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1 NMOSFET % {4t 45 # 7 i [
Fig. 1. Structure diagram of the NMOSFET device.

TE MOSFET g (2t ia X, 3l H AN
HL R B ek s T ABRAE— 4 ekl i Jily o
LB, A A T 5 F O R AT AR Ry 129)
Ins(y) = —WQi(y)va, (4)
Horp W RIR S B BOA B TE R vy FRORINIE
T, Q R IZH B, KRR
Q1 = —Cox [Vt — aVis ()], (5)
Hrh C, FoR AL AL Z HES; o IR
T Vep(y) AW E B Vor= Vs — Vi,
Vi ABEREH. Vig = Vg — 0 Vg, 0 AIREL
P AAEAR (DIBL) 2% 1.
PR Y MOSFET #4, 5 BEAE TR HL i
755 P T PR T B SRR IR B A P R R .
T B B A L R FE A0 (6) R RO,
S — I 5 5 = IO AR S RS- BR IR, A
TIGUA TR RS R SR AR A L. AR T AR
VX, Z8% (6) 2 rg Y B i, 15 8 i
HEETN (7) R, Kb kg WBIRZESWEG B, R
RV ERE Y, T, R m B TRE. 6) XS
(7) NP T, v 5 B, SEFR PR A XA,

oT, on
Jn = nE nk' - k Te n,o 6
nqun by + np Bay+ B 'u(‘?y (6)
kg 0T,
= n E —_— . 7

(6) 25 (7) R AR R, FR3Z M TR
FOVERE FER 2, HL 5l TR B 56 2k 2227

/T3
Hn = [Hn0 ?];7 (8)

Ho 7 FR IR H Tr= T, = 300 K; uy %
7223 E LR () TR RS R 29,

Jgha (4) X5 (7) RIS IE B R, 72
1 (9) bR P R PO T e R

oW, 0 T,
W = — 67y (Wn + nkBTe)Ud + K 6y

+AE—QE;E@, (9)

Te
Hop W, 5 W, 4 B35 fF 75 HOP AR 4 D%
W T, WA AR, 9F B W= 3nkpTy/2,
Wo= 3nksT,/2; k FRMGH. B FIRE T, St
AR 7, IRER R (d= 10° W)

1_24d /H

e 3kt V Tp

H (6) 2L (7) 2L (8) = (10) FATA (9) 3,

20— KT, ARSI (oW, /ot = 0) Ho(nvg) /oy = 0,

TEARRE I T 5 RRIN % L8 iR BERR BE 221k, A
LS Ao F R R R - B A RIA A R

(10)

w0TogE,? _
T.(y) =To+%(l—e Pyy, (11)

bl
3kpnoToEy

2
vy = ——= |1+ cexp(—P-y)| . (12)

(11) A (12) AR SO B H - R AR R R
TR, TR (11) U0 (12) X, Fa
ST AL VA A DX A Y T R [ H AR A A )
R E XK E, = dVep/dy, IF LIEHEAE Vg
SESTSwlky

Y

)

{H 255 (13) 28 i 3 e kst AT —
SEMBRIE, 24 y — Lao I, IR B, — .
AL FIH B, (y = Loee) = Fo 3% — R0, AL
57 5 0 ) FEL B BN

dVeg/dy

1 ' dVes

1 -
+Ec dy

(14) 30 57 A TR E A 1] HL L. f (12) 300
(14) 2ACA (4) b, AR IR A 50N

Ves(y) = Vbsar <1 —4 /1= (13)

Ey = (0 < Yy < Lelec)' (14)

Hn0 2 -P
Ips =W (—Q <1 + -e y)
DS ( I) Te/TO 3
1 dVes
X . , 15
1+ ECB/EC dy ( )

H Eoy = dVeg/dy. (15) 35 s U5 L 7 AT

177102-3


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

¥ 1B ¥ Acta Phys. Sin.

Vol. 69, No. 17 (2020) 177102

FIR T TR | IERS R AR L K A I A
JE. TEZRPEAE X XS (15) AUHARE RIS y = 0
FMEFE RS y = Lae BT, THEHIRIRE RN

Leiec

” Hn0 ( 2 —P )
Ips =— ~Q) (14 eV
bs Lelec 0 Te/T() ( QI) 3
Ecg

1 + Ecg/Ec dy. (16)
(16) XH TIHAE K 950 75 18 MOSFET #34F 1)
T R L UL, FEAE S AR v 2 T 1 T K B R o Ak
AN S i 22 3 1y WIS | 2o e Y

