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1. Structure

(a) P (53) (c) PAs (28)

Figure 1: Schematical representation of Group VI compound semiconductors. (a) Represents pristine P, As, Sb
and Bi structures, (b) represents Xos5Y s, (X =P, As, Sb, Bi, Y =P, As, Sb, Bi, and X # Y) structures with space
group symmetry 31, (c) represents Xo5Y s, (X =P, As, Sb, Bi, Y =P, As, Sb, Bi, and X # Y) structures with space
group symmetry 28, (d) represents Xo5Y s, (X =P, As, Sb, Bi, Y =P, As, Sb, Bi, and X # Y) structures with space
group symmetry 10, and (e, f) represents X¢5Y 75, (X =P, As, Sb, Bi, Y =P, As, Sb, Bi, and X # Y) structures
with space group symmetry 6.



2. Phonon Dispersions

a.

Pristine Structure
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Figure 2: Phonon dispersion curves together with group velocities in km/s (depicted as line color) along the high-

symmetry directions of the first Brillouin zone. (a) P, (b) As, (¢) Sb, and (d) Bi.

b. X;Y,, (X =P, As, Sb, Bi, Y =P, As, Sb, Bi, and X # Y) Compound Structures
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(c) PAs (10)




(d) PSb (31)

(¢) PSb (10)
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Figure 3: Phonon dispersion curves together with group velocities in km/s (depicted as line color) along the high-
symmetry directions of the first Brillouin zone. (n) and (o) are depicted as examples of unstable structures.



c. X1Y3 (X=P,As,SbY=P,As, Sb and X # Y) Compound Structures
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Figure 4: Phonon dispersion curves together with group velocities in km/s (depicted as line color) along the high-
symmetry directions of the first Brillouin zone.

3. Debye Temperature

TABLE I: The calculated average effective masses of the structures, Debye temperature, and 9.

Space Mass 6p S
Group (au) (K) A)
P 53 30.9730 206 1.9530
P3As; 6 41.4602 165 1.9926
PAs 31 51.9473 134 2.0271
PAs 28 51.9473 130 2.0400
PAs 10 51.9473 147 2.0229
P3Sb; 6 53.6698 132 2.0491
PiAs3 6 62.4345 118 2.0649
As 53 72.9216 101 2.0951
PSb 31 76.3665 103 2.0791
PSb 10 76.3665 98 2.1008
As3Sby 6 85.1312 88 2.1431
AsSb 31 97.3408 83 2.1599
AsSb 10 97.3408 80 2.1877
PBi 31 119.9765 70 2.1406
PBi 10 119.9765 73 2.1284
Sb 31 121.7600 74 2.2727
AsBi 31 140.9508 65 2.2074
AsBi 10 140.9508 61 2.2153
SbBi 31 165.3700 56 2.3124
SbBi 10 165.3700 51 2.3513
Bi 31 208.9800 50 2.3533




4. Graphene
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Figure 5: (a) The calculated Thermal Conductivity for Graphene. (b) Calculated thermal conductivity of individual
modes. This data is obtained by using the following computational parameters: PBE Pseudopotential, 500 eV energy cut-
off, and 6x6x1 k-point grid for all the simulations, 6x6x1 super cell structure for the 2nd and 3rd order force constant
calculations, maximum 9 nearest neighbour interactions for the 3rd order force constant calculations, and 100x100x1 q-

Temperature (K)

point grid for the thermal conductivity calculations.

5. Room Temperature Thermal conductivity

a. Pristine Structures

Temperature (K)

TABLE II: The calculated room temperature k of the structures, together with the results reported in the literature.
The values reported by Zheng et. al. are modified by the out of plane distance used in our study. G. Zheng, Y. Jia,
S. Gao, and S.-H. Ke, Phys. Rev. B 94, 155448 (2016).

Structure Zigzag Armchair
This Work Zheng et al. This Work Zheng et al.
P 109.6 109.9 21.0 235
As 20.0 26.8 5.6 5.7
Sb 9.5 9.7 5.3 4.7
Bi 4.1 2.0

b. Binary Compounds: XY, (X =P, As, Sb, Bi, Y =P, As, Sb, Bi, and X # Y) structures

TABLE III: The calculated room temperature k of the 50% compound structures.

