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Few layer graphene to graphitic films: infrared
photoconductive versus bolometric response†

Narendra Kurra, Venkata Srinu Bhadram, Chandrabhas Narayana
and Giridhar U. Kulkarni*

We report a comparative study of the performance of infrared (IR) photoconductive and bolometric

detectors fabricated from few layer graphene (FLG) to graphitic films obtained by different methods.

FLG films grown directly on insulating substrates with the aid of residual hydrocarbons and

polymethylmethacrylate (PMMA) carbon sources show an IR photoresponse of 73% which is far higher

compared to the FLG films (6–14%) obtained by CVD and Scotch tape methods. The photoconductive

nature of FLG films is due to generation of photoexcited charge carriers. On the other hand, the

photoresponse of the bulk graphitic films is bolometric in nature where the resistance changes are due

to thermal effects. The IR photoresponse from these graphitic films is correlated with the Raman peak

intensities which are very sensitive to the nature of the FLG.
1 Introduction

Graphene, a two-dimensional crystalline allotrope of carbon,
exhibits unique and extra-ordinary electronic,1–3 thermal,4

mechanical5 and optoelectronic properties.6–8 It has been
employed as a transparent conductor in solar cell applica-
tions.9–11 Graphene absorbs over a wide range of electromag-
netic radiation from infrared (IR) to terahertz, due to large
strength of intraband and interband transitions involving the
valence and conduction bands.9,12 Due to high mobility of
charge carriers in graphene, single and also few layer graphene
have been exploited in fabricating ultrafast photodetectors.13 In
addition, phototransistors have been fabricated using graphene
nanoribbons.14 Different studies have demonstrated the origin
of photocurrent generation by studying the role of interfaces
which mainly include single and bilayer regions,15 edge
regions16 and near metallic contacts.17 The photoresponse from
graphene based p–n junctions,18,19 ultrafast hot carrier effects in
graphene, electron–hole separation near the graphene–metal
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contacts and generation of photocurrents have been investi-
gated.20–22 Position dependent photocurrents in the reduced
graphene oxide (RGO) lms have demonstrated the role of
carbon–metal interfaces.23–25 Hybrid structures of Au, ZnO and
PbS quantum dots in combination with graphene have been
fabricated to enhance the performance of phototransistors.26–29

Recently, dual-gated bilayer graphene has been employed to
fabricate a hot-electron bolometer.30 In bolometric response,
the resistance changes are due to thermal effects but not due to
photoexcited holes and electrons.31 Graphene based super-
conducting tunnel junctions showing bolometric response have
been projected in ultrasensitive bolometry and calorimetry
applications useful in elds such as astronomy and quantum
information.32,33 In general, photoconductive and bolometric
responses are dependent on the material properties such as
absorption coefficient, thermal conductivity along with the
nature of the material–electrode interface.

Graphene for such purposes is usually obtained via
mechanical exfoliation,13 epitaxially grown lms,34 chemical
vapor deposited graphene26 and reduced graphene oxide
lms.23–25 However, there is no systematic study on the photo-
response behavior of the graphene obtained by various methods
and also relative to the bulk graphite. Here, in this study, we
report the IR photoconductive and bolometric responses from
the FLG and bulk graphite. We have grown FLG lms directly on
insulating substrates (quartz, SiO2) by annealing sacricial Ni
thin lms in the ambience of residual hydrocarbons in a
vacuum chamber. Thus the obtained FLG lms showed a
maximum photoresponse of 73%. The IR photoresponses of the
FLG lms obtained from PMMA as a carbon source and also the
transferred FLG lms (CVD grown graphene and from
mechanical exfoliation) have been compared. The IR response
Nanoscale, 2013, 5, 381–389 | 381
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of the bulk graphitic lms, on the other hand, was bolometric in
nature where the change in the resistance is due to the thermal
effects. Thus, by controlling the thickness and crystallite size of
the graphene layers, one can tune the IR photoresponse from
the photoconductive to bolometric regime.
2 Results and discussion

