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Abstract: A scale effect model of thermal conductivity for silicon film in fully depleted silicon-on-
insulator (FD SOI) metal-oxide-semiconductor field effect transistor (MOSFET) based on an
equivalent phonon boundary scattering free path is proposed to address the problem that thermal
conductivity of micro-nano scale silicon film suffers a severe scale effect. Phonon relaxation time
influenced by bound state and free state electrons was quantified by studying phonon scattering
mechanism in silicon materials. The analytical thermal conductivity model of silicon material was
derived. In-depth studies of phonon boundary scattering mechanism were carried out. Equivalent
phonon boundary scattering mean free path was obtained by solving the attenuation factor
function. Phonon boundary scattering and phonon scattering in silicon material were coupled by

the Matthiessen rule. An approximate analytical thermal conductivity model for nanoscale FD
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SOI MOSFET silicon film was established and verified by the original model of Asheghi and

experimental tests. Results show that the equivalent mean free path of phonon boundary

scattering in silicon film is about 2.5 times the film thickness. Phonon boundary scattering

dominates microscale and nanoscale phonon heat transfer process, determining the ultra-fast heat

transfer characteristics of phonons in thin silicon films. The thermal conductivity model based on

the equivalent boundary scattering free path approximation is in good agreement with original

model and experimental data, highlighting the physical significance of the attenuation factor and

effectively revealing the thermal conductivity of the nanodevice in a limited space.

Keywords: silicon-on-insulator; thermal conductivity; phonon boundary scattering; scale effect
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Fig. 1 Schematic diagram of phonon scattering mechanism

in silicon film

http: // zkxb. xjtu. edu. cn

DL 7S - o RO 5 . DR B ST i T AR BE AL
O F1A ik 9 JE A 5 SRS AR A W) 75 2 3 BN 5 R
A XoF 75 - ISR b TR IR T 608 52 o, 45 5 1k B RE I R
TR it $ B a] #E A 2] SOT T2 i B #4
FE,
L1 HEHEASEER

P - BREEESS F -A TROE R - AR PR
SSF RIS ¥ H O R R i AR A R o
(0 4 BB bR - 2 BRI B RE 05 ] TR ik
FEMRHE S A BB rh AT R AR e . TE B ik
T8 O REAT B A A 75 - BB I b 1
T HUR X B R AR

TibNb = Thohph T Tphiso 12

e zyop o 2R 78 TC ST U 5 K45 A 1 Rk A ORL A 5
BT AR 5 7)o 78 7 T 75 T ELSS AR R, Rk X
ﬂlﬂ:

‘L', T ph— BT(UT4
{anz/sinh(x) s ow << w < ws
T} TL.ph*ph - ]
0, w < w J
Tt oh = Bro® T
(13)

BREEE THRAEK BN FHETR. rplw®
718 P T - 5 TS MR A A e AR i S8 R A X B
21 5 k)

Vom®'
4’
b I ikl 7 5 SR 7 2 T BT i 22 A G Y
ZRREGV wom R TR, 1B T2 2 52 fik
Mﬂ?‘i&%?ﬁ(/l\ﬂﬁ%ﬁl\—/\iﬁﬂﬁo %k o I 5 Bk
SIAJG, EEE 5 6 R0 0 22 5 IR B 2E W
T 40 1) e o A 3, o) P BACS ARE R 0 AL OC &R
wmr

T;h iso =TI (14)

Timourity = ToM T Ton (15)

K aoon AR T 5 kI 22 ) BT 25 51 A

TR s oo’ 2 BB T S R IR 2 AR AR 22 5

A7 FHO RS . S B R 5 T RS R
Z AR F N

ToM = AaMw41

TaI\] = ASR(D4 J

P Agu M Age 43 BIIE T8 2% I 7 5 ik D 19 BT

R B X 22 Al 1 197 T
- RO E A TR SR TS
A T2 IO BN . 5 450 T T O

(16)




AR 55« o SR A I Tk 320 BT R A S R RLBE 28 A A 83

9
T/ bound_clec = w‘l(gni;)ziﬂf)‘ X (f) . { (UIS X (f) )+
(o 2 (2)) | 3eene EK?%%%;;;;(Z(nO%—nl)%—

m@+;§ﬂz (a7

K2 R RAE:A=13 meV KB AE L
TS 2 WA RE 2% s ny A1 ny 49301 0 B L 25 1 2
FHA TR FHRE . —RERLT 2 BUEHN 0.1
o SR A T 5 p R B bR o W T
Pl R S AR 3 2 75 K B - B IAR 2 B X (g) =
VI /A ay WEEEFHR LR g, =w/v;.
% Ke= /yNon/32a} .y HHRPLAH TN, BB
T . M =K, i, 54 4 8 25 5 5 6
P [ H T B R

_ (m.Ep)?ky T [ mo*
1 J— — J—
Tj.b_free_elec — 27'{{0 h4 U;Z- 11'1{ 1 + eXp(C ZTk B
ks Tx? | o }/[  omyt
8.0’ +5) |/ 1+ ew(c— 35
by Ta? x }}
— 1
Sm.v? 2 > (18)

Arfem, W FIHE; Ey=13 meV R ARG ¢
E H
7 B2 (3N, /m)*?

