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Abstract. The study pertaining defect fabrication of graphene has gained interest nowadays. To date, the fabrication of
the defect using reactive ion etching on the oxygen flow rate has not been adequately studied. In this work, fabrication
defect on multilayer graphene using reactive ion etching at 30 sccm and 50 sccm oxygen flow rates as a controlled
parameter. The other parameters such as pressure, exposure time and power are set as well. The resistance of the exposed
multilayer graphene devices at 30 sccm and 50 sccm are respectively 38 and 49 times higher than the non-exposed
device. The increased oxygen flow rate in the reactive ion etching deteriorates the crystalline quality of the multilayer
graphene thus declines its function as a device. It is suggested that only low oxygen flow rate is to be used to fabricate
small amount of defect for the controlled defect purposes.

INTRODUCTION

Research on graphene pertaining to its physical and electronic properties has been tremendous, since the
discovery of graphene in 2004 [1]. Several studies had shown superiorities of graphene, such as higher electron
mobility [1], [2], wide electrical window [2], the bareness of the graphene and exposure directly to liquid [2], highly
thermal conductance [3], tunable bandgap [2] and zero bandgap [4]. The presence of the conical shape at the Dirac
point makes graphene very competitive in electronics application. A pristine graphene device has mobility as high as
10° cm?V-s [1] compared to conventional silicone device mobility <1400 cm? V-!s™!. Due to the fact that graphene is
a 2-dimensional material that has high ballistics electronic transport [1], many efforts have been done to show the
great potential of graphene as sensing and detection device. Despite the outstanding properties, one cannot exclude
the potential defect present on graphene surface [5].

Recently, defected graphene field-effect transistor (GFET) for sensor application has been extensively
investigated. One of the sensor applications was to sense nitrogen dioxide gas (NO2) by Hajati et al/ [6], where the
study proved that the defect can improve the gas sensing activity. It has been shown experimentally that defects on
the graphene gas sensor can achieve 32% of the sensitivity of NO, at 600s compared to pristine at only 11% of
sensitivity at 900s of detection. It shows the sensitivity almost four times higher compared to pristine on NO;
detection.

Several techniques to introduce defect on graphene have being done including atom bombardment [7], ion
irradiation [6], focused e-beam [8], plasma treatment [9], [10] and pulse-voltage injection[11]. Among all, plasma
treatment is a common tool to introduce defect. However, many aspects of the disorder generated by this technique
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remain to be better understood especially in multilayer graphene. Study shows that oxygen plasma is very aggressive
and usually result in drastic changes of the structural and electronic properties of graphene even at a short time of
exposure [9]. Thus in this study, different oxygen plasma flow rate is used to gradually induced disorder in chemical
vapor deposition (CVD) multilayer graphene and atomic force microscopy (AFM) is applied to cater the evolution
of the disorder. The functionality of the multilayer graphene before and after oxygen plasma treatment as a device
has also been observed in term of current-voltage characteristics.

EXPERIMENTAL METHOD

The experiments were divided into two main sections. The first section was the fabrication of the metal contact
and the second section was the reactive etching process on the chemical vapor deposition (CVD) multilayer
graphene. In the first section, the vacuum deposition device system (Ulvac Kiko, model VPC-061) was used to form
aluminum (Al) metal contact on graphene. As shown in Fig. 1 (a), the Al metal contact was formed at vacuum
pressure level 4.99x107 Pa, current 35 A and voltage 1.7 V at exposure time 2 s. In this case, the dimension of the
CVD multilayer graphene is 5 mm per sample. The size of the Al contact is 2 mm x 1 mm with the thickness of 100
pm. The length and width of the multilayer graphene samples are 2mm and 3mm respectively.

For the second part of the experiments, the reactive ion etching (RIE) system CCP type discharge (SNTEK,
model BEP5002) was used to fabricate the defect on each samples. In this case, oxygen plasma was released and
exposed directly to the samples surface as shown in Fig. 1(b). Kapton tape is patched along with the paper, to cover
the Al metal contact from direct oxidation. While the purpose of the paper is to ensure the Al metal contacts do not
detach from the sample when the kapton tape is peeled off. The parameters set for the plasma treatment were 30
sccm and 50 scem for the oxygen flow rates with the power setting of 50 Watt, the pressure of 200mTorr and time
exposure of 5s.

