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The unique electronic structure of graphene leads to several distinctive optical properties. In this brief
review, we outline the current understanding of two general aspects of optical response of graphene:
optical absorption and light emission. We show that optical absorption in graphene is dominated by
intraband transitions at low photon energies (in the far-infrared spectral range) and by interband
transitions at higher energies (from mid-infrared to ultraviolet). We discuss how the intraband and
interband transitions in graphene can be modiﬁed through electrostatic gating. We describe plasmonic
resonances arising from the free-carrier (intraband) response and excitonic effects that are manifested
in the interband absorption. Light emission, the reverse process of absorption, is weak in graphene due
to the absence of a band gap. We show that photoluminescence from hot electrons can, however,
become observable either through femtosecond laser excitation or strong electrostatic gating.
& 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

2. Review of electronic structure of graphene

The two-dimensional graphene crystal exhibits fascinating
electrical, mechanical, and optical properties. In this brief review,
we examine the distinctive behavior of light-matter interactions
in graphene. These interactions are surprisingly strong, rendering
optical spectroscopy a powerful tool for probing the unusual
physics of graphene. Indeed, it was the strong optical absorption
of single-layer graphene (with its absorbance of  2.3% [1–7], as
discussed below) that permitted the initial discovery of exfoliated
monolayers by visual inspection under an optical microscope [8].
Here we describe investigations of optical absorption and
emission in graphene, and how these processes can be modiﬁed
through electrical gating. In addition to the fundamental interest
inherent in such studies, a good understanding of the optical
properties also helps to pave the way for novel photonics and
optoelectronics applications of the material [9–13]. Our discussion highlights investigations of the authors and their colleagues.
Because of limitations of space, this paper unfortunately cannot
provide a full description of all related investigations.

Graphene consists of a single layer of carbon atoms arranged
in a honeycomb lattice structure, as deﬁned by the sp2 bonding.
The electronic states of importance for the optical properties of
graphene arise from the additional electron in the pz orbitals of
the carbon atoms [14–16]. These orbitals overlap to form bonding
and antibonding states and the corresponding extended p-bands
of graphene. Here we brieﬂy describe the resulting electronic
structure, with an emphasis on those properties critical for
determining the optical response.
As a result of the symmetry between the A and B sublattices
(Fig. 1(a)), the conduction and valence states in graphene are
degenerate at the K and K0 points of the Brillouin zone (Fig. 1(b))
[15]. This degeneracy gives rise to a linear dispersion of the
electronic bands [15–18]. Electrons near the two inequivalent
valleys in graphene thus behave as massless Dirac Fermions and
are characterized by a velocity of vF 108 cm s  1 [17,18]. Because
of spatial inversion and time reversal symmetries, electrons at the
K and K0 points are, in fact, 8-fold degenerate [19,20]. This
degeneracy reﬂects the valley and spin degrees of freedom, as
well as the band degeneracy that we have just introduced. In the
vicinity of the K and K0 points, the 2D energy dispersion relation is
isotropic in character and is known as the Dirac cone (Fig. 1(b))
[16–18,21,22].
Further away from these two valleys, trigonal warping modiﬁes the 2D equi-energy contours (Fig. 1(c)) [16,23,24], reﬂecting
the hexagonal lattice symmetry of the underlying graphene
crystal. Moving still further from the K and K0 points, there is a
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graphene can be controlled through electrostatic gating, which
shifts the Fermi energy and induces Pauli blocking of the optical
transitions [33,34]. In the ultraviolet spectral range (with the
transitions approaching the saddle-point singularity), the interband optical absorption increases well beyond the ‘‘universal’’
value and exhibits signatures of excitonic effects [35–37]. In the
following, we discuss separately the basic optical properties of
graphene for low photon energies, where the intraband response
dominates, and for higher photon energies, where the interband
response dominates.
3.1. Intraband optical absorption
3.1.1. Free-carrier absorption
Since the speed of light c is much higher than the Fermi
velocity vF of graphene (c/vF  300) [17], direct absorption of a
photon by an intraband optical transition does not satisfy
momentum conservation. To conserve momentum, extra scattering with phonons or defects, as shown in Fig. 2(a), is required. The
simplest description of the optical response of free carriers is then
captured by a Drude model for the frequency-dependent sheet
conductivity [30,38]
Fig. 1. (Color online) Electronic structure of graphene: (a) the honeycomb lattice
structure of graphene with the two inequivalent sites A and B occupied by carbon
atoms, (b) the exact energy degeneracy at the K and K0 points of the Brillouin zone
guarantees a linear energy-momentum dispersion (the massless spectrum of the
Dirac cone) near the two inequivalent valleys, (c) the full electronic dispersion of
the p-bands in the graphene Brillouin zone, showing the trigonal warping effects
away from the K- and K0 -points and the saddle point singularity at the M-point.
The equi-energy contour lines of the conduction band are also displayed.

