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One of the main interests of 2D materials is their ability to be assembled with many degrees of
freedom for tuning and manipulating excitonic properties. There is a need to understand how the
structure of the interfaces between atomic layers influences exciton properties. Here we use
cathodoluminescence and time-resolved cathodoluminescence experiments to study how excitons
interact with the interface between two twisted hexagonal boron nitride (h-BN) crystals with various
angles. An efficient capture of free excitons by the interface is demonstrated, which leads to a
population of long-lived and interface-localized (2D) excitons. Temperature-dependent experiments
indicate that for high twist angles, these excitons localized at the interface further undergo a self-
trapping. It consists in a distortion of the lattice around the exciton on which the exciton traps itself. Our
results suggest that this exciton-interface interaction causes the broad 4-eV optical emission of highly
twisted h-BN–h-BN structures. Exciton self-trapping is finally discussed as a common feature of sp2

hybridized boron nitride polytypes and nanostructures due to the ionic nature of the B—N bond and the
small size of their excitons.
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I. INTRODUCTION

The conception of 2D material heterostructures (h-2Ds)
benefits from a large number of degrees of freedom in the

choice of atomic layers and the way they are stacked,
creating structural singularities at the interfaces between the
layers [1–4]. Taking advantage of these capabilities allows
one to control and manipulate the properties of excitons:
the efficiency of their radiative recombination [5–10], the
properties of their emission [11], their diffusion length,
their valley and/or spin coherence [12,13], and the dielec-
tric screening between the electron and the hole [14–17].
Finally, excitons can interact with moiré superpotentials,
which tune their properties and motion [18–24]. Thus,
h-2Ds offer an ideal platform for creating novel electronic
devices using exciton fluxes (excitronics) [25] or using
their spin or valley indices (valleytronics and spintronics)
[26]. Hexagonal boron nitride (h-BN) is present in most

*Deceased.
†Contact author: sroux@insa-toulouse.fr
‡Contact author: annick.loiseau@onera.fr
§Contact author: julien.barjon@uvsq.fr

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

PHYSICAL REVIEW X 15, 021067 (2025)

2160-3308=25=15(2)=021067(17) 021067-1 Published by the American Physical Society

https://orcid.org/0000-0001-6493-744X
https://orcid.org/0000-0001-5540-8589
https://orcid.org/0000-0003-0918-5964
https://orcid.org/0000-0002-7911-3758
https://orcid.org/0000-0002-3328-317X
https://orcid.org/0000-0003-0607-4409
https://orcid.org/0000-0002-1467-3105
https://orcid.org/0000-0003-3701-8119
https://orcid.org/0000-0002-7772-2517
https://orcid.org/0000-0002-1042-5876
https://ror.org/03xjwb503
https://ror.org/03xjwb503
https://ror.org/03xjwb503
https://ror.org/03xjwb503
https://ror.org/03mkjjy25
https://ror.org/004raaa70
https://ror.org/004raaa70
https://ror.org/03xjwb503
https://ror.org/03xjwb503
https://ror.org/05p1j8758
https://ror.org/029brtt94
https://ror.org/029brtt94
https://ror.org/029brtt94
https://ror.org/026v1ze26
https://ror.org/026v1ze26
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevX.15.021067&domain=pdf&date_stamp=2025-05-27
https://doi.org/10.1103/PhysRevX.15.021067
https://doi.org/10.1103/PhysRevX.15.021067
https://doi.org/10.1103/PhysRevX.15.021067
https://doi.org/10.1103/PhysRevX.15.021067
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


h-2Ds since it is the best insulating material for use as a
substrate or as a capping layer for other 2Dmaterials such as
transition-metal dichalcogenides (TMDs), 2D magnets
[27], and graphene [11,14,28–32]. Because h-BN plays such
a key role in h-2D-based devices, it is crucial to understand
the surface and interface effects associated with it.
The simplest h-BN-based h-2D is the twisted h-BN–h-

BN homostructure, which consists of two h-BN crystals
with different in-plane crystal orientations. These structures
exhibit many properties that are not present in single h-BN
crystals. At small twist angles, triangular ferroelectric
domains appear at the interface [33,34], as well as drastic
changes in the electronic properties, such as, in some cases,
a spatial separation of the electron and hole wave functions
within the moiré supercell [35,36]. At high twist angles,
h-BN–h-BN homostructure exhibits intense second-
harmonic generation, which could be modulated by the
twist angle [37]. Finally, a new 4-eV luminescence signal
has recently been discovered in cathodoluminescence (CL)
on twisted h-BN–h-BN structures.
Twisted h-BN–h-BN structures are composed of two

stacked multilayer h-BN flakes, as shown in Fig. 1(a).
On the one hand, the single flakes are arranged in the
AA0 stacking configuration [Fig. 1(b)], with high symmetry
and exclusively out-of-plane hetero πB─N bonds. On the
other hand, the twisted interface presents a variety of

out-of-plane bonds, including homo πB─B and πN─N bonds
[Figs. 1(c) and 1(d)]. For small twist angles, a macroscopic
moiré superstructure appears with πB─B and πN─N localized
at specific positions of the interface. For large twist angles,
close to the 30° twist quasicrystal limit, atomic orbitals
vary locally from site to site, and homo πB─B and πN─N

bonds are densely distributed all over the interface. The
luminescence of single flakes is dominated by the
free-exciton emission, while highly twisted h-BN–h-BN
structures exhibit a new emission shown in Fig. 1(e)
characterized by a large linewidth (2 eV) and a maximum
intensity at 4 eV, i.e., 2 eV below the h-BN gap [38,39].
The origin of this optical emission, its 2-eV redshift, and its
relation to the structure of the interface are debated in the
literature. First, a giant exciton trapping at the interface
moiré was proposed [39,40]. However, this is not consistent
with theoretical studies, which estimate the depth of the
interface energy well to be only a few hundreds of meV for
excitons [41,42]. Therefore, another group has discarded its
excitonic nature and rather attributed this emission to deep
defects near the interface [41].
In this paper, we propose an alternative explanation with

the occurrence of exciton self-trapping at the interface of
the homostructure. The phenomenon of self-trapping of an
electron, hole, or exciton was predicted theoretically in the
1930s [43,44] and demonstrated experimentally in alkali
halide crystals as early as the 1960s [45–49]. Self-trapping
results from a local deformation of the crystal lattice around
a charged particle (or dipole) where the particle (or dipole)
is trapped. The particle (or dipole) induces the lattice
deformation, hence the term “self-trapped state.” This state
is a kind of polaron: a charge associated with the defor-
mation cloud it induces around itself. If the coupling with
the deformation mode is strong enough, the self-trapped
state is more energetically stable than the Bloch state of the
free particle in the undeformed lattice [43]. h-BN is a good
candidate for exciton self-trapping since it is a highly ionic
material with a very compact exciton [50]. It makes
excitons and atomic B—N bonds dipoles of similar size,
which is expected to favor exciton-lattice interactions.
Today, the puzzle for understanding the nature and the

origin of this new optical emission is incomplete. In this
work, we present a deterministic approach to elucidate
the interplay between twist angles, defects, and excitons
using CL and time-resolved CL (TRCL). To this end,
16 h-BN–h-BN structures with different twist angles and
fabricated from different h-BN crystal sources are studied
in CL and TRCL at room temperature and as a function of
the temperature. We show how the whole set of exper-
imental data supports an exciton self-trapping mechanism
occurring at the interface of h-BN–h-BN homostructures.

