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MOSFET Transistor

source drain on

Vsource:\/body:O

V,=0
lofr Wooooooozas _'/g

Vdrain

« Conduction between source and drain is controlled by gate voltage
which induces and modulates inversion charge density
— Inversion layer in a MOS transistor is often referred to as the channel

e MOS: Metal-Oxide-Semiconductor structure

 FET: Field Effect Transistor — conduction controlled by electric field
2



Complementary (CMOS) Technology

NFET or NMOS transistor PFET or PMOS transistor
gate

gate

source drain

SiO,

000000 O oy
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N body
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g g g—| — b g—o| g g—| — b
] ] ] ] ] |
S S S S S S
P body normally connected to N body normally connected to
most negative voltage (0V, gnd ) most positive voltage (Vpp)

e By definition: V, <V, e By definition: V, >V, s



Surface Mobility

e Current through the channel of an MOS transistor is a
function of electron (or hole) mobility in the inversion region
— in a MOS transistor, we care about mobility in inversion layer
— l.e., mobility near boundary between Si and SiO,

 Surface mobility (uys, 1ys) Is not same as bulk mobility

— surface mobility is reduced by surface roughness scattering

. Surface mobility is a function of E;,,, average (vertical)
electric field within the inversion charge layer

. V.

s Ve + 0.2V
 For N* poly gate NFET: E,ert = e
*foxe

) V,s + 1.5V, — 0.25V
 For P* poly gate PFET: Evere = — T
toxe




Empirical Mobility

« Empirically:

540 cm?/V.s

1.85
Ly (Vas +Ve 02V
5.4 X 106.T,,,

Uns =

B 185 cm?/V.s
Hps = _ (Yos T 15V — 025V
5.4 %X 10°.T,,.

e Surface roughness scattering
Is greater at higher V, higher
V, and thinner T,

Carrier mobility p. (cm?% V-s)
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Example: Surface Mobility

* What is the surface mobility at V,; = 1V in an N-channel
MOSFET with V; =03V and T,,, = 2nm?




Body Effect

« Until now, we have assumed that the body and channel
(inversion layer of MOS capacitor) are held at zero volts

* In MOS transistor, (channel potential) = (source potential)

« What happens if source (or channel) is positive with respect
to body (i.e. V, > 0)? V,

e There are now two capacitors: _ |
Gate
— one from gate to channel through -

the oxide Coxe = ! o
— asecond from channel to body e00ee |
through depletion layer silicon Vs~ /_(Zd_ea:f_¢__ _'rfm,ﬁ._kh
 Now:
P-body
Qinv = —Coxe (Vgs — Vt) + Cdep- Vsb
e |
where Cdep — Vi 7

deax



Body Effect on Threshold Voltage

Qiny = —Coxe (Vgs — Vt) + Cdep- Vs

Cq
— —Coxe <Vgs - <Vt -I- C ep .VSb)>
oxe

= —Coxe (Vgs — Vi (Vsb))

Cdep

Vi (Vsb) = Vi + Vsp = Vip + . Vg

Coxe

a = Cdep/Coxe ~ (3Toxe)/deax

 When source-body junction is reversed biased:
— NFET V; becomes more positive
— PFET V; becomes more negative

e This is known as body effect or back gate bias effect
- «a Is the body effect coefficient



Uniform Body Doping

o Earlier generations MOS technology used uniform body
doping

 Complicates expression for body effect because W,,,,4, IS @
function of Vg,

e V. can be obtained by replacing 20z term (in expression for
threshold voltage — previous lecture) with (205 + V,;) which yields:

2q.N,. &
Vt — VtO + \/ (\/2¢B + VSb — 1/ 2@3)

COX@
= VtO + )/(\/2®B + VSb — 4/ 2@3)

e This is the “classical” formula for body-effect V; variation

y is called body-effect parameter
— sub-linear function of Vg,




Retrograde Body Doping

 Modern transistors employ steep retrograde body doping
— light doping in surface layer with heavy doping underneath

 Reduces off-state Ieakage and improves surface mobility

10 = ] Vi(V)
- 1 NFET
B 0.6
L ——  Model
X, Al (.44
0 Data Vg

02

107

Body doping (cm )

