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are still being made using mechanical exfoliation technique.

The quality of graphene synthesized using chemical vapor

deposition and epitaxially grown graphene on SiC is getting

better with time. In recent years the ultrasonic assisted exfolia

tion of graphite to get a few layer graphene [13] and chemically

produced reduced graphene oxide (RGO) by reduction of exfoli

ated graphene oxide (GO) [14,15] have been shown to be very

promising routes for low cost large scale production. To realize

RGO based high performance optoelectronic devices, discerning

the effects of disorder and layer misorientation on the conduc

tivity of RGO is an important issue. Terahertz (THz) spectral

regime is of particular interest in case of graphene since it

directly probes the carrier dynamics close to the Dirac point.

THz conductivity using time domain spectroscopy of

chemical vapor deposited and epitaxial grown monolayer

graphene has been previously reported1 [16 19]. Similar mea

surements on reduced graphene oxide network films depos

ited on quartz substrates have also been carried out, which

showed an increase of THz conductivity by reducing graphene

oxide at higher temperatures [20]. Broadband optical absorp

tion measurements from terahertz to visible frequency range

have been used to get information about the number of layers

and carrier density [21 24]. The optical response of back gated

graphene has also been studied from infra red to THz region

[25,26]. All these experimental measurements have shown

Drude like frequency dependence of the conductivity from

THz to mid infrared range. In comparison to Drude conductiv

ity, plasmon related resonant features have been recently

reported in CVD grown monolayer graphene [27]. Zou et al.

[28] have shown a band at�2.7 THz in the conductivity spectra

of twisted bilayer graphene, attributed to the interband transi

tion across the energy gap arising from relative layer rotation

induced van Hove singularity in the density of states. The tun

neling differential conductance measurements do show the

presence of rotation induced van Hove singularities flanking

at different energies, depending on the angle of rotation in

twisted graphene layers [29]. RGO is an interesting system

with graphene like electronic band structure affected by the

presence of large disorder and misorientation in layer stack

ing. Thus the conductivity and carrier relaxation in RGO are

expected to be strongly influenced by the defects and the mod

ified electronic structure. Very recently, the effect of trap den

sity on carrier relaxation pathways in graphene oxide have

been studied in the THz regime showing that the Auger

recombination and trap assisted dynamics play a crucial role

in cooling of the photoexcited carriers [30]. In contrast, tran

sient absorption experiments [31] have shown that optical

phonon emission and trap assisted cooling in RGO may dom

inate. Thus, the issue of non equilibrium carrier dynamics is

still not understood well in RGO.

In this work, we report time resolved terahertz spectros

copy of self supported RGO membrane in the spectral range

of 0.5 3.5 THz, clearly revealing three resonances in the real

and imaginary parts of terahertz conductivity. These have

been assigned to the enhanced density of states due to the

layer rotation induced van Hove singularities at the saddle
1 Kar S., Mohapatra D. R., Freysz E., Sood A. K. Tuning photoinduc
terahertz probe spectroscopy 2014;arXiv:1407.2752
points in electronic dispersion of twisted two graphene layers

in RGO [28]. The electronic part of the complex conductivity

spectra is explained in terms of Drude Smith model incorpo

rating the localization of carriers due to defects. Optical

pump terahertz probe (OPTP) experiments show positive

dynamic conductivity due to the dominance of intraband

scattering processes. After pumping, the hot carriers ther

malize generally within a few tenths of femtoseconds to a

quasi Fermi Dirac distribution with electron temperature Te.

