Planar n-MOSFET cross-section and layout

D/S implant silicide
polysilicon /\ metal-1  FOX (STI)

The designer introduces ideal

NI section AA .
geometrical values (L,W ..),
| MOSFET body while the electrical properties
(n-well or p-well) are determined by "effective"
effective Val ues.
channel boundary

region

i | J section BB’
L 1 L i L, W, L. nominal ("drawn”)

size

region / B :
polysilicod” 1 —>
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Simplified layout and cross-section ("designer view")

o]

metal-1  polysilicon silit\:id plug (tungsten)
__cvd oxide
( a) L field oxide gate: intersection of active and poly

“gate oXide
: T~ n-plus implant

[;
substrate (p) active

: active area

i contacts

|
-I
1
J
|
|
|

contacts

(to contact poly with metal 1)
i AD = AS — WLC

P, =P, =2L.+2W

n-plus

(b) metal 1
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MOSFET models

« Models for accurate electrical simulations: BSIM models (Berkeley
Short-channel IGFET Model), EKV (Enz, Krummenacher, Vittoz) ...

« Models for "hand calculations": square law (strong inversion) <:
exponential laws (weak inversion)

* ltis of primary importance to be able to manually perform first order
device sizing and first order performance estimation.

« Only very simple and intuitive model enable the designer to create
cells that need only a final refinement and verification in the
simulation phase

« The simulator is useless if we do not know how to produce a circuit
on scrap-paper. The simulator obeys to the law:

garbage in — garbage out

P. Bruschi — Microelectronic System Design



EKV Model

» Fully-analytical, physics based model focused on weak- .
inversion behaviour _T YA
—J— V_=Ref
« All terminal voltages are referred to the bulk terminal voltage, - —1

exploiting the simmetry of the source and drain terminals s Oy

« Supported by Spice simulators, requires only 18 DC
parameters

« Drawback: simplified expressions of short channel effects

* “An analytical MOS transistor model valid in all regions of operation and dedicated to low-voltage and low-current
applications” — Enz, C. C., Krummenacher, F., Vittoz, E. A. - 1995

P. Bruschi — Microelectronic System Design +



BSIM Models

« Highly empirical models (BSIM3 DC models requires almost 100
parameters)

« Standards for integrated circuit design, with accurate modeling of
transistor’'s behaviour (e.g.: channel length modulation and DIBL)

« Currently maintained models: BSIM3 (until sub-100 nm nodes), BISM4
(from 0.13 um to 20 nm), BSIM-SOI, BSIM-CMG (Common Multi-Gate, for
FInFET and 3-D transistors)...

* “BSIM: Berkeley Short-Channel IGFET Model for MOS transistor” — B.J. Sheu et al. - 1987

P. Bruschi — Microelectronic System Design



MOSFET models: The n-MOSFET

« From this point on, we will consider the behavior of the
Nn-MOSFET, unless otherwise specified. In the end, we will
suggest a simple way to transfer all the considerations made
for the n-MOSFET to the p-MOSFET

* In integrated circuits, the MOSFET is a four terminal devices:
Drain, Source, Gate and Body. In discrete MOSFETSs, the
body is generally connected to the source internally.

&
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Large signal MOSFET model (n-MOSFET)

G
CGS /T CGD
- T VD ? ‘/S 2 VB

G
1
sjé—D

1B I,#1,#1,
S D B In DC, we will always assume:
< I[,=1,=1,
substrate (p) inversion Iayer RS — RD E O
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Source and Drain Symmetry (1)

The planar MOSFET is symmetric so that drain and source can be
swapped with no consequences in the electrical characteristics.

Equations that use the source as a reference terminal for all relevant
voltages can be applied only after finding which terminal is actually
playing the role of the source.

In an n-MOSFET, the effective source is the terminal that has the
lower voltage; the other one of the two, is the actual drain

In a p-MOSFET, the effective source is the terminal that has the
higher voltage; the other one of the two, is the actual drain

P. Bruschi — Microelectronic System Design



Source and Drain Symmetry (2)

e With this definition, it is clear that in transient situations, the effective
drain and source can swap, depending on the voltage assumed by
the terminals.

