
M
icrow
ave
S
em
iconductor
D
evices

F
irst
division:
a)
active,
and
b)
pasive.
A
ctive
devices
used
in
am
pli�
ers
and
oscillators

and
pasive
in
m
ixers.

T
w
o
typ
es
of
m
etalcontacts
to
sem
iconductor:
ohm
ic
and
rectifying.
Idealohm
ic
con-

tacts
conduct
current
in
b
oth
directions,
unlike
the
rectifying
one.
T
he
only
di�
erence

is
in
m
etal
used
and/or
typ
e
of
m
aterial
used
for
sem
iconductor.

S
chottky
diode:
sim
ple,
easy
to
fabricate
and
usefull
all
the
w
ay
to
T
H
z
region!
A
lso

form
s
a
gate
in
M
E
S
F
E
T
s.
U
sed
in
S
ias
w
ellas
G
aA
s
(or
III-V
com
p
ounds
in
general).

It
is
a
u
n
ip
o
la
r
device,
i.e
.only
electrons
(holes)
are
involved
in
conduction
and
its

control.

E
nergy
B
and
D
iagram
:
U
nlike
the
p-n
junction,
here
w
e
have
contact
b
etw
een
tw
o

di�
erent
m
aterials.
A
few
de�
nitions:

F
e
r
m
i
L
e
v
e
l:
energy
level
at
w
hich
probability
of
�
nding
an
electron
is
0.5

E
le
c
tr
o
n
a
�
n
ity
:
energy
required
to
excite
electron
from
the
conduction
band
edge

to
the
vacuum
level
(
i.e
.outside
of
the
sem
iconductor)

W
o
r
k
fu
n
c
tio
n
:
energy
required
to
excite
electron
from
the
F
erm
i
level
to
the
vac-

uum
level

�
�
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F
erm
ilevels
m
ust
line
up
in
equilibrium
!
In
addition,
vacuum
levelm
ust
b
e
continuous

(see
diagram
s).

B
arrier
height
q�
B
n
=
q(�
m
�
�
)
in
n-typ
e
sem
ic.,
or
q�
B
p
=
E
g
�
q(�
m
�
�
)

M
easured
barrier
heights
are
di�
erent
from
the
ab
ove
equation.
R
easons:
surface

states
in
the
forbidden
bandgap.

A
nalysis
is
sim
ilar
to
p-n
junction
and
w
e
need
to
determ
ine
the
barrier
height:
V
bi
=

�
B
n
�
V
n ,
w
here
V
n
is
the
p
otentialdi�
erence
b
etw
een
F
erm
ilevelE
F
and
conduction

band
edge
E
C
.
S
tandard
approxim
ation:
a
b
r
u
p
t
ju
n
c
tio
n
,
w
hich
m
eans
that

electric
�
eld
and
space
charge
are
zero
outside
the
depletion
layer.

W

=
vuuut

2�
s

qN
D
(V
bi �
V
)

(1)

jE
(x
)j
=
qN
D

�
s

(W

�
x
)
=
E
m
�
qN
D

�
s

x

(2)

 
(x
)
=
qN
D

�
s

24W
x
�
12

x
2 35
�
�
B
n

(3)

w
here
V
is
applied
voltage
(>
0
for
forw
ard
bias,
<
0
for
reverse
bias),
and
E
m

is
the

m
axim
um
�
eld
E
m

=
2(V
bi �
V
)=W
.
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T
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A
nother
im
p
ortant
characteristic
of
S
chottky
diode
is
its
capacitance,
w
hich
is
de�
ned

as
change
of
charge
p
er
change
of
voltage:

C
=

������ @
Q
sc

@
V

������ =
vuuuut

q�
s N
D

2(V
bi �
V
)
=
�
s

W

F
=cm
2

(4)

T
his
can
b
e
further
rew
ritten
as:

1C
2

=
2(V
bi �
V
)

q�
s N
D

�
d
(1=C
2)

d
V

=

2
q�
s N
D

(5)

T
he
m
easurem
ents
of
the
capacitance
C
p
er
unit
area
as
a
function
of
voltage
provides

the
im
purity
distribution
and
the
built-in
p
otential
directly.

