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Dielectric screening of excitons in monolayer Graphene 
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Excitonic transitions in graphene monolayers embedded in different dielectric environment have been investigated 

using combined absorption and transmission spectroscopy. To vary the dielectric environment, graphene monolayer has 

been exfoliated in liquid medium. It has been shown that exciton binding energy decreases with increase in dielectric 

constant of exfoliating solvents due to screening of electron-electron and electron-hole interactions in graphene. The 

typical line shape of excitonic peak in absorption spectra is explained by Fano resonance between excitonic state and band 

continuum. Further it has been shown that, there exists a scaling relation between the dielectric constant of liquid and the 

exciton binding energy. 

Introduction 

Two dimensional (2D) materials such as graphene, have not only 

revealed a cornucopia of new physics, but also hold the potential to 

play a fundamental role in the future of nanoelectronic, 

optoelectronic and novel ultrathin, ultraflexible devices.
1-3

 Many 

body interactions, such as excitonic effects (electron-hole 

interactions) are expected to play a significant role for 2D materials 

such as graphene, due to both the intrinsic enhancement of the 

importance of Coulomb interactions in 2D materials, as well as their 

reduced screening.
4-5 

Compared with resonant excitons, bound 

electron-hole pairs are of peculiar interest because of their well-

defined binding energy and much longer life time. Excitonic 

transitions in graphene occur at saddle point (M) of the Brillouin 

zone,
6 

as shown in Fig. 1a. In contrast to excitonic transitions in 

other 2D systems, the line shape of excitonic peaks in graphene is 

asymmetric due to Fano resonances,
6-7

 which results many body 

coupling between discrete excitonic state and the continuum states 

in the band descending from the saddle point. Further, there is a 

large scatter in the experimentally observed excitonic transition 

energy values reported in literature for samples prepared under 

different conditions, ranging from 4.5 eV for free standing 

graphene
6
 to 4.96 eV for graphene on conducting substrates.

8
 First 

principles calculations also predict excitonic peak positions varying 

from 4.1 eV to 5.2 eV depending on the strength of electron-

electron (e-e) and electron-hole (e-h) interaction. 
4,9,10

 While the 

general features of excitonic transitions in graphene have been 

explored in some detail, the role of the dielectric environment, and 

associated screening effects have not been explored. 

The investigation of exciton dielectric screening effects is non-

trivial primarily due to the difficulties associated with discerning 

background screening effects. Incase of graphene, interaction 

effects are generally scaled by the fine structure constant, defined 

as the ratio of the average inter-electron coulomb interaction 

energy to the kinetic energy. Under Galilean invariance, the 

effective fine structure constant (αG) which scales the strength of 

Coulomb interactions, is given by αG = (n0/n)
1/2

, where n0 = 

m
*
e

2
/εħ

2
.
11

 This implies that under Galilean invariance and within 

the framework of Fermi liquid description, the relative strength of 

many body effects in graphene is entirely controlled by the electron 

density. However, in monolayer graphene, due to the linear energy 

dispersion, the electrons at the Fermi energy are described in terms 

of an effective Lorentz invariant theory, wherein the fine structure 

constant (αL) given by, αL = e
2
/ɛhvF, is independent of electron 

density and depends only on the material properties (vF) and the 

dielectric environment (ε).
11-12

 While it is unclear at this stage, 

which description should be used to describe the properties of 

graphene.
5, 11-14 

One way to avoid this unsettled issue is to work in a 

regime where the carrier concentration remains unchanged with 

changes in the dielectric environment. 

In this letter, we present a systematic investigation on excitonic 

transitions in monolayer graphene in particular how the dielectric 

environment affects the excitonic transitions by screening the e-e 

and e-h interactions in graphene. Previous attempts to vary the 

dielectric environment, involved the use of different solid 

substrates.
6, 8, 15, 16

 However, due to the incomplete immersion in a 

dielectric medium, it is unclear if the exciton screening is partial or 

complete.
8, 14, 17

 We vary the dielectric environment by exfoliating 

the graphene in a liquid medium, which allows us to tune the 

Coulomb interactions by choosing the liquids with different 

dielectric constant. We vary the dielectric constant, ε, from 2.4 to 

37.5 using different polar and non-polar solvents, and show that 

there exists a scaling relation between the excitonic binding energy 

and the dielectric constant of the medium.  
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Results and Discussion 

We perform a liquid phase exfoliation to obtain monolayer 

graphene embedded in different dielectric environments
18

. This is a 

two step process which involves sonication of HOPG in organic 

solvents for 8-12 hours, followed by centrifugation of the sonicated 

solution in order to precipitate out thick graphitic flakes, as shown 

in Fig. 1b.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Schematic representation of (a) the electronic band structure of 

graphene. The Dirac cones result a linear dispersion relation at the K points 

of the Brillouin zone. Excitonic transitions occurs at the M point i.e. saddle 

point. Excitonic states (Eex) and the band edge energy (E0) are shown by 

vertical lines (b) Monolayer graphene embedded in a solvent. 

