%45 % %5 M Bod PR K FF R (BRAT R 2020 # 5 A
Vol. 45 No. 5 Journal of Southwest China Normal University (Natural Science Edition) May 2020

DOI:10. 13718/j. cnki. xsxb. 2020. 05. 010

B AIN XA 2EH BN MR
hEE R TS
MHE. FEH. ZHH

Lo HE RS — g g, HIK 4000305 2. HPCHEHL 2 H~#RE . H K 400065;
3. VU R WAL S EOR S Be . HK 400715

WE: ZEFETIRNAETTIERON , HE T AR, FF58 T 805 CAIND 207 800 3B #2280, 46 ARk
TiFRS i WM AR i A5 AR 2 P TR R B R AR AR A, S5 SRR OWTIRGEBUF . AIN 2o B R A B R & 2B 4
. BERLIEKRBCIE ., HARTIRS ARG B0 5 i, X R G SRR AT, R 6 250 fE AR I AN 5
@ BAR IR 5 . AIN 250 SR AR AS MROT AR S . 2R N ik 28 500 L P At 347 B IR 3 1) v T Il R 3
A AL 4 B R ;0. 547~0.630,8. 57X 107" ~3.60X10~° K" Hl 58. 54~500. 00 N/m, H RS, JE 7%
WE ; OAIN 247 IR MR L IE K REBCR AR R 7ERUE LB S AIN JOR SRR, (80T BE IR B 928 1k
AL

X # i AINZEASKME: KRBIKREG SHIRSE, BEEE; JEFIER0N

FESES: 0469 XEARERD: A XEHS: 1000 -5471(2020)05 - 0058 - 06

A1 B8 U 2 A A 2 S PR A TR A R . — R K R = A AR AR BT B B S AR
GAVEANNSY 7ABNE LR 6 = R AT i d B T R 2 | B e R 7/ K B R TS NI ol = A e N A o 1| N R e £
SR . KA LA A 1 DNA I S5 AR 2 U b (9 7 HTRT 5% 120 L (ER . A BRI 1 A BRI/ 1Y
FFR I AT R ARG i % 0 A . TR T SR A A R s R . . RS A RS
SR AL . B RE R 45 A0 R D0 5 SRE s 1R HG A S A A 0 A A A 2R AR s X A R S Y
Mz —. BN, & JEBGE LG WA R CTMDs) ™ | o U8 4 I8 A R i — 2 Ak & 1 2 5k 3 45 ok A
(RN SSELEZE S

AL CAIND 2 — P 2R R AR, B i 3 R WL 50 B DCTE Y P ik 52 8055 10 5= 1k
REAE T B — R B 51 g (4 s 33 MRS 2016 4R, Turan S %61l aof FE 7 B 45 O ik o il 46 T
AIN B g8t bR A B A REATRE.  h T8 A AR T BRI A3 A ATT6 26 A0 SRR 5 4 19 AIN 4 h
HAL. SCHRL10-12 1566 T8 Bz s BOSTH5 T IV-IVAT I - V 4549 ANBS-N 287 S 4 fb 54 . 25 R R PIx sk
£ B G BA FRE IRE R MIZS K. Ganji M D 59 FI ] vdW-DF SR BF 58 T LA 8846 A HEIR (9 AIN 1
DMMP % fff . Camacho-Mojica D C %58 2 %5 B2 127 bR A F9E T AIN MM LR B IE. 7ESC9 i, 2
Tyl #& 125 F AIN QKR G BEEE VTR, LA S A S50 5 28 s IR 20 10 0y 52 3 v S o O 00 A oz AR e 0 5
PEREVEAT T ARG JiAh . SCHRLIS-19 TR FInG AR BB BB L 98 T — 44k &5 4 ANBS-N J5 7 &
o3 (R SRR A HLPE B LA S o SRR o B AR PE L BERE . PN SRBEAIA AR T AT AE. (S . X BERESTOR B B F
TR B A AR ST I RN . AT AN R S i Tk 4 iy B I R Y S AL R L T LR 6 AN 2 S 0 AR B PR ik

O WHHB. 2018-10-15
BETH: BEREARPEIEEIE (11047147) 5 H0E #6845 1 E A 5S35 450 H ([2014]1685).
ERFA: ATBEA973—), B, P G, £ 202 AR kg1 2 Ls .



