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Theory and Methodology

The calculations were carried out within the density functional theory framework, as imple-
mented in the QUANTUM ESPRESSO package.! We employed the Perdew-Burke-Ernzerhof
generalized gradient approximation (PBE-GGA) to analyze the ground-state electronic prop-
erties, while the local-density approximation (LDA) was used exclusively for the investiga-
tion of vibrational properties. We used norm-conserving pseudopotentials and expanded the
plane-wave basis set with a kinetic energy cutoff of 90 Ry. The Brillouin zone was sampled us-
ing I'-centered Monkhorst-Pack k-meshes of 12x12x8, 12x12x4, 12x12x3, and 10x10x 10
for the 2H, 4H, 6H, and cubic polytypes, respectively. All structures were fully relaxed to
their equilibrium positions until residual forces on atoms were smaller than 2meV/ A. The
fully relaxed lattice constants for the 2H, 4H, and 6H-BAs phases were 3.384 A, 3.391 A,
and 3.394 A, respectively. These results are consistent with a previous theoretical work that
employs the same level of theory.?

For the vibrational properties, we employed Brillouin zone sampling grids of 6x6x4,
6x6x3, 6xX6x2, and 6x6x6 for the 2H, 4H, 6H, and cubic polytypes, respectively. Based
on these grids, density functional perturbation theory (DFPT) is used to compute the vi-
brational frequencies, normal modes, and dielectric tensor.®* By considering the Placzek
approximation, the Raman intensity for a particular normal mode v with frequency w asso-

ciated to the non-resonant Stokes process is obtained as,”

1
I" < |e;j - AY - e,|*—(n, + 1) (1)
w

v

where e;(e;) is the incident (scattered) light polarization, n, the Bose-Einstein distribution,
and A” is the Raman tensor with matrix elements
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Here £ is the electronic energy of the system in the presence of a uniform electric field Ejm)
along I(m), ug, corresponds to the y-th component of the normal mode on atom k, and M;
is the corresponding atomic mass. We consider light propagating perpendicular to the zz
plane, which we denote as a-plane configuration. In this scenario, the incident polarization
vector can be written as, e;, = [cosp 0 sing|, while two possible directions for scattered
light—el , = [cosp 0 sing] and e, = [—sing 0 cosp]—are allowed. In Porto notation,
these two possibilities are represented as y(xxz)y <+ y(22)y (e; || €sq) and y(z2)y < y(zz)y
(e; Lesq)

To overcome the band gap underestimation of DFT-GGA, quasiparticle (QP) corrections
are included within the GyWj approximation. In this framework, the quasiparticle energies

are given by,”

EJ = €S8+ Ze (kS| Sl ef) — Ve

nkKS> : (3)

where ‘nkKS>, Znk and V¥ describe the Kohn-Sham eigenstates, QP renormalization fac-
tor, and DFT exchange-correlation potential. The correlation part of the self-energy is
defined by L,k = i [ ‘é—“jrlew/w <nkKS‘G0(w + w')WO(w’)‘nkKS>. Here Gy and W, stands for
the non-interacting Green’s function and the screened Coulomb potential, respectively. The
dynamical Coulomb screening matrix is obtained considering the Plasmon-Pole approxima-
tion in the Godby-Needs scheme® with an energy cutoff of 18 Ry and including 300 bands for
both the screening and GW sum-over-states, which is sufficient to provide accurate results
owing to the implementation of Bruneval-Gonze terminators.” The GW calculations were
carry out with Brillouin samples of 6 x6x4, 6x6x3, 6x6x3, and 10x10x 10 for the 2H, 4H,
6H, and cubic polytypes, respectively. The convergence of the GW parameters is presented
in the Supporting Information.

The excitonic effects on the optical absorption spectra are taken into account by solving
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the Bethe-Salpeter equation (BSE), which is governed by the excitonic Hamiltonian, '°

et = (B = B )asbudgs + 200505 = WEZK, (4)
where the screened (W) and bare (v) Coulomb potentials describe the e-h attraction and
repulsive terms, respectively. These two terms are calculated in the same k-grid as in the
GW calculation and then interpolated on a finer k-grid sample of 30x30x20, 30x30x16,
30x30x12, and 30x30x30 for 2H, 4H, 6H and cubic structures, respectively.

Finally, the optical absorption is calculated from the imaginary part of the dielectric

function

8me?

oW = ZSDIMSIQCS(LU—QS) (5)

where Q7 is the S-th exciton eigenvalue. g = 3,4 A28 - (ck|r|vk) represents the exci-

tonic transition dipole matrix elements, being € and r the polarization vector and position
operator, respectively. V and Nj represents the unit cell volume and number of points in
the Brillouin zone.

