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ABSTRACT

Phosphorene as an anisotropic crystal has been attracted a lot of attention.
Since the anisotropy of the crystal is related to the anisotropic properties and
it has wide applications, we decided to investigate the thermal properties of
this material. In this article, the band structure and phonon spectrum of
phosphorene have been calculated and then the spectral energy density has
been obtained using the molecular dynamics method. The thermal
conductivity of phosphorene is calculated for different phonon branches
separately, which shows that in the zigzag direction just the LA branch and in
the armchair direction both LA and TA branches play very important roles.
Among the optical branches, the B¢! has the greatest effect in both directions .
On the other hand, with calculation of figure of merit (ZT) the phosphorene is
presented as a good thermoelectric material to industry.

KEYWORDS
2D Crystal, Phosphorene, Molecular Dynamics, Thermal Conductivity,
Thermoelectric.

© 2023, by the author(s). Published by Payame Noor University, Tehran, Iran.
This is an open access article under the CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/).

https://jphys.journals.pnu.ac.ir



mailto:sabouri@pnu.ac.ir
http://creativecommons.org/licenses/by/4.0/
https://jphys.journals.pnu.ac.ir

(18-11) 1402 e g 52 cpgo oyloud ooty Jlo

1402/05/12 : s o3 g,

1402104122 <3\, > 7o s

DOI: 10.30473/JPHYS.2023.68529.1151

«‘gf'..bjjg: Jio»

LOYET 9 jdd b F FTabloy owiy

2813998 Sague wlis ol F SLAE w8 g

N
(598 ansls 85 bl ol 03,5 ol 395 4y (St 4255 3, Sianll sl Sy ey ot phd
@l Sla i o mad ol g2 6 b bl g co3,)l5 5 3)Silusnl sl Sy 42 sl
g odddwbre YT job (Sgigh b 5 ()lys lblo dlie cpl )3 wand S (y 3590 ) 03le ()]
oy (Sl el okl Candty s (655] s ( JoSlge Sualisd by, 5l odlizsl b g
S5 sbiwly jd amd o lis &S sddduslxe iome ygody (Joigd Calisee (sladdls (gly oy paumd
o A oS Sy 5 et s i TA § LA a3l5 5 o ooyl 5 LA asls
Slsy )S0d g9 10 Lly 93 m o (Sl 3 1) b e Blg 5 (Sl gesla
Coio & 05 SoSllpes S plgisas odlo cnl g 355 00 )8 sl 3y90 55 S9Sl leyS

335 (o (B

S5 saojly
(S5 iSlge 5 olo)S (Saiily ¢ JgSUge Sald ¢y phund (Sdngd Hob

ooply ol «Sujd Sy egmatil 1

.lel ‘Ol).g("'

‘O‘).Q(T c)yfl:)? oKy &)ﬁ 09/5 ‘)lyﬁ'«ib 2

!

J?:.A.u-b [RvewpY)
OI09> Gogme ols el

sabouri@pnu.ac.ir :a.bl|,

Wl ol @ sl

18-11 f2)5 g sUlsny) pale aolibiadyd VS5 (i o S (Saily gy (1402) ()39 (900 olie el ( ShE5 oS

https://jphys.journals.pnu.ac.ir



mailto:sabouri@pnu.ac.ir
https://jphys.journals.pnu.ac.ir

13 (18-11) 1402 (\luals g Hlag pod 0 )lod o Jloo «Seig yiSJlgns] ool dnliliadyn

(MD) JsSJge Ssolys 5l oslizwl b (SED) ! il (55,
Sl

3 gk pl > il Cumdge 9 ooy SED ausln 4l
Saolizs iy 5 oolizl b oS ) & [25-36] oo
dole S8 [38] L) asle o8y g [37] JeSdge
b Oppon b GGl S8 el 4wl
L0 s w0l ey b oS dol algs Canddy uilS)b
olblS b dls oyl e Sgde als oges > oladld
bkt do puilS 8 1 )3 Joge o 4 bgrye oo jlo 45 siun
Sliggess ST S (o glad 1) (1igh (Sl & bgipe (oo
P& ol cand Gilaly Gloj 4 0gd astie alE )l
Sy e pinl @l olo)S (Sl awle IS &l
9 50 luaenl 4y drgil a5 Wl dalgd Cunday oS wbys
4 55 ol @l Suiloy o i wlie conphed Lo
@2 ool )8 Sy (Shy cnl g ol dtnly il
140 39 22]sk ecsls

