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Electronic properties of graphene have been studied more extensively than its photonic applications,
in spite of its exciting optical properties. Recent results on solar cells, light emitting diodes and
photodetectors show its true potential in photonics and optoelectronics. Here, we have explored the
use of reduced graphene oxide as a candidate for solution processed ultraviolet photodetectors. UV
detection is demonstrated by reduced graphene oxide in terms of time resolved photocurrent as well
as photoresponse. The responsivity of the detectors is found to be 0.12 A/W with an external
quantum efficiency of 40%. © 2011 American Institute of Physics. [doi:10.1063/1.3640222]

Graphene is a two-dimensional material composed of
layers of carbon atoms forming six membered rings. Its high
Fermi velocity with linear energy dispersion relation and an
extremely high electrical mobility make it an important ma-
terial for future technologies.'”” These unusual electronic
properties of graphene sheets have attracted much attention
during the past few years.® '3 In addition, it remarkably
absorbs ~2% of incident light over a broad wavelength
range.'™ The electronic structure and properties of multi-
layer graphene depends on the number of layers. Moreover,
multilayers absorb additively above ~0.5 eV, thereby result-
ing in strong graphene light interaction. Single or few layer
graphenes possessing large areas have already been used as
photodetectors.**'® Currently, high quality graphene sheets
are mostly produced by mechanical exfoliation. However,
lower yield of this approach to produce high quality gra-
phene and complications in device applications inhibit their
applications in optoelectronics.'* In addition, large scale syn-
thesis of graphene sheets is also advantageous for their appli-
cations in mechanically robust composites,'>'® transparent
and electrically conductive films."” Therefore, considerable
amount of interest has been triggered in few-layer graphenes.
To address this, graphene oxide (GO) has emerged as a cost
effective precursor for bulk production of graphene based
materials, wherein the basal plane carbon atoms are deco-
rated with epoxide and hydroxyl groups and the edge atoms
bear carbonyl and carboxyl groups.'®2° These functional
groups impart hydrophilic character by reducing the inter-
plane forces, ultimately helping in complete exfoliation of
single GO layers in aqueous media. A large portion of oxy-
gen containing functional groups can be removed by the
strong chemical reducing agent hydrazine upon deoxygena-
tion of GO.>'*> Moreover, optoelectronic properties of GO
can be tuned by controlled reduction through chemical or
thermal processes. Solution processed thin films of GO pro-
vide ease of fabrication at relatively lower costs with me-
chanical flexibility and their compatibility with various
substrates make them suitable for large area device applica-
tions. Although, in comparison to graphene, fully reduced
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sheets have less room temperature conductivity and carrier
mobility, but their solution processability over large areas
offers new direction in flexible optoelectronics. In this
report, we present the chemically reduced graphene oxide as
a suitable candidate for solution processed UV detector. The
devices were fabricated by simply dropcasting the reduced
graphene oxide (RGO) suspension over glass ultimately pav-
ing the path for cost effective optoelectronic devices.
Reduced graphene oxide sheets dispersible in N,N-dime-
thylformamide (DMF) were synthesised by using the method
of Park et al.** Briefly, graphene oxide suspension was pro-
duced by sonicating GO followed by the addition of DMF to
produce a quite stable light-brown suspension of graphene
oxide sheets. Consequently, these sheets were chemically
reduced by using hydrazine monohydrate for 12 h at 80°C,
resulting in a homogeneous black suspension. Raman spectra
were recorded with LabRAM HR high resolution Raman spec-
trometer (Horiba Jobin Yvon) using a He—Ne laser (632.8 nm).
TEM images were obtained with a JEOL JEM 3010 instru-
ment. Atomic force microscopy (AFM) measurements were
performed using a NanoMan instrument. The devices were
fabricated by drop casting RGO suspension on pre-cleaned
soda lime glass, and the film was dried in vacuum overnight to
remove the residual solvent. The electrodes were formed by
taking two contacts using silver paste. The separation between
the two electrodes was 2 mm and the effective area of the de-
vice was ~4 mm?. Electrical measurements and photoresponse
were measured in air using a Keithley 6430 meter. I-V

0o Height Sensor 25um
FIG. 1. (Color online) (a) TEM image of reduced graphene oxide and the

corresponding ED pattern (shown as an inset). An AFM image is shown in
(b) with the height profile as the inset.
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FIG. 2. (Color online) (a) The /-V characteristic of the device (in dark) and
the device structure is shown as an inset.

characteristics of the devices were measured in dark and under
UV illumination. The UV source consists of a hand held lamp
with wavelength of 360 nm with intensity 0.3 mW/cm?.

