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1.  Introduction

A perfect graphene sheet is impermeable to all atoms 
and molecules [1–4], contrary to protons [5, 6], under 
ambient conditions. This feature is mainly attributed 
to its honeycomb lattice and the electron density 
of its aromatic rings, which is sufficiently strong to 
repel atoms and molecules trying to pass through the 
lattice. Ripples exist inevitably in graphene [7–12] and 
significantly influence carrier transport [8, 13–16].  
Intercalation of different atoms at the interface 
between graphene and its metal substrate has been 
widely observed [17–19], however, mechanisms of 
the intercalation remain unclear. Alternatively, the 
opening of small holes [20, 21] in graphene sheets 
enables the selective permeation of small molecules. 
The formation of ripples in graphene can be due to the 
supporting substrate [8] and the thermal fluctuation 

of the graphene itself [7, 22]. In this system, ripples in 
graphene stand out as out-of-plane deviations that 
help to stabilize graphene [7–10]; ripples can also 
decrease in-plane elastic moduli of graphene, leading 
to destabilization [11, 12]. The lattice deformations 
induced by ripples can effectively generate electric 
and magnetic fields acting on the propagating Dirac 
fermions, thereby strongly modifying graphene’s 
electronic properties and transport behavior [8, 13–16, 
23, 24]. A previously theoretical study has shown that 
such ripples could also influence the chemical reactivity, 
binding energy and adsorption barrier of graphene [25] 
by changing the atomic and electronic structures of the 
corrugated carbon scaffold. An experimental study 
further demonstrated an enhanced chemical reactivity 
at the locally curved surface of graphene [26]. However, 
experimentally investigating the influence of graphene 
ripples with deformed lattices on the permeation 
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Abstract
Real graphene sheets show limited anti-permeation performance deviating from the ideally flat 
honeycomb carbon lattice that is impermeable to gases. Ripples in graphene are prevalent and they 
could significantly influence carrier transport. However, little attention has been paid to the role of 
ripples in the permeation properties of graphene. Here, we report that gases can permeate through 
graphene ripples at room temperature. The feasibility of gas permeation through graphene ripples 
is determined by detecting the initial oxidation sites of Cu surface covered with isolated graphene 
domain. Nudged elastic band (NEB) calculations demonstrate that the oxygen atom permeation 
occurs via the formation of C–O–C bond, in which process the energy barrier through the rippled 
graphene lattice is much smaller than that through a flat graphene lattice, rendering permeation 
through ripples more favorable. Combining with the recent advances in atoms intercalation 
between graphene and metal substrate for transfer-free and electrically insulated graphene, this 
discovery provides new perspectives regarding graphene’s limited anti-permeation performance and 
evokes for rational design of graphene-based encapsulation for barrier and selective gas separation 
applications through ripple engineering.
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of chemical species through graphene is extremely 
challenging because the precise identification of the 
nanometer-wavelength ripples is required [7, 14, 22] 
and the permeation process is elusive.

Here we report gas permeation through rippled 
graphene. The feasibility of gas permeation through 
graphene ripples is determined by detecting the ini-
tial oxidation sites of Cu substrate covered with iso-
lated graphene domains. Initial morphological change 
induced by oxidation of the Cu surface is observed at 
the Cu areas covered with strongly rippled graphene 
rather than other areas such as graphene domain 
boundary. Nudged elastic band (NEB) calculations 
demonstrate that the oxygen atom permeation occurs 
via the formation of C–O–C bond, in which process 
the energy barrier through the rippled graphene lat-
tice is much smaller than that through a flat graphene 
lattice, rendering permeation through ripples more 
favorable. Regarding the recent observation on atom 
intercalation between graphene and metal substrates 
for transfer-free and electrically insulated graphene 
[17–19], this discovery not only provides a new insight 
into the nature of ripple-induced permeation through 
graphene, reveals the microscopic mechanisms under-
lying graphene’s limited anti-permeation performance, 
but also highlights the possibility of precisely regulating 
gas permeation behaviors and electrically decoupling 
graphene from the metals for graphene nanoelectronics 
through graphene ripple engineering.