II. EXPERIMENTS

All CL experiments are performed using a JEOL7001F
scanning electron microscope (SEM) equipped with a

h-BN–h-BN
Single h-BN

(a) (e)

B
N

h-BN - AA’ stacking(b)

(d)h-BN–h-BN 3° twist h-BN–h-BN 23° twist (c)

FIG. 1. (a) Sketch of an h-BN–h-BN structure. Top views of
(b) the AA0 stacking arrangement of h-BN, (c) a 3°-twisted
h-BN–h-BN interface, and (d) a 23°-twisted h-BN–h-BN inter-
face. (e) CL spectra measured on a single bulk h-BN crystal (the
bottom part alone), in black, and on the 23° h-BN–h-BN stack, in
red. The luminescence is modulated by Fabry-Perot interferences
related to the thinness of the crystals.
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Horiba Jobin-Yvon CL system optimized for UV detection,
as described in detail in Ref. [51]. Secondary electrons are
detected by an Everhart-Thornley detector (SE detector).
The SEM image corresponds to the intensity of the signal
collected by the SE detector as a function of the position of
the focused electron beam, with an ultimate spatial reso-
lution of 1.2 nm. CL images are measured by a photo-
multiplier (Hamamatsu HJY model, cooled to −30° C by
the Peltier effect) as the electron beam scans the selected
area of the sample. The signal from the SE detector and the
intensity collected by the photomultiplier are recorded at
the same time. In this way, SEM and CL images of the same
area are generated simultaneously, which allows us to
correlate the emission of a CL signal with the topography
of the sample. The CL image can be panchromatic (total
intensity, unfiltered) or monochromatic, filtered in energy
by a monochromator equipped with diffraction gratings.
CL spectra are recorded with a CCD camera.
Thanks to a careful calibration of the detection system, the

CL signal provides the absolute intensity of light emission
from the sample [51]. As a result, the internal quantum
efficiency (IQE) of a luminescence signal can be evaluated
from a CL experiment. The IQE corresponds to the ratio
between the rate of photons emitted inside the sample and
the rate of electron-hole pairs generated by the electron
bombardment. Details of the IQE measurements for the
considered signal are given in Appendix A. Finally, TRCL
experiments are performed using a custom-built beam-
blanking device mounted on the SEM column. The overall
time resolution of the TRCL setup is measured equal to
100 ps (details of the setup are presented in Ref. [50]).
To study the emission of twisted h-BN–h-BN structures,

we decided to vary a large number of parameters in the
fabrication of the homostructures: the twist angle, the
thickness of the crystal flakes in stack, but also the quality
of the starting h-BN crystals and the way the two crystal
flakes are assembled. h-BN crystals with natural boron
isotope content were grown by three different processes:
an atmospheric pressure high-temperature (APHT) process
[52–55] from Ni=Cr solvent, a high-pressure high temper-
ature (HPHT) route [56,57], and a polymer-derived-
ceramic (PDC) method [58,59]. h-BN from the HPHT
method is recognized in the 2D materials scientific com-
munity as the reference h-BN crystals. In a previous study,
a quantitative benchmarking of the respective quality, in
terms of defect density, of these different h-BN sources was
performed based on the measured free-exciton lifetimes
and correlated to the electron mobility in h-BN encapsu-
lated graphene [50,60]. The values of the lifetime and IQE
of the free exciton measured on bulk crystals from the
different h-BN sources are given in Table I.
To fabricate twisted homostructures made of HPHT

crystals, the bottom h-BN layer is exfoliated with a PDMS
stamp and deposited onto an Si=SiO2 substrate [61]. The
second h-BN flake is similarly exfoliated and deposited

over the bottom h-BN under a microscope. The samples are
then annealed at 150° C for 1.5 hours. With this method,
one atomic layer of the twisted interface was in contact
with the PDMS.
For twisted homostructures of APHT and PDC crystals,

the bottom layer is peeled off using Scotch tape on a

TABLE I. Presentation of the 16 h-BN–h-BN samples of the
present study and the respective thickness of top and bottom
flakes. The IQE and the lifetime (τ) of the free exciton measured
on bulk crystals from the same sources [50] are indicated to
quantitatively compare the quality of the samples.

Sample
Free exciton
IQE (%) [50]

τ (ns)
[50]

Top
h-BN (nm)

Bottom
h-BN (nm)

HPHT-11° 18 4.2 260 730
HPHT-14° 15 290
HPHT-15° 17 990
HPHT-23° 9 220
HPHT-27° 13 990

APHT-3° 4.2 1.0 60 40
APHT-4° 67 37
APHT-10° 84 38
APHT-13° 100 60
APHT-29° 20 50

PDC-2° 1.7 0.43 27 46
PDC-13° 68 46
PDC-16° 310 125
PDC-18° 310 370
PDC-19° 44 46
PDC-26° 102 46

0°

10°

20°

30°

Top h-BN n°2 Top h-BN n°3

27° 14°

Bottom h-BN

Reference : 0°(c)

100 µm

(b)

100 µm

1

2 3

(a)
1

2 3

FIG. 2. (a) SEM image of three h-BN–h-BN homostructures
fabricated from an HPHT bulk crystal. The lower h-BN flake is
indicated by red dotted lines. The upper h-BN flakes are
numbered from 1 to 3 and surrounded by solid black lines.
(b) EBSD mapping of the in-plane crystal orientation of the h-BN
flakes. The orientation of the bottom h-BN crystal is taken as the
reference for evaluating the twist angle of the top h-BN. (c) ECP
recorded on the lower h-BN crystal and upper h-BN crystals
No. 2 and No. 3.
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Si=SiO2 substrate [62], while the top layer is peeled off
using PDMS [61] and deposited over the bottom h-BN
flake under the microscope. This method ensures that the
two atomic layers of the h-BN–h-BN interface have never
been in contact with either the PDMS or the Scotch tape
and does not involve annealing. All procedures for the
HPHT, APHT, and PDC samples were performed in a
controlled atmosphere glove box.
The twist angle between the two h-BN flakes is

measured with diffraction by electron-backscatter diffrac-
tion (EBSD) or by electron-channeling patterns (ECPs)
as shown in Fig. 2. Details of the twist angle measurement
are presented in Appendix B. The samples are named
according to the crystal synthesis method from which they
are issued (HPHT, APHT, or PDC) and the twist angle.
Table I lists the different samples and the respective
thickness of the top and bottom parts measured by atomic
force microscopy.

III. EVIDENCE OF THE EXCITONIC ORIGIN
OF THE BROAD 4-EV OPTICAL EMISSION

All h-BN–h-BN samples were first analyzed using
continuous excitation CL at room temperature. The first
observation is that the 4-eV luminescence mainly appears
in homostructures with high twist angles (Fig. 3). For low
twist angles, such as in the PDC-2°, APHT-3°, and APHT-
4° samples, no clear luminescence signal could be detected
in the (3–5)-eV range, confirming a recent study [39].
We conclude that the 4-eV luminescence becomes truly
significant at angles larger than 5°. A spectrum measured
on a low-angle h-BN–h-BN structure is presented in
Appendix C. Spectra measured on three highly twisted

h-BN–h-BN homostructures (purple) and on a single h-BN
crystal as a reference (black) are shown in Fig. 3(b). The
4-eV emission is modulated by Fabry-Perot interferences
whose periodicity is consistent with the thickness of the
flakes (see Table I). CL images filtered at 4 eVare shown in
Fig. 3(c). They clearly demonstrate that the 4-eV cath-
odoluminescence component is due to the presence of the
twisted h-BN–h-BN interface.
The full set of spectra and CL images recorded for the 16

structures investigated in this work are provided in the
Supplemental Material [63]. The signals are comparable for
all samples regardless of h-BN source and flake thickness.
They show common features in line with previous obser-
vations [39–41]: intense, 2-eV broadening and 2-eV red-
shift with respect to the 6.25-eV h-BN band gap [51].
To summarize these first observations, the emission

phenomenon is very robust and appears unconditionally
as soon as the twist angle is large, as already reported in
Ref. [39], for instance. As it does not depend on the
differences in nature and density of defects that present the
three h-BN sources used to fabricate our homostructures,
the emission seems to be intrinsic to the presence of the
interface itself rather than related to extrinsic defects. This
raises the question of its origin, and more specifically,

