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ABSTRACT: We present transient absorption measurements and
microscopic theory of biexciton binding in triangular colloidal graphene
quantum dots consisting of 168 sp>-hybridized C atoms. We observe
optical transitions from the lowest orbitally dark singlet exciton states to
states below the energy of an unbound dark+bright singlet-exciton pair.
Through microscopic calculations of the low-energy exciton and
biexciton states via tight-binding, Hartree—Fock, and configuration
interaction methods, the spectra reveal a biexciton consisting primarily of

a dark-bright singlet-pair bound by ~0.14 eV.
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A central topic in nanoscience is the interactions between
quasiparticles. In strongly confined nanoscale systems,
these interactions are enhanced and lead to quantitatively and
even qualitatively different phenomena than are observed in
their bulk counterparts. These include enhanced biexciton
binding,l’2 rapid nonradiative Auger recombination,>™>
potentially efficient carrier multiplication.”” At the heart of such
phenomena are the enforced proximity of carriers and the large
extent of the carrier wave functions in momentum space, which
reduces constraints associated with conservation of crystal
momentum.”” In the context of biexcitons, graphene quantum
dots are especially interesting, since screening is much weaker
in a two-dimensional lattice of light atoms than a three-
dimensional crystal of heavy atoms such as Cd and Se that
feature so prominently in semiconductor quantum dot systems.
Only recently, though, have graphene quantum dots been
synthesized by bottom-up techniques'”'" in sizes large enough

that the lowest confinement-induced electron and hole states
12,13

and

can be understood in terms of confined Dirac fermions.
This offers opportunities for new insights into interactions
between Dirac fermions and applications in nanotechnology.
In graphene, understanding interactions of Dirac fermions
and the nature of the possible ground states remains
challenging.'*™*” Unlike in metals where the ratio of the
Coulomb energy to the kinetic energy is proportional to the
average distance between electrons, r,, in graphene this ratio is
independent of density and proportional to (vgk)™' where vy, is
the Fermi velocity and « is the dielectric constant.'> Several
theoretical predictions include insulating ground states'”***’
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and excitonic instabilities.">*>*>*® However, many experimen-
tal properties can be explained based on a noninteracting model
of Dirac fermions;"*
appear to lead only to renormalization of the Fermi
Ve10city17—19,21,22
interactions in a semimetallic state.
experimental reports of excitonic signatures in graphene,20
particularly with regard to those that can be described in terms
of binding of electrons and holes within the region of the
graphene spectrum dominated by the linear dispersion of the

electron—electron (e—e) interactions

of Dirac fermions consistent with weak e—e

16
’ In contrast, there are few
28

Dirac cones.

Here we present a theory and experimental observations of
the interaction of excitons composed of Dirac fermions
confined in triangular colloidal graphene quantum dots
(GQDs)."***7*! In these dots valley degeneracy translates
into degeneracy of conduction and valence band edges'**’ and
existence of orbitally bright and dark exciton states.” We
observe interband transitions from the lowest orbitally dark
singlet exciton states to a bound two-electron—two-hole state
(biexciton) that can be described in terms of a dark exciton and
bright exciton bound by ~0.14 eV. While this binding is 1 order
of magnitude less than the gap, it is strong compared to
biexciton binding in semiconductor quantum dots"”*** and
carbon nanotubes.”** The importance of strong Coulombic
interactions in multiple exciton generation in solar cells,”
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photon cascades,”® and other applications suggest that such
new technologies may be realized using GQDs.
Quasi-electrons and quasi-holes in finite size graphene,
graphene quantum dots (GQDs), can be understood in terms
of confined Dirac fermions.'”***” In particular, scaling of the
optical gap with the size of the quantum dot from nanometer to
submicron agrees very well with that of confined Dirac Fermion
electrons and holes.”” The inset in Figure 1 shows the states at
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Figure 1. Extrapolated singlet exciton (X) and biexciton (XX) states,
relative to the ground state (GS), of confined Dirac fermions derived
from the two-fold orbitally degenerate HOMO and LUMO states
illustrated in the inset. Biexciton states are colored according to the
single-exciton states that make the dominant contributions to the
corresponding biexciton. Partially transparent horizontal lines indicate
the biexciton states in the case of zero biexciton binding energy. As an
example, the binding energy for biexciton state XX is shown by Ayy.

