Supporting Information

Exciton-Plasmon Polariton Coupling and Hot Carrier Generation in 2D SiB
Semiconductors: A First-Principles Study

Ali Ramazani!, Farzaneh Shayeganfar?, Jaafar Jalilian®, Nicholas X. Fang!

'Department of Mechanical Engineering, Massachusetts Institute of Technology, Cambridge, MA, USA
*Department of Civil and Environmental Engineering, Rice University, Houston, TX, 77005, USA

*Department of Physics, College of Sciences, Yasouj University, Yasouj 75914-353, Iran

S1 Phonon calculations

Phonon dispersion calculations are carried out using density functional perturbation theory
(DFPT) [S1] as implemented in the QUANTUM ESPRESSO package [S2] to check the
dynamical stability of the monolayer. The valance electron wave functions are expanded using
an energy cut-off of 100 Ry and a Martin-Troullier norm-conserving pseudopotential [S3] is
used to treat the core electrons. The phonon band structures are calculated along the high

symmetry path [-M—K-T.

The phonon spectrum for both SiB and H-SiB monolayers are shown in Fig. S1. As can be seen
in this figure, only the H-SiB monolayer is dynamically stable. Indeed, semi-hydrogenation leads
to improved stability of SiB monolayers and also increases the maximum of the vibrational

frequency from w__ (SiB) =854cm™" to o (H—SiB)=1984cm™.
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There are multiple procedures to modify the dynamical stability of nanomaterials such as doping
[S4], addition of extra layers [S5] and surface functionalization [S6, S7]. To improve the
dynamical stability of the SiB honeycomb monolayer, surface functionalization has been used,
which is a fruitful approach for stabilizing low-dimensional nanostructures. While the
functionalization could change the out-of-plane vibrations and stabilize the structure, it could
also change the electronic properties of the SiB monolayer. As can be seen in Fig. S1 B, the SiB

monolayer becomes stable after semi-homogenization.
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Fig. SI: Phonon dispersion for (A) pure and (B) semi-hydrogenated (hydrogen absorbed on Si

atoms) SiB graphene-like monolayer.

S2 Mechanical Properties

Bandgap engineering is a powerful technique to design new semiconducting materials. Strain
engineering as a concept for tuning the bandgap exploits to alter the physical and chemical

properties of materials, and make them promising potential candidates for photonic devices.
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In this section, we studied mechanical properties of both SiB and H-SiB monolayers. This is very
important since the strain field is a significant agent used to modulate the bandgap of materials in
order creates photo-devices with spatial variation in the electronic structure. The strain-stress
curve for both SiB and H-SiB monolayers is plotted in Fig. S2. As can be seen in this Fig., the
stress-strain behavior of both SiB and H-SiB monolayers are linear till 6% strain; therefore, we
will apply biaxial strain up to 6% to H-SiB monolayer to investigate the effect of strain field on

the electronic and optical properties of the system.
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Fig. S2: Strain-Stress diagram for SiB and H-SiB monolayers. The green line shows the
maximum strain, up to which, the stress-strain behavior is linear. Therefore, the SiB and H-SiB

monolayers are subjected up to 6% deformation in this study.

S3 GW approach

The GW approximation computes quasiparticle (QP) energies (&i) and wavefunctions (¢;) solving

Dyson equation for one electron added or removed from the material [S8]:
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Ho o;(0+ [2(@r) @i(r)d®r" = & ¢i(r) (S1)
where X is the self-energy operator of electron—electron (e-e) interactions, and is approximated in

the screened Coulomb interaction, W, as below [S8]:
Y(rrw) = i (G, ;) W(r o + »)e®?dw’ (S2)

where G is the one particle electronic Green’s function, and 9 is a converging factor [S8]:

W(r,r;w) = %fe‘l(r, r'; 0)Ve(r" — r')dr" (54)

where ¢ is the dielectric function within RPA (eRP*(q,0) = 1-V(q) %0 (q,®), where 0

polarizability), and V¢ is the Coulomb potential [S9]. A first-order correction to Kohn-Sham (K-
S) lead to compute quasiparticle energies (Er?lf ) [S8],

EX = EDFT + (nk|Z(ES)|nk) — (nk|VRFT|nk) (S5)
Where n, and k are the band index and electron wave vector, respectively. VRFT is the DFT

exchange-correlation potential.