%58 TR E, 5. 2 AIN £ EWHMER D FRREREN TR 59

A, SRR SR O R I e e TR, PR b RIS IR S I X =4 4R E 4R RO
I A PR AT W Ay R S, PRI B A ke S 3 KON A B 5T R BRI S B R R 2 . i, B E
STAELO X A R0 (0 Al AT O MR AR | L AE MR RBIEAT T AFSE s Ribeiro G A S AFUH I TS — M R B
TEEANIFGE T PbTe Al SnTe Y 3F faf il % 0 K H X 75 Fi% 0952 . Kringhej A 255 NS | XF Joseph-
son BE 1B 45 YR I8 SOV HEAT T RGEMESE. SR, B H BTN 1k, R KBRS AIN S840 8546 bR 4 ) 7 1
REHEATHFSE. Rt ASWFSEAE % 08 2 51 ARl IR sh 2 mh b 0 F R BE R 5 v . X5 AIN e S8 06 b
BH T Ik R B AR TS 2R S 5 RS i 45 T RO A AT IR AR SE . LU B Tk B R e Mg
(L 7 g

1 HEKRBMRFHEEERGE

ASCE BRI AR AIN S B DR B S
B WIR AIN S BE BRI AR 1 B 1R e
BT CA B TG F (B 57 B G — 4 i b
T ARG WA TN BT HE N N, LA T
LA 1y d RS BERH0 o UL — 50 F 56 6 SRR
DRIy IR LI L < 7 4 5 B 1 AIN B 5 e 24w 5 B

A 1tk AIN 73 BB b 2% 55 47 BRI A
I 3 A s’ A LBUTE IR o . 450 o B BSE 2 Ao o AR50 ALRT N R THREE. S804
FUABIHA 3 4SBT s T T ) LR AR T 0 p S A . VAL B TR F N T
BEROTUAS e . 5T M IR S B 05 . R ILRE . e, BefLfie. JUd. o B &R fLiE V.
JEEOVD VDT, o V= e e VimE (el el i el A el SPHUE A A1 B T 2 fL AR
A A, A o’ LA . A ALRE e = (e Hhe,) /ChH D)o LI €. AT e, AL s
p WL BGRERE. o BERIEHN AR Vo = b /md s d SRCFFUIER . n RIS RC m R A o IR
P AL =326 o BERHALHE V. = e —el /2. i x BEBGIEMBER V. = g (0 /md®) s 9= 0. 63
WAL Vo= e e /2.

BT, SIABIES R a, Mla o MRS o Fla o S0
Xt o G

v

Vi+ Vi
vy
JVi4+VE

@)

ap

X} o
al =V /[ (V5P 4+ViH)
ap = Vi /(V;P4+Vi?)

WA, BEEREMEAEHEMSHAE, HhEREMEIEMNE AE., SEK JBHXREN: AE,, =
Clag/d)" s X B ay REBRPAE, 1 C=0.20 eV. SZHAER 2SSV, +V; / [3), ShHB SR, % K
SRR EAERE . v A EAE AR o R R B J AR S B

o(d) =—— 2R—%R'— St “ﬁﬁzs(vz +‘%)+ AE., (3)
X R= /Vi+Vi, R= /Vi+Vi; 81,2 BBl o B« BEETTMR: 58 3 UMb B 5wk s 56 4 10
JEACHRE s 5 MR A AR AH TR F Y DTk,

