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Defects in crystals can have a transformative effect on the properties and functionalities of solid-
state systems. Dopants in semiconductors are core components in electronic and optoelectronic
devices. The control of single color centers is at the basis of advanced applications for quantum
technologies. Unintentional defects can also be detrimental to the crystalline structure and hinder
the development of novel materials. Whatever the research perspective, the identification of defects
is a key but complicated, and often long-standing issue. Here, we present a general methodology
to identify point defects by combining isotope substitution and polytype control, with a systematic
comparison between experiments and first-principles calculations. We apply this methodology to
hexagonal boron nitride (hBN) and its ubiquitous color center emitting in the ultraviolet spectral
range. From isotopic purification of the host hBN matrix, a local vibrational mode of the defect
is uncovered, and isotope-selective carbon doping proves that this mode belongs to a carbon-based
center. Then, by varying the stacking sequence of the host hBN matrix, we unveil different optical
responses to hydrostatic pressure for the non-equivalent configurations of this ultraviolet color center.
We conclude that this defect is a carbon dimer in the honeycomb lattice of hBN. Our results show
that tuning the stacking sequence in different polytypes of a given crystal provides unique fingerprints
contributing to the identification of defects in 2D materials.

I. INTRODUCTION

Identifying defects is an important goal in condensed
matter physics. Once the natures of extrinsic and in-
trinsic defects are determined, processes to improve the
quality and the purity of crystals can be optimized. Con-
versely, the controlled incorporation of dopants either
during or after the crystal growth are basic tools for
fabricating electronic and optoelectronic devices. These
routine strategies of the semiconductor industry are cur-
rently being revisited to develop quantum technologies,
and reach the ultimate regime of single-defect creation
and manipulation for advanced applications [I]. Still,
identifying defects is notoriously difficult, requiring the
accumulation of complementary measurements. Even for
silicon, where decades of research on defects of this flag-
ship material were reviewed by Davies in Ref.[2] in the
late eighties, only recently has the nature of some com-
mon color centers been elucidated [3] [4].

The advent of graphene and the flourishing of a large
variety of 2D materials motivate a new wave of research
on point defects. The novel properties and functionali-
ties of atomically-thin crystals and their van der Waals
heterostructures offer a new playground in solid-state
physics, with plethora of unknown defects to identify,
control and manipulate in the perspective of classical
and quantum applications [5HE]. Although the recent
advances in ab initio calculations are a key addition for
screening possible candidates [9], resolving the micro-
scopic structure of defects remains challenging.

Here, we demonstrate a general methodology to iden-
tify point defects by combining isotope substitution and
polytype control, with a systematic comparison between
experiments and first-principles calculations. While iso-
tope substitution is an established resource in semicon-
ductor physics [I0], tuning the stacking sequence in dif-
ferent polytypes of a given crystal makes use of a crucial
degree of freedom, providing unique fingerprints to help



identify defects in 2D materials. We apply this methodol-
ogy to hexagonal boron nitride (hBN) and its ubiquitous
color center emitting in the ultraviolet spectral range, to
resolve the long-standing question of its nature.

hBN is a prototypical layered material [I1], with a
simple honeycomb lattice of its basal plane where the
orbitals of boron and nitrogen atoms are sp>-hybridized
with a strong in-plane covalent binding. In 2004, the syn-
thesis of high-quality crystals triggered the rise of hBN
in 2D materials research [12], but long before the pio-
neering work from NIMS-Japan, the existence of defects
emitting at wavelengths ~300 nm (energy ~4 eV) was
reported [I3]. Today, there is a large corpus of exper-
imental and theoretical studies dealing with this ultra-
violet color center, the so-called “4 eV-defect” [13H36],
however there is no consensus on its microscopic struc-
ture. On the one hand, Taniguchi et al. [I5] showed that
the emission of the 4 eV-defect is strongly enhanced in
carbon-doped hBN, suggesting that this color center may
contain carbon atoms. Recent ab initio calculations [29-
[31), B3H35] proposed various carbon-based centers. On
the other hand, Tsushima et al. [20] found no correla-
tion between the intensity of the photoluminescence (PL)
signal of the 4 eV-defect and the carbon concentration in
hBN, with possible carbon-free candidates such as the
Stone-Wales defect which is predicted to precisely emit
at ~4 eV [32].

The four most probable structures proposed so far for
the 4 eV-defect are the carbon dimer (C2), the carbon
tetramer (C4), the carbon 6-ring (C6) and the Stone-
Wales defect (SW), as depicted in Fig together with
the typical PL spectrum detected in hBN in the corre-
sponding spectral range. At low temperature, the emis-
sion spectrum of the 4 eV-defect is dominated by a sharp
line at ~4.09 eV, which is the zero-phonon line (ZPL)
of this color center, i.e. the direct recombination with-
out any net energy transfer with the phonon bath. At
lower energy, the PL spectrum consists of a vibronic band
composed of all phonon-assisted recombination channels
in the defect.

By employing our methodology combining isotope sub-
stitution and polytype control, we present experimental
and theoretical results that tackle the long-standing issue
of the 4 eV-defect structure. We first implement isotopic
purification of the host hBN matrix (Section , and we
demonstrate that the phonon replica at ~200 meV stems
from a local vibrational mode (LVM) of the center, which
is not consistent with the Stone-Wales structure. Then,
we perform isotope-selective carbon doping of hBN and
compare hBN doped with the 2C and '3C isotopes (Sec-
tion , and we resolve a 6 meV-isotopic shift of this
LVM, unambiguously showing that the 4 eV-defect is
a carbon-based center. Then, we vary the stacking se-
quence of the host hBN matrix and we perform pressure-
dependent PL measurements of the 4 eV-defect in two
hBN polytypes (Section [[V]), either in the standard AA’
stacking, or in the AB one, i.e. the Bernal form of hBN.
From the different pressure-induced red-shifts of the ZPL
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FIG. 1. (Top) Photoluminescence spectrum of the ultraviolet
color center in hBN, the so-called 4 eV-defect, at low tem-
perature (8 K). (Bottom) The four most probable structures
identified in the literature are the carbon dimer (C2), the
carbon tetramer (C4), the carbon 6-ring (C6) and the Stone-
Wales defect (SW), which is an intrinsic defect consisting of
two heptagons and two pentagons made out from four native
hexagons.

in the two hBN polytypes, we conclude that the 4 eV-
defect is a carbon dimer in the hBN honeycomb lattice.

II. ISOTOPIC PURIFICATION OF THE HOST
hBN MATRIX

We first examine the impact of the isotopic purification
of the host hBN matrix (1°B vs 1'B, and *N vs '*N) in
samples fabricated in two facilities, following two variants
of the same growth method.
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FIG. 2. PL spectra in the UV-B, at 8 K, recorded in isotopically-purified hBN samples from the SEU series (see detailed
isotopic composition in Tab. PL excitation energy = 6.32 eV. A is the energy splitting between the zero-phonon line at ~4.1
eV and the phonon replica at ~3.9 eV, and § the splitting with the phonon replica at ~3.945 eV.

