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LECTURE 010 - ECE 4430 REVIEW 1
(READING: GHLM - Chap. 1)

Objective
The objective of this presentation is:
1.) Identify the prerequisite material as taught in ECE 4430
2.) Insure that the students of ECE 6412 are adequately prepared
Outline
* Models for Integrated-Circuit Active Devices
e Bipolar, MOS, and BiCMOS IC Technology
 Single-Transistor and Multiple-Transistor Amplifiers
 Transistor Current Sources and Active Loads
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MODELS FOR INTEGRATED-CIRCUIT ACTIVE DEVICES
PN Junctions - Step Junction
Barrier potential-
kT — (NaN NN, NN,
1/}0 = 71]’1( ;‘lizD = Vt 11’1( ;;IQD) = UT ln( 21,2D

Depletion region widths-

\/ 2&i(Yo-vp)Np
Wi ="\ "gNA(Ns+Np) \/I
2&i(Yo-vp)N4 W e \IN
W2 = QN D(N A+N D)

Gj
Depletion capacitance-
SsiQNAND 1 CjO /
Cj:A \/ 2(NA+ND) “’WO‘VD = Vb I:» -/CJO
\/1 - Vo
0 %Yo VD

Fig. 010-01
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PN-Junctions - Graded Junction
Graded junction:

Np
0 X
Ny Fig. 010-02
Above expressions become:
Depletion region widths- 3
W, = (28&i(w°_VD)ND " 25 | |
1=\ gNp(Na+Np) W 1, ! }
(28si(1,UO'VD)NA m * N 2 E /i
2 =\ gNp(Na+Np) gfo 15 [ i
. . J - G
Depletion capacitance- 1 F 1
: m=0.333 !
A( &igNaND )\, 1 Co N S R " |
= = F L% |
J 2(NA+ND) (llJo‘VD)m (1 VD o . | m=0.5 ]
Yo -10 8 -6 4 2 0 2
where 0.33 =m < 0.5. o Fie 010:05
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Large Signal Model for the BJT in the Forward Active Region
Large-signal model for a npn transistor:
iB
— C B C
+ + +
VBE Brip D VBE©ON) = Brip
E o oF Assumes vBE.is‘a E & oE
constant and ig is
ip= ﬁ; exp(y, ) determined externally Fig.010-04
Large-signal model for a pnp transistor:
iB iB
— C — C
Bo .
VBE Brip D VBE(OH) T Bris
E o oF Assumes VBE.is.a T oE
‘ VBE constant and ipg is
Ip=- exp 1 ig.010-
B 7 <Vz ) determined externally Fig.010-05
Early Voltage:
e ) . VCE VBE
Modified large signal model becomes ic =Is|1+7y | €XP| TV,
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The Ebers-Moll Equations
The reciprocity condition allows us to write,
arlgr = arlcr=1Is
Substituting into a previous form of the Ebers-Moll equations gives,

, VBE Ig VBC

ic=Ig exXpTy, +1 “aR |SXPV, +1
and

- Ig VBE VBC

IE=-af (SXPV, + 1| +lg exXpy, +1

These equations are valid for all four regions of operation of the BJT.

Also:
» Dependence of F as a function of collector current

* The temperature coefficient of B is,

1 JpF i
TCE = Br 0T = +7000ppm/°C
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Simple Small Signal BJT Model
Implementing the above relationships, i, = g,;vi + goVce, and v; = rzip, Into a schematic
model gives,

< B b, BN <
O
+ +
B [:» Vi I gmVi "o Vee ‘] B
: :
E E E
Fig. 010-06
Note that the small signal model is the same for either a npn or a pnp BJT.

Example:

Find the small signal input resistance, R;;, the output resistance, R,,;, and the voltage
gain of the common emitter BJT if the BJT is unloaded (R, = %), v,,/Vin, the dc collector
current is ImA, the Early voltage is 100V, and 3, = 100 at room temperature.

Ic 1mA 1 _ B,
g&m= Vt =736mV = 26 mhos or Siemans Rin=ryz= % =100-26 = 2.6kQ

E 100V Vout
Royt=rop= Ic = TmA = 100k<2 Vi = 8&mTo=- 26mS-100kQ = -2600V/V
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Complete Small Signal BJT Model

B ™ B e C
o—ANN LW 5
Crn =< To % Ces I
E E
O O
Fig. 010-07
The capacitance, Cr, consists of the sum of Cj, and Cp,.
Cr=C je +Cy,
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Example 1

Derive the complete small signal equivalent circuit for a BIT at /¢ = 1mA, Vg = 3V, and
Vcs=5V. The device parameters are CjeO = 10fF, n, = 0.5, yp = 0.9V, Cy,0 = 10fF, n, =
0.3, Yoo = 0.5V, C.50 = 20fF, ng = 0.3, yos = 0.65V, B, = 100, T = 10ps, V4 =20V, rp =
30092, re = 5082, rex =52, and ry, = 10B,r,.