2.  Methods

2.1.  Graphene synthesis, exposures and transfer
Isolated graphene domains were synthesized on  
25 µm-thick polycrystalline oxygen-free Cu foils (Sigma-
Aldrich, #349208) at about 1030 °C using methane as 
the precursor gas (figure S1, supporting information 
(stacks.iop.org/TDM/4/025010/mmedia)). Different 
from our previous work [27], here we used oxygen-
free Cu foil for the synthesis (figures S2–S4, supporting 
information). The synthesis was performed using home-
made multifunctional integrated graphene synthesis 
system [27]. Transfer of graphene was accomplished 
with the assistance of PMMA.

After the synthesis, we cut the samples into several 
pieces for exposing to different environments. The iso-
lated graphene domain-coated Cu samples were firstly 
vacuum-sealed in a plastic bag and then were stored 
in the controlled environments: (1) a desiccator with 
a relative humidity of 65% and a temperature of 25 
°C (designated as ‘Air’) for 30 d; (2) a desiccator filled 
with O2 (pressure of about 0.1 Pa) at room temper
ature (designated as ‘O2’) for 30 d; (3) after the stor-
age in the (2) environment, the sample was immersed 
into de-ionized water for various time frames at room 
temperature (designated as ‘H2O’); (4) vacuum-sealed 
in a plastic bag which was placed an atmospheric labo-
ratory typically with relative humidity of 25% and at  
25 °C for various time frames (designated as ‘Bag’). These 

controlled environments allowed us to trace oxidation-
induced morphological change (degradation) of the 
samples, in a manner of either slow or relatively fast pro-
cess. Note that the sample handling for the storages took 
about 40 min in a cleanroom (class 1000). Following 
the exposure, the samples were cut into several pieces  
further and then loaded into the instrumental cham-
bers for XPS, SHIM, and AES characterizations, which 
took about 20–40 min in the atmospheric laboratories.

2.2.  SEM, AFM, TEM, Raman and XPS
SEM images were obtained on a Hitachi S4800 field-
emission SEM system with an accelerating voltage of 
3.0 kV. The AFM measurements were carried out on 
the Veeco Multimode scanning probe microscope 
in tapping mode. The TEM images and selected 
area electron diffraction (SAED) patterns were 
acquired on a FEI Tecnai F20 (field emission gun, 
200 kV). Raman spectra (Renishaw, inVia System) of 
graphene transferred onto 300 nm SiO2 were obtained 
with a 532 nm laser (~20 mW power). For XPS 
characterization (PHI Quantera SXM, ULVAC-PHI) 
of the graphene-coated Cu samples, monochromatic 
Al Ka x-ray (operation power of 100 W, 14  ×  0.1 mm) 
with pass energy of 55 eV and a step of 0.1 eV were 
used. Binding energy corrections for the spectra 
were carried out using C 1s peaks at 284.5 eV as the 
reference.

2.3.  Scanning helium ion microscopy (SHIM)
The SHIM images of graphene-coated Cu surface 
were obtained using a helium ion microscope 
(HIM) (Orion Plus, Carl Zeiss). HIM owns a similar 
mechanism and structure to the field emission 
scanning electron microscope but uses helium ions 
instead of electrons as the primary beam. Because 
all the helium ions are extracted from one atom, the 
resultant helium ion beam has an ultra-narrow energy 
distribution, which potentially provides the HIM 
with a high spatial resolution for secondary electron 
imaging.

2.4.  Scanning Auger electron spectroscopy (AES)
AES measurements were performed at room 
temperature with a scanning Auger electron 
spectroscope (ULVAC-PHI model SAM650) with a 
cylindrical mirror analyzer. The takeoff angle of the 
instrument was 42°. AES spectra were acquired with a 
primary electron beam of 10 kV. The incident electron 
beam current for the AES spectra was about 4.5 nA, 
as calibrated with a Faraday cup before and after each 
measurement. Area-analysis mode can be chosen to 
acquire electron spectra. The acquirement of each 
elemental map (512  ×  512 pixels) took about 3.5 h. The 
accelerating voltage for sputtering was 1 kV and raster 
size was 2 mm  ×  2 mm. The sputtering time used in this 
work is based on our experience after performing many 
investigations. We carried out sputtering normally with 
0.1 min and 0.3 min intervals.

