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Hot exciton dissociation in graphene
nanoribbons

Guanzhao Wen1,11, Fugui Xu 2,11, Alexander Tries1,3,10,11, Wenhao Zheng 1,
Lucia Di Virgilio1, Shuai Fu 1, Xinyu Chen4, Lin Yang5, Zijie Xiao1,
Mathias Kläui 3, Silvio Osella 6, Ji Ma 5,7, Xu Wang4, Xinliang Feng 5,8,
Yiyong Mai 2, Mischa Bonn 1 & Hai I. Wang 1,9

Exciton dissociation in semiconducting nanostructures is crucial for optoelec-
tronic applications, especially when free-carrier generation is required. Despite
considerable research, the question of whether and how such generation occurs
in strongly excitonic systems remains elusive. Here, we use one-dimensional
precision graphene nanoribbons (GNRs) as a model system to investigate exci-
ton dissociation. We systematically explore the interplay between ribbon length
(l), excitation energy, and band dispersion in various precision GNRs. Ultrafast
Terahertz conductivity measurements reveal that hot exciton dissociation
dominates carrier generation, with ribbon length significantly influencing free
carrier lifetimes. We identify a critical Bjerrum length (RB) of approximately
20nm that determines whether photoexcited hot carriers in GNRs can dis-
sociate before forming tightly bound excitons. For shorter ribbons (l< 2RB),
rapid ~ps exciton formation prevails. Furthermore, the charge-carrier band dis-
persion in GNRs plays a critical role in determining dissociation efficiency. Long
GNRs with strongly dispersed bands, and consequently low effective carrier
masses, exhibit higher mobilities that promote efficient hot-exciton dissocia-
tion. These results advance fundamental understanding of dimensionality,
energetics, and electronic structure in excitonic materials, providing design
principles for optoelectronic devices based on excitonic materials.

Efficient conversionof excitons into free charge carriers is essential for
manyoptoelectronic devices, such as solar cells and photodetectors1–5.
These technologies are increasingly reliant on low-dimensional
materials6–8, where reduced dimensionality suppresses dielectric
screening, particularly in materials with inherently low permittivity,

such as organic or hybrid systems. This reduced screening results in
enhanced Coulomb interactions and, consequently, substantially
higher exciton binding energies (EB) than in bulk materials or tradi-
tional semiconductors, which poses a significant barrier to generating
mobile charges. Hence, understanding and overcoming the challenges
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of exciton dissociation in these low-dimensional systems is central to
advancing the design and performance of next-generation excitonic
devices.

In low-dimensional organic-material systems, EB typically ranges
from 0.1 to 1 eV, depending on the degree of confinement and the
material system9–12. A large EB is advantageous for sustaining tightly
bound excitons in light-emitting applications13–15, whereas it hinders
photovoltaic and photodetection technologies, where efficient exci-
ton dissociation into free carriers is essential. Exciton dissociation has
therefore been identified as a key limiting step in device operation.
Although some initial efforts have been devoted to understanding the
exciton splitting process in various excitonic systems, including
semiconducting polymers16,17, quantum dots18–20, and two-dimensional
transition-metal dichalcogenides21–24, the underlying mechanisms that
facilitate free charge generation have remained elusive.Moessner et al.
proposed that the generationof free electrons andholes fromexcitons
can be analogous to the dissociation of a free ions from ion pairs in an
electrolyte25. By applying Onsager’s theory of field-assisted dissocia-
tion for ions, the authors described the enhanced free carrier escape
probability under an external electric field, which lowers the Coulomb
potential barrier between electron-hole pairs to facilitate their
separation. Despite theoretical progress, little experimental evidence
has been provided to support this scenario, and examples of experi-
mentally tuning free carrier/exciton dynamics remain limited.

Graphene nanoribbons (GNRs) are narrow strips of graphene in
which the lateral confinement opens an electronic bandgap that
depends on ribbon width and edge geometry. Unlike most other low-
dimensional materials, GNRs offer exceptional atomic-level structural
precision, allowing for the systematic tuning of their electronic, mag-
netic, and optical properties by fine-tuning their atomic structural
characteristics, including edge configurations, width, length, and
atomic substitution26–29. Recent advances in bottom-up synthesis
have delivered GNRs with controllable widths down to ~1 nm and
tunable band gaps spanning 1–3 eV, greatly expanding the opportu-
nities for physical property exploration and device integration. This
strict confinement ensures that charge separation dynamics unfold
exclusively along a single spatial axis, providing a direct, quantifiable
link between exciton behavior and ribbon length. Recent spectro-
scopic studies have revealed extraordinarily strong exciton effects
with a binding energy EB on the order of 1 eV11,30,31 (a direct con-
sequence of suppressed screening and pronounced quantum
confinement)12,32, establishing GNRs as an ideal model to probe the
interplay between dimension, structure, electronic structure, and
exciton dynamics in low-dimensional systems.