Retrograde body doping 0.2

L | _ . PFET =084V
| Wimax for uniform doping
|
!

| | | | —0.6 |-
1%
0.0 0.1 0.2 0.3 0.4

Depth (um)

* Wgep Is now defined geometrically and mdependent of Vg,
 «a IS now constant = linear relation between V, and Vg, 4,




MOSFET IV — Very Small V4

* Consider MOS transistor with V¢ > V;, Vs > 0 but Vs = 0

Qinv Will be uniform along channel v|g
lgs =W.Qinp-v Gite
where W is channel width y Tox
. . }OOOO?OOO ( . ]dsv
- . deax Vs
IdS =W. Qinv-,uns-Ex —/Z_______ ______—L
P-body
= W. Qiny- Uns- Vds/L ‘
=W. Coxe (Vgs o Vt)' Uns- Vds/L }—»x Vo ‘
0 L

w
las = 7+ Coxe- Hns- (Vs = Vi) Vas

11



MOSFET IV — Beta

 MOS transistors are sometimes characterized by a
gain factor 8

e Forvery small V :

w

lgs = T Coxe: Hns: (Vgs - Vt)- Vas = B. (Vgs - Vt)- Vas

f captures physical and material

where f = —.C,ye-
P =T - Coxe: fins properties of the transistor

12



MOSFET IV Characteristic — very small Vds

o Forvery small Vys: Iy = B.(Vys — Vi) Vas

— Ve <Vp Igs=0
— It Vs >V, MOSFET behaves as a linear resistor
whose conductance is proportional to (Vs — V)

13
Vds



Measuring Threshold Voltage

lgs = B. (Vgs — Vt)- Vas

Vi =30mV
\

measured
data

Ids A

W
0.1 X i (A==

gs

 Empirical V,can be determined by:
a) extrapolating l;s vs. Vcurveto |y =0
b) measuring V at which I = 0.1u4 X (W /L) 14



Inversion Charge in MOSFET

 Now consider MOSFET with V ;. > 0 (and no longer very small)
e Channel voltage V. is now a function of x

— (0) =V orV(0) =0 '
— V(L) =Vgor V(L) = Vgs Gate
« As we move toward the drain ] T
— less voltage across oxide . |©©006666 | Las

. s N W N < Vs
(& more across depletion layer) po_ Y Vdmmx N

— fewer electrons (less charge
density) in inversion layer

Qinv = —Coxe (Vg — Vio — . Vsb) 0 L

becomes:

Qiny(x) = —Cpye (Vgc(x) — Vio — . Vep (x)) 15



Bulk Charge Factor

Qunv(@) = ~Coxe (Vo (@) = Vio = @.Vip ()
= —Coxe (Vs — Ves () — Vo — a(Ves (X) + Vip))
= ~Coxe(Vys = Ves () — (Veo+aVp) — . Vs (x))
= —Coxe(Vgs = m.Ves(X) = V)

where m=(1+a) =1+ Cuep/Coxe =1+ 3(Toxe/Wamax)

 m is called body effect factor or bulk charge factor
 m s typically around 1.2
* First order models often use m=1

16



Channel Voltage Profile

 We know that V.;(0) = 0 and V(L) = Vy4s
e WhatisV¢(x)for0<x <L ?

 Many simple analyses assume V_¢(x) = x.V,,/L
— Inversion charge density decreases linearly from source to drain

— horizontal electric field E, = dV,¢/dx is constant

Inversion charge density

e This cannot be correct as I;; « Q;,,(x). E,(x) must be constant!
V..(x) is a much more complex function of x 17



MOSFET IV — Linear Region

e Fortunately, we can determine I . without knowing V.. (x)

« Weknow Igs =W.Qinp(x).v(x) =W. Qinv(x)-.uns-Ex(x)
S0 Ige.dx =W. Coxe(l(gs —m.Vo(x) — Vt).uns.f?x(x). dx