Dipole-allowed interband electronic transitions, corresponding to Am
= =1, are labeled with arrows. Am = +1 corresponds to ¢* photon
polarization (red arrow), and Am = —1 corresponds to 6~ photon
polarization (blue arrow). The transitions relevant to transient-
absorption measurements at long delays, when only the ground and
the nominally dark singlet exciton states X,, are populated, are
indicated by solid arrows. Black arrows represent orbitally forbidden
transitions that become allowed due to electron-phonon coupling.
Filled circles represent conduction-band electrons, and open circles
represent (valence-band) holes.

the top of the valence and bottom of the conduction band in
colloidal graphene quantum dots'*** with the atomic structure
shown as an inset in Figure 2a. The GQDs (labeled C168) have
double-armchair edges and exactly 168 carbon atoms in the sp*-
hybridized core.'' Confinement opens a gap of E, ~ 1.6 eV.
The ligands shown in black serve to cage the GQDs and
thereby inhibit their aggregation and promote solubility, but
they have negligible influence on the electronic structure of the
GQD core as steric hindrance forces the phenyl groups to
rotate out of the plane of the core.'”*® The gap can be
understood in terms of a tight-binding model yielding Dirac
cones for bulk graphene'’ or for armchair edges and larger
structures directly from a confined Dirac Fermion model.'” The
three-fold rotational symmetry of C168 allows us to label the
electronic states with quantum numbers m = 0, 1, and 2 with
optically bright transitions occurring only between states for
which Am = +1, as demonstrated by both tight-binding and ab
initio calculations'® and illustrated in Figure 1. The singlet
exciton spectrum, shown at the bottom of Figure 1, consists of
two bright, Am = 1 (X, X,), and two orbitally dark, Am = 0
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Figure 2. (a) Experimental (blue) and theoretical (black) absorption
cross section of C168. Inset shows the molecular structure of C168,
with the GQD core in blue and ligands in black. (b) Calculated singlet
exciton (X) and biexciton states (XX). Gray lines show higher-energy
single-exciton states obtained by either dipole-allowed excitation from
the ground state or by one of the carriers excited from X ,. The XX
states are the biexciton states accessible by absorption of a photon
from X, ,.

(X}, X,), excitons. The energy of triplet excitons, discussed in
ref 13, falls close to the energy of the two orbitally dark singlet
excitons resulting in the bright-singlet—triplet splitting energy
being close to the energy difference between the X, , and X5,
excitons. Because of the degeneracy of the HOMO and LUMO
levels, there exist different classes of biexciton (XX) states
consisting largely of pairwise combinations of single-exciton
states as illustrated in Figure 1.

The exciton states give rise to the calculated and measured
absorption spectra shown in Figure 2a. Althou§h X, (or
collectively LX) are orbitally optically dark,'”*%*" " their
coupling to phonons allows for borrowing of oscillator strength
from higher-energy bright excitons thereby producing the
absorption shoulder at 1.7 eV.” The pronounced peak at 2.1
eV is associated with X;,. Figure 2b shows excited singlet
exciton states obtained by either dipole-allowed excitation from
the ground state or by excitation of one of the carriers from the
states X, ,. The XX states studied here experimentally are the
biexcitons accessible by optical absorption from X, ,.

Measurement of biexciton emission in C168 is extremely
challenging on account of the low photoluminescence quantum
yield of C168 single excitons (~0.002) and rapid rate (3 ps™")
of biexciton Auger recombination.”’ Moreover, rapid carrier
cooling allows for measurement of photoluminescence only
from the lowest-energy single- and biexciton states. Therefore,
we study biexcitons by transient absorption (TA) measure-
ments in which the single-to-biexciton transition does not
require a long-lived biexciton for its observation and in which
one can access higher-energy biexcitons. TA measurements on
C168 were performed as described previously.”' C168 was
prepared following the synthesis of Yan and Li'' Prior
characterization has established the high structural and size
uniformity of the synthetic product.'’ C168 was dissolved in
anhydrous toluene, and loaded in a nitrogen atmosphere in a 1
mm path length fused-silica cuvette sealed with Teflon valves.
GQD solutions were prepared to optical densities of ~0.2 at 3.1
eV. C168 in toluene was excited at 3.1 eV and probed with
~130 fs temporal resolution using a broadband continuum (for
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photon energies Aw, . = 1.1 eV) or the output of a f-
BaB,0,-based optical parametric amplifier (for 0.5 eV <
h@,qpe < 1.05 €V). Spectra above 1.1 eV were measured with a
charge-coupled-device (CCD) spectrometer and below 1.1 eV
with a monochromator and InGaAs photodiode. In each case,
the spectral resolution was 2 nm. To account for the solvent
response, identical measurements were performed on a cuvette
filled with toluene alone, the response of which was subtracted
from the data for C168 in solution.