2.2 FIREREA

THAE IS () 85450 7 B R i 2 fis Bl
% #E NMOSFET #F B B et X rf ) X
—R oy =y, ERERN Ay /NI (v, y1 + Ay)
PWAELE— 1 Z B8 BE 1 75 B R JR Av. MOSFET
AR L MR VA X FR I T AR 20 B 43 55—
SNy =03y = yp; B I AN y =y B
JEWT s y = Lejee- Bl 2(a) HMERHL IR Av 5T0ME
AL AR BRI R AT LU AL A ] 2(b) s
FLIR Ad 5T LR AR P IFIK HL . 767 T8
S AL MR ER IR Av TR N

(Av)? = 4kgT.AR - Af,
;H\:EP AR - AVCB/IDS'

(17)

J_ _IJ__r _IJ__l_IDerAids
= w——H—/
el
i (0, y1) (y1, Lelec) =
\ (a)

] Ing+Adgs
TT

A
At

(b) -

2 VR IE R R AU A R Y R A g [
Fig. 2. Schematic diagram of the transistor with a fictitious

dc source in the channel.

Al 2 Sl i (15) 2UiE S g s
FLIAL, 7% BEA ) L 37 0 VA T8 7 [6] 0 35 T e OS2
(15) X (1 + Ecp/Ec) W B AE S5 104
W76 0, 1) 5 (y1y Lotee) P BEALE I
PIORSRY TG RV W)

Y1
/ (Ips + Aigs)dy
0

(18a)

Lejee
/ (Ips + Adgs)dy

Y1

/VDSef‘f Lm0 ) p
= — W n QT (1 + —e y)
Vi+Av V Te/TO 3

1

dVes, (18b)

>< —_—
1+ Ecp/Ec

Hrp Vi A VDSeffﬁ%IJ%%i_\‘ Yy="mu Gl Y = Lejec J=
FYTEE L 4 (18a) X5 (18b) ZAHMIK Bk 5
HL U Ny = O 5 VB 18 5 ) B e W iy =
Leec BT, 455 (16) LA R BUFEERE, 7l 15
W o 2 _Pq)
1 _ Yy
Lelec \/Te/TOQI ( + 3e
1
X _—
1+ ECB/EC

I (19) S PHARFTr, IF4ha (17) Xl 1

Adge =

Av. (19)

(Aid5)2 w Hn0 < 2 _p )
=4kpgT,| — —F———= 1+ eV
Af B Lelec 1/ Te/Tg QI 3
X L ]ZAR
1+ ECB/EC ’ (20)

Hi AR = AVig/Ing, ¥ (20) AELM A TE X P
WIHE MR FE S y = 0RRA R RS y =
Lo WIBRST, 135 HAME RS K20

Sid, thermal

VDseft
_ / 4kBTe[W Hin0
0

2
1+ epy)
Lelec \/Te/TO QI ( 3

1 21
X ——————— | —dV
1+ECB/ECj| Ips

w 2 4kgTy Letee 2 P
= _— 1 —e Y
( Lecle MHO) IDS /0 QI * 3 ¢

2
:| ECdev

1

1 + Ecg/Ec
Hrr Ing Ry (16) X4k 4 16 MOSFET #%
PR TR I AR (21) 375 18 T V80 KR 9 1 &40
FEAE T3 A P 2 08 T YA TE R ) L A VR A AR

(21)

177102-4


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

#) 32 2 3R Acta Phys. Sin. Vol. 69, No. 17 (2020) 177102

PR RS S, AE TS I AR T B8 T A TR
JESRNE R R AR A5, [ (1 +
(2/3)e Pv] T2 F& T R Y JBE Ao L ITUNS SV A T 5
ARSI

2.3  ERIMREREA
it (1) A EHRFEERT (16) 20, 18 EoRg
GdiOE ST

W Le]ec MHO
Si shot — F-2 -
d,shot q Letee Jo T./To (—Q1)

x (1 + iie—f’y) -Hgﬁdy, (22)
Horb 75 (11) . 4 F = 1R, (22) XN
4 HOKL MR 7R &R X & Y4 8 NMOSFET #§% 14,
(22) KA [1 + (2/3)e P Ecp WAETT RIS 4545
TR ] FL A R TR R BRI, R T YA A )
Y 55 H B A AT BIORE R 75 5 . 6] T
i MOSFET g/, o TR L | 8 R REARAL
MR TR T 28 S T AR kR, A LT
A IOk = A, (22) SEE I FHE TAE
TE 58 SR X (K56 7838 MOSFET g5 ok g s
TE)TE R 1) PR 37 R EL T L M B Ok M
TR % (16) XL (21) X5 (22) AT
A (3) A B, Ha g R e T ik
P3SN Xof AR 7 1 ) R A sl A B B T AE
X SEA PRV A REIE T, FBORE M 7 7 i e M 7 e
FL iR, DA G IE MOSFET #F (1) M s 4L H it 7
PERGH AR