S4 Beth-Salpeter Equation (BSE)

To find excitation energies, we solved the BSE, which takes into account electron—hole (e-h)
interactions using the perturbation theory. The BSE is defined as [S8]:

(Ex — Eq) Ak + Zvicna(VK[KR VK A, = Q5 A, (S6)
where Q is the eigenvalue of the S state, and AS . are the coupling coefficients between valence
(v) and conduction (c) QP states. K is the e-h interaction kernel, which is composed of direct
and exchange terms as K" = KP + KX; where KP and KX are the e-h attraction and repulsive

exchange terms, respectively [S8].
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To get the ground state of the atomic structures of unstrained and strained H-SiB monolayers, we
utilized DFT calculations with Perdew, Burke, and Ernzerhof (PBE) exchange correlation
functional within generalized-gradient approximation (GGA). To optimize the geometry, we set
the convergence criteria of 104 eV for the total energy, and 10~ eV/A for the ionic force. To get
a precise electronic band structure, we chose 12 x12 x1 for Monkhorst—Pack k-sampling.

To characterize the optical excitation energies, the BSE is solved taking into account the
electron-hole (e-h) interaction. In fact, the complex transverse diclectric function, €(E) =
€1 (E) +ie,(E) is computed using GW/ BSE within the Tamm-Dancoff and static

approximations. The extinction and refractive index are defined as [S10]:

KB =% [~a®+ E®  S® (s7)
"B =% a®+ VI ®T GO (s8)

and the standard expression for absorption and reflectivity are calculated via [S10]:

4mEK(E)
hc

(n—-1)2+ k2
(n+1)2+Kk2

a(E) =

& R(E)= (S9)

The plane wave energy cutoff for the DFT calculations was set to 720 eV. To build the dielectric
function, the total number of states is 2400, which spans energies greater than 40 eV. The
dielectric function plane wave cut-off is 240 eV. The summation of BSE was computed using 16
valence x 16 conduction states for H-SiB.

The exciton energy, and exciton wave function y(re,rn) are calculated from BSE. To obtain the
spatial distribution of excitons (F(r)), we use the correlation function of hole and electron, where

electrons and holes are separated by a vector (r) as [S11]:

F(r) = [,d} Wlre= r + 1,132 (S10)
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where 1. and 1, are the electron and hole coordinates, respectively; and Q is the volume of a
primitive cell. We utilized BGW package [S9, S12, S13] to compute the imaginary and real part
of dielectric function ( €, and €;), and accordingly, calculate the absorption and reflectivity

spectrum of the material.

SS Photovoltaic conversion efficiency

The bandgap energies and significant optical absorbance in visible range of unstrained and
strained H-SiB suggest that H-SiB is a good candidate for the use in the new generation of
ultrathin solar cells. To calculate the fraction of sunlight converted to electrical power density as
photovoltaic conversion efficiency for strained H-SiB monolayers, the optical absorption and
reflectivity coefficient are two major parameters, which can affect the photovoltaic efficiency.
The photovoltaic conversion efficiency is acquired by integrating the spectral irradiance over
photon wavelength (1) as [S10]:

P= [ W1 - RMICAR)A (S11)
where 4,4, 1S the maximum wavelength absorbed by semi-hydrogenated SiB, W(A) is the solar
irradiance spectrum via AirMass as 1.5 [S14], R(4) is the reflectivity coefficient as described in
Eq. 89, and A(A) is the absorbance defined as (A(1) = 1 — e~*@W4) [S10]; and d is the
thickness of the nanostructure. In Eq. S11, C(A) accounts the fraction of excitation energy of
excitons (electron-hole pair) converted to the electrical energy; C(4) = EjA/hc; Eg is the
bandgap energy (direct or indirect).

2D materials are considered as the future generation of photovoltaic materials due to their higher
density of states and exciting optical and electronic properties, which causes more significant
absorption of photons in comparison to bulk materials [S15, S16]. In fact, 2D materials and thin

films gain and collect more photons by light scattering particles, because they capture incident
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light. Therefore, 2D solar cells can enhance the photoexcited carrier collection by an improved
charge carrier diffusion [S15]. Fig. S3 shows the electrical power of H-SiB relative to the bulk Si
with a thickness of 100 nm as a function of strained H-SiB. The data trend reveals that
conversion electrical power for H-SiB is 2.7 times (photovoltaic efficiency 3.8 %) greater than
bulk Si. Moreover, taking into account electron-hole interaction enhances the photovoltaic

conversion efficiency.
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Fig. S3: Electrical power for semi-hydrogenated SiB (H-SiB) relative to Bulk Si as a function of
strained H-SiB. The data trend reveals that conversion electrical power for H-SiB without/with
strain is greater than bulk Si. Moreover, taking into account electron-hole interaction enhances

photovoltaic efficiency.

