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O
riginally discovered by Benjamin
Brodie in 1859,1 graphene oxide
(GO) is a chemically derived gra-

phene structure with sheet thickness
around 0.6 nm as measured by the neutron
scattering method on dehydrated samples2

that together with its reduced form (rGO)
has recently attracted great attention due to
its potential versatile applications particu-
larly in the optical and optoelectronic tech-
nology, as discussed in recent reviews.3,4

Extensive experimental characterizations
including solid-state nuclear magnetic
resonance have shown that hydroxyl and
epoxide groups spread across the basal
planes, while carboxyl and carbonyl groups
exist at edge sites.5�7 However, the non-
stoichiometric chemical composition and
structural inhomogeneity of GO impose
the formidable challenge of determining the
precise atomic structure of GO samples.8�10

Interestingly, recent studies of the photolumi-
nescence (PL) in GO have revealed the versa-
tile characteristics in near-infrared, visible, and
ultraviolet fluorescence.11�15 The tunable PL
together with biocompatibility makes GO
highly attractive for biological applications.16

Despite the enormous efforts on the origin of

PL in GO, the desirable understanding is still
lacking. For instance, the broad lumines-
cence from 400 to 800 nm in the oxygen
plasma-treated, mechanically exfoliated
monolayer graphene sheet exhibits homo-
geneous characteristics that result from
broadening of emission species containing
both carbon and oxygen atoms.12 However,
the subpicosecond time-resolved PL mea-
surements show that the ultrafast spectral
migration occurs among the emitting states
to broaden the PL spectrum inhomogen-
eously in GO within a few picoseconds.17

Moreover, the blue luminescence with a
narrow bandwidth from the chemically re-
duced GO (rGO) by hydrazine is attributed
to the graphitic domains of sp2 clusters
because the observed enhancement of blue
luminescence with reduction suggests that
oxygen functional groups can be excluded
as the origin.13,14 One new twist has just
been added from the remarkable observa-
tion by Matsuda and co-workers of the
coexistence of emission species in GO with
both blue and UV PL.15 Clearly, the versatile
yet strongly heterogeneous atomic struc-
ture of GO limits the comprehensive anal-
ysis of the origin of its PL.
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ABSTRACT Exciton characteristics in graphene epoxide (GE) are inves-

tigated by density functional theory with quasi-particle corrections and

many-body interactions. The nature of the exciton is influenced by epoxide

content and detailed geometric configurations. Two kinds of excitons are

identified in GE: Frenkel-like exciton originated from the sp2 carbon cluster

and charge-transfer exciton formed by localized states involving both oxygen

and carbon atoms. The unusual blue shift associated with the Frenkel-like

exciton leaking is highlighted. One scaling relationship is proposed to

address the power-law dependence of Frenkel-like exciton binding strength

on its size. The charge-transfer exciton appears in GE samples with the high oxygen coverage. Particularly, the exciton in GE structures exhibits long lifetime

by analyzing both radiative and nonradiative decay processes. This study sheds light on the potential applications of GE-based structures with attractive

high quantum yield in light emission and optoelectronic technology.
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One remarkable method to fabricate graphene ep-
oxide (GE) has been developed by Hersam and co-
workers.18 The atomic oxygen produced by thermal
cracking of O2molecules chemisorbs to the basal plane
of graphene to form GE in ultrahigh vacuum condi-
tions. The chemisorbed oxygen can be laterally trans-
located by the STM tip, which paves the way to
generate well-defined GE composition and structure.
This type of GE material with atomic precision is ideal
for the study of the optical properties. The under-
standing of the microscopic origin of exciton in GE
can also be applicable to GO. In this work, we investi-
gate the origin and characteristics of exciton in GE
using density functional theory with quasi-particle
correction and explicit electron�hole interaction
which is included by solving the Bethe�Salpeter equa-
tion in the basis set of quasi-electron and quasi-hole
states within the random-phase approximation.19�21

There are two kinds of excitons in GE: Frenkel-like
exciton (FE) originated from the sp2 carbon cluster
and charge-transfer exciton (CTE) formed by localized
electronic states involving both oxygen and carbon
atoms. The scaling relation between the FE exciton
binding energy and its size is proposed, which presents

a different exponent as compared with carbon nano-
tubes and graphene nanoribbons. Both radiative and
phonon-assisted nonradiative dynamic processes are
addressed to unravel the promising potential of GE as
strategically important materials in optical and
optoelectronics technology.

