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First Principles Calculation of Elastic Constants of Monoclinic
HfO, Thin Film

Lin Ling Shao Shuying Li Jingping
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Shanghai 201800, China)

Abstract HIfO, films are deposited by electron beam evaporation at a deposition rate of 0. 03 nm/s and deposition

temperature of 200 C on K9 glass substrates. The films are observed to show a mixed structure of monoclinic and
orthorhombic phase through X-ray diffraction and monoclinic phase is of obvious advantages.

The structure
Key words

parameters a, b, c¢ and angel g of monoclinic HfO, films are obtained using Jade5 software, based on which the
correlation functions of local density approximation (LDA) CA-PZ and generalized gradient approximation (GGA)

crystal structure model is built. While solid crystal monoclinic HfO, model is built to compare with the thin film one.
Elastic stiffness constants of monoclinic HfO, thin film and solid crystal are investigated using the plane waves

PBE. Reuss, Voigt and Hill theories are used to estimate the bulk, shear and average Young's moduli and Possion
OCIS codes

ultrasoft pseudopotential technique based on the density functional theory (DFT) under two different exchange
also calculated.

ratio for polycrystalline HfO, thin film and solid crystal. In addition, the Young's moduli in different orientations are
thin films; monoclinic; HfO, thin film; elastic constant; first principle
310.4925; 260.1180; 260.1960

7 =

AR CHEEO, ) TR A e s mo T iy et P U IO, S — i B g R A 1
LB 5 5 AR S L O B 1 A o B
g a=p::

S5 AR T 4% )32 N FH T A F - T E L Sl A
T H R 2
T H R e 45 e B R A i HEO, , 53 [ B 1Y [ PR A
2012-07-06; W B4 2 HH#I: 2012-09-18
HELUH: ERHARBEILS (10704078) %% B AT
EEE N
S Um e A HB I (1975
CiER) IE PN

W ¥ (1988—) , AL WFoE A, 3 A S5 IR AR 4 B E Y FSY . E-mail: linling@ siom. ac. cn

)2z T BIAESE B, 322 AR T 5 T A ESE . E-mail: shaoshuying@siom. ac. cn
0131001-1



2 i

5 P2, /c14) B A I B W T B2y 1700 C B
FAAS 6 FR M R P4, /nme(137) (19 VU 5 M 45 44 . 24
BEw T 2500 C B, 748 i B AL E5 2544 [F.3m
(14),225 119 57 J7 M HIO, , HIO, & A W4 & s
L E B T IESE & . 2R h Orth- T #1 Orth-11 , %
FRME 43 5K Pbea(61) Fl Pmnb(62) [,

H Al 4 HIO, (97 58 £ 24 th fE b 2= Fi i 2%
P BE I WX 5 T, g 2 M RE 1 G R SRR 1
21 8 7 TR 1) R D0 A X g 2D R O HIEO, R
8 S R RRIE 9T J T T B 1B . [E Ab Terki
SR A AR B OF- 1T 75 (FPLAPW) L it 1k
AL J7 fa A HIO, #9 LA 254, 115 T 37 U7 fh oA
HIO, [ H &5 #4) 71 58 1 5 4%, Caravaca 5550 R H
BT % SRR B BE G AL SIESTA Jiik b T
TEAS 6] 23 [a] B (P2, /¢, Pbca,Pnma.F,,3m. P4, /nmc
Ml Pa3) N HIO. Y HL F 25 # Fn 3 P % 4%, Ponce
ZELUAE Caravaca TAERYIERE B R Sk 3T 3B#Y
JrEWEIE T HEO, 7557 J7 FVE AT 1 31 4

FE] Py X1 HL 2 A6 ORI 3 T 4% 7 R Hie (DFT)
F18 ST T8 30 8 M B 1158 T DY T R A HIEO, i T
SR AN R A, W SR I F 8% U2 R AR
#ie (DFPT) #E 228 F J& B % F2 iE ol (LDA) 1y
Troullier-Martins ( TM) Ji # 3 Fl Hartwigzen-
Goedecker-Hutter (HGH) i #5356 DL M T~ X85 i
PICGGA) 1 TM JE #3158 7 3R HIO, Sk
R S DO B R BBORN B R . (EJ L X HIO, 3 i
SR B RO R P 4% ] SR B A AT O RV K