Boron Nitrogen
og g | 4y By
SEU1 85 15 99.6 04
SEU2 | 19.9 80.1 | 99.6 04
SEU3 | <1 >99 | 99.6 04
KSU1 | 99.2 08 | 996 0.4
KSU2 | 99.2 0.8 <1l >99
KSU3 | 19.9 80.1 | 99.6 0.4
KSU4 | 06 994 | 996 04
KSU5 | 06 994 | <1 >99

TABLE 1. Isotopic content of hBN crystals fabricated at
SouthEast University (SEU series), and Kansas State Uni-
versity (KSU series). SEU2 and KSU3 are hN**BN crystals
grown with naturally abundant boron and nitrogen isotopes.
All samples in the SEU and KSU series correspond to hBN
in the AA’ stacking.

A. Samples

Samples from SouthEast University (SEU series) were
grown by using the metal flux method [see Appendix.
For boron isotope controlled single crystal growth, pow-
ders of 1B (85 at%) or B (99 at%) were used as
source materials for the synthesis of '°B-enriched hBN

or h''BMN crystals, respectively. Carbon powder (with
naturally abundant isotopes, i.e. 99% 12C and 1% 3C)
was included in all growths to promote the hBN single
crystal formation [37]. Following the characterization of
hBN crystals with a controlled composition in °B and
1B and naturally abundant nitrogen [38} [39], the boron
isotope content of SEU1 and SEU3 was checked by Ra-
man and UV-C PL spectroscopy measurements.

The hBN crystals from Kansas State University (KSU
series) were synthesized through the metal flux growth
method described in Ref.[40]. The source materials are
(i) boron powders isotopically enriched with either 1°B
(99.2%) or 1B (99.4%), and (ii) a nitrogen gas either
featuring a natural N content, or enriched with the
15N (>99%) isotope. Raman and UV-C PL spectroscopy
have recently confirmed that such a growth method pro-
vides high-quality hBN crystals in the four different con-
figurations of the stable boron and nitrogen isotopes,
namely h'°BN, h1'B°N, h1!B!N, and h''B!N [40].

The isotope compositions of the eight samples stud-
ied in Section [ are summarized in Tabll SEU2 and
KSUS3 are reference samples grown with naturally abun-
dant boron and nitrogen isotopes. All samples in the
SEU and KSU series correspond to hBN in the standard
AA’ stacking.
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FIG. 3. PL spectra in the UV-B, at 8 K, recorded in
isotopically-purified hBN samples from the KSU series (see
detailed isotopic composition in Tab, zoomed around the
phonon replica at ~3.9 eV and the zero-phonon line at ~4.1
eV. PL excitation energy = 6.32 eV.

B. Experimental results

Fig[2|displays the PL spectra measured in hBN crystals
of the SEU series, with the experimental setup described
in Appendix[A2a] The vibronic band of the 4 eV-defect
involves low-energy acoustic phonons at energies ~4.08-
4.09 eV close to the ZPL, and also phonons spanning the
full bandstructure as witnessed by the phonon-photon
mapping in the vibronic band in this color center [19].
We define § as the energy splitting between the ZPL at
~4.1 eV and the phonon replica at ~3.945 eV, and A as
the one with the replica at ~3.9 eV [Fig[2]. The phonon
replica at ~3.9 eV has so far been assigned to the re-
combination assisted by the emission of a LO3(I") optical
phonon at the center of the Brillouin zone [19, [41], be-
cause the energy splitting A with the ZPL matches the
LO3(T") phonon energy. We will see below that our mea-
surements in isotopically-purified hBN crystals rebut this
initial interpretation. In what follows, we focus on the
isotopic shifts of the ZPL energy, and of the A and ¢
splittings.

In the full-scale display of the SEU series in Fig[2] the
PL spectra of the 4 eV-defect in isotopically-purified hBN
crystals appear very similar. There are however some
discernible differences for the narrowest lines. First, the
ZPL and the phonon replica at ~3.9 eV have widths that
change from one sample to another. Because the latter
belongs to the satellite-vibronic band of the former, the
broader the ZPL, the larger the width of the phonon

replica, as seen in the temperature-dependent measure-
ments of Ref.[I9]. Here, the ZPL width is 2, 1.6 and
2.2 meV from SEU1 to SEU3, while the phonon replica
at ~3.9 eV monotonously narrows with a width of 5.6,
3.2 and 3 meV, respectively. We thus conclude that the
width variations of the phonon replica are not related to
the inhomogeneous broadening of the ZPL, pointing to
an intrinsic origin of this effect. Second, the ZPL and
phonon replica shift within the SEU series [Fig. Al-
beit hardly observable in Fig[2] there is a red-shift of the
lines for light isotopes.

This systematic effect of the isotopic purification is bet-
ter resolved for the KSU series in Figls] In Figl3] we
present the PL spectra of the KSU series [Tab, with
the four configurations of the stable boron and nitrogen
isotopes, h'9B'N, h'°BN, h''B"N, h'' BN, together
with a reference hN**BN sample (KSU3). In contrast to
the SEU series, no carbon was intentionally added dur-
ing the crystal growth, leading to a weaker PL signal
at ~4 eV, in agreement with previous reports [I5]. The
4 eV-defect emission is dim in the KSU series because
of the high-purity of the boron and nitrogen precursors
employed for the growth of isotopically-purified hBN.
This point is of great importance in the prospect of the
isotope-selective carbon doping, as later discussed in Sec-
tion[[TI} Because of the sparse emission, recording the PL
spectrum of the 4 eV-defect required the use of micro-PL
measurements [see Appendix , to locate the areas
of highest defects density in crystals of the KSU series,
hence the reduced signal-to-noise ratio in Fig[3]compared
to Fig[2l To better observe the isotopic shifts of the ZPL
and phonon replica, we use a split x-axis representation
in Fig[3] where we zoom in around two intervals of the
same 13 meV-extension, centered at 3.8975 and 4.0975
eV. There, both the ZPL and the phonon replica sys-
tematically red-shift as a function of the isotopic masses.
Interestingly, the ZPL energy only changes by ~3 meV in
contrast to ~5 meV for the phonon replica, thus revealing
the dependence of the energy splitting A [as defined in
Fig with the isotopic composition. Similar to the SEU
series, the phonon replica is the broadest for the lightest
isotopes (h1°BN, KSU1), further supporting the intrin-
sic origin of this effect.

In Fig[dh, we merge the data of the SEU and KSU
series for the isotopic shift of the ZPL. For each series,
we subtract the ZPL energy measured in the reference
hN#BN sample (4.0988 eV for SEU2 and 4.0982 eV for
KSU3) to the value found in the different isotopically-
purified hBN crystals. We follow this procedure because
the two series were measured in different runs. The 0.6
meV-difference between SEU2 and KSU3 lies within our
absolute calibration accuracy, thus showing the repeata-
bility of the 4 eV-defect formation in hBN crystals, not
only grown at different growth facilities, but also with dif-
ferent procedures where the carbon quantity significantly
varies.