RESULTS AND DISCUSSION

Eight oxygen content dependent GE structures are
constructed by forming expoxy groups in the 4 � 4
graphene unit cells, as shown in the Figure 1, together
with wave functions (see Supporting Information Fig-
ure S2 for enlarged structural details). The size of the
confined sp2 carbon area in GE structures has been
characterized via STM from less than 1 nm to 5 nm.18

The oxygen concentration, represented by O/C ratio,
ranges from 22% (structure A) to 47% (structure H). The
distribution of epoxide in the structures studied in this
work is in good agreement with that reported by Yan
et al.22 The epoxide groups energetically prefer to
aggregate and form stripes on opposite sides of the
graphene basal plane to compensate the buckling
(as demonstrated in Supporting Information Figure S1).
When these structures are synthesized, the solid-state

Figure 1. Computed absorption spectra and the square of exciton wave functions (blue) of eight GE structures. The gray and
red balls represent carbon and oxygen atoms, respectively. The excitons in GE structures A�E are Frenkel-like, while charge-
transfer excitons exist in GE structures F�H.
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NMR can be very helpful to characterize the structural
details as demonstrated in the studies of GO structure.5,7

The simulated absorption spectra of all GE structures
studied in this work are plotted in Figure 1. For the
structures from A to E with oxygen coverage below
35%, all epoxide groups confine the sp2 carbon to form
localized carbon domains. The number of sp2 carbon
atoms can be used to represent the size of confined
carbon domain. For these structures (A�E), the square of
Frenkel-like exciton wave functions as presented in Fig-
ure 1, together with the square of wave functions of
valence band maximum (VBM) and conduction band
minimum (CBM) as shown in Supporting Information
Figure S7, clearly presents the predominant π and π*
character. The quantum confinement results in the in-
crease of optical absorption energy (Ea) as listed in
Table 1. For the structures from F to Hwith high O/C ratio
above 35%, the VBM wave functions have more oxygen
2p orbital character, while the carbon pz orbital contri-
butes largely to CBM wave functions. Consequently, the
energy levels of VBM reduce by 0.3 eV, as compared with
more than double increase (0.8 eV) of CBM energies (see
Supporting Information Figure S6). Thus, the further blue
shift in Ea as the O/C ratio increases, as shown in Table 1,
results from the synergized effects with relatively more
confinement of the CBM in gap opening as presented
in Figure 1. The square of exciton wave functions of
structures F�H, as presented in Figure 1, together with
the corresponding analysis in Supporting Information
Figure S7, exhibits the appreciable charge transfer upon
the excitation.
We now address two kinds of excitons in GE struc-

tures as revealed in the present study: Frenkel-like
exciton originating from the sp2 carbon cluster and
charge-transfer exciton formed by localized electronic
states involving both oxygen and carbon atoms. The
formation of the exciton state leads to significant
spectral transfer from interband transition to the sharp
exciton one. The exciton binding energy, Eb, is defined
as the difference between the GW band gap and the
optical absorption energy (i.e., Eb = Eg

GW � Ea). The
exciton binding energy (Eb) dependence on the oxy-
gen coverage in GE is presented in Figure 2. The
analysis of exciton wave function of FE shows the clear
origin of the sp2 carbon atoms. Take structure A, for
example; the confined carbon domain has 18 sp2

carbon atoms, and the exciton wave functions have
remarkable pz character (see the inset at the top right
corner of Figure 2). From structure A to C, Eb increases
with decreasing number of sp2 carbon atoms. The
excitation is from π to π* in the sp2 carbon cluster,
which has the same orbital feature as single-walled
carbon nanotubes (SWCNTs),23,24 graphene nanorib-
bons with armchair edges (AGNR),25,26 and graphene
quantum dots.27 The spatial localization of FE is largely
contributed from VBM and CBM. Intriguingly, the ex-
citon binding strength is reduced from structure C to E.

This phenomenon is attributed to the leakage of
exciton wave function outside of the boundary made
of epoxide groups, as shown in Figure 1. Remarkably,
the leakage leads to the blue shift in the absorption
spectra changes from structure C to E, in contrast to the
usual observation of leakage-induced red shift in the
absorption spectra.28 To unravel themicroscopic origin
of the confinement and leakage phenomena, we chose
a series of polycyclic aromatic hydrocarbons (PAHs) to
model the sp2 carbon cluster region in the GE struc-
tures embedded inside the epoxide-rich region. As
shown in Supporting Information Figure S6, oxygen
coverage has a strong influence on the work function
of GE. Thus, we chose the structure H to model the
expoxide-rich boundary for capturing the heteroge-
neous character of structures A�E. To align the energy
levels, we compute work function/VBM/CBM of GE
structure H and ionization potential and electron affi-
nity of PAH molecules, as shown in Supporting Infor-
mation Table S1.
Subsequently, the aligned energy levels of the ep-

oxide-rich region of GE together with PAHs are pre-
sented in Figure 3. The HOMO energy level decreases
from�6.06 eV in C42H16 to�7.12 eV in C16H6, while the
LUMO level increases from �1.22 to �0.45 eV accord-
ingly, which shows a nice correlation with the size of
PAHs. Similar relation has been proposed for the linear
polyacenes by both half-wave reduction potential
measurement29 and AM1 semiempirical computations.30

