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ABSTRACT
We present a first-principles calculation of the optical properties of armchair-edged graphene nanoribbons (AGNRs) with many-electron effects
included. The reduced dimensionality of the AGNRs gives rise to an enhanced electron —hole binding energy for both bright and dark exciton

states (0.8 —1.4 eV for GNRs with width ~1.2 nm) and dramatically changes the optical spectra owing to a near complete transfer of oscillator
strength to the exciton states from the continuum transitions. The characteristics of the excitons of the three distinct families of AGNRs are
compared and discussed. The enhanced excitonic effects found here are expected to be of importance in optoelectronic applications of
graphene-based nanostructures.

The successful fabrication and measurement of graphéne, the photoexcited states by solving the Betlsalpeter

a single atomic layer of graphite, have resulted in intensive equation (BSE) of the two-particle Green’s functfdhe
research on graphene-based structures because of fundamerlectror-hole excited state is represented by the expansion
tal physics interests and promising applicatibrig3* A strip

of graphene of nanometers in width can be obtained, e.g., hole elec
by etching or patterning. These structures are referred to as |S= Z z Z Af‘ck| vekd
graphene nanoribbons (GNRs). Recent advances in fabricat- v C

ing and characterizing stable GNR¥ provide opportunities
to explore the various remarkable properties of these systemsThe exciton amplitudeAfck is obtained by solving the
A recent studif has shown that the quasi-particle band BSE24.26

gap of armchair-edged GNRs (AGNRS) is in the interesting
energy range of 43 eV for 2-=1 nm wide GNRs and is

therefore promising for electronics applications. However,
the optical properties of the GNRs have not been explored
going beyond the independent-particle picttirget many-

electron effects are expected to play an important role in
determining GNR optical properties. Recent ab initio cal-

culations, as well as experiments, have shown that ex0|ton|cenergy of the excited state. In this formalism, the electron

effects dramatically alter the optical response of one- . . . )
. . hole amplitude in real space (or the wavefunction of exciton)
dimensional structures, such as carbon and BN nanotubes

and Si nanowire$® 22 Hence, in this work, we carry out a Is given by
first-principles calculation, including the relevant many-
electron (quasi-particle self-energy and electrbnole inter- oy s Nk -
action) effects, to study the optical properties of AGNRs. Ps(Xe Xp) = Z Z Z Ao X9 (Xn)
Following the approach of Rolfling and Loutéwe first ’
obtain the electronic ground state using density functional
theory within the local density approximation (LDA). Next,
the quasi-particle energies are calculated within the GW
approximation to the electron self-enef§yVe then compute

ek vek

(Ey— EOAS, + ; ek K/ K AS,, = QA3
v'e

whereKe" is the electror-hole interaction kernelEy and
E,« are quasi-particle energies for the conduction band state
|ckJand valence band statekl] respectively, an@2S is the

hole elec

Finally, the absorption spectra are obtained by calculating
the imaginary part of the dielectric function as described in
ref 24.

The following notation is used in describing an AGNR

* Corresponding author. E-mail: sglouie@berkeley.edu. Telephone: 510- (_Smce an AGNR_ may be SPec'f'ed bY the number _Of dimer
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ELDA . Figure 2. Quasi-particle band structure and optical spectra of the
(e ) 10-AGNR. The top of valence band is set at zerds the lattice

) ) ) ) constant along the ribbon length. The spectra are broadened with
Figure 1. Differences between the GW quasi-particle energy and 3 Gaussian smearing of width of 0.01 eV.

the LDA Kohn—Sham eigenvalue of a 10-AGNR. The top of the

LDA valence band is set to be zero. The corrections to the NFE
state are marked by a dashed red circle, and the corrections to thé:antly smaller than those of thestates. Ther bands located