FIHE 8 N Re /N &5, REKHB S8 S, e EF AT — R0 F ¥ HEEA/EH

fle

(2



60 79 i T e K F F IR RFAF R http://xbbjb. swu. edu. cn % 45 K

o ZVZ

Qe
2 AINERZHEMPHRNFEREENEN
2.1 AINEBEEHREFIRD N GERBMIEGERY

e w0 B IR T AU BEA OT 1 AR AR T IR R 3, TR R B e« 2B 12 BRAE IR IR S R B N e Fles
EANTS ETHEAE T RE SR R

o(d) =

2 C 2, 5 Vi 2V, 2,
17 2 ! 271 7‘] - = 1_7 (./{2
[ 3 Q. Jr30(C sz +*9 ozc(601C ) V§j| - 3( a ) 4)

_ e _ 17 _ 1% -
o (adz)do 6 <9d3 )(,U = 24<9d1 )d}
(3 RIA D 2, ZIEH) « BTN, (5 SR
4 , , 54C 10, ) 3 ,.Vi 1
€0 :?aCVZ{I—Z(z;JraCVZ—?af(l—(ia{ai—gaé)‘72}+W§QLVZ(1*2Q£) (6)
o 4a.V, o l 5 ‘i 3 E 18C
& = dg {|:1 3 A ZQ‘H;) (V_? )+ Zacap (VZ >}+a[v2 +
<* %ac + 2acab + 13*0(1?; + 30ala, )VQ} (7
V., /Vi+ Vi
a V‘) 1702 c V3 54(:
, =— ——= ] (—7— < 6o — 14a. 340 — 200 a, (= \—
€2 d {( 3 + 6a )+( a. + 34a a )a,(V2> oV,
i@ lﬂ 3 7@ 5 3 2 5 2 Vf
< 3 + 3 + aca, 3 + 310ala; — 420a.a; )Viz VTV } (8)

2.2 AINRAEREMHHERNIZRSENREKRAYERENEWL

PR TR Y B A A O AR AR RIS R Bl . ph T )R LA P A D 1) B R AR A . T R 3
W3R o MR T S B4 O A 1 ) R EL AR P A DR T IR Sl R o S i T 5 DT 1) R BB AT G . RIS
PRI R IR RV (=48 | BT SCT4E) PR BE L(—4E) A . o B RT 9728 F0RE B2 B i 1 3R fA7 1 2000 1 K

A TSR BRS AE 2 BE Cre) HHE. AIN 77 SRR R 4 S R X e —— DN b T A

~ JInS’
RN e B AR R e Me ERA
yo(T) =— S0 [y Setksl 1+3€z/‘§p,T+(Bez’§BT)_ (9
Beo o€ €0 el

Arfre v P HIT R T A FEES . ky RBIRZZ 2 W R (9 AR, BRI, Ble, =0, & = 0, #8HLTY
AR NE. LT vo SIREAC. RS, o (B, RIVEE R #8008 3%

FE AR TN o J50FVE A 8 18 4R 3 J5 3 48 S T I BE By dy 2R d(T) = dy +8(T)  Ho i Ji 1 i
B o(T) dgeit sk g

— R 2 3 3 ')k T 2
5(T) —— 351’;BT[1+3€—’§J+< ) (10)
€0 €0 €0
GEORIGIK BB o, = (1/dy) (d5/dT), Tk
2712
q =— 3€|k21g|:1_~_6€22]€P,T+27€§k3,r2i| (11)
doso €0 €0

2.3 AINEAREHEMBEEREREBEENTWL
Z B AR RN R S S . R AR IR T FE Ry
d(T) =d,(1+aT) (12)
FE 45 R0 K e i B A EI5, SCHRL19 ] 45 0 A 8803 i s e B & B 5 e ) PR B8 AR L i R Q =
(3/2)dE MFXFE N B =ed/Q. ¥ D RACA2) X, FACA B, 015 5 3k 45 Bl iR = my 2246

B(T) zzﬂmﬂﬂ)]? (13)
/3



%58 TR E, 5. 2 AIN £ EWHMER D FRREREN TR 61

3 HEHR5ITE
SCHRCL9T 4k T AIN K FTBIRIO V. L o BERYIEONAE V. L o BERUBRILAE V. L x BEIOIEMAE V) L« BERY 1R

ALEE Vo FEGEAPIR F RIS d, 554 XEHE (R D, ItE B ORESE o AN S E o A TE 1 P,
F1 ANKAEHFHNEXSE

d,/nm Vi/eV V,/eV V,/eV Vi /eV Vi/eV ac ay

1.78 3.15 7.84 1.52 5. 30 0.98 0. 83 0.56

B BBIELL L C = 0.20 eV, fLA6) (7). (8) &K, IR ¢, = 0.507 X 10°]/m” e, =— 0. 947 X
10%]/m’ ;e, =—0. 225 X 107 ]/m*. ¥ 1 B8 MR EH e ver Fle: FRA O K, AT 2] AIN 257 B4 44
BHORE AT RS B BEE AL (E 2), B 2 B2k . SRSk o Bl R R BRI, 25 JE fi ik 100 A
S — I TAT 1 I00RN [) B 2 R R 1R 01 5 20 — . AR AR I Y 4