Following Ref.[39], we plot the isotopic shift of the ZPL
as a function of the reduced mass p, expressed in units



(b)

—
Q
~

—~
N
~

O ZPL shift [SEU series] N O
4 @ zPL shift [KSU series] 4 20449 °
fffff hBN bandgap shift [40] . ——--
e . *
S 5 S ool
£ 04 I 4 2 200+ {
0 B S
— ol
T 5] y ]
N 2 } 2198
41 S 1961

A splitting [SEU series] “ O & splitting [SEU series]
A splitting [KSU series] 158 @ 6 splitting [KSU series]
LOs(T) theory N - LO3(K) theory
LO3(I") experiment [42] — .
S ..
]
€ 156+ .
\\ m \\\
*. c =
e o] N
. =
5 AN a 1544
5o 5 .
w
152

58 59 60 61 62 63 6.4
Reduced mass u (amu)

58 59 60 61 62 63 6.4
Reduced mass u (amu)

58 59 6.0 61 62 63 6.4
Reduced mass u (amu)

FIG. 4. (a) Isotopic shift of the zero-phonon line at ~4.1 eV with respect to hN**BN crystals, grown with naturally abundant
boron and nitrogen isotopes, as a function of the reduced mass p in units of the atomic mass (amu). The dashed line corresponds
to the experimental isotopic shift of the hBN bandgap at ~5.95 eV, from Ref.[40]. (b) Isotopic shift of the energy splitting
A, between the zero-phonon line at ~4.1 eV and the phonon replica at ~3.9 eV (as defined in Fig, as a function of the
reduced mass p. The dashed line corresponds to the calculated isotopic shift of the LO3 optical phonon at the center of the
Brillouin zone, and stars indicate the experimental values, from Ref.[42]. (c) Isotopic shift of the energy splitting §, between
the zero-phonon line at ~4.1 ¢V and the phonon replica at ~3.945 eV (as defined in Fig7 as a function of the reduced mass
. The dashed line corresponds to the calculated isotopic shift of the LO5,/5(K) optical phonon at the K point of the Brillouin
zone. In all panels, experimental data are displayed as empty squares for the SEU series, and full circles for the KSU one, with

the same color code as Figl2i&3]

of the atomic mass as:

1 1 1
w10z +11(1 —2) Ty 15(1 —y)

(1)

where 2 and y are the B and N percentages of the
boron and nitrogen isotopes, respectively. The isotopic
shifts measured for the SEU (empty squares) and KSU
(full circles) hBN crystals assemble in a self-consistent
way in Fig[dh, demonstrating the universal impact of iso-
topic purification of the host hBN matrix on the ZPL of
the 4 eV-defect. We compare these data to the isotopic
shift of the hBN bandgap [dashed line in Fig], which
is due, at low temperatures, to the zero-point vibrations
mediated by the electron-phonon coupling [I0]. It was
first estimated in hBN in Ref.[39] and more recently in
Ref.[40] with the extension of isotopic purification to !5N.
The ~3 meV-shift of the 4 eV-defect ZPL appears to be
three times smaller than the hBN bandgap shift, over
the investigated range of isotopic masses. Such a dis-
crepancy is the signature of the electronic localization in
a deep level, interpreted below with our first-principles
calculations.

Fig[p displays the merged data of the SEU and KSU
series for the energy splitting A, as defined in Fig[2] as
a function of the reduced mass p. Similarly to the ZPL
isotopic shift in Figlfh, the congruent measurements in
samples fabricated in two different growth facilities reveal
the impact of the isotope control in hBN on the energy
splitting A. Because A corresponds to a characteristic

vibrational energy in phonon-assisted recombination pro-
cesses, its variations with the isotopic masses is straigth-
forward, in contrast to the ZPL isotopic shift which stems
from more subtle effects related to the electron-phonon
coupling and the zero-point vibrations. Specifically, A
decreases with the reduced mass p [Fig] because the
frequency of an harmonic oscillator is inversely propo-
tional to the square root of its mass, as observed by Ra-
man spectroscopy in hBN in Ref.[39] [40]. Because A is
of the order of 200 meV, we compare its isotopic shift to
the one of the LOj3 optical phonon at the center of the
Brillouin zone. In Fig[dp, calculations of the LO3(T') en-
ergy within the QuantumEspresso package are displayed
in dashed line, while the experimental values measured
in Ref.[42] correspond to the stars. Strikingly, in hNa*BN
(1=6.1), the energy splitting A almost coincides with the
LO3(T) energy. This is why the phonon replica at ~3.9
eV was initially interpreted as involving the emission of
one LO3(T") phonon [19]. However, varying the isotopic
composition leads to distinct variations, thus unveiling
that A is not the energy of one LOs3(I") phonon, and
that the phonon replica at ~3.9 eV stems from a LVM
of the 4 eV-defect.

It is instructive to compare the § splitting, between the
ZPL and the phonon replica at ~3.945 eV, as defined in
Fig[2] In that case, the variations of § with the reduced
mass p nicely follow the calculated isotopic shift of the
LOy/3(K) phonon, i.e. the longitudinal optical mode of
the quasi-degenerate 2 and 3 branches at the K point
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FIG. 5. Phonon sidebands, calculated for (a) C2 and (c) SW defects in hBN of different isotope composition. (b) Calculated
isotopic shift of the zero-phonon line at ~4.1 eV for C2 and SW defects. (d) Calculated isotopic shift of the energy splitting
A, between the zero-phonon line at ~4.1 ¢V and the phonon replica (as defined in Fig for C2 and SW defects.

of the Brillouin zone [dashed line, Figldk]. This Bloch
phonon mode of the hBN matrix gives rise to a large
peak at ~155 meV in the phonon density states, hence
the phonon replica at ~3.945 eV can be attributed to
recombination assisted by the emission of a LOj/3(K)
optical phonon [19]. Our experiments in isotopically-
purified hBN crystals confirm this interpretation, and we
will make use of this complementary fingerprint when
analysing the isotope-selective carbon doping in Section

C. Ab initio calculations

After presenting the first part of our experimental find-
ings, we now turn our attention to a theoretical identi-
fication of the defect structure responsible for the iso-
topic response observed in the 4.1 eV-PL signal. We ap-
ply highly convergent supercell plane wave density func-
tional theory calculations to calculate the PL signals of
selected defects [see Appendix for details]. In Fig
we illustrate the structures of four defects: the Stone-
Wales (SW) defect and three different complexes based
on carbon impurities, all of which have previously been
suggested as potential emitters of the 4.1 eV signal. Ini-
tially, due to the strong similarities in the PL spectra of



carbon-based defects in an isotopically-purified hBN ma-
trix, we focus on the carbon dimer (C2) for our spectral
simulations, as a representative example of a defect made
of an even number of carbon impurities in hBN.

