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Auger ionization in armchair-edge graphene nanoribbons
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Free electron-hole (e-h) pair generation from excitons in armchair-edged graphene nanoribbons (AGNRs) is
theoretically investigated. We consider the generation of free e-h pairs by the Auger ionization of exciton-
exciton scattering. We calculate e-h pair-generation times in a tight-binding approximation and found that the
times were of picosecond order for 1.2-2.5-nm-wide ribbons due to efficient scattering between excitons.
Additionally, the environmental effects are found to largely influence the Auger ionization process. Our cal-
culations reveal the important role of the Auger ionization of excitons in AGNRs. These findings are of crucial
importance for the application of AGNRs to photoelectronic and optoelectronic devices.
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I. INTRODUCTION

The recent successful production of isolated single-layer
nanometer-sized graphene, i.e., graphene nanoribbons
(GNRs), has generated new interest in one-dimensional
physics and provided novel building blocks for next genera-
tion devices.!™* Reflecting the quasi-one-dimensional struc-
ture of GNRs, many-body effects due to enhanced Coulomb
interaction by the confined geometry greatly influence the
energy band gap, giving a large self-energy correction.’ Fur-
thermore, effects beyond the one-particle excitation strongly
influence the optical properties of GNRs. In fact, state-of-
the-art ab initio calculations using the GW approximation
and the Bethe-Salpeter equation demonstrated that excitonic
effects are dominant in the absorption spectra of armchair-
edged GNRs (AGNRs).%7

From a technological point of view, direct band-gap AG-
NRs are desirable for the generation or detection of light and
are a potential candidate for nanoscale optoelectric devices.
However, the effectively enhanced Coulomb interaction
could induce an efficient nonradiative recombination decay
due to interactions between excitons. In semiconducting car-
bon nanotubes (CNTs), which are similar quasi-one-
dimensional materials, exciton-exciton scattering occurs un-
der high-intensity laser irradiation, leading to rapid
recombination of excitons.®~'? This nonradiative process,
called Auger recombination between two excitons, is also
expected to be efficient in AGNRs. While the existence of
such rapid nonradiative recombination paths is an obstacle
for light-emitting device applications, the Auger process
would involve a simultaneous exciton ionization, called Au-
ger ionization. It is thus important and necessary to study
Auger recombination and ionization in AGNRs to enable
device applications.

In this Brief Report, we report a theoretical study of free
electron-hole (e-h) pair generation from excitons. As a
mechanism of free e-h pair generation, we investigate the
Auger ionization process between two excitons in AGNRs.
We first calculate the excitonic states by solving the Bethe-
Salpeter equation under the tight-binding approximation. We
then calculate the Auger ionization rate for several widths of
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AGNRs. Finally, we will discuss the environmental effects
on free e-h pair generation. Present study elucidates a key
role of Auger nonradiative recombination process in realiz-
ing AGNR-optoelectronice devices.

II. EXCITONS IN AGNRs

The excitonic states in AGNRs are calculated under the
tight-binding approximation. Noninteracting electronic states
of AGNRs are obtained by imposing a fixed boundary con-
dition on the eigenstates of graphene along the direction per-
pendicular to the ribbon axis. In this procedure, we do not
take into account the effects of the spin degrees of freedom
or of passivated hydrogen atoms. These effects are exten-
sively studied by ab initio calculations.> "'

The quasiparticle band energies &k, and &k, for conduc-
tion and valence electrons are calculated using the random-
phase approximation. The wave function of the quasiparticle
(hole) is given by the tight-binding approximation as'>
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where Nce(ll is the total number of graphene unit cells in
CNTs, CZ”)(k) the wave function coefficient for a=A(B)
site, and |p(r-R,;)) is the atomic wave function. The
electron-hole bound state, (I)g), is represented by the super-
position of free e-h pair states, |k.,k,), with the weight
\Pﬁc’(k_q)u as

|(D(V;> = % E ’\Ifﬁr’(k - q)u|kc’kv>a (2)

where ¢ and v refer to the conduction band and valence band,
respectively. Here, we include only the lowest conduction
and highest valence bands formed by the p, orbitals. The nth
(n=1,2,...) excitonic states with amplitude \I’ﬁc,(k— g, and
energy Ej satisfy the following Bethe-Salpeter equation: !>~
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FIG. 1. (Color online) Absorption spectra of 18 AGNRs calcu-
lated by Eq. (4). The dielectric function, k=5.0, and a broadening
of 10 meV are chosen.
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where Ky’ . x is the Coulomb interaction kernel that con-

sists of the exchange and screened-direct terms. For the Cou-
lomb potential between 7 orbitals, we employed the Ohno
potential V(r)=U/ k (47:0U|r|)2+1 with U=11.3 eV.!1517.19
The screening by o bands and by the surrounding environ-
ment is expressed by the dielectric constant «.'>1® The wave
vector consists of the linear momentum k and subbands /,
i.e., k=(k,l) due to the fixed boundary conditions.

