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2 A AYHA-HO/S1 2247 AR 3 125 HUEHSE (density functional theory)& o]83t] AAtstoicy,
WEYA-HIOA= Si 7183} o & HEHE $lejo] a0} b 9] Zo)7} S7159l ¢ £9] 107} 2 % Hadted FubgA 72
7 =it A HIO2) i Z|ske] wetEel mebd 8 Ahe) AW & mo] AAHSITh UAA-HIO, (004)./Si
(004574 ZARTZ} oA WA 714 oL, A -HIO, (004),,,/Si (002) ZZATRE 7P Bebdatgict
o Ui TN 7 B F20) A9, A -H0,0) Aol EAhsH= 2 Q) Akt WXL Si F|HOE o) E o]
AYEA-HI0, 2ARTZ 2 A2 Ak FFo] A E et

ZFHMO . DFT calculation, Interface layer, ¢"FAA-HFO,, AWAA-HfO,

I.ME (segregation)H= & AW Ao} 22 HAUSS
Faiet 7],

FEAGL A WA B3 BANLE MOSFED) & HIOA TR 242 9 M (bandgap) 74
Ao 3 AT} AL s Axpe] A7 HA 7 [18-19], AT ©APEA (monoclinic), A4
£EI QIok SHANE A7EA] 501 B2t ARGE o] 9 A (tetragonal), YWEA (cubic) +25 Z&=tt, Al 7HA] +
OlE {HA (gate dielectric) &2l A7} (silica, Z= 2kof oty AT dojdt), TR (a =
Si09) 8] FAI7} FAl AAEHA Fe]o] (carrier) 2] 5117 A, b=5175 A, ¢=5291 A, baddeleyite, C5/
U3 (tunneling)o] 23t =4 AT (leakage current)”} 2h T P/ o) 72 A2oA 71 eHAs Lol A

7t 22ke] BEAS AL, o)F A 98t HAA (a=364 A, ¢=529 A, DI5/Ah E= Pdy/nm)
o F2 888 2= 5125 (hafnium, Hf) 7]8ke] 2217} TRE 2000 K oMol A, A (a=5.08 A, B/5h

AT FolaL, AA 65 nm =04 45 nm =ER 7|<&o] Yv Fmdm) 2 2870 K ojAol|l A s} [18],

ALE A Ao|E f-7ut 0 &2 S o} (hafnia, HFO,)7} C. Tang 5+ HfOy/Si F&o||A Ata F39] kS
ANGEITL QlTt [1-6], HES 7|9ho 235k B3 Fof 714 ab—initio B O 2 A8} [20], C. Tang 58] Ao
A7F @ol =il Sl HfO,= AZFYOL (zirconia, A AN 2AA-2E AREA - SAPYA-HEO,/Si

Zr0y)9f FARZE high—k B0, E3H 7582 7] 9 (00n)olct, SFA|TF HfO,9} Si2] W3 (terminating layer)
o 523 24 FEET Qo) [8-10]. HfO,= Si 7|9 o] (001) Y -0 gt 2=t 2 Ao

ol F2EH ddsg oz st E-oly, Algjatol= Wek30] FFol weba] o] 72 YRAA-HIO/Si A
(silicide), silica, E= AlE]A|O|E (silicate)$} -0 Y3 W ndS A ek, WUEFREOo R F o] A ndlS

= AW Aol A7 [10-16], HIOoA Ak 33 =33t
(oxygen vacancy)T Ad A Adto] Awola HA
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IO, ALk

£ 3L projector augmented wave (PAW) ZEIA
(potential)@} generalized gradient approximation
(GGA)E Z33} Vienna ab—initio Simulation Package
(VASP) Z=& A3} [21-25]. A1) vid Ate) 4
A2 residual minimization method direct inversion in
the iterative subspace (RMM-DIIS)E A&-3}5c} (26—
271, AMEE cut off YA 500 eVo]il, k—point mesh
+ Monk—-horst pack®] AM-H 4x4x4 (3 LR AAD
oF 4x4x1 (AFo] ZFE slab T2 ALY Z7Jo|t},
0.05 V2] smearing factor7} EFHE kAo B x) A
2o A3t Gaussian HL ARSI}