Vi Example Vaa
D — S S D
S E L L
d — + —T> — + €T
V. lps ——= V., lhs —=
0 — m 0*~—  _
ITr7i Trrri

« In a schematic editor it is necessary to indicate which terminal is the
drain and the source. These "conventional" terminals are used to
mark all voltages for printing and plotting purposes. This choice do
not affect the circuit behavior during the simulations.
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Source and Drain Symmetry (3)

- [f the circuit has a clear static operating point (like most analog
circuits), it is convenient to mark as source the terminal that in the
operating point is actually working as the source. This will facilitate
reading device voltages produced as textual or graphical outputs by
the simulator.

» Models like the EKV use the body as the reference for all voltages.
In this way drain and sources are perfectly symmetrical also in the
equations and there is no need to decide which one is actually
working as the source.

« Maintaining the distinction between source and drain is more
intuitive and most models oriented to hand calculations are actually
based on this choice.
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The lpg model: control voltages

I DS (VGS > VBS > VDS )

secondary effects:
— generally they are unwanted

primary effect
it is the wanted current control

P. Bruschi — Microelectronic System Design 11



Vs, Vgs and "overdrive voltage”

The voltage that really affects the current is the "useful” part of the Vg,
often called "overdrive voltage".

Vov =Ver =Ves =V, | e

: | -
06} /
Vt (VBS ) => Body effect |
V.=V, +Y(\/(I)s — Vs _\@)
VBS

oat
Vo=V, (VBS = 0) v: body effect coefficient ¢4: surface potential

-0.5 0.0 0.5 1.0 1.5 2.0 2.5
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More on body effect: example

Vi, =V =0
Vi =0
Vs, =V, >0

Vigso =V = V5, < 0

(

.

Vo, =0 =
—Visr =V, =V =V >0 =

0.8 z
R Vt — Vto _ﬂ'BSVBS ,/
. _
0.6 - .
T AV s
Vi /
04 /
0.5 | OlO | 05 | 110 | 1.5 | 2.0 | 25
_V X
Ve °F
V.=V, Vs
V, =V, +AV,

P. Bruschi — Microelectronic System Design
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Reverse Short Channel Effect
(RSCE): reduction of Vth with
iIncreasing channel length L

Reverse Narrow Channel Effect
(RNCE): increasing of Vth with

Increasing channel width W

RSCE and RNCE

0.50 |
0.45 | /f—‘\\

0.40

Vth (V)

0.35

0.30 -

0.25

—a— \W =220 nm

—eo— \W =250 nm

100n 1u
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1.1
1.0
0.9

08

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
-0.1

| s (MA)

IDS .

. operating zones on the basis of Vpg

Triode: Ipg is strongly
dependent on Vg

Saturation: Iy5 shows

- V=15V
- triode saturation
< —> 125 I
[ 1.0
[ 0.75
: K_ 0.5
0.0 0.5 1.0 1.5 2.0 25

Vpsar IS @ function

Of Ves'vt

Vos (V)

VDSAT

a weak and almost
linear dependence
on Vpg
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l,s (MA)

Operating zones on the basis of Vz¢-V,

1.0

0.8

0.6

0.4

0.2

0.0

A rough picture:
Vbs>Vpsar

- Vigg<V,

Ves>Vs

off

0.00 025 050 0.75 1.00 1.25 1.50

Vv

GS
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A more gradual picture: same characteristic with logarithmic y-axis

\ moderate inversion
10" /

weak inversion
(sub-threshold)

s (MA)

10°
10"
107

stong
inversion V-|-=kT/ g

>

V+4V

000 025 050 075 1.00 125 1.50

Vv

GS
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|ps: operating zones

Triode — Weak Inversion Triode — Moderate Inversion Triode — Strong Inversion
Saturation — Weak Inversion  Saturation — Moderate Inversion  Saturation — Strong Inversion

(V.. -V) in strong inversion
DAl = 4V (100 mV) 1n moderate and weak inversion

P. Bruschi — Microelectronic System Design 18



Vas-Vi>4V; Strong inversion: |5 equations

V,
Vps < Vpsar (Triode) 1 DS B (VGS Vt _TJVDS

( VGS V

[1 T }“ Visar )]

X

In some textbooks this term

Vs> Vpsar (Saturation) 1, =5,

IBn = lunCOX ‘zl_eﬁ VDSAT = VGS _Vz Is omitted (VDSAT) for
eff simplicity, but this cause a
. discontinuity between the
A =k Ly triode and saturation region
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EKV model in weak inversion