In Fig[5] we show the calculated modifications to the
PL spectrum of these defects with variations in the iso-
tope composition of the host material. Our simulations
reveal that the PL signal of the C2 defect closely matches
our experimental findings, displaying features such as a
prominent phonon replica ~200 meV below the ZPL, and
a shoulder at ~170 meV. In contrast, the SW defect ex-
hibits two groups of active modes at around 210 and
150 meV. The 210 meV mode is localised at the boron
and nitrogen atoms, connecting two pentagons [see Fig
in Appendix . The three active modes at ~150 meV
are hybridised with the bulk modes, with a particular im-
pact on the atoms within the nitrogen-rich pentagon. For
both types of defects, the phonon sidebands are primar-
ily influenced by stretching modes, as depicted in Figs[T5|
and[I7)in Appendix[B2] Additionally, the partial Huang-
Rhys factors for other active modes, which account for
additional peaks in our simulated vibronic bands, are also
presented in Figs[T5] and

Fig[fp further displays the calculated isotopic shift of
the ZPL for the C2 defect, which increases systemati-
cally with the reduced mass p - consistently with our
experimental observations. Conversely, a less clear trend
is observed for the SW defect, which is likely due to an
imbalanced participation of nitrogen and boron atoms
to the optical transition [32]. Most strikingly, the vi-
brational energy of the stretching mode in the SW de-
fect, involving both boron and nitrogen atoms, exhibits
a pronounced decrease of ~9 meV with changes in the
isotope composition of hBN, as shown in Fig[5d. This
shift is comparable to the one of a Bloch mode of the
hBN matrix, such as the LO3(T") phonon [Fig]. In
contrast, the energy of the carbon-localized mode in C2
only marginally decreases by less than 2 meV. A direct
comparison between the calculated A splittings and our
experimental data is provided in Fig[I6]in Appendix[B2]
where the three carbon-based defects (C2, C4 and C6)
are considered. Notably, the computed A splittings for
the C2 defect closely align with our experimental results,
whereas for the carbon tetramer (C4), they are systemat-
ically overestimated by 4 meV, and underestimated by 2
meV for the carbon 6-ring (C6). Therefore, given the
quantitative agreement between our experimental and
theoretical results, we infer that the C2 defect is so far
the most likely candidate for the 4.1 eV-emission.

III. ISOTOPE-SELECTIVE CARBON DOPING

Having identified the phonon replica at ~3.9 eV as
stemming from a LVM, and having ruled out the Stone-

Wales center [Fig as a compatible structure for the
isotopic shift of this LVM, we examine in this section the
impact of isotope-selective carbon doping for further test-
ing and screening the carbon-based defects represented in
Fig[l} among which the carbon dimer appears as a suit-
able candidate at this stage.

A. Samples

hBN crystals were grown in KSU by precipitating from
a solution formed by dissolving either 1°B or 1B enriched
boron in molten iron. The solution was formed by heat-
ing to 1550°C, holding at this temperature to homogenize
the solution, then slowly cooling to 1500°C at 1 °C/h
(compared to 4 °C/h in previous studies [22]). Nitrogen
(250 scem) and forming gas: argon (95%) hydrogen (5%)
(50 sccm) continuously flowed over the solution during
the process.

For isotope-selective carbon doping, graphite powder
was added to the starting materials, either with the nat-
ural distribution of isotopes (approximately 99% 2C and
1% 3C) or enriched in **C (99% with 1% 12C). For NatC-
doping, graphitic carbon (99.995% purity) was loaded
at a 0.44 mass ratio to that of the boron. The total
composition was 96.65 mass percent iron, 2.33 mass per-
cent natural boron, and 1.02 mass percent carbon. For
isotopically enriched '3C-doping, isotopic carbon (97.1%
chemical, 99% isotope purity) was used in lieu of the nat-
ural carbon.

The carbon doping process has been refined to be more
reproducible since what was first reported in Ref.[22]. In
that work, the boron source was exclusively boron ni-
tride; in this work, elemental boron powder (99%) was
used. Furthermore, in this study, carbon monoxide was
not used; only forming gas to getter oxygen. Addition-
ally, the solvent was pure iron (99.99% purity) contrary
to the mixtures reported in Ref.[22]. Overall, the resid-
ual N2*C content relative to the boron in each sample
is significantly lower than those reported by Pelini et al
[22]. This point was already commented in Section
when presenting the measurements by micro-PL in the
KSU series [Fig. This is a major difference compared
to previous studies where unintentional N**C contamina-
tion presumably hindered the impact of 13C-doping [22],
and it is the key here for revealing the fingerprints of
isotope-selective carbon doping in hBN.

B. Experimental results

The PL spectra recorded in N2*C:hBN and #C:hBN
crystals are plotted in Figlf] as a function of the de-
tuning with the ZPL energy, in order to eliminate any
isotopic shift of the ZPL and solely focus on the influ-
ence of the carbon isotopes on the vibronic band spec-
trum. When replacing NatC (i.e. 12C at 99%) with
13C, modifications occur in two ranges of energy de-
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excitation energy = 6.32 eV, sample temperature = 8 K. Inset: zoom around the local vibrational mode at ~200 meV.

tuning: (i) at ~200 meV, which corresponds to the
LVM energy identified in Section [II} and (ii) at ~400
meV where phonon-assisted recombination involves two-
phonon overtones of the 200 meV-LVM. Zooming in
around 200 meV-detunings resolves a 6 meV-blue-shift of
the phonon replica in '3*C:hBN and also a line-broadening
[Fig[6] inset]. Because the ZPL width hardly changes
from 2.2 to 2.8 meV in N2*C:hBN and '*C:hBN, the latter
effect does not come from an increased inhomogeneous
broadening in "*C:hBN crystals, thus pointing for an in-
trinsic origin, similarly to our previous results in Section
[ dealing with the impact of the isotopic purification of
the host matrix.

The blue-shift of the phonon replica at ~3.9 eV im-
plies a reduced energy of the LVM, which is consistent
with a carbon-based color center where the heavier mass
of the 3C isotope with respect to N2*C results in vibra-
tional modes of lower energy [43] 44]. Importantly, the
phonon-assisted recombination line at ~3.945 eV, corre-
sponding to an energy detuning § ~ 155 meV, is not af-
fected by the >C vs N2t selective carbon doping [Fig@
inset]. This effect is perfectly in line with our findings of
Section [[Il where we concluded that the ~3.945 eV line
originates from the recombination assisted by the emis-

sion of a Bloch phonon mode of the hBN matrix. For
moderate carbon concentrations, the phonon bandstruc-
ture of hBN is unperturbed by the presence of carbon
impurities, so that any phonon-assisted recombination
line involving a delocalized vibrational mode will not be
influenced by isotope-selective carbon doping.

From the reduced A splitting in '*C:hBN on the one
hand, and the constant § value on the other hand, we un-
ambiguously conclude that the 4 eV-defect is a carbon-
based defect in hBN. Our results thus resolve the long-
standing controversy on the interplay between carbon
and this ultraviolet color center in hBN, carbon being
interpreted either as a constituent of the 4 eV-defect, or
only as a vector of its formation, or even as a simple

bystander [I3H35].

