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10th week lectures: 
Benchmarking Nanoelectronics 



Transistor AC properties 
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“Normal active” bias 

¡  E-B forward bias 
(Vb>Ve) 

¡  C-B reverse bias 
(Vc>Vb) 

¡  Ice = 100 Ibe=bIbe 

Ib 

Ic 

Ie 

Like a diode. 
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Global dc properties 

http://www.toshiba.com/taec/components/Datasheet/2SA1244DS.pdf 

It is assumed you know this, so it is rare to see on data sheets! 

Note  
Early effect. 
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ac properties: notation 

Ib 

Ic 

Ie 

eEE

e

E

iIi
i
I

+=  total
ac 

dc  

We will use equivalent circuit #1 (implicitly). 
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ac properties 

ti
beBEBE evVv ω+=

common-emitter configuration 

Rc 

VCC 

ti
bBB eiIi ω+=

ti
eEE eiIi ω+=

ti
cCC eiIi ω+=

“output” 

Note: three terminal device has three-terminal equivalent ac circuit. 

ti
cCC evVv ω+=
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dc analysis 

IB 

IC 

IE 

ti
beBEBE evVv ω+=

common-emitter configuration 

Rc 

VCC 

CCCCCEC

CB

CE

kTeV
SC

RIVVV
II
II
eII BE

−==
=
=
=

β
α
/
/

/

0 for now 
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ac analysis 

ti
beBEBE evVv ω+=

Rc 

VCC 

ti
bBB eiIi ω+=

ti
eEE eiIi ω+=

ti
cCC eiIi ω+=

“output” 

Note: three terminal device has three-terminal equivalent ac circuit. 

ti
cCC evVv ω+=

We will prove: 

kT
eI

v
i C

be

c =

“Transconductance” 
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Transconductance Rc 

VCC 

ti
bBB eiIi ω+=

ti
eEE eiIi ω+=

ti
cCC eiIi ω+=

ti
cCC evVv ω+=

ti
beBEBE evVv ω+=

kTeev
C

kTeevkTeV
S

kTevVe
S

kTev
SC

ti
be

ti
beBE

ti
beBE

BE

eI

eeI

eI

eIi

/

//

/)(

/

ω

ω

ω

=

=

=

=
+

ti
beBEBE evVv ω+=

x smallfor  1 xex +≈

⎟
⎠
⎞⎜

⎝
⎛ +≈ tibe

CC e
kT
evIi ω1

ti
cCC eiIi ω+=

Bu
t 
So
: 

kT
eI

v
i

kT
evIi C

be

cbe
Cc =⇒=

Typical number is 40 mA/V. 

gm 
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Input impedance Rc 

VCC 

ti
bBB eiIi ω+=

ti
eEE eiIi ω+=

ti
cCC eiIi ω+=

ti
cCC evVv ω+= tibe

C
C

ti
cCC

B e
kT
evIIeiIii ω

ω

ββββ
1+=+==ti

beBEBE evVv ω+=

?=
b

be

i
v

ti
bBB eiIi ω+=

Bu
t 

So
: 

be
mbe

Cb vg
kT
evIi

ββ
== 1

So
: 

β
m

b

be g
i
v =

What is typical input impedance? 
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Gain Rc 

VCC 

ti
bBB eiIi ω+=

ti
eEE eiIi ω+=

ti
cCC eiIi ω+=

ti
cCC evVv ω+=

( )
( )

ti
CcC

ti
CcCCCC

C
ti

cCCC

CCCCC

eRiV
eRiRIV

ReiIV
RiVv

ω

ω

ω

+=

+−=

+−=

−=

ti
beBEBE evVv ω+=

?=
be

c

v
v

Bu
t 

So
: 

So
: 

Cm
be

c Rg
v
v =What is typical gain? 

ti
cCC evVv ω+=

CbemCcC RvgRiv −=−=
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Summary Rc 

VCC 

ti
bBB eiIi ω+=

ti
eEE eiIi ω+=

ti
cCC eiIi ω+=

ti
cCC evVv ω+=ti

beBEBE evVv ω+=

be
m

b vgi
β

=

be
C

c v
kT
eIi = transcond. 

input imp. 