Excitation of C168 at 3.1 eV with a pump fluence of 0.8 mJ
cm™? per pulse yields the TA spectrum of Figure 3. The

2 3 4 520 40 60 80
delay (ps)

Figure 3. Transient absorption spectrum showing —AaL as a function
of probe photon energy and delay for C168 excited at 3.1 eV at a
fluence of 0.8 mJ cm™ per pulse (1.6 X 10" photons cm™ per pulse).
The color scale corresponds to the data at delays t < 5.0 ps. The data
at t > 8 ps are multiplied by 3 to match scales. The black curves
indicate the contours for AaL = 0.

effective absorption cross section of the GQDs at 3.1 eV is 6, ~
6 X 107'S cm? so that the optical response is saturated’’ and
essentially all the GQDs are initially excited with at least two
excitons. Resolution-limited carrier cooling is followed by
biexciton Auger recombination on a 0.3 ps time scale and then
lattice cooling over tens of picoseconds.”’ We focus on long
delays (100 ps), when the system has cooled to the lowest-
energy singlet exciton states X;,. The probe then measures
transitions from X, to higher-energy single-exciton (X*) and
XX states. The spectral shape is unchanged for times of at least
1 ns. Bleaches of the ground-state transitions (~1.7 and 2.1 V)
are accompanied by induced absorption (—AaL < 0)
immediately to the red (~1.45 and 1.95 eV). Such patterns
are characteristic of biexciton binding;' population of X,
opens new transitions X, — XXy, .x, (the subscript for XX

here denotes the single-exciton states of which the biexciton is
primarily composed), which require less energy than the 0 —
X, transition because of the bound nature of the final state.

For a theoretical understanding of the TA spectrum, we
performed microscopic calculations of the absorption spectrum
of photoexcited C168 including the low-energy exciton and
biexciton states via a combination of tight-binding (tb),
Hartree—Fock (HF), and configuration interaction (CI)
methods.” The many-body Hamiltonian of the GQD describes
interacting electrons in p, carbon orbitals. With the electron
creation operators for a p, orbital with spin ¢ on atom i
denoted by ¢/,, the Hamiltonian for N carbon atoms with N
electrons reads
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N
=y

il=1

2 TiCi Cl + - Z z <l]|V|kl>Cr o ]a’ck,u’cl,a
o ,],k 1 0,0'
(1)

The first term is the one-electron tight-binding Hamiltonian,
and the second term, (1]|V|kl>, describes the screened electron—
electron interactions, V(7 — 7') =2/(klr — r')."> Screening by
sigma electrons and the surrounding fluid is included through
the dielectric constant k. We next perform Hartree—Fock
calculations, which rotate the cj, site operators into HF
operators b, where j labels the HF states. The ground and
excited states of the GQD are expanded in multipair excitations
of Dirac fermions out of the HF ground state 10)

vy = kilo) + X ktbtb,

io”jo
i,j,0

+ Y X Kb b b, 0) .

ij,k,l 6,0,

)

The CI Hamiltonian matrix is built in the space of multipair
excitations and diagonalized numerically. To capture Auger
coupling in CI calculations, we keep HF states within an energy
window of 3E,. The tunneling matrix elements in eq 1 are 7 =
—4.2 eV for nearest neighbors and 7’ = —0.1 eV for next-nearest
neighbors, which are chosen to give bright singlet excitons at
2.128 eV, close to the strong absorption peak measured at 2.1
eV while the dielectric constant, which determines the bright-
singlet—dark-triplet splitting, was chosen as x = 5, 51m11ar to the
expected value for extended graphene in toluene,” to reflect
screening by sigma electrons and surrounding fluid.

