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Abstract

Graphene is a one atom thick carbon allotrope with all surface atoms that has attracted significant 

attention as a promising material as the conduction channel of a field-effect transistor and 

chemical field-effect transistor sensors. However, the zero bandgap of semimetal graphene still 

limits its application for these devices. In this work, ethanol-chemical vapor deposition (CVD) 

grown p-type semiconducting large-area monolayer graphene film was patterned into nanomesh 

by the combination of nanosphere lithography and reactive ion etching and evaluated as field-

effect transistor and chemiresistor gas sensors. The resulting neck-width of the synthesized 

nanomesh was about ~20 nm comprised of the gap between polystyrene spheres that was formed 

during the reactive ion etching process. The neck-width and the periodicities of the graphene 

nanomesh could be easily controlled depending the duration/power of RIE and the size of PS 

nanospheres. The fabricated GNM transistor device exhibited promising electronic properties 

featuring high drive current and ION/IOFF ratio of about 6, significantly higher than its film 

counterpart. Similarly, when applied as chemiresistor gas sensor at room temperature, the 

graphene nanomesh sensor showed excellent sensitivity towards NO2 and NH3, significantly 

higher than their film counterparts. The ethanol-based graphene nanomesh sensors exhibited 

sensitivities of about 4.32%/ppm in NO2 and 0.71%/ppm in NH3 with limit of detections of 15 

ppb and 160 ppb, respectively. Our demonstrated studies on controlling the neck width of the 

nanomesh would lead to further improvement of graphene-based transistors and sensors.
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INTRODUCTION

Nanostructured materials are promising candidates as sensor elements due to their high 

surface-to-volume ratio that potentially leads to exceptional device performance, reduced 

device size and low power consumption1-4. Chemiresistor and field-effect transistors based 

sensors are the most common type and simplest sensors. In these types of sensors, the 

modulation of electrical resistance/conductance of the sensing element resulting from the 

interaction with the analyte is measured using a simple ohmmeter. Graphene, a one atom 

thick sp2 hybridized two-dimensional honeycomb lattice of carbon with extraordinary 

mechanical, thermal and electronic properties is an interesting nanomaterial that is receiving 

significant attention for chemiresistor (CR) and field-effect-transistor (FET) sensor 

devices5-8. Recently, there have been several reports in the literature demonstrating 

application of graphene for CR/FET chemical and biological sensors9,10. However, the 

material used, in all but one of the reported devices was chemically derived graphene, i.e. 

graphene oxide (GO). Although elegant, there are significant drawbacks in full-scale 

development of devices made from derived graphene/GO. First, GO is inherently insulating 

and hence it has to be reduced before it is useful as the conduction channel of CR/FET. 

Second, because of variability in the degree of reduction of the GO making the conduction 

channel of CR/FET there could be a problem in device-to-device reproducibility. Third, the 

expansion/exfoliation method used for producing GO produces micron size multilayer flakes 

of random geometry, which while suitable for single device fabrication for demonstration 

purposes, have serious limitations in fabrication of large numbers of devices with 

reproducible performance. These drawbacks can be alleviated using graphene or derivatized 

graphene with uniform morphological, chemical and electrical properties. This can be 

achieved by synthesizing graphene at wafer level using chemical vapor deposition. However, 

CVD produced graphene although provides patterning feasibility has zero bandgap, and FET 

devices made with such graphene cannot be truly turned off and hence cannot compete with 

conventional complementary metal-oxide-semiconductor (CMOS) devices in terms of ION/

IOFF ratio. Recently, it has been shown theoretically and experimentally that lateral 

confinement of the graphene into sub-10 nm wide graphene nanoribbons (GNRs) could 

induce a bandgap by the quantum confinement and edge effects11.The bandgap of a GNR is 

related with the ribbon width by the equation: Eg = 0.8/W, where Eg is the bandgap and W 

is the ribbon width in nanometer12. Several reports have been published over the past few 

years showing the ability of bandgap tuning of ultra-narrow GNRs and their possible 

applications in nanoelectronics13-17. However, single GNR devices usually show low drive 

currents or low transconductances. Further, despite the promising electronic properties, 

single GNR devices cannot be applied on the platform of scalable electronics because there 

is no state-in-the-art technique to integrate them in a wafer scale circuitry. Moreover, 

patterning of wafer scale chemical vapor deposition (CVD)-grown graphene into sub-10 nm 

dimensions is still challenging with the e-beam lithography.