saddle-point singularity in the electronic bands at the M-point
(Fig. 1(c)) [16,23,24]. Here electrons moving along the M–K (M–G)
direction possess negative (positive) band masses. At the G-point,
the conduction and valence p-electron states are widely separated, with a gap of  20 eV [16,23–26]. The equi-energy contour
near the G-point is, like that of the K-point, isotropic in character,
but exhibits parabolic dispersion.
The basic features of the electronic structure of graphene are
captured by a simple tight-binding model that takes into account
only the nearest neighbor couplings [16,23,24]. For a more
accurate description of the p-band dispersion in graphene, one
needs to include next-nearest neighbor couplings within a tightbinding model [26] or apply ab-initio methods, such as LDAþGW
calculations [27–29].

3. Light absorption in graphene
The optical absorption of graphene arises from two distinct
types of contributions, those from intraband and those from
interband optical transitions [2,30]. The relative importance of
the two contributions depends largely on the spectral range of
interest. Here we review recent investigations of absorption of
graphene over a wide spectral range, from the far infrared to the
ultraviolet. In the far-infrared region, the optical response is
dominated by the free-carrier (or intraband) response [2,30]. This
contribution can be described to a good approximation by a
Drude model [31]. By fabricating sub-wavelength structures in
graphene, one can create a tunable far-infrared response that is
dominated by plasmonic excitations associated with these free
carriers [32]. In the mid- to near-infrared region, the optical
absorbance is attributable primarily to interband transitions [30].
This response is nearly frequency independent and is equal to a
universal value determined by the ﬁne-structure constant e2 =_c
in pristine graphene [1–7]. However, this optical absorption in

sðoÞ ¼

s0
1 þiot

:

ð1Þ

Here s0 and t denote, respectively, the dc conductivity and the
electron scattering time, and o represents the (angular) frequency of the light. (Note that the optical absorbance at normal
incidence is related to optical sheet conductivity by A(o)¼(4p/
c)Re[s(o)]). To express the Drude conductivity in terms of
microscopic material parameters, it is often convenient to introduce the Drude weight D ¼ ps0/t, corresponding to the integrated
oscillator strength of free carrier absorption. In conventional
semiconductors or metals the Drude weight is given by
D ¼ ðpne2 =mÞ ¼ ðo2p Þ=4, with n and m denoting, respectively, the
carrier density and carrier band mass, and op the plasma
frequency [39]. For graphene with its massless electrons, the
pﬃﬃﬃﬃﬃﬃ
Drude weight assumes a completely different form: D ¼ e2 vF pn
[1,16,30,38,40–42].
Far-infrared spectroscopy can be used to probe the intraband
absorption in large-area graphene grown by chemical vapor
deposition (CVD) [43,44]. In Fig. 2(b) we show the free-carrier
absorption spectra of graphene at different doping levels [31].
These spectra can be ﬁt reasonably well by the Drude form,
consistent with theoretical calculations based on the Kubo formalism that ignore many-body interactions [2,30,38]. The Drude
scattering rates for different gate voltages are shown in Fig. 2(c).
The different electron and hole scattering rates suggest that they
experience different defect potentials. Near charge neutrality, we
observe a Drude scattering rate of  100 cm  1, which corresponds to a momentum relaxation lifetime of 50 fs.
From the Drude ﬁt of the spectra in Fig. 2(b), we can obtain the
free-carrier (or intraband) absorption Drude weight Dintra. This
pﬃﬃﬃﬃﬃﬃ
can be compared to the value Dinter ¼ e2 vF pn ¼ ðe2 =_ÞEF
[1,16,30,38,40–42], where the Fermi energy EF is determined from
inspection of Pauli blocking of the interband absorption (as
discussed below). As can be seen in Fig. 2(d), the observed
intraband transition Drude weight, Dintra, yields a somewhat
lower value than Dinter. We note that the Drude weight of
intraband absorption should equal the reduction of interband
absorption oscillator strength, as required by the sum rule. This is
conﬁrmed in Fig. 2(e). The measured reduction in Dintra is, therefore, correlated to the imperfect Pauli blocking of interband
transitions at energies below 2EF [33], as shown in Fig. 2(b).
Modiﬁcation of the free-carrier Drude conductivity can arise from
impurity and defect states or from many-body interactions
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Fig. 2. (Color online) Free-carrier absorption in graphene (ﬁgures adapted from ref. [31]): (a) schematic representation of the intraband absorption process. To conserve
momentum, scattering with phonons or defects is needed, (b) change in the optical sheet conductivity of graphene in the infrared range induced by electrostatic doping. In
the far infrared, the conductivity is well described by the Drude model. In the mid to near infrared, Pauli blocking of interband transitions can be used to determine the
Fermi energy, (c) the inferred Drude scattering rate as a function of gating voltage, (d) Drude weight as a function of gating voltage. We see that the measured Drude
weight from the free-carrier response is suppressed with respect to the value predicted by Dinter ¼ ðe2 =_ÞEF , (e) the integrated value of the change in optical sheet
conductivity as a function of gating voltage. The change of the interband contribution is equal to that of the intraband parts, a consequence of the sum rule.