⎟⎟⎠

⎞
⎜⎜⎝

⎛

⎟⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜

⎝

⎛

=⎟⎟⎠

⎞
⎜⎜⎝

⎛

c

be

C

m

c

b

v
v

kT
eI

g

i
i

0

0
β

In matrix form: 

Admittance (Y) matrix 
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AC equivalent circuit: 

Rc 

VCC 

ti
bBB eiIi ω+=

ti
eEE eiIi ω+=

ti
cCC eiIi ω+=

ti
cCC evVv ω+=ti

beBEBE evVv ω+=

⎟⎟⎠

⎞
⎜⎜⎝

⎛

⎟⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜

⎝

⎛

=⎟⎟⎠

⎞
⎜⎜⎝

⎛

c

be

C

m

c

b

v
v

kT
eI

g

i
i

0

0
β

If we are only interested in ac components, life can be simplified: 

bev

bi
cv

ci

Hybrid p model: 

biβ
mg
β
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T-model 

Rc 

VCC 

ti
bBB eiIi ω+=

ti
eEE eiIi ω+=

ti
cCC eiIi ω+=

ti
cCC evVv ω+=ti

beBEBE evVv ω+=

⎟⎟⎠

⎞
⎜⎜⎝

⎛

⎟⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜

⎝

⎛

=⎟⎟⎠

⎞
⎜⎜⎝

⎛

c

be

C

m

c

b

v
v

kT
eI

g

i
i

0

0
β

If we are only interested in ac components, life can be simplified: 

bev

bi

cv ci

T model: 

bemvg

mg
α
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Rules for ac analysis 
¡  From complete circuit, calculate dc 

currents and voltages 
¡  For ac analysis only: 

l  dc voltage source -> short circuit 
l  dc current source -> open circuit 

¡  Replace transistor with p or T-model 
¡  Now solve (simplified) ac circuit 
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Next 
¡  Generalized y-parameters 
¡  not just common emitters 
¡  Capacitances 
¡  y-parameters from doping profile 
¡  Definition of fT 
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AC equivalent circuit: 

Rc 

VCC 

ti
bBB eiIi ω+=

ti
eEE eiIi ω+=

ti
cCC eiIi ω+=

ti
cCC evVv ω+=ti

beBEBE evVv ω+=

⎟⎟⎠

⎞
⎜⎜⎝

⎛

⎟⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜

⎝

⎛

=⎟⎟⎠

⎞
⎜⎜⎝

⎛

c

be

C

m

c

b

v
v

kT
eI

g

i
i

0

0
β

If we are only interested in ac components, life can be simplified: 

bev

bi
cv

ci

Hybrid p model: 

biβ
mg
β

Discuss easy interpretation 
 of p model. 
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General admittance matrix 

⎟⎟⎠

⎞
⎜⎜⎝

⎛

⎟⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜

⎝

⎛

=⎟⎟⎠

⎞
⎜⎜⎝

⎛

c

be

C

m

c

b

v
v

kT
eI

g

i
i

0

0
β

Last lecture, we had emitter grounded. 
Called common emitter configuration: 

bb vi ,

cc vi ,

ee vi ,
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛
=

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛

c

b

e

c

b

e

v
v
v

i
i
i

...

...

...

In general: 

Y-matrix has 9 elements, but once you know 4 you know them all because: 

cbe iii +=
and: 

cebecb vvv =+ See book about details procedure to get 
9 parameters from only 4. 
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Three configurations: 

[ ] ⎟⎟⎠

⎞
⎜⎜⎝

⎛
=⎟⎟⎠

⎞
⎜⎜⎝

⎛
⎟⎟⎠

⎞
⎜⎜⎝

⎛
=⎟⎟⎠

⎞
⎜⎜⎝

⎛

c

b
e

c

b

cccb

bcbb

c

b

v
v

y
v
v

yy
yy

i
i

Common emitter configuration (ve=0): 

Common base configuration (vb=0): 

[ ] ⎟⎟⎠

⎞
⎜⎜⎝

⎛
=⎟⎟⎠

⎞
⎜⎜⎝

⎛
⎟⎟⎠

⎞
⎜⎜⎝

⎛
=⎟⎟⎠

⎞
⎜⎜⎝

⎛

c

e
b

c

e

ccce

ecee

c

e

v
v

y
v
v

yy
yy

i
i

Common collector configuration (vc=0): 

