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A B S T R A C T

A device consisting of a few layers of graphene (FLG) sheets was exposed to atmospheric

plasma, resulting in the generation of significant number of defects, oxygen absorption,

and doping. The plasma-induced electrical transformation and photoconducting proper-

ties of pristine FLG and plasma-irradiated FLG (p-FLG) were compared under visible and

ultraviolet (UV) light illumination. The visible light photoresponsivity of p-FLG was

0.47 AW�1 at 535 nm, comparatively higher than that observed for pristine FLG

(10 m AW�1); this result was attributed to the formation of defect midgap states band by

plasma irradiation. Photoinduced molecular desorption causes the responsivity of the

higher energy (UV) photons. Our results suggest that plasma irradiation is a simple, novel

way to tailor the optoelectronic properties of graphene layers.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Graphene is a fascinating one atom thick, two-dimensional

(2-D) material, consisting of sp2 hybridized carbon atoms

arranged in a honeycomb structure. This material has been

studied extensively due to its high electron mobility, optical

transparency, flexibility, mechanical strength, and environ-

mental stability [1–3]. The photoinduced responses of graph-

ene and its associated composite materials in the form of

photodetectors and phototransistors have been widely

studied in recent years. Although single-layer graphene is

an exceptional material with controlled electronic properties,

it weakly absorbs absorbs light (e.g., single-layer graphene

absorbs only 2.3% of incident light), which is a major draw-

back for the development of graphene-based photodetectors

[4]. A number of experimental methods have been proposed
to enhance the photoresponsivity of monolayer graphene,

including increasing the absorption efficiency and lifetime

(few picoseconds) of photo-generated carriers by exploiting

the thermoelectric effect [4–6], metallic plasmonics [7], graph-

ene plasmons [8,9], micro-cavities [10–12], and graphene

quantum dots [13]. In contrast, photodetectors with quantum

dots strongly, adsorbs light; however the photoconductive

gain is limited (1 · 102–1 · 103) [14], due to the low mobility

of charge carriers in quantum dots. To overcome these prob-

lems, Konstantatos et al. developed a hybrid phototransistor

that combined the excellent electronic properties of graphene

(high mobility of up to 60,000 cm2 V�1 s�1 at room tempera-

ture) with the optical properties of colloidal quantum dots

(PbS), which yield a higher photoconductive gain of �108

electrons per photon [15]. The sensitivity of the photodetector

depended on the charge carriers present at the surface to
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respond to the incident photons (IP). Broad spectral band-

width and fast response times make graphene an ideal mate-

rial for optoelectronic and photodetector applications [15,16].

Tailoring the property of solid materials with ion irradia-

tion and collision cascades is a method that has been used

for several decades [17]. Defect engineering is one way to cre-

ate a bandgap in graphene to manipulate its electrical, chem-

ical, and magnetic properties. To engineer the electronic

properties of graphene, researchers introduced artificial de-

fects to the graphene surface by ion-beam irradiation (Ga+

and Ar+) [18,19]. Another approach is plasma irradiation, a no-

vel method used to introduce defects and to dope the hydro-

phobic (chemically inert) graphene surface [20,21].

Here, we introduce a novel method to induce photore-

sponse from just a few layers of graphene (FLG) through artifi-

cial defects generation resulting from atmospheric plasma

irradiation. The defect-induced electrical changes and photo-

conductive properties of pristine FLG and plasma-irradiated

FLG (p-FLG) were studied under both visible (535 and

405 nm), UV (365 nm) light illumination by introducing a defect

midgap states band (MGB). The higher photoresponsivity of

�0.47 AW�1 for p-FLG was achieved using visible 535 nm light.

This suggests plasma irradiation as an efficient tool for tailor-

ing the optical and electrical properties of graphene.