For interpreting the experimental data at long delays, we
focus on the band-edge XXs. The calculated singlet excitons
and biexcitons derived from the degenerate HOMO + LUMO
band-edge HF states are shown in Figure 1. These XX states
can be classified according to whether the single-exciton states
from which they are primarily derived include two, one, or zero
X, , excitons and are labeled respectively as XX,_,, XX, -, and
XXg_1o- Combined with the Am = +1 selection rule, this
determines the allowed transitions (solid blue and red arrows)
in Figure 1. Biexciton binding energies are defined as Axx =

(EX, + Ex,) — Exx, where X; and X are the single-exciton states
primarily constituting XX;. We calculate Ayy == 56—82 meV,
Axx, , = 142 meV, and Ay, = 104 meV. Also shown in Figure

2b by gray lines are all higher-energy singlet excitons (X*) that
are accessible from X, .

Data for t = 100 ps in Figure 3 are plotted as blue circles in
Figure 4a, which includes additional low-energy data. For
quantitative determination of the experimental biexciton
binding energy, we model the TA spectrum as follows. The
energies of the ground-state optical transitions are determined
by the positions of the peaks of —[(d’a,)/(dw?)],** which
yields two features in the low-energy shoulder, one at 1.68 eV
and a smaller one at 1.86 eV, corresponding to X, ,, which is
optically brightened by coupling through phonons to higher-
energy bright excitons;”” two in the peak around 2.1 eV, one at
2.09 eV and another of about half the amplitude at 2.22 eV,
corresponding to X, ,; and another around 2.6 eV, correspond-
ing to excitons derived from other than a band-edge electron—
hole pair. The spectral widths of the X; — X; + X; and 0 — X;
transitions are set as equal because the main source of
additional line broadening for transitions to biexciton states is

DOI: 10.1021/acs.nanolett.5b01888
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Figure 4. Plot of experimental and theoretical absorption spectra from
the lowest singlet exciton state. (a) The blue circles indicate measured
—AaL(hw,t = 100 ps) for C168. The blue curve is a fit (see main text)
to the experimental data. (b) The red bars indicate calculated
transitions from the states X,, accounting for intra+interband
transitions. The black line is the Gaussian-broadened (50 meV)
—Aa = —(a,,—a,) calculated from the microscopic theory assuming
equally populated X,, states. (c) The lower panel shows singlet
excitons (light gray), band-edge excitons (color corresponding to
Figure 1) and higher XXs (dark gray) accessible from X ,.

expected to be Auger recombination, which leads to a biexciton
lifetime of 7yx = 0.3 ps.”' This corresponds to broadening 1
order of magnitude less than the widths of the features
observed in ground-state absorption. We label by A, the
biexciton binding energy of the biexciton formed from addition
of an exciton X; to the lowest-energy singlet exciton. To
minimize the number of free parameters, we set A; = A, and
A, = A,. This is summarized by the function —Aa(Aw)L =
SaL + Yt \Pxlgx(hw) — R, gy (hw + A)) ], where SaL is a

spectrally flat induced absorption taken as —0.005 to account
for the broad induced absorption; gx(h®) are normalized

Gaussians taken from the fit to the ground-state absorption
spectrum; and R; is the ratio of the strength of the X; — X, + X|
transition to the strength of the 0 — X; transition. We assume
that §, = 4, and f; = f,. Our fitting parameters are then A,
P13 and R, 3. On the basis of the effects of state-filling in a
single-particle picture, we expect Ry = 1/2. As discussed below,
calculations indicate that the absorption on transitions X; —
XX47 and X, — XX, 5 are 0.43 to 0.59 times the absorption on
the transition from the ground state to X,, Hence, we
constrain R; to the range from 0.43 to 0.59.

A Dest fit of the TA spectrum in the range from 1.1 to 2.6 eV
using the above model is shown by the solid blue curve in
Figure 4 with A; = 0.28 + 0.03 eV and A; = 0.14 + 0.01 eV.
The fit yields R; = 0.22 + 0.01 and R; = 0.59 + 0.01. However,
induced absorption features at 0.6 and 0.75 eV suggest that we
must consider the possibility of intraband contributions to the
TA spectrum in the 1.3 to 2.5 eV region.