Fig. 1(a) illustrates the growth of few layer graphene (FLG) on an
insulating SiO2 substrate with the aid of residual hydrocarbons
abundant in the vacuum chamber. The vacuum chamber used
in this study is pumped by an oil-based diffusion pump (at a
base pressure of 10�5 Torr) which is backed by a rotary pump.
These pumps liberate volatile hydrocarbon species into the
vacuum chamber which get adsorbed onto the substrate
surface. Following vacuum annealing of the SiO2/Si substrates
at 1050 �C covered with thin Ni lm (thickness, 30 nm) depos-
ited by physical vapor deposition, the adsorbed hydrocarbon
species transformed into crystallites of graphene as evidenced
from Raman analysis (see Fig. 1(b) and S1, ESI†). The Raman
spectrum showed characteristic G and 2D bands at 1585 and
2690 cm�1 respectively (see Fig. S1, ESI†). Thus, Ni acts as a
catalyst layer to induce the growth of crystalline sp2 carbon from
the volatile residual hydrocarbons present in the vacuum
chamber.35–37 The Raman spectrum of the graphitic deposits
obtained aer etching away the Ni layer consists of D
(1350 cm�1) and G (1585 cm�1) bands (spectrum 1, Fig. 1(b))
with line widths of 85 and 40 cm�1 respectively (ID/IG ratio of
�0.50). The 2D band appeared as a single peak (position �
2690 cm�1) with a line width of 70 cm�1. The IG/I2D ratio was
found to be 1.5–2, indicating that the obtained graphene is of
few layers.38 Due to high solubility of carbon in Ni at the
annealing temperature, the carbon atoms can diffuse through
the Ni lattice and precipitate as graphene on the bottom SiO2

surface (see the schematic in Fig. 1(a)).39,40 Without the Ni
Fig. 1 (a) Schematic illustration of direct growth of FLG on SiO2/Si over large are
precipitated FLG and amorphous carbon fromNi (spectrum 1) and SiO2 (spectrum 2)
(c) AFM topography of the FLG features on the SiO2 surface.

382 | Nanoscale, 2013, 5, 381–389
overlayer, the carbon species hardly undergoes a change. The
spectrum recorded from the SiO2 region (without Ni layer)
consists of only broad D and G bands with the 2D band being
absent, indicating the amorphous nature of carbon unlike that
from the Ni etched region (see spectrum 2, Fig. 1(b) and the
optical micrograph in the inset).41,42 AFM topography in Fig. 1(c)
shows interconnected graphene features along with some
residual Ni crystallites, which could not get etched away;
perhaps they have passivated with the graphene layers.

The AFM topography along with the z-proles for the FLG
and graphitic samples are shown in Fig. S2.† The typical
thickness of FLG samples is in the range of 1–3 nm and the bulk
graphitic samples of 0.6 and 18 mm are used for the photo-
response studies. The mobility values of the FLG samples are
obtained from the eld effect transistor (FET) measurements in
which we have used SiO2 (300 nm) as a bottom gate dielectric.
All the FLG samples showed p-type behavior and hole mobilities
are in the range of 550 to 8 cm2 V�1 s�1 (see Fig. S3†). The p-type
doping is due to unintentional doping by the ambient water and
oxygen molecules supported by the bottom SiO2 surface. The
defects present in the FLG may also support the adsorption of
water molecules leading to the p-type behavior.39,40,43