I-V
C
haracteristics

U
nlike
p-n
junction,
in
S
chottky
diode
only
the
m
ajority
carriers
contribute
to
the

current.
T
he
m
echanism
of
electron
transp
ort
is
di�
erent
than
in
p-n
junction
w
here

w
e
have
drift
and
di�
usion.
H
ere
another
m
echanism
takes
over:
therm
ionic
em
ission.

T
herm
ionic
em
ission
describ
es
those
electrons
that
are
energetic
enough
to
overcom
e

the
p
otential
barrier
and
either
go
from
m
etal
into
sem
iconductor
(m
!

s)
or
from

sem
iconductor
to
m
etal
(s
!

m
).
R
em
em
b
er
that
e
le
c
tr
o
n
te
m
p
e
r
a
tu
r
e
de-

scrib
es
average
energy
of
an
ensem
ble
of
electrons.

�
�

M
icrow
a
v
e
C
ircu
it
D
esig
n
II

3

�



M

E
S
F
E
T
s

In
equilibrium
(V
a
pplied
=
0)
tw
o
electron


ow
s
m
ust
cancel
each
other,
i.e
.J
m
!

s
=

�
J
s
!

m
.
B
oth
of
these
com
p
onents
are
prop
ortional
to
the
electron
concentration
at

the
sem
iconductor
surface
n
s .
R
em
em
b
er
that
electron
concentration
is
prop
ortionalto

the
density
of
states
N
C
and
exp
onentially
dep
endent
on
di�
erence
b
etw
een
F
erm
ilevel

and
conduction
band
edge,
i.e
.n
=
N
C
exp ��
E
C
�

E
F

k
T

�.
A
t
the
surface
of
S
chottky

diode,
w
e
know
that
E
C
�
E
F
=
q�
B
n
and
can,
therefore,
w
rite:

jJ
m
!

s j
=
jJ
s
!

m
j
=
C
1 N
C
exp 0@�
q�
B
n

k
T

1A

(6)

w
here
C
1

is
a
prop
ortionality
constant.

O
utside
of
equilibrium
(V
a
pplied
6=
0)
w
e
m
ust
have
som
e
dep
endence
of
n
s
on
applied

voltage.
N
ot
surprisingly,
this
dep
endence
is
again
exp
onential

n
(s)
=
N
C
exp 0B@
�
q(�
B
n
�
V
F
)

k
T

1CA

(7)

W
hen
forw
ard
(reverse)
bias
is
applied,
the
p
otential
di�
erence
b
etw
een
tw
o
sides
is

reduced
(increased);
how
ever,
the
barrier
for
electron


ow
is
very
di�
erent,
dep
ending

on
w
hether
the
electron
is
com
ing
from
m
etalor
from
sem
iconductor.
If
the
electron
is

com
ing
from
the
m
etal,
the
barrier
does
not
change
w
hich
im
plies
that
J
m
!

s
does
not

change
relative
to
equilibrium
.
O
n
the
other
hand,
J
s
!

m

changes
quite
dram
atically,

in
prop
ortion
to
the
ab
ove
equation
for
n
s .

�
�

M
icrow
a
v
e
C
ircu
it
D
esig
n
II

4

�



M

E
S
F
E
T
s

T
he
net
current
across
the
junction
is

J
=
J
s
!

m
�
J
m
!

s
=
C
1 N
C
exp 0@�
q�
B
n

k
T

1A 24exp 0@
qV
F

k
T

1A
�
1 35

(8)

F
or
reverse
bias,
V
F

is
replaced
by
�
V
R
.
F
urtherm
ore,
the
coe�
cient
C
1 N
C

is
equal

to
A
�T
2,
w
here
A
�

is
called
the
e�
ective
R
ichardson
constant
and
T
is
tem
p
erature.

