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Footprints of CMOS Technology Innovation [1]

Previous p 10 I\H/Iigtrz]i_lkGate
’08 Ect)rv?/nlleclll? High-k
p 04 Egv(\elslf c]c])ntrol New
%|\7/IOS4 p W '02 Low k
MOS3 Cu Interconnect

‘06

p 0.18um | %° Logic Based eDRAM

'97 STI
p 0.25um Dual Gate / Ti Salicide

,CMOSS

0.35um
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Compact modeling technology in 3D-NAND flash memory development

Memory Area

Row Decorder

Memory Area

KIOXIA

— Bi state switching device

Fully customized model

BitLine

Deep submicron CMOS

— Smaller Die Size
— Faster burst cycle-time — RFCMOS
— Low power consumption

© 2021 KIOXIA Corporation. All Rights Reserved.
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MOSFET
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@ Network Analyzer For S-parameter Measurement

Keysight Technologies
Rhode & Schwartz
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Semi-Auto Prober latest model to access
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RS
S Resistance
_______ 1o ~-
\CSO%( _/ BEOL oxide
J: substrate J_
T _
Si Substrate
=

RSUB - CSUB

Eddy current loss Eddy current loss

Cox, Csub and Rsub represent equivalent circuit of Si substrate

iNn most cases.
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Y matrix
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Y3
@ ‘ -Y12=-Y21 ‘ @

Y1 Y11+Y21(=v12) Y22+Y21(=vi2) Y2

« Conversiion from S-parameter to Y-parameters.

 Generation of “pi-equivalent” circuit using Y-parameters.
KIOXIA © 2021 KIOXIA Corporation. All Rights Reserved. 16



Step 1 Low frequency

=-1/wImag(1/Y1 -T- RS=Real(1/Y3)

 Assumption “CSUB” << “COX” is valid in most cases.

« CSUB node can be treated as “OPEN” at low frequency.

KIOXIA © 2021 KIOXIA Corporation. All Rights Reserved. 17



Step 2 High frequency

P A AAA P
RSUB=1/Real(1/ZSUB) _

|
zsuq : : T CSUB

S =Imag(1/ZSUB)/®
(1/Y1)-1/j/w/Cox _;_ ! _;_

!

* Define “ZSUB” by subtracting Cox impedance from 1/Y1 .

« “RSUB” and “CSUB” defined by real and imaginary part of “ZSUB” respectively.

KIOXIA © 2021 KIOXIA Corporation. All Rights Reserved. 18



RSUB=1/Real(1/ZSUB) ZSUB

Complete formula

37.9 Ohms

KIOXIA

E

Cox
=-1/0 Imag(1/Yi)

-
41.27fF

| ﬂ
1E10 BE10

— CSUB
=Imag(1/ZSUB)/®

|
222.7fF

m2
freq=80.00GHz
(Csub=2 227E-1
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MOSFET & (& {alh ?

l @ J—MEAI—>CoxZNMUT

Fr ) EBRZ
E
Cox Cox = T_ox [F/cm-]
Tox @ J'_ Oxide Capacitance 0x
; Esi 1
L Cd Cq = W ""§' Cox [F/cm-=2]
N+ T Depletion Capacitance[ N + si
Ca 3T
Wsi =n—-—1 _ oX
Depletion Layer width Cox Wsi
=
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TFr I EEZR 2 B4
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No. of Model Parameters

~ TR
CMOS RS> RAAETIVDEE
1000 BSIM4v4
O
BSIM3v3 o " °°
a = MM11v2
BSIM3v2 = PSP101
O
SIM2 :
HiSIM 1.2
100 HSUP28 LS
@] (@)
LEVEL2 %’SIWH@MMQ ?
) BSIM e} EKV3
-~ > EKV26
10 r earlyEKV \/ LEVEL3 EKV
/
LEVEL1
@ Including L,W,P scaling
©  Without scaling
1 i
1960 1970 1980 1990 2000

M6

Years

W.Grabinski “MOS-AK”, IWCM2007

2010~

HiISIM—LBEXE

BSIM—University of
California Berkeley

MM9 (MosModel9)
—Philips

EKV (Enz Krummenacher Vittoz)
—EPFL (7\\4’7\)
TUC (FUv)
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GateU—J&EiR
2RO — B SmartPhone (@1{&Transistors)

B&,/)1L

loff/Tris ~100nAp D & jl> =0ff Leak Curre@@g:%;

Gate leak current is not ignorable due to the higher tunneling probability
of thinner gate oxide

: O

DO S
S D

? Igs Igcs Igb Igcd Igd ?

