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Fig. 1. Quad symbol as structural descriptor: (a) ‘0’repres-
ents perfect unit; (b) ‘1’ represents the defect unit with 5-
7 ring defects in the middle (marked in yellow); (c) ‘2’ rep-
resents the defect unit with the defect position on the left of
the 5-7 ring (marked in purple); (d)‘3’ represents the defect
unit of rings 5-7 where the defect position is on the right

(marked in blue).

047201-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 72, No. 4 (2023) 047201

2 ALk

TNEL 1 Bz, SR F s BB S 24 BTt
WAF, Horbreon AR 58 36 A B IR 5 T, 17,
7«37 orHIMREREA AN 5-7 IR AL E 1A
I LERE FLIT.

B 2 /R T — 4 HEA 5-7 G A SR IE N
KA B TR R B RG] Lo =R
35 5-7 BBk FA I O EUR X (center region, C),
F 58 & A1 285 N A AT AR JG ) 2 A R A AR (left
lead F01 right lead, L F1 R). [RIfF, b T 800 40 47 44
W5l IR, FATHE OO IX 5 R
FHZAb ARG T G2 0K 78] 5-7 IR A 2807 2 K
RGNS AT AT 278 4 {01030120}. 7EASC
o BRI T HAT 8 NS BATTHY 5-7 BRI A
SRIEYUKAT (H 8 PRI S5 AR5 2 ). i
117 PR XAR L R R R AR T R IR, AR SR
M i B S5 44 J5 A 32896 AN [ B A e A4 L. 1
Hb, R T PRIEDCAG 8 AT SEPE A e, AT AN
MIRTERZE T T 10 S8 DUk,

AR SCR FHAE A A bR R AR TR R 1 F T
I F B P 18], X T Ffns e, T
SR RS R A A R Y N S i i 10, R
R AR AR R ET 38y

T r -1

G'(BE)=|(E+i0NI—Ho—=> =Y | , (1)

L ®
2, BT RER, Z:(R) (E)=Heum 9wy Hirye
RRERMERRKZE () e A g, Al ik

ROy SXHAS. SRR AR R G (B) = GF(B)T

Aie () A ARE S (B)' =30 ()

P, RGN T B R AL T A
T.[E] = Tr{G"(E)[LG*(E)I}}, (2)

SO Ty =i 371 B = 3 B b
R () BEAOHL A VR, 6T 70 R TLE),
A L, T) T L

+o0 U
Ln(u,T):% /_ (B [—W] T.(E)dE,
(3)

A, fe(B, p, T) PRSI AT R, SHRE T,
e IR ASTHR TR B A HEIR G2 REL
Ly (p, T)THRHPRT, hF o (1), S (ZENTERE),
ro(HLTHAT) FIP (SR T) iR AFORET

o(u,T) = e*Lo(u, T), (4)
1 Li(u,T)

S(uT) = e o)

P(u,T) =Su,T)* - o(u,T), (6)

Ly(u,T)?

T8, T BER AR AR RO A5 M kNI

G (w) = [(w +i0F)2T — Ke =3 - ZR} B
(8)
WX (8) FAIER, AHE R B It B AR AR
PR S HL IS A MR R A ) ik XL, R
T TR R B P B W B R e E L
FRUERE Ko AR R He vl AR 2. i Pt iamik R
JUT RS /N T3 B iR R, 75 (G

’ie(uv T) = % [L2(u7 T) -

L -
Laser
positioning
22! 283
i 3t
34 020!
Left lead | Center region | Right lead

N I S N S B T

B2 —A 57 BRI A B 0 90 R Al B I A5 AR R B AL, 0 SR T DU S R AR AR A R A, S 0 5 R B A A 4 T R OR

{01030120}

Fig. 2. Schematic diagram of the atomic structure of a 5-7 ring defective graphene nanoribbon, respectively using quaternized sym-

bols as descriptors. The descriptor set of the sample structure can be expressed as {01030120}.
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Green’s function and Bayes algorithm.
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Fig. 4. Results of 10 rounds of Bayesian algorithm for se-
lecting different initial candidate structures, in which the il-
lustration shows the probability distribution of ZT values
obtained from the calculation of all candidate structures.
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3.0

(a)
—— 00000000

25 13931123

2.0

1.5

i/ (NW-K 1)

1.0+

w=263.68 cm~!
—_—

w=2832.24 cm~!
—_—

w=1594.44 cm~!
i —

T/K

0 100 200 300 400 500 600 700 800

12 [(P)

Ton [w]
N

[ V)

0 h‘ﬁn JAMPANTIAAA, (LA

0 500

w/cm~!