In addition to tuning the edge structure and width of GNRs,
engineering ribbon length (l) can provide significant control over their
electronic and optical properties33–35. Several previous calculations
have revealed how the bandgap evolves as the length of GNRs is gra-
dually extended, starting from the monomer36–39. While a strong con-
finement effect in the length direction has been demonstrated for
short ribbons, the bandgap energy of GNRs converges to its bulk value
for lengths beyond a few nanometers37,38. For instance, combining
experimental and theoretical studies, Talirz et al. reported that when
the ribbon length ofNA = 7 armchair GNRs reaches ~8 nm, the bandgap
converges to within ~50meV of the infinite-length value, indicating a
saturation in the dependence of bandgap on length38. Consequently,
bandgap tunability through length engineering is limited to relatively
short ribbons. In other words, for sufficiently long ribbons (e.g.,
l > 10 nm) with great potential for electronic applications, further
extending the length is not expected to have a significant impact on
the electronic properties of GNRs. However, whether and how the
ribbon length influences the non-equilibrium electronic properties
remains unexplored.

In this work, we investigate a length-dependent effect on non-
equilibrium hot carrier transport and dissociation in GNRs via ultrafast

Terahertz (THz) conductivitymeasurements following photo-injection
of charge carriers. The THz conductivity provides access to the pho-
toinduced complex conductivity of the GNRs, with distinct signatures
from free carriers — exhibiting finite real and imaginary components—
and excitons, characterized by a near-zero real and finite imaginary
component in the few-THz range.While direct optical excitation above
the electronic band gap can inject free carriers into GNRs, they typi-
cally recombine or undergo rapid localization on the picosecond (ps)
timescale11,40,41, restricting the time window for charge extraction in
practical devices. Overcoming this bottleneck and establishing design
principles for generating long-lived, mobile carriers is thus central to
advancing GNR-based photonic and electronic technologies. This
motivates a systematic investigation of how intrinsic factors, such as
ribbon length, the energetics of hot carriers, and electronic structure,
govern the efficiency and lifetime of exciton dissociation and free
charge generation in GNRs.

We discover a critical length scale (RB, the exciton Bjerrum length,
as shown in Fig. 1a and subsequent discussion) in GNRs that deter-
mines whether hot exciton dissociation (HED) can occur effectively to
generate spatially separated free electrons and holes. RB (~ 20 nm) is
found to extend far beyond the conventional quantum-confinement
length scale (~1 nm) in GNRs and is effectively determined by the
spatial extent of theweakly screened electron-holeCoulombpotential.
For short ribbons with l < 2RB, the charge separation by the HED effect
is inherently restricted by the ribbon length. This limitation results in
the ultrafast formation of bound excitons on the ps time scale with
near-unity quantum yields. On the other hand, for GNRs with l > 2RB,
the kinetic energy of hot carriers can effectively facilitate charge
separation to the extent that the electrons no longer experience sig-
nificant electrostatic interaction with the holes. We further reveal the
decisive role of GNR band dispersion and consequently their carrier
effectivemass in determining HED efficiency: low-effective-mass GNRs
exhibit enhanced mobility, which favors the kinetic competition
between HED and thermalization, thereby increasing HED efficiency.
Our results can be qualitatively rationalized using Onsager’s theory of
field-assisted dissociation of electrostatically sticky excitons25. These
findings also provide critical insights into the role of length on the
efficient, long-lived free carrier generation in GNRs,which is crucial for
their applications in optoelectronics.

