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Active Devices:
Bipolar Transistors
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HBT Physical Structure
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Increasing the emitter area (increasing L , or multiple fingers) increases the maximum current.

Emitter area generally selected toreach peak bandwidth at some specified current.
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Bipolar Transistor: DG characteristics: common-emitter

Vce,sat
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Approximately : br,ceo

| =1.e"%"" and I =1_/p
These relationshipsare approximate,
and fail at higher current densities
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HBT hybrid-Pi equivalent-circuit model

R.=pAlg. o o
T, =7, +7, Rbb I\ chi RC
Tt = Tpae + Toollector B AN I ( C
+ .
Imo = 88\;; N (nkITC/ q) Rbe§ P ,\_Vbe O Vie87%
g.=90.6 "% 0<y<1 (typically~ 0.8) Cbe,diff =g.1, Cje $ Rex
E

C
Coeqirs - diffusion capacitance

C.i: Co, - depletion capacitances

je?

7., 7, . carrier transit times in base and collector
R,,R., R, : parasitic resitances

Theterme % | though often neglected, can be significan t in some circuits.



ECE145A /218CA notes, M. Rodwell, copyrighted

Bipolar Transistor T-model

I( C o ) . |
1{ Coni alw) = a 1+ jor, (- jor)
I\
Ry, o) =%l 15 jla)rb (1+ jla)rj
B o N—4¢ @7—2 ) .
bedent | T[,e %1y jo(z, +Tc)j
R, f r=1/g

The approximations above, if taken to first order in ®, produce the hybrid pi model.

The T model is more convenient for common-base amplifier analysis.
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ECE145A /218CA

{ chx
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Coeditt =0T Ci $ R.,
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Increasing the emitter area by N :1— same as wiring N HBTsin parallel.
All capacitances increase N :1, all resistances decrease 1: N.
C...R,, and g aregiven by theformulas on the previous pages.



Active Devices:
Silicon MOSFETs
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Planar Bulk MOSFET
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MOSFET DG Characteristics

mobility-limited
b A I A )
d
Iincreasing \
Ves velocity-limited
g | /" )
Vos V
gs
Vin
For drain voltages larger than the knee voltage :
mobility — limited current Generalized Expression
2 2
ID,y::uCong(Vgs _Vth) /2Lg [I—Dj +[ ID J—l
velocity — limited current o,y o,

I _C W v (Vgs _Vth)

g ' sat
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Knee Voltage: Mobility-Limited Case

_ constant-current
|

The knee voltage defines the boundary between ° § i
the Ohmic and constant - current regions

increasing
Ves

Y

In the mobility - limited regime, v_=v . Ds
the knee In curve occurs when ._|
Vdg :Vds _Vgs = _Vth

IR
The Knee Voltage is further increased by voltage ~ Veo=Vin- |

.
drops across the parasiticsource & drain resistances. °—|
IR



Knee Voltage: Velocity-Limited Gase

In the velocity - limited regime, the knee in curve
occurs when Vy, =v, L/ u ._| ARG

Again, the Knee Voltage Is further increased

by voltage drops across the parasitic ._||: ARG
source & drain resistances.
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ox' g 'sat

where AV =vg L /u



MOSFET Transconductance

mobility — limited

I A
d
| Du :ucong (Vgs _Vth)2 /2Lg
ol
—>0n = avcljs = lucong (Vgs _Vth)/ Lg
mobility-limited
velocity — limited Oml N\ velociy-limited
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—>gm=§|D = C, W,V

S
Vin J



A /218CA notes, M. Rodwell, copyrighted

ECE145
- - -
| n

“JJ = = ' . T r 1n
- : : n OO T
10° -%,- — 5 "~ : 49
f — . : —_ ‘.qu::-ll}m\f E 8
B . : - V=1V :
1 g e glffivammang OO Vy =] 4
— £ . : . ]
- E o, : -:G
o : = . c . aw—
q: It] = E (I ‘E ] - | ] ﬂ:
= £ L . . .
ET - A / E? : Linear Regton ’ 5 E
—_lﬁ-; = a . Ry o . _E
- : = Y 4
oL —— e T W ER
= . -h : p
dr - : ; 2
107 e )
1
T e —