KV —Vi0) Vs Vo H | C
— V. V. V : K. channe K= 0x
[, ,=1,e " e T —e 't | EKV model for w.i. divider C +C.
W > Wy m: subthreshold m=—=1+ %
Iy, =W,C,, I3 Vi =1,C,, (m — 1)VT I3 slope factor K Cox
eff eff
m=1.2-1.3
/. gate oxide
ﬂ (not to scale) G inversion layer
n S D 5
il
depletion layer substrate (p)
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EKV model in weak inversion

K(Vge—Vi0) Ve Vos ) | C
I =] e " e T —e U EKV model for w.i. K.channel .. _ ox
DS SM divider
Ca’m + Cox
K(Vee—Vi0) Vsp Vbs 0 C
_ V. V. V. .
I,,e ™ e 7 |l-e ™ m: subthreshold ~ ,,, — — _ 14 —dm
slope factor K C
oX
Vos=Vio Vs (I=Kk) Vbs ]
_ mV, V. V.
I,,e "7 e 7 |l-e 7
- V.=V, —4;Vss  Body effect
Ves =V, Vbs
— mVy _ Vr
Ig,e 1-e _Cw _ . Body effect
Aps = =m-1 o
- C,. coefficient
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Drain-Induced Barrier Lowering (DIBL) Effect

e Short-channel effect that
reflects into a reduction of the

. gaisexds threshold voltage with a larger
metal-1 polysilicon \ silicide  plug (tungsten) drain-source voltage, due to
ol  cvd oxide the drain-body depletion
_ _ region
DD o—— field oxide
| « Lower DIBL effect with longer
substrate (p) halo implants n-plus implant channel length L
active area (p-plus)

« Halo implants reduce DIBL
effects (but cause RSCE)
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DIBL Effect

Vt—eﬁ‘ :Vt _Z’DIBLVDS = VtO _ZBSVBS _ﬂDIBLVDS 0.09 EEEEEEEEEEEEEEEEEREERR
w ~—
.. . oosl®  180nm i
ApieL: DIBL coefficient (inversely L
proportional to L), typically 0.01 — 0.1 wrre )
. oosp* i
Vos —Vi —Vbs ApisLYps < 005f .\_ )
I =1y e "l l-e T e " 00 ]
- \. _
\ | 0.03 | .._._H ‘
Y 0.02 |- o S N i
e ]
DIBL 0.01 |- ’
effect 00 05 10 15 20 25 30 35 40 45 50 55

L (um)

P. Bruschi — Microelectronic System Design 23



VGS _Vt

mVy

l.. e

ps — Lsu

Triode region

Vps < Vpsar= 4V7

Saturation region
Vps > Vpgar = 4Vy

Ips simplified model in weak inversion

_VDS ﬂ’DIBLVDS .
v, mVy Weak Inversion
1—e e
(Vgs < Vi)
VgV, ~Vis Ves V¢

y
mV, DS

Ipg=Ige ™ [1=e ¥ | mommp Iy [ 1ge ™ 2
Vo U V. T

Vos =V ApsiVps Ves Vi 2
mV- mV- mV. 'DIBL
Is=Ige™ e ™" mmmmm) 1,50 e (l_l_WVDS]
_ T
Vps U /ID;BLmVT
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|ps Operating regions

Weak Inversion Moderate Strong Inversion

(VGS 'Vt < 0) Inversion (VGS 'Vt > 4VT)
(0 S VGS -Vt S 4VT)

Current in ey v
GS "t — DS
Triode Region . v VDS
Ipg=Iye™ |1=e" | == I,5=B,|Ves-V,—- 2},
D D
Vps= Vpsar > "\ t 2 >
C ti
. utl‘l’ent. - —_ Vos =V ApisVps (VGS — Vt )2
aturation Region IDS _ ISMe mVr o, mVr I, = IBn |:1+],(VDS —Vosar ):I
Vps= Vpsar
Saturation Voltage
Visar Visar = 4V; = Visar = (VGS _Vt)
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Temperature effects on MOSFET characteristics

b,(T)=p, (To)(%j ﬂ a,=12 — 2.4 (typical 1.5)

0
Vv({Ir)=vV.d,-o, (T—TO) Il mV/K < ¢,, <4 mV/K
60 . .
— T=-200C
— T=270C
S0r — T=800C
— T =120.0C
40} /] VG S
< <
5 [ Vtdominates
2 (I increases with T) |/ Vs> Vpsar
20+ ]
. - - ,/’// _> /T77
101 ZTC point _~ B dominates
= (Ip decreases with T)