K7

1000

w=263.68 cm~!
ettt

w=2832.24 cm~!
e >

w=1594.44 cm~
PR ——

I A g

1500

VOB A1 S50 G KA i 5-7 1B B A1 28 0 9 KA A4 75 il 0B e 1

SR P RIS B P R S

Fig. 7. Phonon transport characteristics of the original graphene nanoribbon and the best 5-7 ring defect graphene nanoribbon are
compared: (a) Phonon thermal conductivity; (b) phonon transmission coefficient; (c), (d) local state density diagram at three typic-

al phonon frequencies.

(©) Pristine 00000000

(d)

(a) F T (b) B TBHREG (o), (d) =4

047201-6



) 32 % 3R Acta Phys. Sin. Vol. 72, No. 4 (2023) 047201

(A IR AR T A SR AR A K Y PG
(. R T E— B 5-7 BRGNS 1 SR 40 KT A
SHERRZ, TE T 2G 9K B 25
wmE 7(b) Fros, X TR A S EGORE S, S
TEN R N E AP 6B, HHER REL
B 575 F OHROC R T A 2 8 1E —— % T
gkahg A 5-7 BB Z S, iz
B3 THOR, i f b S TR X 5%
B e A 5-7 PRBRRE A7 S50 4N KA 1 i
3 T IREURHUR. S 1 Sy EOHE R S A
MO I T, B 7(c) FRE 7(d) 43l
a7 =AU AR (Y AR A SR 0 RN 2G K
A T RIS 2 B B X T SRR A BRI A KA
FEFA A 45) . 3X R IR AT LA 38 o J 4
A BRI, Hizad B L P A2 BT
BURER. XTT 2G gokay, KL 7(d) aT LAV
FEH R B, FOE IS TP AR Sk DL S X TR
XAMEOL T, S IEFE, S805 1%
Z BRI AN, MR E0E AT I R R

R T — T 5-7 FRELE A B 5 A BN
KA AL R AR OR 2Z (R OCHR, X 32896 Mk 4
MR T DR ZT H#E T T St
Br, S5 AnE 8 s, FEASCHY, DA IR A 384 A
Kald (BREEECH R 0, Z5F9H5ARFTF 41 {00000000}) 1)
A B A (S 20=0.73 pW /K% r£=1.4887 nW/K;
ZT = 0.14) NS H{H, XFHH a5 E A R A 24
YR T DR T ZT EE T — k4
BEONE 8H AT LI, AR T IR UG A 880 9K

Normalized variables
w

Number of defects

8 FRA RS IRRE T A FRSA ZTE
A R A

Fig. 8. The average power factor, phonon thermal conduct-
ance and Z7T values of all candidate structures are correl-
ated with the number of defects.

FIN S-THRBE i, B2 by il 2 24 ] Rl B 6
2 2 7, AR E R T AR S AR A A ] B A o
TR ARG P, 5-7 FRERFE BT 5
T A SRR L SRR LA, MR 8 ]
AT M W F | 5-7 PRIRFE A1 280 0K AT I D) R
P FBEE 5-7 PR A E A 58 o img - (5 e %
> 1), T AR U B e K T R AR A
XA R AL R T, 5-7 BRBRFE £1 2200 94 K
i ZT ELRE A BRI K50 YR8 i 52 L )
Bz R, AT DU i — 23N 5-7 BREREE
AR F RS T SR AN B PR R