<— —> |

A 4
=>Gate Induced Drain leakage current \/ 7 K_,

In latest CMOS compact model, several current sources as I, I, 1,4,
I, (lgcss 14ca) having Vg dependency, which gives bias dependence, and
mathematical smoothing transforming function from accumulation to

Inversion mode, via depletion.
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BRNBELSEDD,

—>
SA Gate SB

«——>[ [ |<——>
Source Drain
Stress n+ / \ n+ Stress
STI STI
P

This was focused as a big-problem to degrade Transistor performance from 130nm

generation.
1+ p,. (SA,SB)

Recent Compact Model formulates off =
Vth shift as a linear form of SAand 1+ P it (SAref , SB,

SB difference from reference
Transistor. Py = KU 0(|nV _sa+Inv_ Sb)

SA \él SB VTHO=VTHO,,, + KVTH O(Inv_sa+ Inv_sb—1Inv_sa, —Inv_sh, )

1 1
Inv_sa=——, Inv_sbh=———
- SA+0.5L - SB+0.5L

1 1
, Inv_sb,, =
SAref +0.5L - SBref +0.5L

SAref, Sbref -> SA,SB value of a reference MOSFET.

) Hett o1

yd
T~ 7

Inv_sa . =

© 2021 KIOXIA Corporation. All Rights Reserved.
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Vth [Volts]
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MOSFET with adjacent well boundary tends have higher Vth. This is due to the highly doped area
generated by back-scattering of impurity atoms against photo resists. Which occur in the Well lon

Implantation process.

High Energy lons WPE = Well Proximity Effect

l l l \ l l l / A highe
Well Well Boundary  Vth
-'":gate'l : photoresist ED

Channel region = 7 STI

Substrate

Recent Compact Model formulates
Vth and Mobility shift as a linear form of SCi (i=1~4) .

Vth0=Vth0,,+KVTHOWE - (SCA+WEB-SCB+WEC*SCC)
peff = peff, = (1+KUOWE ~(SCA+WEB=-SCB+WEC-SCC))

(SCi (i=A,B,C..), is effective distance determined by the use of SC1~SC4
(between outer edge of MOSFET and Well boundary) )

KIOXIA

1.000

0.100

Thin-oxide NMOS

— model

< W/L=0.9u/0.216um
A W/L=0.27um/0.216um
0O W/L=0.6um/0.24um

© 2021 KIOXIA Corporation. All Rights Reserved.
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Test structure design. Phylosophical
PERITEG change
Bulky patterns

for CV modeling -

GSG-TEG

s SL-monitor
=) EEE - BNl

H =1

Full-Auto meas.
High-volume meas. 120 GHz

Semi-Aute

Manual measurement. Not -
enough numbers of datasets.

— | -?j .
_\ / =
: Accurate AC stat .
SIS EIe) 718 1S ysical stat model Fab-Link model
Fixed use of Typical model. D Ruaimeve || e
Over spec was set in Corner -
and MC model. » \ B e

T : principle comBonent S

2 ;,_.g_y 500MHz
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High Volume measurement
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Issues of high volume millimeter-wave measurement. [1]

— Precise Probe skating
— Precise Wafer alignment

— Hardware Drift
» Mandatory frequent de-embedding

Plot __DataPro_data__/Device1/thru_spar/s11_Variance

.
-
.
Tem
LR
~]
. R s e o
@ IR
. . see» "eRre

RF-CMOS
12 inch test

wafer Mean=-9.80dB
> 100 Dies Sigma=0.13dB

—ENAIE DI (ERR1D D S/NSDBigDataHSH BIEE(C.
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Design of scribe-type GSG test structure.