2D Mater. 4 (2017) 025010
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2.5.  Scanning tunneling microscopy (STM)
STM experiments were performed using an in situ 
ultralow-temperature STM system (Unisoku) with a 
base pressure better than 2  ×  10−10 mbar. The samples 
were heated to about 200 °C in ultrahigh vacuum 
before being transferred into the STM head. The STM 
measurements were carried out at 5 K in the constant-
current mode with electrochemistry etched W tips. The 
bias voltage was applied to the sample with respect to 
the tip. The STM investigated samples were the ‘Bag’ 
samples.

2.6.  Computational methods
The ab initio density functional theory (DFT) 
calculations were performed using the Quantum-
ESPRESSO package. The generalized-gradient 
approximation (GGA) exchange-correlation functional 
proposed by Perdew, Burke and Ernzerhof (PBE) was 
employed. The wave functions and the charge density 
were expanded with kinetic cutoffs of 40 and 400 Ry, 
respectively. Electron–ion interactions were described 
using ultrasoft pseudopotentials. The total energy was 
converged to within 1  ×  10−4 Ry, and the geometry was 
optimized until the atomic force was less than 1  ×  10−3 
Ry bohr−1. The reaction pathways for O permeation 
were calculated using the NEB method with 7 images 
for each reaction pathway.

3.  Results and discussion

By accurately controlling the synthetic conditions 
[27], isolated rippled graphene [8, 15] domains 
were synthesized on an oxygen-free Cu substrate 
(figures 1 and S1–S4, supporting information). The 
graphene domains conform to the Cu surface, which 
is characterized by steps and terraces of various sizes 
(figures 1(a) and (b)). The strong graphene ripples 
usually formed near the step edges of the Cu substrate 
[10], as evidenced by scanning tunneling microscopy 
(STM) topographical images (figures 1(c)–(e) and 
figure S5, supporting information). The ripples (figure 
1(e), red line) had an average amplitude, A, of ~0.08 nm 
and a period, λ, of ~3.0 nm with a weakly corrugated 
atomic lattice structure; this pattern is strikingly 
different from that of the hexagonal lattice taken from 
the flat terrace (figures S5(a) and (b), supporting 
information). Weak ripples with relatively smaller 
amplitudes (~60.0 pm) in graphene appearing as Moiré 
patterns [28] were also formed on the Cu terrace away 
from the step edges of Cu substrate (figures S5(c)–(e), 
supporting information). The individual graphene 
domains are high-quality with negligible structural 
defects as confirmed by the local STM visualization 
(figures 1(c) and (d) and figure  S5, supporting 
information) of the graphene on the Cu substrate and 
the weak intensity of the D band signal in the Raman 
spectra acquired from the graphene transferred onto a 
Si/SiO2 substrate (figure S6, supporting information). 
Despite their lobed shape, the graphene domains 

are single-crystals, as indicated by the uniformly 
low intensity of the D band [27] and the consistent 
orientation of the selected area electron diffraction 
(SAED) spots across the whole graphene domain 
(figure S7, supporting information).

To investigate the permeation of reactive oxygen 
species through the rippled graphene, we monitored 
the oxidation process of the Cu surface covered by the 
isolated graphene domains after they had been exposed 
to the controlled environments, i.e. the ‘Air’, the ‘O2’ and 
the ‘H2O’ (see methods and figures S8–S11, supporting 
information). After the exposure, Cu exhibited oxida-
tion states of 0 (Cu), +1 (Cu2O) and  +2 (Cu(OH)2), as 
indicated by the Cu2p, CuLMM, and O1s x-ray photoelec-
tron spectroscopy (XPS) spectra (figure S8, supporting 
information). The XPS results confirm the oxidation  
[1, 2] of the Cu coated with rippled graphene.