4 # #

AL A ARV A% AR R BN DL i i A X 5-
7 A A B AURAE R ERE R AT T LIk
MR SRR, 748 T HA S I R 5-7 36
BLFa A BRI AR (i AR, DU R B A AL
PER B BF5E &30, I DU 307 550k AR A% e
H AEf N 32896 /™ iz sk 235 44 v i 12k Hh AT Fe £
P PERERY 5-7 IR A1 SRS AR AT A L. 7R et
AL T, AL 53 MEELE#, 5t 7T LA
1 I AR . R AR ORI AR —fe e,
R EE 1495 MEBELEH (295 PTG o e 2548
) 4.54%) B o] F-3 2 e A 7Y F R0 &R, 5-
7 IRBRE AT LA A7 B0 40 K B B T sk Rt
ARV H. FEEI T, 5-7 FRBRFE £7 B 48K
W AR 2T (2 1.13) e A B
Kt (29 0.14) 27+ TiE— 2. X FZHETF 5-7
IRERPEA NS T RGE R BT, Y% H
TR AP 2 B A (IE RGN ) =22 ]
KRBT F RVl RS i R 3 T A
IGRKA IR ER R AL TR IR tE, WA BRI
b AR L AT R A T S S

S 30k

1] Zhu T, Liu Y, Fu C, Heremans J P, Snyder J G, Zhao X 2017
Adv. Mater. 29 1605884

[2] Tritt T M 2011 Annu. Rev. Mater. Res. 41 433

(3] Zhang X, Zhao L D 2015 J. Materiomics 1 92

[4] Parrott J E 1982 J. Appl. Phys. 53 9105

[5] Zheng X F, Liu C X, Yan Y Y, Wang Q 2014 Renewable
Sustainable Energy Rev. 32 486

6] Wang X, Xu J, Liu G, Fu Y, Liu Z, Tan X, Shao H, Jiang H,
Tan T, Jiang J 2016 Appl. Phys. Lett. 108 083902

047201-7


http://doi.org/10.1002/adma.201605884
http://doi.org/10.1146/annurev-matsci-062910-100453
http://doi.org/10.1016/j.jmat.2015.01.001
http://doi.org/10.1063/1.330422
http://doi.org/10.1016/j.rser.2013.12.053
http://doi.org/10.1063/1.4942890

Y B ¥ R Acta Phys. Sin.

Vol.

72, No. 4 (2023) 047201

[7]
(8]
(9]

(10]
[11]

[12]

Yang J, Xi L, Qiu W, Wu L, Shi X, Chen L, Yang J, Zhang
W, Uher C, Singh D J 2016 NPJ. Comput. Mater. 2 1

Kim W, Zide J, Gossard A, Klenov D, Stemmer S, Shakouri
A, Majumdar A 2006 Phys. Rev. Lett. 96 045901

Wan X, Ma D, Pan D, Yang L, Yang N 2021 Mater. Today
Phys. 20 100445

Miyata K, Atallah T L, Zhu X-Y 2017 Sci. Adv. 3 €1701469
Sales B, Mandrus D, Chakoumakos B C, Keppens V,
Thompson J R 1997 Phys. Rev. B 56 15081

Jaworski C M, Nielsen M D, Wang H, Girard S N, Cai W,
Porter W D, Kanatzidis M G, Heremans J P 2013 Phys. Rev.
B 87 045203

Pei Y, Heinz N A, Lalonde A, Snyder G J 2011 Energy
Environ. Sci. 4 3640

Xie G, Ding D, Zhang G 2018 Adv. Phys. X 3 1480417
Ouyang T, Hu M 2014 Nanotechnology 25 245401

Wang T, Zhang C, Snoussi H, Zhang G 2020 Adv. Funct.
Mater. 30 1906041

Wang J, Jiang J W, Park H S 2020 Carbon 157 262

Wan X, Feng W, Wang Y, Wang H, Zhang X, Deng C, Yang
N 2019 Nano Lett. 19 3387

Yang L, Wan X, Ma D, Jiang Y, Yang N 2021 Phys. Rev. B
103 155305

Ju S, Shiga T, Feng L, Hou Z, Tsuda K, Shiomi J 2017 Phys.
Rev. X 7021024

Hu R, Iwamoto S, Feng L, Ju S, Hu S, Ohnishi M, Nagai N,
Hirakawa K, Shiomi J 2020 Phys. Rev. X 10 021050
Yamawaki M, Ohnishi M, Ju S, Shiomi J 2018 Sci. Adv. 4
eaard192

