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5.7 Metal-Semicon. Junctions / 5.5 Capacitance 
 

1 Breakdown / Metal-Semicon 

1600 V SiC Schottky rectifying diodes! 

Two pictures today, what they have to do with voltage is opposite for each picture. 
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2 Switching Gears Now… 

V	


In 1938, Schottky 
effect, the current 
emitted into the 
vacuum depends 
on the metal work 
function, and by 
the presence of 
electric field.	


! So, up to this point we have 
ignored the metal contacts onto the 
semiconductor… 

! When we join two different 
semiconductor materials some 
interesting things happened, right? 

! Well metals are also quite 
different than semiconductors, so 
we need to investigate this more 
carefully…  it can create a diode! 

Why make this type of diode? 
 
Simple! Easy to do with exotic and wide-
bandgap s/c such as SiC / GaN etc .. 
Difficult to do p-type doping for GaN & 
SiC!  So make a diode w/ metal contact! 
 
Why else do we care?  Sometimes we 
DON’T WANT a diode contact! 
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! Schottky Barriers (Diodes)… metal/semiconductor 

! Metal Work Function (qϕm) is the minimum energy (usually measured in electron volts) 
needed to remove an electron from the Fermi level in a metal to a point at infinite distance 
away outside the surface (vacuum level)… Al (4.3 eV), Au(4.8 eV). 

! Semiconductor Work Function (qϕs) … vacuum level to Fermi level in a semiconductor. 

! Electron Affinity (qχ) … vacuum level to conduction band in a semiconductor. 

! Fermi level at zero K in semiconductor  
    is the midpoint between empty  
    and filled electron states  
    for Fermions (electrons). 
 
   For a metal, Fermi level is similar 
   but there is no band-gap!   

3 Metal/Semicon. Junctions 
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! Metal and n-type semiconductor… 
! Note for metal, all electrons are basically at Ef (No bands…) 
! To form a Schottky Barrier (diode) with n-type s/c: 
! What is the 1st thing that must happen in the diagram below? 
! Metal is like n++++++++…., so what side will have all the depletion and band-bending? 

� 

Φ
m

> Φ
s

� 

qΦs

� 

qχ

� 

qΦm

metal n-type s/c 

vacuum level 

4 Metal/Semicon. Junctions 
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! Remember, metal has a such a high density of electrons that it 
acts like n++ (so no band bending). 

…note semiconductor side looks just like 1/2 of a PN junction 

� 

qΦs

� 

qχ

� 

q(Φm − χ) = qΦB

� 

qV
0

= q(Φm −Φs)� 

qΦm

! Contact potential: 
! Barrier height potential to e inject:          
! RECTIFICATION (based on e only? see next slide..) 

� 

qΦB

� 

qV
0

Metal s/c 

� 

W

5 Metal/Semicon. Junctions 
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! N-type Schottky Diode with 

� 

Φ
m

> Φ
s

� 

q(Φm − χ) = qΦB

� 

q(V
0
−V )

� 

qV� 

V

� 

V

� 

V

� 

I

� 

q(Φm − χ) = qΦB

� 

qV
0

= q(Φm −Φs)

Metal s/c 

� 

W

� 

q(Φm − χ) = qΦB

� 

q(V
0

+Vr)
� 

V
r

! What about 
holes? 

6 Metal/Semicon. Junctions 

! Put +V on 
metal, what 
happens…? 
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! Summary for 
   N-type Schottky Diode with 

� 

Φ
m

> Φ
s

� 

q(Φm − χ) = qΦB

� 

q(V
0

+Vr)
� 

V
r

� 

q(Φm − χ) = qΦB

� 

q(V
0
−V )

� 

qV� 

V

� 

V

� 

V

� 

I

! Forward bias 
e diffusion into metal… and h drift 
current (but is way smaller) 

! Reverse bias 
drift current and, 
chance of e surmounting barrier 
height given by a Boltzman factor: 

I
0
∝ e

−qΦB /kT

7 Metal/Semicon. Junctions 
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! Also valid for p-type semiconductors (                 ,block hole injection). 

