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BJTs vs. MOSFETSs: history in a nutshell

Aug. 27, 1963 DAWON KAHNG 3,102,230
ELECTRIC FIELD CONTROLLED SEMICONDUCTOR DEVICE
Filed May 31, 1960

FIGIA T v

. - | [ [ L] A f_’,.-’ /“./
1948: conception of the bipolar transistor =% qu-%«ﬁ@,,
HAL)

1990: IBM announce ES/9000 last family

of mainframes in bipolar technology Cutting-edge RibbonFET

T. Ning, EDM June 2023 Punta del Este Feb 2024 3



BJTs vs. MOSFETSs: structural differences

BJT MOSFET
Gate

Oxide

Collector Eml’r’rer Bclse Source

— J

Drain
O

Body
BJT transconductance Gate, source and drain transconductances
aIC _ dlp _ dlp GID
Im = aVB Im = aVG Ims = aVS Imd = aVD

The body effect reduces the gate transconductance
with respect to the source transconductance. Jm =
n is the slope factor. n

Ims — Ymd

n ranges from ~ 1.1 to 1.5 in bulk technologies

Punta del Este Feb 2024 4



BJT: essentially a unidimensional device

Gummel~Poon model:

c Ve Vee

| l’f bt _, Pt

B Ic,: L’#
i z

_ 9= 971

91= sz+4 +

I, saturation current

q, hormalized base charge

¢, thermal voltage 26 mV @ 300K



MOSFET: essentially a bidimensional device

X. Yang &
D. K. Schroeder

TED July 2012

{_r.

MOSFET Structure
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The capacitive model of the MOSFET

©e0% %% %%, | "" ‘_
Ve —— [mimia =P | H ?,
~  p-substrate C, ——Qp
| | +
Mps  Cor 1
¢»s surface potential AV, C,. +Cp, m

C,, oxide capacitance per unit area

C, depletion capacitance per unitarea  ¢s = 2¢p + ¢ - 00— 2¢r + Vp

Q, carrier charge density

Punta del Este Feb 2024 8



Drain current model: main simplifications

* dQ; =nCydgs

¢s QI
dy + dr—— dy

Ip =.UW —0Q

Diffusion
drift

Q, carrier charge density
W transistor width

u carrier mobility

¢; thermal voltage
26 mV @ 300K
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Velocity saturation

¢s: surface potential

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

/
/.’ F: longitudinal electrical field
2 Vi dghs
by =F ——=-F
us © 4y
Hs

Allows analytical integration for I

10
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Velocity saturation effects

Normalized current vs. normalizedq . (s +qp +2)

harge densities at source and drain 'p = 1+ (gs — qp) (gs — ap)

d500) = Q5101 (e © nCyu, thermal charge

_ (Usdt/L)

Vlim

Short-channel parameter { : | ¢

ratio of diffusion-related velocity to saturation velocity

11
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Physics-based saturation

Saturation current due to saturation velocity of the carriers

Ipsar = _WQDsat Viim

Q.. is the saturation inversion charge per unit area

or, using normalized variables

2
lpsat = zquat

“Carrier velocity approaches v, but never reaches v’
Y.Taur TED March 2019

Punta del Este Feb 2024
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Physics-based saturation: design model

. 2 i . (CIS + dDsat + 2) ( . )
lpsat — Equat Dsat — 1+ ((QS Il QDsat) s — 4psat
1 1\*  2gs
sac=qs+1+>— |[1+2) +=
4psat = 4 7 \/( () 7

or equivalently

2
s = \[1 + qusat — 1+ Gusar

Unified Charge Control Model including
the effect of velocity saturation

V —
VP — VSB 'DS _ _ s — qpsat
¢t :qS—1-|-]nqS ¢t ds qD+ln

dp — 4psat

Punta del Este Feb 2024
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Effect of the maximum of i;(q)
on the output characteristic iy(vp)

. gs+tap+2)

PTG ) P )

>

0 02 04 06 08 1 12 14 16 18
Vps (V)

Punta del Este Feb 2024 14



Output characteristics including DIBL and vg;

180 : 360 7.5
’
150 , 00 +—f1+—————F—— =~ 6.25 -
Vep=400mV. .« | | [ | e
120 200 { [ o277 5 1
/'—-\ — —
<< < - <
o 1 v —t= o= — 1.
A = ol Vop=800mV RN Ves 8 Vv
Q Q
~ o b e
60 1 120 - ™ B IS ILE
30 ( 60 1.25 4 4
0 T T T T T 0 T T T T T 0 T T T T T
0 03 06 09 12 15 18 0 03 06 09 12 15 18 0 03 06 09 12 15 18
Vs (V) Vs (V) Vs (V)

|— 3PM--- 5PM |

DIBL model: Vy = Vyg —o(Vep + Vpg)