Recently, an approach named block copolymer lithography was reported to pattern micron-

size exfoliated graphene into graphene nanomesh (GNM)18. The resulting GNMs exhibited 

large enough bandgap to be used as a semiconducting channel in a FET. In fact, GNM-FET 

devices showed reasonable ION/IOFF ratio with remarkably higher driving currents than 
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single GNR-FET devices. The narrow neck-width of GNM confines the charge while being 

used as channel in an FET device. However, the size of the synthesized GNM by this method 

is limited to the micron-sized exfoliated graphene. Thus, synthesis of large area graphene 

nanomesh needs to be demonstrated using the state-of-art techniques to achieve larger device 

density for realizing its practical applications.

Previously, we showed that ethanol-based CVD grown graphene (gEtOH) exhibited a p-type 

semiconducting behavior due to the polycrystalline nature as opposed to the ambipolar 

electron transfer characteristics of methane-based CVD grown graphene (gCH4)19-21. In the 

two-dimensional (2D) polycrystalline gEtOH, grain boundaries are the one-dimensional 

(1D) interfaces between two crystalline domains with different crystallographic orientations. 

In fact, the grain boundaries and oxygenated functional groups present in the polycrystalline 

gEtOH act as defect sites to induce short-range charge disorder leading to higher ION/IOFF 

ratio in a gEtOH FET device21.

In this work, we report large area patterning of graphene film into GNM using a simple 

reactive-ion-etching (RIE) modified polystyrene (PS)-nanospheres-lithography technique. 

Using this approach the neck width of nanoporous mask can be tuned over a large range to 

finally achieve GNM with desired neck width. This approach can also be employed in 

fabricating large area nanomesh of different thin film semiconductors for nanoelectronics. 

The fabricated GNM devices were applied as gas sensors for toxic gases NO2 and NH3 that 

affect human health. We also fabricated sensor devices using graphene films to compare 

their sensitivity to nanomesh counterparts. Sensors fabricated from gEtOH nanomesh 

showed room temperature detection down to 15 ppb and 160 ppb of NO2 and NH3, 

significantly lower than Occupational Safety and Health Administration (OSHA) 

permissible exposure limits of 5 ppm (NO2) and 50 ppm (NH3), respectively.

METHODS

Growth of large area monolayer graphene film and patterning into graphene nanomesh 
(GNM)

Large area (~1 in2) monolayer graphene films grown by methane-CVD and ethanol-CVD 

processes were transferred onto SiO2/Si substrate as reported previously.19-21 PMMA was 

spin-coated over the graphene/SiO2/Si substrates and baked at 110°C for 5min, followed by 

O2 plasma etching for 40 sec to make the surface hydrophilic. A stock solution consist of 10 

wt% PS nanospheres (200 nm average diameter; Alfa Aesar) was ultra-sonicated in ethanol/

water (1:1) solution for 30 min to disperse the PS nanospheres properly. A few drops of the 

stock solution were added on the D.I. water surface in a petri dish. In this step, several 

islands of monolayer PS nanospheres were visible on the water surface (Supplementary Fig. 