S6 Effective Hamiltonian (H-SiB)

In this section, we model the o, m and n" band energy dispersion of H-SiB using a second nearest
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neighbor (NN) tight-binding (TB) Hamiltonian as shown in Fig. S4. TB Hamiltonian takes into
account all valence electrons; i.e. one s and two p electrons for B atom (three), one s and three p
electrons for Si atom (four) and one s of H atom. The TB Hamiltonian is [S17]: H = Ho+H; +
H»; where Ho, Hi and H> take into account the on-site energy, first NN, and second NN in the
structure, respectively. Ho is described as follows [S17]:

Hy = Yi(esafa; + &, Xa(biibio) + ¢ c;) (512)
where & represents on-site energy of the s orbitals of Si/B, €, is on-site energy of p orbitals of
Si/B, and &gy is the on-site energy of the s electron orbital of the hydrogen atom. Here, a*/ b* and
a/b are the creation and annihilation operators of the s/p electrons of Si/B; while ¢ and c are the

creation and annihilation operators for H atoms. H; has the following form [S17]:
Hy = ¥i(Vsus ¢i'a) + vssajap + Za(ysp vaPazbg, + Vppa(v&w)z biybpe + Yopr(1 —
(V&qs)z) biabpa) + Zaqeﬁ()’ppa VﬁquXabBﬁ = Vppr V&‘lBV/';qB biabpa +

Yo Vsup VEE cibgy ) + h.c. (S13)
where ysHp 1s a representative of the first and second NN, which hopes between s orbitals of Si/B

and hydrogen. ¥ss, Ysp, YppO, and yppz are the first NN hopping between s and p orbitals and their

mixing with o, © bonding electrons of Si/B on sub-lattices A and B. H> becomes [S17]:

Hy,= %y afay + Xq (V'sp vé4 af by, + Y'pp,,(V&qA,)z biabarq + Y ppr (1=

Wa*)") blabaa) + Banp (V' ypo VEXVEN blubarg= ¥y VAN VY Dby +

V' ysCaap + Za¥ sy VAB' ¢t by, ) h.c. (S14)
Where vAB, vAA yAB' gre.

AB _ (Réi/B_Rgi/B)a aal (Réi/B_R_?{};)a B (Rg‘li/B_RI?I,)a

v _|(R?i/B‘Rgi/B) Ce _|(R's4i/B—R's4i’/B)| Va _|(R'54i/B—R5I)|

(S15)
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Y'ss, Y'sp» ¥'pp0, and y'ppr are the second-NN hopping between the Si/B s and p orbitals and their

mixing with o, © bonding electrons on the same sub-lattice.

NN-TB
2nd-TB == == .

Fig. S4: The crystallographic structure of monolayer H-SiB. As can be seen, the nearest neighbor
(NN), second NN are shown for tight binding Hamiltonian (TB) model development.

v'sus and y'sup are the second-NN hopping between the s and p orbitals of Si/B and s orbital of
hydrogen on different sub-lattices. Summations in a and B go over X, y, z, in i goes over the A
and B sub-lattices, respectively. vAB, vA4' and vAB are orientations of the p orbitals (px, py. p2).
R denotes the coordinates of the atoms. The TB Hamiltonian elements are given in the method

section. The TB Hamiltonian for H-SiB can be written as [S17]:
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’ ! ! ! !
Hss st Hsy Hsz Hss st Hsy HSZ HsHs SHs
I* ! ! ! 4
Hss Hxx ny sz st Hxx ny sz SsHx
I* I'x ! ! !
Hsy ny Hyy HJ/Z Hsy ny Hyy HyZ SHy
!
Hs’; Hylc*z Hjll*z Héz Hsz sz Hyz sz HsHp SHz
* * * * l ! ! ! !
Hss st HSJ/ HSZ Hss st HSJ’ HSZ SHs HsHs (816)
* * * * I* ! ! !
st Hxx ny sz Hss Hxx ny sz Ser
* * * * I% I% I ! !
HSy ny Hyy HJ/Z Hsy ny Hyy Hyz SHy
* * * * 14 14 I* 4 !
Hg, Hy, Hyz Hz, Hg, H, Hyz Hy, sHz HSHP
* * I I I* % /
HsHs HsHp SHs SHx sHy SHz HsHsH
1% 1% r* r* * * !
SHs SHx H SHy H SHz HsHs HsHp sHsH
The Hamiltonian elements are defined as [S17]:
. A B
— ik(Rg si— Rp g — —
Hss = Vss ZBe ( B.Si B’Sl) )HsHs = VsHs rHsHp - ysHp (817)
(oA B (A A’
— AB _ik(Rp ¢;—Rp ¢ r_ ’ AB lk|Rg si—RB si
Hgo = Vsp ZB Vo~ € ( Bt B'Sl) yHsq = 7 sp ZA Va— € ( o ’ l) (S18)
(oA B (A Al
— ABN\2 ,ik(Rp ¢;—Rp ¢ ABN\2 ik(Rg si—RB si
Hyq = Yppo ZB(va ) e ( Bt B'SL) + Yppr ZB(l - (Va ) ) e ( =t ’ L) (819)
(A B (A B
— AB.,AB _ik(Rg ¢i—Rp g; AB.,AB _ik(Rg ¢i—Rp <;
H“B = Yppo ZB v vﬁ e ( B,Si B,Sl) — Yppr ZB V4 VB e ( B,Si B,Sl) , A * ﬁ (820)
(DA Y o pA Al
- ' AA'N2 ,ik(Rp 5i—RB s; ' — (vAA'N2Y Lik(RB si—RB si
Ha= &+ 7', Taidy2e Bsifs) 1y (1 — (vpa'y?) e (FBsimfs) (21