(pm/pm)

NMOS2V 5/0.18 1.3 0.025 0.056
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Intrinsic capacitances including
velocity saturation and DIBL

| Long Cl 1 (3PM) C 2 WLC 1+2a g5
—LONEZ anne / = —
wow SPM, = Wat 903 A+ a)? 1+ g
1.O { [-=--- 3PM + o 1 gL (1— @)
Cos = Cyso + =
g5 9% " 3nvg, (1 + a)?
0.8+t 4 _______________
8 )
Q S 0 6 I e L 2
ST e Sl \ Cgs = Cgso (1 %) B ngo%

2
==WLC

3 ox 1+a)?l1+ dp — 4psat
id ..... o o
1+ 4qp — qpsar i gsat  Cga =Cyqo (1—;)—6'930;
i . )2
1+ 95— 9qpsar idd . Cot = Cogo — lgmdl' 1-a)
0 | > \. g | gee snvsat (1+ a)?
0 0.3 0.6 0.9 1.2 1.5 1.8

Vps (V) @V; =18V
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Vep—

w
Ims = .u?ncoxqthIS: ECIS Ip

gm 1

21g

V; Is and n extraction: the g,,/Ip method

Vps—0

2 of its maximum value,

Thus, at threshold (qs=1) g,/l, is at (gm> 1

B ne:(1+ qs)

Ip(qs = 1,Vps = ¢¢/2) = gmshe/2 [ Ip = 088 XI5
2 . 25
= —¢ /2 =1
t 20
:b 15
gs

-
2
------

71 2 03 0 0306 09 12 1.
7~ Ves (V)

Ves = Vro

Punta del Este Feb 2024
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Extraction of o in WI ( MI) and
saturation

Common-Source Intrinsic-Gain method

A _ Va _ 9m 1
—————————— v,cs — _  — -
p | Vg Ima o
+ |
|
Vg4 gmngD gmdvd<l> V4 I
| I/DD —2() TR T T T T T T
- — ().{11
25\ % .. g = ]
_________ I Ig1as | 7
— =30} -
-+ Vo v —35
I l N
D
o va - < 40
D,BIAS/_ Vel | e | e
LSy -
-— e s (el
| _{‘( 17 | 1 | l | |
| )8).2 03 04 0.5 @8 Oy 08 09 1

é Vp.pras (V)
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¢ extractionat V.=V, =V,

Dmax

2

lagsat = qusat s = \/1 + %stat — 1+ qusar

\ l
|

- 2(qs + 1 — 1+ igsar)

ldsat

» g, calculated using parameters (V,, , n, ) and UCCM.
» measure lpe (Vs » Vo, Vs, Vi )=> iasar= Ipsarls

Example: NMOS transistor, V; =V = V..., and Vg = Vg = 0V.

20



Ip vs Vg - ACM-5PM vs PSP — 130 nm SiGe IHP?

¢ Vps =50 mV i 0 1"1).‘-": P56y Y a ”
: - 28 03— - 35 10-3 28
- 24 XX 104 F30 XX 10~ - 24
F20 £~ 10 et 1 25 2~ 107 20
@ < 0 < ,
16 2 = 1004 r L oo &= g6 16
E H 0. \ { E = -
12 £ T 1077 e, [V = =107 12
8~ 107 otz 10 8
%
4 1077 15 10~ 4
_— 0 1010 +————— 10~10 — 0
0 02040608 1 1.21.4 0 02040608 1 1.214 0 02040608 1 1.21.4
vag (V) vap (V) ves (V)
e ACM === PSP@®Measurements¢ Error
Characteristics of an LVT NMOS bulk transistor with W /L = 10um/ 120 nm.
T Institut for High-Performance Microelectronics (IHP) open-source PDK
21
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Ip vs Vps - ACM-5PM vs PSP — 130 nm SiGe
IHP

Ve = 185 mV 140 7 Vep|= 135V 12
- 10
5 s
° 6
E 4
o~
L 2
0 F——t—ttl—1 19 0 é——t—-t—t 1119 0 ——t—t—t 1
0 02040608 1 1214 0 02040608 1 1214 0 02040608 1 1.21.4
vps (V) vps (V) vps (V)
e ACMN === PSP@®Measurements¢ Error
Characteristics for a LVT NMOS bulk transistor with W /L = 10pm/ 120 nm.
22
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28 nm FD-SOI? technology DC characteristics

extraction

for L=60 nm  LVINMOS  1um/60nm  390.5 3.25 1.138 0.018  0.039
LVTPMOS  1um/60nm  403.6 0755 1.014 0.029  0.024