After the plasma treatment, the samples were characterized using atomic force microscopy (AFM) (XE-100,
Korea) and 2-point probe from Keithley was used to measure the electrical property of the graphene device.
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FIGURE 1. Fabrication process of (a) the Al metal contact and (b) the formation of the defects on the CVD multilayer
graphene
RESULTS AND DISCUSSION

This section will discuss the results from the experiments gathered from the AFM and the 2-point probe
measurement. The results are consist of the discussions about the pristine, the 30 sccm and 50 sccm oxygen flow
rates exposed to the multilayer graphene samples.
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Atomic Force Microscopy Characterization

AFM is a technique used to characterize the nanoscale surface base developed by Binning and Roher [12]. This
technique is used to better understand the morphology of a surface quantitatively [12]. In this study, the results
gained from AFM are the 3-D morphology images, the histogram and the line-profile analysis.
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FIGURE 2. The morphology, histogram and line profile of AFM images for (a) pristine, (b) 30 sccm and (c) 50 scem. (a) (i) -
(c)(i) shows the morphology of the AFM images of the respectively samples. (a)(ii) — (c)(ii) shows the histogram of the peaks and
the valleys. (a)(iii) — (c)(iii) shows the line profile analysis.

First, the morphology of the graphene samples in pristine, and after the oxygen plasma treatment are observed.
As shown in Fig. 2 (a)(i), qualitatively, the pristine shows the most homogenous peaks compared to the graphene
samples exposed to the oxygen plasma treatment in Fig. 2 (b)(i) and (c)(i). This topographic contrast can be
observed from the peaks (white colors) and the dark brown colors for the valleys distribution. The morphology also
shows that the grains size is almost uniform in pristine in opposition to the exposed samples which the grains size is

smaller or in spike formed.
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To explain more about the distribution of the peak and the valleys in the samples, the histogram Fig. 2 (a)(ii) —
(c)(ii) exhibits normal distribution. From the histogram images of Fig. 2 (a)(ii) and (b)(ii), it is shown that the
skewedness of the pristine sample and the 30 sccm sample are different. For pristine, the distribution is more to the
right, which means the number of the peaks are at large. In contrast to the 30 sccm sample, the skewedness is
slightly to the left. The peaks for each samples are between 20 nm to 25 nm high respectively while the valleys are
between -20 nm to -25 nm depth respectively. While for the 50 sccm we can see that the peaks and valleys are
approximately at 20 nm and -20 nm respectively. This peak reduction may due to the etching process that has etched
some layers on the multilayer graphene samples or maybe due to the shrinkage or bending of the sample [13].

The analysis of AFM continues with the line profile analysis. The roughness of the samples due to the oxygen
plasma treatment is revealed in the line profile of each sample in Fig. 2 (a)(iii) — (c)(iii). The height of the peaks and
the depth of the valleys are clearly shown as well as the measurable distance (size) of the peaks and valleys. In the
sample, the size of the peaks and valleys shows rapid changes as the grains size changed.

Figure 3 shows the relationships of the surface roughness towards the oxygen flow rate. The surface roughness
values were taken from the RMS roughness and the average roughness of the samples. The average roughness and
the RMS roughness is significantly affected by the numbers of peaks and valleys in the image [12]. The values of
RMS roughness and average roughness show the same trend as it decreased obviously.
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FIGURE 3. The average roughness and the RMS roughness of the pristine and exposed multilayer graphene

Current — Voltage Characteristics

The current — voltage characteristics is done to gain more information about the effect of surface roughness due
to oxygen plasma treatment. Fig. 4 shows the current-voltage characteristic of the multilayer graphene with Al metal
contact. It is obviously shows that the multilayer graphene either in pristine or exposed to 30 sccm and 50 sccm
oxygen plasma which exhibits ohmic behaviour. Among these three samples, the pristine shows the highest ohmic
behavior compared to the graphene multilayer device exposed samples. From this figure, the resistance and
conductance are calculated and then are tabulated in Table 1. From Table 1, the resistance of multilayer graphene
device strongly affected by the amount of flow rates of oxygen plasma, thus decreasing the conductance of the
multilayer device. This finding is supported by the study from K. Kim et al/ [14], which reported that the
conductance of graphene device can be attributed to the structural defects introduced by the oxygen plasma.
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FIGURE 4. Current-voltage characteristics of multilayer graphene for pristine, 30 sccm and 50 sccm respectively.

TABLE 1. The calculated resistance and conductance for pristine, 30sccm and 50 sccm oxygen flow rate device.

Flow Rate (sccm) Resistance (kQ) Conductance (nS)
Pristine 5.25 190.47
30 15.01 66.62
50 19.24 51.97
CONCLUSION

The study was to demonstrate the effect of the reactive ion etching using different controlled oxygen plasma
flow rates on the CVD multilayer graphene. The fabricated defects on the graphene samples were characterized
using the AFM and the electrical properties were measured afterward. From the study, it shows that the resistance of
the exposed graphene samples declined with the crystalline quality of the graphene samples thus deteriorates the its
function as a device. It is suggested that only low flow rate is to be used to fabricate small amount of defect on
multilayer graphene for the controlled defect purpose. Further study needs to be done to explore extended defect
structure that may provide to new physical effects and device concept.
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