T
he
constant
term
s
can
b
e
collected
in
one
constant
resulting
in

J
=
J
s 24exp 0@
qVk

T
1A

�
1 35
and
J
s
�
A
�T
2
exp 0@�
q�
B
n

k
T

1A

(9)

In
S
chottky
diodes
there
is
a
hole
current
w
hich
is
due
to
hole
injection
from
the
m
etal

to
the
sem
iconductor.
T
his
injection
is
the
sam
e
as
in
p
+

�
n
junction.
In
norm
al

op
eration
conditions
it
is
m
uch
sm
aller
than
the
electron
com
p
onent
(w
hy?)
resulting

in
a
unip
olar
op
eration.

Idealohm
ic
contact
should
conduct
in
either
direction
and
should
not
have
any
voltage

drop
across
the
m
etal-sem
iconductor
interface.
T
his
is
only
approxim
ately
true
in
real

ohm
ic
contacts.
T
w
o
techniques
are
used:
1.
utilizing
a
m
etal
w
ith
low
barrier
height

(�
B
n ),
and
2.
high
doping.
T
he
conduction
can
b
e
dom
inated
by
either
therm
ionic

em
ission
or
tunneling.
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T
he
JF
E
T

W
hy
b
other
w
ith
JF
E
T
?
It
is
good
introduction
to
M
E
S
F
E
T
s
w
hich
are
m
uch
m
ore

com
m
on
and
the
principle
of
op
eration
is
very
sim
ilar.

JF
E
T
is
basically
a
resistor
that
has
a
controlgate.
V
oltage
applied
at
the
controlgate

shrinks
or
op
ens
up
the
c
h
a
n
n
e
l
for
electrons
to


ow
through.
T
he
w
ider
the
channel,

the
sm
aller
the
resistance
and
vice
versa.
S
ee
sim
pli�
ed
picture.
T
he
output
electrode

is
called
drain,
the
nam
e
\gate"
is
used
for
control
gate,
and
the
other
contact,
w
hich

is
usually
grounded,
is
called
source.

U
nder
norm
alop
erating
conditions
V
G
�
0
and
V
D

�
0
(w
hy?).
F
or
p-channeldevice,

p
olarities
are
reversed,
but
p-channel
is
very
rarely
used.
W
hat
is
the
resistance
of
a

channel
in
the
equilibrium
?

R
=
�
LA

=

L

q�
n N
D
A
=

L

2q�
n N
D
Z
(a
�
W
)

(10)

w
here
N
D

is
donor
concentration,
A
is
the
cross-sectional
area
for
current


ow
(

=
2Z
(a
�
W
)
),
and
W

is
the
depletion
layer
w
idth
of
upp
er
and
low
er
p-n
junctions.

C
ase
a);
keep
V
G

�
0
and
V
D

sm
all.
T
hen
I
D

=
V
D
=R
.
O
utput
current
I
D

varies

linearly
w
ith
output
voltage
V
D

�
�
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C
ase
b):
V
G
�
0,
V
D

is
allow
ed
to
change
up
to
\pinch-o�
."
T
he
follow
ing
m
ust
b
e

taken
into
account:
the
voltage
di�
erence
b
etw
een
drain
and
source
m
ust
occur
along

the
channel.
T
his
results
in
higher
p
otentialnear
the
drain
contact
and
low
er
p
otential

near
the
source
contact.
S
ince
w
e
now
allow
V
D

to
increase
at
w
ill,
the
p
otential

di�
erence
b
etw
een
channel
and
gate
is
going
to
vary:
near
the
drain
the
gate-channel

junction
is
m
ore
reverse
biased
than
it
is
at
the
source
side.
T
his
can
b
e
sim
ply
seen

from
evaluating
V
G
�

ch
a
n
n
el :
at
the
drain
side
it
is
equalto
V
D

(>
0)
but
on
the
source

side
it
is
exactly
equal
to
zero.

T
herefore
C
ase
b)
results
in
variable
resistance
R
,
and
w
e
can
exp
ect
that
the
rate
of

increase
of
current
should
decrease
as
drain
voltage
is
increased,
i.e.
R
increases
w
ith

V
D

C
ase
c):
the
tw
o
depletion
regions
touch
at
the
drain
side.
T
his
is
called
pinch-o�
,

and
the
device
enters
the
saturation
region.
V
oltage
at
w
hich
this
happ
ens
is
called

saturation
voltage
V
D
;sa
t
and
is
calculated
from

V
D
;sa
t
=
qN
D
a
2

2�
s

�
V
bi

for
V
G
=
0

(11)
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A
t
pinch-o�
a
large
drain
current


ow
s,
called
saturation
current
I
D
;sa
t
and
drain
and

source
are
com
pletely
(alm
ost)
isolated
from
each
other
by
a
depletion
region.
T
his

is
sim
ilar
to
the
situation
in
B
JT
w
here
electrons,
after
traversing
the
base
region,
are

injected
into
the
collector
depletion
region.