High-resolution scanning helium ion microscope 
(SHIM) [29] images (figure 2 and S9–S11, supporting 
information) of the samples allowed us to observe the 
morphological alteration incurred by the oxidation, 
that is, the appearance of bright feature as contrasted by 
the dark feature of the non-oxidized graphene-covered 
Cu area (figure 1 and figure S1, supporting informa-
tion). The morphological alteration was initiated in 
the vicinity of the Cu step edges, i.e. at the strongly rip-
pled graphene regions, extending along the step edges 
and gradually expanding onto the terraces (figure 2). 
The location of morphological alteration at the rip-
pled graphene regions is in good agreement with the 
recent observation of Cu oxides underneath the gra-
phene nanoripples [30]; however, that report [30] did 
not investigate why the Cu oxides appeared underneath 
the graphene nanoripples. In contrast, the graphene 
domain boundary remained intact and exhibited no 
morphological change (figures 2(a)–(c) and S9 and 
S10, supporting information). This could be because 
of the strong bonding between the graphene domain 
edge and the Cu substrate [31, 32]. This observation 
excludes the possibility that the oxidizing agents dif-
fused through the graphene domain boundary to the 
interface between the graphene and the Cu substrate 
under the present exposure conditions. Previous stud-
ies on the passivation capability of graphene coatings 
suggested that the presence of domain boundaries and 
defects in the graphene coatings caused the incomplete 
passivation, which is attributed to the polycrystal-
line nature of the continuous graphene coatings that 
contain numerous graphene domains and domain 
boundaries [1, 2]. We did observe the morphological 
changes at the domain boundaries if the samples had 
been exposed to the ‘H2O’ harsh environment for an 
extended exposure (90 min) (figure S11, supporting 
information). Furthermore, our observed morphologi-
cal change shows regular patterns, mimicking the Cu 
step edges (figures 2 and S9 and S10, supporting infor-
mation). This rules out the possibility that the observed 
alteration was caused by negligible defects randomly 
distributed in graphene domains [2, 33]. To support the 
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experimental observation, we calculated the adsorp-
tion energy of an oxygen atom at the Cu surface and 
it is as large as 6.34 eV. This implies that the lateral dif-
fusion probability of oxygen atoms at the Cu surface 
could be very low and it is easy to form Cu–O bond, 
i.e. oxidation. Although there were speculations that 
the morphological change of graphene-covered metals 
was due to the lateral diffusion of oxidizing agents along 
the grapheme-metal interface starting at the graphene 
domain boundaries and defects [34, 35], those previous 
studies provided no solid evidence of such a proposed 
diffusion pathway. And if the oxidizing agents diffused 
through the graphene domain boundaries and defects, 
the morphological change could appear at the local sites 
of the domain boundaries (for example, see figure S11, 
supporting information) and the defects due to the 
large adsorption energy (6.34 eV) of an oxygen atom 
at the Cu surface, and then propagate from the local 
sites to the surrounding areas [36], which is not the case 
that we observed here. The prominent contrast change 
within the single-crystal graphene domains reveals the 
role of graphene ripples in gas permeation through the 
graphene sheets. Furthermore, no obviously morpho-
logical change was observed at the weakly rippled gra-
phene regions localized slightly away from the Cu step 
edges (figure 2 and S5(c)–(e), supporting information), 
which indicates that the ratio of the amplitude to period 
of graphene ripples [25] significantly influenced the 
permeation (see the supporting information Note 5).

We showed that the distribution of the spatial 
chemical composition of the rippled graphene-covered 
Cu, as probed by scanning Auger electron spectroscopy 
(AES) [27], correlated well with the observed morpho-
logical alteration upon oxidation of the underlying Cu 
(figure 3). The color contrast of the C KLL (figure 3(b)), 
O KLL (figure 3(c)) and Cu LMM (figure 3(d)) maps 
within the graphene domains was very sharp, changing 
with the step edges of the underlying Cu surface. Fur-
thermore, the intensity variation of the O KLL signal 
was in good agreement with that of the Cu LMM signal, 
suggesting that oxidation occurred (figures 3(c) and 
(d)). These findings confirm that the morphological 
alteration observed in the SHIM images can be ascribed 
to the oxidation of the Cu surface.

The quantitative intensity changes of the O KLL sig-
nal at different areas ‘2’, ‘3’, ‘4’ and ‘5’ (figures 3(e) and (f) 
and S12, supporting information) were highly consist-
ent with the morphological features. The O KLL signal 
intensity at area ‘2’ was the strongest, while that at area 
‘5’ where there is no surface step, was the weakest. The 
same intensity change behaviors of the Cu LMM signal 
and O KLL signal can be ascribed to the occurrence of 
oxidation, in good agreement with the Auger electron 
maps. Because of the oxidation, the intensity variation 
of the C KLL signal showed an opposite trend to that of 
the O KLL signal, demonstrating that the inhomoge-
neous C KLL signal distribution within the graphene 
domains mainly results from oxidation.

