Charge-Storage Elements:
Base-Charging Capacitance Cy,

= Minority electrons are stored in the base -- this charge gy is afunction of the

base-emitter voltage

emitter

polysilicon
contact

negligible
hole storage
in emitter

Pre()

“WE -~ Xge Xgg O g Vg + Xgc

baseis still neutral... majority carriers neutralize the injected electrons

Or = ONB
_ 9%pg
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Base Transit Time

= Theelectron chargein the baseisfound by integrating the electron concentration
in the base -- the area is Ag (under the emitter):

WB
Vge/V
Upg = —Unp = —I —qAgn (X = 2qA Wgn e "
» Thestored chargeis proportional to the collector current:
2

% VBE/Vth OWg O,
Wg(Wg/D ) = |
nB Wg pBo %Dnlﬂm C

= The proportionality constant looks like a diffusion time (it is) and is defined as
the base transit time:

2
Wg

'r = 3D

nB

A typical transit timeis g = 10 ps for an oxide-isolated npn BJT.

» The base-charging capacitanceis:
00pg
BE
Q

Cy =
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Complete Small-Signal M odel

= Add the depletion capacitance from the base-emitter junction to find the total
base-emitter capacitance: Cr; = Cig + Gy

Cig = J2C jEo
Cigo is proportional to the emitter-base junction area (Ag)

= Depletion capacitance from the base-collector junction: C;,

Cuo

u =
J1+Vep/ 0.

Ci10 IS proportional to the base-collector junction area (Ac)
» Depletion capacitance from collector (n* buried layer) to bulk: C
C

CSO

] A/1+VCS/(sz

Ccso IS proportional to the collector-substrate junction area (Ag)

CCS

base collgctor
i i
'y Cu S
° AN . [ . AN\\—e
+ r | | I +
b + c
C
Cn:: Vit (= l IVt § o s
V —_ p—— \lce
be substrate

emitter
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npn BJT SPICE model

Close correspondence to Ebers-Moll and small-signal models

Name Parameter Description Units
IS transport saturation current [l Amps
BF ideal maximum forward beta [[¢] None
VAF | forward Early voltage [V Volts
BR ideal maximum reverse beta [Bg] None
RB zero bias base resistance [ry) Ohms
RE emitter resistance [rg,] Ohms
RC collector resistance [r] Ohms
CJE B-E zero-bias depletion capacitance [Cjg] Farads
VJE | B-E built-in potentia [@ge] Volts
MJE | B-E junction exponential factor None
cJC B-C zero-bias depletion capacitance [C,] Farads
VJIC | B-C built-in potential [@g] Volts
MJC | B-Cjunction exponential factor None
CJs substrate zero-bias depletion capacitance [Ceq) Farads
VJIS | substrate built-in potential [¢gd] Volts
MJS | substrate junction exponential factor None
TF ideal forward transit time [Tg] Seconds

.MODEL MODQN NPN |S=1E-17 BF=100 VAF=25 TF=50P
+ CJE=8E-15VJE=0.95 MJE=0.5 CIC=22E-15VJC=0.79 MJC=0.5
+ CJS=41E-15VJS=0.71 MJS=0.5 RB=250 RC=200 RE=5
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ThelLateral pnp BJT

= Vvertical pnp transistors cannot be made in the fabrication sequence that makes
the npn oxide-isolated transistor.

= a“free” pnp can be made in which holesareinjected laterally at the perimeter of

ap’ region and then diffuse across an n-type base region,where they are
collected by another p region

base (collector) emitter collector
\
\ : %/ %
A n* n /&/ P/ P_ p' A
\\n+ buried layer n* buried layer
p-type substrate

@
(emitter)
edge of n* buried layer p* emitter diffusion
(base) field P
7 oxide % / T
* % """ ’
o LA

(collector)

(b)
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Circuit modelsfor the Lateral pnp

»n Holeflux in the base for the lateral pnp

holes that diffuse across

the base and are collected\ emitter collector
|l ect
(p collector) \P,,
n / ! \ n
+ by diffusing holes that recombine
" buried layer with electrons in the base
p-type substrate

= Intheforward-active region, the collector current -i isafunction of vgg and the
emitter-collector voltage Vgc.