[ ] ⎟⎟⎠

⎞
⎜⎜⎝

⎛
=⎟⎟⎠

⎞
⎜⎜⎝

⎛
⎟⎟⎠

⎞
⎜⎜⎝

⎛
=⎟⎟⎠

⎞
⎜⎜⎝

⎛

e

b
c

e

b

eeeb

bebb

e

b

v
v

y
v
v

yy
yy

i
i

Easiest to  
calculate from 
doping profile. 
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Generalized p model: Regardless of which configuration you use, the following p model applies: 

⎟⎟⎠

⎞
⎜⎜⎝

⎛
⎟⎟⎠

⎞
⎜⎜⎝

⎛
=⎟⎟⎠

⎞
⎜⎜⎝

⎛

2

1

2221

1211

2

1

v
v

yy
yy

i
i

1v

1i

2v

2i
11y

212vy

121vy
22y

Common emitter: 1=base, 2=collector 
Common base: 1=emitter, 2=collector 
Common collector: 1=base, 2= emitter 
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You might be used to  
V=IR 
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General impedance matrix 

bb vi ,

cc vi ,

ee vi ,

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛
=

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛

c

b

e

c

b

e

i
i
i

v
v
v

...

...

...

Y-matrix has 9 elements, but once you know 4 you know them all because: 
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h matrix: 

⎟⎟⎠

⎞
⎜⎜⎝

⎛
⎟⎟⎠

⎞
⎜⎜⎝

⎛
=⎟⎟⎠

⎞
⎜⎜⎝

⎛

2

1

2221

1211

2

1

v
i

hh
hh

i
v

Common emitter: 1=base, 2=collector 
Common base: 1=emitter, 2=collector 
Common collector: 1=base, 2= emitter 

Note: In general, matrix elements depend on dc currents, dc voltages, 
and frequency. Spec. sheet (or model) will provide the matrix elements as  
a table vs. frequency, usually for only one bias current. 
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Common emitter h matrix: 

⎟⎟⎠

⎞
⎜⎜⎝

⎛
⎟⎟⎠

⎞
⎜⎜⎝

⎛
=⎟⎟⎠

⎞
⎜⎜⎝

⎛

c

b

ee

ee

c

b

v
i

hh
hh

i
v

2221

1211

•  Early effect:  
Collector voltage changes current gain (b). 

•  b depends on frequency and collector voltage. 
•  How do we define frequency at which b = 1? 
•  At vc=0. This is h21e 

becebec ihvhihi 212221 →+=

1)(21 =Te fh
•  We define fT such that: 
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AC equivalent circuit: 
Rc 

VCC 

ti
bBB eiIi ω+=

ti
eEE eiIi ω+=

ti
cCC eiIi ω+=

ti
cCC evVv ω+=ti

beBEBE evVv ω+= bev
bi

cv

ci

Hybrid p model: 
Red is new for ac: 

bee
n

B veig
L
X

M 2/

0
2

2

3
1

2
1 ωτ

ω
ω

⎥
⎦

⎤
⎢
⎣

⎡
−⎟⎟⎠

⎞
⎜⎜⎝

⎛
−

m

dc

g
β

DC

jcC

jeC depC

2
Me

dep
gC τ≡

• Circuit model good only for low frequencies 
• At high frequencies computer must be used! 
• That concludes our derivation of intrinsic HBT behavior. 
• Next will include parasitics, and discuss fT, fmax 
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Goal for today: 
Rc 

VCC 

ti
bBB eiIi ω+=

ti
eEE eiIi ω+=

ti
cCC eiIi ω+=

ti
cCC evVv ω+=ti

beBEBE evVv ω+= bev
bi

cv

ci

Hybrid p model: 
Red is new for ac: 

bee
n

B veig
L
X

M 2/

0
2

2

3
1

2
1 ωτ

ω
ω

⎥
⎦

⎤
⎢
⎣

⎡
−⎟⎟⎠

⎞
⎜⎜⎝

⎛
−

m

dc

g
β

DC

jcC

jeC depC

2
Me

dep
gC τ≡
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Parasitics  
fT, fmax 
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Common-Emitter AC equivalent circuit: 
Rc 