Structure Space Group Zigzag Armchair
PAs 31 38.6 8.4
PAs 28 45.7 7.9
PAs 10 412 5.9
PSb 31 26.1 | 14.3
PSb 28 UNSTABLE
PSb 10 13.1 | 3.1
PBi 31 5.7 | 4.9
PBi 28 UNSTABLE
PBi 10 6.0 \ 1.5

AsSb 31 9.5 \ 4.4
AsSb 28 UNSTABLE
AsSb 10 8.9 | 2.1
AsBi 31 8.0 | 4.3
AsBi 28 UNSTABLE




AsBi 10 8.8 | 3.8
SbBi 31 6.1 | 2.5
SbBi 28 UNSTABLE

SbBi 10 7.3 \ 3.6

C.

TABLE 1V: The calculated room temperature k of the 25% compound structures.

One-Third Compounds: XY, (X=P, As, Sb, Bi, Y =P, As, Sb, Bi, and X # Y) structures

S

Structure Space Group Zigzag Armchair
P3As; 6 64.1 11.4
P3Sb, 6 31.4 35
PlAS3 6 25.5 4.6
As3Sb, 6 11.0 2.4
6. Electronic Structure
a. Pristine Structures
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Figure 6: Electronic band structure along the hlgh symmetry directions of the first Brillouin zone. (a) P, (b) As, (c)

Sb, and (d) Bi.
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P, As, Sb and X # Y) Compound Structures
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7. Structural Properties

TABLE V: The calculated lattice constants, ay and b, structural angles, A;, A,, and A3, electronic band
gap, Ecar (Indirect gaps are depicted as bold face), and Cohesive Energy.

Space ay by A; A, A; Egar Cohesive
Group | (A) | (A) ©) ©) ©) (eV) Energy *
(eV/Atom)
P 38 329 | 4.62 | 104.16 | 104.16 | 9592 | 091 I'=»T -3.447
As 38 3.68 |4.76 | 100.64 | 100.64 | 94.5 | 0.79T-Y=T -2.926
Sb 38 435 |4.74 | 102.56 | 88.61 9533 | 0.19T-Y=I'-Y -2.613
Bi 38 456 |4.84 | 103.74 | 85.23 93.97 1031 -Y=I-Y -2.718
PAs 31 3.50 [ 4.69 | 100.22 | 104.09 | 9492 | 090 =T -3.153
PAs 28 346 | 4.81 | 103.72 | 10249 | 99.39 | 0.89 = -3.155
PAs 10 3.50 | 4.68 | 10042 | 10042 | 94.84 | 0.96 =T -3.173
P;As; 6 339 | 4.68 | 103.28 | 101.64 | 9247 | 0.92 =T -3.307
P,As; 6 3.58 | 4.76 | 100.03 | 101.65 | 92.35 | 0.92 =T -3.034
PSb 31 390 | 442 | 10494 | 89.91 96.43 | 0.51 T-Y=T -2.967
PSb 10 3.85 |4.58 | 93.75 93.76 95.15 | 0.34T-Y=I -2.990
P;Sb, 6 3.54 447 | 10248 | 96.94 88.29 | 0.82 I'mX -3.166
P,Sb; 6 4.07 |[4.85 | 10398 | 96.68 | 100.14 | 0.31 -Y=I-Y -2.750
PBi 31 4.10 |4.69 | 100.87 | 91.42 96.77 | 0.58 I'-Y=T" -2.846
PBi 10 4.03 (448 | 101.87 | 101.87 | 9524 | 0.09 -Y=I[-Y -2.889
AsSb 31 4.05 |4.60 | 103.14 | 90.97 95.78 1024 T-Y=TI-Y -2.774
AsSb 10 4.02 |4.75 | 95.71 95.72 95.14 | 028 -Y=T-Y -2.767
As;Sh, 6 3.85 | 4.77 100.6 95.47 91.61 | 0.52T-Y=TI-Y -2.834
As;Sb; 6 420 |4.73 | 100.17 | 89.76 9230 | 0.07T-Y=T-Y -2.679
AsBi 31 423 |4.60 | 91.65 99.68 96.13 | 0.53-Y=TI-Y -2.686
AsBi 10 4.19 |4.67 | 99.57 99.57 9549 [ 0.13T-Y=T-Y -2.679
SbBi 31 447 |4.78 | 102.56 | 87.08 9474 |1 046 T-Y=TI-Y -2.531
SbBi 10 448 |4.93 96.06 93.34 9535 | 0.270-Y=TI-Y -2.530

* The cohesive energies are calculated by subtracting the individual atom energies from total energy
of the system.