0T P2 om0 04 0.6 0.8 .9

vli'i V)

Sorin Voinigescu, CSICS RF & High Speed CMOS, Nov. 12, 2008
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90 nm MOSFET DC Characteristics

1.40
190 | PMOS NMOS
. 1.00 14V
£
= 0.80 1.2V
<
E o060] 14v
" 1.0V
= 040 |__12V |
1.0V o8V
0.20 .
0.8V 4
0.00 =
N - channel 14 10 -06 -02 0.2 06 10 1.4
g,/W,=c v, =14 mS/um =1.4S/mm Vps (V)

V, =06V 1/1~3V

P - channel
g, /W, =c v, =07 mS/pm=0.7S/mm

oX = sat

IV, E0.6V 1/4~3V
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For rough hand analysis, etc G R

g o 9,\/\, ng I( gng’s Gys g
gmx ~—=0 R é
1+ ngs Cys "'Vg,s, § ——C
T- db
c T
14 g.,R, R
~ Gds IS 6 = I( >
149, R
R, ~RS+Rg+Ri
R.
in y
© o—AN, Cod | ( ImxVg's’ Gygy °
I\ hy
Approximate cutoff frequencies c i
1/27sz ~Cgs/gm+ng/gm+(R5+Rd)cgd gSX ’-\— g’s’ ;: Cdb
fT
fmax - V
2.J(R, + R, +R)Gy, + 27R,C, C,,




Active Devices:
11-V
Field-Effect Transistors
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drawing : B. Brar.
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drawing: K. Shinohara, HRL /
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for barrier between channel and gate.




HEMTS: Typical interdigitated structure

k‘ ~source

drain

Note multiple gate fingers.
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Cgd
Rg

AAA |{
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i ImVgs C*) Gds

Cgs fﬂs)vgs

Rs

ldss. Cgs, Cgd, gm, Gds all scale proportionally with gate periphery
Ri, Rs scale proportionally with (1/ gate periphery)

Rg scales proportionally to (gate finger length)/(number fingers)
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HEMT DC-IV characteristics

1.2 v . . T . r . 3.0 — r
| 30-nm E-mode HEMT [ 30-nm E-mode HEMT ]
0B Vgs = +0.6 ~ 0.0 V in -0.2-V steps 58 [ Vds = 0.1V ~0.8Vin0.1-V steps ]
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Data: K.Shinohara, Teledyne Scientific

Schottky diode between gate and channel,
gate will draw current forV  more positive than c.a. 0.6 V



Figures of Merit



Transistor figures of Merit

Transistor small-signal bandwidth is typically stated in terms of
the figures of merit f_ and f

max

In order to understand these figures of merit, we must introduce
device power gain.

These power gains will be studied in more detail
later in the course.
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Gurrent-gain cutoff frequency: Bipolar Transistors

C

W _’l |<_ V\é_>| |<_Wbcont I/ CbX
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C* ] l\/\/ | \
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Rbe — b m “be

~ T~ e

emitter
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Gurrent-gain cutoff frequency: Field-Effect Transistors
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Maximum Power Transfer Theorem

generator load
Xgen Rgen Xload S Rload
Vgen

M aximum power is transferred from generator to load if
xIoad = _Xgen and RIoad — Rgen

thisis called *** conjugate impedance matching ***

The powerdelivered, called the available generator poweris

2
P . Vgen,(RMS)
4R

gen
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Maximum power transfer can be obtained by adding a
***|ossless*** (no resistances) impedance matching network
between the generator and the load:

generator match load
— ) ——
Xgen Rgen % Xload S Rload
Vgen
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generator load
Rgen [ ngg's Rds
lossless FAMNV— . lossless
matching i Ry matching R,
Vgeni | network gs —~ Vg's network

The transistor or amplifier is connected to generator and load via lossless
matching networks. If it is possible to match at both input and output, then the
power gain is called the *maximum available gain* (MAG)

Detailed microwave circuit theory (see later notes) indicates that this
procedure often produces an oscillator (if the device is “potentially unstable”) .
In that case we must define Maximum stable gain
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generator load
Rgen J\/\/\/' Ri [ Rds
lossless resistive T I\ | lossless
matching loss c vy matching R.
Vgeni | network | | (stabiliz- gs —~ Vg's network
ation) -
gmvg's