C. Ab initio calculations

In order to further quantitatively interpret our ex-
perimental results, we conducted first-principles calcu-
lations [see Appendix to examine the impact of car-
bon isotopes on the optoelectronic properties of the three
carbon-based candidate structures [Fig. First, we fo-
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cus on analyzing the response of the carbon dimer (C2),
which was identified as the most probable defect struc-
ture in section II.C. Fig[7]illustrates a direct comparison
between our theoretical and experimental spectra. Our
calculations for both 12C2 and '3C2 defects exhibit a fair
agreement with our experimental data, particularly cap-
turing the characteristic broadening of the first and sec-
ond phonon replica attributed to the '*C isotope. The
calculated variation of the A splitting was determined to
be 6 meV, which is the exact experimental value [Fig6].

Notably, our analysis revealed a slight underestima-
tion of the computed shift by ~2 meV, when considering
only the energy of the primary stretching mode. This ef-
fect can be attributed to two additional modes at around
190 meV that are partially localized on the carbon atoms
[see Fig. in Appendix , shaping the vibration
peak in the phonon sideband of PL. The combined in-
fluence of these three modes explains the change in the
isotope-dependent broadening of the vibration peak at
around 200 meV, caused by the carbon isotopes. Inter-
estingly, the relative contribution of the two additional
modes at ~190 meV is also influenced by the nitrogen and
boron isotopes, with a significant increase observed for
the lighter atoms [see Fig. in Appendix (B 2[. This ex-
plains the systematic broadening of the band at ~3.9 eV
for the lighter boron and nitrogen isotopes, as observed
in our experiments presented in Section [[Il These find-
ings emphasize the importance of conducting a compre-
hensive spectrum simulation to accurately capture the
isotopic effects for defects in hBN.

When examining the two other carbon defects, we ob-
serve a poorer agreement with our experimental data [see
Appendix Fig. Specifically, the carbon tetramer

(C4) also displays a 6 meV-isotopic shift of the A split-
ting, but at a higher vibrational energy, particularly evi-
dent at emission energies ~3.7 eV where phonon-assisted
recombination involves two-phonon overtones of the 200
meV-LVM. The carbon 6-ring (C6) exhibits a larger iso-
topic shift of 9 meV for the A splitting, along with an
overall greater mismatch between the energies of the ac-
tive vibrational modes. These discrepancies further sup-
port our conclusion that the carbon dimer is the likely
defect responsible for the observed 4.1 eV-signal in hBN.

IV. STACKING SEQUENCE CONTROL OF THE
HOST hBN MATRIX

To further screen the different carbon-based candi-
date structures, we now make use of an original de-
gree of freedom, which is the stacking sequence of the
hBN basal planes [45]. We investigate hBN polytypes
either in the standard AA’ stacking [46] or in the AB
one, corresponding to the Bernal form of hBN [45]. By
pressure-dependent PL measurements of the 4 eV-defect,
we demonstrate that the perturbative response to hy-
drostatic pressure is stacking-dependent, providing addi-
tional key fingerprints for the definitive identification of
the 4 eV-defect as a carbon dimer.
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from bottom to top.

A. Samples

AA’-stacked hBN crystals were synthesized in KSU
with the well-established metal flux growth method de-
scribed in Ref.[22]. This method also produces AB-
stacked hBN crystals but of reduced size, few tens of
micrometers (because of the polytypic nature of the cur-
rently available samples [26] 47H49]), i.e. a dimension
hardly appropriate for high-pressure measurements in a
diamond-anvil cell [see Appendix[A 2b] with limited spa-
tial resolution compared to confocal microscopy at ambi-
ent pressure [22] 26]. Although experimental data could
be obtained in such samples [see details and Fig in
Appendix [B1D], the use of an AB-hBN powder has al-
lowed us to explore the hydrostatic pressure response of
AB-stacked hBN [Fig[gp].

The AB-stacked hBN powder was synthesized by ther-
mochemical conversion of a lithium-modified ammonia
borane (NH3BHj) precursor [see Appendix [A4]. The
precursor was placed in a BN crucible in a glove box,
then put in a sealed tube under argon atmosphere to
avoid oxygen contamination of the samples during the
transfer to the furnace. The BN crucible containing the
powder was introduced into a silica tube inserted in a
horizontal furnace (Thermconcept ROS 50/450/12) un-

der argon flow. The tube was then evacuated to 0.1 mbar
and kept under dynamic vacuum for 30 min. Afterwards
the silica tube was refilled with purified anhydrous am-
monia (99.99%) to atmospheric pressure. The heating
program went as follows: heating to 1000°C at a speed
of 5°C/min, dwelling for 2 h and cooling down to room
temperature at 5°C/min. A constant flow of 120 mL/min
passed through the silica tube during the pyrolysis. The
flowing gas was switched to No after the 2h dwelling at
1000°C until the end of the treatment. Then an anneal-
ing treatment up to 1800°C was done in a graphite fur-
nace (VHT-GR, Nabertherm) still using a BN crucible.
The furnace was put under vacuum (0.1 mbar, 30 min),
refilled with nitrogen and maintained under a constant
flow of 200 mL/min of Ny during the whole heat treat-
ment. The heating and cooling ramps were of 5°C/min
and the final temperature was of 1800°C with a dwelling
time of 2 h. The AB-stacking was evidenced by PL spec-
troscopy in the UV-C and UV-B spectral domains [see
Appendix Fig, where the simultaneous obser-
vation of a line at ~6.035 eV and a ZPL doublet for the
4 eV-defect proves the Bernal form of BN [26, [47].
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B. Experimental results

Pressure-dependent measurements of the 4 eV-defect
emission were performed with the experimental setup de-
scribed in Appendix [A 2T

In the case of the standard AA’ stacking [Fig[Sh], the
emission was studied from ambient pressure up to ~5
GPa. The PL spectrum smoothly red-shifts when raising
the hydrostatic pressure, and the ZPL width increases.
At 2.5 GPa, the ZPL is too broad to be observed, but
the PL emission still peaks at the ZPL energy, with
a surrounding spectrum determined by the low-energy
acoustic phonons sideband, similarly to temperature-
dependent experiments [I9]. This explains the broad
PL bands at high pressures in Fig[§ where the PL spec-
tra, normalized to their maximum intensity, are domi-
nated by the vibronic bands of the color center. From
the pressure-dependent PL measurements in Figlgh, we
extract the pressure-induced red-shifts of the ZPL and
A-split phonon replica in the AA’ stacking [Fig@, and
we deduce a pressure coefficient of -25.5+£0.5 meV/GPa,
in agreement with previous studies [23].

Pressure-dependent experiments in AB-hBN reveal the
striking influence of the stacking sequence on the opto-
electronic properties of the 4 eV-defect subjected to hy-
drostatic pressure. From the PL spectra recorded up
to ~9 GPa [Fig]7 the pressure-induced perturbation
appears to be significantly reduced with respect to AA’-
hBN, with a red-shift of only ~100 meV at ~9 GPa in
AB-hBN compared to ~125 meV at ~5 GPa in AA’-hBN.
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FIG. 10. Atomic configurations of the C2 defect in different
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the two non-equivalent forms of the carbon dimer in AB-hBN.
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identical for the carbon tetramer and the carbon 6-ring by rep-
etition of the atomic arrangements according to the schemes
in Fig Left column: top-view, along the c-axis. Right col-
umn: side-view, perpendicularly to the c-axis.

