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ABSTRACT: We report the gate-tunable photoresponse of a
defective graphene over the ultraviolet (UV) and the visible
light illumination, where the defect was generated by plasma
irradiation. Plasma induced Dirac point shift indicates the p-
doping effect. Interestingly the defective-graphene field effect
transistor (defective-GFET) showed a negative shift upon UV
illumination, whereas the device showed a positive shift under
visible light illumination, along with the change in the
photocurrent. The defective-GFET device showed a high
photoresponsivity of 37 mA W' under visible light, that is ~3
times higher than that of the pristine graphene device.

535nm ™
405 nm
365 nm

—@36sam
—@4050m
3504 —@55m

£ OFF] OFF OFF

0 60
Time ($)

Photoinduced molecular desorption causes the UV light responsivity to 18 mA W~'. This study shows that the tunable
photodetector with high responsivity is feasible by introducing an artificial defect on graphene surface.
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hese days, photodetectors are made of different photo-
active semiconductors with appropriate bandgaps,' to
detect the wide spectral (ultraviolet to far-infrared) range,
which is central to the imaging, sensing, and spectroscopic
applications.” In contrast, the tunable bandgap in the
fascinating two-dimensional graphene promises ultrabroadband
photodetection"** (ultraviolet to far-infrared) because of the
electron hole pair generation upon a light irradiation over a
broad spectrum.” Even though the photoresponsivity of the
graphene photodetector was low, it is attributed to the poor
absorption efficiency (2.3%) and short recombination lifetimes
(~1.5 ps) of the photogenerated carriers.>®” To enhance the
photoresponsivity of graphene, researchers have developed
various modification schemes to extract photocurrent (PC), by
chemical doping, thermo-electric effect,” metallic plasmonics,9
graphene plasmons,'® microcavities,'" graphene quantum
dots,>'* hybrid phototransistor,'”> and double-layer hetero-
structure photodetectors.' Apart from these techniques,
inducing an artificial defect on the graphene lattice is another
way of enhancing the PC.”'* Plasma’ and ion irradiation (Ga*
and Ar*)'® on graphene induces different types of surface
defects such as vacancies, graphene islands, doping, and
forming impurity by disrupting honeycomb lattice. These
defects are acting as a scattering sites, which absorb the incident
light better than the pristine, at the same time reduces the
carrier recombination and facilitate continuous channel for
charge carriers which significantly enhances the PC.”'*
In this letter, we demonstrate the gate-tunable photo-
response behavior of the defected graphene, over the ultraviolet
to visible region. Where the plasma irradiation induces the
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defects. Depending on the illumination wavelength, the Dirac
point of the device shifts to either side along with the change in
the drain current, which engenders a novel way to tailor the
photoresponse of the graphene.

Graphene was exfoliated from highly oriented pyrolytic
graphite (HOPG) and the graphene field-effect transistor
(GFET) device was fabricated by evaporating a 100 nm Au
electrode on the photolithographically patterned graphene
channel. Prior to plasma exposure, Raman spectrum (see Figure
1b (blue color)) and electrical measurements were carried out
to ensure the properties of the pristine-GFET, and then the
device was exposed to a custom-made atmospheric plasma
reactor under Ar atmosphere with a flow rate of 60 sccm at a
pressure of ~1 Torr for 1 min. For more details of the device
fabrication, defect generation, and morphological analysis, see
the Supporting Information (Experimental Section, Figures S1
and S2). The modification of the properties of the plasma-
treated graphene (defected-graphene) was investigated.

Figure la is the schematic of the fabricated graphene FET
device, where the pointlike structure in the graphene lattice
represents the defects generated by plasma irradiation and the
arrows represent the three different wavelengths used for the
photocurrent measurement. The normalized Raman spectrum
of the pristine (blue color) and defective (red color) GFET is
shown in Figure 1b. The absence of the defect-related D peak
and the appearance of G and 2D (graphitic) peaks, with an
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Figure 1. (a) Schematic representation of defect generation, and photoresponse of the fabricated graphene device (b) Normalized micro-Raman
spectrum of the pristine and the defective graphene device, where the numbers denote the peaks positions and the numbers in the brackets are the
full width half-maximum of the corresponding peaks. The inset is an optical microscopy image of a typical device.
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Figure 2. (a) C Is high-resolution XPS spectra of the pristine —GFET device. (b) Transfer characteristics of the pristine and defective-GFET device
at the drain source voltage of 10 mV. (c) C 1s high-resolution XPS spectra of the defective—GFET device, (Note that the spectra were deconvoluted

using the Shirley method of background removal).

intensity ratio of 2.94, indicates that the device was successfully
fabricated on a SiO,/Si substrate without causing any material
damage.'® The inset in Figure 1b is the optical microscopy
image of the fabricated GFET device. The appearance of defect-
associated (D, D’, and D+G) peaks along with G and 2D peaks,
in plasma-treated graphene, suggests that the Alg symmetry
phonons near the K-zone became active’ when the device was
exposed into plasma. The existence of these defect-related
peaks, with increments in the full-width at half-maximum
(fwhm, numbers in the brackets) of the G and 2D peaks, along
with the peak shift toward higher wave numbers, confirms the
formation of structural defects,” which also suggested that the
defects induce p-doping in the graphene device.'’