2. Experimental section

Few-layer graphene sheets were peeled from highly oriented

pyrolytic graphite (HOPG) using the scotch-tape method and

transferred to a SiO2/Si substrate. A gold (Au) electrode

100 nm in thickness was formed using a conventional photol-

ithographic process, followed by thermal evaporation and the

lift-off process (details of the lithographic process and thick-

ness approximation procedure are given in Supplementary

information). The fabricated FLG devices were annealed at

250 �C in Ar/H2 atmosphere for 30 min to improve the adhe-

sion of the gold electrodes with the graphene flake and to re-

move the residual resist. Prior to plasma exposure, electrodes

were covered with epoxy resin and dried at 150 �C for 30 min

in air to prevent electrode oxidization and damage. The FLG

device was exposed to a homemade atmospheric plasma

reactor (shown in Fig. S1a) for 5 min in an Ar atmosphere

(flow rate of 60 sccm) at a pressure of �1 Torr. Fig. S1b shows

a photograph of the Ar plasma generated. The effect of plas-

ma irradiation on the FLG surface was clearly observed in the

optical microscope images shown in Fig. S1c and d (before

and after plasma irradiation, respectively). Raman spectros-

copy measurements were performed using a 514 nm Ar+ ion

laser as an excitation light source (Horiba Jobin Yvon LabRAM

HR800 system). Nanoview surface profile analysis (Nano Sys-

tem Co., Ltd) was employed to visualize the surface defects.

The morphology was characterized using atomic force

microscopy (AFM) with XE-100, park system. Foreign body

attachment on p-FLG was confirmed by X-ray photoelectron

spectroscopy (XPS) using an ESCA-2000, VG Microtech Ltd.

spectrometer (Al Ka). Electrical and photocurrent measure-

ments were carried out using a semiconductor parameter

analyzer (Agilent, B 1500A) combined with a Prizmatix mul-

ti-wavelength LED light source.
3. Results and discussion

Defects are good when they enhance the material’s properties

in useful ways. Plasma and ion irradiation on the hydrophobic

graphene (solid material) can induce different types of sur-

face defects (e.g., vacancies, graphene islands, doping and

impurity) [22,23]. Plasma irradiation disrupts honeycombed

lattice to form vacancies [24], resulting in a highly disordered

morphology (see Fig. S1d); the degree of disorder appears to

be dependent on the thickness of the graphene flake [25].

The defect generation deteriorates the electrical conductivity

of the graphene layers, even though its opens up several

exciting applications in two-dimensional nanoelectronics.

To evaluate the tantalizing defect behavior of the p-FLG de-

vice, we studied its Raman spectrum. Fig. 1b shows the nor-

malized Raman spectrum of a p-FLG device, along with a

pristine FLG device. An optical microscopy image of a typical

device is shown in the inset of Fig. 1b (circles indicate the

measurement sites). The defect peaks (D, D 0) associated with

disorder were hardly noticeable in pristine FLG, however,

strong peaks were observed at �1364 cm�1 (D peak) and

1624 cm�1 (D 0 peak) after plasma exposure. The existence of

intervalley (D) and intravalley (D 0) phonons strongly indicates

defect formation on the graphene surface. Similar results

were observed previously for ozone exposure [3], oxygen plas-

ma exposure [26], Ga+ ion irradiation [20] and electron-beam

irradiation [27] on single-layer graphene. To study the detailed

defect generation at the graphene surface, we measured the

Raman spectrum at different places on the graphene surface

(e.g., the hub and the edge). The Raman spectrum of these

distinct sites showed similar behavior, although with differ-

ent intensities. The results clearly indicated that the defects

levels were present more at the edges than the hub, which

was in good agreement with the ID/IG ratios given in

Table S1 (Supplementary information). This may be attributed

to fewer graphene layers and different morphologies at the

edges. The wavy degradation nature of graphene opens up

novel applications in graphene research. These defects may

act as light-absorbing site for optoelectronic applications.

To visualize the pristine FLG surface and wavy degradation

nature of p-FLG, we used a non-destructive, non-contact,

three-dimensional (3-D) nanoprofile measurement, (Fig. 2).

Pristine FLG showed a smooth, defect-free surface with a

roughness of 0.46 nm (Fig. 2a–c). These measurements were

in good agreement with Raman spectroscopy. Apparently,

plasma irradiation induced defects on the FLG surface, e.g.,

graphene islands and graphene dots, which increased the

surface roughness value to 78 nm (Fig. 2d–f); the line profile

in Fig. 2e, shows defect formation clearly. The results shown

in Fig. 2f indicate that the graphene layers are not removed

completely, only the plasma irradiation induces the defects

on the p-FLG surface.

The morphology of the p-FLG was characterized using

atomic force microscopy (AFM); and result is presented in

Fig. 3. The morphology of the p-FLG is distinct from the pris-

tine-FLG [18] which exhibits a relatively flat surface (see Sup-

plementary information SI 2 and Fig. S2), when compare to

the p-FLG. Graphene exposed to plasma generally causing

two important differences on surface (i) generating surface



Fig. 1 – (a) Schematic representation of the plasma-irradiated graphene device. (b) The normalized micro Raman spectrum

(k = 532 nm) of the pristine few-layer graphene (FLG) sheets and plasma-irradiated (p-FLG) devices. The inset is an optical

microscopy image of a typical device, where the circles indicate the measurement sites: hub (blue circle) and edge (red circle).