Compatibility kept upto 35GHz. Needs improvement.
Conventional GSG Scribe-line Type GSG

5 Signal line
¢ |stancen q stack/width
- g T B8 |
I I A | — -
| | Signal line e ————————

...................
o 0 20 30

Optimized layout has been determined by SOLT de-
embedding with simulated data of SHORT,OPEN and
DUT patterns.

& o
TTTT

- S21

N
=]
T

=
@
TITTT

20*log10{Histogram Making Point) [E*0]

20*log10(Histogram Making Point) [E+0]

s.m.11 Histogram Making Point

s.m.22 Histogram Making Point

g 5 E
E E 201~
@ 4
g a i i 2 = i ;
' R e o Y G R T fEat1
] freq [LOG] A freq [LOG] A
freq 40GHz 40GHz
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Test structure design for
high volume measurement.

[4]
HENR-="HEN
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Test structure for ONE GENERATION

KIOXIA

s-parameter evaluation for Inductor
> Equivalent circuits model
7 - Electro-magnetic analysis model

DC/s-parameter evaluation for MOSFETs
- Equivalent circuits model

—->Spice parameter extraction

—->Noise model (Flicker and RF noise)

s-parameter evaluation for resistors
> Equivalent circuits model

s-parameter evaluation for capacitors
> Equivalent circuits model

CV/s-parameter evaluation for varactors
—>Equivalent circuits model
->Spice parameter extraction

xMetaI-Line Evaluation
—>Equivalent circuits model
->Transmission line model

© 2021 KIOXIA Corporation. All Rights Reserved.
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GSG-Test Structure for Device Modeling

Target
In between reference plane
System System
Reference Plane Reference Reference Plane

Plane

SUB
Contacts

Avoid Oscillation
Due to poor
grounding

Taper
Avoid reflection
Gradual taper
preferable

Symmetrical

KIOXIA

© 2021 KIOXIA Corporation. All Rights Reserved.
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Complete Set for Precise Device Modeling

1. DUT 2. OPEN Parallel C Subtraction
B B T e 1 = [ unsasaspanspasnsssn| || .
| psub prsub || ! pswp | Z2zzzzsboeaBizcszcs | pow | SImply remove
1| +BG +BG |1 I +BG sssssEsussnbesssnns | +BG I device cell from DUT,
1 1 | SR — ’I, ChOp signal line at
! ! : CLLLL ~_———_ | the point of reference
I I I —— ' plane
Al-[- Gate Drain | ¥ I Gate Drain |1
1 1 1 ! |
I I | Reference Plane 1
| 1 1 1 | | | 1
| 1 I I 1 I
1 | Source I I Source | | 1| Source 1 1 Source | |
A Al - LA
A :li AL2 fl:l A
AL1
mmmm  Poly-Si
3. SHORT Series L/R Subtraction . 4.THRU Verification

I _p_b_ _.._.._.:.i... ._.._.._.: _P_b_ll OIND NN DD EEE

SUD | pennoposogasosaan | FSU P-sub | O SuoEmEsmEmms
I\ +BG | nocooeehesckomemess | +BG |I +;uG mopoEmEmEEmoomps | P-Sub
[ R etmnchoochooma [ somsomsooooemos | +BG
| mEEpodE@na I . omEmommmEm
I I ...i...
| i ' .
i | cate Drain- 1# I Gate . Adjust Left and
I I : Drain ]
1 Reference Plane I ' R]gb t pattel‘ n to
| | .
| e : configure THRU
1| Source 1 1 Source || Source line.
| S R M _______ 1 Source

B B
A I:Ii fl:l A
— e .
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OPEN and SHORT De-embedding OFII#

—
zZ'= 21:1 Z?IE
ZIE ZEZ

- STEP#
Z

|:le£1’{031' +Zunr

ZLyssorr + Zipr
Zisiorr +Zopt  Lnsmort tLnnT

| ' Z 11INT Z 12INT
VA4 SHORT |:

ZIEL‘\"'I ZEEL\T

STEP6

Znr = Spr

STEP1 -
Spur = Ypur

Yo = {Yuom +1;  Faoeew +10
DUT =

Faorew t 1y Yoopew +122

Y(DUT)-Y(OPEN)

~ : l Actual Device

HORT|

Sorew — Yopey

H 20PEN jrl? OPEN

STEPZ2

PE.T N

-3

# YSIHGR_T _}ZIEHORT

7 _ Z,, srorT
SHORT — |

_lesa'aﬁr

212 SHORT

¥ _ l|l?rl 10PEN I’1 10PEN
OPEN —

ZEESHGRT_
|
P — >

SHORT —

\

SSHORT - YSHGRT

|:}7110PE_’\" + Y;IISHORT 4
I’IEOPE_’\" +1 Y,

12 SHORT

I

Z{Y(SHORT)-Y(OPEN)}

EESHORT })-22 SHORT

Y. -¥ EISHGRT I‘IESHORT
SHORT OPEN — ! !
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De-embedding (STEP1)

Realization of| PAD capacitance | ln.DUT data. '

o }IZOPEN
I DUT ) F——ww
5 -mk‘ D
<->. e Tvv‘\_.,_."l ’.-l\.-\,_._| Ld : Drain |
Gate e Rg “
€L '!Ig I L Ca
—_ | I+
I
|\‘I I
o |

I(l 10FPEN + If].Zr_'J.F’EN

vorev T Y20pEN

-

Spur = Yopur

vy Yipur
DUT —

IKIEDL’T

I(1 2DUT

Y5 pur

}

Y 0eev + Y1

Yropen + 11

Yiroren + 1a

Yyroren + Yoo

T o o o mm omm mm mm mm m mm mm m— w

T

Y-matrix operation is useful to
operate Il configured circuit

1. DUT

P-sub

P-sub

+BG +BG
[Eae
Y, S e : | Drain-|- &
T
T A J%E\
--------
Source Source
A \:i AL2 fl:l LY
AL1

mmmm Poly-Si
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De-embedding (STEP2)

P-sub
+BG

T FRARERET

T
| RBERT.

OPEN pattern simply contain PAD related parasitic. o | [

Source Source

OPEN S
Cod Radp
Yropen -
Q'—' Drain
Gat [ ;
L L cd . .
T Yyr0pen + Yi20pEN
Y, open + Yoopen _ Substrate loss ek :
- i”g“ Resistive and Capacitive <™*

Y-matrix operation is useful to
operate Il configured circuit

Soreny —> Yopew

}r . }]. 10PEN }
OPEN —

120PEN :|
}1 20PEN X 220PEN
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De-embedding (STEP3)

Y(DUT)-Y(OPEN) CPADDBE%®iHI D

Y(DUT)—Y(OPEIH\D

=
¥ bur — YOPEN

:| _ }?lll }TZ _ }r!
}rllz Y—Z‘E

. . ! |

sm—- J ———————————— . Soren = Yopew
! T 1
| ¥y,
| = : y _ Yiiorew  Yioorew
| , : | OPEN ~| y %
: Y +1,| | +1, : 120PEN 220PEN
1 I
| |
. A4 \V4 !

/!
e e e e e e e e e e e e e e e -

SDLT — YDL'T

vy = Yipor  Yopur _ | Biopev + 113
puT = =

YIZDL"T I/224[1'3;"1" }JIZOPEN + }12

Yoorew + 11

Yy 0w + ¥

|

© 2021 KIOXIA Corporation. All Rights Reserved.



De-embedding (STEP4)
STEP3{&MDIREB LD

After STEP3 operation, transistor and
series L and R of unwanted wiring are left.