Results
Quantifying length-dependent carrier transport effect
In this work, the studiedGNRs have a fixedwidth of 1.7 nmand average
lengths of 6, 11, and 58 nm controlled by the number of repeating units
of 4, 8, and 42, respectively. The correspondingmolecularweights and
polydispersities of the polymer precursors are summarized in Sup-
plementary Table 1. A sketch of the investigated GNRs is shown in the
inset of Fig. 1b. The GNRs functionalizedwith Diels-Alder cycloadducts
of anthracenyl units and N-n-hexadecylmaleimide (AHM) (see syn-
thetic details in ref. 42) are used to promote single-ribbon dispersion
of GNRs in organic solvents (toluene in this study). The three available
ribbon lengths enable us to investigate length-dependent charge-car-
rier dynamics in AHM-GNRs spanning aspect ratios by an order of
magnitude (from ~ 3 to 35). The uniformity of AHM-GNRs was
demonstrated by atomic force microscopy and Raman spectroscopy
in our previous study42. Fig. 1c shows themeasured absorbance spectra
for all samples. In contrast to the ~2.3% wavelength-independent
absorption of monolayer suspended graphene in the visible-infrared
range, the AHM-GNRs exhibit a semiconducting response: increasing
the ribbon average length from ~6 to ~58nm yields almost the same
optical bandgap of ~1.62 eV. In line with previous reports, our results
indicate that the length scale plays a negligible role in determining the
electronic and optical properties of AHM-GNRs with l > 6 nm33,35.
Instead, the properties of the AHM-GNRs are dominated by their nat-
ure and the geometrical confinement along the narrow width.
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To quantify the length-dependent free carrier and exciton
dynamics, we conduct optical pump-THz probe (OPTP) spectro-
scopy. We optically inject charge carriers into GNRs by excitation
with tunable photon energies (from 1.62 eV to 3.1 eV). The complex
(real and imaginary) conductivity of photogenerated carriers (Δσ) is
further probed by a single-cycle THz field (E, with a duration of ~
1 ps), following the correlation between the real and imaginary parts
of σ and the photoinduced relative absorption and temporal shift,
respectively, of the THz field (−ΔE/E). We disentangle free carriers
from excitons by their distinct responses at THz frequencies11,43,44. In
principle, the angular frequency (ω) dependent intra-excitonic
absorption (or equivalent conductivity), e.g., the transition
between 1 s and 2p exciton states of materials, can be well-described
by the Lorentzian resonance:

σEX ωð Þ= ω2
pε0τ

1� iωτ + iτω2
0=ω

ð1Þ

where τ, ωp, ω0, and ε0 are the relaxation time, plasma frequency,
resonant frequency, and vacuum permittivity, respectively. Given the
substantial intra-excitonic splitting (hundreds of meV) and the narrow
bandwidth of our spectrometer (up to ~ 2.5 THz, ~ 10meV)11,41, we can
restrict the analysis to the low-frequency limit (ω≪ω0). In addition, the
1s−2p resonance in GNRs exhibits a high-quality factor (ω0τ ≫ 1), such
that the term, iτω2

0=ω, dominates the denominator of Eq. 1. Under

these conditions, we can rewrite Eq. 1 as:

σEX ωð Þ � �iωε0ðω2
p=ω

2
0Þ ð2Þ

This result gives a nearly negligible real part of the photo-
conductivity and a negative finite imaginary part whose amplitude
increases linearly with frequency for excitons in GNRs. It has been
shownthat the slope isproportional to the excitonic polarizability (α0),
given by α0 =ω

2
p=ω

2
0
44,45. On the other hand, free carriers have a con-

siderable contribution to the real part of the photoconductivity, which
can be well described by the modified Drude model (so-called Drude-
Smith model) following46,47:

σF ωð Þ= ω2
pε0τDS

1� iωτDS
1 +

c
1� iωτDS

� �
ð3Þ

where τDS represents the charge scattering time, and the parameter c
represents the probability of backscattering at defects and/or edge
boundaries,with values spanning from0 (for isotropic scattering) to−1
(for preferential scattering). In essence, this model accounts for the
preferential backscattering effect, e.g., due to geometrical confine-
ment in one-dimensional structures, which has previously been
applied to carbon nanostructures such as carbon nanotubes and
GNRs41,48–51. The distinct spectroscopic signatures of excitons and free
carriers, particularly in the real and imaginary parts of the
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Fig. 1 | Molecular design of length-defined AHM-GNRs. a Illustration of hot
exciton dissociation and free carrier generation in AHM-GNRs. Here, l represents
the length of GNRs. RB defines the electron-hole distance at which the Coulomb
potential energy (Ee-h) is equal to the thermal excitation energy kBT. b The

molecular structure of the three AHM-GNRs used in this work. <n> represents the
average number of repeating units. c Ultraviolet-visible-near-infrared absorption
spectra of AHM-GNR samples. The spectra are normalized to the first exciton
transition at ~ 765 nm (or equivalently ~1.62 eV).
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photoconductivity, make OPTP spectroscopy ideally suited as a
sensitive and convenient probe for studying the nature and dynamics
of photogenerated charge species in GNRs.

