6.012 - Microelectronic Devices and Circuits

Lecture 11 - MOSFETSs |l; Large Signal Models - Outline

e Announcements
On Stellar - 2 write-ups on MOSFET models

 The Gradual Channel Approximation (review and more)
MOSFET model: gradual channel approximation (Example: n-MOS)
0 for (Vgs — Vo)la £ 0<vps (cutoff)
Ip = K (vVgs — V1)? 20 for 0 < (vVgs — V1)la < vpg (saturation)
K (Ves — Vr — avps/2)vps for 0 < vpg = (Vgs — Vy)la (linear)
with K = (W/L)UCox's V1 =Veg — 20p.si * [2e5i ANA(|120.sil — Vgs)]V2/Coy”
and o = 1 + [(e5;qNA/2(|12¢,sil — Vgs)]?/Coy  (frequently o= 1)

 Refined device models for transistors (MOS and BJT)
Other flavors of MOSFETS: p-channel, depletion mode

The Early Effect:
1. Base-width modulation in BJTs: Wg(Vcg)
2. Channel-length modulation in MOSFETSs: L(vpg)

Charge stores:
1. Junction diodes
2. BJTs
3. MOSFETs
Extrinsic parasitics: Lead resistances, capacitances, and inductances
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An n-channel MOSFET showing gradual channel axes

VBS IﬁB Extent into plane = W

B

Gradual Channel Approximation:
- A one-dimensional electrostatics problem in the x direction is solved to find
the channel charge, q,’(y); this charge depends on v, Vs(y) and vgs.

- A one-dimensional drift problem in the y direction then gives the channel
current, iy, as a function of vgg, Vg, and vgg.
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Gradual Channel Approximation i-v Modeling

(n-channel MOS used as the example)

The Gradual Channel Approximation is the approach typically
used to model the drain current in field effect transistors.*

It assumes that the drain current, iy, consists entirely of carriers
flowing in the channel of the device, and is thus proportional
to the sheet density of carriers at any point and their net
average velocity. Itis not a function of y, but its components
In general are:

5 ==W =g Ny, (y) Se(y)
In this expression, W is the width of the device, -q is the
charge on each electron, n*,(y) is sheet electron concentra-

tion in the channel (i.e. electrons/cm?) at y, and s, y(¥) is the net
electron velocity in the y-direction.

If the electric field is not too large, ey(y) -uE (), and

dves(Y)
dy
* Junction FETs (JFETs), MEtal Semiconductor FETs (MESFETs?), and Heterojunction FETs
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1. Also called Shottky Barrrier FETs (SBFETs). 2. Includes HEMTs, TEGFETs, MODFETSs, SDFETs, HFETs, PHEMTs, MHEMTS, etc.

o ==W-q-ny (y) 1E, (Y) =W -q- ng (y) -t —=2=

Cont.




GCA i-v Modeling, cont.

We have:

dves(Y)

= W-q- ng(y) g —= dy

To eliminate the derivative from this equation we integrate both
sides with respect to y from the source (y = 0) to the drain (y
=L). This corresponds to integrating the right hand side with
respect to vg from O to v, because v4(0) =0 to vg(L) = Vpg!

3 PN 0
fIDdy: W',Ue'q'fnch(y) CC:IS;/(y) dy=W-p,.-q fnch(VCS)dVCS
0 0 0

The left hand integral is easy to evaluate; it is simply igL. Thus
we have:

Vbs

L
. . . W .

fIDdy: bl =] Ip = T'l«le'q' fnch(VCS)dVCS

0 0
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GCA i-v Modeling, cont.
The various FETs differ primarily in the nature of their channels
and thereby, the expressions for n*(y).