� 

qΦs

� 

qχ

� 

qV
0

= q(Φs −Φm )

� 

qΦm

! Barrier height potential to h inject: 
! Contact potential: 
! RECTIFICATION (based on h only) 

� 

qΦB

� 

qV
0

� 

W

� 

Φ
m

< Φ
s

Metal s/c 

8 Metal/Semicon. Junctions 

� 

qΦB
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! What if n-type and   

� 

Φ
s

> Φ
m

! Typically heavily dope s/c near contact to eliminate accumulation… 

! What will IV plot look like (assuming some series resistance)? 

� 

q(Φs −Φm )

� 

qΦs

� 

qχ

� 

qΦm

metal s/c 

9 Metal/Semicon. Junctions 
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! Ohmic contacts are essential!  In ALL our previous junctions 
we assumed we could easily connect electrodes to our diodes! 

� 

Φ
m

> Φ
s

! What if p-type and   

� 

q(Φm −Φs)

� 

qΦs

� 

qχ

� 

qΦm

metal s/c 

10 Metal/Semicon. Junctions 
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� 

q(Φm − χ) = qΦB

� 

qV
0

= q(Φm −Φs)

Metal s/c 

� 

W

! This is another way to 
make an ohmic contact, 
how does it work?   

11 Metal/Semicon. Junctions 
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! Some example material systems and their barrier heights… 

ht
tp

://
ec

e-
w

w
w

.c
ol

or
ad

o.
ed

u/
~b

ar
t/ 

Submicron Schottky 
diodes for THz 
applications, E.Zotl, 
M.Hauser Institut für 
Festkörperelektronik 

! THz Schottky 
Diodes… (why the 
strange and 
complex design?) 

12 Advanced Stuff… 
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! More on GaN developments…     (see top image of electrodes, why the geometries?) 
 
“GaN Schottky barrier diodes threaten to overturn SiC” Murphy et al., Cmp. Semicond. Vol. 
14, No.  3, Pg. 18,, April 2008.,  
 

13 Advanced Stuff… 
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! Heterojunctions… 
joining two different semiconductors! 
 
More relevant to CH6 (HEMT) and CH8 (LEDs, 
Lasers), but introduce here as is good review for 
metal-semiconductor junctions too (same 
approach): 

(1)  Align Fermi levels (always!) 

(2)  Maintain ΔEC and ΔEV at the 
semiconductor junction 

 
(3)  Connect Ec/Ev keeping Eg 

constant as bend bands, 

(4)  Consider doping effects to 
distribute the amount of 
band-bending due to ΔΦ 

� 

qΦ

� 

ΔE
V

� 

qΦ

� 

ΔE
C

� 

ΔE
V

� 

ΔE
C

� 

ΔEg = ΔEc + ΔEv

� 

qVp

� 

qVn

14 Advanced Stuff… 
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15 Review! 

! What are the two general types of metal 
semiconductor contacts (that we care about)? 

! When making a contact to device like a diode or 
MOSFET or BJT, what type of metal/semicon. contact 
do you want? 

! When making high voltage rectifiers, why are metal/
semicon. diodes preferred? 

! If you are stuck with Si and have to make a bunch of 
different types of metal/semicon. for many different 
purposes, what is the one parameter for the metal that 
you will need to know? 

! For a Shottky diode what type of currents cause 
current flow in forward bias? In reverse bias? 

! Operate different or basically the same as PN 
junctions? 

V	
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16 5.5b - Capacitance 

! 1st Topic, 5.5b Diode Capacitance… 
 
(1) Why might we care? 
 
(2) Even if not a diode, if I have any 
blackbox device that gives me a dQ for a 
dV… does it have capacitance? 

� 

ionized accp.

� 

hole

� 

ionized donor

� 

electron

� 

C =
Q

V
=
dQ

dV
=
ε
0
εrA

d

! Cs = storage cap. (talk more later) 

CJ CS 

! CJ = depletion (‘junction’) cap. (talk now)  
- where is the ‘dielectric’ 
-  how change w/ V? 

! Cdiode=CS+CJ 

! Lets derive depletion cap., 
remember these…? 