Model Verification: NMOS & PMOS TRANSISTORS

-2 : : - : PMOS LVT 1pm/60nm VBD=0.5V
10 30 102 ‘ , , : 20 250 v
_____ 5-parameter
4 T e 15 - = «UTSOI2
107 ¢ 104 ; 10 200 ¢
X
° -
S £ 15 9
10 [ -6 ’ e H 150
Tl memaapdannnd, § g
0 Q - " ¥ —
> 0 LTS @) 4 g
-8 s = 8 -5 2 A 00
10 ¢ w 1078 -oé = 1
5-parameter ACM g -10 g
2 ® Measurements r 5-parameter ACM | ;g5
10710 |4 W/L=1 um/60 nm - UTSOI2 PDK Model 10-10 o Measireats 50
VDS=250 mV = = =4-parameter ACM W/L= 1uym/60nm ... UTSOI2 PDK Model
+ Relative error % VDS=0.5V +' Relative error % ' | "20 /
renees 4-parameter | | |
-12 . ; L L -50 10-12 | | L N _25 0
10 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0o 0.2 0.4 0.6 0.8 1
VG [V] VG [V] VBG I'V1

2 ST Microelectronics
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PSP Gummel symmetry test 3

3 K. Xia TED Aug. 2020

(a)
e ® Meas
- === Existing PSP
- —— PSP with C™ U, func, Vdsat smoothed
=10 —— PSP with SCS (new)
@ 20
o
7
n 15
. 0.1
=
]
< o004 ©
o
=
N _01
- (d) Issue of existing PSP
i
o 01
o
ho)
m 2
2 100 -
| -
Q
yol
K o 0
ot
#
‘l
5 100007 () HE
.qc, 1Y
° 0 Yttt : ; M.
i
bt
‘Y 10000+ ' ' . _ ' .
-=0.100-0.075-0.050-0.025 0.000 0.025 0.050 0.075 0.100
Vi (V)
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ACM2.0 Gummel symmetry test

1.5

0

Ip(mA)

-1.5

0.021

0.016 -

0.011
0.13

3rd deriv. 2nd deriv. 1st deriv.

0

4th deriv.

_10 L] \rfr
-4-10—4 \/\/ |
-0.1 -0.05 0 0.05 0.1

Vx
Punta del Este Feb 2024
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CMOS Inverter in 130 nm bulk
VTC and short-circuit current

1.6

1.2 r
VDD 1.()):

0.8 -

1.5V

Vour (V)

0.4 -
VOUT

0
1077
J'IS(? '

1

1077
10—

Isc (A)

il

1078

1077 - , r :
0 0.4 0.8 1.2 1.6

Vin (V)
w— PSP === ACM
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CMOS Inverter in 130 nm bulk
Output Voltage and pull-down current

2

Vout (V)

ipul [—down (mA)
o

0 20 40 60 80
time (ps)
""" Vjp === PSP === ACM
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CMOS Inverter
VTC and short-circuit current in
28 nm FD-SOI

1% 5 Vpp =08V Vpp =1V
DD ] il
_ 1 Vpp =065 Vw
S ] Vpp =047V
S ] ;
= Yop =03V}
] R |
Vour : L‘ LJ
0.1
lISC
00 01 02 03 04 05 06 07 08 09 1.0
| __VIN | |
— 28.0 . .
Wn = Wp =1 um = : . .
3 |
Ln=Lp=60nm - — - \ . . .
Vop =037
2.0 WWWWW”M"TW”WWW

= = JTSOI2 00 01 02 03 04 05 06 07 08 09 10
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ACM2.0: Simple 5-DC-parameter MOSFET

model
Veg — Vo + 0(Vpg + Vsp)

v, =
P n
Vo =V,
P SB:qS_l"'ln(qs)
bt
1 > -
Gasac = Qs *1+7 = [(1+7) +7°
=qs e 137" \1
Vbs qs_quat>
— =(qs — ( +ln<
oF S d dd — 9dsat
(95 +qp +2)
I =1 o
PS4 (g5 —qp) 5 1P
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Live Demonstration: A 5-DC-
parameter MOSFET model for
circuit design and simulation using
open-source EDA tools

Gabriel Maranhao, Deni Germano
Alves Neto, Marcio Cherem
Schneider, Carlos Galup-Montoro

A design-oriented single-piece
short-channel MOSFET model
Deni Germano Alves Neto, Gabriel
Maranhao, Marcio Cherem
Schneider, Carlos Galup-Montoro
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