rik(RA o—RA. 1 oin(pA _pAl
H’aﬁ — ,yl ZAV(I;A,VEA elk(RB,SL RB,SL) _ ylppn ZBAVCI?A,VEA elk(RB,SL RB,SL)' a £ ﬁ (822)

ppo
ik(RA <;— RB', ik(RA ;- RA'.,
s = V' ye Sp e B RBs) g = el gy 3 (B Rs) (823)
' ik(RA - RE', ik(RA o~ RA",
H’sHoc = ylsHS BV&43 e’ ( B.st B'SL) , H’ss = & + VISS ZAel ( Bt B'Sl) (524)

Though the total number of parameters in this TB model is 17, only 5 parameters should be set to
zero. Eqs. S16-S24 are solved simultaneously in MATLAB (R2016a, The MathWorks Inc.,
Natick, MA, USA) to obtain the other 12 parameters, which can produce the exact same

electronic structure of H-SiB developed by first-principles GW-DFT.
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The total number of parameters in this TB model is 17, but 5 parameters are zero such as y’ —

YsHp because of creation of ¢ bond between hydrogen and Si-3p, (csi.n). The 12 parameters can be
treated as semiempirical of reproduction of first-principles (DFT) band structures implemented

in the GW (see Fig. S5). Resulting parameters are brought in Table S1.

Table S1. Parameters of TB model compared with GW band structure.

TB- & & e | Vs | Voo | Yepo | Vs | Visp | Vippo |V susu| Visns | ¥ sup
Hamiltonian
parameters
(eV)
-6.45 | -4.55 | -2.34 | -1.23 | -2.47 | -3.12 | 0.38 | 0.07 | 0.4 0.04 | 042 |-0.06

E =-645
DFT-GW data ——— — — Ep =-455
TB-model data > | Esy=-234
) Vss =-1.23
Vep = 247
g i ] 1 Vopo=-312
Eﬁ 0 koo e N Vpprr =455
L;é -1 4 V'ss =0.38
| V'sp =007
Vopo =04
V'stpr = 0.04
Vs =042
Wavevector Vstp = -0.06

Fig. S5: Comparison between band structures developed by TB and GW. The parameters of TB

model are shown in the legend (unit is eV).
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S7 Polarizability matrix y(q,») (density-density response function)

The Kohn—Sham (KS) orbitals based upon plane waves basis is [S18]:
P (1) = = T o (G +T (S25)

where G is the reciprocal lattice, K represents quasi-wavevectors (QW) of the first Brillouin zone

(BZ) and Q is the crystal volume.

To formulate the many body electronic properties of 2D systems, non-interacting ¥°(q,®), and
interacting x(q,®) polarizability are the are the main parameters in the calculation of exciton-
Plasmon interaction [S19]. A density-density response function of non-interacting 3D electrons

in the reciprocal space is obtained from Adler—Wiser periodic [S20]:

v (k)_fv’(k'HI) kq kq s
o= emterayrin Pov (6) Py (G (S26)

0 2
ng’(q; w) = 2 Zk,v,v' hot

where G and G’ are the reciprocal lattice vectors, ® is the frequency, and &, (k) is the empty

bands and &, (k + q) is the filled bands, while f; (k) = 8(Er — &,(k)) is the Fermi-Dirac

distribution. pl’fg, (G) is the matrix element and has a form of [S18]:
k o
Py (G) =< Dy e W OT|D 1y L0 > (S27)

where @, (1) is the KS electron wave function with q as a momentum transfer vector. The

expression of interacting polarizability y ..’ is a density-response function as [S20]:

Xee' = XGOG' + ZGlGZng' V6,6, X6,6' (528)
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where v, 6, 1s a representative the Fourier coefficients of e-¢ interactions of two reciprocal lattice
vectors (G and G2). In the electron liquid, the bare Coulomb interaction is given by ng, =
4me?8,.1/¢|q + G|*where ¢ is the average dielectric constant of the environment. In all our
numerical results, we consider € = 1. The alternative representation of the polarizability () is

given by x° €. ¢ is the RPA dielectric matrix and described as e =1- V x° [S21, S22]; where I is