Fig. 3. (Color online) Plasmon excitations in graphene micro-ribbon arrays (ﬁgures adapted from ref. [32]): (a) images of samples with micro-ribbon widths (w) of 1, 2 and
4 mm, as determined by atomic-force microscopy, (b) control of the localized plasmon response through electrical gating. The far-infrared radiation was polarized
perpendicular to the graphene ribbons. The plasmon resonance blue shifts and increases in amplitude as the doping level in graphene is increased, (c) change of
transmission spectra for different graphene micro-ribbon widths at a constant doping level of 1.5  1013 cm  2. All spectra are normalized by their respective peak values.

[45,46]. Yan et al. [47] recently showed that the degree of
reduction of Dintra compared to Dinter was sample dependent. For
samples with nearly perfect Pauli blocking of interband transitions, Dintra appears to be only slightly reduced at ﬁnite doping
levels, consistent with theoretical calculations. High-quality graphene with low scattering rate will be required to probe the
intrinsic behavior and possible many-body effects in the intraband absorption.

3.1.2. Plasmon excitations
Plasmons are quanta of collective oscillation of charge carriers.
They are important for understanding the dynamic response of
electron systems and for developing optical metamaterials [48–50].
Plasmons of Dirac electrons in graphene are predicted to exhibit
behavior distinctly different not only from electrons in bulk

materials, but also from their counterparts in conventional 2D
electron gas (2DEG) systems [46,51,52].
Direct light absorption by propagating plasmons in graphene
ﬁlm is not allowed due to the large momentum mismatch between
photons and plasmons. However, plasmon absorption can be
enabled with grating coupling, which provides an effective momentum due to the periodic grating structure. Alternatively, one can
utilize localized plasmon resonances in graphene structures with
sizes smaller than the relevant wavelengths. Ju et al. demonstrated
that strong optical resonances from localized plasmons can be
achieved in patterned arrays of graphene ribbons of micron widths
(Fig. 3(a)) [32]. Standard photolithography and oxygen plasma
etching were employed to prepare the required micro-ribbon array
from large-area CVD graphene. The optical response of the graphene
micro-ribbon arrays was probed using polarized Fourier-Transform
Infrared Spectroscopy (FTIR). For light polarized along the length of
the ribbon, the absorption spectrum is characterized by a Drude
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response similar to that in bulk graphene sheets. For light polarized
perpendicular to the length of the ribbon, however, prominent
localized-plasmon resonances are observed (Fig. 3(b)). The coupling
between light and the graphene plasmons is remarkably strong,
with achievable oscillator strengths being an order of magnitude
larger than that in conventional semiconducting 2DEGs [53,54]. This
difference originates from a low effective electron mass and the
much higher doping levels attainable in graphene.
The localized plasmon resonance in graphene can be modiﬁed
through electrostatic doping. Fig. 3(b) shows the gate-dependent
absorption associated with excitation of these localized plasmons.
The plasmon resonance is seen to become stronger and its
frequency to blue shift with increasing carrier density. The
relation between the frequency of the plasmon resonance and
1=2
the carrier concentration is found to scale as op pn1=4 p9EF 9
1/2
[51]. This scaling law, contrary to the n
dependence for
conventional 2DEGs [53,54], is characteristic of Dirac electrons.
One can control the localized plasmon resonance by modifying
the spatial patterning of graphene array. Fig. 3(c) displays the
plasmon resonances in graphene micro-ribbons with different
widths, but the same carrier concentration. We see that the
plasmon frequency increases with decreasing ribbon width
according to oppw  1/2. Unlike the variation with carrier density,
this geometric scaling arises from electrostatics and is obeyed by
plasmon excitations in other 2D electron systems [46,51].
3.2. Interband optical absorption
3.2.1. Universal optical conductivity
Interband absorption arises from direct optical transitions
between the valence and conduction bands (Fig. 4(a)). At