ME 2 A&H, FFEET, BHKTIHESRILEARZ, 8 0.554; HIEFAERIETUG . MM %S RHEE
FER TS T K, 7E 0. 554 ~ 0. 650 [ 484k s [RIBS 5B — . AR WU, IBEA KSR, EIHES &
55 12 R — AR (R T A AH 22 AR /N, RIS 3R 7 3 50X A% AR TS £ S 0 2 AR /N, JLF Al DL 2 (O,
R R i (AN F 1000 KD, 52 b A B ., ELRE R EE O3S0, s A s 2 R B HE R IS Y
MTI RS 55 RIS 22 Ave = ve — Yoo BEE R EE TR MG K, RVNREE Am . AETE 80N @ %, 1
W, 76 T = 300 K i}, 225250 0.013; MAERE T =1 000 K i, 22525 H 0. 046.

FEE 2 Fll e verse SFEARARA (LD 20, ATSRAT AIN 2647 S50 b1k} 0 42 I ik 22 45 B i B 1 28 4k (181 3) o [&]
ST L SR A R B ARk R SRR AL, 2 R AT IR T (LR A — R TR T, ] 2 R ) 3 O R AN
B — . ARSI A5 AR

0867 --w NN PO
— EEIA M E—IEEIER — IR S —IE IR
0.64 1 e et 0.003 |- N
----- EIRIAAE— ZIFEIEN : - R RFIE—. —JEGiBIm
0.62
0.002
S 060t g
B~
0.001 |
0.58 | ”
0.56 - 0.000 == === == s s s eSS s s s sssssssssrTeer
054 1 ! 1 ] _OOO] 1 1 1 1
0 500 1000 1500 2000 0 500 1000 1500 2 000
T/K T/IK
B2 AIN #9484 75 & B3 AIN £5 2546
A% e MR TA B Mk A SR 09 K AL

3 o FERTIE AR . AIN K7 SR OB IE R HON B 5 25 L K8 — R R . T3
M B M8, 5710 T K s AT B . 5 T AR T A M R U T g3 T AR R
A FFITE 8. 5710 °~3. 610 'K "2l W] . HBMe R BRI A5 11 B ol 5T 4R 3 6056 — Ak
AT T R M B 505 — 1 T R B B LT B S0 R 0 A K 2 0 0 25
e TH RS . B S . O . 3 Ah . AR I R UE . DAIN K7 A AR R S
SR FAT ALY — 4TS 4 T (D o 8 A 1 0 50 7 R ) 08 1] 0 4 B R A2 7 W) 8 22
S . AT ER R R A (5. 4110 K, 17 AIN 247 SBRSERL O LI R A TE. QR b
A B R AP 6 I 5 25 5. (0. T=500 K i . 5 —HE B BRI 5 AIN Hefk (=4 5 ) S 5 5
293 1,901 10 K 0 L G /NFARSCh AIN 27 SR PR 4 O K R 8K 2. 995X 10 'K .

5 1Rl e0ver e BRURARA (LD SRR TR BRI R B o FHCA (13)3 . W3] AIN 275 846 b
b P IR P A P ). [ 4 P R L S R 4 B B T I DL % T T (oL
A R R R R — . T A 5



62 B IR FFRCE R F RO http://xbbjb. swu. edu. cn % 45 K
A B GERIITOT AN R GRIBH g0

B B A i 5 S R L B A L

VR E R T & AE 58. 54~500. 00 N/m Z [a] 4 400 F ... EESE R —. :3Ef§'i%m

AL, JUh, M PUERE I :

VA8 B BRI T B R PR K . B AL/, fE 0~

2 000 K i) 30 BB Y, FUHE K29 0.024%. & o0o b

S A I A B I T SR

B HIEEIAER OO, MR S AR 0 e

0 2 08 B VR T TR BB e, AR . . , , ,

ORI . B IR F R RS TUS . PRSI 0 500 1,000 1500 2000

5 SOk 25 17 % 1 5 45 — I A7 i T B0 F 6 7

W 9 V1 S AR B, BN T=1 000 K i, B4 AIN X2 25 HH

AWFFTH AIN K77 B AR B=222 N/m, #E HAEARE MR L8 A

T A B B=204 N/m.