Over the full range of investigated pressure, we estimate
an average ~3-fold decrease of the pressure-induced red-
shift in AB-hBN [Fig[9)].

Because of the staggered stacking of the hBN basal
planes in AB-hBN;, there are two non-equivalent config-
urations of the 4 eV-defect, as experimentally demon-
strated in Ref.[26], and schematically represented in
Fig[l0] Ome of the two substitutional carbons has no



neighbour in the adjacent planes along the c-axis so that
the carbon dimer is either CBCI(\IB) (so-called AB1 con-

figuration, Fig) or C](BN)CN (so-called AB2 configura-
tion, Fig)7 in contrast to AA’-hBN where the carbon
dimer has only the Cl(gN)C&B) form [Fig]. This is a
singularity of the AB stacking, and we stress that there
is only one configuration of the carbon dimer (and by
extension of the carbon tetramer and carbon 6-ring) for
the AA’ but also for the AA and ABC stackings, so that
the experimental observation of a ZPL doublet at ~4 eV
is a fingerprint of AB-hBN together with a PL line in the
UV-C range at ~6.035 eV [26], 47].

This specific ZPL doublet was used for characterizing
the AB-hBN powder synthesized by thermoconversion of
lithium-modified ammonia borane [see Appendix
Fig. In the following, the two components of the
ZPL doublet at 4.161 and 4.145 eV are labelled AB1 and
AB2, respectively. Remarkably, our pressure-dependent
PL measurements resolve different pressure-induced red-
shifts for the two non-equivalent configurations of the
4 eV-defect. Although the AB1 ZPL energy can not
be estimated over the full range of investigated pres-
sure but only until ~5 GPa [see Appendix Fig,
the pressure-induced red-shifts of the AB1 and AB2
ZPLs and their A-split phonon replicas are different
[Fig@], and we estimate values of -7.740.5 and -9.7£0.3
meV/GPa for AB1 and AB2, respectively. The AB-hBN
micro-crystals were similar, with pressure coefficients of
-7.440.5 and -10.4+0.4 that are identical to the data
of Fig@ within experimental error [see Appendix
Fig.

Although the modification of the stacking sequence of
the host hBN matrix only changes the ZPL energy of the
4 eV-defect by ~1 % from AA’ to AB, the huge varia-
tions of the perturbative response to hydrostatic pressure
in the two hBN polytypes reveal the importance of con-
sidering the interlayer coupling. Together with the more
subtle difference in the pressure-induced red-shifts of the
two non-equivalent configurations of the color center in
AB-hBN, these experimental results provide crucial in-
puts for further elucidating the defect structure.

C. Ab initio calculations

We investigated the impact of hydrostatic pressure on
the PL spectra within our theoretical framework [see
Appendix . The application of hydrostatic pres-
sure results in a compressive strain, with the majority
of the strain being absorbed along the c-direction (~12%
compression in both AA’ and AB stacking sequences at
10 GPa), while the basal plane lattice constants expe-
rience smaller variations (~0.7% compression). Fig[I]]
illustrates the comparison of the pressure coefficients
for the various carbon-based defects. Our calculations
reveal that the values obtained for the carbon dimer
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squares) and C6 (empty pentagons) structures.

(C2) closely match the experimental data, reaching again
nearly quantitative agreement. For the carbon tetramer
(C4), the relative variations of the computed pressure-
induced shifts from one defect configuration to another
are in agreement with our experimental findings, but the
absolute values of the pressure coefficients are signifi-
cantly overestimated by a factor of ~2 with respect to
our measurements. The discrepancy with the experimen-
tal data is even more pronounced for the carbon 6-ring
(C6), for which the AB1 ZPL is calculated to be almost
insensitive to hydrostatic pressure.

To elucidate the difference of pressure effects on the
C2 defect in AA’ and AB stacking sequences, we have
analysed its electronic properties, shown in Tab. [II| [Ap-
pendix . The primary effect of hydrostatic pressure
is the compression of the interlayer spacing, leading to
an increased screening effect. Consequently, this results
in the stabilization of defect levels with respect to the
band edges. In the case of the AA’ sequence, both Cpg
and Cy are directly linked to nitrogen and boron atoms
from adjacent layers, respectively [Fig]. Therefore,
both occupied and empty levels are stabilized, resulting
in a red-shift of the PL signal. This effect can also be
interpreted as a suppression of the exchange interaction
between the donor and acceptor defects due to enhanced
screening. Conversely, in the AB stacking configuration,
only one carbon atom of the pair (Cy in AB1, and Cg in
AB2) interacts directly with neighboring layers. Conse-
quently, the empty defect level in AB1 and an occupied



level in AB2 are primarily stabilized, while their counter-
parts are less affected. As a consequence, the red-shift of
the PL signal is less pronounced compared to the AA’ se-
quence. This elucidates the difference in pressure effects
between AA’ and AB stacking arrangements in terms of
electronic response.

To further understand the difference between AB1 and
AB2 configurations of the C2 defect, we also considered
the effects of structural relaxation, with relevant data
summarised in Tab. [Appendix . Our analysis,
consistent with our previous research [36], reveals that
interlayer polarization occurs as electron density leaks
from the lone pairs of nitrogen to boron atoms. In the
AB2 configuration [Fig[I0k], where the donor carbon oc-
cupies the boron site (Cg), a strong repulsive interaction
with neighboring nitrogen atoms from adjacent layers is
observed in the excited state upon a back-electron trans-
fer. This interaction causes the defect to slide along the
symmetry axis; the degree of sliding increases under pres-
sure, resulting in a decrease in the N-C-N angle. Con-
sequently, this distortion leads to a large increase in the
total Huang-Rhys factor for this configuration, which is
also reflected in our experimental spectra. In contrast,
no strong interaction between CnyT and adjacent boron
atoms is observed, as they lack electron density. There-
fore, the AB1 and AB2 configurations of the C2 defect
show a different structural response to hydrostatic pres-
sure, as seen in our experiments.

V. CONCLUSION AND OUTLOOK

We have presented a general methodology for point de-
fects identification, combining isotope substitution and
polytype control, with a systematic comparison between
experiments and first-principles calculations. We have
applied it to the 4 eV-defect in hBN, and tackled the
long-standing issue of the nature of this ubiquitous color
center in hBN. By implementing isotopic purification of
the host hBN matrix, followed by isotope-selective car-
bon doping of hBN, we have reduced the number of can-
didate structures to a few carbon-based centers. Then,
by playing with the stacking sequence of the host matrix
in two hBN polytypes, we have revealed different per-
turbative responses to hydrostatic pressure for the non-
equivalent configurations of the 4 eV-defect in AA’ and
AB-stacked hBN. Our comprehensive set of experimental
and theoretical results demonstrate that the 4 eV-defect
is a carbon dimer in the hBN honeycomb lattice.