From a solution of the Bethe-Salpeter Eq. (3), the absorp-
tion spectra is calculated from the following relation:

h’ i k D, |
athw)=— > — | dhw-Ey, (4)
€8¢ 5 | Kk.k, 0

where Dy i =(k.|z[k,) is the dipole-matrix element between
the conduction and valence bands. The light polarization axis
is set to be parallel to the GNRs axes, z direction. This is
because the optical absorption of a laser beam is greatest for
this polarization configuration. The delta function in Eq. (4)
is broadened by 10 meV. Figure 1 shows the absorption spec-
tra for 18-AGNRs, where 18 refers to the number of bonds
along the direction perpendicular to the ribbon axis. For the
dielectric constant, we set k=5.0. This value is selected since
the Auger ionization does not occur below around x=5.0,
which will be discussed in Sec. IIl B. The van Hove-type
spectral shape inherent to the one-dimensional structure
changes to symmetrical peaks. This is the manifestation of
excitonic effects in the photoresponse of AGNRs.

Figure 2 shows binding energies of excitons for 1.2-2.5-
nm-wide ribbons. The binding energy decreases with in-
creasing width of the AGNRs. This behavior should be com-
pared with semiconducting CNTs,?*2! where the binding
energy decreases with increasing CNT diameter. A recent
experiment enables the fabrication of AGNRs 2 nm wide.? At
this width, the binding energy is calculated as 1.2—-1.3 eV,
and excitonic effects dominate the optical response at room
temperature. Our calculations agree with the results of ab
initio methods.>’
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FIG. 2. (Color online) Binding energy of excitons for several
widths of ribbon. Red (solid) and blue (dotted) lines represent N
=3m+1 and N=3m families, respectively.

III. ELECTRON-HOLE PAIR-GENERATION RATES
IN AGNRs

A. Auger ionization process in AGNRs

Next, let us show the e-h pair-generation rates by the Au-
ger ionization process. When the high-intensity laser is irra-
diated creating more than two excitons, the Coulomb inter-
action makes the excitons recombine nonradiatively by
transferring the energy of one exciton to the other exciton.
The Auger recombination process is dominant when the Au-
ger rate is larger than the other nonradiative recombination
processes, such as exciton-phonon interaction.?? For CNTs,
the Auger recombination plays an important role above the
laser intensity ~20 pJ for 1 um long.?> When one exciton
has a sufficient energy to dissociate the other exciton into a
free e-h pair, the exciton is ionized, called the Auger ioniza-
tion.

Using the excitonic states derived in the previous section,
we evaluate the free e-h pair-generation rates using Fermi’s
golden rule. For the free e-h pair generation, the following
Auger ionization process of exciton-exciton scattering is
considered. The lowest bright excitons in an initial state with
momentum K=0 and P=0 interact with each other to be-
come a free e-h pair as a final state. (We consider only the
bright exciton that is directly excited by laser irradiation as
the initial state. The influence of the dark excitons on the
Auger process is not considered here.) Note that excitons
generated by the absorption of a photon have approximate
wave vectors K=P=0. Regarding exciton dynamics, there
has been no works in GNRs so far. For CNTSs, there is a
controversy on whether the annihilation process is a diffu-
sion limited or coherent multiexciton process.?*—? Therefore,
our calculations for AGNRs assume that the generated exci-
tons equilibrated very rapidly, and that the annihilation pro-
cess is determined by the rates of scattering between two
equilibrated excitons. In this process, the scattering occurs
right after two excitons are generated, neglecting the exciton
diffusion dynamics.?®3! Through the above consideration,
the Auger ionization rate between two excitons, I'g p, is
given by3?33