AR 3L B 7 PR AR HEO, 8 RS 1 25 4
PRZEFRERY Sl a DFT (1) 1 38 8 40 0% $4k , %
PRI A [] 1 32 4 56 1K bR 40 LDA 1 1y CA-PZ
GGA i 7 F 45757 7 (PBE) .15 3] 1 9 % iy
PPN EE R G Jf & T L100] [o10] [oo1]F
L1107 1] 1) 4 ERBSE B Ry FF 9 51 2 S R g 2 R P 1
SEEARAE TR A . TR R R S 2R R 9T
H R b b, T P 3 SRS 1% AP AR A A L
FH X G AT S 45 A S D vk 00 9 R 0 RO 1 g
LEPSTEAWNA IR W L irRr g i =R E Y PSSt i)
PR R A TR S R R LG 55 S50 LA RS 1 i
THA T AR B S

2 SRR A AR
2.1 ZWH*

HIO, WIBERE & 7 Leybold 2 5 BEBERL R 1Tk
TR R IUBIT B, L bR JTT 080 mm X

3 mmff) K9 BREHE F AR LA BN 910" Pa, LR
JEGEA 52X 1077 Pa, PUARIREE Ry 200 C, YL 2 h
0.03 nm/s,7E 355 nm P T 855, JEE N 350 nm,

R 22 g RHA 7 A2 7 1 X Pert PRO £
REATT S ASC 20 A 9 FE ) A L A5 30 X I R A0 A0 3 &1
K1 . WL AT DU H . HIO, 35 HY 2 25 A
h R I IE 32 AR S A A R SRR B
[

4000 mono(-111)

(YN
(=3
(=3
(=]
<]
=3
=
~
S
—

mono(121)

2000 | moho(020) ono(220)

Intensity (counts)

—_
(=3
(=3
(=]

10 20 30 40 50 60 70 80
26 /(°)
1O, WEILRE 0 X 4124 A7 813
Fig. 1 X-ray diffraction spectra of HfO, specimen
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Table 1 Lattice constants a, b, ¢ and angle g between vectors a and ¢ of HfO, thin film

specimen and solid crystal, and the comparison of the result after being geometrically

optimized under (LDA)CA-PZ and (GGA)PBE theories

a /(0.1 nm) 6 /(0.1 nm) ¢ /€0.1 nm) B/
Film 1 5.10288 5. 18715 5.28816 99. 3884
Film 2 5.11392 5.17325 5.29129 98. 6064
Film 3 5.11985 5.19414 5.28974 99. 1789
Average 5.1216 5.1725 5.2889 99. 2630
(LDA)CA-PZ 5.2388 5.3491 5. 3809 99.5962
(GGA)PBE 5. 3431 5.4082 5.5064 99. 8820
Solid™ 5.08 5.19 5.22 99. 77
(LDA)CA-PZ 5.2308 5.3568 5.3590 99. 4635
(GGA)PBE 5.3494 5.4031 5.5111 99. 9647
¢ HE 30 R 1) — B TR A T R
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Fig. 2 Structure of the monoclinic phase HfO,
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etting in electronic option

Value Coarse Medium Fine Ultra-fine
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Table 2 Convergence para

meters in geometry optimization

Value Coarse Medium Fine Ultra-fine
Energy tolerance /(eV/atom) 5.0X107° 2.0X107° 1.0X107° 5.0X107°
Max. force tolerance /(eV/nm) 1 0.5 0.3 0.1
Max. stress tolerance /GPa 0.2 0.1 0.05 0.02
Max. displacement tolerance /(0. 1 nm) 5.0X107° 2.0X107° 1.0X107* 5.0X107"
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Table 4 Calculated elastic stiffness constants (in GPa) for

