Phonon-assisted light absorption and emission in cubic Boron Nitride
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1) Motivation 5) Computational Setup
e BN Platform — Boron nitride compounds are ideal wide-band-gap materials for studying how e Quantum Espresso: Kohn Sham Hamiltonian, Phonons using DFPT
crystal structure, defects, excitons, and phonons influence optical absorption and emission. >DOJO pseudopotentials and PBEsol functionéls 1 @

e Phase Complexity — BN exists in multiple polymorphs, including
, which can coexist in experimental samples. This makes accurate optical

>Energy cutoff : 80 Ry

characterization essential. >k—gr id: 12x12x12
e Luminescence Advantage — Luminescence is more informative than Raman spectroscopy e Yambo: GW and Bethe-Salpeter Equation.
for BN because it is highly sensitive to electronic structure, stacking order, strain, and defects. > Energy cutoff : 6 Ha
e Optical Discrepancy — In cubic BN, theoretical calculations predict a much larger optical gap > Bands : 80 (Dielectric), 3 (Valence) and 3 (Conduction)
than what is often observed experimentally, suggesting that phonon-assisted indirect > Double-arid method: 61x61x61
processes may be important. = : : 2
e Exciton—Phonon Coupling — A first-principles MBPT description including both excitons and ¢ YamboPy & LetzEIPhC: Exmton-phonon matrix elements <Le°tf,€”/ﬂ1c
phonons is needed to explain phonon-assisted light absorption and emission in cBN. Phonon-assisted luminescence
exc-ph 2
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6) Results
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6°°' " osl Exciton dispersion of lowest 20 states
400- - ool cBN has a strongly indirect excitonic structure. The
200- - - bright direct excitons occur near ' at high energy,
| . ‘ | . 2 ool while the lowest excitons lie at X. Because photons
EIL — : — - — Kt : rh T — ES— B ol carry negligible momentum, transitions involving the
ecironic and pnonon nangda strucuures snowing indairect transitions anad reievant A-point pnonons. S . .
The GW correction opens the band gap compared with DFT. The direct gap at I is calculated as 10.91 eV at the G.W, S 8.0 X excitons require phonons to conserve momentum.
level, while the indirect -X gap is 6.0 eV. E . Therefore, phonons activate otherwise inaccessible
| Indirect excitonic absorption and emission channels.
Objective - The minimum exciton energy is found _at X around
cubic-Boron Nitride (cBN), is a wide-band gap BN allotrope whose optical response is poorly understood. Most 6.0 9.685 eV, nearly S eV below the [ excitonic states.
BN phases have indirect band gaps, so optical absorption and emission often require phonon assistance. In
cBN, experiments observe absorption and emission features around 6-7 eV, while state-of-the-art calculations %
that neglect electron-phonon coupling predict a much larger direct optical gap near 11 eV. This mismatch Excitation transfer momentum T=10K — Total Lum.
motivates a first-principles study of phonon-assisted optical processes in cBN. n s I8
—se= TO
u ] ] ] m wl % 0 | ssses LA
Intrinsic cBN luminescence is predicted | £ B
3) Research Aim below typical hBN emission, providing a| ¢
| | | possible spectral fingerprint for phase
| ‘B = BSE : . . i i i
2001 = == s Direct excitonic absorption identification.
sl ;A\ ..... KS gar remains at high enerqy. Phonon-assisted luminescence in pure cBN is | Total Lum.
i ; ——== GoW, indirect ga I I i i “ -== TA
5 N\ GV dirsc g0 Indicating that direct centered around 5.55-5.60 eV at low ” i B
15.07 | By transitions alone cannot o - i n
o explain the experimental 67 temperature. At 300 K, additional thermally | £ o
3 ; eV features. populated excitons produce higher-energy B
10071 The BSE absorption onset satellites, mainly mediated by TO and TA
i appears around 10.5 eV, much
T higher than the experimental phonons. | =
5.0 . by low-energy optical features. The 5 55 T T 558 560 562 564
| - first absorption peak is a bound Energy (eV)
=8 : 5 exciton with binding energy of e T Exciton—phonon coupling lowers the observable
] i S . . . about 0.3 eV. g || = BSE absorption edge. but pristine cBN alone does not
6 8 10 12 14 16 18 20 4.0 — BSE+EXCPH -
& TV 3.0{ —e— IPA fully account for the experimental low-energy
20 response.
Can phonon-assisted excitonic transitions explain the low-energy optical 3 Low energy tail of the optical absorption of cBN at different
response of cubic BN? % D levels of approximation: IPA, , and BSE plus
The goal is to determine how indirect excitonic transitions contribute to experimentally = exciton—phonon coupling. Including exciton—phonon coupling
observed optical features and whether they can reconcile the gap between theory and redshifts the absorption onset from about 10.3 eV to 9.6 eV,
experiment but this is still not enough to fully explain experimental
/\/ absorption near 6—7 eV. It's possible that defects or hBN
0.141— , , : : ' — iInclusions may contribute to the low-energy experimental
6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5 signal
4) Theory Framework Frierdy (2V) '
SCF/NSCF [pwx]  { ¢z 7) Summary and Conclusion
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e Phonon-assisted optical processes are essential for understanding light absorption and emission in cubic boron nitride. Direct excitonic
absorption remains at high energy, but exciton—phonon coupling opens additional indirect optical channels that shift spectral weight to
lower energies. The paper shows that phonon coupling lowers the calculated absorption onset from about 10.3 eV to 9.6 eV, but this still

does not fully explain the experimentally reported 6—7 eV optical response.

\ e The lowest excitonic states in cBN are not located at I', but at the X point, with the exciton minimum around 5.685 eV. Because photons

1 YAMBO DBS (incl. wfc)

carry almost no crystal momentum, these X-point excitons cannot recombine directly; phonons are needed to conserve momentum. This

makes cBN a strongly indirect excitonic material.
DFPT [ph.x] { %) Large-scale HPC _ (GW) e The direct BSE absorption onset appears around 10.5 eV, much higher than the experimental low-energy absorption features. Including
calculations = ~ exciton—phonon coupling produces a lower-energy absorption tail, but the visible contribution remains only about 1 eV below the direct
AVscr(q) (1BZallq) (raw DBS) | (BSE) (IBZ all g) excitonic transitions because the low-energy X excitons have weak oscillator strength in phonon-assisted absorption.
e The intrinsic phonon-assisted luminescence of pure cBN is predicted around 5.57-5.60 eV, lower than typical hBN emission at 5.77-5.9

eV. This difference gives a possible spectral fingerprint for distinguishing pure cBN emission from hBN-related signals in mixed or
imperfect samples.

LetzEIPhC EXC-PH matrix e This implies that pristine cBN alone cannot fully explain the experimental optical features near 6—7 eV. Instead, low-energy experimental
< - > I 1q signals may arise from defects, direct transitions involving defect levels, symmetry breaking that activates finite-momentum
e nonlocal part of dVSCF elements , excitons, or hBN inclusions inside nominally cBN samples.
e el-ph matrix elements ol e Postprocessing e Exciton—-phonon coupling is necessary but not sufficient: it explains why indirect optical transitions appear in cBN, but additional
P .
(apply symmetries) calculations sample-dependent effects such as defects or phase inclusions are likely needed to fully reproduce experimental spectra.
,,
EXC-PH observables
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