E3zto =Xy QUPAA-HIO, T AXE AL,
2|23k PG A-HIO, T AAE Si 7|wtke] ofj=i=y
Al %43 (epitaxy contact)o] HEE 517] I3} a} b &
o] do|& 7.81 % F7HIAL, 1o g Y ofuiA] ¢z}
£ 13l ¢ 29 Aol =Eslgitt, YA -HIO,¢} sio]
WHFo TRl wetx Zkz 2 Ao 4 A 29 2dS
A 4'5}51 Zzke) 29 2dS st 20 A9 ZFol
EZ3HE AFAA-HIO/Si 2AATR AHELE TS
‘ii‘i} 74]4}-% ot oA TROA k3 &, AW
Y=o AFS B}

APHA-HIOx= Si 7] 0T} oA eA] F§He ¢J3)A
a5k b 22} Zols} Zrhslolot ST}, YPHA-HIO,) a
S b 29| ZPol7k si 7|We) A Aot B 5467 A
(7.81 %) 2.2 Z71319:& v Si 7|93} o o eHA] HFL: o]
£} ¢ &9 Zoj7t ¥y wie] g (5.071 Aol 2 %
2ae 4975 A A 0, ofuiA] B FF ePgslect
(Fig. 1), oo} o] WHEH AUAA-HO,9 A=
—29.87 eV/moleculel. 2 QHASIE AHFA A -HF0,9] T+
9 AR} oA Q1 —30.37 eV/moleculeX T} 0.5 eV/
Eorgsleltt. ol Si 7l o ujegA] Hito
2 AFHA-HO.0] YA -HIO 2 HFE]o] Bha} 1f
Fofl $38 A7t S715t7] W&olot,
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Figure 1. Free energy variation as a function of c—axis
length in HfO, unitcell,

Fig. 2 (a)= YPARA-HIO,Q] ©9] AAE RojFc}
HR= HAJQIMILZ (face centered cubic)Z EA3}
H, O YA= tetrahedral siteo] EATIE 2 QoA
ASE EAA-HIOS] AHY WHFL  (004)y.9F
(004)340]th, o] HfO7} Si 7|9t M= UL o Hf &
A} 2 ((001) E+= (002) H)HTt O YA} Fo] AH| A

Model A Model B

Model 4

Model 1 Model 2 Model 3

Figure 2, (a) The perspective view of cubic—HfOa,
(004)1/4 and (004)3/4 indicate the oxygen
terminating planes when the unitcell is cut
by 1/4 and 3/4. The planar views of (b)
tetragonal—H{0, and (c) Si substrate along
[00—1] direction. The sphere size indicates
the position of c—axis. Black, dark grey,
and light grey spheres are Hf, O, and Si
atoms, respectively.
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= St MEIHA-HIO,/SiIY AH & & ¢

3= Aol o] WA Aty WiEolcth [20]. Y
HA-HEO, F27} Si 7\W} ol melA] Hato] s A}
ZA-HEO,7} E]3L, AW A-HIO0,9} Si 7)) wekEo
F5ol WA o 29 Aol P4t Fig. 2 ()&=
YA -HIO, 9] AR 9] AAo|A] ¢ 59| 1/437} 3/4
e AL gZo 2 3 wf o] AgA-HIO, (004)1/4
9} (004)34 725 HolZrt AYAA-HO, (004)ys T
Zo)A AN T F2 (002) Wolil, AW7A-HFO,
(004)3/0 F29] R0l (001) Ho| AL t}g FOo2
ZA3cE, Si 7172 (001), (002), (004)y/, (004)s4 HO)
offf 4 7o} meo] AAHT (Fig, 2 (o). &, St 7|%]
22 9| AZold ¢ &9 1/1, 1/2, 1/4, 3/4 B AW
9 getFed P wolrk B AForME HUAA
~Hf0,9} Si 7|9] Zkz} 2 A9t 4 7ol B HES 34
o, & 720 BElS 1 x1x2 2ARFERE A
71 & Adtste] 1x1x2 AHPAA-HFO,/1x1X2 §i 274
25 THEQT.