115HORT 12 SHORT \ 22 SHORT 22 SHORT

\\ Z 12 INT fj
x\h | ’H/
Z{Y(DUT)-Y(OPEN)} N - -
Y' > 7'
Z: — |:le Z12:| — |:ZIISHORT + leﬂ".-']“ ZIESHDRT + ZlEINT
212 222 ZIZSHDRT + Zum-'r ZZZSHDRT + ZEQINT
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3. SHORT

De-embedding (STEP5)

AofRA D2 R A S1E

zZf Y(SHOR@-Y}OPEN) )}

Ssmorr — Yemorr

v | Niopen + Yismorr
SHORT =

Yropen + Yiosmorr

Yroeen + Yasmorr j|

Yor0een + Yorsmorr

115HORT

‘}]1 1SHORT IIIESHOR}'"

7 . S e
YSHORT o }OPEN T o }SHORT

K)SHORT };ESHORT

Unwanted series L and R can be

obtained by Z{ Y(SHORT)-Y(OPEN) }

125HORT 2 SHORT 23 SHORT
T W | Z-matrix operation is useful to
| operate T configured circuit
§ Y, .SIHORT —Z ISHORT
E:' Z 1I2 SHROT Z" _ |:ZII15HORT ZII2SHORT:|
SHORT — Zr ZI
Y(SHORD_Y(OPEN) L 125HORT 225HORT
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De-embedding (STEP6)
(STEP4)DIREED'S (STEPS) DFERZEIRK I 2> M5 XA I DIERE,

STEP4 STEP5
Z{Y(DUT)-Y(OPEN)} Z{ Y(SHORT)-Y(OPEN)} _ =
Z matrix of TRANSISTOR
r r - ! ' Zr Zin
'—>2Z7 Yerorr = Z szorr Z'-Z s = {an' Zum}: Zr
. - T . , 12INT LT
7' — |:Zl isrorr T Zunt Lusmorr T Lonr 7 N Ziisuorr  Ziasmorr
Ziyshorr * 4uone Lasuorr T £ | SHORT Zrsuonr  ZarsHort Zpr = Spr

Readly for unveil device behavior !
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03

Fab-linked scalable compact model.

- How is the typical model specs ?
- Linking MC model and In-line data.
- How to corporate with factory for high yield.
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What is needed for RF-CMOS compact model ?

Scalable and compact

For portability, parasitic elements should be scalable function nf
Lg (Gate Length) and Wf (Finger Length)
NF (Finger Numbers)
Length Of Diffusion (SA,SB,SD)
Accurate for all design purpose
LNA (NQS effect, Thermal noise)

Linear: S-parameters > 100GHz

Gate

De-embedding: SOLT ? TRL ?
VCO and Mixer (Harmonic distortion, Flicker noise)
Flicker noise close to the carrier.
ACPR, EVM
Power amplifier
Self Heating
Load-pull

KIOXIA
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Physical configuration of RF MOSFET

Variables need to scale
Gate resistance . RG, RD, RS
Overlap capacitance : CFGD, CFGS, CBD
Substrate resistance : RBPD/S, RBD/SB
RBPB

Diffusion

resistance
Source/Drain

Gate Polisilicon Substrate resistance

Resistance

Source 11
’ ]
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Cold measurement helps to extract layout parasitic. [1]

Source and Back-gate grounded
VG=VD=VS=VB=0

CFGD=I:H[Y]2.] R
RD
| = >
w RS fode
Port RG = BD Port
G CFGDA | Dl Cope=Im({F,,+%,) D
Num=2 GBpUISCGS Smeds Num=2

iyl
EN
bolies]

DSB

34
% RDB
Ry = Re(Zu - Rnsa.]

Port

CGE+CFGS - ].fﬂ[I(” +I{]:-

_ imag(ys; + y12) _imag(y11 +y12)
BD 2w - freq GB 2w - freq
Corr = —imag(yi2) _imag(y11 — y12)
FGD 21T - freq ox 21T - freq

Rasy = R ( ! )
= e\ —
dsb Va2

Source and Back-gate grounded
VG=VDD, VD=low, VS=VB=0

R.— Re(f,) RD(RSJERE(ZJJJ
" Iy RD
G g 8
Mum=2 gg""y % Sds Rpe Re{%\i MNum=2
g _ \T22)
. fol) | | RDSB
% RDB
l ,::ﬁR (Z1,— Rpsz)
sB
O MNum=2
_ Re(y11)
G~ 2
Im(yqq)
Rp = Re(z44)