(a) SEM image (c) 4-eV CL image
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FIG. 3. (a) SEM images of the twisted homostructures outlined
with a dotted line. (b) CL spectra measured on the bottom crystal
alone (in black) and on the homostructure (in purple) at 300 K.
(c) CL images filtered at 4.1� 0.1 eV at 300 K, on HPHT-11°
(5 kV, 27 pA), APHT-29° (3 kV, 280 pA), and PDC-18° (5 kV,
340 pA) samples. Scale bars are 10 μm.
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FIG. 4. (a) Decay of the free-exciton luminescence filtered at
5.75� 0.2 eV, on the bottom h-BN alone (gray) and on the
h-BN–h-BN twisted structure HPHT-11° (orange) after interrupt-
ing the TRCL excitation at initial time (5 kV, 27 pA, spot size of
10 μm). Biexponential decay functions are used for the fits.
(b) Decay of the free-exciton luminescence (black) and of the
4-eV emission (purple) filtered at 4.1� 0.1 eV after interruption
of steady excitation at t ¼ 0 on HPHT-11° homostructure (5 kV,
27 pA, 10-μm excitation spot diameter). Intensities during steady-
state excitation (t < 0) are normalized to the integrated intensity
recorded independently in continuous CL spectra. Experiments
done at 300 K.
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the interplay between the exciton and the twisted-interface
structure, which we will explore next using TRCL.
The goal of the TRCL study is to identify the role of bulk

free excitons in the process leading to the 4-eV lumines-
cence. Figure 4(a) compares the decay of the free-exciton
luminescence at 5.75 eV in the HPHT-11° homostructure
with the decay obtained on the bottom h-BN crystal alone.
A drastic change is observed. For the crystal alone, the
decay is dominated by a short 3-ns component, typical of
the TRCL decay of the free exciton in a single bulk
HPHT–h-BN crystal [50]. For the homostructure, the fast
initial component is similar, but a long component of
0.46 μs appears with a significant intensity (30% on the
HPHT-11° sample). This long time constant is much
larger than the radiative lifetime of the free exciton
measured at 27 ns [50], which requires an incoming
flux of free excitons that persists after the primary
excitation has stopped. We conclude that the long-lasting
free-exciton emission is fed by the detrapping of excitons
from the interface, revealing a balance between a pop-
ulation of interface excitons and the population of
free excitons in the h-BN volume based on a trapping-
detrapping process.
As shown in Appendix D, the temporal decay of the

4-eV luminescence is energy-independent in the (3–5)-eV
energy range. Figure 4(b) further illustrates that its decay
time matches the long-lived component of the free-exciton
emission. Without going into the quantitative analysis
(presented later), it demonstrates that the broad 4-eV
luminescence is excited by the long-lived and interface-
localized excitons. This implies that the 2-eV broadening
likely does not arise from energy dispersion of an ensemble
of localized quantum emitters. Instead, it appears to result
from the radiative recombination process of interface
excitons. Still, the radiative process has to be identified,
which is the subject of the next parts.

IV. POWER DEPENDENCE AND INTERNAL
QUANTUM EFFICIENCY OF THE 4-EV EMISSION

During CL experiments, the electron-beam excitation
is spread in depth, so that the h-BN–h-BN interface is
indirectly excited by the diffusion of free excitons gen-
erated in the volume of the h-BN crystals toward the
interface between them [64]. The efficiency of the interface
exciton luminescence, therefore, depends on two factors:
the efficiency of free-exciton transport from the bulk to the
interface, and the efficiency of radiative recombination at
the interface.
The luminescence from the twisted h-BN–h-BN homo-

structures is analyzed here as a function of the areal density
of the excitation power (W=cm2). Low-power-density data
were recorded with an acceleration voltage of 5 kV with a
constant current of 27 pA and spot diameters ranging from
1.6 to 26 μm. High-power densities were obtained with a
fixed-spot diameter of 1.6 μm and excitation currents

ranging from 27 to 5600 pA. This dual approach made
it possible to vary the excitation power density over 5
orders of magnitude.
Figure 5(a) shows the CL spectra normalized by the

excitation power for different excitation densities on the
HPHT-11° sample. In Fig. 5(b), it is observed that above
0.1 W=cm2, the efficiency of the 4-eV luminescence
decreases significantly with IQE ∝ power−0.38. This cor-
responds to a sublinear regime in CL intensity with
ICL ∝ power0.62, suggesting a bimolecular recombination
of excitons at high-power densities. Figure 5(c) indicates
that this saturation effect appears in all HPHT homostruc-
tures with little effect of the twist angle on the 0.1-W=cm2

saturation threshold. In contrast, under similar excitation
conditions, bulk h-BN luminescence saturates only above
50 W=cm2 due to exciton-exciton annihilation (EEA) of
free excitons [65,66]. The much lower threshold in twisted
h-BN–h-BN structures suggests that saturation is rather
driven by the EEA of interface excitons. This interpretation
is consistent with the much higher exciton density at the
interface than in the volume, which results from the
efficient capture of excitons at the interface, as shown
later in this section.
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FIG. 5. (a) CL spectra normalized by the excitation power for
different excitation densities (5 kV, 300 K) measured on the
HPHT-11° sample (b) IQE of the 4-eV emission, deduced from
(a), as a function of the excitation power density. The black arrow
indicates the transition point between the two methods for
varying the excitation density, as indicated in the text. (c) IQE
of the 4-eVemission as a function of the excitation density for the
five HPHT samples.
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Interestingly, at low-power densities (below 0.1 W=cm2),
the IQE of the 4-eV luminescence can reach very high
values, as overviewed in Table II. We observe that the IQE
increases with the twist angle, reaching nearly 100% at
a 30° twist. This suggests that, for 30° twist angles, the vast
majority of excitons are trapped at the interface and
recombine via photon emission in the 4-eV band. Such a
highly efficient emission is rare at 300 K and may be
promising for light-emitting devices. A unity IQE of the
interface luminescence implies that (i) the transport of
free excitons from the bulk to the interface is without
losses, and (ii) that the exciton recombinations at the
interface are fully radiative. Previous results on exciton
diffusion in bulk h-BN monocrystals suggest that the
conversion of 3D excitons into 2D interface or surface
excitons is extremely efficient even for dark interfaces
(with low twist angles) and for the nonradiative free
surface [64]. This study further shows that the recombi-
nation of the 2D interface excitons is mostly radiative
near the 30° twist angle quasicrystal limit.
Note that between 10−2 and 10−1 W=cm2, the average

energy of the photons emitted within the 4-eV band
is slightly redshifted by about 15 meV as the excitation
power is increased. In contrast, a hypothetical donor-
acceptor pair (DAP) recombination, which would have
been a candidate for such a broad emission, should
exhibit a blueshift when increasing the excitation power
[67,68]. Our observations then discard a DAP origin for
the 4-eV emission.
As a summary of this section, power-dependent experi-

ments reveal a strong decrease in the efficiency of the 4-eV
emission at moderate excitation power, probably caused by
a bimolecular annihilation process between excitons accu-
mulated at the h-BN–h-BN interface. At low excitation
power, in the most favorable cases, i.e., at twist angles close
to 30° with HPHT crystals presenting a long-range exciton
diffusion, most excitons recombine radiatively at the inter-
face with a 4-eV photon emission.