Figure 1.  Formation of ripples in graphene domains on the Cu step. (a) SEM image of graphene domains synthesized on Cu 
substrate. (b) AFM topographical image showing a portion of one branch of the lobed graphene domain, highlighting the steps 
and terraces. (c) Ultrahigh-vacuum STM topographical images of a graphene domain on the Cu surface acquired at the edge of 
Cu step (bias:  −2.0 V and setpoint:  −10.0 pA). (d) Zoomed-in image acquired from the region shown in the dashed square in (c) 
(bias:  −10.0 mV and setpoint:  −130.0 pA). (e) Line profile along the red line in (d) as compared to the hexagonal lattice (black line) 
acquired at the graphene on Cu terrace (figure S5(a), supporting information). The topographical images show corrugations in 
the graphene adjacent to the edge of Cu step, and the pattern of the lattice structure differs from the hexagonal lattice with a lattice 
constant of about 0.245 nm of graphene on the Cu terrace.

2D Mater. 4 (2017) 025010
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Insights into the permeation mechanisms of oxi-
dative agents, exemplified by the oxygen atom (figure 
S13, supporting information), through the rippled 
graphene sheet were gained by ab initio density func-
tional theory (DFT) calculations and the climbing-
image NEB method [5, 6]. The ripple was modeled 

with a period-to-amplitude ratio of 11:1. The optim
ized atomic structure of the ripple initially gave the 
same C–C bond length as the perfectly flat graphene, 
indicating that the slight atom wave had no effect on 
the C–C bond length (figures 4(a) and (b)). We note 
that the energy barrier calculated for an oxygen atom 

Figure 2.  Identification of the morphological changes of the isolated graphene domain-coated Cu samples after the controlled 
exposures. (a) and (b) The morphological change of a sample after exposed the ‘Air’. Morphological change is observed at the rippled 
graphene area and no change at the graphene domain boundaries/edges as well as the wrinkles. (c) and (d) The morphological 
change of a sample after exposed the ‘H2O’ for 60 min; (d) was acquired at the less degraded area to highlight the regular patterns 
of morphological change, showing the contrast morphological change near the steps extends along the step and expanded onto the 
terrace of the underlying Cu. The graphene domain boundary/edge remains intact and morphological change at the wrinkle became 
appearance.

Figure 3.  Chemical composition distribution of rippled graphene-coated Cu after exposure to the ‘Air’ by AES. (a) A secondary 
electron image of the sample showing the element mapping region. (b) The C KLL Auger electron map. (c) The O KLL Auger 
electron map. (d) The Cu LMM Auger electron map. These elemental maps show the striking intensity contrast that occurs near the 
steps of the underlying Cu surface. (e) A secondary electron image showing the areas where the AES spectra were acquired.  
(f) Differential AES spectra showing all the elements on the surface acquired at the areas marked in (e).

2D Mater. 4 (2017) 025010
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passing through graphene ripples is dependent on the 
amplitude and period of the individual ripples as well as 
the C–C bond length in the ripples (see the supporting 
information Note 5).

We had thoroughly searched for the possible 
pathways by which oxygen atoms resulting from the 
decomposition of oxygen molecules at Cu surface can 
permeate through the flat and rippled graphene struc-
tures. We found that the oxygen atom most likely broke 
the C–C bond via the formation of C–O–C bond and 
passed through the graphene sheet, without existing 
broken C–C bond after the permeation. Oxygen atoms 
may permeate through the rippled graphene sheet at 
both concave and convex sites (figure 4(c)). The NEB 
calculations (figures 4(d) and (e)) revealed that the 
energy barriers for an oxygen atom to permeate through 
the graphene sheets were 1.99 eV (the flat graphene, 
from I to II to III; figure 4(d)), 1.21 eV (the convex site 
of the rippled graphene, from I to II to III; figure 4(e)) 
and 1.20 eV (the concave site of the rippled graphene, 
from V to IV to III; figure 4(e)). Apparently, the energy 

barrier for an oxygen atom to pass through rippled gra-
phene was notably lower (0.78 eV and 0.79 eV for the 
convex and concave sites, respectively) than that for 
transport through the flat graphene. Therefore, oxygen 
atoms pass more easily through rippled graphene, at 
both convex and concave sites, than through flat gra-
phene, with the route through the concave site being 
the most favorable.