Solution

Because Cj, is difficult to determine and usually an insignificant part of Cg let us
approximate it as 2Cje().

. C;, =20fF
_]6
CLo 10fF Ces0 20fF
u cs
C,= =5.6fF and C,. = = = 10.5fF
g [ +VCB e (1+03_5)0'3 i [1+ TGS (1+ ()SW)O'3
Y0c ) Yos .
Ic 1mA

&m =V, =26mV = 38mA/V Cp =tF gm = (10ps)(38mA/V) = 0.38pF
. Cg=Cp+ Cje =0.38pF + 0.02pF = 0.4pF

/3_ Va 20V
=g =100-26Q =2.6kQ, r,=T-=TmA =20kQ and r, =108y, =20MQ
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Transition Frequency, fr

fr1s the frequency where the magnitude of the short-circuit, common-emitter current =1.

Circuit and model:

<+ rp lc;M c
I\

7.
+
D i Cr =< 'm >Vl 8&mV1 To Ces < T ip
ij -

- Fig.010-08
Assume that r. = 0. As aresult, r, and C. have no effect.

'ng Io(jw) Eml'n /3)0
VI=TargCptCps li and lo=gmV1 = Tjw) = (CCs = (CtCps
l+gmrﬂ—gm + O—gm
) Iy(jw) Bo
Now, BU®) =Tjw) = (CxCpljo
1+ /J’O—gm
At high frequencies,

o 8m " ) =1 th __8m__ L _8&m
ﬁ(lw)zjw(CﬁCH) => When | B(jw)l =1 then OT = CrtCy, OF T =725 CrtCy
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JFET Large Signal Model

Large signal model:

G D
o— o
i 2
VGS Ipss(1 ~G5
] Vb
o o
S S Fig. 010-09
Incorporating the channel modulation effect:
: YGS)
ip =Ipss|l - v, (1+Avps) vps 2 VGs-Vp
Signs for the JFET variables:
Type of JFET Vp IDSS VGS
p-channel Positive Negative Normally
positive
n-channel Negative Positive Normally
negative
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Frequency Independent JFET Small Signal Model

Schematic:
D Id D
4—
o— O
+ +
G D Vgs  8mVgs @ ro % Vs ‘:l G
o o
S Fig.010-10 >
Parameters:
dip | 2Ipss( Vs VGs
Em=dvggQ =~ Vi 77V = 8mo "V,
where
2Ipss
Em0 = - Vp
dip | Vesp, 1

Fo=dvps 0 =Mpss\1-v " =71,
Typical values of Ipgg and V), for a p-channel JFET are -lmA and 2V, respectively.
With A =0.02V-1 and I, = ImA we get g, = ImA/V or 1mS and r, = 50k<2.
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Frequency Dependent JFET Small Signal Model
Complete small signal model:

D id D D
AM—o
+
G D Cgssl i gmVgs @ % ‘] G
S Fig.010-11 S
All capacitors are reverse biased depletion capa01tors given as,
Cys0
Cos = Vg—GS (capacitance from source to fop and bottom gates)
[1 s 113
_ Codo . .
Coq= VGD\13 (capacitance from drain to top and bottom gates)
1+ Y,
B CgssO X
Cogs =  Vassio s (capacitance from the gate (p-base) to substrate)
(1+ Y,
1 Em

IT = 27 gyt CgqtCagy = 3OMHz if gy = ImA/V and Coy+CoqrtCosy = SpF
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Simple Large Signal MOSFET Model
N-channel reference convention:

Non-saturation-

. Wu,C,. Vps? BV
Ip = L (VGS - VT)VDS - T] (1 + )\.VDs) s O<vps<vgs-Vr T DS
Saturation- ] V“/
. Wu,Cox % (SElt)2 Fig. 010-12
Ip = L (VGS - VT)VDs(Sat) - o } (1 + }WDS)
W,Uo 0x
= (VGS - VT) 2 (1 + )WDS) 0 < vgs - Vr < vps

where:
U, = zero field mobility (cm2/volt-sec)
C,. = gate oxide capacitance per unit area (F/cm2)
A =channel-length modulation parameter (volts-!)

Vi=Vp+ )/(\/2|¢f| + lvpsl - \/2|¢f{)
V1o = zero bias threshold voltage
y = bulk threshold parameter (volts-0-5)
2l¢d = strong inversion surface potential (volts)

For p-channel MOSFETsS, use n-channel equations with p-channel parameters and invert
current.