8. Mean Free

Paths

a. Pristine Structures
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Figure 9: Calculated cumulative thermal conductivity of pristine structures as a function of mean free path at
T=300K along the (a) zigzag and (b) armchair directions

b. X;Y>, (X =P, As, Sb, Bi, Y =P, As, Sb, Bi, and X # Y) Compound Structures
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Figure 10: Calculated cumulative thermal conductivity of 50% compound structures as a function of mean free
path at T=300K along the (a) zigzag and (b) armchair directions

c. X1Y3, (X=P,As,SbY =P, As, Sb and X # Y) Compound Structures
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Figure 11: Calculated cumulative thermal conductivity of 25% compound structures as a function of mean free
path at T=300K along the (a) zigzag and (b) armchair directions



9. Iterative Method versus RTA

a. Pristine Structures
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Figure 9: Thermal conductivity of pristine structures as a function of temperature along the (a) zigzag and (b)
armchair direction calculated by the self-consistent solution of Peierls-BTE and ratio of the self consistent (k) and
zeroth order (corresponding to the krra) solutions are also depicted for (¢) zigzag and (d) armchair directions.

b. X;Y>, (X =P, As, Sb, Bi, Y =P, As, Sb, Bi, and X # Y) Compound Structures
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Figure 10: Thermal conductivity of 50% compound structures as a function of temperature along the (a) zigzag
and (b) armchair direction calculated by the self-consistent solution of Peierls-BTE and ratio of the self consistent

(x) and zeroth order (corresponding to the krra) solutions are also depicted for (c) zigzag and (d) armchair
directions.



c. X1Y3, (X=P,As,SbY =P, As, Sb and X # Y) Compound Structures

(a) ZZ
T T T T
_IM 100 -
g
¢
10 -
100 200 300 400 500
Temperature (K)
(b) AC
100

200

300
Temperature (K)

(c) 22
244 T T T T T
A PAs,
< PSb,
N v PAs,
S 21 \Ow o » PSb,
3 < i AEEE SR
y .
~
» 1.8 B
~_
e el e i S
15 1 1 1 1 1
100 200 300 400 500 600
Temperature (K)
(d) AC
15 T T T T T
1_4—‘\‘\~\A; N
=
¥n:
3 4
- 1 € g g < € €4
“
12 | 8
M e S el S e e it 2
R S ot ok sk etk e ientents, bt
100 200 300 400 500 600

Temperature (K)

Figure 11: Thermal conductivity of 25% compound structures as a function of temperature along the (a) zigzag
and (b) armchair direction calculated by the self-consistent solution of Peierls-BTE and ratio of the self consistent
(x) and zeroth order (corresponding to the krra) solutions are also depicted for (c) zigzag and (d) armchair

directions.

10. Thermal Conductivity of Each Band

Here, each band correspond to the phonon modes, imply sorted based on the ascending

order of the frequency.
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Figure 12: Normalized contribution of acoustic and low frequency optical phonon branches to the thermal
conductivity as a function of temperature along the zigzag and armchair directions of pristine structures.

b. X;Y>, (X =P, As, Sb, Bi, Y =P, As, Sb, Bi, and X # Y) Compound Structures

, (@ PASZZ(31) _(b) PASAC(31)

T T T T
‘\\\
i BT
DRk sEEEEL SEEETL SO A Auiininie duinieiels gb
03 A A A A 0.4 B ]
S TEEEE SRR SRR Anm Voo V- ¥ -] A Modl » Mod4
<. < Mod2 Mod 5
[ ORI
v Qg g qq |03 F v Mod3 Mod 6 7|
~_02F n N [ P > S =
¥ 02k i
0.1+ 7
0.1 5 E Itieiin sRusiel SRl Sobieiw il Aeww
B U —— A, A A A A A N
0 0

1 1 1 1 1 1 1 1 1 1 " 1 " 1 "
100 200 300 400 500 600 "100 200 300 400 500 600
Temperature (K) Temperature (K)