S1a). Interestingly, a drop of SDS (1%) solution immediately assembled those islands into a 

large area compact monolayer film of PS nanospheres on the water surface (Supplementary 

Fig. S1b). The PMMA coated graphene/SiO2/Si substrate was then brought into the contact 

of PS monolayer film on the water surface and easily transferred to cover the whole 

substrate, followed by drying in room temperature. Reactive ion etching (RIE; O2) was then 

employed at 75 W for 10 sec in flowing 50 sccm O2 to define 15-20 nm gap (comprised of 

resulting neck width of GNMs) between the nanospheres. A 15 nm Pt was deposited over 
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the substrate using an e-beam evaporator (Temescal, BJD-1800) to fill up the gaps. A lift-off 

in 1-choropentane (Sigma-Aldrich) at 60°C for 2 h confirmed selective and complete 

removal of the PS nanosphere to result a perfect Pt nanomesh mask. In the second RIE step, 

the substrate was exposed to O2 plasma at 75 W for 150 sec in flowing 50 sccm O2 to 

remove the PMMA/graphene in the unprotected areas from Pt nanomesh. A second lift-off 

was carried out in acetone removed Pt nanomesh mask and PMMA to form GNM over 

SiO2/Si substrate.

Gas sensing measurements of GNMs sensor

GNMs sensor devices were fabricated by writing finger-like source-drain Ti (20 nm)/Au 

(180 nm) electrodes with 3 μm channel length defined by optical lithography. The samples 

were then mounted on a chip holder and wire bonded to complete fabrication of GNM 

chemiresistor gas sensor devices. GNM sensors were then placed inside 1.3 cm3 glass 

chamber with inlet and outlet ports. Dry air or air/NO2mixtures or air/NH3 mixtures was 

supplied into the glass chamber maintaining a total flow rate of 200 sccm controlled by mass 

flow controllers (MFCs). The sensor arrangement was subjected to 1 V source-drain (Vsd) 

bias and the two-probe resistance across the sensor was recorded continuously using a dual 

channel Keithley Source Meter (Model 2363A). A custom Labview program was developed 

to control the MFCs and monitor the resistance of the GNMs sensor devices. The sensor 

device was first purged with dry air for 200 min until the resistance of the sensors stabilized, 

followed by increasing NO2 or NH3 concentration in dry air every 15 min with an interval of 

20 min recovery in air between two NO2 or NH3 exposures.

RESULTS AND DISCUSSION

Synthesis of large area GNM

Scheme 1 presents the detailed process flow for the synthesis of GNM from CVD-grown 

large area graphene film. The realization of a nanoporous mask of Pt over the large area 

graphene film which can then be exposed to O2 plasma to etch the graphene in the 

unprotected areas is the crucial step in synthesizing GNMs. The preparation of the Pt 

nanoporous mask consisted of four steps: 1) formation of a densely packed monolayer of PS 

nanospheres, 2) controlled etching of PS nanospheres to open gaps, 3) deposition of Pt and 

4) removal of PS nanospheres. To form the densely packed monolayer of PS nanospheres on 

graphene/SiO2/Si substrate, PS nanospheres from a stock solution were spread on deionized 

(D.I.) water surface to form a large-area compact monolayer film of PS nanosphere on water 

surface (Supplementary Fig. S1). The total area of the assembled compact monolayer PS 

spheres can be readily increased depending on the area of water surface and the amount of 

PS stock solution. The PS nanospheres monolayer film was transferred onto PMMA coated 

graphene/SiO2/Si substrate by contacting the substrate with the PS nanospheres monolayer 

film floating on water followed by drying the substrate in room temperature.

Figure 1 shows self-assembled monolayer of PS spheres transferred onto PMMA/

graphene/SiO2/Si substrate. A monolayer of PS spheres (~200 nm) formed a close-packed 

hexagonal array over the entire substrate (Fig. 1a). The simple methodology of making 

closely packed nanospehere layer demonstrated here can be easily scaled to wafer level by 
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using a larger water surface. PS nanospheres were then etched using RIE. This is an 

important step as it will determine the neck width of the final graphene nanomesh, a larger 

reduction in PS nanosphere size will produce a wider neck width and vice-versa 

(Supplementary Fig. S2). As shown in Figure 1b, RIE for 10 sec at 100W in flowing 50 