The LUMO positions of PAHs are above the CBM of the
epoxide-rich region. However, HOMO levels of both
coronene (C24H12) and pyrene (C16H10) are below the
VBM level of the epoxide-rich region. Thus, the leakage of

TABLE 1. Computed Band Gap, Eg
GW (with GW Method),

Optical Absorption Energy, Ea (with Bethe�Salpeter

Method), and Exciton Binding Energy, Eb, of GE Structures

(A�H) in Electronvolts

A B C D E F G H

Eg
GW 1.89 2.83 3.90 4.20 4.41 5.60 6.14 6.7
Ea 1.09 1.93 2.78 3.2 3.61 4.50 5.20 5.90
Eb 0.80 0.90 1.12 1.00 0.80 1.10 0.94 0.80

Figure 2. Exciton binding strength (Eb) as a function of
oxygen coverage in GE. The blue (red) points refer to data
of Frenkel-like (charge-transfer) exciton. Data points of the
same type of exciton are connected by line segments to
present the general trend.
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FE is featured with the prevailing hole component. This
leakage leads to the reduction of exciton binding energy
in structures D and E. To quantify the confinement effect
on exciton, we plot the exciton binding strength (Eb) as a
function of the size of exciton (L) for structures A�E in
Figure 4. For structures A�C, L is very close to the size of
sp2 carbon region, while for structuresD and E, due to the
leakage of the exciton wave function, the value of L goes
beyond the spatial length of the confined sp2 carbon
region. By analyzing the power-law dependence of Eb
and L in structuresA�E (i.e., Eb∼ Lδ), an exponent valueof
�0.83 is obtained, with reference to the exponent of�1
for SWCNTs,23,24 and three distinct exponents of �1.0,
�0.91, and �1.80 for AGNRs with 3p, 3pþ1, and 3pþ2
families, respectively.25 Compared with the quasi-1D
SWCNTs and AGNRs, the sp2 carbon region of GE struc-
tures has more localized electronic structure and very
weak screening strength, which leads to the lower
exponent value. The poor screening characteristics of
the sp2 carbon region of GE is very different from the
strong shielding of quantumdots, due to the fact that the
former is the zero dimension limit of the quasi-1D while
the latter is with respect to 3D.31 The wavelength of PL
from FE is tunable in the IR and visible regions by
manipulating the size of the sp2 carbon cluster. For
structures F�H, the VBM and CBM are distributed on
epoxide and sp2 carbon region, respectively. A charge-
transfer character is thus expected for this excitation,
similar to CTE in graphene nanojunctions32 and donor�
acceptor interfaces of organic materials.33 The first ab-
sorption peak with prominent charge-transfer character
is contributed by the combination of VBM/CBM and
orbitals of higher energy with appreciable amount of
oscillator strength. The larger GWgap of structure F leads
to the heavier reduced mass and weaker screening,
which accounts for the stronger binding strength than
that of structure E, as shown in Figure 2. As discussed
previously, the GW gap increases from structure F to H.
However, the polarization strength associated with the
charge transfer from carbon to oxygen gets enhanced
with the increase of the oxygen coverage. Therefore, the
strong coupling between CTE and the polar groups

reduces the CTE binding strength as increasing oxygen
coverage.
The potential of GE as optical materials depends on

the luminescence efficiency, which is determined by
both radiative and nonradiative lifetimes. The radiative
decay rate (inverse of radiative lifetime, τr) for each
excitonic state is34

1
τr

¼ ne2E2a f

2πεmep
2c3

(1)

where e, me, p, c, and n are charge and rest mass of
electron, Plank's constant divided by 2π, speed of light,
and the refractive index (hereafter n = 1.835), respec-
tively. Taking the surrounding medium's dielectric
constant ε to be 3.2, and using the calculated optical
absorption energy (Ea) and the corresponding oscilla-
tor strengths (f), we estimate that the radiative lifetime
is longer than 3 ns. To address the remarkable high-
energy optical phonon mode assisted energy relaxa-
tion process, we compute the nonradiative decay rate
(inverse of nonradiative lifetime, τn) with the following
formula36

1
τn

¼ 2π
p

SN � 1

π(N � 1)!
e�S N2γSI(pw)

