6.012 - Electronic Devices and Circuits

Lecture 13 - Large-Signal Models - Outline

e Announcements
Handout - Lecture Outline and Summary

* Review
MOSFET model: gradual channel approximation (Example: n-MOS)
0 for (vgg— Vp)/a =0 =<vpg (cutof)
ip =y K (vgs— V)2 20 for 0 < (vgg— Vp)/ao < vpg  (saturation)

K (VGS - VT - GVDS/Z)VDS fOI‘ 0 =< VDS =< (VGS - VT)/(X (linear)
with K = (W/L)pC,,"s Vi = Vg — 20,6 + [2¢g; gNA(12¢, g - Ves) 1V3/Co”
and o =1 + [(gg; qNA/2(|2¢p_Si| — VBS)]I/ /C,x (frequently o~ 1)
Comparison of MOSFET and BJT models and characteristics

e Refined device models

Charge stores:
1. Junction diodes
2. BJTs
3. MOSFETs

The Early Effect:
1. Base-width modulation in BJTs: wg(vg)
2. Channel-length modulation in MOSFETSs: L(vyy)

Extrinsic parasitics: Lead resistances, capacitances, and inductances
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e The gradual channel approximation - review

Electrostatics problem in x-direction
to find q_"(y) as a function of vGS,
Ve and v(y)

Drift problem in y-direction to relate
ip, t0 Vg, Vpg, and vy

. w . 1%
i (VssVpssVps) = ftue Co\Ves = Vr(Vis) _a%s Vps
ip4 INC. When v reaches (v - Voo,

VGS
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the channel vanishes aty = L
and the current holds steady
at its saturation value.

I (VgssVpssVas) =
1 W

Z flu“e C;kx {VGS -V; (VBS)} :

VDS
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e The gradual channel approximation - review cont.

The full result is:
Valid for v, <0, and v, =0:

I (VssVpsoVes) = 0 and  ip(Vgg,Vpg,Ves) = 0

0 for l[vGS —VT(vBS)]<O<vDS
(04
. 1 ‘l] % 2 1
Ip(VgssVpssVas) = %ftue C,. [VGS -V; (VBS)] for 0O< E[VGS -V; (VBS)] <Vps
W « % 1
ftue Cox{vGS Vi (vg) — %S} vps for O<vp< E[VGS -V (VBS)]

With CZX = gOX/IO)C
The threshold voltage is written several different ways (all equivalent, of course)

1/2 . 1
Vi(gg) = Vg — 2¢p—Si + VHZ(PP-Si - VBS] with y = Vok [2gSinA] i

[l ol - oo}

1/2
= Vi — 2¢p—Si + }/HZ(PP-SI' Bl VBS] B [‘2¢p‘5i
1/2
- vBS] - [‘2¢p—Si

1/2
-V, O+ 1{[20,.4 [} witn Vi@ =Via =26, 1[0,

The factor a is typically not included in the model because it is approximately
1 and contributes little to the accuracy or to our intuition and insight.
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MOSFET

Characteristics A % )
(n-channel) "l Triode :
Saturation (FAR)
ip= K|[vas - V1(vss)]2/2a
Also:
ic= 0 /
iB = O

K= (W/L)IJ eCox*

Cutoff VDS

Output family

MOSFETD Model Yalid for vgg =<0 an(.l Vps = 0, insuring
Model ~o .\ iG(VGss VpssVes) = 0, 15(Vgs, Vps,Ves) = 0
i ~
Ip 0
\ ‘_’DS for (vgg— Vp)/a =0 < vpg (cutof)
ic in(Vas,Vos,VBs) = < (W/L)iCoy (ves — V)? 20
G O— i 472 B W/I;OI'((:) 5* ((VGS —‘YT)/ o= V]/)ZS) (saturation)
B . Helox (Vgs — V1 — OVps/<)Vps
VGs VBS for 0 < vpg < (vgg— Vp)/a  (linear)
_0_ With VT —_— VFB -Si + [2851 qNA(|2¢ Sll - VBs)]I/Z/COX><

o=1+[(gg qNA72(|2q>p o = Vo) [V2/C, . (frequently ~ 1)
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BJT Characteristics (npn)