€2
|R1— Rj|

the identity matrix, V is the matrix of the Coulomb potential (V = ) [S23], and % is the

independent-particle susceptibility matrix, which is defined by Eq. S26, and includes the matrix
element of electronic states (eigenvectors and eigenstates). In the RPA approach, an
approximation in the high-density limit becomes valid when the electron interactions are
considered as the only parameter to produce the screening field. The response to such a screened
field is measured by %’. On the other hand, the main assumption in RPA is to consider the
electrons response function as an effective potential [S18]. The bare Coulomb potential is also
given by v_. = 4me?8;4//€|q + G|?. The long-range Coulomb interaction between repeated

planar arrays are described as [S18]:

2
0 2me 5ggl L/2

dz fL/Z

— 1 ,i(Gyz—G';Z2")~|q+gl|z+2’|
Vog = Tt 10 dz [1]] dz €6 6s (S29)

where g and G, are in-plane and out-plane components of G. The external perturbation in the
system based on the linear response theory creates an excitation carrier state of energy (hw) and

wave vector (q+G), which are the diagonal elements of the RPA dielectric function (g;,) [S18]:
£561 = oo — Ty X0t Vo (S30)

The plasmon modes can be obtained when the real part of dielectric function (€(q, w)) is set to

zero [S18]:
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1
(€ Dggr

£(q,w) = IG=6"=0 (S31)

Accordingly, the electron energy loss (EEL) function is considered as the imaginary part of the

inverse of the dielectric function £(q, w) as[S24, S25]:
Epp(q, 0) = —3m[1/€(q, w)] (S32)

The nonlocal field effects appear in EEL as off-diagonal elements of y.;/[S24]. To describe the
light-matter interaction, we used non-local conductivity in terms of polarizability matrix

(density-density response function) through the following relation:

52
= x(q ) (S33)

o(q,w) =

Eqs. S31-33 are utilized to study the optoelectronic properties of 2D crystalline materials. In
practice, to acquire the polarizability matrix, we first calculated the electronic eigenvalues and
eigenvectors using a mean field code, then the static and dynamic RPA polarizability (x.,/) and

corresponding inverse dielectric function were computed using BerkeleyGW [S13].

S8 Self-Energy ()

To compute the real and imaginary parts of the electron-electron (e-e) self-energy (2 %) [S12],
we use BGW [S11, S13]. Plasmon pole calculation on a 14x14x1 k-point grid gives the Re X7°
and then interpolated using Wannier functions. Screened kinetic energy cutoff was set to 75 Ry
and Coulomb interaction cut off was set to 160 Ry in conjunction with 500 empty bands and a

12x12x1 g-point grid for the dielectric screening. The imaginary part of the e-e self-energy,
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Im Z£° is computed using full frequency GW calculations [S11-S13]. Here ImZ5% are

evaluated on-shell at the LDA eigenvalues E,x, and then plotted versus the corresponding GW
eigenvalues Enx. We used fine K-poin 18x18x1, converging Im 2,?‘,@" within ~8 meV. For bare

Coulomb interactions and kinetic energy cutoffs, we used the same values of Real part, and with
~200 empty bands and for dielectric screening a 18x18x1 g-point was set.

To compute the imaginary part of the electron-phonon (e—ph) self-energy, Im Zfl;(ph , wWe
employed the EPW code [S26]. We compute the self-consistent (scf) and non-scf potential on a
12x12x1 k-point grid using DFT, and phonon lattice-dynamical properties with on a coarse
6x6x1 g-point grid in the first step. In the second step, by tacking fine g-grid interpolate KS
states based on Wannier functions as implemented in the EPW code. Maximally localized
Wannier functions [S27] are obtained starting from three p and two s orbitals on the Si/B, for a
total of five wannierized bands within -4....4 eV of Fermi energy. By sampling fine k-point

36x36x1 and lots of random phonon g-points in the BZ.

We compute Imlz;cph, converging within 1 meV. Further computation details for e-ph self-
energy are discussed in ref [S28]. The temperature dependent Imls;cphare carried out by using
EPW code [S26-S29].

Boson-electron Coupling matrix parameters, and effect of temperature on the
polarizability and self-energy are explained in S4 and S5 of SI, respectively.

S9 Boson-electron Coupling matrix parameters

The square modulus of the coupling matrix element of boson-electron (|g|*) of plasmon-electron
PL |2

(lg ) is given in Table S2. The details of the derivation of photon-electron coupling matrix

(| gﬁ";/’k 2), and SPP—electron coupling matrix (| gf:;ﬁ,k |2) are beyond of the scope of this paper.
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However, the interested readers can find the details in Ref. [S30].