A (o g LS G e 3 (Sg sl sl ples
A ogesly s SySligeys dlge I ekl cpll
SlosS 5 1S Joe oaiSSis U K, sile bl 45 e
Dy dalg dbe sl blod fia (Sl 5yl 4]y Sl
Loy B350 bylpl ol (s b 5 o5 il dlgioe )l
buwg (Soslla G)l s3pl has &ly 8 xSl
bis g (55l 033 )3 (sore BB Wl oo S Slge 5 Blga
b Al Con jlae

Al asly YU ol wlgs o K iSlge 5 00le S Sl
Siiboy 9 omb o) @l ol pljen s &
ley (Sloy b gppiud a3 8L YU ol (Sl
olo o lp wlie aufS Wl (LS 5 Somb b
[41] a5l S yiSlga 5

e
9> lajsh )3 ofag g Lalloyess 5 (55l BB dnuloa
@ dgl 38 il B8 09l Cawddy (Cang 03l lais
Ll o )5 8 Jl oS ooy g Sluwbre slacadgioe
a5 ol 5l pee 4 3o g9y oty L) Lo
a8 Sl oyl cuslio Clon 4y () b laga )i s
it i) am3 o Lo &0 oy Mo 31 eS|y (55,1 S LDA

1 Spectral Energy Density

-

dodRo
oS s 1] 2004 b > 815 oslas iS5l e
dge 3l (e atd sl (Sl whdS ool 45 58 ad ygua
4 0986 2004 Jlo 51 (o)l simgd (slaysh [2-4] sy
S SRy 9 Lol Supp o Shad Sy ple slod
ok oo ik cnl Bae ple ol Al (Sglite
b ssbodr 45 sl adly 1 5 395 ei L Cunb > Al
b oS ol g gl win syl yand [B]canl lawd 3yl5 9
48 sl yid 93901 s ol yind . iy yhud g o) sind
S s dxts Lol (Sag nl g 2 Y4 sl
Cund Nen b o] ba¥ 1 T]s5le e oimgd b
JayY xs b 31 [B]ulns Jate X0uSs 4 Lullg,l
[AaS o B Bg sslme ol dw b yind @l e T
Bl ©pon 20014 Jlo o bodsl opyied
oS w392 (6l OVlEo a2l o 51 e 5 [10] 05 ()oY
wloigy ) ol ol 5l e oo )lS g o Shy plie
T o yhd 390 50 oddols Yl b [10-20]5,8
aosl 25 o 395l 4 |y (5, Simghy b &S 32 gy
Sy oy 4 Ghaghy ol o b b Gl p b«
sbacsipl @ b 5l 5 5l e il cnpied bo)S
U b {212t o 4 s il sla S
Al Wlg e Loy el S5 3l odle S o)y
RRIRPEIY

ey oS O3 aspe §) (550 BB (el ol yind
o 4 (S8l o ol Sl Y e aBeS L oS Al
9 Liygisd bawgs Wlgi oo olo)S (Sl 298 0 039381 S
e 18 Geigs lils)l Ll pd Goge by psdl L
oilaly oloj @ly )3 )l lle)a (Sl 30l ) 590
ol (2lo)F (Sl dpulre slp 5:Kln il 2l S
B anabre wil LiSal) Mg &5 2la gy j (S0 W



14 WY (ppand (oS (S35l ooy 190 oo SLAE

Sy )lme 85wl o Py Jole plgiear 1, S7S jle
ol 03lo )0 S iSlg0 5 Cools yioiaw

Sl
5 syl pglsS Jli8lay jlooliial b ypad sl Ll
4 4Sub slayiall 5 ond 4igo [42] DFT-LDA cila,
&S wlodel cuvday 1= 4.624 A° 4 2,=3.3034° <90
csbiwly 55 [10]5,0s peiin ods e Vlie b o3 cibllhas
32 4 el doayy o (iiSemy ) ol e 30 2
Cawl 0ad 48,3 L3 )3 pg Sl

b iyl S5 LDA (lafesilyas &l 4 syl
asloee gy W ind o sty bl e 5SS
g Codl o0 odlizel HSEOB asliyand 5 (o551 cslalys
il g5 G o o ool Ligles 35 1 US55 a5 lis
sl o] Cawday 1/051