V. EXCITON SELF-TRAPPING AT THE TWISTED
h-BN–h-BN INTERFACE

The characteristics of the 4-eV emission (2-eV energy
shift and the 2-eV broadening) support a self-trapping

mechanism of excitons at the interface that we develop in
this section.
Figure 6(a) illustrates the difference between simple

exciton trapping in the potential well formed by the
interface between the two twisted h-BN flakes (X2D) and
self-trapping of this exciton at the interface (XST). A self-
trapped exciton is an exciton that induces a lattice distortion
around it, and that is trapped in this distorted area.
The configuration diagram drawn in Fig. 6(b) displays

the exciton energy as a function of the lattice deformation
around it represented by the configuration coordinate. In
this diagram, we define the trapping energy potential of the
twisted interface at zero deformation denoted ET . Its value
for the twisted interface in h-BN is a priori estimated to
be of the order of 100 meV following recent theoretical
calculations [41,42].
The energy barrier for the self-trapping phenomenon is

denoted EST in Fig. 6(b). Its existence was predicted by
Landau [43] and Toyozawa [69] for electrons and by
Rashba [70,71] and Sumi and Toyozawa [72] for excitons.
The presence of an energy barrier for self-trapping was
evidenced experimentally in the 1960s and 1970s in alkali

TABLE II. IQE of the 4-eV emission measured below
0.1 W=cm2 on twisted h-BN homostructures made of HPHT
crystals.

Sample 4-eV IQE (%)

HPHT-11° 20
HPHT-14° 50
HPHT-15° 30
HPHT-23° 80
HPHT-27° 90

Interface trapped exciton (X2D)

Bottom h-BN

eh e h

Top h-BN N 
B 

e-
h+ Exciton

Interface self-trapped exciton (XST) 
(a)

(b)

X2D

XST

X3D

GS

Energy

Configuration coordinate

EST

0

ET

FIG. 6. (a) Schematics of a trapped exciton at the interface
(X2D) in red and of a self-trapped exciton at the interface (XST) in
purple, with a self-induced lattice deformation on which the
exciton is trapped. (b) Configuration diagram representing the
three exciton populations in h-BN–h-BN structures: X3D, X2D,
and XST. The exciton trapping potential of the interface at zero
distortion appears as ET between X3D and X2D. The energy
barrier for the formation of the self-trapped exciton is indicated
(EST). The long straight arrows represent the photons resulting
from the radiative recombination of free excitons (in black), of
thermalized self-trapped excitons (purple, solid lines), and of
nonthermalized self-trapped excitons or “hot” self-trapped ex-
citons (purple, dashed line). The small curved arrows represent
the phonons required for the lattice to return to the ground state
during the recombination of a self-trapped exciton.
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halides [73–75]. The energy barrier disappears only for
self-trapping of a localized exciton on a 0D site [71,76],
while here the h-BN–h-BN interface is a 2D defect.
The presence of the energy barrier EST implies the

coexistence of excitons simply trapped at the 2D interface
(X2D) and excitons self-trapped at the interface (XST).
Considering the free excitons in the 3D bulk h-BN
(X3D), there are thus three coupled exciton populations
during the CL experiments: X3D, X2D, and XST.
Note that, though EST ≠ 0, the energy barrier for self-

trapping is necessarily low unless an efficient tunneling
occurs, since luminescence of XST is still observed close
to the liquid helium temperature (see Appendix E).
However, its presence basically limits the formation of
XST and reduces the intensity of their luminescence as the
temperature is lowered [73–75].
The general features of self-trapped excitons are well

consistent with our observations. Indeed, the radiative
recombination of a self-trapped exciton is accompanied
by the emission of a set of phonons to restore the crystal
lattice to its undistorted form as sketched in Fig. 6(b). This
drastically reduces the energy of the emitted photon with
respect to the band gap of the interface and explains the
large energy shift (approximately 2 eV) between the
excitonic band gap and the luminescence at the interface.
Furthermore, the luminescence of self-trapped excitons is
inherently broad for several reasons. First, due to local
disorder at the interface [which is likely to be high at large
twist angles; see Fig. 1(d)], the variation of the local
potential landscape might cause self-trapped excitons to
exhibit a variety of energies and distortions. Second, the
recombination of self-trapped excitons requires multiple
phonon emissions, which further increase the broadening
of their luminescence. This is illustrated in Fig. 6(b), where
the three purple arrows (solid lines) represent photons of
different energies resulting from the recombination of
different self-trapped excitons at the band edge.
Experimentally in this study, the emission related to

excitons simply trapped at the interface (X2D) has not been
detected in CL. Two possible scenarios can be considered
to account for an almost zero-luminescence intensity: either
(1) the X2D population is empty, or (2) the X2D excitons are
dark, i.e., have an infinite radiative lifetime. In the first
scenario, excitons would accumulate at the interface in the
self-trapped form as an XST state. This requires their self-
trapping to be almost instantaneous, which contradicts the
presence of an energy barrier to self-trapping limiting
the formation of XST. Scenario (1) also implies that the
detrapping of excitons from the interface into the volume
occurs from the XST states, which would be energetically
too costly. The first scenario clearly appears inconsistent
with the significant release of free excitons in the bulk
h-BN volume from the interface observed by TRCL.
Therefore, we have ruled out scenario (1), and in the
following we will consider only scenario (2).

In this scenario, X2D excitons have a negligible prob-
ability of radiative recombination (dark excitons). This is
in good qualitative agreement with (i) recent investigations
[64] which show that the free surface of h-BN single
crystals acts as a non radiative trap for excitons, (ii) the
long-lasting release of the interface excitons in the volume,
and (iii) the IQE close to 100% observed for XST at high
twist angles (Table II), implying that the recombination rate
of X2D is very low compared to that of XST. Since the IQE
reaches almost unity at high angles (see Table II), the
localized self-trapped excitons then recombine radiatively
with an almost instantaneous rate compared to the other
processes that have been considered. For this reason, we
will further neglect the eventual nonradiative recombina-
tions of X2D. Figure 8 further summarizes these
conclusions.

VI. TEMPERATURE-DEPENDENT EXPERIMENTS

To strengthen the attribution of the 4-eV emission to a
self-trapping process and to characterize the different
exciton populations in more detail, we have performed a
series of experiments as a function of the temperature.
The intermediate twist angle samples HPHT-11°

and HPHT-15° are studied at a very low-power den-
sity (5 kV, 27 pA, 60-μm spot diameter; approximately
0.005 W=cm2), which prevents saturation effects down to
100 K. Since saturation effects appears to be stronger at
low temperature and could not be avoided below 100 K,
we limited the data analysis to the (100–300)-K range.
We first studied the influence of the temperature on
the spectral features of the 4-eV luminescence with
Figs. 7(a) and 7(b).
Nonthermalized (hot) self-trapped excitons are known to

be favored at high temperatures, where their recombination,
shown in Fig. 6(b), occurs at a higher energy than when
thermalized. We therefore expect an increase in the
emission energy of self-trapped excitons as the temperature
increases [77,78]. Between 200 and 300 K, Figs. 7(a)
and 7(b) indeed depict an increase of the XST exciton
luminescence in the (4–5)-eV region with respect to the
(3–4)-eV region, consistent with a contribution from non-
thermalized XST. The broadening of the 4-eV emission on
the high-energy side indicated by black arrows in Figs. 7(a)
and 7(b) is quantitatively characterized by the standard
deviation of the emission energy [Fig. 7(c)] and by the
average energy of the XST emission [Fig. 7(d)]. Both
slightly increase at high temperature. Note that the spectral
width of the h-BN–h-BN 4-eV luminescence still remains
around 2 eV at cryogenic temperatures, as shown in
Appendix E. This rules out the possibility of color center
emission which would exhibit narrow linewidths at
5 K [79,80].
Figure 7(e) shows that the IQE of the XST luminescence

drops below 200 K and is only a few percent at 100 K.
The activation of XST emission with the temperature is

EXCITON SELF-TRAPPING IN TWISTED HEXAGONAL BORON … PHYS. REV. X 15, 021067 (2025)

021067-7



consistent with the presence of an energy barrier for self-
trapping, as discussed in the previous section [named EST
in Fig. 6(b)]. With an Arrhenius plot fit, we find EST
values of 32 and 41 meV for the HPHT-11° and HPHT-15°
samples, respectively. These values are probably over-
estimated due to the saturation effects evidenced in
Sec. IV, which are not completely avoided near 100 K.
They are also subject to a high uncertainty due to the small
temperature range investigated. It is therefore reasonable
to estimate the activation energy of the self-trapping to be
a few tens of meV in these samples. This corresponds well
to the order of magnitude found in the literature for the
self-trapping of excitons in other materials such as alkali
halides [73,75,77,81,82].
As a summary, the various effects revealed by the

temperature-dependent experiments appear to be well
consistent with a 4-eV emission band resulting from the
recombination of excitons that are self-trapped at the
twisted h-BN–h-BN interface.