Table S2. Feynman diagram for the X (self-energy) and |g|* as square modulus of the coupling

PH SPP

2 2
PL|2 .
1%, | nn' il » and | 9nn'r| » which are the plasmon-

matrix element of three bosons (|g
electron, photon-electron, and surface plasmon polariton (SPP), respectively). The Feynman

diagram consists of a polarizability bubble y multiplied by two coupling vertices g [S30].

Interaction Matrix elements

v Sy

Plasmon-electron e’E
PL|2 _ p
|g | - 271— . 2

Photon-electron 197 = () (1/(2¢E,1)) [eqy- P (ap = O)|

nn' k

SPP-electron 2 eh\* 2
SPP |2 _ (E) (1/(ZeefprALZ)> |e$4-Pn,n',k(%)|

S10 Effect of temperature on the polarizability and self-energy

To understand the temperature effect on the self-energy, we utilized an approach recently
introduced by Ponce et al. [S31], in which the role of finite temperature in the self-energy of
materials is described and implemented in a package named EPW [S32]. The equations for
electron and phonon self-energies are explained in details in the next section.

Electron and phonon self-energies: To compute the first order of electron-phonon (e-ph)

matrix, we used density functional perturbation theory (DFPT) as [S28]:

1

gmn,v(k; k’) = <l/)mk' |ak'—kvV|¢nk>a

Za)kl_kv

(S34)
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Eq. S34 shows the scattering process between the two Kohn-Sham (KS) states mk’ and nk. Also,

the e-ph matrix elements can be written as [S31]:

gmn,v(kr q) = \/2;— <¢mk+q|aqv V|l/)nk>a (835)

Wqy
In Eq. S35, the phonon wave vector q is equal to k' — Kk, and, accordingly, g,un.(k, q) is
replaced by gmny (K, k+q). In Eq. S35, 04, V is the derivative of the self consistent (sc)
potential relative to a phonon of wavevector q, frequency w,, and v as branch index. The wave
function Y, is for band n and wavevctor k with eigenvalues of en. The electron self-energy (X°)

and the phonon self-energy (ZP") at temperature T for semiconductors and metals are explained

by [$32, S33]:

d 2 ngv(T) + fmk+q(T) ngy(T) +1= Fksa(T)
Zﬁk (0, T) = vafﬂ_:z |gmn,v(k; Q)| X [ 1 A + 9 k+q

a)—(smk+q— sp) + wgy+id w—(smk+q— SF) — wqytid

(S36)

fnk(T)_ fmk+q(T)
_w_(gmk+q_ Snk) -is |’

k 2
I @.T) = 2 S ] 2 | gy o x| (S37)

where the &f is the Fermi energy, ng, (T) = - is the Bose-Einstein distribution, f,; (T)

_r
TR

is the occupation at wavevector k and band n and § is a small positive real number for avoiding
numerical instability [S31]. The £z, is the volume of Brillouin zone (BZ) and integral extend
over the £25,. The imaginary part of the electron self-energy (X°) and phonon self-energy (X7

are considered to calculate electron and phonon line widths as [S34]:
’ d 2
Enek (w; T) = anvf_Q_:Z |gmn,v(k; CI)| X [nqv(T) + fmk+q(T))6(w - (Smk+q - SF) +

qu) + (nqv(T) +1- fmk+q(T))6(w - (gmk+q - SF) + qu)] > (838)
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,ph ((‘) T) =27 Zmnf |gmnv(k q)| [(fnk(T) - fmk+q(T))5(_w - (gmk+q -

Ente))] (S39)

The e-ph coupling strength of phonon mode v and wave vector q is [S31]:

Zmnf |gmnv(k q)| 6(£mk+q - SF)S(Snk - SF) (840)

qQ = N(sp)a)

where N (&p) is the density of states/spin at Fermi level.
S11 Scattering processes

The excited electrons by SPs lose their collective mode, when they are scattered by other
electrons [S35]. In metals, the dephasing process creates non-thermal electrons with high-level
energy above Fermi level named hot carriers (HCs) [S35]. Unlike metals, in semiconductors, the
scattered excited electrons by SPs cannot receive enough energy to get dephased; therefore,
generation of HC excitons cannot occur in semiconductors. Here, we show that HCs can be
generated in 2D semiconductors when they are subjected to the external fields like strain and

heat (temperature).