Fig. 1(a) shows the TEM image of reduced graphene ox-
ide and the corresponding electron diffraction (ED) pattern
(shown as inset). The ED pattern establishes the presence of
hexagonal six-fold symmetry in the sample. The Raman
spectrum shows the characteristic D (1320 em ) and G
bands (1590 cm ™). The 2D-band is absent as reported in the
literature. The RGO sample used in the present investigation
consists of 1-2 layers as it is evident from the AFM image
and corresponding height profile (Fig. 1(b)). Fig. 2 shows the
I-V characteristic of the device (in dark) and the device struc-
ture is shown as an inset. Fig. 3(a) represents the photo-
response for one of the device where the photocurrent is
plotted as a function of time with and without UV on the de-
tector. The photocurrent was measured under a bias voltage
Vyias =1 V. Fig. 3(b) represents the photo-response for one
of the device with and without UV on the detector before sat-
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uration. In Fig. 3(c), we show the typical /-V characteristics
in the dark (squares) and under UV illumination (circles) of
the device at 360 nm with 0.3 mW/cm?. The UV source was
turned on and off to demonstrate the reproducibility of the
data with time confirming that the device behaves well under
continuous cycling as shown in Fig. 3(d).

Now, we will discuss the mechanism of UV detection in
RGO. When the RGO is irradiated with the light, hole and
electron pairs are generated.””>’ These pairs get separated
on the application of an electric field and a photocurrent is
generated. As a result, a net increase in current occurs in
RGO, leading to detector action. The current start decreasing
immediately after switching ON the UV and after sometime,
it gets saturated and then started increasing as shown in Fig.
3(a). To investigate this effect further in detail, we have
swithched on and off the UV light before saturation regime.
We observe that the current starts decreasing immediately af-
ter switching on UV and reaches its original value after
switching off the UV as shown in Fig. 3(b). This can be
explained by the fact that the electron trapping of C=0
groups in RGO increases at their excited states induced by
light radiation.”® Therefore, electron carriers of RGO are
largely trapped by oxygenous groups under light radiation,
resulting in a decrease of current. Henceforth, the photogen-
erated electrons are responsible for the increase in current.
Thus, the competition between electron trapping by C=0
groups and electron photogeneration under light radiation is
responsible for the observed behaviour.

Responsivity (R;), the ratio of photocurrent generated
to the intensity of the incident light on the effective area of
a photoconductor,29 and the external quantum efficiency
(EQE), defined as the number of electrons detected per inci-
dent photon, are two important parameters for the photocon-
ductors. The higher values of R; and EQE correspond to high
sensitivity. The R; and EQE were calculated as R; =1,/(P, S)
(Refs. 30 and 31) and EQE = hcR ;/(el),’>** where, I, repre-
sents the photocurrent (Lijjumination — ldark), P; 1S the light
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FIG. 4. (Color online) (a) and (b) shows
the time response of photocurrent
growth and decay for RGO in response
to turn on and turn-off of the UV illumi-
nation. The open circles are the experi-
mental points and the solid lines are a fit
to the equations.
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intensity, S is the effective device area under illumination,
and /1 is the exciting wavelength. From our experimental
results, R; and EQE of RGO are 0.12 A/W and 40%, respec-
tively, for an incident wavelength of 360 nm at 1 V. Thus,
these results confirm that RGO is a promising candidate for
high-speed nanoscale photodetectors and photoelectronic
switches with high selectivity and sensitivity.

It is also worth mentioning about response time, an im-
portant factor for photodetectors. Figs. 4(a) and 4(b) show
the time response of photocurrent growth and decay for
RGO in response to turn on and turn-off of the UV illumina-
tion. The photoresponse of our device under UV source can
be well described by, Refs. 13 and 34, I(t) =14« +A {exp
(t/7)} and I(t) = Lgac+ A {exp (—t/7)} for growth and decay,
respectively, where 7 is the time constant, I, is the dark
current, and A is the constant. The open circles are the exper-
imental points and the solid lines are a fit to the above equa-
tions. Time constants for growth and decay were estimated
to be 30 min and 35 min, respectively. The devices exhibit
slow response and recovery times which can be attributed to
the competition between electron trapping by C=0 groups
and electron photogeneration in contrary to conventional
metal oxide UV detectors, where UV detection is mainly due
to the photogeneration of the carriers where the band gap of
active material matches exactly with the energy of the inci-
dent radiation, ultimately giving rise to fast response and re-
covery times. Reproducibility of all results reported here was
established by fabricating devices using RGO from different
synthesis batches. The devices show no degradation in per-
formance under ambient conditions for over 5 months.

In conclusion, we have demonstrated UV sensing prop-
erties of chemically reduced graphene oxide using simple
drop cast method. The photodetecting responsivity is found
to be 0.12 A/W with an external quantum efficiency of 40%.
The competition between electron trapping by C=0 groups
and electron photogeneration under light radiation is respon-
sible for the observed behaviour.

The authors acknowledge Barun Das for assistance in
preparing RGO.
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