VII. PHENOMENOLOGICAL MODEL FOR
EXCITON RECOMBINATION DYNAMICS

We now explain the recombination dynamics of the
three exciton populations in h-BN–h-BN homostructures
(X3D, X2D, and XST), considering the interactions that
bind them, in order to ascribe a physical meaning to the

decay times measured in TRCL. Different transitions
between these exciton populations are shown in Fig. 8 as
a summary of Sec. V conclusions. X2D accumulate at the
interface after their capture at a rate C from free excitons
of the h-BN bulk crystals generated by the primary
excitation. They are then either released to the volume
as X3D, with a detrapping rate D, or self-trapped in the
XST states with a rate ST.
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FIG. 7. CL spectra recorded on the HPHT-11° (a) and HPHT-15° (b) samples between 100 and 293 K. (c) Standard deviation of the
4-eV emission energy, (d) average emission energy, and (e) IQE of the self-trapped exciton XST luminescence as a function of the
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FIG. 8. Energy levels and transitions between the three exciton
populations within the twisted h-BN–h-BN homostructures. In
this scenario, excitons from volume (X3D) are trapped at the
interface, where they accumulate in the dark and long-living form
(X2D). Once self-trapped (XST), they recombine instantaneously
with a photon emission, leading to the intense light emission
around 4 eV.
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According to this scenario, the long decay time of X3D
and XST measured in TRCL (τl) after the interruption of
the continuous excitation (see Fig. 4) corresponds to the
lifetime of the X2D excitons decaying either by detrapping
or self-trapping. Considering the associated rates, τl is
given by 1=τl ≈Dþ ST (details given in Appendix F). In
the following, we discuss the temperature dependence of
the long decay time common to X3D and XST. Since these
decay times are found equal for the X3D and XST pop-
ulations when decreasing the temperature, we present only
the TRCL measurements of X3D. Figure 9(a) shows the
decays for two samples with intermediate twist angles:
HPHT-11° and HPHT-15°. The decays are normalized by
the absolute integrated intensity of the X3D band obtained
by independent CL measurements under continuous exci-
tation [spectra in Figs. 7(a) and 7(b)]. The characteristic
time of the long component τl is extracted from biexpo-
nential function fits.
Figure 9(b) shows a plot of 1=τl ≈Dþ ST as a function

of 1=T (K). The data are fitted with Arrhenius functions,
yielding activation energies of 100 and 110 meV for the
HPHT-11° and HPHT-15° samples, respectively. Given the
low activation energy estimated for the formation of self-
trapped excitons (EST ≃ 10 meV), 1=τl ≈Dþ ST is likely
limited instead by the thermal activation of the detrapping
rate D, with an activation energy corresponding to ET .

The self-trapping of an exciton requires the assistance of
many phonons for the distortion to occur. Despite a
relatively low activation energy, the self-trapping may be
extremely slow at room temperature, in good agreement
with the next results in this section. It indicates that
D ≫ ST between 150 and 300 K, consistent with the
relatively low efficiency of the 4-eV luminescence
observed in these samples at 300 K (see Table II). We
conclude that the extracted activation energies corre-
spond to the depth of the potential well experienced by
bulk excitons at the twisted h-BN interface ET , which is
found to be around 100 meV for twist angles between 10°
and 15°. This value is in good agreement with the first
theoretical estimates of ET [41,42].
Coming back to the high twist angles, we remind that the

efficiency of the 4-eV emission is close to 100% near 30°
twist angles at 300 K (see Table II). This efficiency
requires an almost full conversion of X2D into XST states
via self-trapping. To achieve this, the detrapping rate is
necessarily negligible compared to the self-trapping rate
D ≪ ST, and the lifetime of the interface excitons is then
limited by the self-trapping 1=τl ≈ ST. The situation is
opposite to the 10°–15° twisted h-BN crystals, where
1=τl ≈D. This comparison highlights that the interpre-
tation of the long decay time observed in TRCL is
cautious depending on twist angles.
We further analyze and compare the TRCL results

between 15° and 27° twists at 300 K in Fig. 10. At a
15° twist angle, we then attribute the long decay time to the
detrapping rate D found equal to 2.5 × 106 s−1 at 300 K,
while the self-trapping rate ST is much lower but unknown.
At 27° twist angle, we access the self-trapping rate
ST = 2.5 × 105 s−1, while the detrapping rate D is much
lower but unknown. These limit cases are very interesting
compared to intermediate twist angles where both should
contribute to the long decay time with 1=τl ≈Dþ ST.
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The self-trapping process is found to be particularly slow
around 30° twist (3.2 μs on HPHT-27°, 4 μs on HPHT-24°)
though giving high efficiency of the 4-eVemission. Around
15° twist, the dominant detrapping is about 10 times faster
(0.40 μs on HPHT-15° and 0.46 μs on HPHT-11°) with a
typical efficiency decrease of the 4-eVemission by a factor
of 2 (see Table II). This suggests that the detrapping of
excitons from the interface is decreasing at high angle,
giving enough time for exciton trapped at the interface to
slowly deform the crystal locally around it for self-trapping.
This means that the depth of the potential well formed by
the twisted h-BN interface ET found equal to 100 meV at
15°, increases near 30° so that detrapping becomes negli-
gible in front of self-trapping. Theoretical calculations of
ET for twist angles between 15° and 30° would be welcome
to confirm that point.
In summary, we interpret our experimental data with

excitons accumulating at the interface in a nonradiative
and long-lived form (X2D) followed by their subsequent
conversion into X3D and XST via their detrapping or self-
trapping. Our results suggest that the depth of the inter-
face trapping potential for free excitons in h-BN increases
with the twist angle. For low angles, the detrapping is
believed to be dominant and limits the efficiency of the
interface luminescence, while close to 30°, the detrapping
is negligible, and the efficiency of the interface emission
reaches almost 100%. Our phenomenological model
provides a good description of the full experimental
dataset, including the long-lasting luminescence and
the high IQE.

