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 The introduction of atomic-scale defects in a controllable manner and the 

understanding of their effect on the characteristics of graphene are essential to develop 

many applications based on this two-dimensional material. Here, we investigate the use 

of microwave-induced oxygen plasma towards the generation of small-sized atomic 

vacancies (holes) in graphene grown by chemical vapor deposition. Scanning tunneling 

microscopy revealed that tunable vacancy densities in the 103-105 m-2 range could be 

attained with proper plasma parameters. Transport measurements and Raman 

spectroscopy revealed p-type doping and a decrease in charge carrier mobility for the 

vacancy-decorated samples. This plasma-modified graphene could find use in, e.g., gas 

or liquid separation, or molecular sensing. 

 

 Graphene is a two dimensional material consisting in a monolayer of carbon atoms 

arranged in a honeycomb lattice. The combination of unique electrical, mechanical, 

thermal and optical properties in this one-atom thick material has made graphene the 

object of intense research activity in recent years [1]. Unfortunately, bringing this 

material into real-life applications on a large scale is far from straightforward. For 

instance, large-area pristine graphene is a semimetal with zero bandgap, which 

constitutes an obstacle for the development of graphene-based logic devices as gate 

modulation is not enough to produce definite off states [2]. Nevertheless, the bandgap as 

well as many other characteristics of graphene can be engineered by the introduction of 

several types of defects. Thus, significant attention has been very recently focused on 

the topic of defect generation in graphene, which has been accomplished by electron [3] 
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or ion irradiation [4], or alternatively by methods involving reaction with oxygen, such 

as heat treatment in an oxygen gas flow [5], UV-generated ozone oxidation [6] or 

oxygen plasma treatment [7-9]. Oxygen plasma treatment is an attractive method from a 

practical point of view, as it can be easily integrated in current circuit mass-production 

schemes, usually requires very short exposure times and the density of defects could be 

potentially controlled through the plasma processing parameters. Furthermore, unlike 

methods involving electron or ion irradiation that lead to defect populations of 

polydisperse type [3], certain oxygen plasmas enable the introduction of just one type of 

defect (e.g., atomic vacancies) [10]. The generation of a defect population of 

monodisperse type would be considerably advantageous, as it could provide a better 

control of the material properties. Of particular interest is the generation of atomic 

vacancies in graphene and especially multiatomic vacancies, because this type of defect 

is stable up to very high temperatures [11] and would thus be able to endure the 

temperatures required both during the fabrication process and at the operating 

conditions of the devices. Furthermore, most of the work on defect generation in 

graphene has been limited to micromechanically exfoliated samples, whereas little 

attention has been paid to graphene grown by chemical vapour deposition (CVD), 

which is much more application-wise. 

 Here, we report the use of microwave (MW)-generated oxygen plasma to introduce 

atomic-sized defects in CVD graphene with tunable densities from ~103 to 105 m-2. 

The introduction of controlled densities of defects has been demonstrated and visualized 

down to the atomic scale by scanning tunneling microscopy (STM). The STM images 

reveal that these defects essentially comprise multiatomic vacancies of similar size and 

exhibit a regular distribution throughout the sample. To the best of our knowledge, this 

is the first time that such STM studies are performed for atomic vacancy-decorated 

graphene. In addition to the direct visualization of the defects and their density through 

STM, the introduction of structural disorder on the graphene samples has been 

confirmed independently by Raman spectroscopy. Finally, we investigate the effect of 

the atomic vacancies on the electronic transport properties of graphene by fabricating 

back-gated field-effect transistors and measuring their transfer characteristics (see 

experimental details in Supplementary information). We must stress that unlike other 

reports that investigated the electrical properties of graphene samples whose structure 
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had been extensively damaged, here we asses this property for just slightly damaged 

graphene samples. 

 The generation of atomic-sized defects in graphene was accomplished by means of 

MW oxygen plasma, using appropriate plasma powers and exposure times to modulate 

the defect density. As this type of plasma proceeds mostly via chemical reactions, but 

not through ion bombardment, as is the case of, e.g., radio frequency oxygen plasma, 

the modification of carbon surfaces is more controllable. In fact, the introduction of 

atomic vacancies by microwave oxygen plasma using short exposure times has been 

previously demonstrated with HOPG [10]. Due to the short exposure times employed in 

our plasma treatments, the introduced defects consist exclusively of atomic vacancies 

comprising a few missing carbon atoms. These vacancies are generated via abstraction 

of carbon atoms by active oxygen species (for example, atomic oxygen), which give rise 

to CO and CO2 [12]. For short reaction times (i.e. short exposure times), only a few or 

several carbon atoms are abstracted at a given location on the graphite/graphene surface. 