8002 02 06 08 10 12 14 16
Vgs (V)
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MOSFET Leakage current

* |,: pn Junction Reverse-Bias Current

o T . + 1,: Subthreshold Leakage
Souree Drain * |5: Tunneling into and through Gate
L 0 Oxide

n" S - n*
) . ¢ /| * 1, Injection of Hot Carriers from
J i Substrate to Gate Oxide
IE
Well l * |5: Gate-Induced Drain Leakage

* lg: Punchthrough

* Leakage Current Mechanisms and Leakage Reduction Techniques in Deep-Submicrometer CMOS Circuits — K.Roy et al. - 2003
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MOSFET Leakage current Y

Example: Sample-and-Hold . " e
V

ctrl

Vo ofo> oV, -)
: s <

V=0V > Sisopen V. =0V > Mis off (weak inversion)

\Y/ =M
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MOSFET Leakage current

Ve o L180 1M, Vos =0V, Vo5 = 1.8V
1E-9 .
1E-10 !
1E-11 +
1E-12 .
1E-13 .
< B4 !
o 1E-15 ——1, (W=500 nm)| 3
= 1E-16 — L (W=1um) | 1
1E-17 —— 1, (W=2pum) -,
1E-18 —— 1, (W =4 um) .
_Vt _VDS ZDIBLVDS 1E-19 R |; (W =500 nm) 3
I :I €mVT 1—8 Vr e mVy 1E-20 -1, (W=1pum) _!
2 SM 1E-21 —— 1, (W=2pum) )
1E-22 l, (W=4pum) 1
1% ME23 b vy
ISM = Cox ( m—l)VT2 W 60 -40 -20 0 20 4:) 60 80 100 120 140
L T (°C)
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MOSFET Small Signal model

C

9s» Cgar Cgpr Coar Cos - SMall signal capacitances

g . Let's start from
, the dc model ||»
(capacitances are

removed)

effect of v,
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MOSFET small signal model: dc limit

b o g o o ® ® od
n + n I, (VGS,VBS Vs )
v fd v small signal
Vbs gs ! ! § ds g
g.v g,V :
N . " =] B Ly = T 8 Ves T 8aVus
® ® ® o8
P R ( d, j g =i :[ dl, j
S = mb
Vgs Vs Vps =0 aVGS Vs Vas Vbs Vs »Vgs =0 aVBS Vs » Vas
1 _g = I _( dal , )
—=g, =< —
4 Vas |, Vps =0 aVD S Vs Vps
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Body transconductance: g,
- effect of V,

g ZL aID j ID (VGS’VBS’VDS)EID |:(VGS _Vz)’VDS:I
mb
A

Vps =const; Vg =const

let's recall the gm definition 1

. :(BIDj :[ o, j (a(VGS—Vt)j ZK o, ] 9
: Vs Vo Vs (Vg —V,) Voo Vs v I(Vgs =V,) Vos 4

BS

_| 9 _| 9l IWVes —VD | =g, | - o, Omb
S =\ Qv AV..—V) oV Vs ),
BS Vs Vs GS t Vs BS Vi DS

P. Bruschi — Microelectronic System Design
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Body transconductance: g,,,

05| / - Example from simulation
0.25

(_ awj |
0_4; / - aVBS 0.20 / \\
BS v 0.15 AN
gmb:gm(_av ] :gm(m_l) I \\
BS

-0.5 0.0 0.5 1.0 1.5 2.0 2.5

m-~1.2 »gmb ~ 029m Vo (V)

V. (V)

\
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Jdms 94 IN Strong inversion

|4
Triode region I,,=0, (VGS -V, _%S)VDS

o,
= = V
g m gm [ aVGS ]VDS Vs 'B” =

1 ol , % v
S, = _ gl (v —v -Yps |_p Ybs _ V)
Jd Ta 5 (aVDS ]VGS,VBS g [( s V) 2 } £ 2 i [(VGS 2 VDS]
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Jdms 94 IN Strong inversion

( VGS V

Saturation region I, =P, [Hl DSAT):I

neglecting the dependence of Vpgar 0N Vg

ol
ng(aVDSj = p, (VGS V [1+/1 Vs = Visar :| = VGS Vt)
GS VDS VBS

1 ol ; 2
_:gds ELB = ] — ﬂ/ (VGS _‘/t) gﬂ/]DS
VDS VGS VBS 2

Ve

P. Bruschi — Microelectronic System Design
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Jdms 94 IN Strong inversion
A