Our study is an important milestone in hBN research,
where the impact of carbon is the subject of an intense
debate. The demonstration of the 4 eV-defect to being a
carbon dimer sets the basis for a better understanding of
the incorporation of carbon in hBN and its possible role
in hBN dopings. The carbon dimer is an isoelectronic
defect in the hBN honeycomb lattice, but its dissocia-
tion may lead to the formation of donor-acceptor pairs,
signatures of which have been reported in the optical re-
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sponse of hBN [T6HIS8] 25] [30]. Both n- and p-dopings are
still in their infancy in hBN [50H52], and our results may
shed a new light for elucidating the striking persistent
photo-conductivity phenomenon reported in hBN grown
by metal-organic chemical vapor deposition [53]. More-
over, the identification of the carbon dimer raises the
question of the optical responses of the carbon tetramer
and carbon 6-ring, which are also expected in the UV-B
spectral range. Further work appears necessary to deter-
mine the growth conditions that can lead to suitable con-
centrations of these carbon-based centers for optical ex-
periments. Because carbon 6-rings are predicted to have
a large binding energy favoring the formation of carbon
clusters [34], tracking this specific defect may be crucial
for understanding the synthesis of hBN polytypes, in par-
ticular the Bernal form appearing during the fabrication
of hBN crystals under the addition of a large amount of
carbon [26], 47H49]. Finally, in the context of quantum
technologies, our method may stimulate follow-up stud-
ies in order to identify the carbon-based defects having
an optical response in the visible and near-infrared do-
mains, and acting as single photon emitters [54] and spin
defects [55] [56].

We found in hBN in this study and in a previous work
[36] that a strong coupling appears between the hBN lay-
ers because of the Coulombic interaction between the
positively polarized boron atoms and negatively polar-
ized nitrogen atoms in neighbor hBN sheets. This is
clearly manifested in the PL signals of planar defects
such as the 4.1-eV emitter. Beyond hBN, our work opens
novel perspectives for identifying point defects in mate-
rials where the stacking order could be changed, such as
SiC [57], thus providing a systematic method combin-
ing polytype control and isotope substitution, for both
the host matrix and the impurities. It can be expected
that the PL signals can be tuned by polytype and iso-
tope control of the respective layers when the host ma-
terial contains polarized bonds which indeed appear for
hetero-atomic 2D materials. Furthermore, our results
may guide future theoretical and experimental studies
on heterostructures of 2D materials to engineer the po-
larization of bonds in subsequent sheets that can tune the
optical signals of planar defects in the target 2D layer.
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Appendix A: METHODS
1. hBN growth by the metal flux method

Samples from SouthEast University (SEU series) were
grown by using the metal flux method. For boron isotope
controlled single crystal growth, high purity iron granules
(Fe, 5N purity) and chromium granules (Cr, 4N purity)
were used as metal flux. Powders of 1B (85 at%) or !B
(99 at%) were used as source materials for the synthesis of
10B-enriched hBN or h''B4N crystals, respectively. For
hNa*BN crystal growth, iron (Fe, 5N purity), nickel (Ni,
6N purity), chromium (Cr, 4N purity) and cobalt (Co, 5N
purity) were used as metal flux, with high-purity hNa'BN
powder as source materials. Carbon powder (with natu-
rally abundant isotopes, i.e. 99% '2C and 1% 3C) was
included in all growths to promote the hBN single crystal
formation [37]. Typically, the metals, boron source (1°B,
1B or hBN powders) and carbon powder were weighted
in ratios of 100:10:2, mixed together and then loaded
into an alumina crucible, which were then placed inside
an alumina tube furnace. The furnace was purged 3-5
times by nitrogen gas (purity ~99.9%, naturally abun-
dant isotopes) after being evacuated to a vacuum of ~5
Pa prior to the growth in order to minimize residue gas
in the furnace tube. The temperature was then ramped
to 1550°C at rate of 6°C/min, held at 1550°C for 12~24
hours, then cooled slowly to 1400°C at a rate of 4°C/h
to obtain high-quality hBN crystals. Finally, the sample
was cooled down to room temperature naturally. During
all these processes, the flow rate of Ny gas was kept at
~250 sccm.

2. Photoluminescence spectroscopy
a. Ambient pressure measurements

The emission spectrum of the 4 eV-defect was recorded
by PL spectroscopy with two experimental setups de-
voted to macro-PL [58] and micro-PL [22], with spatial
resolutions of 50 um and 300 nm, respectively. The PL
was excited above the hBN bandgap by the fourth har-
monic of a cw mode-locked Ti:Sa oscillator, tunable from
193 nm to 205 nm with trains of 140 fs-pulses at 80 MHz
repetition rate. The samples were held on the cold fin-
ger of closed-cycle cryostats for temperature-dependent
measurements from 10 K to room temperature. Sam-
ples of a given series were mounted side-by-side in the
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cryostat in order to perform the PL experiments in the
exact same conditions and avoid calibration issues, which
could be detrimental for resolving the faint isotopic shifts
of the PL lines. The detection system was composed of
a f = 500 mm Czerny—Turner monochromator, equipped
with a 1800 grooves mm™' grating blazed at 250 nm,
and with a backilluminated CCD camera (Andor New-
ton 920), with a quantum efficiency of 50% at 210 nm.

The PL spectra of the SEU series (Section [II)) and of
the NatC:hBN and '3C:hBN crystals (Section [III)) were
acquired by macro-PL experiments, and the KSU series
(Section [LI)) was studied by micro-PL.

b. Pressure-dependent measurements

Low-temperature emission spectra under continuous-
wave excitation were obtained using the 275.4 nm-line
of a Coherent Innova 400 Ar-ion laser. The sample was
mounted inside a closed-cycle helium cryostat. The spec-
tra were dispersed by a Horiba Jobin-Yvon FHR 1000
spectrometer, and the signal was detected by a liquid
nitrogen-cooled CCD camera.

High hydrostatic pressure was obtained by using a
low-temperature diamond anvil cell (CryoDAC LT, ea-
syLab Technologies Ltd). Argon was used as a pressure-
transmitting medium. The diamond anvil cell was
mounted in an Oxford Optistat CF cryostat equipped
with a temperature controller for low-temperature mea-
surements. Samples with a diameter of ~100 ym and a
thickness of ~30 pum were loaded into the cell along with
a small ruby ball. The Rl-line ruby luminescence, ex-
cited by the second harmonic of an YAG:Nd laser (532
nm), was used for pressure calibration. The half-width
of the R1 line was also used for monitoring hydrostatic
conditions in the diamond anvil cell.

3. Ab initio calculations

The first-principles calculations were conducted us-
ing the Vienna ab initio simulation package (VASP)
code [59] [60] based on projector augmented wave (PAW)
potentials [61], [62]. The cutoff energy for the plane-wave
expansion of the wavefunction was set to 450 eV. To
prevent defect-defect interactions, a 9 x 9 bilayer hBN
supercell model was utilised with single I'-point sam-
pling. The interlayer van der Waals (vdW) interaction
was accounted for using the DFT-D3 method developed
by Grimme [63].