Using OPTP spectroscopy, we obtained a comprehensive over-
view of the photoinduced charge-carrier and exciton dynamics in
AHM-GNRs of different lengths (see Fig. 2). Figure 2a displays the time-
resolved THz photoconductivity for ribbons with average lengths of
~6, ~11, and ~58 nm, each normalized to the absorbed photon density
(Nabs, see Supplementary Note 1 for details) after excitation with a
pump-photon energy of 3.1 eV. The results reveal that the peak of real
photoconductivity increases with GNR length, indicating that longer
ribbons support higher free carrier mobility and longer-lived free
carriers. We note that within the range of pump fluences used in our
studies, for a given pump photon energy hν, all photoconductivity
dynamics scale with the absorbed photon density. Specifically, the
peak photoconductivity values scale linearly with Nabs (see Supple-
mentary Fig. 1), while the normalized dynamics overlap with one
another (see Supplementary Fig. 2). Figure 2b presents a quantitative
summary: the left axis shows the maximum real part of the photo-
conductivity (normalized by Nabs) for each GNR, while the right axis
plots the charge carrier scattering time, τDS, extracted frommodel fits
to the photoconductivity spectra measured at ~0.5 ps after the max-
imum photoconductivity (where the free carrier response dominates
the THz photoconductivity; see Supplementary Note 2, Supplemen-
tary Fig. 3, and Supplementary Table 2). In short, at a given pump-
probe delay, we record the entire waveform of the transmitted THz
field with (EP(t)) and without (E0(t)) optical excitation. Following the
Fourier transformation, the photoinduced change of the THz field in
the frequency domain ΔE(ω) = EP(ω) − E0(ω) can be obtained and is
directly proportional to the photoconductivity at the THz frequency
Δσ(ω)52. Fits of Δσ(ω) to Eq. (3) provide access to the scattering time
τDS. Both the maximum real photoconductivity and τDS consistently
risewith increasing ribbon length, highlighting reduced end-scattering
as the origin of the enhancedmobility in longer GNRs. This conclusion
agrees with our recent study on length-dependent charge transport in
narrow molecular wires, wherein we demonstrated that charge trans-
port in short GNRs (e.g., with sub-10-nm lengths) is limited by scat-
tering at the ribbon ends. In contrast, momentum scattering from
defects, local structural deformations, and phononswithin the ribbons
dominates conduction in longer GNRs34,51. In this work, we applied the
Drude-Smith model to capture the complex interplay of scattering
mechanisms. Because the GNRs form a disordered ensemble in solu-
tion, orientational averaging of the one-dimensional (1D) carrier
motion inherently yields a geometric backscattering footprint of c
� −0.7941. The extracted c values (various −0.91 to −0.96) exceed this
purely geometric limit, reflecting additional physical backscattering
that suppresses long-range transport. This excess backscattering
arises from conformational bends or defects in extended ribbons,
whereasfinite-lengthboundary (end) scattering is expected tobecome
more important in shorter ribbons41. Accordingly, the Drude-Smith
model serves as a suitable phenomenological tool to account for the
suppressed dc conductivity originating from both geometric projec-
tion and intra-ribbon scatterins.

Quantifying length-dependent EB in GNRs
To further investigate how excess photon energy affects carrier gen-
eration and transport in GNRs, we examine the time-resolved photo-
conductivity of AHM-GNRs as a function of excitation photon energy
(hν). Figure 2c, Supplementary Fig. 1, and Supplementary Fig. 2 illus-
trate the hν-dependent THz photoconductivity for AHM-GNR with
58 nm. In good agreement with our previous report11, when excited at
the optical bandgap (hν = ~1.62 eV), the conductivity response is
dominated by excitons with a negative imaginary component and a
negligible real component. In contrast, higher photon energies (hν >
2.2 eV) create transient free carriers, which are visible as a finite real

part in the photoconductivity spectrum. Clearly, free carriers are
generated through theHEDprocess, requiring sufficient excess energy
in the nascent electron-hole pairs to overcome the Coulomb attrac-
tion. We then quantitatively evaluate the energetic threshold for this
transition from excitonic (insulating) to free-carrier (conductive)
behavior by tracking themaximum photoconductivity as a function of
hν and ribbon length. Figure 2d summarizes these dependencies,
revealing a distinct crossover once the hν surpasses a critical value
above the bandgap. Taking into account the role of thermal excitation
(kBT) and the energies of exciton states and the electronic band edges,
we can quantitatively infer EB of AHM-GNRs by fitting the free carrier
generation efficiency under varied excitations (see details in Ref. 11).
The fits, shown as dashed lines in Fig. 2d, yield EB values of 730 ± 65,
700 ± 50, and 620 ± 55meV for AHM-GNRs with lengths of 6, 11, and
58 nm, respectively. Such an inverse scaling between EB and l can be
qualitatively understood as a consequence of the increased delocali-
zation of electron-hole wavefunctions and the reduced quantum
confinement that occurs with increasing ribbon length53. Given the
dense and nonhydrogenic excitonic spectrum inherent to GNRs, the
optical transition to the continuum can be broadened by higher-lying
excited states and resonances. Hence, the EB values extracted here
represent effective exciton binding energies rather than strict ground-
state quantities. Moreover, we note that the EB for the longest ribbons
remains large, over 600meV, demonstrating the general exciton-
dominated optical properties of narrow, atomically precise GNRs.
These results reveal the key influence of ribbon length and excitation
energy on both the nature and dynamics of photogenerated charge
species in GNRs.

