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Zener diodes (avalanche multiplication)
In reverse-bias, we have been viewing the diode as behaving essentially 
like an open circuit.  (Actually, a capacitor is a more accurate 
depiction.) 

For the ideal diode, we assume that we can apply any reverse voltage 
and the reverse current will stay at the same tiny trickle, -IS. 

But for any diode, if the reverse voltage is increased enough, there will 
be a sudden and dramatic increase in reverse current.  This happens at a 
very specific voltage and the i-v curve goes from being essentially 
horizontal (open-circuit) to essentially vertical (like a short-circuit, but 
with a specific voltage across it.) 

It is almost as if a huge current is being created out of nothing. (Doesn’t 
Kirchhoff have something to say about this?) In essence, that is exactly 
what is happening. 



EE 230 Zener diodes – �2

+ –

ℰ

VR

p-n junction under reverse-bias.  The enhanced electric field is 
preventing the majority carriers (electrons on the left, holes on the right) 
from diffusing across depletion layer.  Any minority carriers (holes on the 
left, electrons on the right) that come to the edge of the depletion layer 
will be swept across by the electric field.  The trickle of minority carriers 
represents the reverse current of the diode.
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Watch one electron that has entered the depletion layer from the right.  
It is being accelerated by the electric field, picking up speed and 
energy.

If it can accelerate enough, it might gain enough energy to collide with 
one of the neutral atoms in the base and knock loose an electron.  Of 
course, in breaking loose an electron, there will be corresponding hole. 
One carrier becomes three.
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Now three carriers are being accelerated by the electric field.

ℰ

ℰ

Each of them can collide with and ionize an atom, resulting in nine 
carriers in the depletion layer.
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The multiplication process continues and the number of carriers 
increases rapidly.  

ℰ

What started out as a single carrier crossing the depletion has exploded 
in a huge current.  For obvious reasons, this is known as a carrier 
avalanche.

It occurs at a very specific threshold value for the electric field.  Since 
the electric field depends on the applied reverse voltage, we see the 
current leap from essentially zero to a huge value with only a small 
change in the reverse voltage.  The p-n junction can be designed to 
have the breakdown occur at a specific reverse bias.
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This huge reverse current is known as “breakdown”, but the diode isn’t 
broken.  It is perfectly OK, as long as the current isn’t allowed to 
become too big.  (Big current = big power dissipation = burned diode.)
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Breakdown voltage
Even though the avalanching effect is driven by the electric field, the 
external effect is to see a huge increase in current at a specific reverse 
voltage.  This is known as the Zener voltage, Vz, and the breakdown 
occurs at –VZ. 

Every diode will exhibit breakdown at some value of VZ.  Fortunately, a 
diode can be designed for a specific value of VZ, ranging from about 2 
V to over 1000 V. 

For diodes meant to be used as rectifiers, having a breakdown current 
that flows when diode is supposed to be off would be bad – it defeats 
the purpose of the rectification.  So rectifying diodes, like the 1N4006 
(used in lab) are designed to have large VZ.

From the data sheet for 
1N400x family of 
rectifying diodes.
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However, the breakdown can also be useful.  The extreme steepness  of 
the curve in the breakdown region can be used for voltage regulation. 

Some diodes are designed to have a smaller VZ (a few volts to a few 
tens of volts) to serve as voltage references in a circuit.  When a diode is 
designed with the intention of using its reverse breakdown, it is known 
as a Zener diode.

In the breakdown region, a Zener 
diode behaves very much like voltage 
source that is absorbing power.

+
–VZ

–

+
VZ

iZ

Note that even though we will treat a Zener as behaving like a power-
absorbing voltage source, it is not a voltage source.  It cannot be used to 
generate power that can be delivered to other parts of the circuit.  When 
the diode is operating in the breakdown region, the current will always 
flow “backwards”.

–+ 0.7 V

iFIf a Zener is forward biased, it behaves like 
a conventional diode.
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From the data 
sheet for 1N47xy 
family of Zener 
diodes.
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Like a regular diode in forward bias, the Zener operation in breakdown 
must have some means to prevent the current from becoming too big.  
Usually this is done using a protection resistor in series.  If there is 
enough reverse voltage in a circuit, the Zener will go into breakdown.  
The voltage across the Zener (from cathode to anode) will be VZ and the 
current will be determined by the limitations imposed by the attached 
circuitry.  The Zener used in the simple examples breaks down at 5 V.