Fig. 2a shows the Raman spectra of different graphene samples 

exfoliated in toluene (ε = 2.4) and chlorobenzene (ε = 5.6). The 

pristine behavior of graphene is confirmed by the energetic position 

of the Raman G peak at 1580 cm
-1

, the 2D peak at 2690 cm
-1

 and 

the absence of a D band.
19

 We estimate the carrier concentration, 

n, from the blue shift of the G peak in Raman spectra using the 

relations, n=[1/π(EF/ħvF)
2
], and EF = (ωG -1580)/42 eV 

20
 where EF 

and ωG are the Fermi energy and the position of the G peak, 

respectively. Using these relations, n has been found to vary from 

1.04 X 10
11

 cm
-2

 to 1.67 X10
11

 cm
-2

 as the dielectric constant of the 

solvents in which graphene is immersed was varied from 2.4 to 

37.5, as shown in Fig. 2c. 

Transfer characteristics from field effect transistors (FETs) also 

show the Dirac point (VD) near zero gate bias for graphene prepared 

in toluene and chlorobenzene, as shown in Fig. 2b. The carrier 

concentration, n, has also been calculated using the relation, n= (Cg 

*VD)/e,
21

 where Cg is the gate capacitance. We measure Cg 

independently in each device instead of using the fixed value of Cg = 

11.5 nF/cm
2
 for 300 nm of SiO2, which may lead to incorrect 

interpretation of the data. The carrier concentration extracted from 

FET characteristics varies from 2.1 x 10
11

 cm
-2

 to 3.7 x 10
11

 cm
-2

, as 

shown in Fig. 2c. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 (a) Raman spectra of monolayer graphene exfoliated in toluene (top) 

and chlorobenzene (bottom). In each case, Raman G and 2D peak positions 

were observed at 1580 cm-1 and 2690 cm-1 respectively. D peak is absent for 

both graphene layers indicating negligible defect density and Dirac points 

close to zero gate bias show pristine behaviour of graphene. (b) Transfer 

characteristics of monoloyer graphene FETs exfoliated in toluene (top) and 

chlorobenzene (bottom). (c) Carrier concentration, nFET and nRaman 

determined from the transfer characteristics of graphene based FETs and 

Raman measurements, respectively. 

 To substantiate the screening effect on the excitons in 

monolayer graphene by the external dielectric environment, it is 

required to exclude other possible factors that may also influence 

the optical transition energies, including strain,
 22

 doping or charge 

transfer.
23, 24

 It is known that Raman spectra are sensitive to such 

external perturbations in graphene.
19, 25, 26 

We observe no shifts or 

changes in the peak shape from the Raman spectra, and the 

intensity ratios from the Raman spectra IG/I2D for various samples 

falls within the range 0.3 ± 0.05 (Fig. 3), consistent with the 

expectation for high quality graphene monolayers.
19, 26

 It is argued 

that, presence of lattice defects/external perturbation in graphene 

monolayers will result in lattice expansion/contraction, which 

consequently results in to stiffening/softening of the phonons
22

. 

This phenomenon should be primarily reflected in the shift in 

Raman G and 2D modes of graphene
22

. We have thoroughly 

examined the relative shift in various graphene monolayers samples 

prepared in different solvents. as discussed earlier, position of G 

and 2D peak falls near ~1580 cm
-1

 and ~2690 cm
-1

 for graphene 

prepared in different chosen solvents (Fig. 3). This rule out the 
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possibility of strong phonon interactions and its considerable effect 

on excitonic transitions. Chemical reactions would favour covalent 

functionalization of graphene monolayers resulting in lattice defects 

which should be reflected as substantial Raman D peak intensity. 

Interestingly, no substantial D peak intensity has been observed in 

any of graphene samples. Moreover, any chemical reaction will 

induce charge transfer resulting p-type or n-type doping in 

graphene layers. As a consequence, VD should shift to positive or 

negative gate bias
21

. We have not observed significant shift in 

position of the VD in devices based on graphene monolayers 

prepared in different solvents. VD in several graphene monolayers 

based devices has been consistently observed near zero gate bias. 

From these observations, we have been able to rule out the effect 

of phonon interactions and charge transfer between graphene and 

the solvent molecules.  