sccm of flowing O2, reduced the PS nanosphere size to form an average gap of about ~20 

nm while keeping the pitch between the PS spheres unchanged. However, almost all PS 

nanospheres were etched away leaving debris of small PS fragments when the etching time 

was increased to 20 s (Supplementary Fig. S2c). On the other hand, an etching time of 5 s 

did not produce sufficient etching to produce any gap (Supplementary Fig. S2a). Following 

the RIE, 15 nm thick Pt was deposited in the gap between PS nanospheres (Fig. 1c) by metal 

evaporator and the sample was processed to remove the PS nanospheres.

The complete removal of PS nanospheres is another critical step in the production of a 

perfect Pt nanomesh over the entire substrate. The existence of any PS nanosphere in the Pt 

nanomesh is problematic since the unremoved PS sphere would protect graphene from 

etching in O2 plasma, resulting in a defect in the nanoporous periodicity in the eventual 

GNM. Three different methods - ultrasonication, wet-etching (lift-off) and a combination of 

the two - were evaluated for PS nanosphere removal. Ultrasonication is the most commonly 

use method to remove colloidal spheres22. Ultrasonication intervals of 30, 60 and 90s for PS 

sphere removals were investigated and the SEM images of Pt nanomesh after removal of PS 

spheres are shown in Supplementary Figure S3. A 30 s ultrasonication was totally inefficient 

for the PS spheres removal (Supplementary Fig. S3a). Increasing the ultrasonication time to 

up to 90 s while removed PS spheres from some additional sections, most of the PS spheres 

still remained on the substrate (Supplementary Fig. S3c). A magnified image 

(Supplementary Figure S3d), taken from region P in Supplementary Fig. S3c, confirmed the 

Pt nanomesh in the areas where PS spheres were removed to be without damage and had 

certain periodicity. However, a longer sonication time disintegrated the Pt nanomesh (figure 

not shown).

Selective solvents have been used for reversible self-assembly or reconstruction/

reorganization of polymer domains in block copolymers23,24. Cyclohexane has been 

recognized as one such solvent for selective removal of PS in PMMA matrix25. Figure 

Supplementary S4 shows SEM images of Pt deposited substrate after immersing in 

cyclohexane at 60°C for 2 h. As shown in the figure, some PS spheres were released or 

tended to release at some satellite areas but it did not remove all the spheres (Supplementary 

Fig. S4a). The primary result of the treatment was a decrease in the diameter of the PS 

spheres due to the surface etching with almost all spheres staying attached on the underneath 

PMMA surface (Supplementary Fig. S4a). This may be due to the residual PS remaining at 

the interface of PS spheres and PMMA surface, and the PS adsorbed to PMMA surface from 

solution of PS in cyclohexane26. Additional sonication of 90s after wet-etching had some 

success in removing PS from more areas, but once again there were still large patches/

sections of unremoved PS spheres (Supplementary Fig. S4b).

To further investigate/optimize the conditions for the complete removal of PS spheres, 1-

chloropentane was used as an alternative selective solvent and the results were compared 

with cyclohexane-treated samples (Supplementary Fig. S5). As shown in Figure S5b, 1-
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chloropentane treatment was significantly more efficient in removing PS spheres when 

compared to cyclohexane (Supplementary Fig. S5a). In fact, PS spheres were essentially 

non-existent in the Pt nanomesh after 1-chloropentane treatment, as a consequence of 1-

chloropentane providing a weaker driving force than cyclohexane for adsorption of PS to 

PMMA26. This resulting material was treated with O2 plasma (100 W for 150 s in 50 sccm 

flowing O2 atmosphere) followed by lift-off in acetone to obtain the final GNM product.