To examine the electrical transformation of the defective
GFET, we measured the transfer characteristics of the pristine
and the defective GFET in room atmosphere with respect to
back-gate voltage (V,,) at a drain—source voltage (Vy,) of 10
mV; the result is depicted in Figure 2b. The pristine-GFET
device (see the inset for the schematics) shows an ambipolar
behavior with the Dirac point (Vp,. charge neutrality point) at
8 V in the back-gate, which implies p-doping characteristics and
which is due to the adsorbance of water and oxygen molecules
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on the graphene surface.'® The Dirac point of the defective-
GFET device is up-shifted to 39 V, which clearly suggests that
the plasma treatment leads to increase the p-doping effect and
introduces an asymmetry between electron and hole transport
that is due to the accumulation of holes in graphene surface.'”
The plasma treatment introduces nanoscale defects in graphene
surface, where the honeycomb lattice was broken by the
synergistic effect of the plasma species,'® and the defect sites
reacted with the oxygen molecules (from atmosphere), making
the device p-doped, which up-shifts the Dirac point to 39 V.
The functional groups involved in the p-doping effect were
obtained via X-ray photoelectron spectroscopy (XPS). Panels a
and c in Figure 2 illustrate the C 1s core level spectra of pristine
and defective GFET, respectively.

The spectra of pristine graphene fitted with two peaks, where
the 284.6 eV peak belongs to the sp” hybridized carbon atom
(C—C bond) and the other peak at 285.8 eV was assigned to
the noncovalent C—O bond, may arise during device
fabrication.” In contrast, the C 1s spectrum of defective
graphene is fitted with four major components, where the
higher-intensity peak at 284.6 eV, which is similar to that of the
pristine; however, the spectrum differs when a peak emerges at
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Figure 3. Transfer curves of the (a) pristine and (b) defective GFET device under different illumination wavelength. (c) Photocurrent as a function
of back gate voltage based on the transfer curves obtained in b. (d) Photocurrent of the defective-GFET device with respect to the source-drain
voltage, under the different illumination wavelength at constant V},, = 10 V.

285.0 eV, which is attributed to the formation of sp>-hybridized
carbon atoms due to the removal of carbon atoms from the
honeycomb lattice (amorphous defect generation).'” The peak
corresponds to C—O (286.3 eV), which has the possibility of
forming epoxy and a hydroxyl group. For epoxy formation,
which is one O atom bridging over two neighboring carbon
atoms, the O 2p orbital strongly hybridizes with extended 7 7*
bands in graphene, which changes the carbon planar (sp®)
hybridization to distorted sp> hybridization.”® In the case of
hydroxyl formation, the O atom is on top of a carbon with C—
O bond nearly perpendicular to the graphene plane, which
causes the change in carbon hybridization from sp® to sp® by
forming a strong covalent bond between C and O.”° The peak
at 288.5 eV ascribed to the formation of carbonyl bonds (C=
0), this may be a ketone. From the XPS spectra, it is clear that
the p-doping behavior emerges in defective GFET, ascribed to
the formation of hydroxyl, epoxy, and carbonyl functional
groups which up-shifted the Vp,. from 8 to 39 V. The plasma-
induced defects sites are acting as light absorbing media in the
photocurrent measurement.

Figure 3b shows the effect of light illumination on defective-
GFET with different wavelength, where the Dirac point of the
transfer curve in the dark is around 39 V, indicating the heavy
p-doped nature of the device. When the device is illuminated by
the visible light of 405 and S35 nm, the Dirac points shifted
more toward the positive direction, along with the drain current
increment (I;) in the p-channel, indicating further p-doping
behavior.'>'” On the other hand, when the Dirac point shifted
toward the negative side and the Iy in the p-channel decreased,
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the device is illuminated by UV light (365 nm), indicating n-
doping behavior that is due to the photoinduced molecular
desorption, which decreases the hole density in the defective-
graphene channel.*">* There is no shift in the Dirac point of
the pristine-GFET when illuminated with different wavelengths
of light (see Figure 3a). The photocurrent dependence on gate
voltage with respect to wavelength can be obtained by
subtracting the dark current from the light current (Ihght -
Isan) and the result is plotted in Figure 3c. It is clear that the
gate-dependent photoresponse of the defective-GFET, can be
tuned by illumination wavelength. The typical photoresponse
of the defective-GFET device as a function of source—drain
voltage (V) under different illumination wavelengths (Figure
3d) with constant back gate voltage of 10 V is attributed to the
effective separation of electron-hole pairs”'* in the defected
graphene. For reference, we also measured the pristine-GFET
device under the same conditions. No obvious response was
observed, which was expected because of the poor absorbance
and short recombination lifetime of the photogenerated carriers
in defect-free graphene.>®”