Rs = Re(z,3) — Rysp

Good indicator of transistor monitoring.
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Scalable parasitic model vs. measurement data [1]

Gate ReS|stance

Sl Koo ] | NQS el Substrate Resistance

KRGLI

N, © L

g Two components
LA oL b R

. SO ISR P
N
z ::::'\:::::::
ERSRERREREE R, N -
Y

Mormalized gate resistance

| Lg*WFeNFr )

| gl

0.1 i 10
Lg [um]

NF-1*Wf-1

\e

“\__L____ﬁ

1 I SR I S Te———

Mormalize d Capadtance

Layout dependency works well with many CMOS generations (130nm to 40nm.)
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Q1 Does RG scaling follows classical ohmic-law ?

Wi
Lg - Nf

RG :/Orgk

K : constant depending on the configuration of gate contact
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NO : Gate resistance behaves complex behavior

LV NMOSFET
Wf=1um, NF=40

8 K ® )
c RGL2 =
g 4 {LNL}
; A SR ——?
o 3 ] N . .
% I—g 1 < 0.01 0.1 1
a0 -7 Lg [um]
§ 2 ’/, L I
— \ , o
= \ L7 g
£ 1 O T ~ —— 0O model
z . @9 ® \eas.
0.01 0.1 1 10

N

Scaling dependence of Rg on gate-length (Lg)
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Scaling dependence of Rg on W{/Nf

NMOSFET
Lg=50nm
5 WF*NF=40um
. | 2um*20
W, + KroLs O
4 I Wf _
- 3 NFWf | N
3
€ 2 0.5um*80 B
O NS -
Z \\\ /,
a | C/ 1.0um*40 O model |
NF*Wf1 .-~ ® Meas.
o |
] [ IR
Wf/Nf
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Q2 Does capacitance scaling has unique behavior ?

NO : It is NOT unique behavior.

— Im(Y
CGB+CGS GD ( 12)
g 4 ,/' Cos = Im(Yzz +Y12)
£ ,0
8 3 el CGB +CGS — Im(Yll +Y12)
8 Re
o /’
N2
g o7 CGD
2 1 L S
I3~ HE S EEEE 13 | CGB+CGS
I .
0 [ | ; EERE CDB 11 ® <
0.01 0.1 = S a CGD
Lg [um] 1 — - o __ Y
g 1. CDB
= 08 Shorter Wf
£ 07
o s D s e 0.5 . VA —— i
T | [ [ T 0.001 0.01 0.1 1
TITI
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Observation of the RB scaling

1

; RShl'Lg'ﬂ-l- Rsh2-
NF

Wi - NF
2.5 10 ‘
2 2 O 2 8 \)/
f 3
NF*wWfl | &
; £
2 1 2 a '
O 1//
0.5 j 2 o _
; | \ . S/

100 150 200 0.01

0 50
111 wene N THHETED
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RF-CMOS modeling summary

Item Geometric
Component name
name dependency
NQS
Gate resistance RG Kreu L + KroLo W, + KroLs
N . ? L, W,
G-B capacitance CGB CGB =K - Lg - Nf
G-D,G-S overlap CFGD
capacitance CFGS I'<RCL\Nf N f
RSUB1
Wi 1
- RSUBZ | Rshl-Lg-——+Rsh2-
Substrate resistance RSUB3 NE WF - NE
RSUB4

Kcer:KroL1 Krorzr KroraKrer:Krsh1, Krshz - Constants

© 2021 KIOXIA Corporation. All Rights Reserved.
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110GHz S-parameter model vs measurement.

Plal NMOSST X2 VANMOSST_spiap swipdsil

s11

sdm.11 ss.1

freq

al

Plot NMOS57_X2Y6/NMOS57_sp/sp_swp/s22db @

S22

MAG

=
=]

=
tn

m

HMogil{sdm22) 20'logl

freq [LOG]

-20 i i i
1E+7 1E+8 1E+9 A1E+10 1E+11 1E+12

Plot NMOS57_X2YB/NMOS57_spisp_swp/s12db @

s22

MAG

=
H
h
B
!
:

S

g

20'agil(sdm12) 20logias
—
m

freq [LOG]

L]

+7  1E+8 1E+9 A1E+10 1E+11 1E+12

Y

Plot NMOS57_X2Y8/NMOS57_splsp_swp/s11db iﬂ_|

? L I L LELELRRLL

i Sl

3 MAG

.