Figure 2 shows SEM images of (a) large area CVD-grown graphene and corresponding (b) 

GNM. As shown in the inset of Fig. 2b, the synthesized GNM exhibited narrow neck-width 

of about ~20 nm with certain periodicity. This process also demonstrated that large area 

GNMs with desired neck-widths and periodicities could be attained by changing the 

duration/power of RIE and the diameter of PS spheres (Supplementary Fig. S6). Several 

wrinkles were frequently observed in the large-area graphene film during the transfer 

process (Figure 2a). These wrinkles were either broken or remained during the nanomesh 

processing steps, and their traces are clearly visible in the large area nanomesh (Fig. 2b). 

However, our demonstrated processing steps on ultraflat graphene27 would potentially 

remove these defects over the entire GNM surface.

Transfer characteristics of GNM transistors

To investigate the electronic properties of fabricated GNM-based transistor, a three terminal 

transistor device was made using GNM as the semiconducting channel, e-beam evaporated 

Ti (20 nm)/Au (180 nm) as source-drain contacts, a highly doped p-type Si as global back 

gate, and 300 nm thermally grown SiO2 as the gate dielectric. Figure 3a shows the electrical 

transfer characteristics of the fabricated GNM transistor with a neck-width ~20 nm. As 

illustrated in the figure, the GNM exhibited p-type transistor behavior (Fig. 3a). The hole-

doping of synthesized GNM can be attributed to the edge oxidation during the O2 plasma 

process, similar to the GNR-based transistor devices reported earlier12. The Id-Vg curve 

(Fig. 3b) at a Vsd of 1 V showed the GNM device to have an ION/IOFF ratio of ~6.5, which is 

higher than the ethanol-based graphene film (~ 3)21, and comparable to sub-20nm width 

GNR transistor device (~ 5)12. Further optimization of RIE conditions should easily allow 

synthesizing GNM with narrower necks (Supplementary Fig. S6), thus providing higher 

ION/IOFF GNM transistor devices.

Gas sensing properties of GNM sensors

To evaluate the application of GNM for chemiresistor sensors, gEtOH and gCH4 nanomesh 

were applied as conduction channel between a pair of photolithographically defined Ti/Au 

electrodes, acting as source and drain, separated by a 3 μm gap. For comparison, sensor 

devices made of gEtOH and gCH4 film conduction channels were also evaluated. To start, 

the devices were tested for their response (normalized resistance change) to 1 ppm NO2. As 

illustrated in Fig. 4a, gEtOH nanomesh sensor exhibited the best response (~6%) followed 

by gCH4 nanomesh sensor (~4.5%) whereas there was no response from their film 

counterparts. The decrease in resistance of the device is attributed to increase in hole-density 

of p-type semiconductor graphene upon adsorption the electron acceptor NO2. The very 

good response from GNM devices compared to the film counterparts is attributed to the 

formation of large number of edges in the nanomesh structure that leads to hole doping by 
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edge-oxidation during the O2 plasma process and/or physisorbed oxygen from the ambient 

and other species during the sample preparation steps similar to that of GNRs devices28,29. 

On the other hand, the narrow neck regions of GNM controls the charge transport across the 

source-drain electrodes by lateral quantum confinement, leading to higher sensitivity while 

being exposed to electron donating or withdrawing gas/bio molecules30.

Figure 4b and 4c show the dynamic responses and calibration plots, respectively, of 

chemiresistor sensors made with gEtOH and gCH4 GNM and films as conduction channel 

operating at room temperature for increasing NO2 concentrations. Similar to response for 1 

ppm NO2, the responses over the tested range of 1 to 10 ppm NO2 was in the order, gEtOH 

nanomesh > gCH4 nanomesh > gEtOH film > gCH4 film. Further, the response time, defined 

as the time required to reach a 90% of the maximum resistance change, for GNM sensors at 

1 ppm NO2 in dry air was approximately 7 min and decreased to 5 min at 10 ppm. The slow 

response time is consistent with previous reports.31, 32 The relationship between the sensor 

response and concentration (Fig. 4c) exhibited the Langmuir-like absorption isotherm, where 

the relationship between the response and concentration is governed by the eqn.