monoclinic HfO, thin film and solid crystal under

(LDA)CA-PZ and (GGA)PBE theories

Theory (LDA)CA-PZ (GGA)PBE
Film Solid Film Solid
Ch 296.5022 351.6848 286.0961 298.2185
Cy 394.1635 424.6516 367.6780 368.3922
Css 189. 7071 316.0122 223.4589 222.9908
Cyy 102. 2494 103.5751 84. 2288 82.7003
Css 65. 3287 79.9048 70.2261 70.6174
Ces 135.2901 139.4266 119.8881 116.9589
Cyy 159.9916 196.1056 154.5879 154. 8684
Cyy 64.4563 149.5016 74.5855 87. 3505
Cys 118.4187 178.8892 143.3602 146.7786
Cys 44,2390 36. 4785 38. 8624 34. 6420
Cys 1.1038 —9.4196 —3.6566 —6.9312
Css 23.6666 14. 4900 24.8029 14. 7536
Cys —17.4796 —16.3928 —16.9097 —15.4558
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Cp +Cys —2Cy; >0,
Cz (C3 G55 — C55) + 2C53Cos Cys —
C3Css — C55Cy3 > 0,
2[C15Cp5(Cy3Cry — C13C3) + C15C35 (Coy Coy —
Ci2Coy) 4 Co Cs5 (Cpy Coy — C1,Cr) ] —

[C%s (sz C33 - Cgs) + Cgs <C11 Cas - C%x) +
C%;,(CHCZZ—C@)]—Q—gC;,S >0, (3
A

g =C1CpCyy — C Chy — Cp, Chy —
Cy; Coy +2C1,Cry Cos. (6)
THE I 5 A 3] 2 PR A HIO, 78 (LDA) CA-PZ
M(GGA)PBE it T 1545 21 (4 Sk NI B R %L C,
b BRI E H R R b o X U I T A SR R Uk
SR .
R A A 1 S8 D R 8 i (2) Sl AT LA AR
B b AR 0 O R R AR . 3155 3 (LDA) CA-PZ
F(GGA)PBE g T i 5 25 1 [ 25 54} b A HIO,
10 L 5 B AR INER 5 TR .
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Table 5 Calculated elastic compliance constants (in GPa) for monoclinic HfO, thin film and solid crystal

under (LDA)CA-PZ and (GGA)PBE theories

(LDA)CA-PZ (GGA)PBE
Theory - - - -
Film Solid Film Solid

Su 0.0049455 0.0044199 0.0050545 0.0047294
N 0.0039533 0.0037339 0.0046298 0.0044511
Ss3 0.0068591 0.0044914 0.0063388 0.0062929
Su 0.0100009 0.0098379 0.0122184 0.0123981
Sss 0.0183934 0.0136938 0.0168176 0.0157906
Ses 0.0075585 0.0073082 0.0085842 0. 0087665
Sy, —0.0019905 —0.0016334 —0.002164 —0.0018414
Sis —2.54X107° —0.0010739 2.52X107° —4,82X107"
Sss —0.0020436 —0. 0014070 —0.0025058 —0.0023294
Sis —0.0033062 —0.0020156 —0. 0029187 —0.0024002
Sos 0.0020215 —0.0014410 0.0023236 0.0018269
Sis —0. 0024331 —0. 0004901 —0. 0023832 —0.001307

Sis 0.0012921 0.0011567 0.0017233 0.0016384
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T T R S RN [ S B R A HEO, B B E B0 B 4G
W H A By By fl By ,Ge Gy fll Gy 43 %]/ Reuss
PR Voigt BERLFN Hill BEE T (1 1A BB B A 5 4]

i, Efy MR4E O KX ITHRAA R, ELjkl] A F 7
W R A . N3 6 ITLIA i, (GGA)PBE ¥
BT 2 0 [ 2 B R A HEO, B TF 5 4 SR AR 3
. (LDA)YCA-PZ eRECT (525 5 v, TS
] 25 FL AR HIO, 7E Reuss F1 Voigt #5 A [y {4 1
Bt By By AH2E L3500, Moy Ui G Gy HAH
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W FAE. AR HEO, MBS HROK A — PR R BT

XoF B R 4 A AN 22 LT A . 558 Bl T S A
A& HIO, 7E45 4 b 22 5, B 1T B 5 8z 1\
NLZA —E 2 BN X S E (LDA) CA-PZ R8T
MBS R hul {5, E oy ol F RE R HEO,