The photoresponse behavior of FLG derived from residual
hydrocarbons (RHC–FLG) has been examined under the IR
source (Fig. 2). From the I–V characteristics shown in Fig. 2(a), we
see that the current in the circuit increases under IR illumination
(red curve) relative to that obtained without illumination (black
curve). This can be attributed to the generation of photoexcited
charge carriers resulting in the enhanced photocurrent. When
monitored with time (Fig. 2(b)), the base resistance was found to
decrease from �30 to 9 kU within �70 s under the IR beam
(power, 20 mW cm�2). The reduction in the resistance value is
mainly due to the generation of photoexcited charge carriers and
not due to photocurrent. The latter, which arises due to excita-
tion of charge carriers near the metal–graphene interface and
a using residual hydrocarbons in the vacuum chamber. (b) Raman spectra of the
regions respectively. The inset shows the optical micrograph of Ni and SiO2 regions.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 (a) Two probe I–V characteristics of the FLG films (derived from the residual hydrocarbons) in the dark (black curve) and illuminated by an IR laser (1064 nm) (red
curve). (b) Plot showing the photoresponse behavior towards the IR beam. (c) Few cycles of response, and (d) the response with varying IR beam energies. The inset
shows a plot of change in resistance versus laser beam energy. “On” is indicated with green circles which indicate the time when the IR beam is turned on and at that
moment the resistance starts decreasing. “Off” is indicated with red circles, pointing the time when the IR beam was turned off.
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their separation by the built-in electric eld or local thermal
elds, is typically of the order of nanoamperes. The dependence
of resistance on photoexcited carrier density is given as DR ¼
(L/W)(1/em)(1/Dn), whereDR is the change in the resistance due to
IR illumination, L and W are length and widths of the FLG, e is
the electron charge, m is the mobility and Dn is the change in the
charge carrier concentration due to IR illumination. Aer
substituting the values, we have seen a change in the carrier
concentration of 3.7� 1013 cm�2 for a given change of resistance
of 21 kU in the FLG sample (equilibrium charge carrier
concentration � 2.6 � 1013 cm�2 at room temperature). The
resistance increased to nearly its original value from themoment
the IR beam was turned off (see Fig. 2(b)). The photoresponse
estimated based on the resistance values is 73%, which qualies
RHC–FLG as an IR detector (see Fig. S4, ESI†). It may be noted
that the photoresponse is lower than that from the graphene thin
lms derived from RGO.24 In the present study, the typical
thickness of FLG is of the order of 1–3 nm (see Fig. S2†), i.e., �4
orders of magnitude less, compared to that in ref. 24, and
correspondingly, its IR absorption is also less. The observed large
photocurrent responses up to 1800% (in ref. 24) at the metal–
RGO interface have been attributed to the built-in electric elds
and optically generated temperature gradients. The photo-
response has increased from 150% to 1800% with increasing
laser power of 40 to 335 mW respectively.24 Ghosh et al. have
explained the enhanced photocurrents up to 193% for the
This journal is ª The Royal Society of Chemistry 2013
reduced graphene oxide lms (0.6 mm thick) using a Schottky
barrier model.25 Thus, the magnitude of photoresponse depends
on the thickness of the graphene layers, graphene–metal inter-
faces and the laser power.24,25

The time constants for the growth and decay of the photo-
current induced by the IR laser beam were calculated aer
tting with exponential functions (see Fig. S5, ESI†) and they
were found to be 41 and 50 seconds respectively. The time
response is much slower for our graphene lms as compared
with the crystalline graphene where the time response is of the
order of picoseconds.13 The slower response times can be
attributed to the presence of disorder and interfaces in
the graphene lms. The scattering of the charge carriers by the
traps and boundaries can lead to a slower response. The
stability of the circuit has been tested by turning the IR laser
source on and off repeatedly for four cycles (Fig. 2(c)). Accord-
ingly, the changes in resistance were consistent in each cycle.
There is a gradual decrease in the resistance with increasing the
laser power from 10 to 40 mW cm�2 (Fig. 2(d)). The change in
the resistance is slightly non-linear (see the inset in Fig. 2(d)). In
this study, we have used a shadow mask technique for the
deposition of the electrodes which is a ‘clean’ method unlike
photolithography and electron beam lithography, which leave
residues of resists behind and may inuence the optoelectronic
properties of FLG. The IR photoresponse of the RHC–FLG
deposited on the quartz and sapphire substrates is shown in
Nanoscale, 2013, 5, 381–389 | 383
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Fig. 3 (a) Raman spectrum of the FLG derived from PMMA (FLG–PMMA), and
the inset shows the AFM topography of the PMMA–FLG film on the SiO2/Si
surface. (b and c) IR photoresponse of two different circuits of PMMA–FLG. The
inset is the optical micrograph of the circuit with Au contact pads.
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Fig. S6, ESI.† The varied photoresponse of RHC–FLG lms can
be attributed to the number of defects which is tunable through
annealing temperature and annealing time.