Dieb M T, Hou Z, Tsuda K 2018 J. Chem. Phys. 148 241716
Lu S, Zhou Q, Ouyang Y, Guo Y, Li Q, Wang J 2018 Nat.
Commun. 9 3405

Yuan R, Liu Z, Balachandran P V, Xue D, Zhou Y, Ding X,
Sun J, Xue D, Lookman T 2018 Adv. Mater. 30 1702884

Ju S, Shimizu S, Shiomi J 2020 J. Appl. Phys. 128 161102

Cui C, Ouyang T, Tang C, He C, Li J, Zhang C, Zhong J
2021 Carbon 176 52

28]
[29]
EY

(31]

(32]

(33]
[34]

35]
(36]
[37]

38]
(39]

(40]
[41]

(42]

047201-8

Hu J, Ruan X, Chen Y P 2009 Nano Lett. 9 2730

Balandin A A 2011 Nat. Mater. 10 569

Pan D K, Zong Z C, Yang N 2022 Acta Phys. Sin. 71 086302
(in Chinese) [FEAMY, S0, it 2022 PPEA4R 71 086302
Seol J H, Jo I, Moore A L, Lindsay L, Aitken Z H, Pettes M
T, Li X, Yao Z, Huang R, Broido D, Mingo N, Ruoff R S, Shi
L 2010 Science 328 213

Balandin A A, Ghosh S, Bao W, Calizo I, Teweldebrhan D,
Miao F, Lau C N 2008 Nano Lett. 8 902

Sevingli H, Cuniberti G 2010 Phys. Rev. B 81 113401

Yang K, Chen Y, Xie Y, Ouyang T, Zhong J 2010 EPL-
Europhys. Lett. 91 46006

Sevincli H, Sevik C, Cagmn T, Cuniberti G 2013 Sci. Rep. 3
1228

Chen Y, Jayasekera T, Calzolari A, Kim K W, Nardelli M B
2010 J. Phys. Condens. Mater 22 372202

Mazzamuto F, Nguyen V H, Apertet Y, Caér C, Chassat C,
Saint-Martin J, Dollfus P 2011 Phys. Rev. B 83 235426
Ouyang Y, Guo J 2009 Appl. Phys. Lett. 94 263107
Karamitaheri H, Neophytou N, Pourfath M, Faez R, Kosina
H 2012 J. Appl. Phys. 111 054501

Huang J Y, Ding F, Yakobson B I, Lu P, Qi L, Li J 2009
Proc. Natl. Acad. Sci. 106 10103

Engelund M, Fiirst J A, Jauho A P, Brandbyge M 2010 Phys.
Rev. Lett. 104 036807

Cresti A, Carrete J, Okuno H, Wang T, Madsen G K, Mingo
N, Pochet P 2020 Carbon 161 259

Wang J S, Wang J, Lii J T 2008 Eur. Phys. J. B 62 381
Yamamoto T, Watanabe K 2006 Phys. Rev. Lett. 96 255503
Li T C, Lu S P 2008 Phys. Rev. B 77 085408