Triode region

9m » 94 ﬁl
B N
[}’\gd =0, |:(VGS _Vr)_VDS:|

psaT=Ves—V;

P. Bruschi — Microelectronic System Design
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gmrgd

Jdms 94 1IN Strong inversion
Important parameter

4 for MOSFETs:
Triode region | Saturation region Em _ g, MOSFET
~| < g, Self-gain

L

psaT=Ves Vi
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Transconductance models in saturation

. acceptable approximation, because we
In strong Inversion: only atew % 4re studying gm, i.e the effect of Vge

A

t

2

Vi =V’ ‘ k Vi =V)
( = |:1+2’ DSAT):| IDS EIBn( = )

IDS :an

2
gm _ ®
(VGS _V)

A

@ —alD

|
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Jdm,d4 IN Weak inversion

VGS _‘/l‘ _VDS A’DIBLVDS
_ mVy P mVy
Ves Vi —Vbs ApisrVps
— aID — 1 )i mVry 1— Vr mVr ID Exact result
Vg Voo mV., mV.,
Vos Vi ~Vbs  ApisLVps —Vbs ApipLVps
l: gd :(aa‘il) j = ISMe mVy Vie Vr e mVr + l_e Yr _ﬂD{iL e mVy
r m
d DS /v, ,Vpg T T
Vps. -
Il e’ —1
=D |4 Exact result
mV DIBL m
T
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Jdm-d4 IN Weak inversion

ID
8m = 1
mV; In saturation: =g, =2RBL]
o mV.,
I, N Ves—V, -V
g — 2{ || . GS t DS
Tomy, | m Intriode: =g, = o e
VT
A
I gm Om
>
VDSAT VD VDSAT VD
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Strong inversion

40 b

gds

30

20+

VeV, =200mV |

9y 9 (HAV)

10 |

0.0 0.1 0.2 0.3 0.4

Vgg-Vi= 200 mV ="

0.5

9, 94 WAV,

0.9

08
07}
06
05f
04}
03}
02}
01}
00f
0.1L

O, 9y (MAV)

VGS_VT=O

1 L 1 L 1 L 1 L 1 L
0.0 0.1 0.2 0.3 0.4 0.5

Jdm» 94 everywhere: simulations

VGS—Vt= -100 mV
gds
I ]
VGS-Vt= —1 OO mV‘
OiO | Oi1 | Oi2 | 0i3 | OI.4 |

DS

0.5

Vis (V)
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Jdms 94 €verywhere

Strong inversion

Triode Saturation

(Vps < Vpsar= Vgs-V0) (Vbs 2 Vpsar= Ves-Vr)

IBnV S ZIDS
’ (VGS _Vr)
Vt ) - VDS :I Z/IDS
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Weak inversion

Jdms 94 €verywhere

Triode Saturation
(VDS =< VDSAT = 4VT) (VDS 2 VDSAT = 4VT)

ID ID
mV., mV..
Vos=V:  —Vbs
ISM mVr Vr @ I
—E€ e D
V. mV.,

P. Bruschi — Microelectronic System Design
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J../94 everywhere

Saturation (Vpg > Vpsar)

2 1

o u—
: A (VGS =V ) /?“DIBL

t
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Unified model for transconductance in saturation

Strong Inversion

21 I, g, Important parameter
Em = = T for analog circuit
(VGS _Vr) (VGS _Vr) b design

Weak Inversion

_ L (VGS _Vr) Strong inversion
gm _ mVT B 2 . .
with V. = [‘j—mj = {mV, Weakinversion
BJT D
g, =I—C Definition V. BJT
Vi of Vg ‘
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Effective Thermal Voltage: V¢

The smaller the Vg, the higher the g, that can be obtained with a given I,

strong inversion

VTE

weak
inversion

|
|
|
|
. |
moderate inversion|
|
|
|

//
i
s

ZAVA VGS'Vt
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MOSFET Capacitance Model: gate related capacitances

\ A g estrinsic cap. intrinsic cap..
i

I i
Nl
«Q
m —
cQO
:: Q.
Q
3
CQ<
(7]
?C
o
8_<
MA
Q‘ﬁ
T
I 1ps
& S

substrate (p)  inversion layer
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Estrinsic Capacitances