(A colour version of this figure can be viewed online.)

Fig. 2 – Surface profile analysis: (a) two-dimensional (2-D) image of FLG before plasma irradiation. (b) Line profile image

corresponding to the x-axis of (a). (c) Three-dimensional (3-D) image showing the defect-free (uniform) surface. (d) 2-D image

of plasma-irradiated FLG (i.e., the formation of p-FLG). (e) Line profile image corresponding to the x-axis of (d). (f) 3-D image

showing defect formation on p-FLG. (A colour version of this figure can be viewed online.)
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roughness, and (ii) blister formation (only for the prolonged

plasma irradiation) [28]. Fig. 3c is the 2D image of the p-FLG

and the corresponding line profile image is given in Fig. 3e,

in which the height variation clearly indicates that the plas-

ma irradiation induces defect on the graphene surface. The

3D image of p-FLG (Fig. 3d) is processed using image process-

ing software (SPIP 6.2.5) and shown in Fig. 3f, which certainly
serves as a evident for the formation of nano size defect hole

(nano hole) on p-FLG surface and the depth of these defect

holes is around 0.1–0.5 nm. These defects were contribute to

the defect related D and D 0 peaks of the Raman spectrum.

Optical microscopy images, surface profile analysis, AFM

analysis, and Raman spectroscopy conform that the plasma

irradiation induces defect on graphene surface.



Fig. 3 – AFM analysis: (a, b) two-dimensional (2-D) image of p-FLG with different magnification. (c) 2-D image of the p-FLG at

small scan area of (100 nm) and the corresponding three-dimensional (3-D) image shown in (d). (e) Line profile image

corresponding to the x-axis of (c). (f) Processed 3-D image of (d) showing the nano hole defect formation on p-FLG. (A colour

version of this figure can be viewed online.)
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To confirm the attachment of a foreign body (oxygen bond-

ing) to the surface of a p-FLG device, XPS measurement, was

carried out. Different components of the XPS spectrum were

deconvoluted using the Shirley method of background re-

moval in conjunction with a least squares fitting algorithm

using full Voigt functions. Fig. 4a and b correspond to the C
Fig. 4 – C1s high-resolution XPS spectra of the FLG device (a) be

various chemical shifts of the carbon bonds are indicated. (Note

of background removal). (A colour version of this figure can be
1s core level of the XPS spectra of FLG before and after plasma

irradiation, respectively. The XPS results for pristine FLG re-

vealed two different carbon bonds, as indicated by the peaks

in Fig. 4a. The peak at 284.6 eV was attributed to sp2 carbon

(C@C/CAC) bonds [29–31], and the other peak at 285.8 eV

was assigned to CAO bond that may arise during device
fore and (b) after plasma irradiation. Components related to

that the spectra were deconvoluted using the Shirley method

viewed online.)
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fabrication [32]. Fig. 4b is the XPS spectra of p-FLG. The peak

at 284.6 eV corresponds to the sp2 carbon (C@C/CAC) bonds

[29,30], and the peak at 285.0 eV is ascribed to the sp3 carbon

due to amorphous defect generation (removal of carbon

atoms from the honeycombed lattice) [19,33,34]; an increment

in the peak intensity suggested that the surface was affected

by plasma irradiation. The additional two peaks at 286.3 and

288.5 eV were attributed to CAO (epoxy/hydroxyl bonds)

[28,35] and C@O (carbonyl bonds) [22,32,36] soon after defect

generation, oxygen molecules from the atmosphere reacts

with defected graphene surface to produce O-containing

groups [21]. These results imply that chemical bonds have

been formed between carbon and oxygen when FLG was ex-

posed to atmospheric plasma.

The photoresponsivity of the pure graphene photodetector

was low; we attributed this result to the poor absorption effi-

ciency and short recombination lifetimes (few picoseconds) of

the photo-generated carriers [37]. To date, few studies have

investigated photocurrent generation in graphene based on

carrier multiexcitation generation (MEG) (i.e., multiple charge

carriers generated from the absorption of a single photon by

impact ionization), also known as inverse Auger recombina-

tion (AR) [13,38,39]. Plasma irradiation on FLG tends to induce

surface defect or vacancy formation, such as graphene quan-
Fig. 5 – (a) Energy band diagram (including the defect midgap s