However, if the reaction is allowed to continue for longer times, more and more carbon 

atoms from the vacancies will be abstracted, so that the initially small vacancies will 

grow laterally to encompass tens, hundreds or even thousands of missing carbon atoms, 

which correspond to pits of several to several tens of nanometers in diameter. Although 

pits in graphite with sizes above 1 nm are visualized by STM as pits or holes, smaller 

pits (i.e., atomic vacancies) are actually visualized by STM as apparent protrusions [12]. 

This situation is due to electronic effects, which are well known to have a prominent 

role in the formation mechanism of STM images. More specifically, in the case of 

atomic vacancies in graphite/graphene, the atoms surrounding these defects undergo an 

enhancement of the local density of electronic states close to the Fermi level and, 

because this partial electronic density is what STM actually probes, the vacancies are 

consequently seen as protrusions (bright spots) in the STM images. On the other hand, 

higher MW plasma powers generally led to larger numbers of defects, most probably 

because higher densities of species are available to react with the surface carbon atoms. 

As shown in the following, this method allowed tuning the defect density in CVD 

graphene roughly between 103 and 105 m-2. 

 Nanometer- and atomic-scale STM images of the graphene samples prior to [Fig 

1(a)] and after [Fig. 1(b-f)] different oxygen plasma treatments are presented in this 

figure. The starting, pristine graphene exhibited a smooth but not atomically flat 
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topography on the nanometer scale [height variations <0.3 nm; see Fig. 1(a)] that is 

assumed to reflect the topographical conformation of the Cu(111) supporting substrate. 

On the atomic scale [inset to Fig. 1(a)], the sample displayed the well-known 

honeycomb pattern that is expected for single-layer graphene when it is electronically 

decoupled from the supporting substrate. This fact, together with the absence of any 

other modulations in the atomic-scale STM images suggests a weak graphene-Cu(111) 

interaction. Images (b-e) of Fig. 1 correspond to samples treated with the MW oxygen 

plasma at 10 W/9 s (b), 60 W/3 s (c), 300 W/1.5 s (d) and 390 W/1.5 s (e). In contrast to 

their pristine graphene counterparts, the STM images of the plasma-treated samples 

revealed a number of apparent protrusions (bright spots) of more or less uniform 

appearance and regularly distributed throughout the graphene basal plane. An atomic-

scale STM image of one of these protrusions, corresponding to the 60 W/3 s sample, is 

shown in Fig. 1(f). 

 

Figure 1: Nanometer-scale STM images for the pristine sample (a) and samples treated 

at 10 W/9 s (b), 60 W/3 s (c), 300 W/1.5 s (d) and 390 W/1.5 s (e). Atomic-scale STM 

images for the pristine sample (inset in a) and the sample treated at 60 W/3 s, showing 

one of the protrusions in more detail (f). Tunneling parameters: 200–500 pA (tunneling 

current) and 500–1000 mV (bias voltage) for nanometer-scale images and 600–700 pA 

(tunneling current) and 20 mV (bias voltage) for atomic-scale images. 
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 According to previous work on graphite, the type of defect observed here by STM 

can be ascribed to atomic vacancies created through the removal of carbon atoms by 

atomic oxygen from the plasma [10]. The density of vacancies introduced by the plasma 

treatments could be readily determined from the STM images: ~3.2x103 m-2 (b), 

~7.6x103 m-2 (c), ~1.6x104 m-2 (d) and ~7.8x104 m-2 (e). Due to the short exposure 

times used, in virtually all cases the observed protrusions exhibited similar heights 

(~0.2-0.4 nm) and a narrow diameter distribution (~1-3 nm) suggesting that all 

protrusions are associated with the same type of defect, i.e., small-sized multiatomic 

vacancies [10]. We note that larger vacancies, and even nanometer-sized holes, could be 

created for sufficiently long plasma exposure times. However, in that case small 

vacancies are also present because vacancy creation and enlargement take place 

continuously during the treatment, giving rise to polydisperse vacancy populations. By 

contrast, under proper conditions (i.e., short exposure times), this MW plasma-based 

method essentially afforded monodisperse populations of small multiatomic vacancies 

with controllable density, which could be useful for different applications of graphene, 

such as gas separation or water desalination [5]. It is also worth mentioning that, 

because this method is based on the use of reactive oxygen species, the introduction of 

oxygen functional groups attached to the vacancy edges is very likely to occur [10]. 