3 AT G b
3.1 fREREEER

(23) 2N (25) 2 A% e 1 T Y5 H U R 3R =X
(23) FIE T IIE K B RHIRON, (25) XF T
TR R R ) R0 RN AT S R AR ASONE . (24) AN
(26) AT (23) ZUF (25) AR E TS
Feika 103152 (24) AT T T8 38 K B2 Pl &40
AR, (26) 75 18 T IERS RPN, JF HAET
fegim TIREHRE T, = Ty(1 + E,/E)" (n =
15k 2)B8 2 pE T PR TR

1574 Vbsett
fos=pomm [ (CQUAV.(2)
elec 0

AkgTy (W 2 Vs
Sito = — O( ,un0> / QidVes.  (24)
IDS Lelec 0

(23) 2 (24) 2 B H T BORL R 75 FIHEL
MRS R R . F A S T VA K A AN
B2, XF T4k g MOSFET #3F, (24) X4 7E
—E AR AR B s A (3) L (23) R
A (24) 2T ORI 75 40 I R, T2
(AR B 23 Bt i 1 R s/ N R B R R, AT
R VB0 S L 28 2 1 W P L LA B IR, M 7 e 12
RAF AR SZ A T .

%% VDsefr
Ips = T M‘n/o / (=QndV,  (25)
elec 1+ DSeff 0
ECLeleC
W 2
T.UHO 1 Vbseft
Sig=| —de— | — / Ak ToQ2dV.
. Vbsetr Ins Jo
ECLelec

(26)
ART (16) 345 (21) ANH ISR TR XTER R
iR, (25) X5 (26) X% SRS B XHTER
FREEARATEN , A5 2200 7 IR BB

3.2 HMREEEIENTESSH

KT =055 B MOSFET #3414
TEE SR XIS, 2800 RS o i s HLER A S, X6 4
FRCRENGE 7 | 9 T AR 7 R Ak Mg s f 0 s PR 73
PR, FETHR S 1he v R A T T H T AR 18 3]
R AN PRI TE K EE R RION 1Y Ingo((23) ). %
& T VA IE KR PR O S 5 B0E S R AR
1) Ing ((25) 20) LA B AR 3¢ 3 37 1% T 5 AL i A 22
Ing((16) 20). T UL i s i 2y, it (1) X
T B A ORI S 70009 Soos Sshott PA K Siots
Horr S0 0 2F BRI MR R B AY (22) U F = 13t
BAL. JRE T DA T 05 R R TR R X 7 (14 V) A R
BRI 500 Siqo((24) 2X), Sar 5 Siqe (509 F R
(26) R MGG FIRERIIE n = 1 il n = 2)
DL R S ST iR BRI P AR S, ((21) 2. AN
gh Ay (3) ST RO R S A 3R R R
Fy (B3 Sporo 5 Siao W), Fr (B3 Spors 5
S TR, Fy (3T Spon 5 S 118 A1 F (T
Sinot 9 S WH), Hrh By, Fy F1Fy R G G Al
AT, Famad $ B R A T

H T AR ROR [ R SE R ) MOSFET #%

177102-5


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

#) 32 2 3R Acta Phys. Sin. Vol. 69, No. 17 (2020) 177102

PER ORI REE, FEF 3R [35,36) H NMOSFET
WS EO BRI T R840, 20 #1110 nm %
T 1) YR T8 AR | 4 O M 7 R ORI 7 0 7]
. BT MOSFET #4418 5 P A S i 35 22 1
Ji 2B A2 AR FL ) S S T 5 i) 81 AR M
RO RS ) R, DR MR 2 i R 1 B S
T R R

K 30 38 K BN Ly = 40 nm B,
NMOSFET # {4 (1) 7438 M 75 55 4 ok M 7 Bt i
V5 B H AR AL IR & 4 Shriokr s i
BiEL AR i P R AR A R 2. 1] 3 b S B R
Siq(exp.) RUETSCHR [14].

