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Abstract The strong transition dipole-dipole interaction in two-dimensional organic molecular crystals induces the exciton effect be-
tween electron and hole spins, resulting in the splitting of the bright exciton state and the dark exciton state. The modulation of bright
and dark exciton states has aroused great interest in the field of quantum information applications. Conventional thermally activated
delayed fluorescence materials, which rely on spatially separated donor-acceptor structures, often exhibit broad emission spectra and
efficiency roll-off. In this work, we demonstrate a temperature-induced transition from dark to bright exciton states within the wetting
layer of a two-dimensional organic crystal. By switching the aggregation mode from H-aggregation to Hj-aggregation at low temperature,
the non-radiative triplet-like states are effectively converted into radiative singlet-like states. This leads to a remarkable enhancement of
the photoluminescence quantum yield and the emergence of superradiance, manifested as an intensified 0-0 emission band and a narrowed
linewidth. We thus establishes a strategy for achieving flexible switching between bright and dark exciton states through precise control
of molecular packing, which enables the design of specific Hj-aggregates with tailored excited-state coherence. This superradiant system,
featuring large oscillator strengths and tunable excitonic properties, provides a new platform for quantum information processing.
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1 Introduction

Two-dimensional organic crystals (2D OCs) are characterized by their layer-by-layer assembly from conjugated
molecules via van der Waals interactions, which endow them with ultrathinness, flexibility, and processability,
which are key to their promise in advanced displays and optoelectronics [1-5]. 2D OCs have stronger dipole-
dipole interactions; also, quantum and dielectric confinement in the ultimate 2D limit greatly enhance excitonic
effects [6-9]. The exchange interaction between the electron and hole spins induces a splitting of excitonic states into
the bright and dark exciton states, driven by molecular transition dipole-dipole interactions [10-12]. In dark exciton
states, electrons and holes possess parallel spins, violating spin momentum conservation and preventing direct
photon emission upon recombination [13,14]. Consequently, dark excitons exhibit considerably longer radiative
lifetimes compared to bright excitons. Their high stability and non-radiative nature make them attractive for
applications such as quantum information processing, Bose-Einstein condensation, and light-harvesting systems [15,
16]. Compared with dark excitons, electrons and holes in the bright exciton state have anti-parallel spins, allowing
efficient recombination via photon emission. The spontaneous coherent emission of bright excitons can cause
superradiance and has significant applications in on-chip optical communication, transient light-emitting devices,
and high-quantum yield organic light-emitting diode (OLED) [17-19].

The modulation of bright and dark exciton states has aroused great interest in the field of quantum informa-
tion applications [20,21]. Adachi et al. innovatively designed a thermally activated delayed fluorescence (TADF)
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material with an extremely small singlet-triplet energy gap, enhancing the crossover between triplet-singlet re-
verse systems [22]. Due to the fact that TADF materials rely on the spatially separated the donor-acceptor (D-A)
structure, the excited-state charge transfer (CT) characteristics are obvious, resulting in problems such as spectral
broadening, efficiency roll-off, and poor color purity [23]. Therefore, new OLED luminescent materials that achieve
narrow-spectrum emission and high exciton utilization have become the focus of research [24]. The weakened
screening effect in 2D OCs leads to a significant enhancement of dipole-dipole interactions, making the behavior of
the Frenkel exciton highly dependent on intermolecular interactions induced by molecular aggregation [25]. Dicke
was the first to predict the superradiance phenomenon induced by the spontaneous coherent radiance atoms in
aggregates, and it was successively confirmed in J-aggregates [26-28]. But in H-aggregates, where dark excitons
reside at the bottom of the exciton band, radiative decay to the ground state via direct luminescence is typically
forbidden [13]. Therefore, inducing a dark exciton state to a bright exciton state is a novel direction for enhancing
the quantum efficiency of materials [29]. However, the transition of the molecular aggregation to regulate exciton
behavior is regarded as challenging, as it usually requires altering the molecular crystal structure. Consequently,
precise control over the packing motifs of molecular crystals offers a promising route to modulate excitonic coupling
and generate novel optoelectronic properties [30-32].