B
eyond
the
pinch-o�
increase
in
V
D

cannot
increase
I
D

any
m
ore.
T
his
can
b
e
ex-

plained
as
follow
s:
A
ny
increase
of
V
D

ab
ove
saturation
voltage
is
used
up
only
to

extend
the
deplation
region
aw
ay
from
the
drain
and
into
the
channel
region.
T
he

p
oint
P
at
w
hich
the
p
otential
is
equal
to
V
D
;sa
t
is
pushed
aw
ay
from
drain
into
the

channel.
S
o
long
as
the
change
of
the
channellength
is
sm
allcom
pared
to
the
channel

length
(so
called
long
channel
approxim
ation),
the
current
is
still
going
to
b
e
I
D
;sa
t

since
the
p
otential
drop
is
from
p
oint
P
to
source
is
still
the
sam
e
and
the
resistance

(to
the
�
rst
order)
is
unchanged.

If
the
gate
is
reverse
biased,
that
only
m
akes
the
starting
resistance
R
larger,
but
the

sam
e
reasoning
as
ab
ove
applies.
T
o
obtain
V
D
;sa
t
the
value
of
V
G
m
ust
b
e
subtracted,

i.e
.saturation
voltage
decreases
w
ith
increase
in
m
agnitude
of
V
G
(V
G
<
0
for
reverse

bias
in
n-channel
device).
Im
p
ortant:
gate
voltage
is
actually
negative
w
ith
resp
ect
to

source,
but
from
now
on
w
hen
V
G

is
used
it
m
eans
the
m
a
g
n
itu
d
e
of
the
applied

gate
voltage.
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I-V
C
haracteristics

D
erivation
of
I
D

vs.
V
D
;V
G

proceedes
as
follow
s:

1.
�
nd
the
voltage
drop
across
a
sm
all
cross-section
of
the
channel

d
V
=
I
D
d
R
=

I
D
d
y

2q�
n N
D
Z
[a
�
W
(y
)]
or

(12)

I
D
d
y
=
2q�
n N
D
Z
[a
�
W
(y
)]d
V

(13)

(recall
the
expression
for
R
).

2.
for
abrup
p-n
junction
the
deplation
layer
w
idth
is

W
(y
)
=

vuuuut
2�
s [V
(y
)
+
V
G
+
V
bi ]

qN
D

(14)

3.
variations
of
voltage
and
depletion
layer
w
idth
are
related
through
(take
square
of

ab
ove,
take
total
di�
erential
of
b
oth
sides)

d
V
=
qN
D

�
s

W
d
W

(15)
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4.
substitute
dV
into
eq.
for
current
and
integrate
(or,
thihk
of
it
as
sum
m
ation)

w
ith
resp
ect
to
y
from
y=
0
to
y=
L
.
T
his
results
in

I
D

=
1L
Z
W
2

W
1

2q�
n N
D
Z
(a
�
W
) qN
D

�
s

W

d
W

:::
=
I
P

2664 V
D

V
P
�
23 24 V
D
+
V
G
+
V
bi

V
P

35
3=
2

+
23 24 V
G
+
V
bi

V
P

35
3=
2 3775

w
here
I
P
=
Z
�
n q
2N
2D
a
3=(�

s L
)
and

V
P
=
qN
D
a
2=(2�

s ).
V
P
is
called
pinch-o�
voltage,
i.e
.it
is
the
voltage
across
the

junction
at
the
drain
end
w
hen
W
2

=
a
.

T
w
o
distinct
regions:
a)
L
inear
region,
and
b)
S
aturation
region.