frequencies above the far-infrared region, these interband transitions typically deﬁne the optical response of graphene. Within the
tight-binding model, the optical sheet conductivity from interband
transitions can be readily calculated [1–4,30,55,56]. For pristine
graphene at zero temperature, the optical conductivity in the linear
dispersion regime of graphene is found to be independent of
frequency. The associated ‘‘universal’’ conductance of graphene is
determined solely by fundamental constants and assumes the value
of s(o)¼ pe2/2h [1–4,6,7,30,38,55,56]. This conductivity corresponds to an absorbance of A(o)¼ (4p/c)s(o)¼ pa E2.29% [6,7],
where a denotes the ﬁne structure constant.
The independence of the interband optical absorption on both
frequency and the material properties (as encoded in the Fermi
velocity vF) can be understood in several ways. In general terms, it
can be explained by dimensional analysis, since the graphene
Hamiltonian describing the linear bands has no intrinsic energy
scale with which to compare with the photon energy. More
directly, in terms of a calculation of the absorption in perturbation theory, we note the perfect cancelation of the o and vF
dependence in the three important parameters – the square of the
transition matrix element (pv2F =o2 ), the joint density of states
(po=v2F ), and the photon energy (po) – the product of which
deﬁnes the optical absorption.
How does the predicted universal absorbance compare with
experiment? Fig. 4(b) shows the frequency-dependent absorbance for three different graphene samples for photon energies
between 0.5 and 1.2 eV. Over this spectral range, different
samples show equivalent responses, not inﬂuenced by the
detailed nature of the sample or its environment. Moreover, the
absorbance is largely frequency independent, with an averaged
value over the speciﬁed spectral range of A ¼(2.2870.14)%,

Fig. 4. (Color online) Universal optical sheet conductivity of graphene (ﬁgures adapted from ref. [6]): (a) schematic of interband optical transitions in graphene, (b) the
optical sheet conductivity (in units of pe2/2h, right scale) and the sheet absorbance (in units of pa, left scale) of three different samples of graphene over the photon energy
range of 0.5 to 1.2 eV. The black horizontal line corresponds to the universal value of pa ¼ 2.293% for the sheet absorbance, (c) the graphene sheet absorbance of sample
1 and 2 over a lower photon energy range of 0.25 to 0.8 eV. The smooth ﬁts correspond to theory considering the presence of both ﬁnite temperatures and ﬁnite doping.
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Fig. 5. (Color online) Gate-tunable interband transitions in graphene: (a) an illustration of interband transitions in hole-doped graphene. Optical transitions at photon
energies greater than 29EF 9 are allowed, while those at energies below 29EF 9 are blocked, (b) the gate-induced change of transmission in hole-doped graphene as a function
of gate voltage Vg. The values of the gate voltage referenced to that for charge neutrality, Vg  VCNP, for the curves  0.75,  1.75,  2.75 and  3.5 V, from left to right.

consistent with the universal value of pa ¼2.29%. The slight
departure from a completely frequency-independent behavior,
which becomes more pronounced at higher photon energies, will
be discussed below.
We see, however, that this universal behavior does not hold
well for a broader spectral range. Fig. 4(c), for example, displays
the frequency-dependent absorbance for samples 1 and 2 for a
lower range of photon energies. Below 0.5 eV the absorbance no
longer conforms to the universal value, and it varies from sample
to sample. This behavior arises from the presence of unintentional
doping. For a graphene sample at temperature T with a chemical
potential close to its Fermi energy EF , the frequency dependent
optical sheet conductivity can be written as [30,56,57]