For more insight into the Dirac point shifting and
photoresponse behavior of the defective-GFET, we measured
the gate dependence of photocurrent at different wavelength
and power; see Figure 4a—c. The defective-GFET shows the
strong photogating effect and gate modulation over the UV and
visible region. The power-dependent photocurrent curves were
extracted from Figure 3a—c and are plotted in Figure 4d—f.
Here the photocurrent, lack in the polarity reversal, attributed
to the accumulation of a large amount of holes (absorption of
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Figure 4. (a—c) Transfer curves of the defective-GFET device under different powers of 365, 405, and 535 nm light illumination, respectively. (d—f)
Gate dependent photocurrent of the defective-GFET device under different powers of 365, 405, and 535 nm light illumination, respectively.

oxygen molecules)'>*" in defected graphene causing the
symmetry.

The photoinduced Dirac point shift (Vp,,.) in the defective-
GFET with different powers of UV (365 nm) and visible (405
and 535 nm) light are shown in Figure Sa, a green dotted line
indicates the Dirac point position in dark. When the device
illuminated with visible (405 and 535 nm) light, the transferring
of photogenerated holes to graphene induces further p-doping
effect, which leads to an upshift in the V., to 45 V for the
power of 30 yW, the shift in the visible wavelengths (405 and
535 nm) are almost identical. Interestingly, the device showed
down-shifts (toward negative) under UV (365 nm) light and
Dirac point shifted to 22 V of V,, for the power of 40 uW,
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which suggest that when the UV light is turned on, the
photoinduced desorption process starts and the rate of the
process increases when the incident power increases, resulted in
n-doping (hole removal) effect.*** The change in the charge
carrier density (An) of the defective-GFET as a function of
power is shown Figure Sb, where the charge carrier density is
obtained based on the relation An = ((eg,)/(t.¢)) 1Vp; — Vppl
where €, is the permittivity of free space, € is the dielectric
constant of SiO,, t,, is the thickness of the dielectric layer, e is
electron charge, Vpp Dirac point of the defective GFET, Vp,
Dirac point of the defective GFET'”*" under light illumination.
The value of An increases with increasing illumination power
for all studied wavelengths, which is directly related to the

DOI: 10.1021/am507985m
ACS Appl. Mater. Interfaces 2015, 7, 2171-2177


http://dx.doi.org/10.1021/am507985m

ACS Applied Materials & Interfaces

|~ defective-GFET@ 365 am
45 ./”J//:%‘ 1.2 4~ @ defective-GFET@ 405 im ™
|~ A~ defective-GFET@ 535 nm /
el 1.0 a
wd e— ’
IS ~ 08+
~o 354 —#— defective-GFET@ 365 nm | £
= v
= ®— defective-GFET@ 405 nm |
=} S 0.6+
> —A— defective-GFET@ 535nm | T
=
30 < n
0.4 / o/
" /
]
254 .//
024
/A
a A b
20 T T T T T T T 0.0 T T T T T T T
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
Power (uW) Power (W)
300 40
—— defective-GFET@ 365 nm e o
—®— defective-GFET@ 405 nm
250 4 —A— defective-GFET@ 535 nm
- 30
0
2 2
£ 2004 g
£ 150 2
2 g
[ [
100 4 10
—8— defective-GFET@ 365 nm
—®— defective-GFET@ 405 nm
504 —A— defective-GFET@ 535 nm
0 T T T T T T T
5 10 15 20 25 30 35 40 5 10 15 LY s 30 3 40
Power (uW) Power (uW)

Figure S. (a) Power-dependent Dirac point shift (Vp;,.) in the defective-GFET device (green dotted line indicates the Dirac point at dark). (b)
Change in the charge carrier density of the defective-GFET as a function illumination power and wavelength. (c) Power-dependent photocurrent of
the defective-GFET device at Vi, of =60 V. (d) Measured photoresponsivity versus powers under different illumination wavelength, the inset is the
time-dependent photocurrent spectra of the defective-GFET device under UV (365 nm) and visible (405 and 535 nm) light irradiation for a bias of 1

V,at Vi =0 V.

