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Lecture — 3.2
Diffusion Current

This document is intended to accompany the lecture videos of the course “Introduction to Semiconductor
Devices” offered by Dr. Naresh Emani on the NPTEL platform. It has been our effort to remove
ambiguities and make the document readable. However, there may be some inadvertent errors. The reader
is advised to refer to the original lecture video if he/she needs any clarification.

So, this is how you know, this is about how semiconductors behave in an electric field.
(Refer Slide Time: 00:13)
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So, now | would like to introduce another type of carrier conduction, which you call as
diffusion. We have seen drift which is essentially a result of electric fields, which are applied
to the semiconductor. And diffusion is basically a result of concentration gradients. For
example, think of a semiconductor, which is a hypothetical case here; we are having a

semiconductor with some carriers.

And in some region of semiconductor is not having. It is an intrinsic region, let us assume. It
is going to have some few electron hole pairs. But just intrinsic region, in adjacent to a region
with a lot of holes. What will happen? Well, diffusion process, we are all familiar, you know,
how gases diffuse from high concentration to low concentration region. The same thing

happens even in the case of semiconductors.

So, that, this is schematically shown in the picture on the right. Before I do that, let me see. So,
you have additional holes here. So, holes are going to diffuse here. So, this is basically holes
diffuse into the intrinsic region or electrons going to diffuse? Think about it. So, we are talking
about holes. Holes in the, you know, in the left side, you have holes, lot of holes here, they
want to diffuse. These are going to be any electron diffusion.

Well, it is going to be there. The reason is, remember, what is the concentration of holes here?
Concentration of holes is going to be simply Na= 10%. What is the concentration of electrons?

Concentration of electrons is going to be n, n= 10% 1 will say that n?, 1 will take n; = 10%° .So,

(1019)2 = 10%° , Na =10%. So,n =

1020 4 .
Toie = 10* approximately.



I am not doing the exact 1.5 x 10%°, I am just taking ni = 10°. What will be in this region? Here,
n =p= 10%°. So, you see that there is a higher concentration of holes in this region. So, they are
going to travel. I mean, there is got to be a concentration gradient, because higher concentration

of electrons are going to be there here.

And then it is going to come here, there is some certainty involved here. It is not that simple.
We will have to go a little bit more detail, we will do that in the next lecture. So, what we are
concluding is essentially, you are going to have hole diffusion. And you are going to also have
electron diffusion. Electrons diffuse into lets say P region. So, | mean, essentially, both, you

saw that, in the drift, we saw that both electrons and holes are contributing to drift current.

Similarly, even in the diffusion, we have both electrons and holes. Basically, majority and
minority carriers both will contribute to current conduction anyway. And you could also
understand it from you know, this picture here on the right, which is essentially showing you
as a position of x, what is the electron concentration? Let us say the electron concentration is

like this. So, there is a positive gradient to the electron concentration.

You have higher number of electron concentrations on the right and the lower concentrations
on the left. So, because of the diffusion, because of the concentration gradient, the electrons
are going to flow in this direction. And by convention, whenever you have electrons travelling,
we take it to be the, the current will be in opposite direction. So, we say that electron diffusion
density is going to be in the positive x direction. Because electrons, flux is going to be in the

negative x direction.

So, by the convention, current is going to be in the positive x direction. So, this is for electrons.
What happens to holes? Let us say, you assume a similar concentration holes as well. So, you
see this positive you know, gradient. So, hole flux is going to be in the opposite minus x
direction and the current density because now it is positive charge, it is going to be in the same

direction.

Remember, this subtle difference, you saw that in the case of drift, the current density is always
in the direction of electric field. Whether electron or hole, both current densities are in the same

direction. But diffusion, the whole diffusion current is going to be in the negative direction



related to the concentration gradient. So, this can be you know, written in the form of a current

expression.

So, what we will say is, let us write, electrons, I will write it as diffusion current Jn dgifr, 1 will
say. So, essentially, this diffusion current is going to be proportional to of course, the charge.
And then there is going to be a concentration gradient and then there will be a diffusion
coefficient which is going to capture whenever you talk of diffusion equation. We might have

solved or you will see it later.

So, essentially a second order differential equation space, you could solve it and the coefficient
of that is going to be the diffusion coefficient which is going to be represented by Dy, the
diffusion coefficient times (dn/dx).

dn
Jnaifr = €Dy Ix

So, what are the units of diffusion coefficient? Always, whenever you see equation, please take

a little bit of time to analyse the units that will help you clarify and also you know at any point

of time if you get confused, you can always verify it.

So, the current density is always going to be c:l;z and e is going to be coulomb and this Z—: is

going to be what. So, dn is basically per centimetre cube and then dx is going to be centimetre.