4 % it

AWFFEEE TR EAREIE . T B R TR T IRSIA AR RO AN . 5 T E R B, X AIN e 2R
95 AR IR BT 2 1 O T O AR AL AT TR AIESE. WRSE R, AIN KA BIEM B IISMTI BRS i KW
WA E SRR ST R S . ARG R BRI . AEREIE LT . AIN 2 S0 R
RAIGIK . BRI REONE s B RAS AR TS R 2 B SRR 2 O b X W] SR AR R T 5
PR ST s 20 FE AR ATV AN 2 B B AR 3 R AT O SR . AR AR S L G AR RO R AR
Yoyt Ut B A T i A e RGO AR Y A2 Al Y B 23 ) Dl 0. 547 ~0.630,8.57 X 10 7 ~3. 60X 10 "K' Fl
58.54~500. 00 N/m. Ry A 80 @i 28, AN 200 8200 A4 R ) 4R M2 ik 28 50 3P A4 A 20
fE EERS AIN BRSO L AR B 2 (e LA AR ).

e ¢

[1] CASTRO NETO A H, GUINEA F, PERES N M R, et al. The Electronic Properties of Graphene [J]. Reviews of Mod-
ern Physics, 2009, 81(1). 109-162.

(2] ZE/NF, Bpbrh, Rait, & S WEB A IF AT [J]. PRI K 2E 22 (A RB# D, 2018, 43(3):
21-25.

(3] mi—3C, FAUTHE. W B XS Sh A8y S0 A8 2% BE AN AR PR A s2 o [0, 79 i DS R 2 2 R C AR B2 D » 2017, 42(3); 27-33.

(4] HORUE, FERT. A S0 S Jm o 7 A5 B AR AL AR T 5 [T ). DY R U 2 2 4 CH AR BHARRD 5 2016, 41(7): 68-73.

[5] LID, KANER R B. MATERIALS SCIENCE: Graphene-Based Materials [J]. Science, 2008, 320(5880): 1170-1171.

[6] LIUY Y, BHOWMICK S, YAKOBSON B 1. BN White Graphene with “Colorful” Edges: The Energies and Morpholo-
gy [J7. Nano Letters, 2011, 11(8): 3113-3116.

[7] RAMAKRISHNA MATTE H S, GOMATHI A, MANNA A, et al. MoS, and WS, Analogues of Graphene [ J]. Ange-
wandte Chemie International Edition, 2010, 49(24) . 4059-4062.

[8] YUNC, FENG Y B, QIU T, et al. Mechanical, Electrical, and Thermal Properties of Graphene Nanosheet/aluminum
Nitride Composites [J]. Ceramics International, 2015, 41(7) . 8643-8649.

[9] TURAN S, CINAR A, KAYA P. Microstructure-Thermal Conductivity Relationship in Pressureles Sintered AIN Ce-
ramics for Energy Applications. European Microscopy Congress 2016 Proceedings, 924-925.

[10] GEIM A K, GRIGORIEVA 1V. Van Der Waals Heterostructures [J]. Nature, 2013, 499(7459); 419-425.

[11] TOPSAKAL M, CIRACI S. Elastic and Plastic Deformation of Graphene, Silicene, and Boron Nitride Honeycomb Na-
noribbons under Uniaxial Tension: a First-principles Density-functional Theory Study [J]. Physical Review B, 2010,
81(2): 024107-1-024107-6.

[12] SINGH A K, ZHUANG H L. HENNIG R G. Ab Initiosynthesis of Single-layer ITI-V Materials [J]. Physical Review
B, 2014, 89(24). 245431-1-245431-10.

[13] GANJI M D, DALIRANDEH Z, KHOSRAVTI A, et al. Aluminum Nitride Graphene for DMMP Nerve Agent Adsorp-



%5 THE. F: BE AIN £B BH A A 5 R R R 8 TACH R 63

tion and Detection [J]. Materials Chemistry and Physics, 2014, 145(1-2); 260-267.

[14] CAMACHO-MOJICA D C, LOPEZ-URIAS F. Extended Line Defects in BN, GaN, and AIN Semiconductor Materials
Graphene-like Structures [J]. Chemical Physics Letters, 2016, 652, 73-78.