Fig. 32 AWAA-HfOy/Si 2AAT29] AW melo]
TE oot F AR Ato|9] AW FAE HoE
o 24 XY A X AYAA-H0,2 BY, 2|3 Y=
Si 7|#e] o], & wdlo] L= [00-1) aFo|ct,
T 2AAT 2] TS0 FRol TEbA 8 e AW &
o] A=A mdl Al-4E 2E Bl-49} FUFER
AEHOR 4 /o] A o] AAHTE 2 A29 BIE
AT U FY AW TRE A= 2d (A1-B,
A3-B4, A4-B3)52 oyx|et AW FA7 A 2}, 2

s

u Free energy of 24
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Figure 3. Free energy and interface thickness
between tetragonal—-HfO,/Si and Si as a
function of each superstructure, Model XY
represents tetragonal—HfO, model (X) on
top of Si model (Y).
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(004)30 ZAAFZ (2E A4)7} o [R] T A 7H4 oF

gl A29} Bl AW 729 oz]9} A FAQ ol A
Ab o2 BrEch whebA B Aol A AdEd Al-4
o] Fzof isiA AABELE, 1x1x2 WA A-HIO,/
1x1x2 8i ZAAFZRONKA, FUGA-HIO; (004)14/Si

-

AstHal AUAA-HO, (004)y./Si (002) ZARE
(e A2)7F 7P EQgstGiTt o] 7 AW EEE Ay
3 [20)0)lA AJAJEE bot a BET} -2 Ao AWL A9
53T, B =M= A7) 2 719 2 Aol 9] oy
A& ZH= 274l 2 9] RES HWrlekgl, odA] &
oA 71 B Bl A29) F 2AHAE AW T
7v 2,21 AL Tt mElch 7 ST, 2E A29)
Ao, ¥ 2AANFR AW FA= Si-0-81i 284S 0 ¥
A} (O1a, Ot AlHOA HE HRF} A3 thE 2 719 O
A} (O, Ow) At]] AzjolTt, o HA] Bl A 7H3 ¢k
Agt wd AdofA], & 2AXFZE AW FA= 162 AL
2 93 AYAA-HIO, +29| Hf-0 HZF A (1,27 A)
Hr} grt ol FUAA-HFO, (004):2) O YAt (O,
0102} Si (004)5/42] Si YA} (Si-1e, Si-ie) Abole] Aot
A, [00-1] WIFLR olFe On Ex O YA
Siga EE Sie YA A= silica?d] Si-0 2% 4o
(1.61 Ao} A3t 1,62 A2 & silica®t SAFRE Si—0 A
o5 e it (28], My (M = Hf, O, ShellA i AW
oz HoREe F9 A (e [001] B, S5
[00-1] Weholi j&= 1 Foll Esk= AR Aol

Fig. 4= olUx] IoA 7P ERAeE 291 A2

PN

Figure 4. The planar views of (a) tetragonal—HiO, (004)y//
Si (002) {(model A2) and (b) tetragonal—HiO,
(004)1/4/ Si (004)3/4 (model A4) along [100]
direction,
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Aeha] - Mat -