In order to examine the photoresponse behavior of the FLG
obtained by other methods, we chose PMMA as a solid carbon
source, which was transformed into FLG by thermal treatment
in the presence of the Ni catalyst layer (see Experimental section
for details). The Raman spectrum recorded aer washing away
the Ni catalyst layer (Fig. 3(a)) showed D, G and 2D bands at
�1350, 1587 and 2678 cm�1 respectively with ID/IG and IG/I2D
ratios of 0.5 and 2.5, respectively. The AFM topography of
PMMA–FLG shows graphene sheets interconnected with each
other over a large area (see the inset in Fig. 3(a)), similar to that
observed with RHC–FLG (Fig. 1(c)).36,37 The PMMA–FLG lm
with a base resistance of 2.16 kU showed a photoresponse of
21% and the temporal behavior is shown for four cycles (see
Fig. 3(b)). Similarly, the photoresponse of 16% was observed for
the PMMA–FLG lm with a base resistance of 1.75 kU (see
Fig. 3(c)). It appears that the PMMA–FLG lms are more
conductive than the RHC–FLG lms but the former exhibited
lower photoresponse as compared to the latter.

The IR photoresponse properties of the FLG obtained by
CVD and Scotch tape methods are illustrated in Fig. 4. We
observed a decrease in the resistance aer illuminating with the
IR laser beam from 276 to 236 U corresponding to a photo-
response of 14% (see Fig. 4(a)). This value is comparable to that
obtained with the PMMA–FLG lms (see Fig. 3). The temporal
IR photoresponse of the CVD-graphene is shown in Fig. 4(b) for
a few cycles. It is observed that the nal resistance value (Rf)
does not return to the original base resistance (Rb) aer turning
off the IR beam which may be due to non-equilibration of
photoexcited charge carriers. Another FLG circuit was made
from the FLG ribbon obtained by a Scotch tape technique which
is also exhibiting a photoconductive response. The resistance of
the FLG ribbon is changing from 1.54 to 1.44 kU aer turning
on the IR beam, and the IR response was only 6% (see Fig. 4(c)
and (d)). The nal resistance value (Rf) is found to be higher
than the original base resistance (Rb) aer turning off the IR
beam which is due to the heating effect.

Fig. 5 shows the IR photoresponse from the bulk graphitic
lms. The base resistance of the sample is found to be 15.8 U

which is increased up to 18.2 U aer illuminating with the IR
beam (see Fig. 5(a)). The increase in the resistance should be
due to thermal energy imparted to the carbon lattice upon
illuminating with the IR beam. A similar photoresponse
behavior is observed for the carbon bre which is also graphitic
(many layers) in nature (see Fig. 5(b)). The photoresponses are
found to be 12 and 10% for bulk graphite and carbon bre
samples respectively. The time constants for the rise and fall of
the resistance for the graphite sample are found to be �21 and
�31 seconds respectively (see Fig. S7†). The response time is
found to be rather high compared to that observed in sus-
pended SWNT lms which is of the order of 50 ms.31 Typically,
the response time of a bolometer is limited by the ratio, s ¼ C/G
where C is the heat capacity and G is the thermal conductance.
It is obvious that the low thermal conductance and low heat
capacity can minimize the response time. In the present study,
384 | Nanoscale, 2013, 5, 381–389
the response was measured under ambient conditions giving
rise to a high value of the response time. In the case of bulk
graphite, the photoexcited charge carriers recombine in an
ultra-fast (time scale of pico to femto seconds) manner which is
This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 (a and b) IR photoresponse of the FLG transferred onto the SiO2 surface (CVD grown graphene film on the Ni surface). The inset shows the optical micrograph of
FLG between two Au contact pads. (c and d) IR photoresponse of the FLG obtained by a Scotch tape method. The inset shows the optical micrograph of the circuit
containing FLG across 6 mm Au contact pads.