For a MOSFET we speak in terms of the inversion layer charge,
d, (y), which is equivalent to - g:n",(y). Thus we have:

Vps

Ip =- TIJe f 0 (Vo Ves Vis) MVes
0

We derived q," earlier by solving the vertical electrostatics
problem, and found:

O, (VosiVesi Ves) = — Cox[VGS —Ves — Vi (VCS’VBS)]

_ 12 /|
With Vi (Ves,Vas) = Veg —2¢,_g +{288inA[‘2¢p—S‘ —Vgs T+ Vcs]} /Cox

Using this in the equation for iy, we obtain:

. W
15 (Vas: Vos Ves) = Tue f {Cox [VGS —Ves = Vi (VCS’VBS)]} dVes
0
At this point we can do the integral, but it is common to simplify
the expression of V(v Vgs) first, to get a more useful result.
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GCA - dealing with the non-linear dependence of V; on v g

Approach #1 - Live with it

Even though V(v Vgs) IS @ non-linear function of v, we can
still put it in this last equation for ip:
}dvCS

W]
_L:uef{cox

0

tOX
Vos —Ves — Ve + 2¢p—S - 8_\/289qNA[‘2¢p—9‘ — Vg + Vcs]
and do the integral, obtaining:

o Uoo VooV = e Cir Voo 20~V =5 o

+§m[<\z¢p\+vos-vss)“—(\2¢p\—v88)3’1}

The problem is that this result is very unwieldy, and difficult to
work with. More to the point, we don't have to live with it
because it is easy to get very good, approximate solutions
that are much simpler to work with.
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GCA - dealing with the non-linear dependence of V; on v g

Approach #2 - Ignore it

Early on researchers noticed that the difference between V- at
0 and aty, i.e. V;(0,vgs) and V;(vpg,Vgs), IS small, and that using
V;(0,vgs) alone gives aresult that is still quite accurate and is
very easy to use:

i D (VGS’VDS’VBS)

W

_ﬂu
L_ e

Vbs

J{Co[Ves = Ves = Vs (OVeo)]} e

0

- T/'le C:;X{[VGS -V; (0, VBs)] Vbs ~

2
DS

%)

The variable, v g,
issetto 0in V.

This result looks much simpler than the result of Approach #1,
and it is much easier to use in hand calculations. Itis, in
fact, the one most commonly used by the vast majority of
engineers. At the same time, the fact that it was obtained by
ignoring the dependence of V; on vg is cause for concern,
unless we have a way to judge the validity of our approxima-
tion. We can get the necessary metric through Approach #3.
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GCA - dealing with the non-linear dependence of V; on v g

Approach #3 - Linearize it (i.e. expand it, keep first order term)

In this approach we leave the variation of V; with v.¢ in, but
linearize it by doing a Taylor's series expansion about v = O:
N,

VT[VCS’VBS] = VT (O’VBS) +

"Ves
Ves=0

Taking the derivative and evaluating it at v = 0 yields:

CS

t <N
VT [VCS’VBS] =~ VT (QVBS) + = =R "Ves
€ o 2(‘2%‘ — VBS)

With this q,” is

‘ ) t,, £50N
d, (VGS’VCS’VBS) = - Cox Vos —Ves T VT (QVBS) - =R A "Ves
E oy 2(‘2¢p‘ — VBS)

= C;x [VGS AR A (VBS)]

where
o =

1+ %\/EQQNA/Z(‘ZQ%‘ - VBS) and Vi (Vgs) =V;(0,Vgs)
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GCA - dealing with the non-linear dependence of V; on v g

Using this result in the integral in the expression for iy gives:

Vbs

. W )
15 (Vos:VipsiVes) = Tﬂe f { Cox [VGS —aVes— Vs (O’VBS)]} dVes

0

W

2
* V .
=— U C 2lv.e =V_(v V. — o —2S Except for o this is the
L He o [ S T BS)] bS 2?2 Approach 2 result.

Plotting this equation for increasing values of v we see that it
traces inverted parabolas as shown below.

Note: iy saturates
after its peak value
(solid lines), rather
than decreasing
(dashed lines).
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Gradual Channel Approximation, cont.

The drain current expression, cont:

The point at which i, reaches its peak value and saturates is
easily found. Taking the derivative and setting it equal to

zero we find: di 1
=~ =0 when Vps = _[VGS_VT (VBS)]
Nps a

What happens physically at this voltage is that the channel
(inversion) at the drain end of the channel disappears:

q; (L) = - C:;x{VGs ~V; (Vgs) —@ VDS}

1
=0 when Vps = E[VGS _VT (VBS)]

For vps > [Vgs-V1(Vgs)l/at, all the additional drain-to-source voltage
appears across the high resistance region at the drain end of
the channel where the mobile charge density is very small,
and iy remains constant independent of v

1 W

. . 2 1
ID (VGS’VDS’VBS) - Z T :ue Cox [VGS - VT (VBS)] for VDS > E [VGS - VT (VBS)]
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Gradual Channel Approximation, cont.