+
–

VS
10 V

R

–

+
vd = VZ = 5V

1 k!

i = 5 mA

Zener in breakdown. Zener in reverse bias 
(not in breakdown).

+
–

VS

3 V

R

–

+
vd = 3 V

1 k!

i = 0

+
–

VS

4 V

R

–

+
vd = 0.7 V

1 k!

i = 3.3 mA

Zener forward biased.



EE 230 Zener diodes – �11

Example 1
Analyzing circuits that have Zener diodes uses the same basic approach 
as regular diodes except that now there is a third option – breakdown.  
Generally, a circuit would not have a Zener that is intended to used in 
forward bias, so it is reasonable to limit the initial “guessing” to “off” or 
“breakdown”.

For the circuit below, find vR3 and iz. The Zener diode has a breakdown 
at 6 V.  The resistors are all 1 kΩ.

Since VS > VZ, the Zener is 
probably in breakdown, so vZ 
= 6 V.
Then we can use a voltage 
divider to find vR3.

vR3 =
R3

R3 + R2
vz =

vz
2 = 3 Viz = iR1 � iR2

So iz = 5.3 mA.iR2 =
VZ

R2 + R3
= 3 mA

15 V
+
–

VS

R2R1

R3
–
vR3
+

–
vz
+iz

D1

iR1 =
VS � 0.7V� VZ

R1
= 8.3 mA
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Example 2
Repeat the previous example for VS = 25 V and VS = 5 V.

15 V
+
–

VS

R2R1

R3
–
vR3
+

–
vz
+iz

D1 Since VS > VZ, the Zener is 
probably in breakdown, so vZ 
= 6 V (still), vR3 = 3 V (still), 
and vR2 = 3 mA (still).

iR1 =
25 V� 0.7V � 6 V

R1
= 18.3 mA So iz = 15.3 mA.

If VS = 5 V, there is not enough source voltage to turn on both D1 and the 
Zener.  Assume that the Zener is off, so iz = 0.

5 V
+
–

VS

R2R1

R3
–
vR3
+iz

D1 iR1 = iR2 = iR3

iR1 =
VS � 0.7V

R1 + R2 + R3 = 1.43 mA

 vR3 = 1.43 V
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Example 3
For the circuit at right, find iz1 
and iz2 for the cases of VS = 
15 V, 8 V, and 4 V.  Zener D1 
has a breakdown at 10 V and 
D2 has a breakdown at 5 V.

VS = 15 V.

There is enough source voltage so that D1 should be operating in break 
down, so that VA = 10 V.  With VA = 10 V, there is enough voltage so 
that D2 should also be in break down, meaning that VB = 10 V – 5 V = 5 
V.  Finally, with VB = 5 V, D3 should be in forward bias.

Then: iR3 = (5 V – 0.7 V)/(3.3 kΩ) =  1.30 mA.

iR2 = (5 V)/(2.2 kΩ) =  2.27 mA.

iz2 = iR2 + iR3 = 3.57 mA

iR1 = (15 V – 10 V)/(1 kΩ) =  5 mA.

iz1 = iR1 – iz2 = 1.43 mA

+
–

VS
1 k!

R1

R2

R3

2.2 k!

3.3 k!

iz1

iz2
D1

D2VA VB

D3
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VS = 8 V.

Now there is not enough source voltage to break down D1 , so we don’t 
yet know VA.  However, there should be sufficient voltage that D2 is in 
break down, in which case VB = VA – 5 V.  We can guess that D3 will 
also be in forward bias, but we should check afterwards.

Note: with D1 off, iR1 = iz2 = iR2 + iR3.

After a bit of algebraic grunt work, we find VB = 1.59 V and so VA = 6.59 V.

VS � VA
R1

=
VS � (VB + VZ2)

R1
=
VB
R2

+
VB � 0.7V

R3

Then: iR3 = (1.59 V – 0.7 V)/(3.3 kΩ) =  0.27 mA → confirming D3 is on.

iR2 = (1.59 V)/(2.2 kΩ) =  0.72 mA.

iz2 = iR2 + iR3 = 0.99 mA

VS = 4 V.
There is not enough voltage to turn on either Zener, so there is no path for 
any current to flow.  This is a dead circuit.