[15] JANKOWSKI K, RUTKOWSKI P, KATA D, et al. Microstructural Analysis of Aluminum Nitride - GPLs Compos-
ites [J]. Ceramics International, 2016, 42(7) . 9025-9031.

[16] NARITA S, MEGURO K, TAKAMI T, et al. Formation of graphene/SiC/AIN Multilayers Synthesized by Pulsed La-
ser Deposition on Si(110) Substrates [J]. Journal of Crystal Growth, 2017, 460. 27-36.

[17] YUAN W H, XIAO Q Q. LI L, et al. Thermal Conductivity of Epoxy Adhesive Enhanced by Hybrid Graphene oxide/
AIN Particles [J]. Applied Thermal Engineering, 2016, 106: 1067-1074.

[18] DAVYDOV S Y. On the Specific Features of the Density of States of Epitaxial Graphene Formed on Metal and Semicon-
ductor Substrates [J]. Semiconductors, 2013, 47(1): 95-104.

[19] DAVYDOV S Y, Bxuax n-csseil B abdeKTHBHbIC 3apsibl, SHEPTHMIO KOTE3MHM M CHJIOBbIC KOHCTAHTHI TI'PadeHONOTOGHBIX
coeguuennit [ J]. ®usuka tBepmoro tema. 2016, 58 (2): 392-399.

[20] BgESE, HIRUGE, M. JERIERIXT FeCo St A &M ¥ m [J]. W RK¥F¥4M (ARBMD , 2018,
40(3): 121-126.

[21] H:—b, BE 4k, HEGIE. AMIE A7 S840 2 50 R 2% 0K 8 B2 R B AR AL R 9 [T ). Bz, 2017, 66(1): 209-217.

[22] RIBEIRO G A S, PAULATTO L, BIANCO R, et al. Strong Anharmonicity in the Phonon Spectra of PbTe and SnTe
from First Principles [J]. Physical Review B, 2018, 97: 014306.

[23] KRINGHQ@J A, CASPARIS L., HELL M, et al. Anharmonicity of a Superconducting Qubit with a Few-mode Josephson
Junction [J]. Physical Review B, 2018, 97(6): 060508.

[24] DAVYDOV S Y. Estimating Anharmonic Characteristics of Single-sheet Graphene at High Temperatures [ J]. Technical
Physics Letters, 2011, 37(12): 1161-1164.

[25] B, HRHR, iR k. FA ARSI R A R st R A — MR A 5T ()], #el R 2=2= 4, 2013, 37(1): 27-33.

Temperature Dependence of Thermo Dynamic
Properties of Graphene-Like AIN 2D Materials

HE Yong-Jun', ZHOU Ting-Yan®*, MA Chao-Ke¢’
1. Chongqging No. 1 Middle School , Chongging 400030 , China ;

2. Science College , Chongqing University of Posts and Telecommunications, Chongqing 400065, China ;
3. School of Physical Science and Technology , Southwest University , Chongqing 400715, China

Abstract; Considering the non-harmonic effect of atomic vibration, a solid-state physical model has been es-
tablished, and then thermodynamic properties of Graphene-like AIN 2D materials, including the thermal
expansion coefficient, the Gruneisen parameter and the elastic modulus, been studied in detail. It is con-
cluded that: Firstly, if only the harmonic approximation is considered, there is no thermal expansion for
AIN 2D materials. Their linear expansion coefficient is zero, and their Gruneisen parameter and elastic
modulus are both constant. These results are not consistent with the reality. Therefore, the non-harmonic
effect must be considered. Secondly, if the non-harmonic effect is considered, the Gruneisen parameter,
the linear expansion system and the elastic modulus of AIN 2D materials increase nonlinearly with the in-
creasing temperature, in the range of 0. 547—0. 630, 8. 57>X10 °—3.60X10* K ' and 58. 54—500. 00 N/m,
respectively. Moreover, the non-harmonic effect is more evident if the temperature is higher. And thirdly,
the linear expansion coefficient, the Gruneisen parameter and elastic modulus of AIN 2D materials are dif-
ferent from those of AIN bulks, but their variation tendencies with the temperature are similar to those of
AIN bulks.

Key words: Graphene-like AIN 2D materials; linear thermal expansion coefficient; Gruneisen parameter; e-

lastic modulus; anharmonic effect

REHE HAK