pe2
_o þ 2F
_o2EF
tanh
þ tanh
:
ð2Þ
sðoÞ ¼
4h
4kB T
4kB T

with an ionic liquid electrolyte. Increased optical transmission
arising from Pauli blocking is observed up to a threshold characterized by a photon energy of 29EF 9. With increased carrier
doping, this threshold energy shifts to higher values, as expected.
Using ionic liquid gating, one can reach a threshold energy above
1.7 eV, thus accessing the visible spectral range.
The tunability of the interband transitions in graphene offers
new possibilities for probing fundamental physics and for various
technological applications[33,34,60]. In addition, the underlying
Pauli blocking process provides a direct approach to measuring
the Fermi energy in graphene without the need of any electrical
contacts. The threshold energy for increased optical absorption
yields the value of 29EF 9, from which the carrier density
n ¼ EF 2 =p_2 vF 2 can also be obtained.

As illustrated in Fig. 5(a), doping causes blocking of transitions
for photon energies below 29EF 9, with the response somewhat
broadened by the effect of ﬁnite temperature and carrier lifetime.
From our experimental results, we conclude that sample 1 has a
higher level of unintentional doping than sample 2. In addition
to the unintentional doping naturally present in many samples,
one can also control the carrier concentration through electrostatic
gating. This allows one to investigate the doping-dependent
interband transitions in graphene systematically, as we describe
below.

3.2.3. Excitonic effects
As a semi-metal, one might intuitively expect that many-body
effects would be weak in graphene. Indeed, the majority of the
optical data in the infrared and the visible range can be satisfactorily explained in an independent particle picture. However,
because of the single-atom thickness of graphene and the vanishing density of states at the Dirac point, screening of Coulomb
interactions between charge carriers moving in the 2D plane is
signiﬁcantly reduced. Indeed, theoretical studies have predicted
the inﬂuence of many-body effects on the optical properties of
graphene, including deviations from the universal absorbance
through a reduction in absorption at low photon energies [61]
and the appearance of Fermi edge singularities [46,62]. While it is
expected that improved measurements, particularly for welldeﬁned carrier densities and reduced temperatures, will reveal
such many-body corrections at relatively low photon energies,
one clear and robust signature of many-body interactions in the
optical spectra has already been identiﬁed experimentally. This is
the behavior of the optical absorption near the saddle-point
singularity at the M-point [35–37].
The frequency-dependent optical conductivity of graphene
extending from the infrared to the ultraviolet (UV) range is shown
in Fig. 6(a) [35]. In the UV range, we ﬁnd that s(o) displays a
pronounced and asymmetric peak at a photon energy of 4.62 eV. In
the independent particle picture, the resonance feature at UV arises
from band-to-band transitions near the saddle-point singularity at
the M-point. Within this approximation, the spectral variation of
s(o) in the vicinity of this peak should be determined essentially
by the joint density of states (JDOS). For a 2D saddle-point at

3.2.2. Tunable interband optical transitions
Because of the single-atom thickness of graphene and its linear
dispersion with a high Fermi velocity, the Fermi energy in
graphene can be shifted by hundreds of meV through electrostatic
gating. Such doping, as just discussed, leads to a strong change in
the interband absorption through Pauli blocking. As incorporated
in Eq. (2) and shown in Fig. 5(a), the interband transitions for
photon energies below 29EF 9 are suppressed, while those at
energies above 29EF 9 unaffected. The optical response in graphene
thus becomes highly tunable.
In our experiment, the doping level is tuned electrostatically in
a ﬁeld-effect transistor (FET) conﬁguration by applying gating
voltage across a SiO2 dielectric or an electrolyte layer. The doping
concentration of the former structure is typically limited to
5  1012 cm  2 by the breakdown of the oxide layer, while
electrolyte gating can induce carrier concentrations as high as of
1014 cm  2 [58,59]. Fig. 5(b) displays change in the optical
transmission as a function of photon energy induced using gating
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Here the GW sheet conductivity sGW(o) is taken as the conductivity arising from band-to-band transitions without excitonic
effects [37]; e ¼(o  ores)/(G/2) is photon energy relative to the
resonance energy ores and normalized by width G; and q2 reﬂects
the ratio of the strengths of the excitonic transition to the band
transitions, with the sign of q determining the asymmetry of the
line shape. Such a coupled system leads to a red-shifted and
asymmetric resonance feature [64–66], as shown by the ﬁt to the
experimental spectrum (green dashed line) in Fig. 6(b). We can
also compare our measured spectrum with the earlier predictions
of ab-initio GW–Bethe-Salpeter (GWBS) calculations that explicitly include the effect of e–h interactions (black dashed line) [37].
The agreement between theory and experiment is excellent. The
ﬁt to the experimental data, we note, incorporates a phenomenological broadening of the GWBS calculations by 200 meV. This
accounts for the rapid decay of the excited states [68], which was
not included in the calculation of the line shape.
The strong excitonic effects observed in the optical response of
graphene reﬂect the reduced dielectric screening in a 2D system
and the vanishing density of states at the Dirac point [51]. By
doping graphene to a density above 1014 cm  2 [58], we produce a
strong increase in the density of states at the Fermi level and
more efﬁcient screening of the Coulomb interactions between
charge carriers. The inﬂuence of this change in carrier–carrier
interactions on the saddle-point exciton has recently been
observed [69]. Analysis of these effects not only yields a model
of the optical response of doped graphene, but also information
on both the fundamental aspects of many-body effects in graphene and the inﬂuence of doping on the lifetime and decay
mechanisms of highly excited quasi-particles.