ECE 6412 - Analog Integrated Circuits and Systems 11 © P.E. Allen - 2002
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MOSFET Small-Signal Model
Complete schematic model:

id
3 3 Go— Bo— *5D
+ + : : e
G B = G B = v Vbs rd Vd.
o_| °_| “ ’ 8mVgs\ '/ 8mbsVbs * % :
o u o)
S S S S

Fig. 010-13
where
dip | dip | Aip .
gm = dvGS Q = ﬁ(VGS'VT) = \’2/51]) gds = dvDS Q = 1 =+ }WDS = )\'ZD
q _ 9w | [ Jdip )(@GS] ‘ ( ﬁiD][ 5VT) __ &mY ~
and Embs = dvps Q = vgs) IvBs Q vT)\VBS Q 20\2l¢pl-Vps 8m
Simplified schematic model:
Jd
D D Gg— oD
GO—I - Go—l - Vgs ZmVs ds Vds
S S o oS Fig. 4.2-2
Extremely important assumption: gm = 10g,ps = 100g 4
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MOSFET Depletion Capacitors - CBS and CBD
Model:
CJ-AS CJSW-PS

Polysilicon gate

Cgs = M+ wrsw, ves < FC-PB
Vss Vss
(1 -PB (1 -PB
and
CJ-AS Vs
CBs = W (1 -(I+MHFC + MJﬁ]
PO Si0; Bulk
CJSW-PS Vs Fig. 010-14
+ T+MISW (1 - (1+MJISW)FC + MJSWﬁ], Drain bottom = ABCD
(1 - FQ Drain sidewall = ABFE + BCGF + DCGH + ADHE
vps> FC-PB Cas
where 4 »
AS = are‘fl of the source /:):BSZ FC-PB
PS = perimeter of the source vs < FC-PB -
CJSW = zero bias, bulk source sidewall capacitance _/\/
MJSW = bulk-source sidewall grading coefficient ——> VBS

For the bulk-drain depletion capacitance replace "S" by
"D" in the above equations.
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MOSFET Intrinsic Capacitors - Cgp, Cgs and CGp

Cutoff Region:
Cutoff
CB=Co+2C5=Cpy(Wesr)(Leff) +2CGBO(Leff) Vg=0
CGs = C1 = Cox(LD)Wefp) = CGSO(Wegp) l

Saturation Region:
CGB - 2C5 - CGBO(Leff) Saturated

CGs = C1H2/3)Cy = Coy(LD+0.67Lefp)(Wetf) VBS?
= CGSO(Wesf) + 0.67Cox(Wes)(Leff) l
CGD = C3 = Cop(LD)Wefr) = CGDO(Wegp) z L)

Active Region: p- substrate

p- substrate

CGp = C3 = Cy(LD)Wegf) = CGDO(Wer) E ( » )

Cgp=2 C5=2CGBO(Lefr) Acive
CGs = C1 +0.5C3 = Cox(LD+0.5Lef)(Wefp) "o cost
= (CGSO + 0.5C xLetr) West l
Cop = C3+0.5C = Cyp (LD+0.5Latr)(Wesp) { w
_ ( CGDO + 0.5 C0x Leff) Weff p- substrate Inverted Kegion

Fig 010-1¢
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Small-Signal Frequency Dependent Model

The depletion capacitors are found

by evaluating the large signal i

capacitors at the DC operating point. Go *5D
The charge storage capacitors are Vs
constant for a specific region of T gmvé" 8mbsVbs
. Cop —/ = Cpa
operation. 8
Gainbandwidth of the MOSFET: Vbs T Cos
+

Assume Vgp = 0 and the MOSFET

is in saturation, B Fig 010-17
L Em 1 8m
JT=27Cyy+ Coq =27 Cyy
Recalling that
2 w
Cgs =3 CoxWL and gm = MoCoxT, VGs-VT)
gives
3 Ho
IT=%772 VGs-Vr)
ECE 6412 - Analog Integrated Circuits and Systems 11 © P.E. Allen - 2002
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Subthreshold MOSFET Model

Weak inversion operation occurs when the applied gate voltage is below V; and
pertains to when the surface of the substrate beneath the gate is weakly inverted.

VGs

_|+
o0 o o o T
oO Oo

I

ey '—\!_n_ channel. - e

Diffusion Current
p-substrate/well

Fig. 010-18
Regions of operation according to the surface potential, ¢.
O < Pp Substrate not inverted
Opr< ¢s<2¢y:  Channel is weakly inverted (diffusion current)
20 < ¢ Strong inversion (drift current)
Drift current versus diffusion current in a MOSFET:
logip

Diffusion Current
<— Drlft Current

10-12 ‘ >
0 Vr Fig. 010-19'GS
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Large-Signal Model for Subthreshold

Model:

W
ip =K, T e6mVi(1 - eVDSVi)(1 + Avpyg)

where

K, is dependent on process parameters and the bulk-source voltage

n=15-3
and .
kT 'D
_ = Vgs=V-
Vl‘ =7 1uA - GS=VT
If vpg > 0, then
: W eV,
ip=K, T eVGY"Vi(1 + Avpgs) Ves<Vr
Small-signal model:
dip | glp 07 v s
g&m= IGs Q =ukT Fig 010-20
Jip | Ip
8ds = dvpsQ T Va
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SUMMARY

e Models
- Large-signal
- Small-signal
e Components

pn Junction
- BIT

MOSFET
Strong inversion
Weak inversion
- JFET
» Capacitors

- Depletion
- Parallel plate
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