(c) PAs ZZ (28)
4 T T

(d) PAsAC (28)
4 T T

>
& 0.2 [« < JO2 B e ]
- < € R R | < <
“
0.1F 0.1 |A—a A A A A A
p =R S P~ b >
0100 200 300 400 500 600 100 200 300 400 500 600
Temperature (K) Temperature (K)
(e) PAs ZZ (10) (f) PAs AC (10)
4 T T T T 0.5 ¥ T T T T
B A S A A AR o
A Modl
1__,,,,,,,,;0-4 i <« Mod2 |
v Mod3
e 03l T Modd
i Mod 5
Mod 6
0.2 - b - e SR > >
o1l ] L R RN R R < <
0.1 e o 4
A 5 A A A A A A A
g2 >-—=—= P R e > =
ol | | | | oL " 1 N 1 N | " L "
100 200 300 400 500 600 100 200 300 400 500 600
Temperature (K) Temperature (K)
(g) PSb ZZ (31) (h) PSbAC (31)
0.4 T T T T T - "~\7‘ T T T T
:’""""”"*""V ----- Aol St S G o Rt SEEEY A V- V-]
BRSO R < < < <106 - k
03 Tos t §
¢ 0.4 -
Lo02f .
“ A . . A A A A Al03 L 4
0.2+ .
0.1 T > J R TTTIS [ERTPRR [rrerra 1 < DR
0.1|a A A A A A A A
p————gh-——= T = P N >
oL L 1 1 I 0 = St B ot o SRE ik e B i o ket
100 200 300 400 500 600 100 200 300 400 500 600
Temperature (K) Temperature (K)
(i) PSb ZZ (10) (i) PSbAC (10)
04 T T T T T T T T T T T T T T T
A S 0.8 fe-___ E
N ey gy ey ] A e s A v----- A
03 | R
<. 0.6 _
§ e ee e .
M 04 - .
0.1F 102 L i
| P--——— - =) T > ) ) )
0 ) 0 (.,',__"_"7;';;‘_'A;}”_‘_'_';:_t__'”_A;ﬂ. ‘P‘—:"——P:'————"r

1 1 1 1
100 200 300 400 500 600 "100 200 300 400 500 600
Temperature (K) Temperature (K)



(k) PBiZZ (31)

() PBiAC (31)

T T T T T T T 0.4 N T T
\A\‘“‘A N R R R 4”"'4 g B S e PP TR
025 F-___ i
R :»‘_"‘:"“f----v ————— v---v--—-%----%403 | 4
[ € e e .
oz | < < < < <
A— .
g A A A A A A
= _0.15 | 02y V- ---- e R
¢
0.1F .
0.1} J
005 e p-me >y |
e ol ety P ——— R Tty I i oo >
0 1 1 1 1 1 0 1 1 1 1 1
100 200 300 400 500 600 100 200 300 400 500 600
Temperature (K) Temperature (K)
(m) PBiZZ (10) (n) PBiZZ (10)
0.3 T T T T T 03 T T T T T
:-\\.‘:fv——,,,_‘_;‘_»_» L M A Modl » Mod4
025 L G T T T T oas) < Mod2 Mods
- «. v Mod3 Mod 6
<
0.2 _\‘\‘—‘P A A A A Al 0.21- < < < < R <_
¥ A ]
TL0as f Hoasp e 4
b 1 It e A B e &
0.1F =4 0.1F b
> e ————- e > > |
0.05 = ] e i e e e S S
e b e . > >-
O 1 1 1 1 1 0 1 1 1 1 1
100 200 300 400 500 600 100 200 300 400 500 600
Temperature (K) Temperature (K)
(0) AsSb ZZ (31) (p) AsSbAC (31)
0-4 T T T T T 0-6 T T T T T
M e V- A Aahbiis SEEED GRREED o8
< 0.5 J
A g g < < < R
03 _ q
AR R e v-- - Vo voweew g L i
M‘L A A A A A 1
& 0.2+ 40.3 B
Y ]
02+ 1
y A A A A A A
0.1F T L S R < < D
0.1+ B
| St i ool Jnf~aish b aie st . inibini~.d [ | SR [ FE— NS —— — -
0 1 1 1 1 1 0 1 1 1 1 I
100 200 300 400 500 600 100 200 300 400 500 600
Temperature (K) Temperature (K)
(q) AsSb ZZ (10) (r) AsSb AC (10)
4 T T T T T T T 5 T T T T T
04 ?\--"“"V“’”’T B A A A GEhh o
03 .. i
Qg g < < < <
Y 03 B
02— L e
¥ A S RS v g 0.2 - > - ] > >
01k | Qo s < e
i S e T e e S R S 4
= A a A A N A " A A
O 1 1 1 1 1 0 1 1 1 1
100 200 300 400 500 600 100 200 300 400 500 600