The whole penetration process consists of sev-
eral sequential steps. First, the oxygen atom chemi-
cally adsorbs onto the graphene sheet with the energy 
reductions of 2.64 eV (figure 4(d), from I to II for flat 
graphene), 3.01 eV (figure 4(e), from I to II for the con-
vex site of rippled graphene) and 2.48 eV (figure 4(e), 
from V to IV for the concave site of rippled graphene). 
In this step, the C–C bond breaks and a C–O–C bond 
forms. Subsequently, the carbon atoms adjacent to the 
adsorption site curve out-of-plane towards the oxy-
gen atom, and the corresponding C–C bond stretches 
simultaneously (figure S13, supporting information), 
which leads to the permeation of the oxygen atom 

Figure 4.  Initial configurations of flat and rippled graphene and NEB calculations of oxygen atom transport through flat and 
rippled graphene. (a) Flat graphene. (b) Rippled graphene. (c) The sketch map of two routes for oxygen atom transport through 
rippled graphene. (d) NEB calculations of an oxygen atom passing through flat graphene. (e) NEB calculations of an oxygen 
atom passing through the rippled graphene with the period-to-amplitude ratio of 11:1. The energy barriers for an oxygen atom 
to pass through flat graphene and rippled graphene are 1.99 eV (flat graphene, I to II (intermediate state) to III (transition state) 
in (d)), 1.21 eV (the convex site of rippled graphene, I to II to III in (e)) and 1.20 eV (the concave site of rippled graphene, V to IV 
(intermediate state) to III in (e)).

2D Mater. 4 (2017) 025010
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through the graphene sheet by overcoming an energy 
barriers of 4.63 eV for the flat graphene (figure 4(d), 
from II to III), 4.22 eV for the convex site of the rippled 
graphene (figure 4(e), from II to III) and 3.68 eV for the 
concave site of the rippled graphene (figure 4(e), from 
IV to III). The energy needed for an oxygen atom to 
permeate through the concave site of the rippled gra-
phene is notably lower than for the flat graphene and 
the convex site of the rippled graphene (by 0.95 eV and 
0.54 eV, respectively).

For a comparison, we also calculated the required 
energies for an oxygen atom diffusion through the 
graphene boundary/edge (figure S14, supporting 
information). The first step is the formation of a 
C–O–Cu bond, in which the required energy is neg-
ligible. The consecutive step is the breaking of the 
C–O–Cu bond, re-forming of a C–Cu bond, and 
the oxygen atom entering into the interface between  
the graphene and the Cu substrate. This step requires 
overcoming an energy barrier of 3.20 eV. Certainly, 
this value is much smaller than that of the permeation 
through the flat graphene sheet (4.63 eV). Secondly, 
the value is comparable to that (4.22 eV for the convex 
site and 3.68 eV for the convex site) of the permeation 
through the graphene ripple with the amplitude-to-
period ratio of 1:11. It is worth noting that the energy 
barrier of the permeation through graphene ripples 
may be lower or higher, relying on the amplitude- 
to-period ratio and the C–C bond length of the rip-
ples (see the supporting information Note 5), than 
that through the graphene domain boundary. The 
calculations suggest that an oxygen atom can perme-
ate through both the graphene ripples and the gra-
phene domain boundary. Nevertheless, the lateral 
diffusion probability of oxygen atoms at the Cu sub-
strate is low due to its large adsorption energy at the 
Cu surface as addressed above. In fact, this is consist-
ent with our experimental observations that in the 
initial stage of the exposure, the morphological alter-
ation was observed in the vicinity of some Cu steps, 
i.e. the rippled graphene areas (figures 2 and S9 and 
S10, supporting information). Along with the expo-
sure in a harsh environment (figure S11, supporting 
information), morphological change appeared at the 
graphene domain boundary.

4.  Conclusion

In summary, the experimental results and the 
theoretical studies reveal that gases could permeate 
through graphene ripples at room temperature 
due to the lattice curve change in the ripples. This 
discovery provides new perspectives regarding 
graphene’s limited anti-permeation performance and 
intercalation mechanisms of different materials into 
the interface between graphene and its metal substrate, 
and enables the rational design of graphene-based 
encapsulation methods for barrier and selective gas 
separation applications. Moreover, the permeated 

oxidizing species could alter the interface properties 
between graphene and the Cu substrate, rendering the 
electrically isolated graphene for direct applications in 
graphene optoelectronics.
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