Here, using 2,7-Dioctyl[1]benzothieno[3,2-b][1]benzothiophene (C8-BTBT) molecular crystals as a model system,
we systematically investigate the unique excitonic behaviors in 2D molecular aggregates. Benefiting from the
distinct Coulomb coupling environment within the wetting layer (WL) crystalline, we observe a series of distinctive
transitions from dark to bright exciton states. Through the temperature dependent photoluminescence spectroscopy,
time-resolved fluorescence spectroscopy, and polarization-resolved spectroscopy, we have studied the influence of
temperature on exciton coherence length, radiative recombination rate, and the superradiance effect.

2 Characterization and room-temperature optical properties

Utilizing the gradient control of substrate temperature in physical vapor deposition (PVD), we synthesize a series of
2D Cg-BTBT organic crystalline films with various thicknesses (Figure 1(a) and Supplementary Note 1). The tran-
sition dipole moment (TDM) of a single Cg-BTBT molecule and the structure diagram of WL and 1L on hexagonal
boron nitride (h-BN) substrates are shown in Figure 1(b). In the Kasha model, the type of molecular aggregation
is primarily determined by the nearest-neighbor molecules’ Coulomb coupling (Jcoul), which is determined by the
alignment of their TDM [25],

12 (cos o — 3 cos 0 cos )
4meR3 ’

JCoul ~ (1)
where R is the intermolecular distance between mass centers, p is the transition dipole moment, #; and 05 are the
angle between u and R, and ¢ is the optical dielectric constant of the medium. According to our previous research,
the nearest-neighbor coupling in WL Cg-BTBT organic crystals is positive (Jcou > 0) and the next-nearest-neighbor
coupling is negative (Jeouw < 0) [33]. The nearest-neighbor coupling in 1L Cs-BTBT organic crystals is negative
(Jecow < 0), which enables the formation of J-agggregates through intra-chain Coulombic interactions. Optical
micrographs and atomic force microscopy (AFM) images of WL on the h-BN substrate (before and after growth)
are shown in Figures 1(c) and (d). The height of WL is approximately 0.6 nm in Figure 1(d), consistent with
previous reports [33]. The height profiles for the 1L, 2L, and 3L samples (Figures 1(e) and S1) show step heights
of ~3 nm, corresponding to the expected thickness for layers with an in-plane herringbone packing.

Different from the molecular structure found in previous studies [34-36], the molecular arrangement starting from
1L becomes more upright. This is mainly due to the significant reduction in the adsorption energy between the
substrates after the oxygen plasma pre-treatment of the substrates (Figure S2 and Supporting information Note 1).
Compared with the optical microscope images, the contrast spectra image can clearly observe the morphologies of
WL and 1L before and after growth on h-BN, as shown in Figures 1(f) and (g). The optical contrast spectra of WL
and 1L before (Cy) and after (Cy) growth on the h-BN substrate are shown in Figures 1(h) and (i), respectively.
The differential optical contrast spectrum for the WL (orange circle) is calculated as ¢’ = Cy — Cy = AR/ R, where
AR is the differential reflectance and R is the substrate reflectance. The optical contrast spectrum of the Cg-BTBT
molecular crystal is similar to a wavelength diffraction pattern throughout the visible light range, with a negative
contrast value in the 420-530 nm range and a positive contrast value in the 530-740 nm range. Figure S3 displays
the contrast spectra for the WL to 5L films, clearly showing that the characteristic peak amplitudes increase with
layer number. Therefore, the layer count can be determined by comparing these characteristic peaks, offering a
rapid and non-destructive method.
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Figure 1 (Color online) (a) PVD process of 2D Cg-BTBT molecular crystals. (b) In-plane molecular packing of ML and 1L Cg-BTBT on
h-BN. (c) Optical micrographs and (d) AFM images of WL before (left) and after (right) growth on h-BN. (e) Height profiles for the WL,
1L, 2L, and 3L Cg-BTBT molecular crystals. Contrast spectra image of (f) WL and (g) 1L. Scale bars: 10 pm. Optical contrast spectrum of
(h) WL and (i) 1L measured from (f) and (g).