If the device is potentially unstable (usually due to strong feedback through
Cgd as indicated), addition of a minimum amount of series/shunt resistance to
the device input/output will prevent oscillation, and the device can then be
matched. The resulting power gain is called the

Maximum stable power gain.
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shunt
feedback
e -
generator load
R R; Vys R
gen i [{ 9mVgs Rds
| lossless VWV AL lossless [
matching 1 matching R
Vgen! | network CQSTVQ'S @ ? network % -
- -

series
feedback

A1
T
-

If the device is potentially unstable (due to strong feedback ), addition of
lossless reactive feedback as indicated can cancel the feedback and prevent
oscillation. The device can then be matched. The resulting power gain is called

Mason’s invariant power gain **or** the Unilateral power gain , U.



Power-Gain Gutoff Frequency (Fmax)

This is the frequency at which the device Unilateral power gain reaches
unity.

The maximum available gain (either in the forward or reverse direction)
also reaches unity at the same frequency

G R Cyq [{ ImVg

o—IA N é g |( s Cds ;
For Field - Effect Transistors: é s l
f (S
f = d Rs$
"2 (R + R+ R)Gy, + 27 R,C,, S
T chx
For Bipolar Transistors (R, being large) : Bl&b Ycy | R ]
f f f I
o = L — : Vie (§) G Voet ™
2\/Rbb / Rce + 2721:1 Rbbccbi \/SﬂRbchbi Rbe% T
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Power gains of a typical transistor

U:all 3
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o
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o
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The inflection in the curves is the break between unstable (MSG) at lower frequencies
and stable (MAG) at higher frequencies.

MAG/MSG is directly relevant for RF/microwave/mm-wave IC design.

Because U has -20 dB/decade slope, it is used to extrapolate measurements to determine f, .,



End



Appendix
(optional)



Bipolar Transistor
Operation
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N emitter

I P base

collector
depletion

emitter

collector

region /

N+ sub collector \

Because emitter energy distribution is thermal (exponential)
|. cexp(qV,,/KT)

Almost all electrons reaching base passthrough it
— |, varies little with collector voltage
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emitter

collector

N+ sub collectopm===p \

Because emitter energy distribution is thermal (exponential)
|. cexp(qV,,/KT)

Almost all electrons reaching base passthrough it
— |, varies little with collector voltage



HBT Equivalent
Circuit Model
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Physical structure, symholic

Device Stripe Length = L
perpendicular to drawing

eb E Wb,cont a
= emitter
g contact EB grade
: /
n ,
I
BC grade &
A
collector ~, N- drift collector collector contact
N+ sub collector —_— |
T Tp W rder

|
T, semi-insulating InP substrate

W >

c

A




ECE145A /218CA notes, M. Rodwell, copyrighted

Bipolar Transistor DG-IV Characteristics

1I|"IrE:|E'E'[I’IZ‘|r'“

¥ N il e N-orl | N+

4 Charge densities

n,(0)
N-emitter p ([}}_
collector n ./I
depletion N+
layer | subcollector s e >
Te TI:: Tn::

n,(0)=gN.e Voo 8T o0 4V /KT electron concentration at emitter edge of base
p (0)=gNe "me'™ o @t hole concentration at base edge of emitter

heterojunction makes this small

e =%g WWetearan '*1 o "% "M alactron current from emitter to collector
h
_dl gl
E_a’_;,-i = v, =T transconductance
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Bipolar Transistor: Garrier Transit Times

Base Transit Time Collector Transit Time
N- or |

N1 P N-orl | Ns N1 P o N+
&lectren

-

4 Charge densties

H {ﬂ}_ I h'Q.-ip:u.‘c q.'|1.:r-l.:|:+
e e
a *'JTHI h'Q: crlfiencion

o

= I
Oy Ty H_I
electron concentration at emitter edge of base 00,
HJ[ﬂ'] — q'Nr.f:‘ ¥ etactren (KT E.i-.r"e JEF depletion-layer space-charge
electron current from emitter to collector OO, e chage = Tih:’: —
f— Hﬂ{ﬁ} D, 1T, 1’.::|:‘IELH'Et in base stt':;r;d charge
stored base charge 00, .. =00 1 =00 . e /2