To analyze how free carriers and excitons evolve over time in
AHM-GNR samples, we investigate the frequency-resolved photo-
conductivity response after excitation at 3.1 eV (see Supplementary
Note 2 for details)41,48,54. Fig. 3a compares the photoconductivity
spectra of AHM-GNRs with lengths of 11 and 58 nm, revealing distinct
long-lived charge states that form after excitation. For short GNRs,
excitons dominate the response: the real component of photo-
conductivity decays rapidly to zero, and the imaginary part is negative
—typical signatures of an exciton-dominated system in the quasi-
equilibriumstate after the initial photoconductivity decay. By contrast,
the longest ribbon (58 nm) exhibits a sustained positive real photo-
conductivity attributable to long-lived free carriers, with little decay
evident between 50 and 250ps.

To quantify the contributions of excitons and free carriers within
the overall conductivity, we model the frequency-resolved photo-
conductivity spectra at various pump-probe delays as a linear con-
tribution fromboth types: σ(ω, t) = A(t)·σF(ω) + B(t)·σEX(ω), where σF(ω)
and σEX(ω) represent the frequency-dependent free carrier and exciton
responses described in Eqs. (1–3), and A(t) and B(t) denote their
respective time-dependent weights. σF(ω) and σEX(ω) are obtained
from the response at early times (~0.5 ps) and from the exciton-
dominated temporal region (see SupplementaryFig. 4 for anexample),
respectively. By applying the model, we determined the time-
dependent exciton fraction η, defined as η = B(t) / [A(t) + B(t)], as
summarized in Fig. 3b for all three AHM-GNR samples. Our results
show that, for short ribbons (6and 11 nm), excitons rapidly become the
dominant species within 10 ps after excitation. In contrast, long rib-
bons (58 nm) retain a significant population of long-lived free carriers,
with about 30% of the carriers remaining unbound even after 10 ps.
Across all samples, this composition stabilizes on the picosecond
timescale and remains nearly constant up to 1 nanosecond (ns). We
note that, within the sub-ns window, the radiative recombination can
be a significant competing channel in many one-dimensional nanos-
tructures. Previous time-resolved photoluminescence measurements
on identical 11 nmAHM-GNR dispersions reported an exciton radiative
timescale up to ~8 ns11. Given that this radiative decay timescale is
substantially longer than our maximum observation window (~1 ns)
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and the sub-ps excitondissociation processes, we expect that radiative
losses play a relatively minor role in the early-time carrier and exciton
dynamics discussed here.

The long-lived free carrier states observed in the 58nmAHM-GNR
sample are particularly promising for optoelectronic applications,
such as photodetectors and photovoltaics, where efficient exciton
splitting is necessary for high performance. While entropy-driven free
carrier generation (as describedby the Sahamodel)might explain such
behavior at low excitation densities55, our data exclude this mechan-
ism, as nearly all carriers become excitons even in the longest ribbons
under our experimental conditions (see Supplementary Note 3 and
Supplementary Fig. 5). Instead, we attribute the length-dependent
generationof free carriers inGNRs to a kineticprocessgovernedby the
interplay between ribbon length and the effective spatial range of
Coulomb attraction. The Bjerrum length RB = e2/(4πε0εrkBT)56–58

defines the distance where thermal energy matches the Coulomb
potential between carriers, where εr, kB, and T represent the relative
permittivity of the solvent, the Boltzmann constant, and the

temperature, respectively. We note that charge carriers in GNRs are
confined to a 1D geometry, resulting in strong excitonic effects11. As
such, in the early timescale following optical excitation, excitation
above the bandgap generates transient hot free carriers, and only
those with sufficiently high kinetic energy can effectively overcome
the strong short-range 1D Coulomb potential for charge separation:
greater photon energies yield excess kinetic energy, allowing electrons
and holes to separate more effectively. Following this initial dissocia-
tion process, however, the decisive criterion for generating long-lived
free carriers is whether they can separate further before cooling to a
distance at which the remaining, solvent‑screened Coulomb attraction
drops below kBT. Moreover, the GNRs are narrow but embedded in a
liquid solvent with a comparable or higher dielectric constant. Under
these conditions, the short-range excitonic physics is governed by the
quasi-1D, strongly bound regime, whereas at larger separations the
Coulomb interaction is expected tobedominatedby solvent screening
and can be reasonably described by a 3D-screened potential59. Con-
sequently, we estimate RB using the solvent-screened 3D Coulomb
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Fig. 2 | Length-dependent free-carrier generation in AHM-GNRs. a Time-
resolved THz photoconductivity of AHM-GNR with different lengths normalized to
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interaction rather than a strictly 1D potential. This length-dependent
separation is closely related to the HED mechanism known from
semiconducting polymer heterostructures60,61, but here it occurs
within a single GNR without the need for interfaces or charge-transfer
states. Efficient HED in GNRs relies on excess energy and high charge
carrier mobility, particularly of hot charge carriers, to enable separa-
tion before rapid exciton formation. Indeed, the high charge carrier
mobility in GNRs could balance the large excitonic effect, leading to
efficient free carrier generation by HED. In estimating this mobility, we
adopt the reported effectivemass (m*�0.08m0)