Afterwards, the hot carriers cool down via different scattering

mechanisms like Auger scattering, plasmon emission, optical

phonon emission, acoustic phonon emission etc. We observe

three relaxation times: fast component with time constant of

�450 fs due to emission of optical phonons, a slower

component (� a few ps decay time) due to disorder mediated

carrier acoustic phonon scattering and a very weak and slow

component (�100 ps). The frequency dependence of the

dynamic conductivity is also measured and explained in

terms of Drude Smith model. The fitted parameters lead to

the conclusion that after pump excitation the carriers gain

enough energy to cross the nearby barriers resulting in higher

average momentum relaxation time and provide an

important view of the cooling dynamics of photoexcited

carriers in RGO.
2. Experimental details

2.1. Sample preparation and characterization

Graphene oxide was prepared using simplified Hummer’s

method [15]. Briefly, graphite flakes (2 g) were added to a mix

ture of H2SO4 (110 ml) and H3PO4 (12 ml). After stirring the

mixture for some time KMnO4 (11.1 g) was added slowly, fol

lowed by stirring at room temperature for 3 days and then

adding H2O2 (20 ml). Graphite oxide formed was washed

repeatedly with 1 M HCl and distilled water, until the pH of

the solution was 3 4. The resulting solution was centrifuged

at 10,000 rpm to separate graphene oxide (GO) which was

reduced chemically by two methods to get reduced graphene

oxide: one using hydrazine hydrate (denoted by RGOHZ) and

the other using hydroiodic (HI) acid (denoted by RGOHI). For

hydrazine method [14], GO (50 mg) was dispersed in water

(100 ml) and centrifuged at 3000 rpm for 30 min to remove

any un exfoliated GO. Hydrazine hydrate (30 lL, 64 wt% in

water) and ammonia solution (0.8 ml, 25%) were added to

the above dispersion. The resulting mixture was stirred at

100 �C for 5 h. The solution was centrifuged at 10,000 rpm to

obtain RGOHZ, following by filtering the dispersion of RGOHZ

in DMF (Dimethylformamide) through filter paper assisted

by a vacuum pump. For the HI reduction, the procedure is

as follows [32]: GO (100 mg) was dispersed in acetic acid

(38 ml) followed by addition of the HI (2 ml) and stirring for

40 h at 40�C. This was followed by centrifuging and washing

the product with sodium bi carbonate, de ionized water and

acetone. The average thickness of RGOHZ is �370 nm and

RGOHI is �15 lm.
ed terahertz conductivity in monolayer graphene: Optical pump
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We now estimate the Fermi energy EF by extrapolating fit

ted real part of conductivity to x 0 ðrDC 2:9G0Þ. Since the

RGO membrane consists of randomly stacked graphene lay

ers, we can assume that the carriers are distributed equally

in each layer. As a consequence, the DC conductivity can be

expressed [23] as rDC s vFe2

ph npN
p

, where n is carrier density

in each layer and N is the number of graphene layers. The

approximate number of graphene layers in the RGOHZ mem

brane is N � 370/.356 � 1040. Further, the carrier density n is

related to Fermi energy EF by EF �hvF np
p

. By taking

s 6:7 fs and rDC 2:9G0, we get Fermi energy to be �8 meV.

Now we focus to understand the three resonances

located at m1 � 1:8 THz (7.4 meV), m2 � 2:2 THz (9.0 meV) and

m3 � 2:7 THz (11.0 meV). There are recent theoretical studies

on low frequency (<150 cm 1) phonon modes in layered crys

tals (such as a few layer Bernal stacked graphene and h BN)

associated with the movements of planes perpendicular to

the hexagonal axis (shear modes) and parallel to the hexag

onal axis (compression modes) [39]. Some of these modes

have been observed recently by femto second coherent pho

non spectroscopy [40] and by X ray scattering [41]. The three

resonances observed by us in the RGO membrane, though

very close to the calculated values of the compression

modes for a few layer graphene, may not be associated with

these phonons because the graphene layers in RGO do not

have perfect Bernal stacking, as assumed in the theoretical

calculations [39]. Recently, terahertz conductivity of twisted

bilayer graphene has shown a resonance in real part of

rðxÞ at �2.7 THz [28]. This has been assigned to an enhanced

density of electronic states from the van Hove singularities

(VHS) arising from the two twisted graphene layers. We

make a similar assignment: The RGO membrane is expected

to have graphene layers stacked in turbostratic manner [42].