o band are marked by a dotted blue circle. in the valence bands also behave differently. As a result, we
have to correct each type of electronic state to obtain the
AGNR with N dimer lines along the ribbon. In this study, correct quasi-particle band structure.
we consider thre®&l-AGNRs (N = 10, 11, and 12), which Figure 2 shows the calculated quasi-particle band structure
cover the distinct three familie®N(= 3p + 1, 3p, and  — and the optical spectra of the 10-AGNR. Because of a strong
1, wherep is an integer) of AGNR$2 and their widths vary  depolarization effect, we show here only the optical absorp-
from 1.1 to 1.4 nm. The dangling bonds at the edges are tion for the case with the light polarization vector along the
passivated by hydrogen atoms. Norm-conserving pseudopo-direction of the ribbon length. Optical transitions that give
tential$” and a plane-wave basis are used, ancktged is rise to the independent-particle interband optical absorption
sampled uniformly along the one-dimensional Brillouin zone. peaks (cyan-colored curves in Figure 2b) are marked with
To ensure that the quasi-particle energies are converged tarrows on the band structure in Figure 2a. The interband
within 0.1 eV, a 1x 1 x 32 k-point sampling is necessary. transitions and the bright excitons are labeled as follows:
As concluded from previous studigsthe k-point sampling E"™ denotes the interband transition from thilh valence
in solving the BSE should be much denser than that for the band to thamth conduction band (counting the bands from
GW quasi-particle energy calculation. Hence, the electron the gap); E™ denotes theéth exciton state associated with
hole interaction kernekeh 24is first computed on a coarse the interband transition™®.
grid (1 x 1 x 32) and then interpolated on a fine grid x1 As shown in Figure 2b, the first photoabsorption peak of
1 x 256) to get converged results. For the optical absorption the 10-AGNR appears at an excitation energy of 1.8 eV as
spectrum calculation, eight valence bands and eight conduc-a result of a bound exciton with a 1.4 eV binding energy.
tion bands are included. Since the supercell method is usedThere are two reasons for such a large binding energy in
in these calculations, a rectangular-shape truncated Coulomlihe AGNRs: (1) quantum confinement which modifies the
interaction is applied to eliminate the image effect between electron and hole wave functions and density of states; (2)
adjacent supercells to mimic isolated GNR&?28.29 reduced screening owing to a larger quasi-particle band gap
We first discuss the 10-AGNR since the other two AGNRs and a finite ribbon width surrounded by vacuum. We note
studied have similar behavior. Figure 1 shows the quasi- that quantum confinement increases the quasi-particle energy
particle energy corrections for the 10-AGNR to its LDA gap, while the electronhole interaction results in large
Kohn—Sham eigenvalues. The quasi-particle energy correc-binding energies of excitons. The two effects are both
tion increases the LDA band gap from 1.3 to 3.2 eV. This is significant but affect the excitation energy in opposite ways.
a much larger change than those found for bulk graphite or Similar behavior has been observed in the optical response
diamond?® This large correction is a consequence of the of carbon and BN nanotubes and Si nanowife$? There-
enhanced Coulomb interaction effects for reduced dimen- fore, the first absorption peak is at 1.8 eV for the 10-AGNR
sions. In addition, the quasi-particle energy corrections show with many-electron effects included. This is only around
a complicated band and energy dependence so that there i8.5 eV higher than that of the LDA interband transition value,
no simple “scissor rule” to obtain the quasi-particle band although the nature of the excited state is completely
structure. The corrections depend on the character of thedifferent.
electronic states. For example, the quasi-particle energy In Figure 2, the energies for the onsets of interband
corrections to the nearly free electron (NFE) states, which transitionsE!! andE?? are almost degenerated. However, the
are states loosely bound to the graphene sheet, are signifi-dispersions of the energy bands giving rise to these transitions
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Figure 3. Optical spectra of 11- and 12-AGNRs. The spectra are
broadened with a Gaussian smearing of width of 0.01 eV.

are different. Hence, the effective masses of the electron and
hole associated with the transition¥' &nd B2 are different
as seen in Figure 2a. As a result, the degeneracy in theq\
excitation energies is broken when the electrbole interac-
tion is included because of a difference in binding energies
for the exciton states. We also note that the electiuole
interaction reverses the apparent relative intensity of the first &
and second prominent {Eand E?) optical peaks for the

10-AGNR. . . L. Figure 4. Exciton wavefunctions of the 10-AGNR for the exciton
There are also dark spin-singlet excitons existing around gates &' (a), E22 (b), and E° (c). Plotted is the electron amplitude

the absorption peaks ofiEand EZin the 10-AGNR. For  square given the hole is fixed on top ofzeorbital at the position
example, the excitoD; in Figure 2b arising from the mixture ~ marked With a plack spot. '!'he distributions have been averaged
of interband transitions and B is a dark exciton for light ~ @long the direction perpendicular to the plane of AGNRs.

polarization vector along the ribbon length. Another dark

exciton labeled with Bin Figure 2b has a higher energy s00 @ E}' (10-AGNR)

and is the “excited state” of DThese dark excitons provide

channels for nonradiative decay processes and affect the 0 . . s .