=]

= =

&l L

E  -af

2

§E -5 I I | I

‘g‘ 1E+7 1E+8 1E+9 A1E+10 1E+11 1E+12
& freq [LOG]

Plot MMOS5T_X2YB/NMOS57_sp/sp_swp/s22ph
= -

o 522

S| 5 PHASE

o

a

=

E |00

L]

|

E

81 : : : -
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=

o
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8

=]
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8

FFEETTTTTET

oo
k3

=200
1E+7

phdeg_m.12 phdeg_s.12 [E+]]

1E+9 1E+10 1E+11 1E+12
freq [LOG]

1E+8

-

<[]

>

H][<[~]

-

Log

<8

Plot NMOS57_X2Y8/NMOS57_sp/sp_swpls11ph E_[

S11

PHASE
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e _F
w20 =
1:i| 40 ;
g | -60F
= [
a| soF
= .ok
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FHE-120
=

£Z

(=N

Plot NMOS57_X2YB/NMOS57_spisp_swp/s21db @ Plot NMOS57_X2YB/NMOS57_sp/s

' s21

MAG

freq [LOG]

g pod

g

i,

&
&

] -20
=

SH 4
g 1E+T
=

1E+9
freq [LOG]

1E+8

1E+7 1E+8 1E+9 1E+10 1E+11 1E+12

L]

1E+10 1E+11 1E+12

Plal NMOSST X2YENMOSST_sphep swphs22

sdm.22 5522

freqg

200

- S21 iy

PHASE

g

P

[=]

8-200 :

1E+7  1E+8

phdeg m.21 phdeg s21 [E+]]
8

freq [LOG]

Existing modeling technology is applicable up to 110GHz

KIOXIA
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fMAX optimization of RF-NMOSFETs
. 40nm
Reduction of overlap capacitance (CGD) can make 40nm | " 2nd Gen

CMOS widely available for 10T applications. &
240GHz W

233GHzZ SiGe
+48%
214GHZ é?gl:n 0 275GHz
B7HF200

65nm

167GHz

65nm AF i

SiGe:C base
b7hf200

Dietmar Kissinger “Millimeter-
Wave Receiver Concepts for
77GHz Automotive Radar in

Silicon-Germanium Technology"

KIOXIA
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04

Synchronization of compact model
with latest FAB output.
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Solutions to Support RF circuit production chain.

Mass

Fab Data mining
Linked \
CompaCt Accurate
Model Model Update Fab-Link model
Automation
[ 4
Physical-based
Statistical Model
Card
- Reduction of
High Shorter Measurement TAT
Volume Measurement TAT
measurement ET data selection.
Layout of o Line up ?
Test Device-Small circuit |
structure el EE /
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Fab-link model parameters vs In-line data.

S/D Thickness Gate Oxide Thickness S/D Channel

sheet Epsilon ~ Real W/L Epsilon sheet Doping
resistance. of BEOL R of gate of BEOL |resistance NDEP
material
Typical,a Typical,o Typical,o Typical,d = Typical,a Typical,c
\ \ -
|~ . \ TOX // 4 27
RDSW \ RDSW -’
SPICE . , UNT -
v CGSO gt \CCGDO 7 process
Models \ ' 7, ° ;
| . , Function
- F(Ndep)

VTHO
- UO,DLC

NFACTOR
Mapplng In-line data to compact model

or via process function completes fab-link model.
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How Process function looks like ?