VIII. DISCUSSION: SELF-TRAPPING IN sp2 BN

We finally discuss the origin of the exciton self-trapping
in h-BN. Exciton self-trapping is favored by the ability of
the lattice to deform around the exciton. Given the high
ionicity of the covalent B—N bonds, a strong exciton-
lattice interaction is expected in h-BN. In the excitons of
bulk h-BN, the electron and the hole are distant from
approximately 7 Å [50], which makes the h-BN excitons
particularly small. Still, an exciton dipole of this size is
probably too large to interact with the atomic bonds in bulk
h-BN and to give rise to self-trapped excitons.
The exciton behavior at the h-BN–h-BN interface still

needs further investigation, but we can already draw
general lines. When an exciton is spatially confined, it is
a general trend that its binding energy increases and its size
decreases. Theoretical calculations have been reported for
the free surface of h-BN [83] and for the BN monolayer. In
the latter, the exciton size is calculated at approximately
2 Å [84]. A similar trend is expected for 2D excitons
confined at the h-BN–h-BN interface. We then suggest that
the exciton size decreases when confined at the interface
with respect to the bulk, sufficiently to match the order of
the lattice parameter (2.5 Å in plane, 3.3 Å out of plane),

then promoting the exciton-lattice coupling at the interface
by dipole-dipole interactions.
For small twist angles of a few degrees, the interfaces

are known to be energetically stabilized by moiré for-
mation and are probably weakly deformable after that.
Indeed, at low angles, intense atomic reconstruction
occurs and mechanically stabilizes the structure by
expanding the region with stable stacking configurations
and condensing all the strain and the unstable stacking
configurations into 1D lines [33,34]. On the contrary,
near 30° of twist where self-trapping is better observed, a
transition from a commensurable to an incommensurable
interface occurs, as studied in quasicrystals, leading to a
drastic change in the structure and the physical phenom-
ena it can host. While at low angles the perturbation of the
charge distribution induced by the appearance of the πB─B

and πN─N homobonds is weak and confined to certain
zones of the moiré structure, at high angles a very large
fraction of the π bonds are perturbed and densely
distributed throughout the interface. As a consequence,
the potential perturbations increase in locality and density
with increasing twist angle, which could promote a higher
barrier for exciton detrapping and favor the slow self-
trapping process.
These elements address the role of the twist angle on

exciton interactions with the interface, but also highlight
the need for theoretical studies to better understand the
origin of exciton self-trapping by exploring (i) what kind of
h-BN lattice distortions are involved and (ii) how the
potential well seen by h-BN excitons does evolve between
5° and 30° twisted interface.
This work on self-trapped excitons at twisted

h-BN–h-BN interfaces might cast a new light on similar
luminescence signal reported in defective h-BN samples
[85] as well as in other sp2-hydridized BN samples that
exhibit interface disorder, such as turbostratic BN, pyrolytic
BN, or BN multiwall nanotubes [86,87]. Also typically
2-eV broad, centered at 4 eV, and with long decay
dynamics, this emission is excited only above 6-eV
excitation, i.e., above the excitonic band gap, suggesting
an excitonic origin. This similar emission observed in
disordered BN materials could also be related to exciton
self-trapping, which would then appear to be a fairly
common phenomenon in the BN material family.
Recent studies report unusual exciton-lattice inter-

actions at other h-2D interfaces [88–91], which in some
cases could lead to the formation of self-trapped excitons
[91]. Our results added to these studies show that the
properties of these self-trapped states are easily modu-
lated by the structural properties of h-2Ds, such as the
twist angle, the choice of stacking, or the thickness of the
crystals. h-2Ds appear to be an ideal platform for study-
ing and manipulating self-trapped states, opening up new
fields of application for these materials. In particular,
the high efficiency and the large broadening of the 4-eV
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luminescence of self-trapped excitons at twisted
h-BN–h-BN interfaces could be exploited for broadband
UV light sources [92–95].
Finally, the formation of interlayer excitons at the

interfaces between two TMDs (with hole and electron
spatially separated in the two layers) has been shown to
increase the exciton lifetime by more than 3 orders of
magnitude [7–10]. With their long lifetime and dark
character, X2D excitons at the h-BN–h-BN interface might
have common features with interlayer excitons.

IX. CONCLUSION

Sixteen twisted h-BN–h-BN homostructures have been
studied using CL and TRCL as function of the temperature
with the aim of understanding the broad 4-eV luminescence
in h-BN–h-BN homostructures. Our study shows that this
luminescence is indirectly excited by the transport of free
excitons from the upper and lower h-BN flakes to the
interface between them via their diffusion and capture.
Accumulated at the interface, excitons probably undergo
exciton-exciton annihilation which manifests by the
decrease of the light emission efficiency at moderate
excitation powers. In the low-excitation regime, it was
found that the efficiency of the 4-eV emission reaches
almost 100% at angles close to 30°. This intense light
emission is attributed to the radiative recombination of self-
trapped excitons at the interface. A reduction of the
excitons size after their capture at the interface is believed
to favor a local deformation of the crystal around them in
which they self-trap.
TRCL luminescence decays could be analyzed by

considering a trapping-detrapping phenomenological
model where three exciton populations are coupled: free
excitons in the volume (X3D), excitons trapped at the 2D
interface (X2D, not self-trapped), and excitons self-trapped
at the interface (XST). In this scenario consistent with our
set of experimental data, excitons accumulate at the inter-
face in the nonradiative (dark) and long-living X2D form.
Our analysis of temperature-dependant experiments for
twist angles of approximately 15° reveals a self-trapping
energy barrier of a few 10 meV and an interface trapping
potential measured around 100 meV. The quantitative
analysis of TRCL data further provides an estimation of
the detrapping rate near 15° and of the self-trapping rate
near 30°. They suggest a deeper interface potential near 30°
twist angles, limiting exciton detrapping from the interface
and thus favoring self-trapping. This is consistent with the
remarkably high luminescence efficiency of the XST
luminescence at high twist angles. These values agree with
the literature and theoretical calculations available to date.
For highly twisted h-BN–h-BN structures, the crystal

lattice appears to be locally and densely perturbed across
the entire interface. Beyond these qualitative elements,
it remains to be understood in detail what are the key

elements that cause self-trapping. The physical phenomena
occurring in h-2Ds at high angles appear very different
from those at small angles with moiré superstructures. To
explore them, one avenue would be to apply the quasi-
crystal physics to h-2Ds with high twist angles.
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APPENDIX A: MEASUREMENT OF THE
INTERNAL QUANTUM EFFICIENCY

OF THE 4-EV LUMINESCENCE

The procedure to measure the IQE of a luminescence
band during CL experiment under continuous excitation is
described in Ref. [51]. In this reference, it is applied to
measure the IQE of the free-exciton luminescence of h-BN
single crystals that appears at 5.75 eV. To apply the same
procedure to the 4-eV band, one should consider the
significative change of the refractive index of the top
surface between 5.75 and 4 eV.
In our case, the CL intensity is integrated between 3.1

and 5.2 eV as shown in Fig. 11. The reflection index n of
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FIG. 11. Corrected CL spectrum of an h-BN–h-BN homo-
structure at 300 K. The integrated intensity of the free-exciton
band of h-BN appears in red, and the integrated intensity of the
4-eV luminescence characteristic of twisted h-BN–h-BN homo-
structures, appears in blue.
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the surface is increased from n ¼ 2.37 to n ¼ 3 over the
(3.1–5.2)-eV range [96] corresponding to a light extraction
that varies from 3.9% to 2.1%. To simply measure the
magnitude of the IQE of this band, we approximate a
constant index n ¼ 2.56 measured at the band maximum
(3.2% extraction). This approximation is reasonable given
the uncertainty of the IQE measurement, which is of the
order of 50% [51].

APPENDIX B: MEASUREMENT OF THE TWIST
ANGLE BY ELECTRON DIFFRACTION

The twist angle of the h-BN–h-BN homostructure was
determined by EBSD and ECP.
In EBSD, the surface crystal orientations of a sample in

the SEM are determined for each diffraction pattern using
the OIM Analysis software from EDAX. For h-BN–h-BN
homostructures, the crystal orientation of the top crystal is
expressed in the reference frame of the bottom crystal. Not
surprisingly, the out-of-plane z axis of the two h-BN
crystals is identical. On the other hand, different in-plane
orientations are measured as shown in Fig. 2(b) in the main
text. The twist angle between the two crystals corresponds
to this difference in orientation. It is equivalent to the
smallest angle that can be found between the atomic B—N
bonds of the two crystal lattices, regardless of their
orientation (B to N or N to B). Between two h-BN crystals,
this angle varies between 0° and 30°. EBSD mapping can
quickly measure the orientation of several crystals sepa-
rated by a few millimeters with an accuracy of the order
of 1° [Fig. 2(b)].
In ECP, mapping is not possible, but the diffraction

pattern on a selected zone of a 2D crystal gives its in-plane
crystal orientation directly, without the need for complex
processing. By comparing the ECP images of two 2D
crystals placed on top of each other, we can measure the
twist angle between the two crystals with an accuracy
of the order of 1°. Its absolute value varies between 0° and
30° and corresponds to the angle measured by EBSD, as
shown in Fig. 2(c).