The imaginary part of the dielectric function is computed by including, in the sum over
states, the six highest occupied valence bands and the corresponding six lowest unoccupied
conduction bands for the 2H and 4H phases, whereas for the 6H phase, the nine highest
occupied valence bands and the corresponding nine lowest unoccupied conduction bands are
considered. This is sufficient to achieve well-converged optical excitations for both polariza-
tions over the energy range of interest. A Lorentzian function with broadening of 0.12eV
is used to model the delta function in the dielectric response function. The YAMBO code
was used to perform the QP and optical calculations.! In all our calculations, spin—orbit
coupling (SOC) effects are neglected. Although its inclusion leads to a slight renormalization
of the electronic states at I', the resulting band splittings are smaller than those in c-BAs.

Consequently, the impact on the optical response is minimal, owing to the weak oscillator
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strengths associated with electronic transitions near the I' point as demonstrated in Fig.

S13.

Convergence analyses for the GIV calculations

Figure S1 shows the convergence of the GW parameters of a c-BAs at I'- and X-point
with respect to the number of bands in the self-energy, number of bands in the dielectric
constant, screening cutoff, and the k-grid sample. The convergence is performed by keeping
the parameters one is not interest in converging as high as possible. Thus, during the
convergence of the number of bands in the Self-energy and dielectric constant, we kept fixed
the screened cutoff to 24 Ry and estimate the error in the quasiparticle (QP) band gap
correction at the mentioned symmetry point as the number of bands used is varied. A
similar procedure is adopted for converging the screened cutoff. In this case, the numbers of
bands in self-energy and dielectric constant is fixed to 1000 while we estimate the error in the
QP band gap correction as the screening cutoff is varied. Finally, once the number of bands
and the screening cutoff is chosen, we proceed to perform the convergence with respect to
the k-grid. It should be noticed that our GW calculations present reliable predictions within
an accuracy of approximately 0.025 eV. lin Figure S2 we show the convergence of the GW
parameters for wurtzite BAs, similar trends can be observed. However, for this phase the

GW results present an accuracy of approximately 0.035 eV.
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Figure S1: Convergence of GW quasiparticle gap for the c-BAs with respect to (a) number of
bands in the correlation part of self-energy operator, (b) number of G-vectors (energy cutoff)
in the dielectric constant, (c) number of bands to construct the response function, and (d)
k-point grid. The error in quasiparticle (QP) direct band gap is computed at k-points I" and

k-grid (nx nx n)

K. The dashed lines represent the chosen values for each GW feature.
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Figure S2: Convergence of GW quasiparticle gap for the wurtzite phase of BAs with respect
to (a) number of bands in the correlation part of self-energy operator, (b) number of G-
vectors (energy cutoff) in the dielectric constant, (¢) number of bands to construct the
response function, and (d) k-point grid. The error in quasiparticle (QP) direct band gap is
computed at k-points I' and K. The dashed lines represent the chosen values for each GW

feature.
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Raman intensity polarization

In the study of the Raman polarization effects, it is important to properly define the direction
of the incident polarization vector, as well as the rotation angles, as shown in Figure S3. Our
study considers light propagating in the a-plane, which we denote as a-plane configuration. In
this scenario, the incident polarization vector can be written as, e;, = [cosg 0 siny|, while
two possibilities for scattered light direction, €l , = [cosp 0 sing] and el, = [~sing 0 cosy]
are allowed. In addition, considering incident light propagating in the c-plane, which we
denote as c-plane configuration, the incident polarization vector can be written as, e;, =
[cosd sinf 0]. Hence, two possibilities for the scattered light direction can be observed:
él, = [cost sind 0] and el, = [—sinf cos® 0]. The corresponding azimuthal dependence
of the Raman active optical modes for the 2H, 4H, and 6H phases are shown in Figures 5S4,

S5, and S6, respectivel

4 Incident
Polarization

vector
0

c-plane

IaN
R
a-plane //

Figure S3: Schematic representation of a wurtzite crystal structure. The orange rectangle
represents one of the a-planes which are parallel to the z-axis, while the blue hexagon repre-
sents the c-plane which is perpendicular to the z-axis. The red arrows represent the incoming
polarization vectors, and the circles around the polarization vectors describe their rotation,
being # and ¢ the rotation angles with respect to the z-axis
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Figure S4: Azimuthal dependence of the Raman active optical modes for the 2H phase of
BAs. The angular dependence for the (a) e;,L e, and (b) €;,|| es. polarization related
to the a-plane configuration are correspondingly shown. Likewise, the angular dependence
for the (c) e;.L es. and (d) e;.|| es. polarization related to the c-plane configuration are
correspondingly shown.
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Figure S5: Azimuthal dependence of the Raman active optical modes for the 4H phase of
BAs. The angular dependence for the (a) e;,L es, and (b) ;.| e, polarization related
to the a-plane configuration are correspondingly shown. Likewise, the angular dependence