C(ZV)
C (ov) _ W (ov) 8 C(OV)
‘ Cgs R Cgso CgS gd
(ov) __
(ov) _
v

Localization of extrinsic
capacitances: along the
borders of the gate
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Intrinsic capacitances: The Meyer Model

Off (Vgg << V,) Triode Saturation
cY 0 LCoxWL | 2CoxWL
ng 0 ~CoxWL 0
C (1) 1 N 1 0 0
gb CoxWL ' Cym

S D B

G

substrate (p) inversion layer

Series of the oxide and
depletion layer
capacitances. Can be
approximated with only the
oxide cap CoxWL
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Charge oriented models (Dutton and Ward model)

Limits of the Meyer Model: Important errors in circuits
« Does not guarantee charge conservation using MOSFETs as
« Capacitances are reciprocal switches.
Dutt and Ward model Array of 9 capacitances
V aQ' Cij are < 0O for i# (trans-capacitances)
S o C.=— Cij are > 0 for i=j (self capacitances)
G 1 Generally: Cij # Cj
Vg Vp
VB=O o— _od
g >
gd
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Junction capacitances

Q

\
¥

v
I
| Iy
= b %
Cgs 9m Vgs ImbVbs /
Cbs
S
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MOSFET Transition Frequency

I,.Cfr) g, 1 g,
4, ()] =] 1! = fr=o- c+c. amc
in T gs
g. d lout Ex.: S.I.,
¢ Hcgd I +— Saturation
T —_ r4 1 IBnVOV _ 3 ll'lnvov
Tew Yo ? It 27 2 Az I
” e ~C WL
S . . 3
s
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MOSFET Transition Frequency in W.I, M.I. and S.I.

M.I.
1010 ™ | I I | | | "_I_“_,__I___. :
1 e T ]
10° | el : f _ 1 Em i 1 8m
Pt =m L TR +C, 2 C
108 ¢ /1 1 Vps=1.8V 3 gs gd gs
- 1 1 ]
| WL '
—~ 10" k / Il = =
X /v S| oW
T S /e WI/L=2
“T 408 L / 11 Wi/L=4
;’i : : o= WIL=8 E UMC 180 nm
5 / .
E Ll = CMOS Process
11
4L ¢ _
107 E I 3
11
103 | = | | L | L | L | L | L
-0.50 —0.25 .00 0.25 0.50 0.75 1.00 1.25 1.50
Voo (V)
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MOSFET Transition Frequency in W.I, M.I. and S.I.

1 10 3 ! | ! !I l ! | ! | ! | ! | ! |
11 IR
- T e ]
9 L o _
i i ] T —
10° S W/L=1 1 27 Cgs ‘|‘ng 2T Cgs
WL gl _ ]
—~ 107 forl L=1 pm .
[ 5
S o S.l. - - - Vds=1.5V !
L A I T Vds=1.6V| 1
5 / : : Vds=1.7V ] UMC 180 nm
10° F . Vds= i
. Vas=1.8V] 3 CMOS Process
o 11
4L 4 _
107 / 1 =
; 11
103 1 ] 1 = i. ] L ] 1 ] 1 ] 1 ] 1
-050 -025 000 025 050 0.75 1.00 125 150
Voo (V)
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MOSFET Transition Frequency in W.I, M.I. and S.I.

1011 E ! I ! I ! I ! I ! I ! I ! I
10" 1 ]
10° | . T
g - 2 C, +C, 2mC,
108 3 =
N 107k 3
T ; _
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10° ¢ —— L=8um
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Ve and g,/lp in W.I, M.l. and S.I.
l

M.I. .
N\ 11
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11 -1 r(V —V)
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: \_\ : W/L=4 Vps=1.8V / 1130 D mVT W.I.
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L \ _// \-é
F 04 | =
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M.I. |1
1.0 N T T I| - T T T T T T T T 40
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N\ I--—- Vds=16V|
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Ve and g,/lp in W.I, M.l. and S.I.

g -1 r(VGS _Vr)
Vig = (I_mj = 2
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>
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Ve and g,/lp in W.I, M.l. and S.I.
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ML J./94 In W.I, M.I. and S.1
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M.I. d./94 iIn W.I, M.I. and S.I.
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d./94 iIn W.I, M.I. and S.I.
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Other non-idealities of the MOSFET behaviour

Gate-bias dependent mobility uC,, depends on Vg (decreases at high V)
(all devices)
Carrier velocity saturation | dependence on Vg in strong inversion

tends to become linear (instead of quadratic)
(Short channel devices). Again, appears as
a reduction of the nC,, at high Vg

RSCE RNCE
SCE and RNG Vih depends on MOSFET dimension (W and L)
(Short channel devices).