concept for photocurrent generation for p-FLG. An incident pho

generates an electron–hole pair via photon excitation (PE), follo

electron transfers to the lower energy level in the conduction ban

AR process. Each of the steps in this cascade increases the popu

(MEG) effect exists, possibility of more excited electrons being tr

FLG, before (red) and after (blue) plasma irradiation; the insets a

after (lower-right) plasma irradiation. (c) The photoresponse I–V

with various light sources. The inset shows a schematic diagram

version of this figure can be viewed online.)
tum dots, graphene islands, and doping as well as deposit the

impurities on hydrophobic graphene [23]. The underlying

graphene layers serve as a transport layer, where the edges

(having more defects) eventually follows percolative conduc-

tion path mechanism [3]. The defects, dopant (oxygen), and

impurities are acting as light-absorbing centers, whereas

graphene quantum dots or islands frame the MGB which be-

haves as an electron-trapping center, and a bandgap is cre-

ated due to the quantum confinement.

Fig. 5a shows the energy band diagram for photocurrent

generation in p-FLG. The IP generates an electron–hole pair

through photo-excitation (PE) after impact ionization (II)

(red arrows). The photo-excited electron relaxes to a lower-

energy state inside the conduction band via an intraband

transition simultaneously; an interband transition occurs

that stimulates excitation of a valence band electron to the

conduction band. Concurrently, electrons in the conduction

band are scattered to the valence band by transferring energy

to another electron present in the conduction band, which is

ultimately excited to a higher-energy level by the AR process

(black arrows Fig. 5a). Thus carrier multiplication was accom-

plished through impact ionization (II) and AR process [40,41],

which produces secondary electrons in the conduction band.

Once the band gap formed between the conduction and
tates band (MGB) and band gap energy (Eg)), including the

tons (IP) interacts with the electron in the valence band and

wed by the impact ionization (II) process. When the excited

d and transfers the energy to another electron, initiating the

lation of electron–hole pairs; the multiexcitation generation

apped by the MGB. (b) Current (I) versus voltage (V) curve for

re the corresponding device structures before (top-left) and

curve of the p-FLG device under dark conditions and also

of the p-FLG device interacting with light source. (A colour
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valence bands; the electron–phonon scattering decreases [42],

which results in more photo-excited and secondary gener-

ated electrons trapping in MGB. The photo-generated hole is

recirculated through hopping within the lifetime, which re-

sults in a high photoconductive gain.

Fig. 5b shows the current–voltage (I–V) characteristics of

FLG before (red) and after (blue) plasma irradiation; the insets

are the corresponding device structures before (top-left) and

after (lower right) plasma irradiation. The pristine FLG device

exhibited linear (Ohmic) I–V behavior with high electrical con-

ductivity. After plasma irradiation (i.e., the formation of

p-FLG), the device conductivity deteriorated considerably,

exhibiting nonlinear behavior (Schottky). This behavior was

attributed to the detachment of carbon atoms from the honey-

comb lattice, the doping of oxygen, breaking of the pAp bond,

and void formation, leading to the production of a vast num-

ber of graphene quantum dots, which absorb the incident light

more efficiently than does pristine graphene. The layers with

most defects ultimately results in a percolative conduction

path for the applied bias voltage. To explore the plasma-

induced photoresponse characteristics of the FLG device, we

carried out photoelectric measurements under ambient con-

ditions and an applied bias of �5 to 5 V for different illumina-

tion wavelengths (Fig. 5c). As a reference, we also measured

the pristine FLG device under the same conditions. No obvious

response was observed, which was expected due to the higher

transmittance of defect-free graphene; however, the p-FLG de-

vice showed a strong dependence on illumination wavelength
Fig. 6 – (a) Time-dependent photocurrent spectra of the p-FLG d

irradiation for a bias of 0 V, with multiple on/off cycles. The pow

365 nm at 0 V bias voltage. (A colour version of this figure can b
(see Fig. 5b and c). The maximum photocurrent was observed

under 535 nm illumination; the photocurrent decreased with

the illumination wavelength. The device illuminated with

365 nm photocurrent (Ilight-365 nm) exhibited a maximum pho-

tocurrent of 7.67 lA, and the photocurrent Ilight-405 nm and Ilight-

535 nm improved to 13.31 and 19.16 lA for the 405 and 535 nm

wavelengths, respectively, under an applied bias voltage of 5 V.