§= 2m by T (19
N q<<Ky W57 A i AT U
. _ yN.(Gm EpD*
Tja_frec_clec — 7{0 PryEyn) (20)
PR B R BT RE N RS - R T RO AR
Tj.ll‘rcciclcc = z-jilbil’rcciclcc + Tji.,la?frcciclcc (21)

25 L B 75 TR 4B 4% 00 ik M ORE S - 0 ABE 5 T DA
S
Tfl (x) = T;II’.NI) + Ti:r}puniry + ‘L'f.lbound,elec + Tji.lfreeielec
22)

1.2 BEHEASERER

B i PR A R T AR A A T R A R |
— i AR I SO R 3 A R R
B A 30 PR TR ooy i » D) FEE T S PN
T8 A R AR L i) Matthiessen #0045 2]

11 1

Cph Cph_bulk

1 T AR RON R - 7 73 A R iR L) ml
LI

(23)

(Bry_film

Coh <1+M> l (24)

Cph_bulk {Bry_film

http: // zkxb. xjtu. edu. cn

P 15 ik 3 BB 7 -3 R B P R R R B Y 1/
D, Ak ik R N R O 2 B R R S RE AR R
P H AR H A T L R R e L IR A
AR 24 HE S5 37

toh_bulk D

() @) (25)

Cph_bulk H g
51 A Asheghi £ 7Y o 52 3 [ 1~ (9 HE &, 20 (25) AT 2k
AL
F@)=(L%§fl (26)
(2605 Asheghi 81 #8 52 A 7347815, B
] SR AR A 2 T ek PR R BT X N 1) A R T
WA AR, M E IR A TR R, e
T T AU B RR R AT AR R T AU A R
Vs b

CBry.film T Ha”
M FAb 75 ¥ IR 2 B 5 A ek s A R T )RR
HARGR A G E . > 5L L A i i, B Ak
O KR 25 g 5 T AR X v - T P AR A% B
ABEARVEI . 45U T Lo RO R B, ST Ak A o T8
S 75 10 22 05 8977 1) A7 A BE AL X - T P AR
kg ok B AT T A IR AE . 2 R T S S AR
Joi o 75 ST O AR ] DU RN R

() 1 —exp(—4dnpw’/vd)
Hﬁlmus 1+ exp(—dny o’ /v)
£l ) T B G D= T e D SN DR B € s

T ! (x) =

@27

1 —
TBry film —

—1
TBry_film —

(28)

—1 —1 —1 —1 —1
T;.P,Nb + Timpunity + Tj.bound_elec + Tj.free_clec + TBry_film
Nl g

RER R BUR €]
(29)
F2 AL R AR T BN RT R 2 RN R Y
BRI R QO A = FREA G R
3 (8) (9 AN C10) rfr RY m 45 B4R A8E T I B2 48 2% It
WP R iy A S | RS R R A TR i R ) A vk AR
AL,
P 2 BT s by 3 9 1A 5 R BT A 55 A SCRT el gt Y
Tl T e R AR Ny e L X S B S A Y
i Yo A S AR A REE RN 5 Asheghi 455 84 4 301 AL
7% A R R RE R 1 A AR A A AR B
BB T O S RN ] 5N . AR SORE R
F 10 B R BRI R — A Bl FE L X Asheghi £
AU B U8 200 5 s PR R AT Ak B R A
RO TR L 855 25 S -7 T U o AR A gk
AR 7 B AR AL, 37 i B T Matthiessen #E 0
F18 S A AR A




H.
s
4

I %558

84 W' o
EZRBETF-ETHRY, BYARESTFHREER

t;,llib(x): T;,ll’,Nb+ T;ulapumniw+ r;,ll)ound_elec+ Tj,lﬁee_elec |

;_I A R At :

Asheghii SUH RS R | |

SIABRETF, BR F| FiMatthiessenilt {21, !

5 I8 B[R] 3 5 3% R REUA FHs =K |

1 .

=T R @F () R e :

{ i

A SR T O R |

| FiMatthiessen® |, & b o} AR 5 A e
P RE B R0 5 AR R R ﬁﬂ%ﬁ?ﬁilﬁﬂ%$ﬁ

T (x)_T]'be(x)+TBry_ﬁlm

Pl 2 il DR T o B TRT Ak 5 A T R 2 R B R
Fig. 2 Simplification of attenuation factor function and

modeling of thermal conductivity of silicon thin film
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with doping concentration and type
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3 pm-thick SOI top silicon film doped with different

boron concentrations
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Table 1 Error comparison between models and test data of

phosphorus doped silicon
SR 22/ %

Np/em ™ WREBORT 74 KD RIEXBCNT 74K)
AT Asheghi BB AR SCBIRY Asheghi #i7
10" 5.3 7.3 4.0 6.3
10 3.2 4.9 3.8 6.7
3X10" 2.7 3.0 16. 2 17.5
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