Top
View

-
A

r S X r Y S

a3l o3latl b o yaud ol (6l5 sl g (5yoby sl 1 JSo
HSEO6 i,

3 Power Factor

SIS ke b 39 oslil HSEOB 1le ajpg, b 51 il
[42) sl 5S35 padly Jaie 4y (¢35,

a4 4Sd oS (Sl o5l ¢l ;505 5w
Cawdty |y (b 5551 @b 1m0l jls baggigd (ilaly olej
sdalio 1) albSy qoilS puy (5P sy g 03yl
loj o9l Canddy glp Lo cliSaly WG e 4 5)S munlgs
P A lee bty ploj @ly > a8l lagygig ilaly
9 ) 35 bl ol g canl il (FWHM) elisles
b Gipl @b S e patie (g (Sual b
Dy e Ly Oy

F(k,w) = X" Fr(w) =
IR feat? (o) ettt

(1)

» Jsb el 5 @3l el b g " ey o
ol o My el | Jgbao 51 31y gl oo 75 <01 (gl
ooy S5 Sl 3 45wl b Jobs 315 Ny < Jghes 1 b
&b Caley 0 adye e g » Ne g My
oilaly ooy cipon) &l Candty W cwe SED
5 oiely loj coles 3 g el aales candty ey il
1wl e Canddy il

Kix = 2k Zu Co(k,u) vf  (k, u) t(k,u)  (2)

ool ploS b 5 Cy o 3 oS

__ kpx?e*
Cv - V[ex—1]2 (3)
. _ hw __ hw
)KJL“.: w chJL‘L;o X—ms X—m Ala.:‘) L)i| 5

Vg csjlond Jobo poe V2P [SSM el b (uilS)8
o pU 4 el Gk Jl olge p» SpSllse Cools
ZA.J@ Cawddy yj dlasly b a8 39 o0 yadridio 1 S L

__ S%sT
A (4)

Slos T o S pSUl Sk, S 28w <l S o o &S

S99 9 H9xS ole,S Sl cuipa ke 9 Kp g sllae
YU a4 S oose jl oo S (Sl Hlne 31 [43]Ml)ua
LS o (gAated g3 S iSlge 5 lge e 3 1y ol il

1 Figure of Merit
2 Seebeck Coeficient



15 (18-11) 1402 (\luals g Hlag pod 0 )lod o Jloo «Seig yiSJlgns] ool dnliliadyn

sad > gloY o olpl bl Wle e 0yo0 ke g
N )

) e e il 4 oleS (Saile) dbre L
a5 el g S15505 by 93 > a5 Cdl gunlys )
Py 86 cppie LA Lo g o) 1) jlde opyueS ZA
2 S5 sbuwly (Sl

@l (Sl gl oblS boawlie o jaud
i jl )l glwl) > Cllog (dlS 53 Wil s omb
» S ey [47 46 35]5)s (6)li5,80 Jlaw Lii ZA
oy o 4 49 A8l ol ey L pl cpphed
So p s el ) ol & jied ol il S5
9 NI Z sliwly )3 1y ()l lo (8§ 1S oo )5 doxio
axbo jl )l gll) ) e laggs SuSly esl
ol ol ame sl ialS ol s 038 (ZA)
2 Oopamd olo)S Susle, Lials el ZA s ()55 )
Cely oy shy S5l Jy 350e oS | aule
Sailey &S gygbdy bl >0 paie odle (pl AT 24 o
ymo)] sbuly plpgd dgds (o S5 k) > obo)S
» g LA ls ( SwgsT claadls 3 goeme jd ol
Swley o 1y b i Bly ls Sl slasls