Fig. 6. (Color online) Excitonic effects on the optical absorption of graphene near the
saddle-point singularity (ﬁgures adapted from ref. [35]): (a) the experimental optical
sheet conductivity (solid line) and the universal value (dashed line) of graphene in the
spectral range of 0.2 to 5.5 eV. The peak of absorbance is at 4.62 eV, (b) ﬁt of
experiment (red line) to the Fano model (green dashed line) presented in the text
using the optical conductivity obtained from GW calculations (blue line) for the
continuum background. The black dashed line is the optical conductivity obtained
from the full GW–Bethe-Salpeter calculation [37]. The lower panel shows the Fano line
shape of Eq. (3)

frequency o0, the JDOS is proportional to  log91  (o/o0)9, which
is essentially symmetric near the singularity [63]. Indeed, the sheet
conductivity predicted within the framework of GW ab-initio calculations, shown in Fig. 6(b), does indeed display a symmetric peak [37].
Such GW calculations are known to provide an accurate description
of the quasiparticle bands in graphene [27], but do not include the
excitonic effects being considered here. In addition to the shape of the
feature, the observed resonance is red shifted from the predicted GW
peak position of _oGW ¼5.20 eV by almost 600 meV, over 10% of the
saddle point energy [37].
The observed discrepancy can be explained by taking into
account excitonic corrections to the optical response of graphene
near the saddle-point singularity. Because of the absence of an
energy gap in graphene, no stationary bound excitons can be
formed. Instead, as predicted theoretically, the e–h interaction
causes a redistribution of oscillator strengths from high to low
photon energies [35,37]. This redistribution can be modeled by an
exciton resonance at an energy below the saddle-point singularity
that couples strongly with the existing continuum of electronic
states [64–67]. Within a Fano model, we can express the resulting
optical conductivity by

sðoÞ
ðqþ eÞ2
¼
:
sGW ðoÞ
1þ e2

ð3Þ

4. Light emission in graphene
Light emission by interband transitions is the reverse process
of optical absorption. Since graphene, as discussed above, absorbs
light very strongly through interband transitions, the question
naturally arises is whether it can serve as an effective emitter of
light. The answer to this question is that efﬁcient light emission is
impeded by carrier relaxation, which, because of the absence of a
band gap, quickly brings the energy of highly excited e–h pairs
down to low energies (Fig. 7(a)) [68,70–77]. As a result, the only
widely investigated type of light emission from graphene is the
inelastic scattering associated with phonon emission, i.e., Raman
scattering. The Raman process is very important for the study of
phonons in graphene and, because of the role of electronic
resonances, also for probing important aspects of the electronic
structure [78–80]. This topic, and the extensive development of
Raman spectroscopy for the characterization of graphene, is
beyond the scope of this paper.
Here we focus on the less studied aspect of incoherent
emission through photoluminescence (PL). PL is observable from
both thermalized [70,71,81,82] and non-thermalized hot electrons [59] under appropriate circumstances. Spectroscopic study
of such PL provides a useful analytic tool for investigation of the
ultrafast relaxation and decoherence processes in graphene. We
review our recent observations of light emission from graphene
under two different regimes: (1) PL from thermalized hot electrons in pristine graphene under femtosecond laser excitation[70,71] and (2) hot PL from non-thermalized electrons in
doped graphene under continuous-wave excitation [59]. Besides
providing a fundamental understanding of the radiative recombination process in graphene, these studies also yield detailed
information on its energy relaxation processes.
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Fig. 7. (Color online) Ultrafast photoluminescence in graphene from thermalized hot electrons (ﬁgures adapted from refs. [70,71]): (a) schematic representation of the ultrafast PL
process from interband recombination. Under the optical pump pulse excitation indicated by the red arrow, the electrons rapidly thermalize. They can then recombine to emit
photons at higher energies than that of the pump photons, (b) spectral ﬂuence of ultrafast PL from graphene at two different excitation ﬂuences. The spectra are compatible with
thermal emission described by Eq. (4) for Tem ¼ 2760 and 3180 K (blue dashed line), respectively, (c) light emission as a function of absorbed ﬂuence. The red circles display
experimental values for the integrated radiant ﬂuence between 1.7 and 3.5 eV, which can phenomenologically be described by a power law with exponent of  2.5 (blue dashed
line). The magenta squares correspond to the experimental emission temperatures. The solid green lines in both (b) and (c) are ﬁts based on a two-temperature model, (d) same as
(b) under different excitation photon energies. The PL spectrum of gold is also shown for comparison, (e) the integrated radiant ﬂuence for the blue-shifted emission as a function of
pump ﬂuence at different excitation energies, which can be described by a power law with exponents between 2 and 3.