43, as a commonvalue
for the three GNRs studied here. It is well established that in GNRs, the
carrier effective mass is primarily determined by ribbon width and
edge geometry, which dictate the band-edge dispersion62,63. When
increasing the length of GNRs, bandgap saturation occurs once the
length exceeds ~5-8 nm (depending on the ribbon structure)37–39. Since
all three GNR lengths exhibit optical bandgap saturation, we do not
expect the effective mass to show a significant length dependence.
Combined with the measured scattering time (τ ≈ 28 fs), we estimate a
short-range charge carrier mobility (μ) in our GNRs to be up to ~
650 cm2·V−1·s−1 using the expression as μ = e‧τ / m*, where e is the ele-
mentary charge. This mobility value is inferred from THz photo-
conductivity and thus represents short-range, high-frequency charge
transport at the nanometer length scale, rather than macroscopic
device mobilities.

For short GNRs (e.g., l < 2RB), the spatial limitation imposed by
the ribbon length ensures almost all carriers become excitons within
~ 10 ps. For longer ribbons (l > 2RB), electrons can travel far enough
from their holes to escape their Coulomb potential, resulting in long-
lived free charges. This separation between electrons and holes is
maintained until the 1D random-walk diffusion returns them within a
distance of RB from each other, at which point exciton formation can
occur. Using the static dielectric constant of toluene, we calculate RB

to be approximately 20 nm. This value aligns well with our experi-
mental observation that HED emerges for GNR lengths between 11
and 58 nm. The agreement between the calculated RB and the
experimental results supports our proposedmechanism. Notably, RB

extends far beyond conventional quantum confinement (repre-
sented by the Bohr radius of roughly 1 nm), offering a more accurate

framework for understanding charge separation in GNRs. In contrast,
the equilibrium exciton size remains much smaller, at approximately
0.7 nm, due to the localized nature of excitons in these systems11.
Despite this strongly bound nature, we estimate the exciton spatial
extent (polarizable length) to be ~1.1 nm, derived from the exciton
polarizability (see Supplementary Fig. 6). This extension exceeds the
local atomic-scale width fluctuations (<0.7 nm). As a result, the
exciton wavefunction effectively averages over these short-range
variations, preventing strong exciton localization by sub-nanometer
geometric defects.

Band dispersion-dependent HED in GNRs
Our study on the role of the GNR length in tuning HED offers crucial
insights into the kinetic escape probability of hot carriers and its
impact on carrier dissociation efficiency. Within this framework,
besides the ribbon length, another key factor is the transient charge
carrier mobility in GNRs: a high charge carrier mobility favors long-
distance transport within the brief (sub-ps) time window for escape.
Assuming that the quasi-steady statemobility also reflects themobility
of hot carriers, we know the charge carrier mobility, μ, to be propor-
tional to the ratioof τ /m*, wherem* is the charge carrier effectivemass.
Since previous studies have found that the scattering time τ in GNRs
was largely independent of ribbon structure (typically 30-50 fs)43, we
anticipate thatm* or intrinsic electronic structures of GNRs should play
a profound role in determining HED efficiency: explicitly, the HED
efficiency in GNRs should increase with decreasing m*.

To test this hypothesis, we synthesized two additional long
nanoribbons: cMGNR (l = 70nm)64 and HTGNR (l = 43 nm), and deter-
mined their HED efficiency following photoexcitation. Figures 4a, b
show the molecular structure and effective mass of cMGNR and
HTGNR materials, respectively. The cMGNR incorporates tert-butyl
(tBu) side groups along a curved multi-edged backbone composed of
alternating cove, armchair, and gulf segments. This hybrid edge con-
figuration induces a slightly nonplanar geometry and flattens both the
valence and conduction bands, resulting in relatively heavy carriers
withm* of ~0.8m0