For better comparison with experimental data, the lat-
tice was optimized using the generalized gradient approx-
imation of Perdew, Burke, and Ernzerhof (PBE) [64] fol-
lowed by electronic property calculations using the hy-
brid density functional of Heyd, Scuseria, and Ernzer-
hof (HSE) [65]. The exchange contribution was modified
to a = 0.32 to reproduce the experimental optical gap
around 6 eV. Excited state calculations were performed



using the ASCF method [66]. We applied a von Barth
correction for the total energy of the excited state [3I]. A
convergence threshold of 0.01 eVA~! was set in the force
calculations. The spectral simulations were performed
using the Huang-Rhys theory [67] with the details, pro-
vided in Ref. [36].

The effects of isotope composition on zero-phonon line
and sideband were considered by adjusting the phonon
modes. To alleviate the computational burden of phonon
calculations for different compositions, the following pro-
cedure was implemented. Initially, (squares of) phonon
frequencies (F') and dynamic matrix (DM) were ob-
tained for defects in hBN of natural abundance. The
mass-scaled Hessian matrix (H) was then computed as
H =DM x F x DM, and the elements were rescaled
with the masses of interest to calculate new phonon
modes and frequencies for the specific composition. This
approach yielded numerically equivalent photolumines-
cence spectra as direct calculations.

4. Synthesis of lithium-modified ammonia borane

All chemical products were stored and handled in an
argon-filled glove box (Jacomex, Campus-type; Os and
H50O concentrations kept at < 0.1 ppm and < 0.8 ppm,
respectively). The cleaned ball milling reactor and cru-
cibles were stored in an oven at 100°C overnight before
being introduced in the glove box to be used. Lithium
amide, LiNHy (95%), and ammonia borane complex,
NH3BH;3 (97%) were purchased from Sigma-Aldrich and
used as received.

Li-modified ammonia borane was synthesized by solid
state reaction. For a fixed molar ratio nNp,pm, /nLi of 3,
approximately 802 mg of NH3BH3 and 198 mg of LiNH,
were placed in a stainless-steel ball-milling reactor, in the
glove box. 6 stainless-steel beads of 10 mm in diameter
were placed on top of the powders before closing the reac-
tor. The products were then ball-milled on a pulverisette
7 premium line apparatus from Fritsch with the follow-
ing parameters: 5 cycles of 1 min-runs followed by 2 min
pause (very slow rotation) at 250 revolutions per minute
(rpm), reverse mode enabled and venting between each
cycle. Evacuation of excess pressure coming from the re-
action between LiNH; and NH3BHj3 (mainly NH3 and
Hy) was performed via a valve of the ball-milling reac-
tor. This reaction leads to the formation of a very vis-
cous white and opaque liquid which solidified after 2 or 3
days. The ball-milling reactor was left open in the glove
box until the white powder formed and could be easily
retrieved.
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Appendix B: ADDITIONAL INFORMATION
1. Photoluminescence experiments
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FIG. 12. Photoluminescence spectra of the AB-hBN powder
synthesized by thermoconversion of a lithium-modified ammo-
nia borane precursor: detection in the UV-B (a) and UV-C
(b) spectral ranges. Ambient pressure, sample temperature
= 8 K, PL excitation energy = 6.32 eV.
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FIG. 13. Photoluminescence spectra of the AB-hBN powder
at hydrostatic pressures of 0.46 GPa (a) and 4.76 GPa (b):
experimental data (symbols), two Gaussian-fit (solid line).

The AB-stacking of hBN synthesized from a lithium-
modified ammonia borane precursor was evidenced by PL
spectroscopy in the UV-C and UV-B spectral domains
[Fig[12], where the simultaneous observation of a line at
~6.035 eV and a ZPL doublet for the 4 eV-defect proves
the Bernal form of BN [26, [47]. In Ref.[47], spatially-
resolved experiments in AA’- and AB-stacked hBN crys-
tals demonstrated a one-to-one correlation between inver-
sion symmetry breaking probed by second harmonic gen-
eration and the detection of an intense PL line at ~6.035



eV, i.e. the specific signature of the noncentrosymmetric
Bernal stacking.

The pressure-dependent energies of the two ZPLs of
the 4 eV-defect in AB-stacked hBN were estimated by a
two-Gaussian fit [Fig, allowing a quantitative analysis
of the AB1 component (high-energy line at ~4.161 eV
for ambient pressure) at hydrostatic pressures up to 4.76
GPa.

b. AB-hBN micro-crystals
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FIG. 14. Pressure-induced red-shifts of the ZPL doublet and
phonon replica of the AB2-ZPL in AB-stacked hBN micro-
crystals: experimental data (symbols), replicated fit to the
data in the AB-hBN powder from Fig[J] (dotted lines).

The polytypic nature of the currently available hBN
samples synthesized by the metal flux growth method
[26 [47] reduces the size of AB-stacked hBN crystals to
few tens of micrometers, i.e. a dimension hardly appro-
priate for high-pressure measurements in a diamond-anvil
cell, with limited spatial resolution compared to confocal
microscopy at ambient pressure [22, [26]. Nevertheless,
experiments could be performed in a few samples, lead-
ing to results identical to the measurements performed
in the AB-stacked hBN powder [dotted lines in Fig[14]
within experimental error.

2. Ab initio calculations
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FIG. 15. Partial Huang-Rhys (HR) factors for each vibra-
tion mode, calculated for the C2 and SW defects in the AA’
stacking sequences of hBN. The red arrows show the atomic
contributions to the leading mode at ~200 meV.
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state in different stacking sequences at 0 and 10 GPa. The ’
energy levels given in eV are aligned to the valence band maxi- 0 |
mum of each configuration. CBM is the conduction band min- 0 50 100 150 200

imum. AE is the difference between the energies of occupied
and empty defect levels. AAE is an electronic contribution Energy (meV)
to the pressure coefficient.

FIG. 17. Partial Huang-Rhys (HR) factors for each vibration
mode, calculated (a) for the '2C2 and '*C2 defects in the
AA’ stacking sequences of hBN and (b) for the 2C2 defect
in h'°B"N and h''B'SN. The red arrows show the atomic
contributions to the three leading modes, contributing to the
phonon replica.
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0 GPa AA’ AB1 AB2
C-C bond gs 1.367 1.371 1.360
N-C-N gs 179.78 - 179.75
B-C-B gs 177.33 177.32 -
C-C bond ex 1.472 1.470 1.461
N-C-N ex 177.33 - 177.08
B-C-B ex 178.04 178.02 -
HR factor 2.09 2.15 2.31
10 GPa AA’ AB1 AB2
C-C bond gs 1.356 1.364 1.349
N-C-N gs 179.23 - 179.20
B-C-B gs 177.33 177.17 -
C-C bond ex 1.458 1.452 1.451
N-C-N ex 176.08 - 174.77
B-C-B ex 176.70 176.90 -
HR factor 2.53 2.11 3.60

TABLE III. Relevant structural parameters computed for the
C2 defect in the ground (gs) and excited (ex) states in dif-
ferent stacking sequences at 0 and 10 GPa. The angles are
defined between the respective nearest atoms in the adjoined
layers. HR is for Hyang-Rhys factors.
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