To confirm the origin of the spectral features in the
experimental TA spectrum shown in Figure 4a, we use the
microscopic model described earlier to calculate the TA
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spectrum —(q x(Aiw) — ay(hw)) shown by the black curve
in Figure 4b. The TA curve involves bleaching of optical
transitions from the ground state, particularly the transition GS
— X4 to the bright excitons shown in green in Figure 4c. This
gives rise to the peak in TA at 2.1 eV. The TA spectrum also
involves optical transitions from a photoexcited state to excited
exciton, X*, and biexciton, XX, states shown in Figure 4c and
yielding —a; x(Aiw). In particular, the dip at 1.95 eV is due to X,
— XX;; and X, — XX, 5 transitions that involve addition of a
bright X;, exciton to the photoexcited LX. This supports the
interpretation of the experimental feature at this energy being
due to a biexciton bound by 0.14 eV. The relative strengths of
the X; — XX, and X, — XX,  transitions are respectively 0.43
and 0.59 times the GS — X, transition, which is on average in
agreement with the simple expectation of 1/2 from counting
arguments. Figure 4a,b shows negative TA contributions at
energies E < 1.5 eV, well below the XX transitions, due to
intraband excitations of photoexcited electrons and holes from
LX to exciton states X* derived primarily from single-particle
states other than the HOMO or LUMO. While the calculated
and measured energy ranges of the X* contribution are in
excellent agreement, the broadening of the experimental spectra
prevents detailed comparison of energies of excited exciton
states X*. The positive contribution in experiment, Figure 4a, at
1.7 eV corresponds to both interband transitions to dark
exciton states that are prohibited in the calculated spectra,
which do not account for electron—phonon coupling, and to
intraband transitions around 1.3 eV. This makes definitive
determination of A;_; from the experimental data challenging.

These experiments and theory demonstrate the nontrivial
interaction of excitons composed of Dirac fermions confined in
graphene quantum dots. Despite predictions of strong exciton—
exciton interactions potentially leading to excitonic instabilities,
we find that the biexciton binding energy is 1 order of
magnitude less than the optical gap but stronger than in
semiconductor quantum dots"*>** and carbon nanotubes.”
The observation of such large biexciton binding in a structure
only about 2 nm across may be surprising. In colloidal CdSe
quantum dots, biexciton binding increases with decreasing dot
radius until a radius $1.8 nm (substantially larger than the size
of C168) at which point the trend reverses’' on account of the
balance between confinement and Coulomb interactions. In a
system with parabolic band structure, the confinement energy
scales with nanocrystal size L as L% whereas the Coulomb
interaction scales as L', At sufficiently small size, confinement
dominates the Coulomb interaction to a degree that the latter
cannot produce sufficient deformation of the wave function of
the four-particle relative motion to produce continuing growth
in the biexciton binding.42 However, in the size regime where
the low-energy electronic structure of GQDs can be described
in terms of confined Dirac fermions, that is, for a linearly
dispersive band structure, the confinement energy only scales as
L™" so that Coulomb interactions grow in step with
confinement. Our conclusions are drawn for Coulomb
interactions screened by surrounding fluid; future work will
investigate the effect of size and microscopic screening on
exciton—exciton interactions.

Determination of the binding of biexciton states character-
istic of the degenerate HOMO and LUMO levels of graphene
quantum dots has several implications for the photophysics of
GQDs. For example, efficient multiple-exciton generation
(MEG) is dependent on strong Coulomb interactions and
relaxed momentum-conservation constraints that allow gen-
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eration of multiple carriers to occur before excess carrier energy
is lost.*”** These are reflected respectively in the biexciton
binding energy observed here and the fast Auger recombination
reported previously.”' Extended graphene has been found to
display high rates of MEG at low excitation fluences.*> While
that may be useful in photodetectors, it is of limited utility for
photovoltaic solar cells, where one desires a band gap of 21.0
eV, as can be generated in GQDs. The possibility of efficient
MEG in graphene nanostructures has been seen in
computations,*® while semiconducting single-walled carbon
nanotubes have already been found to display surprisingly
efficient impact ionization.”*” The rapid extraction of carriers
from GQDs, as reported for GQDs anchored to TiO,(110),"
would be an essential step in overcoming rapid Auger
recombination and making use of any excess carriers generated
by MEG.
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