APPENDIX C: CL SIGNAL ON LOW-ANGLE
h-BN–h-BN STRUCTURES

Figure 12 shows spectra measured on a slightly twisted
PDC sample in green and a highly twisted PDC sample in
red, compared to a spectrum measured on a single PDC
crystal in black. The single crystal shows emission from
point defects (labeled α, β, γ) that occur locally in some
crystals. As shown in Fig. 5(c) of the main text, the CL
intensity of the h-BN–h-BN interface decreases with
decreasing twist angle. For the PDC-2° sample, the intensity
of the interface luminescence is lower than the intensity of
the native color center emission. To avoid confusion between
native defects and interface emission, only highly twisted

single-crystal structures without significant native defect
emission in the (3–6)-eV range have been investigated.

APPENDIX D: LUMINESCENCE DECAY AS
FUNCTION OF THE ENERGY WITHIN THE

BROAD 4-EV LUMINESCENCE

Given the linewidth of the emission at 4-eV, which
extends between 3 and 5 eV, the question arises whether it
is the result of a population of emitters of different energies
or whether the signal is intrinsically broad. To check this,
the decay of the luminescence is studied at different
energies of the broad emission.
Figure 13(a) shows the spectrum of the APHT-29°

sample dominated by the luminescence of interest with
little Fabry-Perot interference contrast. Figure 13(b) shows
the TRCL decays of the luminescence filtered at different
energies (�0.15 eV). The decay dynamics are perfectly
identical for all investigated energies. This result suggests a
unique recombination mechanism for this particularly
broad band. The large spectral width of the 4-eV band
thus appears to be an intrinsic feature of the luminescence
process of twisted h-BN–h-BN homostructures.
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FIG. 12. CL spectra measured at 300 K on PDC-2°, PDC-16°,
and on a single PDC crystal under the same excitation conditions
(3 kV, 280 pA).
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FIG. 13. CL spectrum (3 kV, 280 pA) measured on the APHT-
29° homostructure at 300 K. (b) Decay of the luminescence
intensity filtered at different energies recorded in TRCL after the
excitation was stopped at t ¼ 0. The energies corresponding to
each color are indicated by arrows in (a).
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APPENDIX E: LOW-TEMPERATURE SPECTRUM
OF A TWISTED h-BN–h-BN HOMOSTRUCTURE

Figure 14 shows spectra obtained on a 23° twisted
h-BN–h-BN structure and on an h-BN single crystal at
room temperature and at cryogenic temperature. On the
single crystal, the luminescence is dominated by the free-
exciton luminescence occurring at 5.75 eV, while on the
h-BN–h-BN structure the emission is dominated by
the broad luminescence occurring between 3 and 5 eV.
The band is modulated by Fabry-Perot interference. We
observe that the band remains extremely broad even at
cryogenic temperatures. A color center emission also
appears on the h-BN–h-BN structure and on the single
h-BN crystals, with a zero-phonon band at 4.06 eV (α) and
its phonon replica (β and γ). This emission shows a large
thermal broadening typical of color centers, indicating that
its nature is different from that of the h-BN–h-BN interface
emission, whose broadening remains around 2 eV even
when the sample holder temperature reaches 5 K.

APPENDIX F: SIMULATION OF TRCL DECAYS
WITH RATE EQUATIONS

The TRCL decay of the luminescence intensity is related
to the evolution of the exciton populations and thus to
their interactions. The scenario of exciton population
interactions discussed in the main text is the following:
The free-exciton population N3D generated in the crystal
volume by the primary excitation are trapped (rate C) at the
interface. The excitons accumulate at the 2D interface

under a dark and long-living form (N2D population). They
are finally converted into NST by their self-trapping (rate
ST) and intoN3D by their detrapping (rateD). This scenario
illustrated in Fig. 8 of the main text leads to the following
differential equations:

dN3D

dt
¼ −

N3D

τ0
− CN3D þDN2D þGðtÞ;

dN2D

dt
¼ −ðDþ STÞN2D þ CN3D;

dNST

dt
¼ −

NST

τST
þ STN2D; ðF1Þ

where τ0 is the lifetime of the free exciton in the volume
(without interface), and τST is the lifetime of the XST
excitons. G denotes the generation rate of free excitons,
which is constant during continuous excitation and then
zero when the excitation stops. A priori, C varies slightly
with the temperature due to the weak evolution of the
exciton diffusion length with the temperature [64], while
the rates of D and ST are thermally activated.
The first two equations of the system are not coupled to

NST; they could be considered independently. We find a
superposition of two exponential decays for both N3D
andN2D exciton populations: one short with a characteristic
time τs and the other long with a characteristic time τl > τs.
These times can be written with A ¼ 1=τ0 þ C, and
B ¼ Dþ ST:

1

τs
¼ Aþ Bþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðA − BÞ2 þ 4CD
p

2
; ðF2Þ

1

τl
¼ Aþ B −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðA − BÞ2 þ 4CD
p

2
: ðF3Þ

The interruption of the steady excitation at the initial time
results in GðtÞ ¼ 0 for t > 0. The previously established
steady equilibrium imposes the initial conditions

N2Dð0Þ
N3Dð0Þ

¼ C
B
; ðF4Þ

and the N3D population is written as

N3DðtÞ
N3Dð0Þ

¼ Ale
− t
τl þ ð1 − AlÞe−

t
τs ðF5Þ

with the weight of the long exponential Al given by

Al ¼
τl

τl − τs

�

1 −
1

Bτl

�

≈ 1 −
1

Bτl
: ðF6Þ
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FIG. 14. CL spectra measured at room and cryogenic temper-
ature on a single h-BN flake, in black, and on an h-BN–h-BN
homostructure with a 23° twist, in red, both fabricated from the
same HPHT crystal.

EXCITON SELF-TRAPPING IN TWISTED HEXAGONAL BORON … PHYS. REV. X 15, 021067 (2025)

021067-13



This gives

B ¼ 1

τl

1

1 − Al
: ðF7Þ

The parameter B ¼ Dþ ST can therefore be extracted
from the TRCL decays of the free-exciton luminescence
from the previous equation or from the simplified form
when Al ≪ 1:

1

τl
≃Dþ ST: ðF8Þ

The calculations show that all three populations follow the
same decay time, as can be seen in Fig. 15(a), which is
consistent with the experimentally observed decays of the
NST andN3D populations in Fig. 15(b) [see also Fig. 4(b) in
the main text]. The long component of the TRCL decay is
governed by the detrapping and self-trapping rates of the
N2D population that occurs in the long term.
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excitons in van der Waals heterostructures, Nature
(London) 567, 71 (2019).