VCC 

ti
bBB eiIi ω+=

ti
eEE eiIi ω+=

ti
cCC eiIi ω+=

ti
cCC evVv ω+=ti

beBEBE evVv ω+= bev
bi

cv

ci

Hybrid p model: 
Red is new for ac: 

bee
n

B veig
L
X

M 2/

0
2

2

3
1

2
1 ωτ

ω
ω

⎥
⎦

⎤
⎢
⎣

⎡
−⎟⎟⎠

⎞
⎜⎜⎝

⎛
−

m

dc

g
β

DC

jcC

jeC depC

2
Me

dep
gC τ≡

• Circuit model good only for low frequencies 
• At high frequencies computer must be used! 
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Hybrid p model: 
simplified: 

bee
n

B veig
L
X

M 2/

0
2

2

3
1

2
1 ωτ

ω
ω

⎥
⎦

⎤
⎢
⎣

⎡
−⎟⎟⎠

⎞
⎜⎜⎝

⎛
−

m

dc

g
β

jcC

beC

bev
bi

cv

ci
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S-matrix 
jcC

m

dc

g
βdepC

base collector 

emitter 

+
1V

)(
2

)(
22 ),( tkxitkxi eVeVtxV ωω −−−−+ +=)(

1
)(

11 ),( tkxitkxi eVeVtxV ωω −−−−+ +=

−
1V

+
2V

−
2V

++−

++−

+

+

−

−

+=

+=

⎟⎟⎠

⎞
⎜⎜⎝

⎛
⎟⎟⎠

⎞
⎜⎜⎝

⎛
=⎟⎟⎠

⎞
⎜⎜⎝

⎛

2221212

2121111

2

1

2221

1211

2

1

VSVSV
VSVSV

V
V

SS
SS

V
V
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S-parameters 
This is what you see on data sheets. 
Related to input impedance, output impedance,  
and gain vs. frequency. 
=> Need to discuss ac performance. 
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Summary of parameters 

¡  Impedance matrix (V=IR ->  V=IZ) 
¡  Admittance matrix (I=YV) 
¡  h-matrix (combination) 
¡  ABCD matrix (combination) 
¡  S-matrix (microwave reflections and 

transmissions) 

“If you know one, then you know them all…” 
See Liu, page 249 for conversions. 
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Measurement techniques 
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Measurement techniques 
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Cost (rough estimates) 

¡  10 GHz: $50,000 
¡  20 GHz: $70,000 
¡  40 GHz: $90,000 
¡  110 GHz: $250,000 
¡  > 110 GHz: very expensive 

For cost and difficulty reasons, parameters of transistor not always 
measure all the way up to fT, but extrapolated. 

These are only estimates. Contact vendor for actual prices. 
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Example 

From Rodwell, et al, TRANSACTIONS ON ELECTRON DEVICES 48 (11): 2606-2624 IEEE NOV 
2001 3/10/15 EECS 277C Nanotechnology © 2015 P. Burke 



Parasitics: 

n 

n 

p 

ohmic 

ohmic 

ohmic 

base 

emitter 

collector 
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Parasitics: 

n 

n 

p 

ohmic 

ohmic 

ohmic 

base 

emitter 

collector 

n 
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Ohmic contact 

Specific contact resistance typically 10-6 ohm-micron2 
(Discuss on board.) 

EE

E

E

E
EE WLA
R σσ ρρ ==

For a distributed contact, thinks are a little more complicated. 
(Draw distributed RC network on board, discuss.) 
A solution is: 

⎟⎟⎠

⎞
⎜⎜⎝

⎛
=

B

SHB
B

E

BSHB
BB

RW
L
R

R
σ

σ

ρ
ρ

coth

RSHB is R per square (discuss) 
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Emitter “epi” resistance: 

n 

n 

p 

ohmic 

ohmic 

ohmic 

base 

emitter 

collector 

n 

EE

epiE
epiEepiE WL
X

R )(
)()( ρ= (discuss) 
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Base “epi” resistance: 

n 

n 

p 

ohmic 

ohmic 

ohmic 

base 

emitter 

collector 

n 

)(epiBxR (discuss) 
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Emitter “epi” resistance: 

n 

n 

p 

ohmic 

ohmic 

ohmic 

base 

emitter 

collector 

n 

EE

epiE
epiEepiE WL
X

R )(
)()( ρ= (discuss) 
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Collector “epi” resistance: 

n 

n 

p 

ohmic 

ohmic 

ohmic 

base 

emitter 

collector 

n 

EE

epiC
epiCepiC WL
X

R )(
)()( ρ= (discuss) 

(also discuss spreading effect) 
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Parasitics: In summary 

m

dc

g
β

jcC

beC

base collector

emitter

RC 

RE 

zB 

Total parasitics include contact, epi, and metal layer resistance. 
Sometimes inductance also added in. 