[45] 5,1
ol ol 3 JS5 5
5 = = 3
s | Amchair|
a " ZA
~4 é ¢ TA
£ . L
§ v By
:‘;3- ¢ 81;
] Bl
g 2 |
22
g . L ] R A
Eq . A
2 o 3: i
(= oW ° % PR
04 = ®woa e o T RS 2
0 1 2 3 ; 5 6 7 8
®(TH2)

P Sy late S8 4 (3 p0d Jeigh oS (Swilsy .3 Kb
[45] 51355 5 o] sl 3

odlitl b 05180 b Jsho ol G (el Sigh (Sardly ciddo
SVl b s Cllao oS orbanlne [44] slgigs 5ol 5
432, JoSdge Saslid 4 bgyye lowlxa [40]5,)s i
300 (slos 13 Pl cygeea o g asbignod 01 Sloj o5 5 o
[38] ol 4 3 plowl el I38le 5 51 o3litl b (18" a0

(Vg Spolod bawgi Lol Cumdge 9 Copur Ao b
g Sty jlome K o (il 1y b (6551 S wilsi 0
Ml e Candds 5 Al e 290 sl

T _ 21 [Ny . Ny | _ Ny
k—;[gl“L;yl]—ZabaN—a (5)
s dblee opl )y
N N
-5 < (ny,ny) < > (6)

syl b ga g bl o asly Jolw sl N o«
S5 Slawbre plosl (gl cwl cas oty Lis O 4 aSis
pdlie 4 (> a5 el ord ad)S Main 9 5 12 sl
k=0.1584, '}l cwl &jle G-X sliwly ;5 jlxe zgo Hbop
wbwly ,» 5 0.3168, 0.4752, 0.6336, 0.7920, 0.9505
k=0.1509, 0.3018, 0.4527, 0.6036 o, > G-Y

Frequency (THz)

k=0.8505 /A°

(555 JS8) s )3 Sigh (Sausly Jlages .2 JSb

oad asuie (b 5yl (JBe Cluwlre cua gse b2
[45] el
Saloy 0yl 3,5 leal JiBle pyaud &S bl
b oSy Oglis S1305 9 el bl 99 3 368 2o )S
Sy g cpl &S polie cdb salg SKuS
sbiwly ;5 1345 WIMK el ool cawsay oo )S Sl
Sas 4 a8 b e S5 (sliwly 3 28/97 WIMK 4y
o ol yawd 1 121 WIMK &S i y5 jolie b sy oo

Fomb )b Slen {A] cul oas (315 Ly g



16 WY (ppand (oS (S35l ooy 190 oo SLAE

w2 9 gyl o W ol Bloyoss S5 (2 yind oSl
SOk Ny s e 2lo)S (Sasle) )3 gyt
56 Log Sl e 5l Ll a8l jiie bgish e 398
28 g Olpses

b ol (Sl Sl pre 4 bape Slasbxe
swle 2 Sk g endpbul [S0] e Sl 5l eslinal
upd g S cupd o lo)S (Saile) o Syl (Suile,
dolee SUS5 g pe)l bl 93 p2 0 S ySllge s
YW

5 g 0920 oy b (g5, llrs ol ploxl o
P b ol il ond a3 i 12512 calS bl sl
ol ool 4 S5

e > K leenl (Shy 98 odalie &Sl
gl cpl sl odalie BB g9sg 4 5 (Sale) (S9yS)
opg Nl Jl (b el 5 SIS5 sy 9 0 n Sy
3o 3 dar (SWSTy 9 S5 > d5d e ge & Canl (i
So 4 iz gliwly 93 ) Lagygid 3)90 53 4 g byiyg sl
alad G lgisar 1y oole pl Gl domi 3 9 wids B (e

s (ZT) Sl jlme (gly odalcuwndas polie 4 4ol
ool Conddy S1555 sliwly 13 0/97 ¢ yieo )l (slinl, 45 0/98
Glsdiwd S piSlgo s dlgo diwd 0 1y cpytwd e o el
hro al oas o3l ol s 0 4 US> aSls e
g ol S5 sliwly 51 pYL o)l sliwly ) (Suwls
ol K pyhud &S aad o Gl S e o o VY
2ol ol (g Gangd 4 gl & Wil g S Slge
2 SoSllge s slajlpl calo ) gpSpde (i Sy
Aol asly b ol