where (ΔR / RO)max is the maximum change in normalized resistance occurring in the 

saturation regime, and k is the affinity constant. The sensitivity (slope of the linear part of 

calibration curve) and estimated limit of detection (defined as LOD=3SD/m, where m is the 

slope of linear part of the calibration curve and SD is the standard deviation of noise in the 

response curve in dry air) of the gEtOH nanomesh NO2 sensor were determined to be 

4.32%/ppm and 15 ppb (parts-per-billion), respectively. This result is superior to the 

3.5%/ppm sensitivity and 1 ppm LOD reported for three-dimensional CNTs (20μm)/reduced 

graphene hybrid NO2 sensor, and to the negligible to 0.6%/ppm sensitivity of reduced 

graphene oxide films31 and flakes32, respectively. Moreover, this result is also comparable to 

NO2 detection limits of 44 ppb of pristine SWNT33, ~5 ppb for gold functionalized 

SWNTs34 and 100 ppt of polyethyleneimine coated SWNTs35.

Furthermore, similar to the case of carbon nanotubes36,37, the resistance of the GNM sensor 

devices increased when exposed to NH3 (an electron donor), (Fig. 5a). This result suggests 

that the response of p-type gEtOH nanomesh sensor device to NH3 is due to the depletion of 

holes during the electron transfer from NH3 molecules to the nanomesh surface38,39. There 

was a monotonic increase in responses with the increasing NH3 concentrations ranging from 

5 ppm to 100 ppm in dry air. The sensitivity and estimated LOD of gEtOH sensor devices 

calculated from the calibration curve in Figure 5b were about 0.71%/ppm and 160 ppb, 

respectively. This result is comparable to NH3 detection limits of 262 ppb of pristine 

SWNT33 and 50 ppb of functionalized SWNTs40.

Graphene has similar graphitic structure as CNTs, and thus exhibit similar working principle 

of electrical conductivity modulation by the charge transfer mechanism in detecting gas 

molecules adsorbed at its surface. However, it has been recognized that pristine CNTs 

exhibit weak binding energies to the foreign molecules and thereby show poor reactivity at 
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their defect-free surfaces due to small charge transfers from the adsorbed molecules. In fact, 

in our previous work we demonstrated that compared to CVD-synthesized gCH4 film, CVD-

synthesized gEtOH film exhibits polycrystallinity containing highly disordered sp3 

hybridization, large number of edge defects and oxygenated functional groups, affecting it's 

electronic and transport properties21. Figure 6 shows a schematic diagram (not to scale) 

comparing the structural differences between gCH4 and gEtOH nanomesh sensor devices. 

The gCH4 nanomesh contains defects mostly formed due to the formation the edges of 

nanoholes during nanosphere lithography (Fig. 6a), whereas gEtOH nanomesh had 

additional unsaturated grain boundary (intrinsic topological defect as labeled by colored 

pentagons and heptagons) due to its polycrystalline nature (Fig. 6b), which could modulate 

the charge transport properties41,42. Moreover, the higher defects density of the oxygenated 

gEtOH films could modify the local electronics-charge distribution, enhancing the reactivity 

at those specific sites43,44. These highly reactive defects of gEtOH film or nanomesh give 

rise to higher sensitivity by the adsorption of maximum number of NO2 molecules. This is 

also evident in the NO2 response curves of GNM devices. As shown in Figures 4a and 4b, 

both gEtOH and gCH4 nanomesh devices had almost similar response time but different 

response intensities. The gCH4 film/nanomesh had lesser defect sites than gEtOH film/

nanomesh to have less number of NO2 molecules adsorb on the surface as shown in Figure 

4, limiting the low conductivity modulation.