L
in
e
a
r
r
e
g
io
n
:
assum
ption
is
V
D

�

V
G
+
V
bi
and
the
full
equation
can
b
e
approx-

im
ated
by

I
D

'
I
P

V
P

2641
�

vuuut
V
G
+
V
bi

V
P

375

(16)
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.
O
ne
interesting
param
eter:
output
(channel)
conductance,
de�
ned
as
@
I
D
=@
V
D
w
ith

V
G

kept
constant

g
D

=
I
P

V
P

2641
�

vuuut
V
G
+
V
bi

V
P

375

(17)

W
hat
is
the
value
of
g
D

b
eyond
pinch-o�
?

S
a
tu
r
a
tio
n
r
e
g
io
n
:
evaluate
drain
current
at
pinch-o�
p
oint
|

it
stays
constant

for
any
V
D

ab
ove
saturation
volgate
V
D
;sa
t
=
V
P
�
V
G
�
V
bi

I
D
;sa
t
=
I
P

2664 13
�
V
G
+
V
bi

V
P

+
23 24 V
G
+
V
bi

V
P

35
3=
2 3775

(18)

A
nother
im
p
ortant
param
eter
is
transconductance
g
m

=
@
I
D
=@
V
G

w
ith
V
D

kept

constant.

g
m

=
I
P

V
P

2641
�

vuuut
V
G
+
V
bi

V
P

375

(19)
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P
arasitics,
E
quivalent
C
ircuit
etc

F
irst
w
e
have
to
�
nd
out
a.c.
currents
and
voltages
based
on
our
know
ledge
of
d.c.

currents
and
voltages.
A
ssum
ing
that
a.c.
am
plitudes
are
sm
all(satis�
ed
by
de�
nition)

it
seem
s
appropriate
to
expand
the
d.c.
quantities
into
T
aylor
series
around
a
particular

bias
p
oint.
W
e
w
ill
treat
the
currents
as
unknow
n
variables
and
voltages
as
know
n.

F
rom
this
w
e
conclude
that

~iD
=
@
I
D

@
V
D ������V
G

~v
D
+
@
I
D

@
V
G ������V
D

~v
G
=
g
D
~v
D
+
g
m
~vv
G

(20)

If
the
series
resistances
are
included,
by
insp
ection
w
e
w
rite:

~v
D
S
=
~v
D
0S
0�
(R
S
+
R
D
) ~iD

~v
G
S
=
~v
G
0S
0�
R
S ~iD

(21)

w
hich
yields
output
current

~iD
=

264

g
m

1
+
R
S g
m
+
(R
S
+
R
D
)g
D 375
~v
G
0S
0

(22)

+
264

g
D

1
+
R
S g
m
+
(R
S
+
R
D
)g
D 375
~v
D
0S
0

(23)
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C
heck
out
the
equivalent
circuits:
idealized
and
m
ore
realistic
(low
/high
frequency)

U
nity
current
gain
frequency
(f
T
)
|

nam
e
describ
es
it
all!
It
is,
quite
generally,

expressed
as:

f
T
=

g
m

2�
C
in

(24)

w
here
C
in
is
totalinput
capacitance
as
seen
by
signalat
gate
contact.
In
our,
sim
pli�
ed,

m
odel,
w
e
can
easily
see
that
C
in
=
C
G
S
+
C
G
D
.
F
or
p
ow
er
am
pli�
cation
w
e
w
ill
use

f
m
a
x .
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E
quivalent
C
ircuit

S
ee
�
g
for
sim
ple
eq.
circuit.
In
addition
to
intrinsics,
som
e
parasitic
elem
ents:
R
G
=

gate
resistance,
R
S =
source
resistance.
G
�
is
a
m
easure
of
leakage
current
on
the

gate;
it
should
b
e
neglegible,
but
if
the
diode
is
near
turn-on,
that
m
ay
not
hold.

