Carrier Concentrationsunder Forward Bias
= Apply the Law of the Junction at the edges of the depletion region

o0k Pr(¥)

(Conta% (p-type) (n-type) (Cgact)
§ X8 §
\ \
& ol /f@\\ q

= Numerical values: N, = 10'8 cm™3, Ny = 1017 cm™®

Vp =0.72V =720 mV, Vi, = 26 mV (warm room) ... example values;
note that Vp must be known precisely to substitute into exp[Vp/Viy.-

No(-Xo) = 10% cm exp[720/26] = 101 cm

Pn(Xp) = 103 cm™ exp[720/26] = 101° cm’3

= Theminority carrier concentration is maintained at thermal equilibrium at the
ohmic contacts
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Diffusion Transport in Steady-State

= How do we “fill in the blanks” between the contacts and the depletion region?

Seady-state --> minority carriers must be continuously injected across the
junction to keep py(Xn) >> Pno and Ny(-Xp) >> Ny, and continously extracted at
the contacts; huge gradient in minority carrier concentrations across the n and p
regions --> transport occurs by diffusion.

» Conceptual experiment:

fill tubex
]
“ink vacuum”
ink water
1 1
0 w X
@

fill tube\

> _ “ink vacuum”
>

(b)

o
=
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The Short-Base Solution

» Carrier concentrations --> linear solutions if we assume that the p-type and n-
type regions are so short that all of the diffusing minority carriers “make it”
across to the ohmic contacts

In n-type region: deiff = - gDdpy/ dx = constant --> py(x) islinear

In p-type region: Jno"fr = gDpdn, / dx = constant --> ny(X) is linear

metal
contact
to p region

(p_type) np(X) Hq(x) (n_type)
N ﬂq(xn)
metal
( ) contact
M™% N to n region

0 0 _
_ _Xp Xn V\{] "X
V\{)\np(_wp) =Npo Pr(Wy) = pnc:/

EE 105 Spring 1997
Lecture 14




Current Dendgities

= Minority carrier diffusion currents

: dn M, (—x,) —n_ (-W ) Vy/V
diff _ p _ p* "p N = p/ Vin
J = gqb,— = gD 04 1 =9gD,n.e
n n n _ n (0]
dx [ Wp Xp 0 p
i dp P, (W) — p,(X,)OJ Vo/V
diff _ _ n_ _ n'n "= _ D/ Vith
JIO B qu dx quE W, — X, % qupnOe

» Plot of minority carrier diffusion current densities

A

(p-type) (n-type)

[ P Yy ry Yy Yy

Jy, (electron diff.)

)

0|0
i Xol X W, X

Y
M

= Minority carriers are injected from the other side of the junction ...
how do they get there? by a majority carrier current density
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Total Current Density

= Thetotal current density isthe sum of the minority electron and hole diffusion
current densities at the junction ... and is constant through the diode

J= Jndiff + deiff

(p-type) (n-type)

J (total current density)

7

k J, (electron diff.) J, (majority holes)

N
%
§ J, (majority holes) J, (hole diffusion)
\
N\

00707

olo
Wy Xl X
DI:)nnpo ppnoD Vp/ Vi
J = qEW — (e
W, =X{J

-1

N—r

= y/

8

= Diode current: multiply by area A and note that Xy, X, << W, W,

| o0 D, Dy D Vo7V
= qn

Vp/ Vi

T-1) =1 (e

~1)
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Multistage Amplifiers

» Single-stage transistor amplifiers are inadequate for meeting most design
requirements for any of the four amplifier types (voltage, current,
transconductance, and transresistance.)

» Therefore, we use more than one amplifying stage. The chalengeisto gain
insight into when to use which of the 12 single stages that are availablein a
modern BiCMOS process:

Bipolar Junction Transistor: CE, CB, CC -- innpnand pnp" versions
MOSFET: CS, CG, CD -- in n-channel and p-channel versions
" in many BiCMOS technologies, only the npn BJT is available

= How to design multi-stage amplifiers that satisfy the required performance
goals?

* Two fundamental requirements:

1. Impedance matching:

output resistance of stage n, Ryt n and input resistance of stage n + 1, Ry (n+1),
must be in the proper ratio

Rin (n+1)/ Rout,n=>  or  Rin (n+1)/ Rout,n >0

to avoid degrading the overall gain parameter for the amplifier

2. DC coupling:

direct connection between stages --> interaction between biasing sources must
be considered (later)
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Cascaded Voltage Amplifier

»  Want R, --> infinity, Ry, --> 0, with high voltage gain.
Try CS asfirst stage, followed by CS to get more gain ... use 2-port models

RS
° e o—
+ + +
% Vin1 l GrmMm §r01 M o, Vin l Im2Vin2 § Fo2 Moo Vout ;RL
o o—

CS CS

= solvefor overall voltage gain ... higher, but R, = Ryt Which istoo large
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Three-Stage Voltage Amplifier

= Fix output resistance problem by adding a common drain stage (voltage buffer)

1
RS (roz 002) (gm3 + gmbs)
WS 4 L
\QC-_FD Vin3 Vout § R,
o o

CD

»  Output resistanceis not that low ... few kQ for atypical MOSFET and bias -->
could pay an area penalty by making (W/L) very large to fix.
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Transconductance Amplifier

= input resistance should be high; output resistance should also be high

» initial idea: use CS stages (they are “natural” transconductance amps)

4—
e O
~Om1(fo1 Moc) O o2 Woco § R
¢ @ @

n Overal Gy, = - 9m1 (Mo1 Il Foc1) 92 = Ayt 9y --- Can be very large

»  Output resistance is only moderately large
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| mproved Transconductance Amplifier

