placed on top of the Ni layer at room temperature
by magnetron sputtering. Sandwiched samples were then annealed at 1000°C
for 10 min under 10� 5 mbar. After annealing, the furnace was cooled to room
temperature under 10� 5 mbar (Equipment model BTF-1200C-II-AS-PECVD, pur-
chased from Anhui Beyike Equipment Technology Co., Ltd.). Further experimental
details are described in theSupplemental Material.

Graphene transfer:After synthesis, the Cu-Ni alloys are easily removed using
a thermal release tape, leaving the graphene on the arbitrary substrate for
detailed characterization and direct device fabrication. Thus, there is no additional
graphene transfer step needed.

Characterization:SIMS (Cameca IMS-4F, Paris, France) was performed to
obtain the elemental depth pro� les using a 7.5 keV Cs+ beam oriented 70.2° from
the sample normal and the detector was positioned 140.4° from the incident
beam. Raman scattering (SENTERRA) at the wavelength of 532 nm was used to
determine the thickness, quality, and uniformity of the graphene� lms. Crystallo-
graphic information and the number of graphene layers were determined by
TEM (JEOL JEM-ARM 300F). AFM (Multimode 8) was used to determine the uni-
formity and thickness of the graphene� lms and STM (Multimode 8) was used to
assess the atomic structure of the graphene� lms under ambient conditions. XPS
(PHI 5802, Physical Electronics Inc, Eden Prairie, MN) was used to study the
chemical composition of the sample surface. The structure of back-gated GFETs
was examined by SEM (HITAGHT S-3400 N). The microstructure and electrical

quantity were measured by AFM, SKPM, and CAFM (Oxford Instruments, Cypher
S). By using an Agilent semiconductor parameter analyzer (B1500A), photoelectric
parameters were measured at ambient conditions by combining with a semicon-
ductor characterization system (Keithley 4200).

Devices manufacturing:The photodetectors, FETs, and heating devices were
fabricated using monolayer graphene directly synthesized on Si, SiO2, and glass
substrates, respectively. Electrodes were prepared by silver (100 nm) electron
beam evaporation.

Theoretical calculation:Molecular dynamics (MD) simulations were per-
formed using the ReaxFF,[71–73] which has been con� rmed to provide accurate
descriptions of bond breaking and bond forming for Ni–C systems. The initial
models of the Ni–C system were built by randomly replacing Ni atoms with C
atoms. The size of the initial system is 509 50 9 3.47�A. Then, these initial
structures were optimized to reach a stable con� guration for 20 ps in the NVT
ensemble. Finally, the optimized model was heated from 300 to 1800 K at
10 K ps� 1, and then the system was annealed to 300 K with a constant cooling
rate of� 1 K ps� 1. All the MD simulations were conducted in the canonical NPT
ensemble using the Lammps MD package.[74]
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