/NGO Vv
_iC _ ISeVEB thep 4 ECD[|
0 Vagd
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The current gain isinferior: Bg = 30-50; the base-transit time is more than an order
of magnitude longer .. Tr = 500-700 ps T ransistor Amplifiers

_ _ emitter _
+ +
rex
Vd) v&
+ l g v
— m Tt

C,= Vn§ ' § s
_ M N s _
® VY [ Yy

- B —
i C o

b 1L c H c

base — “bs collector

n Perspective: look at the various configurations of bipolar and MOS transistors,
for which a small-signal voltage or current is transformed (e.g., usually
amplified -- increased in magnitude) between the input and output ports.
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= Amplifier terminology:

I nput
sour ces

Voltage Input

Rs
VBiAs B
Vin= VBIas t Vs
— —®

Current Input Iin=lgastis

. . o)

o(1)Rs Ioias

Abstractions:

Sources include precisely adjusted bias voltages or currents

Intrinsic
Amplifier
V+

T

Supply
Current

I&JP

'supl lout =4

o—— Device
ip = f(input)
V-

L oad

Source resistance is associated with the small-signal source (and neglected

for bias calculations)

L oad resistance typically models another amplifier, speaker, actuator, etc.
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Amplifier Biasing

= Input bias voltage V, sets the DC device current, | to precisely equal
the supply current | gp

(note -- D =“device’ here)

n Likewise, if theinput isthe sum of small-signal and DC current  sources, then
the input bias current |5, ag 1S chosen so that it sets

Ip =lsup
The DC output currentislgyt=1p - Igyp = 0 A,
which implies that the DC output voltage Vo1 =0V aso.

Note: both positive and negative DC supply voltages are used so Vo1 = 0V does
not mean that the DC voltage drop is zero!

KEY IDEA: the small-signal voltage or current source perturbs the amplifier bias,
through ip = f (input), which results in asmall-signal output current

iout=ip-isup=(Ip +ig) - lsup =g
since the supply current isDC (ig p = Iqp)

A small-signal output voltage is generated

Vout = - R oyt » Where R, isthe load resistor
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Two-Port Amplifier M odels

How do we characterize an amplifier’s response to a genera input signal
(Thévenin or Norton source)?

the controlled source is determined by output signal
(voltage or current ... we select which is of interest) and by the input signal

Therefore, there are FOUR types of amplifiers:
= Voltage

= Current

» Transconductance (voltage in, current out)

» Transresistance (current in, voltage out)

From network theory, any linear two-port network can be represented by
Yij» Zj» hij» Gjj .. our amplifier models are closely related to these formal
two-port equivalent circuits, but they have

> intuitively based elements, that can depend on R or Rg

> only numerically significant elements
(no reverse transmission from output to input is included in any of our models)

= We need methods to find the key parameters for all four models:

R, =Input Resistance Ry = Output Resistance

A, =Voltage Gain  A; = Current Gain
G, = Tranconductance R, = Transresistance
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Two-Port Small-Signal Amplifiers

Rs Rout
—— o—
% Mn ;Rm AVin RL§ Vout
e o o e
@
iin iout
o o— = o o
(1) =r =Ry DA =Ru R=
e e o ©
(b)
Ry lout
— ® e

@ @ J @
©
ii_”, Rout
) — —
'5<D =R =R, Rufin R= ‘ou
@ @ @ o
(d)
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| nput Resistance R;,

» Define systematic procedures to find the two-port parameters

= Keyidea: leave the load resistance R attached when finding R,

»  Apply asmall-signal test source (voltage source or current source) and compute
(using KVL, KCL, or inspection) the resulting current or voltage:

in

Vi

t
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Output Resistance Ry

= Remove R ; leave the source resistance attached when finding Ry
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Voltage Gain A, and Current Gain A;

= Voltage gain: open-circuit the output port (R --> infinity) and short the source
resistance (Rg--> 0 Q) to find the unloaded voltage gain A

= Current gain: short-circuit the output port (R_--> 0 Q) and open-circuit the
source resistance (Rg--> infinity) to find the short-circuit current gain A;:

lout
%
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Transresistance R, and Transconductance G,

= Open-circuit the source resistance (Rg --> infinity)and open-circuit the output
port (R_ --> infinity) to find the transresistance Ry

RS_)OO’RL_)OO

= Short-circuit the input resistance (Rg = 0 Q) and short-circuit the output port
(R_=0Q) to find the transconductance Gy,

lout
%
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Common-Emitter (CE) Amplifier

» 1. Biasamplifier in high-gain region

n 2. Determine two-port model parameters

Vec Vec
=R =R
OUT ~ 'OUT " "out
-
O O— 0
+ +

VBI AS <_

NG

— ]
™ V,
v ouT
56/\/%,7 Vout = Vourt * Yout § RL

= Notethat the source resistor Rgand the load resistor R, are disconnected for
determining the bias point
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