The full model:

With this drain current expression, we now have the complete
set of Gradual Channel Model expressions for the MOSFET
terminal characteristics in the three regions of operation:

Validfor vy <0, and vy =0:
I5(VasiVosiVes) = 0 and  15(Vgs,VpsiVes) = O

0 for  [Vgs—Vr(Vgs)] <O<avpg
. 1W !
Ip (VGS’VDS’VBS) = E I He Cox [VGS - VT (VBS)] i for 0< [VGS - VT (VBS)] < AVpg

W x Vv
Elfle Cox {VGS =V (Vgs) - %} avps for O0<avps < [VGS -V; (VBS)]

with Vi (Vgg) =Vig - 2¢p—s + Ci*{Zc‘?gqNA[‘Zgbp_g‘ — VBS]}U2

0),4

1/2
o=1+ ! €50, C =t
C* 2[‘2¢ ‘ _ V (0).¢ t
ox B oX
p-9 BS Lecture 11 - Slide 11
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Gradual Channel Approximation, cont.

The full model, cont;:
VGs

iG(VGS’VDS’VBS) =0 iB(VGsNDS,VBS) =0

0

K
>y [VGS - VT (VBS)] i for

Ip (Ves:VosiVes) =

increasing

Linear or

]

av
K{VGS = V3 (Vgs) - i} avps  for  0<avpg <[Vgs = Vi (Vgs)]

IB

for [Ves —Vi(Vgs)] <O<aVps  cutofr

0< [VGS —VT (VBS)] <aVpg Saturation

Linear or
Triode

with K=Yy ¢
al

Triode
Region

* Cutoff Region

Clif Fonstad, 3/18/08

VDs

Saturation or
Forward Active
Region
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The operating regions of MOSFETs and BJTSs:

iojoD
MOSFET Y]
G Vbs

Linear

Comparing an n-channel MOSFET and an npn BJT

3
»

)

3

J
3
by
0y

Triodel—
/\ Saturation (FAR)

ip= K [VGS - VT(VBs)] 2[2a

iB= IBse qVee/kT

VCE> 0.2V |

Cutoff

~Saturation

VDS

Forward Active Region

ic= Bris

< Cutoff

Input curve
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Suton j@

Output family
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p-channel MOSFET'S: The other "flavor" of MOSFET
G

p-channel
Structure:
n-Si
. Ves IfiB
The voltage progression: B
| | : > VGS
VT 0 VFB For enhancement mode p-channel:

Gradual channel model*: V+ (i.e. vgs at threshold) < 0, Vg > O..

Vadidforvg <0, and v, 20: i5(Ves, Ve V) = 0 and  ig(Vg, Vg, Vg) = O

0 for [veg —|V;(ve)] <0<avg,

: 1W N
_ID(VSG’VSD’VSB) = Ezue Cox[Vss - |VT (VSB)|]2 for 0< [VSG - |VT (VSB)|] < Vg,

W X
L COX{VSG ~Vr (V)| —a%}avw for  0<avg <[V -|V; (V)]

_ 1/2 . 1 1/2

Vi(Vg) =Ves =20, g - )’[2¢n_9 B VSB] with y = C—*[ZSSqND]

Clif Fonstad, 3/18/08 ox Lecture 11 - Slide 14
* Enhancement mode only, V; (i.e. vgg at threshold) < 0.



p-channel MOSFET'S: cont.

p-channel

Symbol and FAR model:
Oriented with source down like n-channel:

Symbol:

I
—
+

G

VGs

Oriented as found in circuits:

Symbol: Vsa

Clif Fonstad, 3/18/08

Al

]

Structure:

D

+

Vbs
|
<

VBs

S

D

| D
Do+
FAR model: + Vbs
V.o <V . .
voso o Io(VGs,Vos,Ves)
BS —>
o e (D s
B
VGs VBS
J— o_
S
FAR model: S
Vgg > -Vq +Q+
VSB < 0 VSG VSB
Vgp >0 _ s _
i: _ -1p(VsG,Vsp,Vss)
oy vso
0_
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Depletion mode MOSFET's: The very last MOSFET variant

It is possible to have n-channel MOSFETs with V; <O0.