In most m-conjugated organic molecules, a strong vibrational coupling exists between the Sy — S optical transi-
tion and the vinyl ring stretching mode (~1500 cm~!) [37]. The Cs-BTBT crystal spectrum shows its characteristic
peaks at 1147 and 1475 cm !, as shown in Figure S4. This coupling arises because the electronic excitation alters
the 7m-bond order, which directly modulates the vibrational coordinates of the conjugated backbone. This cou-
pling also results in a significant vibrational fine structure in the absorption and photoluminescence (PL) spectra
of the isolated chromophore (monomer), as shown in Figure S5. When these chromophores interact electronically
to form aggregates, the progression becomes distorted, and the relative peak intensities deviate from the Poisson
distribution characteristic of monomers. Therefore, we further investigated the optical properties of the molecular
aggregates using PL spectroscopy at room temperature. Figure 2(a) illustrates the PL spectra of Cs-BTBT in so-
lution (monomer) and for the different layered films. Well-resolved peaks corresponding to the pure electronic (0-0)
transition and vibronic progressions (0-1, 0-2, etc.) are observed. Compared to the monomer spectrum in solution,
the PL spectra of the aggregates show a distinct redshift. This redshift is not solely due to the energy band splitting
caused by long-range Coulomb coupling in monomers but arises from the coupling between Frenkel excitons and
intermolecular CT excitons under resonant conditions in the aggregates. According to the Franck-Condon principle,
the intensity ratio of the first two PL peaks (Ip.o and Iy.1) directly reflects the strength of the electron-vibrational
coupling. As shown in Figure 2(b), the integrated intensity ratio (Ro1 = lo.o/lo.1) for the H-aggregate WL is 0.75,
indicating that the 0-0 transition is not completely forbidden, due to the weak coupling in WL H-aggregates at
room temperature, where the 0-0 peak is thermally activated [38]. Significant 0-0 and 0-1 transitions were observed
in J-aggregate crystals, where the 0-1 transition intensity (relative to the 0-0 transition intensity) steadily increased
with increasing the number of crystal layers until it eventually approached or even exceeded the 0-0 peak. For the
J-aggregate crystalline films (1L-5L, bulk), the Ry gradually decreases with increasing layer number. This can
be attributed to the larger in-plane electronic coupling and interlayer CT states as the molecular layers increase,
resulting in a reduction of 0-0 transitions [28]. Furthermore, polarization-resolved PL spectra reveal anisotropic
emission with a 180° periodicity for the WL, 1L, and monomer Cs-BTBT (Figure 2(c)). At room temperature,
the degree of polarization in 1L (P = (Imax — Imin)/(Imax + Imin) = 25%) is greater than that in WL (P = 14%).
This indicates that the influence of thermal disturbance on the molecular polarization of the H-aggregate is more
obvious. It is worth noting that there are no obvious polarization characteristics in monomer molecules, which also
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Figure 2 (Color online) (a) The PL spectra for monomer, WL, 1L, 2L, 3L, and bulk Cg-BTBT molecular samples. (b) The peak position
and Ro1 of a series of layers of Cg-BTBT crystals. (c) Angle-resolved PL for WL (red), 1L (black), and monomer (blue) Cs-BTBT samples.
(d) Time-resolved PL between WL and 1L. The lifetimes of 720 ps and 2.4 ns at WL and 1L were extracted, respectively, by using biexponential
fitting. (e) PLQY of WL and 1L Cg-BTBT crystals as a function of pump power (optical generation rate).

indicates that polarization mainly originates from molecular aggregates.

