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p-n Junction in Forward Bias: Ideal Diode Equation

Review: In equilibrium there are no electron or hole currents at any point inside the junction – essentially because the drift current due to the built-in electric field balances the diffusion current.

Forward Potential and Band diagram

If we apply a bias VA to make the p-side positive with respect to the n-side, we reduce the built-in potential from B to B - VA. The electric field is also reduced:
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IN terms of the band diagram, the change is:

The result is that the diffusion currents will now be larger in magnitude to the corresponding drift currents. Net result is a net flow of holes from p-side to n-side and electrons from n-side to p-side. This appears externally as a current flowing from p-side to n-side – the forward bias current. This current increases exponentially with increasing VA. The carrier flows are shown in the following diagram:
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Derivation of the Ideal Diode Current-Voltage Equation

-Shockley Diode Equation

To arrive at a suitable equation for the current-voltage characteristics (I-V or J-V plot) of a p-n junction we concentrate on the flow of minority carriers in the neutral regions of the p-n junctions by solving a simplified form of the continuity equations.

Several assumptions are needed to make analytical solution possible:

(1) consider steady-state only

(2) use abrupt space charge model – no fields in neutral regions – hence only diffusion currents in these regions

(3) no carrier generation or recombination in space charge region

(4) low level injection, hence R = (p/p) or (n/n) and no change in majority carrier concentration

(5) minority carrier concentrations just outside the space charge region is determined by the net potential barrier (B - VA) in the same as in equilibrium when barrier potential is B:

Consider p-side, in equilibrium, electron conc just outside space charge region is np(x =-Wp) = npo:
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For forward bias VA, the assumption leads to:

Similar consideration gives pn(x=Wn):
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These two equations give the minority carrier concentrations just outside the space charge region as a function of the forward bias VA. They are often referred to as Shockley's assumption. The diagram below shows the situation:

The remaining task is to obtain pn(x) and np(x) in the neutral regions by solving the continuity equations. Concentrate on pn(x). Shift of axis origin to x = Wn and denote the new position by the variable x':

x' =x- Wn.

Steady state, field-free hole continuity equation becomes:
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This yields:
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where, A, B are constants and Lp= ( D pp ) ½ is the minority hole diffusion length inside the n-type material.

Use the following boundary conditions to determine A and B:
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This gives:
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, fox x' >0.

Similar expression can be obtained for np(x) or np(x"), where x" = -(x+Wp):


[image: image7.wmf]n

(x"

) 

=

n

exp[

.

exp[ 

-

p

po

qV

 

x"

 

[

A

kT

Ln

po

n

]

]

]

-

+

1

, for x">0.

[image: image26.png]va.Z\a
®
N.(-
LW l
e (W ,
v 1\ ( "T‘>
- - I
nv(*):n)o

g

N

N-<de

Pn("“n).: Pos le)(%)
T .

Pa(8) = Voo

> o



Note that the minority carrier concentrations decrease as we move away from the junction. This is due to the fact that as excess minority carriers they recombine as they diffuse from the junction. 

Nothing is said about the majority carriers so far. These can be arrived at using the charge neutrality definition in the neutral regions: excess minority carrier concentration must equal excess majority carrier concentration:
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Of course inside the space charge region  p=n=0, at least according to our assumption.

Current Density Calculation

The current densities are calculated by considering the minority carrier profiles we have obtained. Consider hole concentration in the neutral n-side, there is only diffusion current is present:
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  for x'>0.

Similar consideration gives the electron current density in the neutral p-side as:
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These two current densities are both positive in their spatial variation in the respective neutral regions and are shown below. They are maximum at the edge of the space charge region:
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 EMBED Equation.2  
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We now have to deal with the current within the space charge region. Here we resort to the assumption that there are no carrier generation or recombination inside the space charge region. All holes and electrons going into the space charge region must also leave that region, and within the region the current densities must be constant. Hence:
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This allows us to determine the total current density in the space charge region:
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Note we did not mention the cause (drift or diffusion) of this current in the space charge region. 

However under steady-state condition, the current density at any point must be the same, otherwise there is an implication of change in carrier concentration with time. Therefore the total forward current JF at bias VA is that arrived at for the space charge region:
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This is the well-known ideal diode current equation, sometimes called the Shockley diode equation.

Now we can account for the majority current in the neutral regions. Since Jtotal is constant, the decrease in minority current densities in the neutral regions must be made up by the increase in the majority current densities. This leads to the complete electron and hole current densities in the forward bias p-n junction. Again nothing is said about how these majority current densities come about in the neutral regions. 

For a p-n junction with a cross-section area A, the total current I at forward bias VA based on the ideal diode equation is therefore:
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