AR PR TE % L2 AT 4% 1) [] 1 e g 1 25 A PR A0
FAEE . AP o TS A R o 2 PR R e A HLEO, A
ANTR) 7 18] 1 A B e AT A A () 3 58 1 B R A
HEO, J& 4 1] PR - T8 2 W I Al 2 18 2

# 6 (LDAYCA-PZ FI(GGA)PBE Hlif T 8 5 25 1 [ 25 B R A HLEO, 7 Reuss. Voigt, HIll SR i) (A FHU
it Br By By FIBIYIBIE Gr Gy \Gu . #INEE E RAR L v DA [100].[010].L001]FLI10]77 I b Hy# [R5
Table 6 Calculated elastic constants: bulk modulus B, shear modulus G, Young's modulus E and Possion ratio v for

monoclinic HfO, thin film and solid crystal under (LDA)CA-PZ and (GGA)PBE theory. Subscript V indicates Voigt bound,

Rindicates the Reuss bound and H indicates the Hill average. E[ijk] represents the Young's modulus in different orientations

(LDA)CA-PZ (GGA)PBE
Theory - - - -
Film Solid Film Solid
By /GPa 174.0118 237.9268 180. 2556 185. 2885
Br/GPa 130. 9089 226.4185 148. 5024 162. 1219
By /GPa 152. 4603 232.1727 164. 3790 173.7052
Gv/GPa 96.4073 102. 4381 88.5152 87.4289
Gr/GPa 80. 1590 94.0099 76. 7140 78.3824
Gy /GPa 88. 2832 98. 2240 82.6146 82.9056
E /GPa 221.9995 258. 2530 212. 2808 214.579
v 0.2573 0. 3146 0. 2848 0.2941
E[100] /GPa 202. 2040 226. 2495 197. 8435 211. 4433
E[010] /GPa 252.9532 267.8165 215.9921 224. 6636
E[001] /GPa 145. 7917 222.6477 157. 7586 158.9092
E[110] /GPa 80. 1520 91.9995 71.7334 70.1056

BN TEA 25 1 SR HEO, i 3800 3 B0 52 36
(B LA XS b AR5 55 40K RS0 o AR SCRE 11
My IR St s F2 R T 00K IR A3 32 v R O AR BRI L
RIS i FEE T R 2% 1 1 2 M AR K i et 5
AR K B 78 KO LIS 1 98 i i F i v i
(350 nm JEE) # KRB &y 54 GPa, 5F M DRSS
FEAE ) B8 ) 2645 A1 9 35 % B HIO, #iB% (350 nm
JEL ) 4 EC A4 43 GPa, T AN [ 0 B 4% 148 T 4 o
£ K9 LK B/ 500 nm JE B HIO, i i 47 QA
120 GPa, MU AHNHAE R . X T A [\ & A
T A B R TR A Y O AR A R AT BB —
FE . AR SCH IR A WEFE 2% MR ) 27 RV 0 2 2 4t
TR T AR ST 7] O 2% B B AT DA A K A
7 A5 B A X v A 0 R A

ISIA
2

(O

SR BFR AR 7] B 3 5166 B 4 LDA iy CA-
PZ Al GGA ity PBE. 43513 5 40 B7 T 41 76 K9
SEIR_E A FO, WEBEAY B 3 8. oh F L )
AR o 0 CTAR 7D 6 7 2 9 50 00 B T 25 AR
HIO, @ i # 3  AFE AT b 575 51 P
R HEO, ()3 I 2R e C, 445 A2 A K 45 4
Bt . A AR A SUAB B T I 0 R R

S, J5 . T Reuss B7Y . Voigt £ 5 F1 Hill #f
WA E M I &, K (GGA) PBE M
BT S A [ A B R A HEO, A48 AT 4 R AR
W, M 7E (LDA) CA-PZ & %0 F i 11 24 25
W B R R i Br By By MH2ZEJL T AL W
SYIRL G Gr Gy Il Gy B A X 322 30 A AH 25 JL 3
WFT 5 5 o ] M1 100 T A% ERE i AH 25 24 700 YA A L
MZEZ19% , F5L bl F S I E & HIO, #E45
P b 25 5 AT B S B R B R — o 28R
Hil 3% 5B (LDA) CA-PZ BT B35 45 o
G A SCGE TR A E 5 ) B KB
[100], [010].[001]AI[110],
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