We perform time-resolved photoluminescence (TRPL) measurements to study the exciton lifetimes in the WL
and 1L Cg-BTBT crystals. Figure 2(d) shows the PL lifetime of the WL and 1L Cg-BTBT crystal, and it can be
fitted with both faster and slower components. The faster component is attributed to radiative recombination, and
the slower component can be non-radiative due to traps or disorder, which contribute less to the total excitation.
The lifetime of the faster component in the WL Cg-BTBT crystal is 720 ps, significantly shorter than the 2.4 ns
lifetime observed for the 1L. This illustrates that the PL lifetime in the WL Cg-BTBT crystal is dominated by
the CT state with a shorter lifetime. On the other hand, the CT state of exciton delocalization caused by the
thermal effect also eliminates the 0-0 transition barrier in H-aggregates, allowing the relatively weak 0-0 transition
PL in the WL Cg-BTBT crystal to be observed at room temperature. We also measured the room temperature
photoluminescence quantum yield (PLQY) of the WL and 1L Cg-BTBT crystal under 355 nm excitationm as shown
in Figure 2(e). Under low injection, the PLQY of 1L is approximately 10%, while, in contrast, this value in WL
is only below 0.1%. This is due to the dominant intralayer CT and H-aggregation effects in the WL Cg-BTBT
crystal. The dark excitons reside at the bottom of the exciton band in H-aggregates; radiative decay to the ground
state is typically forbidden. Therefore, in an ideal H-aggregated molecular crystal, the corresponding 0-0 transition
band has no fluorescence emission. However, due to the existence of CT states within the WL layer, the secondary
CT transport mechanism results in relatively weak fluorescence production. Time-resolved PL also confirmed that
short-lived CT exciton processes can be observed in the WL. At a high generation rate (up to 10*° s~!.cm™2),
excitons cannot be rapidly released through radiative recombination. This causes a local temperature increase in
the organic crystal, which may enhance the electron-phonon coupling and increase the non-radiative recombination
channels, thereby significantly reducing the PLQY.

3 Temperature-dependent optical properties

To further investigate the exciton properties, we conduct temperature-dependent PL measurements. Figures 3(a)
and (b) show the temperature-dependent PL spectra of the WL and 1L Cg-BTBT crystal, respectively. With
the decrease in temperature, the emission intensity in the 0-0 band (~375 nm) significantly increases, while the
linewidth and vibration order decrease. This temperature-dependent narrowing of the exciton emission linewidth is
primarily attributed to the reduction in dynamic disorder. As the temperature decreases, electron-phonon coupling
is suppressed, and thermal lattice vibrations weaken, thereby significantly reducing the dynamic disorder induced
by phonon scattering. This enhances the phase coherence of excitons and increases their coherence length. Thus,
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Figure 3 (Color online) Temperature-dependent PL spectra of the WL (a) and 1L (b) Cg-BTBT crystals. (c¢) The variation of the 0-0 band
emission peak positions of the WL and 1L Cg-BTBT crystals with temperature. (d) The temperature dependence of the 0-0 band emission
intensity and PLQY for the WL, 1L, and monomer samples.

the linewidth narrowing serves as a direct optical signature of reduced dynamic disorder, which is consistent with
the observed redshift of the 0-0 band and the increase in the Rp; intensity ratio, indicating an increased coherence
length in aggregated crystals at lower temperatures (Figures S6 and S7). The behavior in H-aggregates may be
more complex, as temperature-induced disorder can also affect the intensity of the symmetry-forbidden transition,
with the Rp; increasing as the temperature increases. The redshift of the PL emission band can be observed in
WL and 1L Cg-BTBT crystal, as shown in Figures 3(c) and S8. There is a significantly stronger redshift in WL
compared to 1L, reflecting that, apart from thermal disturbances, there may be other processes that cause changes
in the band structure.

The temperature-dependent PL intensity and PLQY of WL, 1L are plotted in Figures 3(d) and S9. Under
thermodynamic equilibrium, the PL intensity of the 0-0 emission is proportional to the square of the thermal
coherent number Np. We find that the WL reaches Ny = 78 (9 x 9), while for the 1L film Np = 37 (6 x 6) gives
reasonably good agreement with experimental data. At room temperature (300 K), the coherent number decreases
markedly due to thermal disordering Ny = 3 (2 x 2) for the WL and Ny = 9 (3 x 3) for the 1L film. In contrast,
monomer Cg-BTBT on amorphous SiOs substrates showed no significant increase in the 0-0 emission intensity at
low temperature. The PLQY for the WL can reach up to 62% at 77 K, which is more than two orders of magnitude
higher than that at room temperature. The WL Cg-BTBT crystal has lower defect density, allowing excitons to
delocalize over hundreds of molecules, thereby enabling the observation of a size-dependent superradiance effect
based on macroscopic coherence at cryogenic temperatures.