Yang K, Chen Y, D'Agosta R, Xie Y, Zhong J, Rubio A 2012
Phys. Rev. B 86 045425

Ueno T, Rhone T D, Hou Z, Mizoguchi T, Tsuda K 2016
Mater. Discovery 4 18

Terayama K, Tsuda K, Tamura R 2019 Jpn. J. Appl. Phys.
58 098001

Franckié M, Faist J 2020 Phys. Rev. Appl. 13 034025


http://doi.org/10.1038/s41524-016-0001-z
http://doi.org/10.1103/PhysRevLett.96.045901
http://doi.org/10.1016/j.mtphys.2021.100445
http://doi.org/10.1126/sciadv.1701469
http://doi.org/10.1103/PhysRevB.56.15081
http://doi.org/10.1103/PhysRevB.87.045203
http://doi.org/10.1039/c1ee01928g
http://doi.org/10.1080/23746149.2018.1480417
http://doi.org/10.1088/0957-4484/25/24/245401
http://doi.org/10.1002/adfm.201906041
http://doi.org/10.1016/j.carbon.2019.10.037
http://doi.org/10.1021/acs.nanolett.8b05196
http://doi.org/10.1103/PhysRevB.103.155305
http://doi.org/10.1103/PhysRevX.7.021024
http://doi.org/10.1103/PhysRevX.10.021050
http://doi.org/10.1126/sciadv.aar4192
http://doi.org/10.1063/1.5018065
http://doi.org/10.1038/s41467-018-05761-w
http://doi.org/10.1002/adma.201702884
http://doi.org/10.1063/5.0017042
http://doi.org/10.1016/j.carbon.2021.01.126
http://doi.org/10.1021/nl901231s
http://doi.org/10.1038/nmat3064
http://doi.org/10.7498/aps.71.20220036
http://doi.org/10.7498/aps.71.20220036
http://doi.org/10.1126/science.1184014
http://doi.org/10.1021/nl0731872
http://doi.org/10.1103/PhysRevB.81.113401
http://doi.org/10.1209/0295-5075/91/46006
http://doi.org/10.1038/srep01228
http://doi.org/10.1088/0953-8984/22/37/372202
http://doi.org/10.1103/PhysRevB.83.235426
http://doi.org/10.1063/1.3171933
http://doi.org/10.1063/1.3688034
http://doi.org/10.1073/pnas.0905193106
http://doi.org/10.1103/PhysRevLett.104.036807
http://doi.org/10.1016/j.carbon.2020.01.040
http://doi.org/10.1140/epjb/e2008-00195-8
http://doi.org/10.1103/PhysRevLett.96.255503
http://doi.org/10.1103/PhysRevB.77.085408
http://doi.org/10.1103/PhysRevB.86.045425
http://doi.org/10.1016/j.md.2016.04.001
http://doi.org/10.7567/1347-4065/ab349b
http://doi.org/10.1103/PhysRevApplied.13.034025

) 32 % 3R Acta Phys. Sin. Vol. 72, No. 4 (2023) 047201

Optimal design of thermoelectric properties of graphene
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Bayesian algorithm”
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Abstract

Owing to the huge degree of freedom of structure, the optimal design of thermoelectric conversion
performance of defective graphene nanoribbons is one of the difficulties in the field of materials research. In this
paper, the thermoelectric properties of graphene nanoribbons with 5-7 ring defects are optimized by using non-
equilibrium Green's function combined with Bayesian algorithm.The results show that the Bayesian algorithm is
effective and advantageous in the search of graphene nanoribbons with 5-7 ring defects with high thermoelectric
conversion efficiency. It is found that the single configuration with the best thermoelectric conversion
performance can be quickly and accurately searched from 32896 candidate structures by using Bayesian
algorithm. Even in the least efficient round of optimization, only 1495 candidate structures (about 4.54% of all
candidate structures) need to be calculated to find the best configuration. It is also found that the
thermoelectric value ZT (about 1.13) of the optimal configuration of 5-7 ring defective graphene nanoribbons
(21.162 and 1.23 nm in length and width, respectively) at room temperature is nearly one order of magnitude
higher than that of the perfect graphene nanoribbons (about 0.14). This is mainly due to the fact that the 5-7
ring defects effectively inhibit the electron thermal conductivity of the system, which makes the maximum
balance between the weakening effect of the power factor and the inhibiting effect of the thermal conductivity
(positive effect). The results of this study provide a new feasible scheme for designing and fabricating the

graphene nanoribbon thermoelectric devices with excellent thermoelectric conversion efficiencies.

Keywords: thermoelectric conversion, 5-7 ring defective graphene nanoribbons, Bayes algorithm,

nonequilibrium Green's function
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