S 5 4o
Sl il (g5l glajly 4 boype Sluslme Simghy ol
ages l oslitnl b cunl 485 plonl Al (65 S 5 Sy
Coleg g odel Cundty oygish ilaly oloj e i 5551 S5
2 2 g oS 2 300 (lod  ppjaud glo (Suile,
3,55kucnl 4y dogil &S sol Canddy el g S5 b,
labasMo B lis 55 plo)S (Sasloy (phed 3l (g,
S e (85 L duliio 3 (plo)S (Sl )l Ll 53 5

L L .
PR I R
T Armchair|
E 4] Zigrag
]
&
=
=
=
=
T
32 L
[=
o
[&]
®
kH
3
-
o] \\
0 T T T T T
15 10 05 0.0 05 1.0 1.5
u-u {eV)
15 L L I
—~ |= .
" ———Armchair
v ——Zigzag
E
&
©
=
=y
S
B
3
2 s
Q
[}
™
E
2
=
0 T T T T T
15 10 05 0.0 0.5 1.0 1.5
H-H (8Y)
L L L L
L Armchair
2000 =
Zigzag
1000
g
EORR
]
-1000
-2000
15 -1.0 05 0.0 05 1.0 1.5
u-u {8V)
— L . . B
1.0 () Armchair
= o - Zigzag
0.8
=
@
Z 961
=]
1
3
i 0.4 F
024 o
0.0 T T T
4.5 - 05 0.0 0.5 1.0 15
p-p(eV)
L L .
409 () Armchair r
Zigzag
&
x
Ean t
z
[y
a
§ 20 o
C
(0
w
]
210 L
[
0 T 3 T T Y
15 -1.0 05 0.0 05 1.0 1.5
u-u {eV)

(S9rSU olo)S (Swibs) () ¢ Syl (Sl () avglio 4 JSUS
2 g Jole (0) 9 S SUlgn 5 (Sianls Jlono (3) Km0 ()
Oy (sl S13S05 g e (sl



17 (18-11) 1402 (\luals g Hlag pod 0 )lod o Jloo «Seig yiSJlgns] ool dnliliadyn

gl a1 slod 53 g b S iSlges S i
Cuols jobiped gl (gamgd Jb S pyand &Sl @
oo S O|91.cd.g |) Cj 0193'@ sél’:’l L;La; P Cj &)5\1‘94):

D905 (Bymo gl dlal 13 A5 )50 Hluww S ;Slgo 5

[1] Geim, A.K. and K.S. Novoselov, The rise of
graphene. Nature materials, 2007. 6(3): p. 183-
191.

[2] Bhimanapati, G.R., et al., Recent advances in
two-dimensional materials beyond graphene. ACS
nano, 2015. 9(12): p. 11509-11539.

[3] Molle, A. and C. Grazianetti, Xenes: 2D
Synthetic Materials Beyond Graphene. 2022:
Elsevier.

[4] Abdollah, H.M., et al, Investigation into
thermoelectric properties of M (M= Hf, Zr) X2
(X='S, Se, Te) nanotubes using first-principles
calculation. Solid State Communications, 2021.
336: p. 1142809.

[5] Weeks, M.E., The discovery of the elements.
XXI. Supplementary note on the discovery of
phosphorus. Journal of Chemical Education,
1933. 10(5): p. 302.

[6] Greenwood, N.N. and A. Earnshaw, Chemistry of
the Elements. 2012: Elsevier.

[7] Baba, M., et al., Electrical properties of black
phosphorus single crystals prepared by the
bismuth-flux method. Japanese journal of applied
physics, 1991. 30(8R): p. 1753.

[8] Bridgman, P., Two new modifications of
phosphorus. Journal of the American chemical
society, 1914. 36(7): p. 1344-1363.

[9] Cai, Y., G. Zhang, and Y.-W. Zhang,
Phosphorene: Physical Properties, Synthesis, and
Fabrication. 2019: CRC Press.

[10] Liu, H., et al., The effect of dielectric capping on
few-layer phosphorene transistors: Tuning the
Schottky barrier heights. IEEE Electron Device
Letters, 2014. 35(7): p. 795-797.