Fig. 5 (a) Temporal photoresponse from the bulk graphite which is bolometric in nature with %R �12%. The inset shows the optical micrograph of the HOPG piece
between two Au contact pads. (b) The IR photoresponse from carbon fibre, cycles showing the increase and decrease in the resistance with respect to turning on and off
of the IR beam (%R ¼ 10%). Optical micrograph shows the carbon fibre circuit between Au contacts.
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a non-radiative decay producing heat in the graphite lattice.
Thus, the absorbed IR radiation has transformed into heat
leading to the temperature rise in the graphite lattice. The
change in the resistance can be equated with the temperature
change as, DR ¼ (dR/dT)DT, where the temperature coefficient
of resistance (dR/dT) from Fig. 7(b) is estimated to be 0.0165 U

K�1 and DR � 2.45 U is found from Fig. 5(a). Substituting these
values in the above equation, DT is found to be �150 �C
(laser power of 20 mW cm�2). This way, the bolometric response
can be linked to the temperature dependent resistance
variation.
This journal is ª The Royal Society of Chemistry 2013
In graphitic carbon, IR radiation causes intraband transi-
tions as well as lattice heating, which in terms of electrical
transport have opposite effects. Under an applied bias, the
intraband transitions lead to photogenerated carriers which in
turn increase the conductance while heating induced by the
radiation increases the local temperature and hence the
resistance due to a reduced mean free path of charge carriers
(bolometric effect). The relative inuence of these two effects
on electrical transport depends on the ‘thickness’ of the
graphitic carbon and accordingly, the IR response can be
positive or negative. As the Raman intensities may be taken to
Nanoscale, 2013, 5, 381–389 | 385
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determine the ‘thickness’ and the nature of the carbon, the IR
response from the various samples studied may be correlated
with the I2D/IG and ID/IG ratios as shown in the plot of Fig. 6. In
the case of bulk graphitic samples (HOPG and C-bre), whose
I2D/IG ratio is found to be �0.31 (see circles 1 and 2, Fig. 6(a)),
the IR response is bolometric (negative) in nature (%R, 10–
12%). Clearly, the thermal effects overcome the photoexcita-
tion events due to high IR absorbance of the bulk graphitic
species. Those from the CVD and the Scotch tape methods
exhibit a similar but positive response (%R, 6–14%) as the I2D/
IG value increases (see circles 3 and 4, Fig. 6(a)), typical of
FLGs. The IR response remains nearly steady for the FLGs
derived from PMMA although the I2D/IG value is relatively
higher (up to 0.39). In this ‘thickness’ regime, the two
opposing effects seem to balance each other! As I2D/IG further
increases as in the case of FLGs from residual hydrocarbons
Fig. 7 Temperature dependent resistance of RHC–FLG (a) and HOPG (b) with ne
Photoresponse of the RHC–FLG and HOPG samples with the temperature respectiv

Fig. 6 (a and b) IR photoresponse of the FLG and graphitic films with respect to I2D/
(1, 2-bulk graphite; 3, 4 – transferred graphene by Scotch tape and CVD; 5, 6 – PM

386 | Nanoscale, 2013, 5, 381–389
(circles 7 and 8, Fig. 6(a)), the photoconductive nature takes
over the bolometric behavior resulting in higher IR response
(21% to 73%). Besides the number of layers, the presence of
defects in the graphitic lms can also inuence the photo-
response (Fig. 6(b)). A defect is essentially a scattering center
contributing to increased electrical resistance. It is possible
that the IR absorption can thermally activate the charge
carriers to overcome the defect barriers giving rise to a higher
photoresponse. Thus, the presence of defects, in a way, diverts
part of the thermal energy away from the bolometric process to
photocurrent. The variation of %R with ID/IG (Fig. 6(b)) is
therefore quite striking and supports this view. It is note-
worthy that the FLG with in-built defects is more like a self-
doped system in contrast to graphene doped externally by
metal or semiconductor nanoparticles in order to tune its
photoresponse properties.26–29
gative and positive temperature coefficients of resistance respectively. (c and d)
ely.