3/10/15 EECS 277C Nanotechnology © 2015 P. Burke 



fT: 

⎟⎟⎠

⎞
⎜⎜⎝

⎛
⎟⎟⎠

⎞
⎜⎜⎝

⎛
=⎟⎟⎠

⎞
⎜⎜⎝

⎛

c

b

ee

ee

c

b

v
i

hh
hh

i
v

2221

1211

•  Early effect:  
Collector voltage changes current gain (b). 

•  b depends on frequency and collector voltage. 
•  How do we define frequency at which b = 1? 
•  At vc=0. This is h21e 

becebec ihvhihi 212221 →+=

1)(21 =Te fh
•  We define fT such that: 
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fT 

ec
Tf πτ2

1=

cscbeec τττττ +++=
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Emitter charging time 

( )jcje
C

e CC
eI
kT +=τ

Time to charge up junction capacitors. 
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Base transit time 

nB

B
e D

X
2

2

=τ

Time to charge up base minority carriers. 
Or: time to diffuse from emitter to collector. 
(Built in field helps a lot here.) 
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Space-charge transit time 

sat

dep
e v
X
2

=τ

Or: time to drift through space charge of base-collector junction. 
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Collector charging time 

jcCEc CRR ⋅+= )(τ

Time to charge collector junction capacitor through parasitic resistors. 
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fT: 

⎟⎟⎠

⎞
⎜⎜⎝

⎛
⎟⎟⎠

⎞
⎜⎜⎝

⎛
=⎟⎟⎠

⎞
⎜⎜⎝

⎛

c

b

ee

ee

c

b

v
i

hh
hh

i
v

2221

1211

)/()1( 0

0
21

TT

T
e ffi

h
+−

=
α

α

“It can be shown that…” 

2

2

0 2
1

n

B
T L

X−≡α

Discuss rolloff, low frequency value. 
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fmax: 

[ ])Re()Re()Re()Re(4 21122211

2
1221

zzzz
zz

U
−
−

=

“It can be shown that…” 

In real circuits, we do not want to short circuit the output! 
Unilateral power gain: if impedance matching network is set up so 
that there is no reverse transmission (S12=0), in that case the power gain is 
called the unilateral power gain. 

“It can be shown that…” 

jcb

T

Cr
ff

π8max =

2

2
0

)Re(4 ω
ωα

jcb

TT

Cz
U =

Discuss rb dependence, 
want heavily doped base. 
Need for HBT. 
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Field Effect Devices 

•  MOSFET 
•  JFET 
•  MESFET 
•  HEMT 
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Si MOSFET: 

n (lightly doped) 

metal (e.g. aluminum) 

Oxide 
ohmic ohmic 

source 

gate 

drain 

• Gate has high input resistance (1012 W) 
• Si covered in ECE 277A. 
• No oxide for GaAs, so need different type of device. 

inversion layer (high density holes) 
p-well p-well 
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Non-oxide transistors 
¡  JFET: Junction Field Effect Transistor 
¡  MESFET: Metal Electron Semiconductor 

Field Effect Transistor 
¡  HEMT: High Electron Mobility Transistor 

l  Also called: 
l  MODFET Modulation Doped Field Effect 

Transistor 
l  TEGFET Two-Dimensional Electron Gas Field 

Effect Transistor 
l  pHEMT Pseudomorphic HEMT 
l  HFET Heterojunction Field Effect Transistor 

3/10/15 EECS 277C Nanotechnology © 2015 P. Burke 



Integrating: 
( ) W

x
xVxVVVCI CS

CSTGSoxD ⋅
∂

∂⋅−−⋅= )()(µ
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( ) doableWxVxVVVC

Wdx
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FET I-V curves 

IDS 

VDS 

Previous equation 

IDS,sat 
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Velocity saturation 

From Shur, Physics of Semiconductor Devices 

satv
Ev

→
⋅= µ
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FET AC properties 
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AC equivalent circuit: 

ti
gGG eiIi ω+=

ti
sSS eiIi ω+=

ti
dDD eiIi ω+=

ti
dDD evVv ω+=

ti
gGG evVv ω+=

0 0
0

g g

d m d

i v
i g v
⎛ ⎞ ⎛ ⎞⎛ ⎞

=⎜ ⎟ ⎜ ⎟⎜ ⎟
⎝ ⎠ ⎝ ⎠⎝ ⎠

gv

gi
dv
di

Hybrid p model: 

gsmvg

This is the common-source Y-matrix. You can get all the matrices from it. 
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What about capacitances? 