1

cm2cem’

So, this Z—Z is going to be So, D has to be, in the denominator it has to have a second

because coulomb per second is going to be an ampere and then on the left hand side, you have

cm?; on the right hand side, you have cm?*.

So, it has to be cm?. So, the diffusion current has a units of, sorry, diffusion coefficient has a

2
units of % .S0, these are the units. And similarly, | could talk of a diffusion current for holes.

So, | will say Jp,qiff IS going to be the charge times diffusion coefficient for holes times %. And

the same units for dp. Well, is a equation correct?

dp
Jp.airr = €Dp -

Look at the gradient in the holes, the Z—z is going to be the gradient in holes. This is % and the

current density has to be opposite the gradient; it is negative of that. So, you have to put a



negative sign for this. Please do remember this. Only for diffusion current for holes, it is going

to be opposite minus. Dn and Dy are diffusion coefficients.

We will tell you what there are numbers, you can calculate easily. So, this is a diffusion process,
which is the second major processing in a semiconductor current carrying characteristics.
(Refer Slide Time: 08:10)
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So, to sum it up, in a semiconductor, you have 2 forms of current, the drift and the diffusion.
So, you have the drift component here. This is drift and this is going to be a diffusion. So, you
have the electron contribution and the hole contribution. So, you can sum up all of it and write
it as this expression here. And it just summed it up. So, what it has is, this is for one dimension,

typically we will only deal with one dimension.

Two dimensions is very difficult to analytically solve and it is not going to give us any more
insight. So, most of the time we will use one dimensional equations, but in general if you have
a semiconductor, we have to use 3 dimensional equations in which case you have to basically

these things become ex ey ez; e becomes a vector and then your concentration gradients become

sorry concentration Z—Z and Z—Zbecomes gradient of n and gradient of P.

So, it has to be a full 3 dimensional solution, which can be done using computers. We do it
routinely but for this course, we do not need it. We will most of the time focus on one dimension

case. So, what happens to a semiconductor which is an equilibrium? Equilibrium remains the



electron current is going to be 0 and the hole current is going to be 0. The reason for that is that

you already said that equilibrium means there is a balancing of J» = J, = 0.

So, basically the diffusion and the drift currents cancel each other and you get O current. So,
there is no net contribution of current from other electrons or holes. This has a very important
implication for us. So, let us see. So, what is J, = 0 mean? So, if you look at the J, expression,

you have the drift current. For a moment, let us try to compute what is the carrier density.

The carrier density, it will become clearer in a short-while while we are doing this.

n= nie(E}}"{_TEi)

This is your carrier density. So, what will be (dn/dx)? (dn/dx) is going to be the same thing.

Exponential derivative if you take it, it will become the same thing.

dn 1 (—dEi)

dx kT dx
What is (dEi/dx)? We could try to rewrite it in form of electric field.
dn q 1dE; q
&~ "KTqdx  "KT"

So, now, if | say Jn, you know this implies Jn, this implies J, equal to, pardon my
interchangeable use of g and E, but you should be comfortable with that. So,

q
Jn = qnu,E + qDy _nﬁE

So, your E cancels out, n cancels out, g cancels out.

So, what you end up getting? And this is going to be equal to 0. So, this will imply that equal
to 0, you can actually take Dn the other side. So, this will imply that

D, KT

[
You take D,, other side and take the p,, in the bottom and then KT goes on the top, this is
correct. So, essentially this is an important expression for us. So, essentially what this is doing
1s: it is giving a relation between mobility and the diffusion coefficient. This is called Einstein’s

relationship.

2
So, we can also verify from the dimensionality, we know that D is going to be % I, is going

to be VC_LS:C . So, if you do (D / w,), you end up getting volts, (KT/q) is going to be volts. So,



that is why this is valid. So, you should remember this equation because many times you know

you are given p,, but not given D. So, you could immediately calculate.

(KT/q) is going to be a point; let us estimate. Let us take an example. p,, is going to be let us

say 18. Sorry not 18, what was that? p,, was 1450; in the last lecture we have; in the first slide,

we had some number right 1350 sorry. p,, was 1350VC_LSZC. So, what is Dn? Dy = 0.0259x1350

so, whatever. It is going to be some number. It is going to be some 1345 some number like that.

Please check it out.

And also remember, this can be a significant amount of current. It is not a small thing. The
reason is, you could take a piece of, as an exercise, take a semiconductor, let us say, take a
semiconductor of size, let us say one millimetre. Assume that there is a concentration here was
10'° . And here, concentration is 108, So, there is a gradient in concentration n. n = 108, let us

say

And then you have Di. You calculate what is Dy and compute what is the current. So, compute

Jn for this scenario, how much approximately. You will see that it is going to be some C;;Z, 10’s

of C:I;Z, probably. It is a reasonably large amount of current that can flow in a semiconductor.

So, diffusion current is going to be significant and drift current also is going to be significant.

We have to take both into account.