4.1. Ultrafast emission from thermalized hot electrons
Pristine graphene under continuous-wave laser excitation
exhibits no measurable light emission. In Fig. 7(b), we show,
however, the readily measurable PL spectra from graphene when
excited by 30-fs pulses from a Ti:sapphire laser [70]. The PL
quantum yield is about 10  9, more than 3 orders of magnitude
greater than that obtained from the same sample under continuous-wave excitation, which falls below the detection threshold.
A distinctive feature of the emission is its wide spectral range,
extending over the visible to the near ultraviolet. In particular, the
emission occurs at photon energies well above that of the incident
pump photons (at 1.5 eV). This observation immediately excludes
the possibility of conventional hot PL from non-thermalized
charge carriers (to be discussed in the next section). Moreover,
the integrated intensity over the blue-shifted PL spectral range
exhibits a nonlinear ﬂuence dependence, which can be described
by a power law with exponent equal to 2.5 (Fig. 7(c)). Similar
blue-shifted PL spectra are observed for different pump photon
energies (Fig. 7(d)), all exhibiting a nonlinear dependence of the
integrated intensity of the blue-shifted PL on laser ﬂuence
(Fig. 7(e)) [71].
The observed spectral radiant ﬂuence F ðoÞ and its nonlinear
dependence on absorbed ﬂuences can be understood within a
model of thermal emission:


 1
o3
_o
F ðoÞ ¼ tem eðoÞ 2 2 exp
ð4Þ
1
kB T em
2p c
Here tem, e(o)¼A(o), and Tem denote, respectively, the effective
emission time for each pulsed excitation, the emissivity, which is
equal to the graphene absorbance, and the effective emission
temperature of the charge carriers. We note that graphene is
spectrally very close to an ideal blackbody over the speciﬁed