 Raman spectroscopy is a non-destructive technique widely used in the investigation 

of graphene materials, in particular to provide structural information (e.g., presence of 

defects, stacking order, etc) [13]. Fig. 2(a) shows representative Raman spectra for the 

MW plasma-treated samples under investigation. The high crystalline quality of the 

starting, untreated graphene sample was confirmed by the complete absence of the 

defect-related D band at ~1360 cm-1. After plasma treatment a noticeable D band 

appeared, and its intensity (in particular, the integrated intensity ratio of the D and G 

bands, ID/IG) was generally seen to increase in parallel with the density of atomic 

vacancies observed by STM. Therefore, the emergence of the D band can be directly 

related to the presence of this type of defect in the graphene lattice. On the other hand, 

the intensity of the 2D band (located at ~2700 cm-1) underwent an obvious reduction 

after plasma treatment, which was also consistent with the development of structural 

disorder in the graphene lattice [14]. The dependence of the ID/IG and I2D/IG ratios on the 

density of defects is quantitatively shown in Fig. 2(b) and (c), respectively. In addition 

to the evolution of the D and 2D bands, the D´ band emerged only for samples with 
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defect densities larger than ~104 m-2. This band is seen as a shoulder of the G band at 

~1620 cm-1 and is also known to be induced by defects. Overall, the Raman data were 

consistent with the STM results in that they indicated the possibility to finely tune the 

density of defects (atomic vacancies) generated on graphene by MW oxygen plasma. 

 

Figure 2: (a) Raman spectra for the pristine sample (black) and MW plasma-treated 

samples with defect densities ~3.2x103 m-1 (orange), ~7.6x103 m-1 (green), ~1.6x104 

m-1 (red) and ~7.8x104 m-1 (blue). All the spectra were measured after transferring on 

SiO2/Si substrates. ID/IG (b) and I2D/IG (c) intensity ratios as a function of the density of 

defects. (d) I2D/IG intensity ratio versus the position of the G band. Figures (b-d) show 

the average value of measurements at ten different spots, the error bars represent the 

standard deviation and the dashed lines are a guide to the eye.  

  The introduction of vacancy defects decorated with oxygen functionalities by the 

oxygen plasma can be expected to introduce some level of doping in the graphene 

sheets. Raman spectroscopy also provided some information about the electronic 

properties of defected graphene, such as the presence of doping [13]. In Fig. 2(d), the 

I2D/IG ratio has been plotted against the position of the G band. For graphene samples 

that have been either p- or n-doped, it has been reported that the I2D/IG ratio decreases 

and the position of the G band shifts to higher wavenumbers [13]. In our MW plasma-

treated samples, the value of I2D/IG decreased from values over 2 for both pristine 

graphene and graphene decorated with a relatively low density of vacancies, to ~1 for 
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the sample with the highest vacancy density. Concurrently, a shift of the G band from 

about 1583 to 1586 cm-1 was observed, suggesting chemical doping in the plasma-

treated graphenes, although the actual doping type cannot be determined from these 

data. 

 Even though Raman spectroscopy is a powerful technique to identify doping in 

graphene, it also suffers from some degree of variability between samples that are 

produced under apparently identical conditions [15]. This effect is probably manifest in 

Fig. 2(d). More specifically, the pristine sample and the samples with defect densities of 

about 1.6x104 and 7.8x104 m-2 are highly consistent with each other. Nevertheless, 

there is some noticeable mismatch between these three samples and the samples with 

defect densities of about 3.2x103 and 7.6x103 m-2, although they are still broadly 

consistent with the general trends described above. Interestingly, these two sets of 

samples belong to different batches of the CVD graphene growth and transfer process. 