To characterize the scattering in the semiconductors, electron-phonon (e-ph) and electron-
electron (e-e) interactions should be combined within the first-principles calculations. The
imaginary part of self-energy for e-e (Im X°°) and e-ph (Im X°P") interactions acquire the
scattering rate of electrons (Fig. 13). We compute the total relaxation time (t,,;), which is the

scattering rate inverse for band n and k-point in the Brillouin zone (BZ) region.

Taking into consideration the e—ph and e—e interactions, the total relaxation time (T,j) is

calculated using Eq. S4 [S30]:
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T = [2/h (Im XEeye P 1 (S41)

Figs. S6(A) and S7(A) show the scattering rate and relaxation time T,k for both unstrained and
strain structures (6% strain) tacking into account both electron-electron (e-e¢) and e-ph
interactions. As can be seen in Fig. S6(A), the scattering rate of both unstrained and strained H-
SiB at ground state (0 k) highlights the differences between these two nanostructures. In
comparison to the strained structure, the scattering rate is relatively linear, constant, and smaller
than for the unstrained structure. Since there is a higher e-ph interaction in the monolayers under
tensile deformation in comparison to both unstrained and strained under compressive strain, the
scattering rate of the structures subjected to the tensile strains is more significant than both the
subjected ones to compressive strain and unstrained ones. Strained monolayers have higher
Scattering rate and lower relaxation time in comparison to the unstrained monolayers. The
scattering rate in the tensile strained H-SiB structures is more significant than the compressive
strained structures due to a higher e-ph interaction in the tensile strained samples. Therefore,
strained H-SiB generates a greater transport in the system, which results in a significant

illumination.

Beside of strain effect, understanding the effect of heat (temperature) on the exciton-plariton
coupling and HC generation in 2D semiconductors motivated us to compute the temperature
effect on the scattering rate and relaxation time of unstrained and strained 2D H-SiB structures.
Figs. S6(B-D) show the effect of temperature on the scattering rate on unstrained and strained H-
Sib monolayers, respectively. As can be seen in these figures, the scattering rate increases with
increasing the temperature in both strained and unstrained conditions. The e-e and e-ph scattering
rates for HCs in unstrained H-SiB are relatively constant within -2 to 2 eV region, and start

relaxation time of 24fs and 27fs at ground state, respectively [S30], our findings show smaller
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relaxation time semiconductors (7fs for H-SiB), which happen due to the fact that

semiconductors have smaller carrier mobility in comparison to Metals.

Table S3. Slope of parabolic shape of relaxation time (tnx) for unstrained and strained H-SiB
monolayers at different temperatures. Since the magnitude of scattering rate is important, we

removed the negative sign from the slopes.

H-SiB 0K 100 K 200K 300K
Strained (-6%) 0.015 0.4 0.56 0.65
Unstrained 0.0006 0.2 0.3 0.42
Strained (+6%) 0.03 0.5 0.65 0.7
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Fig. S6: Scattering rates or Imaginary part of self-energy (Im X (®,q)) within 4 eV of the Fermi
energy for unstrained and strained H-SiB considering both e-e and e-ph interactions (Im X¢°

(0,q) + Im ZP" (w,q)).

growing outside of this region rapidly. Furthermore, in both strained and unstrained H-SiB
monolayers, scattering rate increases with increasing the temperature; while the relaxation time
decreases. The scattering rate of HCs in both unstrained and strained H-SiB indicates a parabolic

behavior. As can be seen in Fig. S6, the slope of the scattering rate both unstrained and strained
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structures increases with increasing temperature (Table S3). As reported in Table S3, the trend
of slope of parabolic shape of T, for tensile strained H-SiB is more pronounced than two other
structures at ground state and all the finite temperatures. Therefore, the highest scattering rate is
for 6% strained structure at 300 K. It is due to the fact that with increasing temperature, the

carrier mobility increases and scattering rate of carriers increase.

Let’s assume that this scattering mechanism leads to the total relaxation time, as presented in

Figs. S6(B-D). The more scattered HCs exhibit the less relaxation time. The transport of

electrons (I(E)) is commensurate with their scattering rate as [(E) = %Tr(Z'A —TI' G™), where

X is the self-energy, I is the broadening matrix (I' =i(X — X %)), A is the spectral function (4=
i(G— G 7)), and G is the Green’s function of system as G = (E — H - X )! [S36]. Fig. S6

suggests that self-energy of H-SiB enhances by temperature, which results to large transmission.