  

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Intensity ratio of Raman G to 2D peaks (IG/I2D) and full width half 

maximum of G, FWHM (G) and 2D peaks, FWHM (2D) as a function of 

respective dielectric constants. Errors bars signify variation in measured 

parameters on 10 different graphene monolayers. 

 Fig. 4a and b show the optical absorption spectra of monoloyer 

graphene exfoliated in toluene (ε∼ 2.4) and acetone (ε∼ 17.7), 

respectively. The absorption data were collected from graphene 

immersed in the solvent in which it was prepared. We find that the 

absorbance starts increasing non-monotonically from 2.5 eV, and 

excitonic peaks are seen at 4.33 eV and at 4.60 eV. We find that the 

excitonic peak shifts to higher energy with increasing dielectric 

constant. The blue shift in the peak position of exciton is expected 

to be entirely controlled by the dielectric environment, as it has 

already been shown that carrier concentration remains relatively 

constant. In case of graphene immersed in solvent with low 

dielectric environment, dielectric screening is weak and leads to 

strong Coulombic interactions (e-e interactions), while dielectric 

screening is more for high dielectric environment leading to 

reduced e-e interactions. Effect of dielectric screening on shift in 

excitonic peak positions will be discussed later. The line shapes are 

found to be asymmetric and the degree of asymmetry reduces 

substantially with increasing dielectric constant.  

The exciton binding energy (Eb), is given by E0-Eex, where E0 is 

the electronic band gap at the M point, and Eex is the exciton energy 

or excitonic peak position. The asymmetric line shape of the 

absorption spectra can be interpreted as a consequence of Fano 

resonance, resulting from the coupling between the continuum 

electronic state near the M point and the discrete excitonic state. 

The line shape can be fitted using the Fano model,
 6,7

 with AFano 

=A[(p+qF)
2
/(1+qF)

2
], where A is an overall scaling factor. The Fano 

parameter for asymmetry, qF, is given by, qF=E0-Eex/(Γ/2), and Γ is 

the width of discrete state, and p = (E-Eex)/(Γ/2).
7
 The fits are shown 

as solid lines in Fig. 4. The fitting parameters are qF = -8.57, Γ = 0.26 

eV, Eex = 4.38 eV, E0 = 5.06eV and qF = -6.6, Γ = 0.17 eV, Eex = 4.62 

eV, E0 = 5.10 eV for graphene monolayers exfoliated and immersed 

in dielectric environment with ε = 2.4, and ε = 17.7, respectively. 

The change in the value of qF can be accounted due to change in 

line shape of the absorption spectra. Higher/lower values of qF 

signify the strong/weak interaction of electrons with continuum 

state. In our case, we have obtained qF ~ -8.57 and -6.6 for 

graphene prepared in toluene and acetone, respectively. It 

indicates that electron interaction with continuum is relatively 

stronger in case of graphene prepared in toluene owing to smaller 

dielectric constant of toluene (less dielectric screening) leading to 

more asymmetry in the absorption line shape. In contrast, electron 

interaction with continuum would be effectively screened in case of 

graphene prepared in acetone due to higher dielectric constant of 

acetone (higher dielectric screening) and hence less asymmetry has 

been observed in the absorption line shape. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Optical absorption and transmittance spectra of graphene 

monolayers exfoliated in (a) toluene (ε =2.4 ) and (b) acetone (ε =17.7 ), 

with excitonic peaks at 4.34 eV and 4.6 eV respectively. The line shapes for 

excitonic peaks are asymmetric, with a larger asymmetry associated with 

higher dielectric constant. The lineshapes are understood using Fano model, 

and solid lines show fits using the Fano model. Insets shows transmittance 

data of graphene sample in the energy range 1.5 eV to 2.5 eV. The solid line 

corresponds to the theoretical value of universal transmittance, i.e. 97.7 % 

as that for monolayer graphene. 
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Despite being only one atom thick, graphene has been found to 

absorb a significant fraction of the incident light, a consequence of 

graphene’s unique electronic structure.
27 

The transmittance of 

graphene layer is defined by T = (1 - Nπα), where N is the number of 

graphene layers.
28

 According to this relation, monolayer graphene 

absorbs a fraction of incident light πα (∼ 2.3%) and hence should 

show a universal transmittance of ∼ 97.7 %. The transmittance 

spectra acquired in the energy range 1.5 eV to 2.5 eV for exfoliated 

graphene monolayers for low ε (toluene) and high ε (acetone) 

solvents are shown in the insets of Fig. 4a and b, consistent with the 

expected transmittance relation. We find that the optical 

transmittance is independent of the dielectric environment and 

shows deviation from universality only at higher energies.  