In this situation the channel exists with vo =0, and a
negative bias must be applied to turn it off.

This type of device is called a "depletion mode" MOSFET.
Devices with V; > 0 are "enhancement mode."

) increasin .
IDA g

<

9]

0]
R PR

Vs = VT VDs

For a p-channel depletion mode MOSFET, V; > 0.

The expressions for ip(Vgs, Vps, Vgs) are exactly the same
for enhancement mode and depletion mode MOSFETS.
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BJT Characteristics (npn)

AIB

IB = |BsquBE/kT_______'

F/

AR

A

aturation

ic

Forward Active Region

Vo> 0.2V lc=pris
|
e ’ =
Cutoff \w VBE IL - Cutoff VCE
Input curve Output family
BJT MODELS -oC Forward active region C
l vee > 0.6V
VBC vce > 0.2V )
Q lcs (i.e. vec < 0.4V) _ ﬁFIB
: ir is negligible IB
¥ O] i iriS neg
el st
B+ ViF Other regions +4
leS : Cutoff: BS
ORIR vBe < 0.6 V VBE
VBE Saturation: —OE
VCE<OQ.2V
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e,

Linear 3 ~

MOSFET e
Characteristics D Triodeq
(n-channel) Saturation (FAR)
§| io=K[ves - Vi(ves)]2/20
Also:
=0 7
g =0 =
Cutoff Vbs

K=(WIL)u.C,*
Output family

Model valid for vgg < 0 and vpg 2 0, InsSuring

MOSFET ) .
circuit Ic(Vas: Vbs:Ves) = 0, Ig(Vgs, Vps,Ves) = 0
(o) (0
model iny +
VDs for (Vgs — V1) £ 0 < avps (cutoff)
ic;_> iD(VGs,VDs ,VBS) = 4 (W2oL)PeCoy (Vas — V1)?
G O+_ 472 B for 0 < (vgs — V1) < avps (saturation)
B L(W/alL)UeCox (Vas — V1 — avps/2)avpg
VGs VBS
for 0 < avpg < (Vgs — V1) (linear)
O . *
S With V1 = Vg — 24,1 + [25 ANA(12¢0p.si| — Ves)]Y2/C oy
o =1+ [(e5ANA/2(|12¢p.sil — Vgs)]¥2/C oy
Lecture 11 - Slide 18
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The Early Effect:

(exaggerated for clarity*)

BJT: npn |/
”, """"""""""" L T
_1/I)\ Va | 0.2V Ve
A iD

MOSFET: | A~
n-channel /; e
/A
..::::::::::::::::::::::::::::: ...................

e T = Vs

-1/\ =

* Typically the Early effect is far more important
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Active Length Modulation - the Early Effect: MOSFET

"Channel length modulation"

MOSFET:

We begin by recognizing that the channel length decreases
with increasing vpg and writing this dependence to first order

IN Vps:
1+ A -V
L = Lo[l_ )"(VDS _VDSat)] and % ~ [ M (VDLS DSat)]
W .
K=""pC
aL ue OX

Inserting the channel length variation with vps into K we have:

W :
K =K,[1+ A(Vps - Vpey)] Where K = a—LoueCOX

Thus, in saturation:

: K
Ip = ?O(VGS _VT)2[1+ )"(VDS _VDSat)]

Note: Ais the inverse of the Early Voltage, V, (i.e., A = 1/V,).
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Active Length Modulation - the Early Effect: BJT
"Base width modulation”
BJT:

We begin by recognizing that the base width decreases
with increasing vg and writing this dependence to first order

N Ve . 1 1
Wy =~ Wy, (1— AVCE) and Waliw (1+ )»VCE)
B Bo

U

Then we recall that in a modern BJT the base defect, 8, IS
negligible and B depends primarily on the emitter defect, &,

and can be written: (1+6 ) 1 D N W
— B _ — “e "YDE E
" (6E + 58) 6E Dh NAB WB

Inserting the base width variation with vg into - we have:

D. N.. W-
~ B (1+ Av where =_¢_DE_E
B ﬁFo( CE) Beo D, N,, W,

Thus, in the F. A.R.: . .
lc zﬁFo(l"' )"VCE)IB

Note: Ais the inverse of the Early Voltage, V, (i.e., A = 1/V,).
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Large signal models™:

BJT:

npn

IB= IBse qVee/kT

vce> 0.2V

AI

FAR

Gﬂoff

MOSFET:

n-channel

or

Linear

D Triode

b
5
]
fy
3
N
bl
b
'
§
y
5
k)
5
—
/-‘:'
¥ .
[
o
I
I

ip = K[Vgs = V1(Vgs) - Vbs/2]Vps

VBE

ic

aturation

Forward Active Region

iC ~ BF(1 + ;\'VCE)IB_

Cutoff jCE

Saturation (FAR)

=T

/

ID ~ K[VGS-VT(VBS)]2[1 +;"(VDS'VDSat]/2

/

Cutoff
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Large signal models: when will we use them?
Digital circuit analysis/design:

This requires use of the entire circuit, and will be the topic of
Lectures 14, 15, and 16.

Bias point analysis/design:
This uses the FAR models (below and Lec. 17ff).

C C ~
T
IB —
Eab BT

.- 0.6 V ’1
-OFE =

D
MOSFET i
iD: (K/Z)[VGS - VT]2
oo Gf_| s
Vs Vs = (2los/K)172 + Vs ’l
4 e
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Charge stores in devices: we must add them to our device models

Parallel plate —Afy
(:apa(:itorqAT 40 ape d *°
d/2
! L p X 0"q _ Acg
-d/2 \l/ Cpp(VAB) = a\j’PP - F
de(=-d,) B ig=Vs
Depletion region charge store N N
aN 409 Oapp (Vas) =—A _|20¢4 [¢b _VAB] N Al:_il
on (CIB [ Ap Dn
X, 7724
X, > ge N, Np, Ac
4 -ON Cdp(VAB) = A 5 _gv N = |\D| ——S
[¢b AB] [ Ap+ Dn W(VAB)
QNR region diffusion charge store D
2 h

A PO, M)

Uas oF (Vag) = Adn, [quAB/kT —1]

p'(X) N, W
— D f
da, O (=-0a) n="n.ef
Note: Approximate because we are W2
only accounting for the charge — n,eff -
| WA store on the lightly doped side. - ID (VAB)
——
T N —» X 2 Dh
-W X X W

Cdf (VAB) =~
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Wﬁ,eﬁ qlo(Vae)
2D, kT
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Adding charge stores to the large signal models:

?A

p-n diode: 'BSXZ =

ds
BJT: npn _1
(in FAR.) o prie’
BO—
e
JBE °E
Do
MOSFET: ) dos

dc

n-channel
co

Clif Fonstad, 3/18/08

O.g. EXcess carriers on p-side plus
excess carriers on n-side plus
junction depletion charge.

Oge. EXcess carriers in base plus E-B
junction depletion charge
Jgzc. C-B junction depletion charge

Js. Gate charge; a function of v, Vv,
and vg..

Ops: D-B junction depletion charge

Osg: S-B junction depletion charge
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6.012 - Microelectronic Devices and Circuits

Lecture 11 - MOSFETS IlI; Large-Signal Models - Summary

 Gradual channel approximation for FETs
General approach
MOSFETS in strong inversion

1. Ignore variation of V; along channel
2. Linearize variation of V; along channel: introduces o factor

« Additional device model issues
The Early Effect:
1. Base-width modulation in BJTs: wg(Vcg)
Inthe F.AR.: ic = Bro(1 + IVep)ia

2. Channel-length modulation in MOSFETs: L(vps)
In saturation: iy = K, (Vgs — V1)? [1 + A(Vps-Vpsa)l/20

Charge stores:

1. Junction diodes - depletion and diffusion charge
2. BJTs - at EB junction: depletion and diffusion charge
at CB junction: depletion charge (focus on FAR)
3. MOSFETs - between B and S, D: depletion charge of n+-p junctions
between G and S, D, B: gate charge (the dominant store)
in cut-off: Cy=Cyy=0;allis Cy,
linear region: C,=Cyq=WL 80)(*/2
in saturation region: Cys = (2/3) WL C,,*

Cga =0 (only paraSItlcl:_e((?t\L{reerllla Pglide 26
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