O, = ¢ AN (0)T, /2

=0/

callecior

(T /2v,,)=10]

sl certlocior

=/

elercirom

T* /2D, =+,

aleeirmn

"Diffusion Capacitance"

III:'-:J'!-:.'.'J.-.'rm = JQMJI‘ B JLJFW‘I {;.:: - (T'r’ + Tr' ,}gm
.. e

Choe difusion = & (1.’ st Tr.} fictitious capacitance between base & amitter
modelling charge storage
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Base resistance & collector-hase capacitance
Wor | |=— W—’I |~ Vo

Device Stripe Length = L.

E EB grade
3 perpendicular to drawing
p— emitter -
BC grade s
collector '

\~. T N- drift collector collector contact
‘ I N+ sub collector W —— |«
T b under

7. semi-insulating InP substrate

< /4

c

Y

R,, = contact term + spreading under contact + spreading under emitter

pcontact 1 Wb,contact 1 W
R,, = + —
bb 2 L W 6 LE pbase_sheet 12 L pbase sheet

b,cont
~ gsemicondudor\/\/c Le
C, =
cb —

T

c

R,, and C_, are distributed — splittingof C_ intoC_ and C.
Details beyondscopeof class (see Rodwell IEEE EDL Nov. 2001, Proc. IEEE Feb. 2008



HBT RC Parasitics
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R

ch,contact

spread,contact

1

base contact width
< 2 transfer lengths
— simple analysis

Limiting case of
Pulfrey / Vaidyanathan

f model.

max
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HBT RC Parasitics

—_—

Rex — pcontact,emitter / Aemitter
R, g = PW, /120,

spread
Ryap = PW,. . /4L¢
— pstc/GLE

spread,contact

0
-

contact — pcontact,basevvbc / Abase_contacts

ch,e — gA%mitter /Tc
cb,gap — gA\gap/Tc

cb,contact — gAbase_ contacts/Tc

O

O O
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Base-Collector Time Constant & Fmax.

f . = £ where
87Z-|:2bb(:cbi

Ty = RypCpi =C
+ ch,gap(R
+ ch,e(R

R

contact

spread,contact + Rgap / 2)

+R,,,+R

cb,contact

contact + R
+R

contact spread,contact sp read)

R

spread,contact R
— R4 —

)\

o/l

-

ch,contact ch.gap
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ECE145A

chx T chi — ch,e T C + C

cb,gap cb,contact

Rbb — Rspread T Rgap + Rcontact,spread + R
C

chbx

contact

| (

I\
Rbb chi Rc C
| (
WV W\ .,

+ .
Rb T~ z—'\_ I/;)e @ gm Vbee 7% TR;_]L(: T

N

e

Coodir =8 s C, $Rex
E

Rbchbi — ch,contactR R

+ ch,e (R

contact + C
+R

contact + R

+R,,,+R

+Ryap/2)

cb,gap( spread,contact

contact spread,contact sp read)



Field-Effect Transistor
Operation (Approximate)



Field-Effect Transistor Operation

L
g
gate
source .
drain
/4
g

—e e >
energy Positive Gate Voltage
barrier — reduced energy barrier

— increased drain current

channel

source



Field-Effect Transistor Operation

Y

gate

source .
drain

energy

barrier Positive Gate Voltage

— reduced energy barrier
— increased drain current

——— - channel

source



FETS: Basic Operation

L.Q
”7@?‘ w0~
N\
C,~&AlID Cyo

electron

l, =Q/z where =L, /v

R =Cy 0V +Cy 0V

Ny =0, Ny +Gy -V, where g, =C /randG,=C, /7



FET GCharacteristics

Lg
< > ID A
/4
: 5 increasing
L Ves
%' OQQ-I —»
\ .

C,~éAID Ci

éld =0 'é\/gs_I_Gds'éVds

o ®

0n=Cy/t Gy=Cyqlz =L 1V

electron



FET Parasitic Gapacitances (Estimate)

Co/W, ~¢
On /W, ~velT,,

Cps/W, ~&-L, /T,

C /Wg~5

gs, f

Csblwg ~g-L /T,