Book sticks to long channel 
devices, well below transit time 
frequency.  
Modern devices are short and fT 
is the transit time frequency. 
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AC equivalent circuit: 

gv

ti
gGG eiIi ω+=

ti
sSS eiIi ω+=

ti
dDD eiIi ω+=

ti
dDD evVv ω+=

ti
gGG evVv ω+=

gi
dv
di

Cgs 
Cds 

Hybrid p model: 

Cgd 

Cgs dominates. 

gs
tr

m vig ⎟⎟⎠

⎞
⎜⎜⎝

⎛
−

ω
ω

15
41
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fT 

gv

gi
dv
di

gsmvgCgs 

Hybrid p model: 

When current flowing through capacitor is equal to gsmvg

then the frequency is fT. 

( )gsgsg Cvi ω= gsMd vgi =

( )

gs

M
T

gs

M
T

gsTgsgsM

C
gf

C
g

Cvvg

π
ω

ω

2
=⇒=⇒

=At fT 
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fT g
v

gi
dv
di

gsmvgCgs gs

M
T C

gf
π2

=

( )TGS
ox

M VV
L
CWg −=
'µ

In HW#6, you will prove for the long-channel device: 

For a short-channel device, 

'
oxsatM WCvg =

)/(~' LWCC gsox

( )
22

1
L
VVf TGS

T
−→ µ

π

tr

sat
T L

vf
πτπ 2
1

2
=→

So book model is only good for frequencies much less than fT. 
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Quasi-static AC equivalent circuit: 

gv

ti
gGG eiIi ω+=

ti
sSS eiIi ω+=

ti
dDD eiIi ω+=

ti
dDD evVv ω+=

ti
gGG evVv ω+=

gi
dv
di

Cgs 
Cds 

Hybrid p model: 

Cgd 

gs
tr

m vig ⎟⎟⎠

⎞
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⎛
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ω
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Non-quasi static model: 
Hybrid p model: 

gv

gi
dv

di

gs
tr

m vig ⎟⎟⎠

⎞
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⎛
−

ω
ω

15
41

Cgs 
Cds 

Cgd 

m
ch g
r

5
1=

gdr
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Non-quasi static model in saturation: 
Hybrid p model: 

gv

gi
dv

di
gs

tr
m vig ⎟⎟⎠
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⎛
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Parasitics: Gate resistance: 

gv

gi
dv

di
gs

tr
m vig ⎟⎟⎠

⎞
⎜⎜⎝

⎛
−

ω
ω

15
41Cgs 

m
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5
1=

Rg 

squareg R
L
WR
3
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N
R

L
WR squareg

1
3
1=

Fingers: 
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Parasitics: Source/Draina resistance: 

gv
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di
gs

tr
m vig ⎟⎟⎠
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fT 

gv

gi
dv

di
gsmvg

Cgs 

Rg Rd 

Rs 
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fMAX 
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⎥
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fmax helped by fingers.  
fT not helped by fingers. 
fMax sometimes larger, sometimes smaller than fT. 
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RF CMOS 

F. Schwierz and J. J. Liou, "RF Transistors: Recent Developments and Roadmap toward 
Terahertz Applications", Solid-State Electronics, 51, 1079-1091, (2007). 
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Cutoff frequency (fT) 

C. Rutherglen, D. Jain and P. Burke, "Nanotube Electronics for Radiofrequency 
Applications", Nature Nanotechnology, 4, 811-819, (2009). 
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III-V fMax 

F. Schwierz and J. J. Liou, "RF Transistors: Recent Developments and Roadmap toward 
Terahertz Applications", Solid-State Electronics, 51, 1079-1091, (2007). 
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fT vs fMax 

F. Schwierz and J. J. Liou, "RF Transistors: Recent Developments and Roadmap toward 
Terahertz Applications", Solid-State Electronics, 51, 1079-1091, (2007). 
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