[22] H. Baek, M. Brotons-Gisbert, Z. X. Koong, A. Campbell,
M. Rambach, K. Watanabe, T. Taniguchi, and B. D.
Gerardot, Highly energy-tunable quantum light from
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SÉBASTIEN ROUX et al. PHYS. REV. X 15, 021067 (2025)

021067-16

https://doi.org/10.1016/j.jcrysgro.2013.09.030
https://doi.org/10.1016/j.jcrysgro.2013.09.030
https://doi.org/10.1021/acs.chemmater.8b02589
https://doi.org/10.1039/D0TC02143A
https://doi.org/10.1038/nmat1134
https://doi.org/10.1016/j.jcrysgro.2006.12.061
https://doi.org/10.1021/acsanm.9b02315
https://doi.org/10.1021/acsanm.9b02315
https://doi.org/10.1088/2053-1583/ac6c31
https://doi.org/10.1088/2053-1583/ad96c9
https://doi.org/10.1088/2053-1583/1/1/011002
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
http://link.aps.org/supplemental/10.1103/PhysRevX.15.021067
http://link.aps.org/supplemental/10.1103/PhysRevX.15.021067
http://link.aps.org/supplemental/10.1103/PhysRevX.15.021067
http://link.aps.org/supplemental/10.1103/PhysRevX.15.021067
http://link.aps.org/supplemental/10.1103/PhysRevX.15.021067
http://link.aps.org/supplemental/10.1103/PhysRevX.15.021067
http://link.aps.org/supplemental/10.1103/PhysRevX.15.021067
https://doi.org/10.1103/PhysRevB.109.155305
https://doi.org/10.1103/PhysRevB.109.155305
https://doi.org/10.1063/1.5090218
https://doi.org/10.1143/PTP.20.53
https://doi.org/10.1143/JPSJ.31.342
https://doi.org/10.1143/JPSJ.31.342
https://doi.org/10.1002/pssb.19690310116
https://doi.org/10.1016/0022-2313(70)90073-6
https://doi.org/10.1016/0022-3697(90)90144-5
https://doi.org/10.1103/PhysRevLett.117.097402
https://doi.org/10.1103/PhysRevLett.117.097402
https://doi.org/10.1038/s41467-021-24019-6
https://doi.org/10.1038/s41467-021-24019-6
https://doi.org/10.1021/acs.jpclett.1c02252
https://doi.org/10.1021/acs.jpclett.1c02252
https://doi.org/10.1103/PhysRevB.63.115423
https://doi.org/10.1088/2053-1583/aad586
https://doi.org/10.1103/PhysRevB.94.125303
https://doi.org/10.1103/PhysRevB.78.155204
https://doi.org/10.1103/PhysRevB.78.155204
https://doi.org/10.1007/s10853-009-3334-x
https://doi.org/10.1007/s10853-009-3334-x


[87] P. Jaffrennou, J. Barjon, T. Schmid, L. Museur, A. Kanaev,
J.-S. Lauret, C. Y. Zhi, C. Tang, Y. Bando, D. Golberg, B.
Attal-Tretout, F. Ducastelle, and A. Loiseau, Near-band-edge
recombinations in multiwalled boron nitride nanotubes:
Cathodoluminescence and photoluminescence spectroscopy
measurements, Phys. Rev. B 77, 235422 (2008).

[88] P. Merkl, C.-K. Yong, M. Liebich, I. Hofmeister, G.
Berghäuser, E. Malic, and R. Huber, Proximity control of
interlayer exciton-phonon hybridization in van der Waals
heterostructures, Nat. Commun. 12, 1719 (2021).

[89] C. M. Chow, H. Yu, A. M. Jones, J. Yan, D. G. Mandrus, T.
Taniguchi, K. Watanabe, W. Yao, and X. Xu, Unusual
exciton–phonon interactions at van der Waals engineered
interfaces, Nano Lett. 17, 1194 (2017).

[90] Z. Hennighausen, J. Moon, K. M. McCreary, C. H. Li, O. M.
van’t Erve, and B. T. Jonker, Interlayer exciton–phonon
bound state in Bi2Se3=monolayer WS2 van der Waals
heterostructures, ACS Nano 17, 2529 (2023).

[91] J.-P. Deng, H.-J. Li, X.-F. Ma, X.-Y. Liu, Y. Cui, X.-J. Ma,
Z.-Q. Li, and Z.-W. Wang, Self-trapped interlayer excitons
in van der Waals heterostructures, J. Phys. Chem. Lett. 13,
3732 (2022).

[92] S. Wang, Y. Yao, J. Kong, S. Zhao, Z. Sun, Z. Wu, L. Li,
and J. Luo, Highly efficient white-light emission in a polar
two-dimensional hybrid perovskite, Chem. Commun.
(Cambridge) 54, 4053 (2018).

[93] T. Jun, T. Handa, K. Sim, S. Iimura, M. Sasase, J. Kim, Y.
Kanemitsu, and H. Hosono, One-step solution synthesis of
white-light-emitting films via dimensionality control of the
Cs-Cu-I system, APL Mater. 7, 111113 (2019).

[94] X. Li, W. Li, M. Xia, C. Liu, N. Li, Z. Shi, Y. Xu, and
X. Zhang, Facile melting-crystallization synthesis of
Cs2NaxAg1−xInCl6: Bi double perovskites for white light-
emitting diodes, Inorg. Chem. 61, 5040 (2022).

[95] L. Lian, P. Zhang, G. Liang, S. Wang, X. Wang, Y. Wang, X.
Zhang, J. Gao, D. Zhang, L. Gao et al., Efficient dual-band
white-light emission with high color rendering from zero-
dimensional organic copper iodide, ACS Appl. Mater.
Interfaces 13, 22749 (2021).

[96] A. Segura, L. Artús, R. Cuscó, T. Taniguchi, G. Cassabois,
and B. Gil, Natural optical anisotropy of h-BN: Highest
giant birefringence in a bulk crystal through the mid-
infrared to ultraviolet range, Phys. Rev. Mater. 2,
024001 (2018).

EXCITON SELF-TRAPPING IN TWISTED HEXAGONAL BORON … PHYS. REV. X 15, 021067 (2025)

021067-17

https://doi.org/10.1103/PhysRevB.77.235422
https://doi.org/10.1038/s41467-021-21780-6
https://doi.org/10.1021/acs.nanolett.6b04944
https://doi.org/10.1021/acsnano.2c10313
https://doi.org/10.1021/acs.jpclett.2c00565
https://doi.org/10.1021/acs.jpclett.2c00565
https://doi.org/10.1039/C8CC01663A
https://doi.org/10.1039/C8CC01663A
https://doi.org/10.1063/1.5127300
https://doi.org/10.1021/acs.inorgchem.1c03996
https://doi.org/10.1021/acsami.1c03881
https://doi.org/10.1021/acsami.1c03881
https://doi.org/10.1103/PhysRevMaterials.2.024001
https://doi.org/10.1103/PhysRevMaterials.2.024001

	Exciton Self-Trapping in Twisted Hexagonal Boron Nitride homostructures
	I. INTRODUCTION
	II. EXPERIMENTS
	III. EVIDENCE OF THE EXCITONIC ORIGIN OF THE BROAD 4-EV OPTICAL EMISSION
	IV. POWER DEPENDENCE AND INTERNAL QUANTUM EFFICIENCY OF THE 4-EV EMISSION
	V. EXCITON SELF-TRAPPING AT THE TWISTED h-BN-h-BN INTERFACE
	VI. TEMPERATURE-DEPENDENT EXPERIMENTS
	VII. PHENOMENOLOGICAL MODEL FOR EXCITON RECOMBINATION DYNAMICS
	VIII. DISCUSSION: SELF-TRAPPING IN sp2 BN
	IX. CONCLUSION
	ACKNOWLEDGMENTS
	APPENDIX A: MEASUREMENT OF THE INTERNAL QUANTUM EFFICIENCY OF THE 4-EV LUMINESCENCE
	APPENDIX B: MEASUREMENT OF THE TWIST ANGLE BY ELECTRON DIFFRACTION
	APPENDIX C: CL SIGNAL ON LOW-ANGLE h-BN-h-BN STRUCTURES
	APPENDIX D: LUMINESCENCE DECAY AS FUNCTION OF THE ENERGY WITHIN THE BROAD 4-EV LUMINESCENCE
	APPENDIX E: LOW-TEMPERATURE SPECTRUM OF A TWISTED h-BN-h-BN HOMOSTRUCTURE
	APPENDIX F: SIMULATION OF TRCL DECAYS WITH RATE EQUATIONS
	References