IG and ID/IG ratios respectively. Circles represent different FLG and graphitic samples
MA–FLG; 7, 8 – RHC–FLG).

This journal is ª The Royal Society of Chemistry 2013
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Based on the observed photoresponse from FLG and
graphitic samples, photoconductive and bolometric behaviours
can be explained using a schematic band level diagram shown
in Fig. S8, ESI.† The FLG obtained by Scotch tape and CVD
methods is shown to have a lower number of localised defect
states and accordingly, the change in the current (occupancy
above EF) is not signicantly different aer IR irradiation
(Fig. S8(a), ESI†). This is closer to being a bolometric than a
photoconductive system. The extreme case is bulk graphite
which exhibits only bolometric behaviour. The RHC–FLG, on
the other hand (Fig. S8(b), ESI†) may be represented by a dis-
cretised band diagram endowed with a large number of local-
ised defect states. In this scenario, the current is less due to
limited number of charge carriers. While the nature of conver-
sion from photon to current is unclear,27 it is likely that the
defects aid the dissociation of excitons (produced by IR irradi-
ation) into free carriers which can cross the defect potential
barrier due to thermal energy leading to enhanced photocon-
ductive response.25 In order to gain further insight into the
interplay between charge trapping and recombination
processes, we have carried out measurements on temperature
dependent resistance variation, with and without IR illumina-
tion (see Fig. 7). The RHC–FLG showed a decrease in the
resistance with temperature (negative dR/dT) and the HOPG
sample showed an opposite behavior (positive dR/dT) (see
Fig. 7(a) and (b)). Interestingly, the photoresponse (DR/R(300 K))
is found to vary nearly linear with the temperature and higher
photoresponse is observed at lower temperatures (compare %R
� 50% at 100 K with %R � 10% at 400 K in Fig. 7(c)). It is clear
that the recombination rates are higher at higher temperatures
leading to the diminished photoresponse. But at lower
temperatures due to low recombination rates and enhanced
trapping, the photoresponse is higher.44,45 A similar kind of
temperature dependent photoconductive effects was observed
in the case of disordered carbon aerogel systems.46 The bolo-
metric response showed weak temperature dependence as
shown in Fig. 7(d) with a variation of 3% in the temperature
range of 80–470 K. This could be attributed to the small change
in the resistance with temperature [R(80 K)/R(470 K) ¼ 0.86].31

Photoconductive effects in a given system are guided by the
interplay between trapping and recombination centers. Defect
levels in a system can either act as trapping sites which assist
the excitation of the electron into the conduction band or as
recombination sites for the holes as it is easier to capture the
electron into these levels and release the hole into the valence
band. Trapping is a one step process whereas recombination is
a two-step process. Trapping centers increase the photo-
response while the recombination centers decrease the
photoresponse.

The mutual cooperation of trapping and recombination
centers and their inuence on the carrier mobility (lifetime)
depends on the wavelength and intensity of illumination as well
as on the temperature. The carrier recombination at the defect
sites plays a dominant role in determining the carrier transport
mechanism at different temperatures. Thus, the temperature
dependent photoconductive effects are quite complicated to
understand. A modeling of the temperature dependent
This journal is ª The Royal Society of Chemistry 2013
photoconductive effects may deserve a separate study requiring
information about the temperature dependent mobility of the
charge carriers which are inuenced by the trapping and the
recombination centers in order to correlate with the observed
photoresponse.44,45
3 Conclusions