Fig. 6a shows the time-dependent photocurrent measure-

ment of the p-FLG device under UV (365 nm) and visible (405

and 535 nm) light irradiation at 0 V bias, with multiple on/

off cycles. The turn-on and turn-off time of the light source

was 10 s. The device exhibited excellent stability and repro-

ducibility over the UV and visible region. When the light

source was turned on, the photocurrent reached its maxi-

mum within a millisecond (ms). The ratio Ilight to Idark in-

creased as the illumination wavelength, increased, having

values of 90, 100, and 227, for wavelengths 365, 405, and

535 nm, respectively. The incident power dependence; and

photocurrent for p-FLG are shown in Fig. 6b–d at different

wavelength illuminations. Linear behavior was observed for

the visible and UV wavelengths, indicating the broader spec-

tral response of graphene.

The summarized photoresponse result of the p-FLG device

is presented in Fig. 7. The response and recovery time of the

device with respect to illumination wavelength is shown in

Fig. 6a; the response and recovery time increased linearly

with the illumination wavelength. The high-energy (365 nm)

photons reduce the depletion barrier in a shorter time than
evice under UV (365 nm) and visible (405 and 535 nm) light

er dependence photocurrents for (b) 535, (c) 405, and (d)

e viewed online.)



Fig. 7 – Summarized photoresponse result of the p-FLG device. (a) The response and recovery times of the device under UV

and visible-light irradiation. (b) The magnification of a single on/off cycle for 535 nm. (c) The power-dependence

photoresponse of the p-FLG device. (d) Responsivity and photoconductive gain of the p-FLG device as function of the incident

light source. (A colour version of this figure can be viewed online.)
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did the low energy photons (405, and 535 nm light). Soon after

the light was switched off, the recovery process was initiated,

with the device reaching 10% of its maximum value within

38 ms, as shown in Fig. 7b. The fast recovery observed for

the high-energy photons was attributed to recombination

through interband transitions. In contrast, the existence of

a dominant intraband transition created an increment in

the recovery time [13]. However, the response and recovery

time of our device was comparable to that in previous reports

[13,43]. The photocurrent as a function of incident power with

various illumination wavelengths is shown in Fig. 7c. The

photocurrent of the device increased linearly with the inci-

dent power for all illumination wavelengths.

The most significant parameters to determine the capabil-

ity of a photodetector or photoconductor is responsivity (R),

which depends on the electrical output to the optical input.

R is defined as,

R AW�1
� �

¼
Ilight � Idark

� �
Popt

¼ g
qk
hc

� �
G ð1Þ

where, Ilight, Idark, Popt, g, q, k h, c and G are the current under

illumination, current in dark, incident light power, quantum

efficiency, electronic charge, light wavelength, Planck’s con-

stant, speed of light, and photoconductive gain, respectively.

The responsivity of p-FLG device is estimated using Eq. (1),

assuming that g = 1 at a bias voltage of 0 V for the three differ-

ent wavelengths shown in Fig. 7d. The high responsivity of

0.47, 0.20 and 0.14 AW�1 was obtained for 535, 405, and
365 nm wavelengths, respectively. This high photoresponsivi-

ty of p-FLG was achieved through electron–hole pair genera-

tion by direct PE and the impact ionization process.

Meanwhile, the photoconductive gain for p-FLG also calcu-

lated and the values are 1.1, 0.61, and 0.48 corresponds to the

535, 405, and 365 nm illumination wavelength, respectively

(Fig. 7d). The photoconductive gain increased with respect to

the wavelength, which arose due to the increment in carrier

MEG efficiency. When the photo-excited electron arrived at

the higher-energy level in the conduction band, it began to

scatter into the lower energy levels of the conduction band

by impact ionization. This generated more excitons, which

led to the capture of the electron in the MGB state, resulting

in a higher photoconductive gain [13]. In case of high-energy

(UV) photons the responsivity and the photoconductive gain

values are small when compare to the lower-energy (visible

light) photons, this due to photoinduced molecular desorption

[29], from defected graphene surface. The plasma-induced

structural defects open up a new way to tailor graphene prop-

erties to specific optoelectronic applications.
4. Conclusions

We have demonstrated a simple, novel way to harvest the

optoelectronic properties of graphene layers based on atmo-

spheric plasma irradiation. Plasma-induced structural defects

and electrical changes were systematically studied. The
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photoconducting ability of p-FLG was tested under both visi-

ble and ultraviolet light illumination. A maximum photore-

sponsivity of 0.47 AW�1 and photoconductive gain of 1.1

were achieved with 535 nm light illumination, for a bias volt-

age of 0 V. This defect-induced photoresponse of graphene

layers opens up exciting applications in graphene-based opto-

electronics devices.
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