Hence, we tentatively attribute such differences to slight deviations in the fabrication 

process that are very difficult to control. 

 The electronic performance of the MW plasma-treated graphene samples was 

directly evaluated in back-gated field-effect transistors. Fig. 3(a) shows the gate voltage 

(VG) dependence of the drain current (ID) for the starting, pristine graphene as well as 

for plasma-treated samples with defect densities of about 1.6x104 and 7.8x104 m-2. For 

pristine graphene, we note that the charge neutrality point (VCNP) lies at ~19 V. Besides, 

instead of displaying perfect ambipolar behavior, the curve is slightly asymmetrical for 

holes and electrons. This phenomenon has been previously attributed to unintentional 

chemical doping that results from the microfabrication techniques and to the difference 

in work function between the graphene sample and its metal contacts [15, 16]. One of 

the most important features observed in Fig. 3(a) is the upshift of the charge neutrality 

point for the defect-decorated samples compared to pristine graphene. Such upshift can 

be regarded as evidence of an enhancement in the p-type character of the plasma-treated 

samples [2]. In Fig. 3(b) it can be observed that the doping level correlates well with the 

density of atomic vacancies generated by the MW plasma. We note that each point in 

Figures 3 (b-e) represents the average value of measurements performed on ten different 

devices in order to make these results statistically meaningful. In addition to the upshift 

of the charge neutrality point, we see from Fig. 3(a) that the slope of the transfer curves 
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on both sides of the charge neutrality point decreases in absolute value for plasma-

treated graphene. The slope for gate voltages below (above) the charge neutrality point 

is directly related with the hole (electron) mobility. The mobility, , of the charge 

carriers was computed through the formula ⁄ ⁄  where L and 

W are respectively the length and width of the transistor channel, Vd is the drain voltage 

and CG is the gate capacitance [2]. For a SiO2 substrate with a thickness of 300 nm, CG 

= 1.15 x 10-4 F m-2. Fig. 3(c) and (d) summarize the mobility values for holes and 

electrons. It is clear from these plots, as well as from the inset to Fig. 3(a), that the 

electron mobility degrades to a higher extent than the hole mobility upon introduction of 

atomic vacancies with the MW oxygen plasma. Such evolution towards unipolar 

behavior is consistent with a progressive p-type doping of the plasma-treated graphene 

samples. 

 

Figure 3: (a) VG dependence of ID for the pristine sample (black plot) and MW plasma-

treated samples with defect densities ~1.6x104 m-1 (red) and ~7.8x104 m-1 (blue).The 

inset in (a) plots ID against VG-VCNP, showing the dopant-induced asymmetry for holes 

(VG-VCNP<0) and electrons (VG-VCNP>0). The charge neutrality point position (b), the 

mobility of holes (c) and electrons (d), and the on/off ratio (e) are plotted as a function 

of the density of defects. Figures (b-e) show the average value of measurements 

performed on ten different devices, the error bars represent the standard deviation and 

the dashed lines are a guide to the eye.  
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In principle, the reduction in the charge carrier mobility can be ascribed either to 

scattering of the charge carriers at the defect sites that have been generated by the 

plasma treatment or to the opening of a bandgap [2]. The opening of a bandgap in 

graphene heavily decorated with oxygen groups (O/C atomic ratio of 0.5) has been 

theoretically predicted under the assumption that the graphene lattice retains its 

structural integrity [7]. However, this premise is not fulfilled in the present case, 

because the plasma treatment causes the subtraction of carbon atoms from the graphene 

lattice, thus resulting in a significant modification of the electronic properties (e.g., 

decrease in the charge carrier mobility). Moreover, even if the model could be applied 

to our samples, the amount of oxygen introduced in the present case would be 

insufficient by itself to significantly change the band structure of graphene (atomic scale 

STM images indicate that the presence of oxygen groups must be restricted to vacancy 

edges, yielding estimated O/C atomic ratios of the order of 0.01). More significantly, an 

increase in the on/off ratio of the FET would be expected if a bandgap was opened in 

graphene, whereas in our case the measured on/off ratio tended to decrease for all the 

plasma-treated samples [Fig. 3(e)]. On the other hand, point defects in the graphene 

network are known to act as scattering centers for the charge carriers [17], thus inducing 

a lowering in the mobility as that observed in our case. In the case that a bandgap is not 

opened, this reduced mobility would also induce a decrease of the on/off ratio measured 

on FET devices. Therefore, we conclude that the introduction of isolated vacancies in 

graphene is responsible for the observed decreased mobility in our samples, but at the 

defect densities attained in this work a gap is not opened in the electronic band structure 

of graphene. 