4 Theoretical modeling

We rationalized our experimental results theoretically using a Hamiltonian of pristine aggregates derived from
first-principles calculations. As illustrated in Figure 4(a), with the decrease in temperature, the aggregation state
of molecules in WL transitions from H-aggregation to Hj-aggregation. This is because the Frenkel excitons in
WL are tightly bound around the molecule at room temperature, and only the adjacent transition dipoles form
coherent interactions. On the other hand, at low temperatures, the increase in coherence length leads to an
enhancement of the transition dipole coherence effect of the next nearest neighbors. The molecules in WL aggregate
to form the Hj-aggregation state at low temperatures, which is completely different from the H-aggregation state
at room temperature. As a result, the dark excitons in the 0-0 exciton band of WL transform into bright excitons
(Figures 4(b) and S6), which is a rare occurrence in aggregated molecular systems.

To better understand the influence of temperature on the thermal coherence number and the change of exciton
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Figure 4 (Color online) (a) The spatial distribution of the lowest excited state in a small cluster (lower left) and large aggregate (right) in
WL. The red and blue arrows denote the transition dipole moments of excited and unexcited single molecules. (b) Schematic illustration of the
excitonic band diagram of WL and 1L Cg-BTBT crystals. (¢) The temperature dependence of the PL emission intensity as a function of inverse
temperature for WL, 1L, and monomer samples. (d) The ratio In(Ro1) as a function of inverse temperature for WL and 1L Cg-BTBT crystals.

state, the relationship between Nr and temperature can be given as follows [39]:

47‘[th

NT:1+ LT )

(2)

where k is the Boltzmann constant and w¢ is the band curvature defined in the continuum limit. The expression

of we can also be given as follows:
h

YT 3)

where d is the wave vector index and the m.g is the effective mass of the exciton. According to (2), the temperature-
dependent PL intensity and we at the 0-0 band are plotted in Figure 3(c). Comparing the experimental PL intensity
of the 1L films with the theoretical fit based purely on thermal effects reveals excellent agreement. The thermal
interaction leads to an increase in the effective mass of excitons (the slope of we is k,, = 1.17), which limits the
delocalization of excitons and reduces the number of coherent emission molecules. For WL, two linear curves can
be used for fitting, corresponding respectively to H-aggregation (k, = 1.17) and Hj-aggregation (k,, = 1.75). The
critical transition temperature is 175 K (N = 6, lattice size is 2 x 3), at which point the excited molecule happens
to interact coherently with the transition dipole of the next neighboring molecule. At ultra-low temperatures, WL
Cs-BTBT crystals can form more coherent dipole interactions (suggesting that Ny can reach the order of 200 at
zero temperature), which is called supercoherence.

Importantly, the 0-0 band and the 0-1 band show different temperature dependence; in fact, the 0-0 band intensity
has a stronger temperature dependence. This is clearly shown in Figure 4(d), where the temperature dependence
of the In(Rp1) of WL and 1L Cs-BTBT crystals is shown. In WL, the In(Ry;) varies significantly with 1/7 and
can be linearly fitted, which is a typical feature of superradiance. The coherent interactions of many Frenkel
dipoles form a huge superradiant transition dipole, which mainly emits in the 0-0 band. However, the trend in 1L
gradually slows down, which reflects that the superradiant effect in J-aggregation is no longer dominant. It is the
result of the competition between the CT state and the coherent dipole interaction in the J-aggregation. At higher
temperatures (typically >100 K for aggregates), coherent radiation is primarily limited by phonon scattering. At
very low temperatures (<100 K), it is limited mainly by static disorder induced by structural defects and impurities.
This also explains the deviation of the PL of 1L from the theoretical prediction at low temperatures in Figure 4(c).

wWo =
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5 Conclusion

In summary, we report a series of unique transitions of WL Cg-BTBT crystals from dark exciton states to bright
exciton states at low temperatures. The strong coherence of transitioning dipole molecules at low temperatures leads
to the change of bright and dark exciton states, which can be attributed to the transformation from H-aggregation
to Hj-aggregation in WL. It shows the PLQY as high as 62% at 77 K, and the temperature dependence of PL
intensity, exciton line width, and Ry.; provide evidence of superradiance. It is demonstrated that the coherence
and radiation efficiency of excitons can be effectively manipulated through organic aggregation engineering and
temperature control, providing a theoretical platform for the development of low-temperature photodetectors, high-
efficiency OLEDs, and quantum information devices.
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