Q = qAxn0Nd = qAxp0Na

� 

x
n0

=
N

a

N
a

+ N
d

W 

� 

W =
2ε V

0( )

q

Na + Nd

NaNd

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ 

1 2

� 

xp0 =
Nd

Na + Nd

W
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! Under steady state bias for Vapp + or -  

� 

W =
2ε V

0
−Vapp( )
q

Na + Nd

NaNd

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

⎡ 

⎣ 

⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 

1 2

apdn NqAxNqAxQ 00 ==
� 

x
n0

=
N

a

N
a

+ N
d

W 

� 

xp0 =
Nd

Na + Nd

W

! We can also show for either side: 

� 

Q = qA
NaNd

Na + Nd

W Q = A 2qε(Vo −Vapp )
NaNd

Na + Nd

⎡

⎣
⎢

⎤

⎦
⎥

1/2

� 

(1/ x)
1/ 2

= (x)
−1/ 2

� 

(x) × (x)
−1/ 2

= (x)
1/ 2

17 Depletion Capacitance 



Dept. Electrical Engin. & 
Computing Systems 

EECS 2077 – Semiconductor Devices © Instructor – Prof. Jason Heikenfeld 

Just like parallel 
plate cap! 

! Recall C=Q/V or C=|dQ/dV|, we can use the latter 

because we know CJ changes with voltage  

� 

Q = A 2qε(Vo −Vapp )
NaNd

Na + Nd

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ 

1/ 2

CJ =
dQ
dV

= A 2qε NaNd

Na + Nd

⎡

⎣
⎢

⎤

⎦
⎥

1/2 (Vo −Vapp )
−1/2

2

CJ =
A
2
2qε 1

(Vo −Vapp )
NaNd

Na + Nd

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

1/2

CJ = εA
q

2ε(Vo −Vapp )
NaNd

Na + Nd

"

#
$
$

%

&
'
'

1/2

� 

W =
2ε V

0
−Vapp( )
q

Na + Nd

NaNd

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

⎡ 

⎣ 

⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 

1 2

CJ =
εA
W

= ε0εSiA
W C =

ε
0
ε
r
A

d

18 Depletion Capacitance 

! Want an 
example W? 
 
Ex 5-2, for 
Na=1018, and 
Nd=5x1015, 
W= 0.5 µm. 
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! Example for p+n 

CJ = εA q
2ε(Vo −Vapp )

NaNd

Na + Nd

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

1/2

� 

W ~ x
n0

� 

N
a

>> N
d

CJ ≈ εA
q

2ε(Vo −Vapp )
Nd

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

1/2

� 

W

� 

ε
Si

=11.8CJ

� 

Vf

� 

0

� 

V
r

Hey!  We can use CJ to measure Nd  
for a p+n or metal-n diode! 

! If Vapp gets close to V0, W gets very 
small and C becomes large! 

19 Depletion Capacitance 

Some diodes are designed for strong 
capacitance changes: ‘Varactor’ diodes! 
 Why the name? Tunable impedance! 
Z=R+1/wC 
R= resistance 
1/wC=reactance 
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20 Varactor Diode 
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� 

C =
Q

V
=
dQ

dV
=
ε
0
εrA

d

! Cs = storage (or 
diffusion) cap. (talk more 
now) 
 
Any guesses to start? 
- what is CS in rev. bias? 
- what is CS in for. bias? 
- how change in for. bias? 

CJ CS 

! CJ = depletion (or 
junction) cap.  

! Cdiode=CS+CJ 

� 

I(diff .) >> I(drift.)

I ≈ I(diff .)

� 

I(diff .)→ 0

� 

V

� 

I

� 

V

� 

I = I
0
(e

qV / kT
−1)

� 

I
0
≈ I(drift.) = reverse saturation current

� 

R

Excess 
minority 
carriers. 

Reduced 
minority 
carriers. 