2
FK,P: 7 2 |M|25(E%(+Ell)_8kc_8kv)’ (5)
kek,

where Ellm,) is the lowest exciton energy of the momentum
K(P) and gy, is the renormalized conduction- (valence-)
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FIG. 3. (Color online) Nonradiative Auger recombination rates
of 1-um-long AGNRs of several widths. As in Fig. 2, red (solid)
and blue (dotted) lines represent N=3m+1 and N=3m families,
respectively.

band energy, corrected by the random-phase approximation.
The matrix element of the Auger process M=(¥ V|V,
=M,—M,, where the initial state is two bright excitons with
zero momentum |W,)=|®f_o)|®p_,) and the final state a free
e-h pair [¥)=|k k), is expressed as

My =3 W@k, 5 ik,
q
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q

X X 5 (k)C Q) CEk)C (@, (ky— ). (7)
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In Egs. (6) and (7), C_i(”)(q) is the wave-function coefficient
given in Eq. (1) and v ((q) is the Fourier transform of the
Coulomb interaction. The subscript s(s’) indicates two car-
bon atoms in the graphene unit cell.

The e-h pair-generation rates of AGNRs 1.2-2.5 nm wide
for k=5.0 are shown in Fig. 3. Within this range of widths,
the e-h pair-generation times are of picosecond order. From
Fig. 3, we found the following interesting features. First, the
e-h generation rates depend on the family type, i.e., N=3m or
N=3m+1, of the AGNRs. This behavior originates from the
dependence of the binding energy on the family type (see
Fig. 2). Second, these rates decrease with increasing width of
AGNRs because the binding energy of an exciton
decreases.?® For experimentally accessible sizes of AGNRs,
i.e., 2 nm wide, our calculation shows that the e-h pairs gen-
eration rate is a few per picosecond while the radiative re-
combination rate is estimated as a few per nanosecond.
Therefore the Auger ionization process should be effective
under high-intensity laser irradiation when many excitons are
present. As mentioned above, for CNTs,? the required laser
intensity for the Auger process is estimated as ~20 pJ for
1 wm long. Although there has been no experiment of the
Auger process in GNRs, we assume that the required laser
intensity for GNRs is comparable to CNTs.
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FIG. 4. (Color online) Environmental effects on Auger ioniza-
tion rates. Below x=5.0, Auger ionization did not occur.

B. Environmental effects on Auger ionization

In this section, we discuss environmental effects repre-
sented by the dielectric constant x on the free e-h pair-
generation rates. In Fig. 4, we plot the k dependence of the
e-h pair-generation rates for 18- and 19-AGNRs. Our calcu-
lation shows that the e-h pair generation by the Auger ion-
ization process is largely influenced by environmental effects
through the x dependence of the Coulomb interaction.

To generate free e-h pairs, the exciton-exciton interaction
must be sufficiently large to dissociate an exciton into a free
e-h pair. It is expected that low « (i.e., less screening) leads
to efficient generation of free e-h pairs since the Auger ion-
ization rate is determined by the matrix elements of the Cou-
lomb interaction, which is controlled by . However, the
dissociation process of an exciton to a free e-h pair is not
allowed by the energy conservation if the binding energy of
an exciton is larger than the exciton energy. The threshold
value of « is considered to depend on the ribbon width.

IV. SUMMARY

In summary, we studied e-h pair generation from excitons
by the Auger ionization of two excitons in AGNRs. The e-h
pair-generation rates of several widths of AGNRs were cal-
culated under the tight-binding approximation. We found that
the ionization times (inverse of generation rates) were very
fast, of picosecond order, because of the enhanced Coulomb
interaction in quasi-one-dimensional structures. We also
showed that e-h pair generation is largely influenced by en-
vironmental effects and is unlikely to occur below a thresh-
old value of k, which depends on the ribbon width.

Our free e-h pair generation findings could be observed
experimentally by femtosecond pump-probe spectroscopy, as
performed on CNTs (Refs. 23 and 34) or by photocurrent
spectroscopy, although it is challenging to suspend AGNRs
between bridges. We consider that the present annihilation
process by two equilibrated excitons is a reasonable assump-
tion and expect that future experiments support the present
mechanism.

In the application of AGNRs in light-emitting devices, the
rapid nonradiative Auger decay rates are a severe obstacle.
However, we emphasize that efficient Auger ionization can
be used to generate sufficient carriers from excitons. Thus,
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the Auger ionization process in AGNRs also provides a novel
route to the application of AGNRs to photoconductive de-
vices.
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