In summary, we have presented a MW oxygen plasma-based method for the 

introduction of small, similar-sized atomic vacancies in graphene with controlled 

density, in the range from about 103 to 105 m-2. The electronic properties of graphene 

undergo major changes as a result of its decoration with this type of defect. For 

example, we observed degradation in the mobility of both electrons and holes, although 

a net excess of positive charge carriers (p-type doping) was measured, the latter of 

which can be tentatively accounted for by the saturation of the vacancy edges with 

oxygen functional groups. We envisage that this method can be used for the tailored 

generation of tiny holes in graphene, which could then be used as membranes for, e.g., 

gas or liquid separation, DNA sequencing or molecular sensing. Furthermore, several 
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schemes aimed at imparting specific chemical functionalities to graphene involve the 

introduction of atomic vacancies, so the present method can be used as a convenient 

starting point towards this end. 
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Supplementary Information 

Experimental 

Single-layer CVD graphene was grown at ambient pressure over an heteroepitaxial thin 

Cu(111) film deposited on c-plane sapphire, following a method described elsewhere 

[1]. The CVD parameters were adjusted to obtain a complete coverage of high quality 

graphene. Briefly, a pre-annealing was conducted at 1000 °C for 40 minutes in an Ar/H2 

gas flow (H2 concentration 2.5%), and then the temperature was raised to 1075 °C and 

CH4 in a concentration of 10 ppm was added to the gas flow for 1 hour. The controlled 

generation of atomic vacancies on the as-grown graphene samples was performed in a 

MW-induced oxygen plasma apparatus (Technics Plasma 200-G system). O2 (99.999% 

pure) was used for the treatment and the working pressure was set to 1.0 mbar. Proper 

combinations of plasma power and exposure time allowed tuning the density of defects 

created on graphene. Specifically, the selection of particular plasma power values and 

exposure times was the result of a feedback process that included visualizing by STM 

the appearance and density of defects generated in preliminary experiments. We have 

performed control experiments to check for the reproducibility of the results by 

preparing several plasma-etched specimens using the same processing conditions. We 

observed that identical treatments yielded essentially the same results and that the 

graphene samples, which were about 1x1 cm2 in size, became decorated with essentially 

the same density and type of defects everywhere as deduced by examining many 

different regions with STM. STM imaging was performed with a Nanoscope IIIa 

Multimode apparatus (Veeco Instruments) under ambient conditions using mechanically 
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prepared Pt/Ir (80/20) tips. Images were recorded in the constant current mode with 

typical tunneling parameters of 200-500 pA and 500-1000 mV for nanometer-sized 

images and of 600-700 pA and 20 mV in the case of atomic-scale images. Following 

STM characterization, the graphene samples were transferred to a SiO2(300 nm)/Si 

substrate by first coating them with poly(methyl methacrylate) (PMMA) and etching the 

Cu film in a FeCl3 solution. After transferring the PMMA/graphene film to the SiO2/Si 

substrate, the polymer was dissolved using hot acetone. Raman characterization of the 

graphene samples on SiO2/Si was carried out at ambient conditions with a Nanofinder 

30 confocal Raman microscope (Tokyo Instruments Inc.) using a laser excitation 

wavelength of 532 nm. The spot size was about 600 nm and a low incident laser power 

(~1.6 mW) was used to avoid damage to the samples. Peaks in Raman spectra were 

fitted to Lorentzian functions. For the electronic transport measurements, 10 μm-wide 

lines of graphene were patterned by photolithography, combined with oxygen plasma to 

remove the rest of the graphene film. Then, electrodes were made by photolithography 

followed by thermal evaporation of Au. The transport properties were measured under 

vacuum (~5×10−4 Pa) at room temperature using an Agilent B1500A (Agilent 

Technologies) semiconductor device analyzer. 
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