! Lets look at dQ/dV in detail first… 

21 Storage Capacitance (CS) 
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� 

Δnp = np (e
qV / kT

−1) ≅ −np

� 

δn(xp ) = Δnpe
−x p /Ln

� 

δn(xp ) = Δnpe
−x p /Ln

� 

n(xp )

� 

p(xn )

� 

0

� 

0

� 

x
n

� 

xp
� 

np

� 

pn

� 

δp(xn )

� 

δn(xp )

� 

δn(xp ) = np (e
qV / kT

−1) e
−x p /Ln

Excess minority carriers. 

� 

n(xp )

� 

p(xn )

� 

0

� 

0

� 

x
n

� 

xp� 

np

� 

pn

Reduced minority carriers. 

22 Storage Capacitance (CS) 

! This is called storage capacitance (Cs)  
-  Does it change in reverse bias? 
-  Does it change in forward bias? 

� 

C =
Q

V
=
dQ

dV
=
ε
0
εrA

d



Dept. Electrical Engin. & 
Computing Systems 

EECS 2077 – Semiconductor Devices © Instructor – Prof. Jason Heikenfeld 

! However, calculating CS is more complex (and 
beyond this undegrad class)…  Depends on  
diode length!  Most diodes are ‘short’ on at least one 
side and CS will dominate in forward bias. 
   
! Long diodes have no CS.  Lets leave it at that… 

23 Storage Capacitance (CS) 

CS =
dQ
dV

∝ eqV /kT
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As applied voltage was larger 
than the built-in voltage, the 
capacitance is augmented by 
diffusion capacitance with 
increasing the forward bias 
voltage. In contrast, the 
capacitance dropped quickly.    
 
….   We infer that the 
phenomena were resulted 
from the extremely thin OLED 
structure, just like short p –n 
semiconductor diodes.  

24 Beyond Silicon! 
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� 

v(t) ≠V
PN

� 

t

� 

i(t)

� 

t

� 

t
sd

� 

I
R

� 

I
R

= −V
R
/R

� 

v(t)

� 

R

tsd ≈ τ p ln 1+
I f
IR

⎛
⎝⎜

⎞
⎠⎟

≈ 0.1 to10 µs

! For p+n it can 
be shown: 

� 

V
PN

= −V
r

� 

V
r� 

Vf

� 

−Vr >>Vf

∴−Vr +Vf ≈ −Vr

V=0, 
V starts to transfer 
from R to PN! 

IR is NOT I0. 

25 Last Topic!  Forward to Reverse… 

! That stored charge in 
forward bias, before you 
can get to reverse bias 
you need to bring in 
current to recombine with 
it!  See the current spike 
effect at right! 
 
! We won’t explain in 
detail (see extra slides at 
end for details)… 
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26 Review! 

! I find some unmarked black box with 
two wires coming out of it, and when I 
place a DC voltage on it, it stores a 
charge… does it have a capacitance? 
How could we calculate it? 

! I find a second unmarked black box 
with two wires coming out of it, and 
when I change voltage on it, I see a 
change in charge on it… does it have a 
capacitance? How could we calculate it? 
 
! What dominates capacitance in a 
reverse biased diode? 

! How does it change with increased 
reverse bias? 

! What dominates capactiance for a 
forward biased diode? 

� 

C =
Q

V
=
dQ

dV
=
ε
0
εrA

d
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! You now know enough to combine ANY two semiconductors, ANY metal / 
semiconductors, ANY doping levels, and draw an IV diagram with currents that are 
reverse saturated, tunnel currents, forward bias exponential, or ohmic! 

! Interested in the latest semiconductor and device developments?  Interested in 
empowering your career?  Sign up for these free industry magazines and read them! 

http://compoundsemiconductor.net/csc/magazine.php 
 
http://www.semiconductor-today.com/ 
 
http://www.photonics.com/ 
 
 

27 Advanced Stuff… 
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� 

Qp = q A δp(xn )dxn
0

∞

∫

� 

Qp = q A Δpn Lp

� 

0

� 

0

� 

x
n

� 

xp
� 

δn

� 

δp

� 

Q
n

� 

Qp

! Forward biased, and we instantly 
turn off (V=0)…  exponential decay in 
Q. 