Gate current May be due to tunneling (all devices)
or hot electrons - hot holes (Short channel devices)
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BJTs in integrated circuits: Vertical NPN

buried-L -
p_base n+ implant / n+ implant . .
. B/ C BiCMOS: CMOS + p-base and buried-layer
I The n-pocket can be an n-well
(a) Y | The buried-layer a buried-well of a triple-well CMOS
epi layer
A diode between collector and

p-base buried-L substrate is present capacitance

n+ implant \ s glet n+ implant p-b contacts
-base ac’sive\ areas /
\ \ - / // \\ 7
AY
) Same as (b) but with the
| | Metal 1 removed
(b) buried IE{yer n—pocﬁit > (C)
X

P. Bruschi — Microelectronic System Design 63



The lateral PNP

p-base

Slower than vertical devices due to
large base series resistance (ry,)
epi layer and base-to substrate capacitance

- B n-pocket (”'We“)l Lower early voltage (V,), due to
od Aothye area | DS non-optimal collector doping.
) — [

Larger than vertical devices for the same
current capabllity
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The substrate PNP: compatible with standard CMOS n-well processes

n-well

epi layer

Limitation: The collector is
Active Area committed to the substrate,

metal 1
N (forced to Vgg)

A

).

p. 4

p-pll/JS

C
pT-pIus

i
n-plus
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BJT output characteristics
Saturation Forward Active Region

/‘<:IL=2____—//

C Ve -
VCESAT =02V

Vg, Ve : control
voltages

I, Ig: dependent
/ currents

Ve

VCESAT
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BJT model in the forward active zone

VBE
I.=1.e'" |1+ Ves
VA Ve =Ver = Vi
fy=te
By
Sometimes this expression is used Vie v
in order to refer to Vge and V¢ as Io=lge” (1+ ;Ej
A

control voltages:

For calculation of I; and |l in all operating zones (saturation, cut-off,
forward active, reverse active) the Ebers-Moll model should be used.
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BJT: small signal model

Small signal dc model

00O

b‘ L 4

Equivalence with the MOSFET parameters

,
é"be <,> é ° I, 1 1 A
gm = — rd = = = —

Vie 84 /IID I,

¢ ¢ le BJT MOSFET
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BJT capacitances in forward active region (vertical npn)

C C
C = °, . N [
¢, = JC 1 J} e, 1P
9 m. C c cs
[1+ Ve j S s S
Vic — 'be °
E Cbe gmvbe
Ccs — CJS m: ’ Ie
V )
1+ Csj
( VJS
- Transition frequency
= JE + C —
Cbe V m, de _ > Cde — TF gm f ~ 1
-3 "2zt
VJE F
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BJTs in Integrated Circuit: instance parameters

drea

darea

minimum size BJT

("elemental” BJT) ? |[o| |9 area=1.5
area may not be an

integer (not all PDKs

parameter "area" allow this)
(dimensionless)

area=2 (,3,4....)
area = integer
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BJT sizing: Effect of the area parameter on the electrical parameters

Electrical effects of area parameter:

elemental BJT elemental BJT with area
specified as an instance parameter
ls > areax Ig
VA o VA
p > B
Coe — areax Cg
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BJT sizing: Gummel plot and beta plot

4 ideal |, exponential law
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O R R B A 7 e e A
1000 fot- - A Ao ob
ton fodeo ]

n |- 4~ This refers to the

100p ---+1- elemental BJT (area=1)
10p [ I I I I I 1 1 I I >

02 0.3 04 0.5 0.6 0.7 0.8 09 1.0 11 1.2

Gummel Plot

My BJT has to carry this current
(200 mA). The elemental BJT would
be damaged

Using a BJT with area=100 would be
equivalent to make the elemental BJT
work with a current 100 times smaller.
This corresponds to the operating point
given by the blue line
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B Pr 128
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i
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wol

Beta Plot

P. Bruschi — Microelectronic System Design 72