CONCLUSIONS

Using a simple polystyrene nanosphere lithography technique, we systemically investigated 

the process conditions and synthesized large-area graphene nanomesh from CVD-grown 

graphene film. In fact, this method can be scaled to wafer scale GNMs using the current 

wafer scale CVD grown graphene platform. The resulting neck-width of the synthesized 

nanomesh was about ~20 nm and comprised of the gap between polystyrene spheres that 

was formed during the reactive ion etching process. Fabricated graphene nanomesh sensor 

devices represented remarkably higher sensitivity to both NO2 and NH3 exposures than their 

film counterparts. Due to the higher defect density, ethanol-derived graphene nanomesh 

sensor showed enhanced responses and sensitivity than the methane-derived graphene 

nanomesh devices by the adsorption of maximum number of gas molecules. The sensitivity 

and estimated limit of detection of ethanol-based graphene nanomesh devices operating at 

room temperature were about 4.32%/ppm and 15 ppb in NO2, and 0.71%/ppm and 160 ppb 

in NH3, respectively. These results revealed that the fabricated GNM sensors could be 

successfully used for detection of other electron-donating or electron-withdrawing species. 

Further, the decrease in neck width of synthesized nanomesh and/or surface modification of 

those nanomesh sensor devices with polymers or catalyst nanoparticles would further 

increase the sensitivity and selectivity.45 Additionally, the excellent thermal properties of 

graphene will permit the application of this gas sensor for many high temperature sensing 

applications. Operating at higher temperature will improve the sensor response and recovery 

times and selectivity while lowering the sensitivity when compared to room temperature 

operation.46
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1. 
Detailed process flow to synthesize large area GNM using PS nanosphere lithography.
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Figure 1. PS nanospheres assembling and Pt nanomesh formation
SEM images of self-assembled monolayer of PS spheres onto PMMA/gEtOH/SiO2/Si 

substrate a, before and b, after 10 s RIE etching. c,15 nm Pt deposited over the substrate in 

(b) to fill up the gaps between the PS spheres. d, Formation of Pt nanomesh mask onto 

PMMA/gEtOH/SiO2/Si substrate by removal of PS spheres in 1-chloropentane.
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Figure 2. Morphology of synthesized large area GNM
SEM images of a, large area CVD-grown gEtOH film onto SiO2/Si substrates and 

corresponding synthesized b, gEtOH nanomesh onto SiO2/Si substrate after etching of 

PMMA/gEtOH films in the unprotected areas, followed by removal of Pt nanomesh mask 

and PMMA using lift-off in acetone.
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Figure 3. Transfer characteristics of synthesized GNM film (Lc=3 μm and Wc=200 μm)
a) Low bias two terminal source–drain current (Id) as function of source-drain voltage (Vds) 

at constant gate potential (Vg) and b) source-drain current (Id) as a function of gate potential 

(Vg) at constant Vds of 1V.
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Figure 4. Room temperature NO2 detection of GNM sensor
a, Comparison of dynamic responses of sensor devices fabricated from gCH4 and gEtOH 

nanomesh and their continuous film counterparts to 1 ppm NO2 in dray air. b, Comparison 

of dynamic responses of sensor devices fabricated from gCH4 and gEtOH nanomesh and 

their continuous film counterparts exposed to various concentrations of NO2 in dry air 

ranging from 1 ppm to 10 ppm, as labeled. c, Calibration curves of gCH4 and gEtOH 

nanomesh sensor devices in various concentrations NO2 in dry air.
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Figure 5. Room temperature NH3 detection of GNM sensor
a, Dynamic response and b, calibration curve of gEtOH nanomesh sensor device exposed to 

various concentrations of NH3 in dry air ranging from 5 ppm to 100 ppm, as labeled.
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Figure 6. Crystal structures of gCH4 and gEtOH nanomeshes
A structural representation (not to scale) comparing the defect densities between a, gCH4 

and b, gEtOH nanomesh sensor devices, and adsorptions of NO2 molecules on the defect 

sites. A typical intrinsic defect (grain boundary) of polycrystalline gEtOH nanomesh labeled 

as colored unsaturated carbon (pentagons and heptagons) structure in b.
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