: . Map to
In-line data » Process functions ¥
Compact Model
NDEP Fiie/n(Npep) ™ 1,
to(Npgp)
Fpe/n(Npgp) Uy =U,-
Noro #o(NpEpo)
= Hoe/on — Kel/hl - log K
e2/h2
10000 C] =
g E He
. —eo C . Npgp  InNp + InNpgpg
E o *f i i NDEPO lTlND + liNDEp —2- n;
Channel g 10 Hn RS L
. £ statistics
20 el i L0 process {
ey % vary Ndep_dist=gauss std=XX

percent=yes

I

Establish direct link of li-line data with compact model.
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Fab-link model vs. measurement at 60GHz. [1]

0=1.57m

mean_ fMAX
f M AX 1418ENM
2| stddev_fMAX
80 1.244E10

histogram(fMAX val[:;,0],25)
N
P

— — — - - [
=} [ o= =2} =] =]
m m m m m m
- - phiy - - -
-y jury jury =y jury sy

dep(histogram(iMAX val[::,01,25))

Rg

mean_Rg
1 10196
100+
stddev_Rg
1808
80

histogranung_vall[::,0],25)

7 8 9 10111213 14 15 1
denthictnorami(Ro wvall-- 11 2510

al(méan_Cds)
1.453E-14

stddév_Cds
5.265E-16

0=0.53fF

p1-309°1F

v1-10€'14

indep(histogram(real(Cds val[::,0]),25))

Uy, £2)

T vail:,

mean_fT
fT 9.668E10
| stddev_{T
80 6.725E9)
60 —
] 0=6.72GHz
40
20+
0
7.0E10 8.0E10 9.0E10 1.0E11 1.1E11 1.2EM
indep(histogran ng
20—
{[(magd | g=0.615fF
100- 1.154E-14 -
B stddev_Cgd
80 B154E-16 | F
60—
40—
20+
0-
9.0E-15 1.4E-14
‘histogram((Cod vall:: 01 950
am 0=1.36mS
£
S w0l i gd
z2 bE EEEET 0=332uS
0.020 0.022 0024 0026 0.028 0.030 P
indep(histogram(real(gm_val[::;, 00),25)) I

histogramireal(gd

0.0030

indepihistogram(real(gds_val[::,0]),25))
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Fab-link model vs. measurement at 60GHz correlation. [1]

on Cosfficient=0 4 °
3,
= 27
i i
éé 1 i@
=2 o; 0:ml
o . o'
&5 -1 2"
) 7]
n -2+
-3
1 - 77 S N S A
-4 4 3 -2 1 0 1 2 3 4
Dist fT
4
3]
2]
L:H: 14 L__I
-OU! i 0L
o, 4 -D'O
o2 o St
0B 0
i =1 &=
w 2] w
-3
-4 LS DAL BLELELALN UL RN B R B -4_\||\|H|\||A|||v||\||\||‘|H|‘||\|‘\|1<
'u.\LHHV 4 3 -2 1 0 1 2 3 ¢ 4 3 2 1 0 1 2 3 4
T_1Real [E+0] - DISt_fT Dist_fT
4 3 —
23
= B 1
£ 28 53
37 85 o
(O3] ® _17
80 g8
2] » -29
35
_4:'"'I‘“'I"“I""I""[""I“"l""
4 3 -2 1 0 1 2 3 4
Dist_fT Dist_fT

Range_Var Range_Var

fT : principle component
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Future MOSFET Modeling Challenges

1 : Ultra small dimensional ? -
effects, 3D structure.

3. Self Heating

SR I ]'_;-:Z:::E ik e

[ e

—f— . . — 'ﬁ'LE—ﬁﬁ . 0.003

T HICUMZ © *§'Res HICUR © ° : 0.002

: = 8 e ERERES | 58 o

L e— o 0 o b 0.001 mi

S| s [ PRI
o L::' sowm. . . Sactsom. | 15 20 25 30 35 40 45 50
1 1 Thermal Network. =

Self-Heating degrades matching behavior
among adjacent MOSFETs by thermal coupling.

High Power Characterization
-LoadPull-

24
22—

20
3 18-
S
3 16
(O] 4
14

12+

10 1 1
40 -35 30 25 20 -15 -10 -5

indep(Pdel_contours_p) (0.000 to 60.000) Input Power [dBm]

P,
IndexPoutdBm (1.000 to 234.000)

4 RF Yield Estimation

T & 2ottt s i e
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