[11] Jain, A. and AJ. McGaughey, Strongly
anisotropic in-plane thermal transport in single-layer
black phosphorene. Scientific reports, 2015. 5(1):
p. 8501.

[12] Zhu, L., G. Zhang, and B. Li, Coexistence of
size-dependent and size-independent thermal
conductivities in phosphorene. Physical Review B,
2014. 90(21): p. 214302.

[13] Ong, Z.-Y., et al., Strong thermal transport
anisotropy and strain modulation in single-layer
phosphorene. The Journal of Physical Chemistry
C, 2014. 118(43): p. 25272-25277.

Bls 8 S peS bl dwy o Gl 4 &S D) oS

ls  SawssT sl jhe il obS Sasle, » ZA

2 aad o s dg3 3l ST by o 1y i oy ko LA

by 95 p 3 ise i Bly sl 5 (Sl laesls

oS amd o b Slulbre ;503 (g 33 ymeyl § SIS
&l

[14] Akhtar, M., et al., Recent advances in synthesis,
properties, and applications of phosphorene. npj 2D
Materials and Applications, 2017. 1(1): p. 5.

[15] Chaudhary, V., et al., Phosphorene-an emerging
two-dimensional material: recent advances in
synthesis, functionalization, and applications. 2D
Materials, 2022.

[16] Batmunkh, M., M. Bat-Erdene, and J.G. Shapter,
Phosphorene and phosphorene-based materials—
prospects for future applications. Advanced
Materials, 2016. 28(39): p. 8586-8617.

[17] Eswaraiah, V., et al., Black phosphorus
nanosheets:  synthesis,  characterization and
applications. Small, 2016. 12(26): p. 3480-3502.

[18] Guo, Y., et al., Atomic structures and electronic
properties of phosphorene grain boundaries. 2D
Materials, 2016. 3(2): p. 025008.

[19] Tareen, A.K., et al., Recent development in
emerging phosphorene based novel materials:
Progress, challenges, prospects and their
fascinating sensing applications. Progress in Solid
State Chemistry, 2022. 65: p. 100336.

[20] Xu, W. and G. Zhang, Remarkable reduction of
thermal conductivity in phosphorene phononic
crystal. Journal of Physics: Condensed Matter,
2016. 28(17): p. 175401.

[21] Liu, X., et al., Remarkable role of grain
boundaries in the thermal transport properties of
phosphorene. ACS omega, 2020. 5(28): p. 17416-
17422.

[22] Liu, T.-H. and C.-C. Chang, Anisotropic thermal
transport in phosphorene: effects of crystal
orientation. Nanoscale, 2015. 7(24): p. 10648-
10654.

[23] Qin, G. and M. Hu, Thermal transport in
phosphorene. Small, 2018. 14(12): p. 1702465.
[24] Hong, Y., J. Zhang, and X.C. Zeng, Thermal
transport in phosphorene and phosphorene-based
materials: Areview on numerical studies. Chinese

Physics B, 2018. 27(3): p. 036501.

[25] Ladd, AJ., B. Moran, and W.G. Hoover, Lattice
thermal conductivity: A comparison of molecular
dynamics and anharmonic lattice dynamics.
Physical Review B, 1986. 34(8): p. 5058.

[26] McGaughey, A.J. and M. Kaviany, Quantitative
validation of the Boltzmann transport equation



18 WY (ppand (oS (S35l ooy 190 oo SLAE

phonon thermal conductivity model under the
single-mode relaxation time approximation.
Physical Review B, 2004. 69(9): p. 094303.

[27] McGaughey, AJ. and M. Kaviany, Phonon
transport in  molecular dynamics simulations:
formulation and thermal conductivity prediction.
Advances in heat transfer, 2006. 39: p. 169-255.

[28] Thomas, J.A., et al., Predicting phonon dispersion
relations and lifetimes from the spectral energy
density. Physical Review B, 2010. 81(8): p.
081411.

[29] Larkin, J., et al., Comparison and evaluation of
spectral energy methods for predicting phonon
properties. Journal of Computational and
Theoretical Nanoscience, 2014. 11(1): p. 249-256.