64. In contrast, the HTGNR is achieved by integrating
tert-butylphenyl substituents at the cove-edge positions of the pristine
periodic cove-zigzag-edged GNR (6-CZGNR-(2,1)), which exhibits a
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much lighter m* of about 0.08 m0. These structural and electronic
distinctions provide a useful framework to examine how band dis-
persion and carrier mobility dictate intra-ribbon HED. The time-
resolved photoconductivity dynamics of cMGNR and HTGNR disper-
sions after excitation at above-Eg (3.1 eV) and near-Eg energies are
shown in Supplementary Fig. 7 and Supplementary Fig. 8. In Fig. 4c
and Supplementary Fig. 9, we present the frequency-dependent pho-
toconductivity at different time cuts for two GNRs, and show the
inferred fractional exciton population in Fig. 4d. As expected, in
cMGNR (with a relatively largem* = 0.8m0), the majority of the charge
carriers condense into exciton states within ~10 ps. In contrast, HTGNR
and AHM-GNR (both withm* = 0.08m0)maintain a free carrier fraction
of about 30%. To explain these observations, we estimate a lower
bound for carrier mobility required for efficient HED – approximately
600 cm2‧V−1‧s−1 – based on the diffusion length scale of RB (~ 20 nm)
and the transient exciton dissociation timescale (~ 250 fs, corre-
sponding to the rise time in the photoconductivity dynamics). This
threshold mobility reflects that HED is not solely determined by the
available excess energy or geometric length scale, but is fundamen-
tally constrained by the material’s band structure and transient carrier
mobility. We note that, in the HED process, the initial non-equilibrium
charge carrier mobility can be very high. However, the quasi-
equilibrium mobility after ~ps carrier relaxation may be dominated
by polaron formation, which significantly reduces carriermobility. The
formation of polarons has been experimentally demonstrated in

GNRs65,66 and may facilitate the long-lived charge-separated states
observed in our longest ribbons.

Discussion
This work establishes a physical framework for understanding how
spatial confinement, carriermass, and excitation energy jointly govern
the dissociation of strongly bound excitons in one-dimensional sys-
tems. While the classical Onsagermodel explains field-assisted exciton
separation in bulk materials, its applicability to low-dimensional sys-
tems remains uncertain. In particular, in systems without external
fields, whether and how tightly bound excitons can dissociate to pro-
duce long-lived mobile carriers has been unclear. Our work demon-
strates that the excess energy of hot carriers canbe seen as aneffective
field to drive intra-ribbon exciton dissociation, provided two intrinsic
criteria are met: a ribbon length exceeding a critical threshold (l > 2RB)
and a sufficiently high charge carrier mobility (and thus a low
carrier m*). This m*-dependent dissociation efficiency directly reflects
the interplay between electronic band dispersion and exciton
dynamics, highlighting a parameter space largely unaccounted for in
classical exciton models. Furthermore, although the free carrier gen-
eration efficiency by HED is similar in HTGNR and AHM-GNR, their EBs
differ significantly. Photoconductivity measurements quantify the EB
of HTGNR at 709 ± 49meV, which is substantially higher than that of
AHM-GNRs. This result further indicates that on an ultrafast timescale,
the probability of generating free carriers is governed by the initial
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energetic conditions and local band dispersion, rather than the abso-
lute depth of the Coulomb potential.

Our identification of a critical exciton dissociation length in GNRs
offers a unifying explanation for previously reported ultrafast recom-
bination in short ribbons. It provides a clear design principle for
achieving free-carrier generation without relying on heterojunctions
or built-in fields. These results suggest that the system dimensionality,
Coulomb interactions between photogenerated charge carriers, and
electronic band structure must be considered jointly when evaluating
charge separation efficiency in strongly bound excitonic systems.
Finally, the ability to efficiently generate long-lived free carriers in
GNRs, as revealed by the critical dependence on ribbon length and
band dispersion, is directly relevant for their implementation in
optoelectronic devices such as photodetectors, solar cells, and pho-
totransistors. While practical solid-state architectures inevitably
introduce substrates and electrical contacts that modify absolute
mobility and dielectric screening, our contact-free measurements
isolate the intrinsic non-equilibrium processes governing charge
separation. These solution-phase measurements effectively provide a
fundamental reference point for performance when extrinsic losses
areminimized. By exceeding theRB threshold andoptimizingm*, GNRs
can sustain free-carrier populations even in strongly excitonic regimes,
pointing to strategies to enhance photocurrent and quantum effi-
ciency in real nanoribbon-based device architectures. These insights
provide actionable guidance for selecting or engineering GNRs for
integration into solid-state device platforms, where overcoming rapid
exciton recombination is pivotal for efficient operation.