29} 71 QPR 121 HEl A4S HojErt Si BYo
urebA Aol YIAF 0 A7 ThEA otk AL &
 Qlal, EZE O YAbof ofsto] AHEA-HIO,/S19 9
& 27t AT, oA el g BorgE A
A -HfO, (004)y4/Si (002) 2AATZ (ZE A2)%] 3
%, A 422 2 742 O FA} (O, 017} Si (002)€]
Si Y& (Si-, Siw EE Sin, Siag)t A}
Si-0-Si& FAJ3HL Ut (Fig. 4 (a). ©] W Si-0 2
3 Zolx 2.02 Aoj1 Si-0-Si 2F Z== 147,147 ©]
o}, 2d A204 Si-09] dg dole AW A= si
PA7E si D9 AR (002) Hell EA8}e] silica®] Si-0
2% AR "ol Aos wekEc), shAN 2Y A29)
Si—0-8i A% 2L silicad] A3 % (144°)9F SAFSH
ok, E3H Si-0-Si Aol 5t} AHe] EAsk= Si YAt
© 39 Hifiet FUsHA ol offdA] A
SHA H AL, Si (002)9) AR olF3t 2 7He) O ezt
of &jgto] FYAYA-HI0,9] AMell= 2 749 O FFo] A
AEtt. ALEA-HIO,9 Fxol|A, FH 0 Tl ¢
st Hf fAlel 0 &9 spehysulzt 71&9 wig
(Hf:0 = 1:2)3 th2A]| WA e}, E3t Ao EAst=
o2 2 718l O P& (O, 018 Bi¢= 2 72 ¥ o
WAA-HO,9] Z-¢-Er} Zch, meba 2 A2 A
A7 5i-0-5i Aol 23 AWHA-HIO, T2l F
7§el O g5l Ad=of oA TN EHFE Aoz
k), A -HIO, (004)y4/Si (004)3/s ZHAFR
(&2 Ag)ofA] Aol 24213t 2 742 O YA (O, O
Si (004)srs 2HAZE] Aol X% 2 7] si A&
(Si-1a, Si-1)E Bt 0|58t (Fig. 4 (). °l= AR
AT 01t Orc YA} Si-12} Sioie YA Hi$I=7} 32
= A7) A wigie @ET 222 0 HA} o5 %
A2 WAt O} O YA aft b 202 22 9
Aol EAsh= si YR A LA S| 2R 47| W2
o Si (004)54] AB2 T3l o] 53R Y2 Aoz weh
ok

Fig, 5= 29 A29} A49] 3} s HolFE o,
visualization for electronic and structural analysis
(VESTA) toole] ARR-E|QT} [29). A}L-Hl isosurface level
2 0.0630|t}, Isosurface level ay’ (a = Bohr radius)
R Aste] ks uigith wd A4ollA, AHA -
HfO;p (004)1/4/Si (004)3/s ZAAERE] Aol EA3}= 2
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Figure 5. The charge densities of (a) tetragonl—H{O>
(004)1/4/Si (002) (model A2) and (b) tetragonal—
HfO2 (004)1/4/Si (004)3/4 (model A4) along
[100] direction,

7h9] Si YA BOZ 0,8} O YA AR} ol
& 4= Qltk. o= 0wl O WA v} olzhe
At ofviA TN 7P EE md A29)
£, Si (002)9] A YA si AR} 2 o] O YA}
(Ou, 017k ¢ &2 oFf 2 o] F3to] Si-0-51 A¥a 3=
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IV,
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QA A -HfO, T2+ Si 7jutat ofjmeA] Hgto) =7
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BYRA-HIO,/S1 2AAT AN A7) B3] F7
of wetA 8 7He] Edo] BHEct AAH 8 Y 2d F
oA Bd Al-4= Bd BI-49} FYF 125 27 "t
AU A -HEO, (004)y4/Si (004)ss ZZARTZ (R A4)
7} odA) TdelA 714 ebgsigion, of o £ 22T
Z Ato]9] AR FA= 1.62 Aot} 2d A40)A, Si-O
A3t 71271 1.62 A0 2 silicad] 790k FALSELL, AHe
ZA3H= 2 2] 0 YAkek si @RS Hj9l4Tt 302 o]
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chEh oy x| I A 7 BeHge R A
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Structural Study of Interface Layers in
Tetragonal-HfO,/Si wsing Density Functional Theory
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We calculated tetragonal-HfO,/Si superstructures using density functional theory. When
a and b-axes of cubic-HfO, were increased to be matched with those of Si for epitaxy contact,
c-axis was decreased by 2 %. Eight models of interface layers were produced by choosing
different terminating layers of tetragonal-HfO, and Si substrate at the interface. It was found
that tetragonal-HfO, (004),4/Si (004)34 superstructure was the most favorable and tetragonal-
HfO,/Si (004)14/Si (002) superstructure was the most unfavorable. In tetragonal-HfO,
(004),,4/Si (002) superstructure, there were two oxygen vacancies in tetragonal-HfO, as two
oxygen atoms were moved to Si substrate located at the interface.

Keywords : DFT calculation, Cubic-HfO,, Tetragonal-HfO,, Interface layer
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