iB

iB= IBseqVsee/kT
vce> 0.2V

< Cutoff

Input cu

rve

_Saturation
ic ~

Forward Active Region

icx fBriB

' Cutoff jCE

Output family

BJT MODELS - T C

VBC

O

&
+ OoFl ir4

B+

Ie
VBE

Clif Fonstad, 10/03

viF

S .
Y o

Y

Forward active region

s

vee > 0.6 V C
vceE> 0.2V .
(i.e. vac < 0.4V) . I?)FlB
ir is negligible IB
q —>
. B
Other regions +
Cutoff: BS
vee< 0.6V VBE
Saturation: —OFE
VcE< 0.2V
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Adding charge storesA to the large signal models:
T

p-n diode: s SZ \__=\EIAB Oas: EXcess carriers on p-side plus
excess carriers on p-side plus

junction depletion charge.

CIB_I
BJT: npn Brie’ S
(in F.AR.) B Oge- Exc.ess carriers in base plus

B°' E-B junction depletion charge

_u Ies Ogc: C-B junction depletion charge
OF

MOSFET: . —[}9

n-channel io Os. Gate charge; a function of v,
G O—H——<;>——O B Vpe, and V.

] Joe: D-B junction depletion charge
S \ gse Osg: S-B junction depletion charge
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The Early Effect:

(exaggerated for impact)

'/
BJT: npn ”,[
/;
1= -Va | 02V
MOSFET:

n-channel

———

-1/h = -V
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Active Length Modulation - the Early Effect: MOSFET

MOSFET:

‘We begin by recognizing that the channel length decreases.
with increasing vps and writing this dependence 1o first order in

Vps-

L ~L,(1 -Avpg) and 1/L =~ (1 + Avpg)/L,
K= (W/L) Ue Cox*

Inserting the channel length variation with vpg into K we have:
K=K, (1T + Avps) where K =(W/L,) p.C."
Thus, in saturation:

ip ~ K, (Ves = V)2 (T + Avpg)/2a
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Active Length Modulation - the Early Effect: BJT

BJT:

We begin by recognizing that the base width decreases with
increasing v¢e and writing this dependence to first order in vg:

WB* ~ WBO*(1 - )"VCE) and 1/WB* ~ (1 + )"VCE)/WBO*

Then we note that in a modern BJT the emitter defect is the
more important factor:

Be = (1 - 08g)/ (8 + 3g) = 1/8¢ = (De/Dp)(Npe/Nag) (We/Wg")
Inserting the base width variation with v into g we have:

B ~ Bro(1 + Avce)
where Bg, =(De/Dp)(Npe/Nag) (We™/Wg,)

Thus, in the F.A.R.:
ic = Bro(1 + AVce)ig
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aturation

Output N

Characteristics

BJT: npn

Forward Active Region

ic = Be(1 + Avge)ig

Cutoff )J"CE

Linear
or

ID Triode

MOSFET:

n-channel

[

ip = K[vgs = V1(Vas) - Vps/2]Vps

| ip = K[vgs - Vi(Ves) J2[1 + Avps]/2

% Saturation (FAR) W
/

VDS
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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 the two lectures after the next (15 and 16).

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

C
C =B
BJT <f>ﬁFiB ! /T* CT
IB >
2 ¢
0.6 V ‘l
VBE_OE - E
D
MOSFET ¢ iT* ID
Ip= (K/2)[vas - V]2 |
GTQ G(:—|—OB
VGS_O Vs = (2lps/K)172 + V7 -1
S - oS
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6.012 - Electronic Devices and Circuits

Lecture 13 - Large-Signal Models - Summary

e Refined device models
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. MOSFETSs - 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: Cu = C,q=0;allis Cy,
linear region: C, =C,q=WLC,*/2
in saturation region: C,, = (2/3) W L C,*
Cgq =0 (only parasitic overlap)

The Early Effect:
1. Base-width modulation in BJTs: wg(vcg)
In the F.A.R.: i = By, (1 + Avcp)ip

2. Channel-length modulation in MOSFETSs: L(vyg)
In saturation: ip =K, (vgs— V)2 (1 + Avpg)/2a

Extrinsic parasitics: Lead resistances, capacitances, and inductances
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