While the present study establishes the intrinsic physical limits of
free-carrier generation in isolated GNRs, transitioning these nanoma-
terials into practical solid-state architectures necessitates under-
standing their interaction with the immediate environment. Moving to
supported or encapsulated GNR films introduces additional control
parameters, including dielectric screening, interfacial disorder, heat-
dissipation pathways, and inter-GNR coupling. Environmental screen-
ing is known to renormalize Coulomb interactions in low-dimensional
systems, thereby substantially modifying exciton binding and charge-
separation energetics67. Furthermore, substrate coupling can alter
cooling and relaxation dynamics, directly dictating whether hot
populations can successfully access charge-separated configurations
before relaxing to strongly bound states. Therefore, systematic studies
of these supported geometries (specifically varying the substrate
permittivity and thermal coupling) represent a natural and critical next
step toward device integration of GNRs. Such efforts will bridge the
gap between intrinsic photophysics and the rational design of optimal
device configurations for next-generation photodetectors, solar cells,
and phototransistors.

In summary, through a systematic study of the interplay among
the excess energy of photogenerated hot carriers, the length and
effective mass of GNRs on exciton dissociation, we report intra-GNR
hot exciton dissociation as the dominant mechanism for free carrier
generation in GNRs. We unveil a critical length scale (RB ~ 20 nm) in
GNRs, beyond which hot carriers can effectively dissociate spatially to
produce extremely long-lived (over ns) free charge carriers with high
efficiency. For GNRs with shorter length l < 2RB, the charge separation
distance by the HED effect is intrinsically limited by the ribbon length
so that the strong electron-hole Coulomb interactions lead to ultrafast
exciton formation on the ~ 10 ps timescale. Crucially, we demonstrate
that even when GNRs exceed this critical length, the effective mass of
charge carriers plays a decisive role in determining their properties:
low-effective mass GNRs (e.g., 0.08 m0) exhibit extended carrier life-
times (over ns) through enhanced mobility, while high-effective mass
counterparts (e.g., 0.8 m0) suffer rapid recombination. Our results
provide fundamental insights into the critical roles of the GNR length,
band structure, and the excess energy of charge carriers in free carrier

generation in GNRs, which is relevant for their applications in
optoelectronics.

Methods
Sample preparation
For the preparation of GNR dispersions, GNR powders were dispersed
in toluene solvent (≥ 99.8%, analytical reagent grade, Fisher Scientific,
UK) at a concentration of 0.5mg‧mL−1. The mixture was stirred at
100 °C for 10 h and subsequently sonicated for 30min to ensure
complete dispersion. The quartz cuvettes (thickness of 2mm) are
sequentially cleaned by ultrasonication in deionized water, ethanol,
acetone, and toluene (2min each), followedbydrying under a nitrogen
stream. The purifiedGNR solutionwas then transferred into the quartz
cuvettes for Ultraviolet-visible-near-infrared (UV-vis-NIR) absorption
and THz spectroscopy measurements.

UV-vis-NIR absorption measurement
The UV-vis-NIR absorption spectra for AHM-GNR solutions were
obtained on HITACHI U-4100 spectrophotometer.

Optical pump-terahertz probe spectroscopy (OPTP)
Transient photoconductivity of GNRs solutions is investigated using a
home-built optical pump-THzprobe setup. The ultrafast laser source is
a commercial regeneratively amplified Ti:sapphire system, delivering
the pulses centered at ~800nm with a repetition rate of 1 kHz and a
duration of ~50 fs. A portion of the output is delivered to a 1-mm-thick
(110)-oriented ZnTe crystal for generating the single-cycle THz radia-
tion by optical rectification, while the THz detection is achieved in a
second ZnTe crystal through electro-optic sampling, enabling access
to a spectral window of 0.4 ~ 2.0THz. The temporal profile of the THz
waveform is measured by scanning the relative delay between the
probe and a synchronized 800-nm sampling pulse derived from the
same amplifier. For optical excitation, the excitationpulse of 800 nm is
routed from the output of the laser, and the pump excitation at
400nm (~50 fs) is produced by the frequency doubling the 800nm
beam in a β-barium borate crystal. Additional pump wavelengths are
generated using a commercial optical parametric amplifier (Light
Conversion). Pump-induced changes in the transmitted THz field are
recorded at both the peak and the first zero-crossing point of the
reference THz waveform. Variations at the THz peak amplitude pro-
vide direct information about the real part of the photoconductivity,
whereas shifts at the zero-crossing reflect the imaginary part. The
relative delay between pump and probe pulses is varied with a
motorized delay stage to capture the ultrafast evolution of the pho-
toinduced conductivity. Full frequency-dependent spectra are
obtained by Fourier transforming the time-domain THz waveform.
GNRs solution samples are placed in 2mm-thick quartz cuvettes.
Continuous stirring is employed throughout the measurements to
prevent aggregation or sedimentation of the nanoribbons. All experi-
ments are performed under a dry nitrogen atmosphere to minimize
absorption of THz radiation by water vapor.

Data availability
All the data supporting the findings and mentioned in this study are
included in theArticle and its Supplementary Informationfile. Thedata
are available from the corresponding author upon request.
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