2

(Ea � Npw)2 þ (Nγ)2
(2)

where N is the number of phonons, pw is the optical
phonon, γ is the broadening, and S and SI are interband
and intrabandHuang�Rhys factor.Multiphonon decay
of an exciton is a possible mechanism in GE when
considering that the optical phonon energy could be
comparable to the optical band gaps. As the nonradia-
tive lifetime is closely dependent on Huang�Rhys
factors, the detail analysis of electron�phonon cou-
pling should be addressed to gain better understand-
ing of the effects of GE structures on charge dynamics.
The interaction between electron and phonon, λ, is
computed by density functional perturbation theory.37

The electron�phonon coupling strength gradually
increases due to the confinement effect for the sp2

carbon cluster (see Supporting Information Figure S8).
Besides, the phonon modes involving oxygen atoms
especially in the structures with high oxygen content
result in the further enhancement of electron�phonon
coupling. Thus, as compared with the weak electron�
phonon coupling of 0.14 in the sp2 carbon cluster

Figure 4. Scaling relationship between the binding energy
(Eb) of Frenkel-like exciton and its size (L) in GE structures
A�E (i.e., Eb ∼ Lδ).

Figure 3. Alignment of energy levels of GE and PAH mol-
ecules in units of electronvolt. The vacuum level is set to be
zero. The red (blue) levels represent VBM/HOMO (CBM/
LUMO) energy levels of these structures.
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region of GE, the electron�phonon coupling strength
is as high as 0.65 in the epoxide-rich GE structures (see
Supporting Information Figure S9). The strong electron�
phonon coupling plays an important role in pro-
moting dynamic processes to facilitate the delicate
energy-transfer process. Choosing 200 meV as the
optical phonon energy, 20 meV as the broadening
parameter, and 1.0 for both interband and intraband
Huang�Rhys factors, we estimate that the exciton
lifetime due to the multiphonon decay mechanism is
longer than 100 ps. Thus, GE-based light-emitting
devices can be expected to have high quantum yield
owing to the long lifetime of excitons. In addition to
electron�phonon effect, there is another important
factor, that is, the impurity level induced by the
disorder states, which affects the optical properties of
GE structures. The likely coexistence of an ensemble of
configurations with similar energy in GE samples espe-
cially with high oxygen coverage generates an assort-
ment of impurity levels. Thedisorder-induced states likely
act as the impurity levels inside band gaps. These
localized impurity states participate in the light absorp-
tion, energy relaxation dynamics, and light emission
leading to the PL spectrum. As shown in recent studies
on GO,3,11 the pump�probe experiments are anticipated

to play a key role in investigating the exciton dynamics
of GE structures. Therefore, the interplay between
electron�phonon and disorder will have profound influ-
ence on the characteristics of PL in GE structures.

CONCLUSIONS

In summary, inspired by the remarkable synthesis
method of high-quality GE samples, the exciton char-
acteristics of GE are scrutinized to uncover its application
potential in optical and optoelectronics technology. For
the epoxide content below 35%, FE is dominated as
featured in the sp2 carbon cluster region. The leaking of
FE is observed for the epoxide content between 30 and
35% O/C ratio. The unusual blue shift associated with
the FE leaking is highlighted. The power law is pro-
posed to address the dependence of FE binding
strength on its size, which unravels much weaker
shielding strength of the π electron in the sp2 carbon
cluster of GE samples than that in SWCNTs and AGNRs.
The CTE, formed by localized states involving both
oxygen and carbon atoms, appears in GE samples with
the high epoxide content. The long lifetime of exciton
in GE structures is highly desirable, which makes the
development of GE-based light emission and optoel-
ectronic technology very appealing.

METHODS
We employ the density functional theory with quasi-particle

correction and explicit electron�hole interaction, which is
included by solving the Bethe�Salpeter equation in the basis
set of quasi-electron and quasi-hole states within the random-
phase approximation18�21

(Eck � Evk )A
S
vck þ ∑

k0v0c0
ÆvckjKehjv0c0k0æAS

v0c0k0 ¼ ΩSAS
vck (3)

whereAvck
S is the excitonwave function, Keh is the electron�hole

coupling kernel,ΩS is the excitation energy, and Eck and Evk are
the quasi-particle energy of the electron and hole states,
respectively. Since the supercell method is used for the nonbulk
structures, a box-shape truncated Coulomb interaction on the
z axis is applied to eliminate the image effect between adjacent
supercells to mimic isolated low-dimensional structures.38,39 A
total of 10 bands with the Fermi level lying between are chosen
in our calculations. The interaction between electron and
phonon, λ, is computed as37,40

λ ¼ 2
Z ¥

0
dω ∑

k, q, v, n,m

δ(εnk )δ(ε
m
kþ q)

N(EF)
jgv, n,mk, kþ qj2δ(ω �ωvq)=ω

(4)

where gk,kþq
v,n,m are the electron�phononmatrix elements that are

averaged along the Fermi surface δ(εk
n). N(EF) is the density of

states on the Fermi surface.
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