Table 1. Comparison of the Photoresponsivity of Graphene Transistors in the UV and Visible Region

detector type

visible

uv

active layer
SLG
SLG
BLG
SLG
SLG/FeCl;—FLG
SLG/metal nanostructures
SLG/chlorophyll
SLG/argon plasma
SLG/argon plasma
SLG/MoS,
SLG/ZnO QDs
SLG/argon plasma

wavelength responsivity ref

632.8 nm 1 mA/W 24

532 nm ~10 mA/W 25

480—750 nm ~1.5 mA/W 8

690 nm 0.25 mA/W 26

532 nm ~0.1 V/W 27

457-785 nm ~10 mA/W 9

683 nm ~1.1 X 10°A/W 28

535 nm ~37 mA/W present work
405 nm ~21 mA/W present work
635 nm 5% 108 A/W 29

325 nm 1 x 10* A/W 30

365 nm ~18 mA/W present work

“SLG, single layer graphene; BLG, bilayer graphene; FLG, few layer graphene.

tenability of the Fermi level of the graphene layers. Figure Sc
shows the photocurrent of the defective-GFET device as a
function of incident power with various illumination wave-
lengths, at Vi, of —60 V, where the Vi is 10 mV. The
photocurrent of the device decreases with respect to the power,
for all illumination wavelengths, which is due to the high defect
density,"**" trapping of holes in the defected sites,” as well as
the fast recombination of photogenerated charge carriers.” The
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high illumination power, required high external bias voltage to
separate the excitons, before they recombine,”® which may
increase the photoresponse of the device, because the device
shows a linear reponse in the I3, — Vj, curve, see Figure 3d.
The significant parameter to determine the capability of a
photodetector or photoconductor is responsivity (R), which

depends on the electrical output to the optical input. R is
defined as™”'?
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where Ighy Lgaio Popy are current under illumination, current in
dark, and incident light power, respectively. The responsivity of
the defective-GFET device is estimated using eq 1. The device
shows high responsivity under low excitation power, and we
achieved values of 37, 21, and 18 mA W™ for 535, 405, and 365
nm wavelengths, respectively (see Figure 5d) at 10 mV source-
drain bias voltage (V). This high photoresponsivity of the
device is due to the effective separation of photogenerated
electron—hole pair in the defected graphene surface.”” Now it’s
clear that the defective-GFET device has the capability of
converting the incident photons into electrical signal for broad
spectral wavelength. The photoresponsivity of our device is
very much comparable with the previous reports, see Table 1,
where the FET-based photoresponsivity of the mechanically
exfoliated graphene layers was compared over the UV and
visible region.

The inset in Figure 5d shows the time-dependent photo-
current measurement of the defective-GFET device under UV
(365 nm) and visible (405 and $35 nm) light modulation with
1 V bias voltage, at room temperature, where the V}, is 0 V.
Here the turn-on and turn-off time of the light source was 10 s.
The device showed excellent stability and reproducibility over
UV and visible region see Figure S3 (Supporting Information).
The ratio of Ijg, to Iy increased as the illumination
wavelength, increased, having values of 86, 240, and 320, for
wavelengths of 365, 405, and 535 nm, respectively. The device
showed a fast switching; when the light source was turned on,
the photocurrent reaches its maximum level within 0.9 s and
the decay time of the device is 1 s. These are very much
comparable to the previous reports.”*' The high photo-
responsivity and fast switching time in the defective-GFET
devices suggest that it can be employed for photodetection
applications.

In summary, we report an enhanced, stable, wavelength-
dependent, and gate-tunable photoresponse in graphene by
inducing defects by plasma irradiation. Raman, X-ray photo-
electron spectroscopy, and electrical transport measurement
showed that plasma irradiation imposes p-doping. The effective
separation of photoinduced charge carriers in the defect site
enhances the photoresponse of the defective-GFET device,
except the higher power regions. The device shows high
responsivity under low excitation power, and a maximum
photoresponsivity of 37 mA W' for 535 nm illumination,
which is ~3 times higher than that of the pristine graphene.
Photoinduced molecular desorption under 365 nm UV light
illumination causes the responsivity to 18 mA W' The
photoresponse of the defected graphene could be further
enhanced by controlling the defect density. This study shows
that the tunable photodetector with high responsivity is feasible
by introducing an artificial defect on graphene surface.
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Detailed explanation of the device fabrication and the plasma
irradiation condition (defect generation); atomic force
microscopy (AFM) analysis (surface morphology) of pristine
and defected graphene; time-dependent photocurrent measure-
ment of the defective-GFET device with multiple on/off cycles.
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