The rotation between the layers gives rise to Moir�e Pattern

and hence a superlattice on the graphite surface [29]. For

simplicity we consider a graphene bilayer. In Bernal stacking

A1 (B1) atom of layer 1 sits on B2 (A2) atom of layer 2 and B1

(A2) atom is at the middle of layer 2 (1). The condition for

commensurate rotation by an angle h about B2 (A1) to pro

duce Moir�e pattern is given by [29] cosðhjÞ 3j2þ3jþ1=2

3j2þ3jþ1
where j

being an integer. j 0, h 60
�

corresponds to AA stacked

and j!1; h 0
�

corresponds to AB stacked bilayer. The rel

ative rotation of the layers causes a shift between Dirac

points in momentum space by DK 2K sinðh=2Þ with

K 4p=3a0 where a0 2:46 Å. The two Dirac cones intersect

near middle of the superlattice Brillouin zone and hybridize

resulting in saddle point in energy dispersion and VHSs in

the density of states. The hybridized states near zero energy

result from the coupling of the zero energy states of one

layer with states of energy ��hvFDK in other layer with inter

layer hopping amplitude [43], th
? � 0:4t?. It is important to

note that the cases where th
? 0 but h – 0, the VHS do not

appear even though Moir�e patterns can form [29]. For small

angle of rotation the energy difference between the VHSs

is given by DEVHS
8phvF
3a0
j sinðh=2Þ j 2th

?. Thus DEVHS can be

easily tuned by changing the twisting angle, the interlayer

coupling and strain [44]. The rotation induced generation

of VHS is not limited to graphene bilayer but also to multi

layer graphene, provided th
? – 0. The value of th

? is close to

0.1 eV [45]. Taking DEVHS as the three observed resonances,
a consistence choice of the parameters are: j 28, h 1:16
�

and th
? 0.110, 0.109 and 0.108 eV, corresponding to the

observed resonances at 1.8, 2.2 and 2.7 THz, respectively. A

small spread in the value of th
? can arise from the small var

iation in the interlayer spacing.

To see the effect of film thickness and reduction condition,

we have measured the terahertz conductivity of RGOHI. It can

be seen from Fig. 3c that the two electronic resonances occur

at 1.5 and 2.3 THz which are again due to interband transition

across band gap arising from rotation induced generation of

VHS in density of states. The zero frequency conductivity of

RGOHI in unit of S/m is 500 S/m which is similar to 600 S/m

in RGOHZ. The value of the momentum relaxation time s is

98� 1 fs and the parameter C1 0:77� 0:01 which

corroborate the fact that the oxygen functional groups in

RGOHI are less that in RGOHZ [32].
3.2. Optical pump - terahertz probe studies

We now investigate the changes in terahertz conductivity by

optical pump using time resolved optical pump terahertz

probe spectroscopy. To measure the photoinduced THz elec

tric field transmission, we follow the procedure shown in

Fig. 2. The sample is photoexcited with 785 nm (�70 fs

pulses) pump. The gate line is kept fixed at the peak of the

THz electric field (td 0). The pump induced change of the

peak of THz waveform is measured by changing the delay

line tp of optical pump in a way such that the optical pump

reaches the sample earlier than the THz probe. The photoin

duced change in terahertz transmission: DT T (pump on)

T (pump off), is related to photoinduced conductivity Dr by

the relation DT
T �

Z0
2 Dr. Now we will present the results of

RGOHZ. Fig. 4a shows the photoinduced change of conductiv

ity measured at the peak of the terahertz electric field

(td 0) as a function of the delay time between optical pump

and terahertz probe pulses using the pump fluence of

238 l J/cm2. Here the photoconductivity Dr is positive, simi

lar to earlier reports on single layer graphene [22,46]. We

must note that negative Dr has also been observed in graph

ene [16,17,47,48] and tuning of Dr has been addressed in

recent studies1 [16,17,49]. The positive Dr is due to domi

nance of intraband scattering of photoinduced carriers over

the other cooling channel involving secondary hot carrier

generation 1[47]. Dr can be related to corresponding electron

temperature Te by using

Dr rintraðTeÞ rintraðT0Þ;

rintraðTÞ
2G0skBT

�hðx2s2 þ 1Þ ln 2 cosh
EF

2kBT

� �� �
ð3Þ

Here T0 ( 300 K) is the lattice temperature. The value of s is

taken 30 fs obtained from fitting the frequency dependence

of the dynamic conductivity (to be shown later). Fig. 4b shows

the fluence dependence of Tmax
e corresponding to Drmax. The

solid line is a fit to the equation Tmax
e ðT3

0 þ BuÞ1=3 [50,51]

whose origin is in the linear dependence of electronic density

of states on energy as in graphene. The best fit is obtained for

B 6:7� 107 J 1 m2 K3.

We now focus on the cooling dynamics of the hot carriers.

The decay of Dr consists of three components; a fast relaxa
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graphene layers. A control on the relative orientation of the

layers in graphene is important to tune the electronic struc

ture of RGO. Photoexcited dynamics was studied by optical

pump terahertz probe spectroscopy where a positive value

of dynamic photoconductivity is observed that can be

explained by intraband scattering processes. The cooling

dynamics is explained in term of fast cooling involving optical

phonons along with the super collision cooling involving

acoustic phonons and disorder. The fitted parameters of

super collision cooling model are used to estimate the defor

mation potential (�15 eV). We hope that the present study

will help in evaluating the application potential of RGO for

ultrafast opto electronic applications. It will be interesting

to study reduced graphene oxide with systematic quantitative

variation of degree of oxygen functionalities.
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