= W.Coyxe (Vgs —m. Ves(x) — Vt)-.uns- AV

Vs

L
j [g5-dx = W.Coxe- Uns (I{qs —m. Ve(x) — Vt) Vs
0

0
m. VCSZ Ves = Vs
2

[gs.: L = W. Coxe- Uns [(Vgs — Vt)- Ves —
Ves =0

Ids

=] =

m
Coxe HUns- (Vgs _ Vt T ? . Vds) . Vds

m
= B-(Vos = Ve = 5 Vas ) Vas

2 18




MOSFET IV — Linear Region

0.15 - IdS (ma)

0.1 -

0.05 -

II/ds (V)

1.5 2

e Forsmall Vg, I, increases linearly — behaves as a resistor
 As V,, increases, charge in channel decreases
— as aresult: dI;./dV,, decreases

e What happens when I;; reaches it maximum ?
19



Drain Saturation Voltage

At what point does [;; reach it maximum?  es | oo

m
Las = B (Vgs = Ve = 5 Vas ) Vas

« Differentiating and setting to zero: lagge pmmr e
0l4s T e
an - ﬁ (VQS o Vt — m. VdS) = O ° o Vdsat e ?
S
« This gives: Vgs = Vi Visqe iS called the drain
Vasat = '
m saturation voltage

e The drain current I;; when V. = V;44¢ 1S given by:
14 2
lysar = las(Vgsar) = M—LCoxe-ﬂns- (Vqs — Vt)
=

or lysar = om

VoV )2 l454¢ 1S called the drain
gs 7t saturation current

* Note that V;54; and Iy, are both functions of V;, 20



Saturation

 What causes the current to “max-out” at V,:?

e Charge in channelis:  Qiny(x) = —Coxe(Vgs — m.Ves(x) — V)

e At saturation, V.;(x) at the drain end of channel is V.4(L) = Vigat

e Substituting into the equation above: “

Qiny (L) = 0 when Vg = Vigae

* I.e., the inversion charge density at the drain end of the channel
has been reduced to zero!

« Disappearance of the inversion layer is called channel pinch-off

21



Voltage & Charge in Channel at Saturation

Ves
/ ______ Vas = Viasat
| > X
0 L
|Qinv|
|Qinv| = Cox(Vg —m. Vs — Vt) \‘
> X
0 L
Ichannel
AVes
Ichannet = Uns- Qinv- dx Lisat
Iy




Saturation Region

 What happens when V. is increased beyond V,;.,;?

* Pinch-off region (i.e. the region where the channel charge
density is zero) now extends a short finite distance from the
drain toward the source

* Pinch-off region is a high-field region across which the
voltage V,;; — V4t IS dropped

Note that because the pinch-off

V 4
1 Vas  region is very small, V ¢(x) and
...... Vi Qinv(x) are almost identical to
what they were when V,;; = Vo4t
l , x
0 _ L av,
Qi 4 pInCh-Off\> But Ichanner = HUns- Qinv-d_;s

region

As a result:
\I P las = lgsar for Vas 2 Viasat
: .

L 23




Saturation Region

« MOSFET acts as a constant current source in saturation

 How can current flow through pinch-off region if there is no
Inversion charge?

* Pinch-off region is a depletion region

« Depletion region is not a barrier to current flow

— Current can flow across depletion region if there is an electric
field and there is a source of carriers (as in PN diode)

— When electrons reach pinch-off region, they are swept across
this region by the strong electric field

00 o ° o
Source o~ Source
Vas =V,
ds dsat Vds > Vdsat

Drain

Drain

« Waterfall analogy
— flow down waterfall is independent of height of waterfall 24



MOSFET IV — Linear & Saturation Regions

0.15 - IdS (ma)

0.1 - I ]
linear /" saturation

S V=15V

0.05 -

« Forsmall V,,, I, increases linearly — behaves as a resistor
 As V,, Increases, charge in channel decreases

— as aresult: di;;/dV,, decreases
 When V4, reaches Vygqr = (Vs — V¢)/m, pinch-off occurs