spectral range because of its largely frequency independent
absorbance of A(o)E pa discussed above in Section 3.2. As shown
in Fig. 7(b), the measured PL spectra can be ﬁt well by this simple
model; the inferred temperature Tem lies in the range of 2000–
3200 K and varies sublinearly with pump ﬂuence (Fig. 7(c)).
The above analysis shows that the electronic system in graphene
rapidly thermalizes to a Fermi–Dirac distribution and achieves a
high emission temperature Tem during a time scale of the laser pulse
duration  30 fs. This observation is consistent with the high rates of
carrier relaxation inferred in the analysis of excitonic effects at the
M-point (Section 3.2 above), as well as with recent theoretical and
experimental investigations [68,70–77].
An interesting result emerges after consideration of the
deposited energy in the excitation pulse and the resulting emission temperature. The observed range of emission temperatures
for the given absorbed ﬂuence lies between the two limiting cases
for possible thermalization process: that of complete retention of
absorbed energy within the electronic system and that of full
equilibration of the electrons with all the lattice vibrational
degrees of freedom. In the former case, the predicted temperature
far exceeds the measured Tem, while in the latter case the
predicted temperature rise is far too small. In fact, a partial
equilibration with certain strongly coupled optical phonons
(SCOPs, the highest energy phonons near the G- and K-point)
needs to be invoked. To describe the process quantitatively, a
two-temperature model involving the electron and the SCOP
systems is used. Within the model, full equilibration between
the two systems happens in a time scale  50 fs, at which point
 95% of the absorbed optical energy resides in the SCOP system.
Consequently the electronic temperature is strongly reduced and
agrees with the range of measured values of Tem. The ﬂuence
dependence of the PL process can be understood within this
model, as shown by the green curves in Fig. 7(b) and (c).
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4.2. Emission from non-thermalized hot electrons
Upon excitation with a single photon, an energetic electron–
hole pair is created in graphene. This electron and hole then relax
independently through electron–electron and electron–phonon
interactions on the ultrafast time scale. Before they reach equilibrium, the non-thermalized electron and hole have sufﬁcient
energy to emit a photon and generate hot-electron luminescence.
This hot luminescence is usually very weak in solid-state materials, but can typically still be detected with modern cooled
detectors. It can provide valuable information on the ultrafast
dynamics of the excited state.
In pristine graphene, however, such photoluminescence has
never been observed for cw excitation. The absence of any
measurable hot PL reﬂects the fact that the hot electron and hot
hole will almost immediately have different momenta because of
their independent relaxation processes. Momentum conservation
thus prevents them from recombining and emitting a photon.
In gated graphene, however, the situation can change dramatically. Fig. 8(a) shows a two-dimensional plot of the inelastic light
emission spectrum as a function of electron doping (as characterized
by the value of 29EF 9) [59]. Broadband hot-electron luminescence is
observed with an intensity comparable to that of Raman processes
when 29EF 9 approaches the laser excitation energy of 1.58 eV. A
representative spectrum for the hot-electron luminescence at

29EF 9 ¼ 1:4 eV, corresponding to a horizontal line-cut in Fig. 8(a),
is presented in Fig. 8(b). The emergence of hot-electron luminescence can be understood by noting that a new radiative recombination channel opens up in the strongly doped graphene, as illustrated
in Fig. 8(c): The hot electron, once it relaxes to an energy less then
9EF 9, can readily undergo radiative recombination with a hole having
the same momentum that is available in the strongly doped
graphene. This picture implies that for a given Fermi level, hotelectron luminescence is possible only for photons at energies below
29EF 9. Indeed, as shown in Fig. 8(d), this is what we observe
experimentally: For emission at higher photon energy, a larger
threshold value for 29EF 9 is required.

5. Conclusions
This brief review has, we hope, served to illustrate the utility of
photons in elucidating the response of graphene in different spectral
regions, as well as our ability to control this response through
electrostatic gating. At low frequencies, intraband transitions and
the collective response of carriers through plasmons dominate the
behavior, while interband transitions deﬁne the optical response at
higher frequencies. Recent measurements have highlighted the
importance of electron scattering by impurities and phonons (for
the intraband transitions) and of electron–hole interactions (for the

Fig. 8. (Color online) Hot PL in graphene from nonthermalized electrons (ﬁgures adapted from ref. [59]): (a) graphene inelastic light scattering intensity as a function of
Stokes Raman shift and 2EF for excitation at 1.58 eV photon energy. Besides the variation in intensities of the Raman G and 2D modes, a broad hot PL feature emerges as
29EF 9 approaches to the laser excitation energy, (b) the hot PL spectrum at 29EF 9 ¼ 1:4 eV has an integrated intensity more than 100 times stronger than from the Raman
modes, (c) schematic representation of generation of hot PL. As 29EF 9 approaches the laser excitation energy: the probability for a hot electron (which relaxes very rapidly)
to ﬁnd a hole is dramatically enhanced, leading to the observed PL feature, (d) normalized PL intensity as a function of 29EF 9 for three different emission energies.
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interband transitions) for a complete description of the optical
response. The possibility for direct probing of such interactions in
the time domain was illustrated in this review only through the
example of light emission induced by femtosecond laser pulses. The
wide range of ultrafast measurement techniques for pumping and
probing graphene response from the THz to the UV are, however,
being increasingly applied and are providing valuable information
about the coupling of the different degrees of freedom of the system.
Also of importance are careful measurements of line shapes of the
graphene optical response, both in the region of intraband transitions and at the onset of interband transitions. Other promising
future directions include characterization of the nonlinear optical
response of single-layer graphene, which has not yet been performed in a systematic fashion, and the full extension of these
diverse optical investigations to few-layer graphene samples.
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