for the (c) e;.L e;. and (d) e;.|| es. polarization related to the c-plane configuration are
correspondingly shown.
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Figure S6: Azimuthal dependence of the Raman active optical modes for the 6H phase of
BAs. The angular dependence for the (a) e;,L es, and (b) ;.| e, polarization related
to the a-plane configuration are correspondingly shown. Likewise, the angular dependence
for the (c) e;.L e;. and (d) e;.|| es. polarization related to the c-plane configuration are
correspondingly shown.
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Figure S7: Optical spectra considering ordinary (blue lines) and extraordinary (orange lines
light polarizations for different hexagonal BAs polytypes for 2H, 4H, and 6H (from top to
bottom). The blue shaded area represents the optical spectra at the independent-particle
level that includes the QP corrections from GW calculations only for extraordinary light
polarization.

Optical properties

In Figure S7 we present the optical spectra of the hexagonal BAs polytypes (2H, 4H, and
6H) at the GW-BSE (solid lines) and independent particle (I.P) theory level (orange shaded
area). Contrary to the figure shown in the main manuscript, here we show the role of the
excitonic effects for extraordinary polarization (|| ¢), which can be assessed by comparing the
[.P curve with the BSE one. In Figure S8-S10 we show the electronic bands participating
in the formation of the most intense peak of the optical absorption, considering || ¢ and L ¢
polarization. Overall, one can see that for the 4H and 6H polytypes the most intense peak

arises due to direct electronic transitions along the I'-M, and H-A, whereas the 2H phase,
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transitions are also allowed along the I'-A path. This results are similar as what occurs in

other wurtzite crystals'?-14
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Figure S8: The electronic bands giving rise to the most intense peak in the optical absorption
for (a) L and (b) || polarizations in the 2H phases of BAs. The blue horizontal line represents

the Fermi level.
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Figure S9: The electronic bands giving rise to the most intense peak in the optical absorption
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Figure S10: The electronic bands giving rise to the most intense peak in the optical absorp-
tion for (a) L and (b) || polarizations in the 6H phases of BAs. The blue horizontal line
represents the Fermi level.

Spin-orbit coupling effects

For the hexagonal phases considered here, we find that the SOC-induced splitting at the VBM
is significantly smaller, decreasing from approximately 0.11 eV in the 2H phase to 0.061 eV in
the 6H phase. Additionally, the indirect band gap in these hexagonal polytypes is reduced on
average by about 70 meV, which is comparable to the renormalization observed in the cubic
phase. Although SOC does affect the electronic structure, we neglect its inclusion because
many-body perturbation theory calculations (GW-BSE) with SOC, considering stringent
parameters as done in our work, are computationally demanding, particularly for the 4H
and 6H phases.

Regarding the impact of SOC on the main features of the optical response, we note that
it is not critical for these hexagonal polytypes, unlike in materials such as transition metal
dichalcogenides, where A and B excitonic resonances arise from spin—valley coupling selection
rules. To support this point, we computed the optical spectra with and without SOC for
both c-BAs and the 2H phase (see Fig.S12). The results show that SOC has a minimal effect
on the optical response. This behavior can be attributed to the relatively small oscillator
strengths of transitions near the I' point (approximately ~3% of the most intense peak),

where SOC-induced band splitting is most pronounced. Since the SOC splitting is even
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smaller in the 4H and 6H phases than in the 2H phase, we expect its impact on their optical

response to be similarly negligible.
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Figure S11: From top to bottom, the figure displays the electronic band structures at the
Kohn—Sham level for the 2H, 4H, and 6 H polytypes. The insets provide a magnified view
of the region around the Fermi level at the center of the Brillouin zone.

k-resolved projected density of states

The k-pDOS of states on As and B s, px, py , pz orbitals for the 2H, 4H, and 6H polytype

are reported in Fig. S13, Fig.S14, and Fig. S15. Based on these information, one can thus
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Figure S12: Optical response of the cubic BAs (top panel) and wurtzite BAs (bottom panel)
with and without spin-orbit coupling effects. For the 2H phase the light was polarized L c.
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Figure S13: k-resolved pdos for the 2H polytype.
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Figure S14: k-resolved pdos for the 4H polytype.
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Figure S15: k-resolved pdos for the 6H polytype.

figure out the band composition of the excitonic transitions.
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