- I35 = I454¢ - transistor behaves as constant current source 25



MOSFET IV — Long Channel Model

20x10% 7 L =10pm, W = 10um

Vs = 2V
TD]{E = 4nm, vt N Ojtﬂ,v"*ﬂﬂff‘l”l‘mf
1510”1 A
Txvr
< 1 0u10*- 7 Ves = 1OV
_ /;’
s
50}{10 i"r ng = 1\1_.'
] ;-Ii:(.rt"_' H-llllrl«lllliillltiilll-&;«llli@i;;
0.0 05 1.0 15 20

« Equations we have developed sometimes known as first-order
model or Shockley model (esp. with m=1), or long-channel model

. Accurately describe behavior of long-channel MOSFETs ~ *°



Transconductance

 |n saturation region, MOSFET behaves as a voltage
controlled constant current source
« Convenient to describe “gain” of the transistor in terms of its

transconductance:

Gm 0Vys m.L

dl w
=2 Coxe- Uns ([{qs — Vt)

p
Im = E(Vgs - Vt)

27



Summary of NMOS Long Channel Model

CUt'Oﬂ: Vgs < Vt IdS — O
. I(gs > Vt m
Vds < Vdsat 2
p 2
l;c =—(V |4
Vgs > Vt ds Zm( gs t)
Saturation B

Vas > Viasat Im = E (Vgs — Vt)

28



PMOS Long Channel Model

« All dopings and voltages are inverted for PMOS
— Source is the more positive terminal
Voss Vas» Vasar» Ve and Iyg are all < 0

| » Mobility determined by holes

- Uy typically 2-3x lower than
that of electrons .

W
B =—.Coxe- Ups

| « PMOS transistors must be 2-3
times wider to provide the
same drive current

29



Summary of PMOS Long Channel Model

 Note that iIn PMOS transistor:

Voss Vas, Vasar» Ve and Igg are all < 0
CUt'Oﬂ: Vgs > Vt IdS — O
. I{qs < Vt m
Vds > Vdsat 2
s = 5— (Vs = V2)°
Vs < V4 2m
Saturation _
Vas < Visat Im = W (%s — Vt)
30




Example:

* An ideal NMOS transistor has the following parameters:
- W =50um, L =5um
- Toxe = 25nm

- Wimax = 375nm
-V, =04V
— Uns = 350 cm?/V.s
e Determine:
a)  Vasat» lasar and gmsar atVys = 1,2 and 3V
b) Sketch Iy, vs. Vs curves for 0 < Ve < 3V and Vg = 1,2 and 3V

31



Non-ldeal |-V Effects

« We will now examine non-ideal effects that detract
from the behavior described by long-channel model:

* Velocity Saturation
e Channel Length Modulation

* Body Effect (we already covered this)
— variation of threshold voltage with source-body bias

Vi =Vio+a. Vg, where a =(m—1) = 3.Coxe/Waimax
e Sub-threshold Current

* Drain Induced Barrier Lowering (DIBL)

32



Velocity Saturation

* In short channel length devices, electric field can be
very high — leads to velocity saturation

— particularly when device is in saturation and very high field
exists in pinch-off region

 Empirically model velocity =~ %7
saturation as: LOE7 vt/
- 8.0E6 2 :
o E I S / ' Vgqe = 107 cm/s
v = - for £ < Egqr  cor6 = B /
— = 4. 0E6 |
V= Vg for E = Egq / '
2.0E6 ,
— Egqr ! E(V/cm)
° I = Z. 0 | I- I |
where  Esqr = 2.Vsqr/ Pns 5.0E4 1.0E5 15E5 2.0ES

33



MOS IV Model with Velocity Saturation

 Re-evaluating expressions for I ;s (linear) with
saturation limited mobility gives:

B (Vos = Ve =5 Vas ) Vas

1+ Vys/(Esqe. L)

lys = for Vas < Vdsat, UV < Vgqt

__long—channel /4

_ _ usually valid in linear range
1+ Vas/(Esqe-L)

e At onset of pinch-off and velocity saturation:
Iys = 1gs(L) = W. Qi (L). v(L)
= W.Coxe- (Vgs — Vi —m. Vdsat)- Usat

34



Saturation Voltage with Velocity Saturation

e Equating these two expressions for I;; at Vo = Viygar
gives:

1 m 1
Vasat Vgs — Vi Eq ¢ L

Visqr 1S reduced by velocity saturation

Visar 1S less than smaller of:

— long-channel V., and

— that V, that would give an average electric field of E4,
along the length of the channel

— (same math as two resistors in parallel) 35



Saturation Current with Velocity Saturation

e Substituting eqn. for V;,; Into (linear) expression for I:

2
_ (Vgs o Vt)
Idsat — m Coxe-.uns- V.. —V
' 14+-2 ¢t
m.Eqqe. L
long—channel [ ;4,; I
— Ve —V, — E (Vgs - Vt)- Vasat
1+ 2=
m. Eqqe- L

* Note that for long channel case or low Vq,
Esae- L > (Vgs — V)

— this reverts simply to long channel model
36



Short Channel MOSFETS

» For the very short channel case:  Egqp. L < (Vs — V)

—_—

Vdsat ~ Sat-L
Idsat ~ W. Usat- Coxe (l{qs _ Vt — m. Esat-L)
* Note that I ;.. Is no longer proportional to 1/L

o And Iysq; < (Vs — V) rather than (Vs — Vt)2
* In short-channel devices, pinch-off region becomes a
velocity saturation region

« Velocity saturation is a serious limitation on the I,,, of short
channel MOSFETSs 37



Example: Velocity Saturation

AtV =1.8V, whatis the Vg, and lyg, Of an NFET with W =

lum, T, =3 nm, =200 cm?/Vs, v, =8 x 10°cm/s, V,=
0.25V, and W, = 45 nm for:

(a) L =10 um

(b) L=1um
(c)L=0.1um
(d) L =0.05 um?

38



Compare to Long-Channel Model

Using data from previous example:

Long-channel

with Velocity Saturation

L (um)
Visat (V) lysar (HA) Visat (V) lysar (HA)
10 1.29 23.1 1.27 22.8
1 1.29 231 1.11 200
0.1 1.29 2310 0.494 882
0.05 1.29 4620 0.305 1090

39




Compare Long & Short Channel MOSFETSs

£, (MASum )

04

0.3

0.2

]

(L0

f. = 0.15 pm
V, =04V

Vi (V)

Fao (LAum)

0.3

=
[

0.01

(.0

-~ L =20pum V=25V
Ve, =20V
: V=15V
: Vo = 1OV
1 B I I 1 3 i & I 1 i i I | "I I | j BB & |
1] | 2 2.5
Va (V)

40



Channel Length Modulation

e Until now, we have assumed that length of pinch-off
region does not significantly reduce length of channel

e In short channel length 10t fe'gfgr'fff
devices, as V,. increases
beyond V,,,, effective \
channel length decreases Ly
leading to an increase in I 0 L

éffective channel Iengtﬁ
e [,. Increases with increasing V,. - even in saturation

e Can be modeled as:

—

B 2
Ids — %(Vgs T Vt) -(1 + A. Vds) — Idsat(1 + A Vds)

« where A is channel length modulation parameter
— units are V1 41



Output Conductance

« Like bipolar transistor, channel length modulation can
also be modeled as an Early effect:

lgjs = Vyieae (1 +Vy,/V4) where Early voltage V, = 1/4

* |In saturation, small signal output conductance:

A

1 0y
1o B anS

Yds = = A lgsar

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
——
-
-
-
-
-
-
—
"
-
-
-
-
-

--------
________________
- =TT =TT
- - _————TT e ————————
_____________________________
- - — e e e

_____________
T =TT ————————
=2S e T




Example: MOS Amplifier

« An MOS transistor operates in the saturation region.
A small signal input, v,, Is applied.