Temperature (K) Temperature (K)



(s) AsBiZZ (31) () AsBiAC (31)
T T T 4 T T

0.3 T T T T
¥ 02r R
-~ L
!N()]S N do2 _‘ D (TR R IS < € <
el B M SEEEEE SETE SR Voo L AEEES SRk SRR o8
0.1} E
0.1F 4
005 He b b ] | i | Sl »——— P > >
0 1 1 1 1 1 0 1 1 1 1 1
100 200 300 400 500 600 100 200 300 400 500 600
Temperature (K) Temperature (K)
(u) AsBi ZZ (10) (v) AsBi AC(10)
‘I T T T T 0.3<| T T T T
025 L e . doas e e ]
g D RPN R ) » Mod4
0.2 0.2 Mod 5
v \‘\H Mod 6
~ 015 0.15 fvo___ + A A ok
!N ik RS SEETE S AGEEuls SEEEE GEREEE o
0.1 4 o1 e
> »————= ———— L o E SEEEE >————- >
0.05 =005 F 4
i o B i S > >
0[60 200 300 400 300 600 “00 200 300 400 500 600
Temperature (K) Temperature (K)
(w) SbBiZZ (31) (x) SbBiAC (31)
0.5 T T T T T T T T T T
04 -‘\A\A; A A A A A_OAZS _'\"V“—»u'-____v_____v _____ v ____,777—*____,5:
i R R R R TP P IR
0.2 B
% 0.3 LR A A GEbbt B
~ 10.15 -
¥ 02 B
et 44 << OIF i
L i > P ———— e -
0.1 0,051 > > > > >
[ —— »--——— P [ e taie st > >
0 1 i 1 1 I 0 1 1 1 1 1
100 200 300 400 500 600 100 200 300 400 500 600
Temperature (K) Temperature (K)
(y) SbBiZZ (10) (z) SbBiAC (10)
05 T T T T T 4 T T T T T
0.4 [ i gt e _;’_‘_"_'_-;-__v;_;_i”; 77777 SRRREP (T RUSEe SISt
Y 03 SR Sk il At AAininnie delniniie Atk At 48
= 02k J
i .
0.2 e
A, A A A A A A
A A A A A A A A 01k |
0.1F 4
- b | P > >-
[ »————— - PP ——— ] > >
0 I'’2 L 1 1 ! 0 1 1 1 1 1
100 200 300 400 500 600 "100 200 300 400 500 600
Temperature (K) Temperature (K)

Figure 13: Normalized contribution of acoustic and low frequency optical phonon branches to the thermal
conductivity as a function of temperature along the zigzag and armchair directions of 50% compound structures.



c. XiY3, (X=P, As,Sb Y =P, As, Sb and X # Y) Compound Structures

(a) P,As ZZ (6)
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Figure 14: Normalized contribution of acoustic and low frequency optical phonon branches to the thermal
conductivity as a function of temperature along the zigzag and armchair directions of 25% compound structures.



10. Relaxations Times

Here, each band correspond to the phonon modes, imply sorted based on the ascending
order of the frequency.

a. Pristine Structures
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Figure 18: Relaxation time of phonon modes of pristine structures as a function of frequency for acoustic and low
frequency optical phonons of pristine structures at T=300K
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b. X;Y>, (X =P, As, Sb, Bi, Y =P, As, Sb, Bi, and X # Y) Compound Structures
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Figure 19: Relaxation time of phonon modes of 50% compound structures as a function of frequency for acoustic
and low frequency optical phonons of pristine structures at T=300K
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c. X1Y3, (X=P,As,SbY =P, As, Sb and X # Y) Compound Structures

Figure 20: Relaxation time of phonon modes of 25% compound structures as a function of frequency for acoustic
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and low frequency optical phonons of pristine structures at T=300K

11. Convergence of Thermal Conductivity with q-grid
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Convergence of calculated thermal conductivity of Phosphorene with g-grid.