[30] Turney, J.E., et al. Predicting phonon properties
from molecular dynamics simulations using the
spectral energy density. in ASME/JSME Thermal
Engineering Joint Conference. 2011.

[31] Feng, T. and X. Ruan, Quantum mechanical
prediction of four-phonon scattering rates and
reduced thermal conductivity of solids. Physical
Review B, 2016. 93(4): p. 045202.

[32] Feng, T. and X. Ruan, Prediction of spectral
phonon mean free path and thermal conductivity
with applications to thermoelectrics and thermal
management: a review. Journal of Nanomaterials,
2014. 2014.

[33] Anees, P., M. Valsakumar, and B. Panigrahi,
Temperature dependent phonon frequency shift
and structural stability of free-standing graphene: a
spectral energy density analysis. 2D Materials,
2015. 2(3): p. 035014.

[34] Feng, T., B. Qiu, and X. Ruan, Anharmonicity
and necessity of phonon eigenvectors in the
phonon normal mode analysis. Journal of Applied
Physics, 2015. 117(19): p. 195102.

[35] Qiu, B. and X. Ruan, Reduction of spectral
phonon relaxation times from suspended to
supported graphene. Applied Physics Letters,
2012. 100(19): p. 193101.

[36] Jiang, J.-W., H.S. Park, and T. Rabczuk,
Molecular dynamics simulations of single-layer
molybdenum disulphide (MoS2): Stillinger-Weber
parametrization, mechanical properties, and
thermal conductivity. Journal of Applied Physics,
2013. 114(6): p. 064307.

[37] Nosé, S., A unified formulation of the constant
temperature molecular dynamics methods. The
Journal of chemical physics, 1984. 81(1): p. 511-
519.

[38] Plimpton, S., Fast parallel algorithms for short-
range  molecular  dynamics. Journal  of
computational physics, 1995. 117(1): p. 1-19.

[39] Jiang, J.-W., Thermal conduction in single-layer
black phosphorus: highly anisotropic?
Nanotechnology, 2015. 26(5): p. 055701.

[40] Fei, R., et al, Enhanced thermoelectric
efficiency via orthogonal electrical and thermal
conductances in phosphorene. Nano letters, 2014.
14(11): p. 6393-6399.

[41] Slack, G.A., Thermal conductivity of elements
with complex lattices: B, P, S. Physical Review,
1965. 139(2A): p. A507.

[42] Giannozzi, P., et al., QUANTUM ESPRESSO: a
modular and open-source software project for
guantum simulations of materials. Journal of
physics: Condensed matter, 2009. 21(39): p.
395502.

[43] Goldsmid, H.J., Introduction to
thermoelectricity. Vol. 121. 2010: Springer.

[44] Togo, A. and I. Tanaka, First principles phonon
calculations in  materials science.  Scripta
Materialia, 2015. 108: p. 1-5.

[45] Naghdiani, N. and A.A.S. Dodaran, Lattice
thermal conductivity calculation of phosphorene
using molecular dynamics and spectral energy
density. Solid State Communications, 2023: p.
115263.

[46] Mafakheri, M. and A.A.S. Dodaran, Graphene
phonons lifetime and mean free path using ab
initio molecular dynamics and spectral energy
density analysis. Physica Scripta, 2021. 96(6): p.
065702.

[47] Yousefi, F., M. Shavikloo, and M. Mohammadi,
Non-equilibrium molecular dynamics study on
radial thermal conductivity and thermal
rectification of graphene. Molecular Simulation,
2019. 45(8): p. 646-651.

[48] Qin, G., et al., Anisotropic intrinsic lattice
thermal conductivity of phosphorene from first
principles. Physical Chemistry Chemical Physics,
2015. 17(7): p. 4854-4858.

[48] Lindsay, L., D. Broido, and N. Mingo, Flexural
phonons and thermal transport in graphene.
Physical Review B, 2010. 82(11): p. 115427.

[50] Madsen, G.K. and D.J. Singh, BoltzTraP. A
code for calculating band-structure dependent
quantities. Computer Physics Communications,
2006. 175(1): p. 67-71.