Vad
las = Im- Vgs T 9ds- Vs R%

= Im-Vin T Gds- Vout

. Vin 41
lgs = — vout/R l: NMOS

Vout _ —9Im
Uin Jas + 1/R -

voltage gain =

A smaller g,. Is desirable for large voltage gain.
 Maximum available gain (or intrinsic voltage gain)
IS Gm/9as e



Combined Short Channel Effects

l4s(1A)
—— Simulated
. . Vgs =1.0
—— Ideal (based on example in Section 2.2)
1200
Velocity saturation and mobility degradation:
|, lower than ideal model predicts
1000 A
o oy =T4TMA @
Channel length modulation: '\, -y, -y
Saturation current increases  ° de Pb
800 - with Vige V.=10 \
L —
| —
______——————‘________ 4 Vgs=0.8
600 -
f-""’VéTocity saturation and mobility degradation: V. =08
Saturation current increases less than ! ____________——gi——— -
400 quadratically withVgs ~——4
Vgs =0.6
200 oy
____________________————————— Vys =0.6
Vgs =04
0 A T T 1 T 1 T = T - T ! i Vds
0 0.2 04 0.6 0.8 1

44



Sub-threshold Conduction

 Until now, we have assumed I;3 = 0 for Vs <V

« But a small positive V;; will increase band bending
and lower surface potential at silicon-oxide interface

¢s = constant +V,/n  where n =1+ Cgep/Coxe

IdS X nS X eq'¢S/kT

I;c < e9Va/TKT | in sub-threshold "




Sub-threshold Current

* In sub-threshold, current increases exponentially with V,

e Current relatively independent of V. for V;, > a few kT

* In short channel length devices, more sensitivity to V.
as V; Is reduced at high V. through a process known as
drain-induced barrier lowering of DIBL

| (W) ¢
- PMOS NMOS

1K)

HHJE

10

Ly (pAfum)

| E

(0.1 E

0.01 3 (V) = (.05,

“““]: pia s sssoleses o lonsv s ¥Wownnadsswsalsnnaslonnaa
12 -09 -06 -03 () 03 06 09 12

Vo (V) 46




Sub-threshold Current

 Practical and common definition of V; Is the value of V,,
at which I;, = 100nA x (W /L), then:

W
I;s(nA) =~ 1OO.T.eq(Vgs_V’f)/’7kT for Vs <V, and Vg5 > kT

Log (Fy )
sub-threshold region

* Plotting In(lys) vs. Vys: s i’ 5
i ~ Va= Vg

— Sub-threshold slope i

100nA = WL

1/S =nkT/q pAE A

/| strong inversion region

e Sistypically 100 mV /decade A=l
at room temperature A

(d) ar



Drain Induced Barrier Lowering (DIBL)

* In along channel device, surface potential is influenced
by both gate potential and body potential

Wdep this is the back-gate bias
Coup effect — increases V-
P-sub

* In a short channel device, surface potential is also
Influenced by close proximity of drain

0.00 |

V7 is now a function
L =45nm of V. Becomes

Tox =2mm | harder to turn device
off at high V .

-0.05 |

-0.10 |

-0.15 }
= Vds =50mV
® Vds =1.0V

Vt Roll-off (V)

-0.20 |
| @

_025 " PR | " A s 4 4 asal
001 0.1 1

Lg (um) 48




Sub-surface Leakage Paths

e Can reduce effect of drain on surface channel by
Increasing relative effect of gate

— l.e. by increasing C,, (reduce T,, and/or increase ¢,,)

e But there’s another problem - leakage paths deep within
transistor body:

-
=]

Vgs

— Gate has much

€
<
-
Py
& 10
=
= |
O
k=
=
o

L v,,  weaker controlin S
N _I(B L this area /' Smaller
leakage path — Very difficult to turn B | size
device off 10"

00 03 06 09
Gate Voltage, V__ (V)

 Problem is regions in body that are as far from gate
— allows drain to create a sub-threshold channel

 Need to completely re-think geometry of MOSFET

49



FINFET

e Maintain gate control by creating a narrow channel
surrounded on all sides by the gate

40 nm FinFET
T;=30nm, Tox =2.7 nm

Vd=0.05V,1.05V

66mVidec

Measured
¢ Simulated

15 .-‘1.0 -0.5. UiO 0?5 10 1.5
Gate voltage Vg [V]
« All portions of channel are very close to gate
— gate maintains control of channel

— good threshold control and sub-threshold slope

 Intel introduced FINFET into 22nm process (2012)

50
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