As can be seen in Figs. S7(B-D), a parabolic shape of relaxation time decays rapidly with
increasing temperature for unstrained and strained (both tensile and compressive) monolayers.
By increasing temperature, the slope of scattering rate (as can be seen in Fig. S6) increases.
Additionally, due to the parabolic nature of scattering rate curves, by moving far from the Fermi
energy (set to zero here) increases. Relaxation time function is proportional to the inverse of
scattering rate. Therefore, by increasing the temperature, the relaxation time reduces. For
instance, the average relaxation time at ground state is 7fs for unstrained, 5.75fs for compressive
strained; and 5fs for tensile strained structures. In comparison to Au and Ag, which have a total
which have a total relaxation time of 24fs and 27fs at ground stae, respectively [S22], our
findings show smaller relaxation time semiconductors (7fs for H-SiB), which happens due to the

fact that semiconductors have smaller carrier mobility in comparison to Metals.
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Fig. S7: Relaxation time (t) within 4 eV for HCs in (A) unstrained at ground state, (B)
unstrained at different temperatures, (C) strained H-SiB at 6% compressive strain at different

temperatures, and (D) (C) strained H-SiB at 6% tensile strain at different temperatures.
S12 Light emission

The Green’s function and BSE are utilized to compute the light absorption and emission, which
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are, both, related to the polarization functions [S37]. We used non-equilibrium BSE to take into

account the e-h interactions in the calculations [S38].

In the limit of low excitations (Tamm-Dancoff approximation) [S39, S40], the luminescence

power spectrum becomes [S41]:

I(w) «< Xalxal? fi6(w — Ey) (542)

where E, is the eigenvalues of non-equilibrium BSE, y; represents the exciton dipole matrix, and
fi> = ng(Ey, T) is the excitonic occupations with a Bose-Einstein distribution in the emission

spectrum.

Scattering with phonons. To include the e-ph coupling in the calculations, we modified the

Hamiltonian as [S42]:

—

Hel—ph \/N—pZ kaqa Imnv (k q)cmk+q nk(aqv + —qv) (843)

mnv

.I_

where ¢, , is the fermionic (bosonic) creation, énk(&iqv /&qv)is the annihilation operators with

momentum k (q), Np the number of unit cells. Here, the e-ph Hamiltonian (Eq. S43) is solved in
a time-dependent perturbation theory with an excitonic particle basis [S40]. Then, with taking
into consideration of the derivative of the dipole matrix, the phonon-assisted luminescence is

identified as [S42]:

82| x,l? ( vT) ( vT)
IBSE (‘U; T) :Zuv Xl fA [5(0)_ EA v) BB 2vi s + (w_ E/1+ wv) BB 2vi s ]+

Zalal? fi6(w = Ex) (S44)
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where x,, is the atomic displacement associated with the phonon mode with frequency w,,, and ng
is the Bose distribution function. The first term in Eq. S44 describe the absorption of a phonon,
the second term is the emission of a phonon, and the third term is the light emission without
phonons [S42, S44]. It should be notified that in Eq. S44, the third term vanishes in the case of
materials with indirect gap [S42].

S13 Decay rate and hot carrier generation

To study SPP-electron coupling in the semiconductors, we developed a framework of
perturbation theory and Feynman diagram for 2D semiconductors. To get decay rate I'(qp,E;) for
a boson with an energy of E,, and momentum g, to electron—hole pairs, we calculated the
imaginary part of the self-energy using Eq. S45 [S30]:

fn,k_ fn,k+qp

Ep(qp)—(En/‘k_'_qp— Enj)-in

I'(qp. Ep) = 2?ﬂEn,n’.k|9n,n’.k (95, Ep)|2 %Im (545)

Where gn'n/’k(qp, Ep) is the coupling matrix for boson-electron interactions (for more details
see the method section), —E, j is the QP energies of hot hole in crystal momentum —k, and a
state with band n. E, ;1 +qpis a hot electron in crystal momentum k+qp, and a state with band n.
Fermi occupations are stated by f,, , and fn‘k+qp with a small broadening 1 [S18]. In Eq. S45,
the summation on n, n’, and k states is the transitions from empty to occupied states, which
defers with hq,in a crystal momentum, and E, in energy [S30]. If the coupling matrix
Inn'k (qp, Ep) in Eq. S45 becomes weak, the imaginary part of polarizability Im y(q,, Ep ) will
dominate the decay rate of SPP.

The decay of excitation carriers gives generation rate Ne¢(E) of hot holes and electrons with the

energy E [S19]:

S25



fn,k_ fn,k+qp

) 2
N.(E) = %Zn,n’.kwn,n'.k(qP’Ep)' %Im Ep(Qp)_(E "kqp E k)_i
n,k+qp n,

- S(E—¢p) (S46)

2. . . . .
where |gn'nr,k(qp, Ep)| is the Bose-electron coupling matrix as discussed in the methods

Section. Finally, the total HC generation is given by [S19]:
Neot = Sz, 55 Ne(E)E (S47)

where N, (E) is the rate of hot electrons.
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