� 

e
−t /τ

P

� 

e
−t /τ

n

τ
n
=

1

α
r
(n

p
+ p

p
)
≈

1

α
r
p
p

τ
p
≈

1

α
r
n
n

! ~µs to ~ns matters! (numerous 
delays in series in a GHz device). 

recombination rateα
r
(cm

−3
s
−1
)

28 Last Topic!  Forward to Reverse… 

! Last topic: 5.5a  Forward to 
Reverse Transient 

! In steady state forward bias 
we have excess minority 
carriers… 
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Tyagi, M. S. and R. Van Overstraeten, 
Solid State Electron. 26, 6 (1983) 
577-598. 

http://www.ioffe.rssi.ru/SVA/NSM/Semicond/Si/ 
! Similar for hole 
lifetime in n-type 
material 

29 Last Topic!  Forward to Reverse… 
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� 

i(t)

� 

t

� 

i = 0
� 

I ≈
Qp

τ p
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n(xp )

� 

p(xn )
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0

� 

0

� 

x
n

� 

xp
� 

np

� 

pn

� 

δp(xn )

� 

δn(xp )

! p+n diode I domin. by hole diff. from p-side  

not the whole story, 
but assume like 
this for now 

� 

δp

� 

x
n

� 

t
inc.

� 

0

� 

Qp = Iτ p

� 

Qp (t)

� 

t
� 

Qp = Iτ pe
− t /τ P

Turn 
OFF 

Turn 
OFF 

Most of the holes recombine, what does this 
require?  In! 

Why hump 
shape? 

30 Last Topic!  Forward to Reverse… 
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� 

δp

� 

x
n

� 

0

� 

t = 0

Excess minority 
carriers (diff.). 

Reduced minority 
carriers (drift). 

� 

t = ∞

� 

V
F

� 

R

� 

V
R

� 

R

! Because of 
resistor R, current 
limited to VR/R 

! Because of R, it will 
take a time tsd (storage 
delay time) to reach 
thermal equilibrium 
values (Qp=0 junction 
voltage =0) 

! Only after this happens 
can the junction become 
reverse biased 

! In forward bias we 
built up a large excess of 
minority carriers 

31 Last Topic!  Forward to Reverse… 
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� 

v(t)

� 

R

� 

i(t)

� 

t

� 

t
sd

� 

I
R

 
 
 
 � 

δp

� 

x
n

� 

0

� 

t = 0

� 

t = ∞

Plot of the excess 
of minority 
holes… 

(1) 

(1) 

(1) We built up a excess of minority carriers in forward 
bias, once Vf>Vo all additional voltage is across R (I=V/R) 

(2) 

(2) 

(2) We reverse bias v(t), but until the excess minority carrier 
population recombines the voltage across PN does not 
change much so all of v(t) appears across R, and I=v(t)/R. 

(3) 

(3) 

(3) The excess minority charge reaches zero, but we are still 
not reverse biased until drift current causes the minority 
carrier population to go to zero at the depletion edge 

(4) 

(4) (4) We then finally get to reverse saturation current… 

� 

v(t) ≠V
PN

32 Last Topic!  Forward to Reverse… 
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� 

v(t) ≠V
PN

� 

t

� 

i(t)

� 

t

� 

t
sd

� 

I
R

� 

I
R

= −V
R
/R

� 

v(t)

� 

R

tsd ≈ τ p ln 1+
I f
IR

⎛
⎝⎜

⎞
⎠⎟

≈ 0.1 to10 µs

! For p+n it can 
be shown: 

� 

V
PN

= −V
r

� 

V
r� 

Vf

� 

−Vr >>Vf

∴−Vr +Vf ≈ −Vr

V=0, 
V starts to transfer 
from R to PN! 

IR is NOT I0. 
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� 

i(t)

� 

t

� 

t
sd

� 

I
R

! This is switching from forward to 
reverse, there is no delay from reverse 
to forward. 

 
! However, what about switching V 
while staying in forward or reverse?  
That was our depletion and storage 
capacitance from Section 5-5b… 

� 

V
PN

= 0

� 

V
PN

= −V
r

finally start to  see V 
appear across PN! 

� 

v(t)

� 

R
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