H & 3 B, PR RIRL S ((21) =) 31
25 S O P R P AR R, 5 SRR Sig(exp.)
FEAR =S FEUAERSCER T, L = 40 nm AR
SR ORI P I — N EE Y A, A TR AR 1Y B
T, NMOSFET #4101 75 HIL I 4fy o ) 18 T
T A AR Sy A2 A A Ok g s 12000 TR T (1) SOk
FALSERIIEME S . 255 18] 3 i B G BRI Y
THE LSS R 4 st O g O 7 0 ] R R A,
ISR AT H R 5 e BT, ORI S
LT iR W &S g LR R S R BE, A 25 4 Hh 3
RN EERE. 455K 3T H (21) XitHE
I S 5 P 4 v X R A HICRT B S 1 4 PR
F, W FR, AT b 2 Rk 3 B R B T
K% 7 7E NMOSFET #rfFRl#E Asg s BIX, Sy FEA
REAS FH T 10000 25 475 A A0S MR P | DX IO P RO P 7
05 - B AR B2 Bl Vigg 35 T 1 3 AR
FH T 3 AT, AT A e A A — AR AR
TR AR HOR I R A — e R
T AT, S ECTE 43 B IO M P 0T ok 5 M P 114 52 i
IR ) 2.

Leff = 40 nm HTJ‘, T’ﬂ—:fmﬁﬂ/ﬂ*%i@($, %Fﬁ
AR B IR R SR FAE R B TR M | (A2
Mg P A TR B () ), 3 — 7 VA AR — i R B )
25, HIE 3 5E 4 AT, A0 AR AR AT LA
R RAE AT 1 V8 TE MR, T HLR MR (H
&, TERRIFRITE A G0 S R XIS, P 4 A EoR g R ()
I H 7 F AR, SRR BN B 2 —.
WHESR Ly = 40 nmf, 7EASF5R B X ) 45
A1 S R TS AT R A RS | (F R ARG B
T NMOSFET #§4# M s HILER R 30 1 1) F5os Mg 7s
b A s, SXCURRH RS EORE I 7R X R M R Y

SEMAAIIREL I, (BRSSP F I S PERE A R R 2 20T
I ANBEZAL.

103

102 L

Sia/10723 A2.Hz !

101 |

= Su(exp.)

100

0.5 0.6 0.7 0.8 0.9 1.0
Vas/V

P 3 AR M P ARG 7 A D5 f L R R B R A (L =

40 nm)

Fig. 3. Full-shot noise and thermal noise vs. gate-source bias

voltage (L. = 40 nm).
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Fig. 4. Fano factor of shot noise vs. gate-source bias voltage
(chf =40 nm).
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Fig. 5. Full-shot noise and thermal noise wvs. gate-source
bias voltage (Lgy = 20 nm).
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Fig. 6. Fano factor of shot noise vs. gate-source bias voltage
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Fig. 7. Full-shot noise and thermal noise vs. gate-source bias

voltage (L.g = 10 nm).
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Abstract

With the development of the semiconductor manufacturing process, the size of the metal-oxide-
semiconductor field-effect transistor (MOSFET) device has been on a tens-of-nanometer scale. The shot noise
appears in the excess channel noise of the device, and the noise mechanism of the device begins to change
gradually. Due to the fact that the electron temperature gradient is neglected in calculation and the significant
enhancement of the lateral channel electric field are not taken into consideration, the traditional electron
temperature model and the thermal noise model underestimate the effect of hot carrier effects, resulting in the
underestimate of the thermal noise. Moreover, the traditional drain-source current model ignores the electron
temperature gradient in the calculation and does not include the effect of the electron temperature on the
mobility degradation effect either. Therefore, the calculation accuracy of the shot noise and the Fano factor on
the basis of the traditional model will be reduced to a certain extent as the size of the device decreases, thus
affecting the analysis of the noise mechanism of the device.

In this paper, we establish the channel electron temperature model and the electron velocity model by
solving the energy balance equation, and develop the drain source current model based on these two models.
Moreover, the shot noise model and the thermal noise model suitable for devices below 40 nm are established
based on the drain-source current model. Meanwhile, the Fano factor of the shot noise is calculated. The
influence of the MOSFET device size on the noise mechanism and the Fano factor of the shot noise are also
investigated when the device is under different bias voltages. The results show that the accuracy of the existing
thermal noise model and the shot noise model decline as the device size decreases, which eventually leads the
Fano factor of the shot noise to be overestimated. When the size of the NMOSFET device is below 20 nm, the
shot noise affects the device noise in the strong inversion region. With the size decreasing, the characteristic of
the noise mechanism of the NMOSFET device changes from the characteristic of single thermal noise to the
common characteristic of both the thermal noise and the shot noise. When the NMOSFET device size is scaled
down to 10 nm, the channel noise of the device can no longer be characterized by the thermal noise alone.
Instead, the noise mechanism of the device changes and is characterized by both the channel thermal noise and
the suppressed shot noise. The shot noise has become an important factor that contributes to the excessive

noise in the device.

Keywords: shot noise, Fano factor, electron temperature, short channel, field effect transistor
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