» Output resistance: boost using CB or CG stage

RS lin

e

‘s Ct) Vin Av19m2Vin (rop Miycp) § gﬁﬁ

CG

gIT13r03(r02 002) oc3

= high-resistance current sources are needed to avoid having r.3 limit the

resistance
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Two-Stage Current Buffers

= Since one CB stage boosted the output resistance substantially, why not add
another one ...

is@) ;R’Sgﬁ l “lint ;Bolrolocl ;gn%z l in2 § R

cB CcB \ -

[ I o2 Mgy o1 Mocq)] Moy

= The base-emitter resistance of the 2" stage BJT is r, which is much less than
the 2nd stage source resistance = 1% stage output resistance

RSZ = Routl = B01r01||roc1

» Therefore, the output resistance expression reduces to

Rout = gm2r02r112| |r002 = B02r02||r002

... ho improvement over asingle CB stage
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|mproved Current Buffer: CB/CG

» The addition of acommon-gate stage results in further increases in the output
resistance, making the current buffer closer to an ideal current source at the
output port

Iinl Iin2 Tout
R —_— ——————

is@) §RS§Q%1 l i §Bolrolocl §fﬁ l Tlin § R

cB cG \ -

[ngroz(Bolrol ocl)] oc2

= The product of transconductance and output resistance g, I, can be on the
order of 500 - 900 for aMOSFET --> R, isincreased by over two orders of
magnitude

Of course, the current supply for the CG stage hasto have at | east the same order
of output resistance in order for it not to limit the overall R;.
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Practical limit ... on the order of 2000MQDC Coupling: General

Trends

Goal: want both input and output to be “centered” at halfway between the
positive and negative supplies (or ground, for asingle supply) -- in order to have
maximum possible swing at the input and at the output.

Summary of DC shifts through the single stages:

BJT Amp. npnversion | pnp version
Type
CE positive negative
CB positive negative
cC negative’ positive’
MOSAmMp. | n-channel p-channel
Type version version
Cs positive negative
CG positive negative
CD negative’ positive’

The DC voltage shifts for CC/CD stages are set by the Vgg = 0.7V drop or by

the Vg of the transistor and can be specified by the designer.
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DC Coupling Example

= Common drain - common collector cascade (infinite input resistance, fairly low
output resistance, unity voltage gain ... reasonable voltage buffer)

50V 50V

47V 0—( 32V

ISJPl ISJPZ

25V

Assumes Ve = 0.7V

= = Ves=15V

For CC stage, the optimum output voltage of 2.5V
(centered between + 5V and ground for maximum swing) -->

Ving =DCinput of CCamp=25+0.7V =32V
The DC of the n-channel CD amplifier is then:
Vin=DCinputof CDamp =V +Vgg =32V +15V =47V

where we have assumed that Vgg = 1.5V asatypica gate-source voltage
(actual number comes from | g ;p1and (W/L)).

» too closeto the supply voltage -- input DC level should be centered at near 2.5 V.

EE 105 Spring 1997
Lecture 14




DC Biasing Example (Cont.)

»  Solution: use p-channel CD amplifier since it shiftsthe DC level in the
positive direction from input to output

50V 50V

lsup1 32V

Assumes Vg = 0.7V

L Vgs=15V

Selection of large (W/L) for the p-channel --> input DC level can be adjusted
closerto 2.5 V.
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Sharing a Current Supply: Current Buffer

» Example: CB/CG cascade that shares common supply and bias sources
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Sharing a Current Supply: the Cascode

»  Common-source/common-base two-stage amplifier:

common-source transistor is used to provide bias current to the common-base
transistor

= Similar configurations are also referred to as a “ cascode topology:
CE/CB, CE/CG, CS/CB, and CS/CG are also cascodes
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DC Voltage and Current Sources

»  Output characteristic of aBJT or MOSFET look like afamily of current sources
... how do we pick one?

specify the gate-source voltage Vg in order to select the desired current level
for aMOSFET ( specifiy Vgg for aBJT)

how do we generate a precise voltage? ... we use a current source to set the
current in a*“diode-connected” MOSFET

lout

(wait aminute ... where do we find | gge? Assume that one is available)

: _ W[ 2
IRer *louT = @D“nCOX(VOUT_VTn)

ID—

(neglect channel-length modul ation term)
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DC Voltage Sour ces (cont.)

= Solving for the output voltage

lRer +louT

WO
[E'[D“ncox

VouTt = Vmnt

If I = 100 YA, Wy, = 50 AV 2, (W/ L) = 20, Vo, = 1V, then

VOUT =145V for IOUT =0A.

= bias current and MOSFET dimensions set the | g1 VS. VouT Characteristic
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Sour ce Resistance of Voltage Source

s Small-signal model of MOSFET with drain shorted to gate (* diode-connected”)

v e O

transconductance generator degenerates into a conductance
(since Vg is now the voltage drop acrossiit)

= Source resistance of voltage source (assume | geg has r. --> infinity)

V.
_ Nt _ 1 _ 1
RS___ r o= -—

it gl ° Im
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Voltage Source Equivalent Circuit
(Around I oy =0A)

= Similar to idealized current source equivalent circuit

= Placeincremental resistance 1/g,,, in series with value of voltage source with
lour=0A

\, .
Db Vg, louTt
<ouT
A o
|Rer +
iour — n e + 1
V. rer tlout
’—"—. <_> ™t Wuc e VouT
+ ar n—"ox
2L
Vour
p— pp—— .
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