Fig. 5  (a) The binding energy of the exciton, Eb, as a function of ε. It can be 

seen that Eb does not vary linearly with 1/ɛ2. (b) Experimentally and 

phenomenologically obtained exciton energies and band edge energies 

(empty square markers) calculated from Fano fitting as a function of ε. Solid 

line represents fit to the excitonic energies determined from UV-visible 

absorption (solid triangle) and from the Fano fitting (solid square), with x = 

1.2. The peak positions are blue shifted with increase in value of ε is an 

indication of screening or reduced e-e interactions in case of graphene 

exfoliated in high dielectric medium. The value of E0 obtained from fitting 

using expression for exciton binding energy is 5.04 eV which is close to the 

values (5.04 eV ≤ E0 ≤ 5.10 eV) obtained from Fano fitting. Solid horizontal 

line represents average value of E0 = 5.04 eV. 

Fig. 5a shows the variation in Eb as a function of ε. It is clear that 

Eb does not vary linearly with 1/ɛ
2
 as in the case of three-

dimensional and quasi-2D systems.
29

 However, shift in excitonic 

peak positions can be explained using Fig. 5a. Especially, in high-k 

solvents due to small Eb, excitonic peak will shift to higher energy 

(since Eb = E0 - Eex) as observed in our case (Fig. 4b). With increase in 

surrounding dielectric environment, e-e or e-h interaction reduces 

due to increased dielectric screening (low Eb) resulting blue shift in 

the excitonic peak position. So the blue shift of exciton peak as 

observed in case of graphene monolayers prepared in acetone 

(k~17.7) is an indication of screening or reduced e-e interactions. In 

case of graphene immersed in low dielectric environment (in 

toluene, k~2.4), relatively weak dielectric screening leads to strong 

Coulombic interactions (large Eb) and excitonic peak is relatively red 

shifted as compared to that of graphene prepared in acetone. We 

calculate the effective mass, m
*
, from straight line fits to the data, 

as represented by the solid lines. Elias et al.
5 

have reported the 

measurement of the cyclotron mass in suspended graphene for n 

varying over three orders of magnitude. From the steeper slope, we 

extract m
*
 = 0.042 m0, where me is the free electron mass, in close 

agreement to previously reported values.
5
 The extrapolated value 

for the binding energy as ε approaches infinity is estimated to be 

0.31 eV. The effective mass calculated from the second slope is 

0.0009 m0, approximately two orders of magnitude smaller than the 

previous value. As discussed before, similar n has been obtained for 

all graphene samples. Hence, this variation in m* cannot be 

explained on the basis of variation in n and ε.  The binding energy 

estimate for Eb for ε = ∞ is 0.65 eV. In order to reconcile the 

different observations, we introduce a scaling of the binding 

energy, Eb. Fig. 5b shows the variation in E0 and Eex, determined 

from the Fano fitting and the absorption spectra, respectively, as a 

function of ε. The relation between Eb and ε shows power law 

dependence and accordingly, the exciton binding energy is given by, 

Eex = E0-m
*
e

4
/2h

2
ɛ

x
. By fitting the experimental data with this 

expression, we extract, x = 1.2. From the intercept of the fitted 

curve, the value of E0 has been found to be 5.04 eV, which is fairly 

close to the values obtained for the excitonic peaks, from the Fano 

model. 

Conclusions 

In summary, we have resolved the ambiguity in excitonic peak 

position revealing the role of the Coulomb interactions in 

monolayer graphene, via a unique method by which dielectric 

environment of immersed graphene is varied to modulate the 

Coulombic interaction. There is a strong shift in excitonic peak 

position with change in dielectric environment of graphene due to 

screening of Coulombic interactions. It has been shown that the 

Fano model describes the line shape of the absorption spectra of 

excitonic transitions. The degree of asymmetry varies with dielectric 

environment and hence with Coulombic interaction in graphene. 

There is a scaling relation between Eb and ɛ
x
, with x =1.2 which 

needs to be further established by detailed theoretical 

investigations. It is known that optical and electronic properties of 

single walled carbon nanotubes (SWCNTs) dominated by Coulomb 

interactions and exciton binding energy is strongly dependent on 

screening of Coulomb interactions under various dielectric 

environments. In case of SWCNTs, it has been shown that there is a 

scaling relation between Eb and εx, where x is not 2, but varies from 

1 to 1.4.
30

 Similar scaling of Eb with ε suggests that screening of 

Coulomb interactions in different dielectric environment plays 

crucial role in case of graphene monolayer. 
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