Note: All [DIAGRAMS] will be provided in the lecture
PHYSICS 244 NOTES

Lecture 35

p-n junctions

Introduction

The modern era of electronics was ushered in by the discovery of the p-n junction.  One of the discoverers was John Bardeen, who won the Nobel Physics prize for it.  He also won the prize for the theory of superconductivity.  He was an ECE graduate of UW.

Diffusion

One important way that carriers can move around is by diffusion.  Consider the law of atmospheres:

n(h) = n(0) exp (-mgh/kT) = n(0) exp(-h/h0), with h0 = 10 km.

The atmosphere is in a steady state with as many molecules moving up as are moving down.  There is a force making them go down, which is gravity, but why do they go up?  This downward current is like an electrical current, with velocity proportional to force:

jdown = μ n(h) m g, 

where μ is the mobility.  When v is proportional to F rather than a, the coefficient is called the mobility, not the mass.  j is the number of particles per unit area per unit time passing through an imaginary horizontal square.  jdown is called the drift current.  The upward current is due to diffusion:

jup = - D (dn/dh).  

In steady state, we have

 - D (dn/dh) = μ n(h) m g.  

and since dn/dh = -mgn/kT, we find Dmgn/kT =  μ n(h) m g and canceling some factors, we get

D = μ kT.   

There is always a relationship of this kind between diffusion and drift coefficients.  They are called Einstein relations.  

Junctions

Now we ask the question of what would happen if we put a p-type material (e.g., Si:Ga) on the left with an n-type material (e.g., Si:As) on the right in contact.  The electrons on the right can lower their energy by going over to the hole states on the left.  They drop from an electron state to a hole state.  This is called electron-hole recombination.  This, however, leads to a buildup of negative charge on the right, and therefore an electric field going from right to left, much as in a capacitor.  So the process of charge separation only continues until the energy gained by going from the conduction band to the valence balances the energy lost by going up an electric potential gradient.  The energy bands are now a function of position because they are energies that need to take into account the electric potential.

[[DIAGRAM, electron energy levels as a function of position]]

The boundary layer is called the depletion layer because it is depleted of carriers.  Nearly all of the available carriers have recombined.  For Si with nimp = 1016 / cm3, we find d = 20-40 nm.  ρ is very large in this depletion layer, since it is the region where the electrons and holes are combined, leaving no free carriers.  At distances much greater than d from the junction on either side, the n-type and p-type systems are unaffected.

Equilibrium

We first look at the situation when there is no external potential applied.  There can be no current, but that seems strange, because there is an electric field.  There are very few carriers, but there must be a few, because T = 300K.  So there is a paradox.  The resolution is that there is an electric current driven by the field, but there is also a diffusion current driven by the concentration gradient.  These two currents cancel out, as in the case of the atmosphere.  The difference here is that there are two types of particles, electrons and holes, and both must be considered. 

[[DIAGRAM, concentration gradients]]

Jp(drift) + Jp(diffusion) = e [ µp p(x) E(x) – Dp (dp/dx) ] = 0

Holes diffuse to the right and drift to the left.

Jn(drift) + Jn(diffusion) = e [ µn n(x) E(x) – Dn (dn/dx) ] = 0.

Electrons diffuse to the left and drift to the right.  (Note electrical current is to the right and to the left, respectively).

[[DIAGRAM, currents]]

Here μ = eτ/m is the mobility.  p(x) or n(x)  is the concentration, and D are the diffusion constants.

We rewrite as  µp (-dV/dx)  p(x) – Dp (dp/dx)  = 0,  and the relation between D and µ is D/µ = kT/e, so

(-e/kT) dV/dx = (dp/dx)/p so

ΔV = (kT/e) ln (pp/pn) = (kT/e) ln(np/nn)

      = (kT/e) ln (NaNd  / ni2)

Or   np/nn = pn/pp = exp(eΔV/kT)     

The physical picture here is only slightly more complex than for the atmosphere.  The difference is that there are two kinds of particles, electrons and holes, and the force is oppositely directed for the two.  

The drift current is due to both positive and negative charges.  The point about this current is that it comes from thermally-generated particle-hole pairs.  It is just proportional to their generation rate.  If an electron happens to be on the left and is thermally excited with a probability roughly proportional to exp(-Eg/2kT) from valence to conduction band, then it is immediately swept over to the right by the electric field.  This is called the generation current: 

Ig = - I0 .  

I0 is roughly proportional to exp(-Eg/2kT).  The diffusion current is due to the few particles of the wrong sign that make it over the barrier.   If an electron happens to get an energy Eg on the right it can make it over the barrier and fall into the valence band.  This is called the recombination current Ir , and since we have Ir = -  Ig , we find that Ir =  I0 .

Biased junctions

In forward bias, Vappl subtracts from ΔV, so the barrier is lowered, i.e., it reduces the potential step. 

The generation or drift current is unchanged, since any electron-hole pair will be immediately separated and the particles swept across, so we still have  

Ig = - I0.  

Note that the gap does not depend on the bias, and this is all we need to say that the generation current is unchanged. The recombination current is different, because it depends on the barrier height as well as the gap.  The fraction of particles that can get over the barrier, is, as usual, proportional to exp(-Vb/kT), where Vb is the total barrier height.  Since Vb = V0 + V, where V0 is the junction potential and V is the applied voltage, we have

I r = I0 exp[(-V)/kT], and I = Ir + Ig = I0 [ exp(eV/kT)-1 ],

[[DIAGRAM]].  So a p-n junction makes a good rectifier.  (AC-DC converter.) 