G
ate-source
capacitance
C
G
S
=
C
G
�
C
D
G
.
T
otal
input
capacitance
on
the
gate
=

C
G
.
C
apacitance
b
etw
een
gate
and
drain
=
C
D
G
.
T
hey
can
b
e
obtained
from

C
G
=

@
Q
G

@
V
G
S ������V
D
S

and
C
D
G
=
�
@
Q
G

@
V
D
S ������V
G
S

(25)

C
D
G

contains
b
oth
intrinsic
and
parasitic
com
p
onents:
intrinsic
for
the
part
that
is

across
depletion
layer,
parasitic
that
is
not.

Intrinsic
com
p
onents:
g
m
i =
intrinsic
transconductance

g
m
i
=
@
I
D
S

@
V
G
S ������V
D
S

=
@
I
D
S

@
Q
G

������V
D
S

@
Q
G

@
V
G
S ������V
D
S

=
C
G�

(26)

g
m
i
m
easures
transistor's
gain.
F
or
m
ax.
g
m

w
e
need
to
m
inim
ize
�
(sounds
fam
iliar?).

N
ote:
cannot
avoid
capacitance;
it
is
an
intrinsic
part
of
the
device.

F
urther
com
p
onents:
output
conductance
and
capacitance.

�
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f
T
as
usual;
for
m
ax.
frequency
of
oscillation
w
e
have:

f
m
a
x
=

f
T

2 r
G
0 (R
G
+
R
S )
+
2�
f
T
C
D
G
R
G

(27)

B
asic
structure:
see
�
g.
E
�
ective
gate
length
de�
nition
and
channel
thickness.
R
e-

quirem
ent:
e�
.
length
should
not
b
e
signi�
cantly
di�
erent
from
physical
length.
G
ate

design
calls
for
restricted
get-�
nger
w
idth.
P
roblem
:
phase
delay
along
the
gate
�
nger.

R
ule
of
thum
b:
Z
/2
<
�
=16.
5m
m
at
1
G
H
z
dow
n
to
50�
m
at
100
G
H
z.

F
or
m
icrow
aves:
im
p
edance
m
atching
im
p
oses
som
e
lim
its
(connecting
M
E
S
F
E
T
s
in

parallel).
F
urtherm
ore,
tem
p
erature
m
ust
not
b
e
allow
ed
to
rise
ab
ove
certian
level,

w
hich
reduces
the
num
b
er
of
cells.
F
inal
resort:
use
circuit
com
bining.

D
C
characteristics

A
s
for
JF
E
T
s,
pincho�
voltage
V
P

=
qN
D
a
2=(2�

s )
=
voltage
needed
to
deplete
the

channel
of
thickness
a.

T
hreshold
voltage:
onset
of
current
conduction.
V
T

=
V
bi
�
V
P
.
(all
of
this
for

depletion
m
ode
devices).

D
epletion
vs.
enhancem
ent
m
ode
(norm
ally
on
and
norm
ally
o�
).
F
or
enahncem
ent

devices,
V
T
is
slightly
ab
ove
0V
(they
are
depleted
in
equilibrium
).

�
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T
he
m
ax.
gate
voltage
for
b
oth
cases
is
lim
ited
by
forw
ard
biasing
the
gate:
cca.

0.7V
.
D
epletion
devices
have
thicker
channel
regions
and/or
higher
doping.
T
hey
also

provide
m
ore
currents
at
highest
gate
voltage.
B
reakdow
n
-
avalanching
b
etw
een
gate

and
drain.

S
aturation
region
in
�
g.
S
aturation
current
for
V
G
S
=
0
is
called
I
D
S
S .

D
i�
erent
m
odelfor
sm
alldevices,
based
on
velocity
saturation
(�
g)
.
H
ere
the
current

saturates
due
to
velocity
saturation,
not
as
in
long
channel
case.
F
or
this
to
occur
w
e

need
only
5-10
kV
/cm
in
the
channel.
A
lso,
dip
ole
form
ation.

I
D
S
=
qv
s Z
N
D
(a
�
h
)
=
qa
v
s Z
N
D

0B@
1
�

vuuut
V
bi �
V
G
S

V
P

1CA

(28)

w
hich
gives
expressions
for
transconductance:

g
m
i
=
v
s �
s Z

a

vuuut

V
P

V
bi �
V
G
S
=
v
s Z

vuuuut

qN
D
�
s

2(V
bi �
V
G
S )

(29)
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