We have compared the IR photoresponse of FLG and bulk
graphitic lms obtained by different methods. FLG lms
obtained through a residual hydrocarbon source exhibited
photoconductive response up to 73% due to generation of
photoexcited charge carriers aer illuminating with the IR
beam. The FLG lms obtained by CVD and Scotch tape methods
showed a typical photoresponse of 6–12%. On the other hand,
the photoresponse of the bulk graphitic lms is bolometric in
nature where the resistance changes are due to thermal effects.
Thus, by controlling the thickness and defects of the graphitic
lms, it is possible to fabricate IR based photoconductive and
bolometric detectors. The Raman results clearly elucidate the
role of defects in the tunability of the IR response of the FLGs.
4 Experimental section

SiO2 (300 nm)/Si substrates were cleaned by sonicating in
acetone and isopropanol followed by a rinse in double distilled
water for 2 minutes. A Ni catalyst layer (30 nm) was deposited
onto SiO2/Si substrates by physical vapor deposition (PVD) at a
chamber pressure of 6 � 10�6 Torr. At this vacuum, the
substrate surface gets covered with adsorbed residual hydro-
carbons (1 monolayer) within one second.46 Vacuum annealing
(P ¼ 2 � 10�5 Torr) was carried out in the range of 950–1050 �C
for 15 minutes. The steps involved in the formation of graphene
lms from the residual hydrocarbons are shown in Fig. 1(a). For
the sake of comparison, other sources of graphene were also
tried out. A 2 wt% of PMMA (molecular weight � 996 kDa) was
spin coated onto the SiO2 surface at a spin speed of 5000 rpm for
60 s to form a thin lm (20 nm). It was subjected to similar heat
treatment as done for the residual hydrocarbons resulted in the
formation of FLG. This is similar to the formation of FLG from
the solid carbon sources. In another experiment, a CVD grown
graphene on Ni (Graphene Supermarket, Germany) was trans-
ferred onto the SiO2 surface by an electrochemical delamination
method.47 Mechanically peeled graphene from HOPG (NT-MDT,
mosaic spread �0.8�) using the Scotch tape technique also
served as a source of FLG in another experiment. The Scotch
tape containing akes of graphene was stamped against a SiO2/
Si surface followed by cleaning in hot acetone.2 Raman spectra
were recorded at different stages on various graphene samples
in the backscattering geometry using a 532 nm excitation from a
diode pumped frequency doubled Nd:YAG solid state laser
(model GDLM-5015L, Photop Swutech, China) and a custom-
built Raman spectrometer equipped with a SPEX TRIAX 550
monochromator and a liquid nitrogen cooled CCD detector
(Spectrum One with CCD3000 controller, ISA Jobin Yvon).48

AFM imaging was done on a diInnova SPM (Veeco, USA) using Si
probes (model, RTESPA, spring constant 40 N m�1) in tapping
Nanoscale, 2013, 5, 381–389 | 387
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mode. The samples of graphene have also been examined under
an optical microscope (Laben, India). A 60 nm thick Au lm was
deposited onto the SiO2/Si substrate by PVD (Hind Hivac, Ban-
galore) while using a carbon ber (diameter, 6 mm) as a shadow
mask which dened the two contact electrodes for the graphene
sample produced from the residual hydrocarbons. For photo-
response measurements, a Nd:YAG laser with a wavelength of
1064 nm (Quanta-Ray GCR-170, Spectra-Physics, USA) was used
as an IR source with a maximum power output of 50 mW cm�2.
The resistance before and aer illuminating with the IR laser
was monitored using a digital multimeter (TestLink, India) with
computer control. The resistance measurements are done by
applying a constant bias of 10 mV. All our measurements have
been carried out maintaining similar device congurations.
Transistor characteristics were recorded using a Keithley-4200
semiconductor characterization system at room temperature.
Temperature dependent resistance measurements were done
using a cooling/heating stage (Linkam THMS 600) equipped
with a temperature controller (Linkam TMS 94) interfaced with
the Keithley 236 source and measure unit.
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