ribbon’s luminescence. On the other hand, with a different «__ gog | () E,' (10-AGNR)
light polarization direction or modifications, such as changing &

the excitation process, these dark excitons may be excitedT ',L:

and thus can result in interesting new phenomena. N sl © E" (11-AGNR)

The optical spectra of the 11- and 12-AGNRs are presented ~»
in Figure 3, showing similarly strong exciton features. = lmmm“““
Comparing the binding energy of the first bright exciton in e uf Ll
10-, 11-, and 12-AGNRs, we find that it is sensitive to the 500 (@ E, (12-AGNR)
band gap of the AGNR. The 10-AGNR has the largest band
gap and, therefore, a weakest screening of the Coulomb 0 \ ) MWWMMM\MMMM \
interaction between electron and hole among the three -100 -50 0 50 100
AGNRs studied yielding in the largest exciton binding z (angstrom)

energy. . o ) . .
. . . . Figure 5. Electron distributions of excitons after integrating out
In general, we may classify excitons in semiconductors coordinates perpendicular to the direction along the ribbon length.

into (a) bound excitons with energies below the two-particle The hole is fixed on top of a orbital which has the maximum
continuum and (b) resonant excitons with energies abovecharge density, and, = 0.

the two-particle continuum. We find both types of excitons

in the AGNRs, and they both give rise to prominent peaks AGNR: E, E? and E° with the position of the hole

in the optical spectra. For the 10-AGNR in Figure 2B,E  fixed on top of ax orbital and marked with a black spot.
E:' and E? are bound excitons andEand E® are resonant  The character of these excitons reflects the corresponding
excitons. Figure 4 shows the real-space, electiwie electron states. For example, the electron amplitude of the
probability distribution for three specific excitons of the 10- exciton E* shown in Figure 4a is that of the first conduc-
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tion band modulated by the exciton coefficien,. Be- and 10-AGNRs, which has obtained similar trends to those
cause of the different wavefunction character between thefound in the present work on the 10-, 11-, and 12-AGNRs.

first and second conduction bands, the electron amplitude Acknowledgment. We thank C.-H. Park, D. Prendergast

of the excitons E and E” plotted in parts a and b of Figure a4 v -w. Son for discussions. This research is supported
4 show different fine structures although they have a similar by NSF Grant No. DMR04-39768 and by the Director, Office
extent. Quantum confinement (i.e., the sixth conduction band o Science, Office of Basic Energy under Contract No. DE-
is a higher-order subband state in the transverse ribbonaco2-05CH11231. Computational resources have been
direction) results in a nodal line in the electron distribution oyided by Datastar at the San Diego Supercomputer Center.

of the exciton %6 along the ribbon as shown in Figure 4c.

To understand the real-space localization of excitons in
more detail, a more quantitative presentation appears in
Figure 5. The projected electron density

| D2, %,=0)" = [ [ dx, dye| P(Xe,X,=0)I?

is plotted along the ribbon length after integrating the electron
coordinates in the perpendicular directions keeping the hole
fixed on top of ar orbital that has the maximum density for
the hole states. Within the same series of excitons, the
“excited state” of a specific bright exciton (such a@)Ehas

a significantly larger extent than the “ground-state” exciton
(such as %1) as shown in parts a and b of Figure 5. Parts a,
¢, and d of Figure 5 also make a comparison of the extent
of the first bright excitons in 10-, 11-, and 12-AGNR. The
extents of these excitons are closely related to their corre-
sponding binding energies.

In conclusion, we have performed a detailed first-principles
study of the effects of self-energy and electrdmole
interaction in the optical response of AGNRs. The quasi-
particle energy corrections are found to be subband-depend-
ent so that a simple “scissor rule” shift is inappropriate to
obtain an accurate quasi-particle band structure for this
system. As in nanotubes, because of reduced dimensionality,
excitonic effects are dominant in the optical spectrum of the
GNRs. The binding energy of excitons in AGNRs with width
around 1.2 nm is found to be 6-8.4 eV. In addition, dark
excitons are found in the AGNRs, and this is also of
importance to the photophysics of these materials. The
characters of the bound and resonant excitons in the 10-,
11-, and 12-AGNRs studied are compared and explained.

During preparation of this paper, we become aware of a
related theoretical study by D. Prezzi ef&bn the 8-, 9-,
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