6.012 - Electronic Devices and Circuits
Lecture 5 - Non-uniformly Doped Samples in TE - Outline

 Announcements
Handout - Lecture Outline and Summary

 Review

Non-uniform lIlJ ection (ﬂOW) problems: (Using p-type as the example)

Meeting 5 flow problem conditions yields one equation for n'(x)
d’n'/dx?>-n'/L 2 =-g;(x)/D, with L, =D, )"?

Knowing n'(x), then J.(x), J;(x), E(x), and p'(x) follow
Can/should check that flow problem conditions are met

Infinite lifetime limit/approximation
L, i, >> sample dimension (equivalent to t, becoming infinite)

n'(x) = [[[- g.(x)/D,] dx dx

e Non-uniformly doped samples in thermal equilibrium
One condition, i.e., thermal equilibrium:
J.(x) = J,(x) = 0; leaves 3 equations in n (x), p,(x), and E(x)
n,(x) and p,(x) as functions of TE electrostatic potential, f ,(x)
The Einstein Relation linking D and yu
Poisson's equation for f (x) given N4(x) and N,(x)

e Solving Poisson's equation in special cases
Slowly varying profiles - quasi-neutrality holds
Abrupt p-n junctions - the Depletion Approximation
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A general description of semiconductor devices
(Modeling carriers in isothermal semiconductor devices)

The Five Basic Equations of Semiconductor Physics
Electron population

on(x,t) 10J,(x,1)

=g, (x,1)- [n(x,t) p(x,1)- niz]r(T)

ot q Ox
Hole population
P (LTG0 _ oy [n(x.t) pCx.0)- nl]r(T)
ot q Ox

Electron current density

J,(x,t) =gmn(x,t)E(x,t) + gD, on(x,t)

ox
Hole current density
X, 1
J,(x,t) =qm,p(x,0) E(x,1) - gD, ﬁp(dx )

Poisson's equation

OE (x,t)
ox

- g[p(x,t)- n(x,0)+ Ny (x)- N, (x)|
e
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Flow Problems: a subset of situations described by the five equations
(Minority carrier flow [diffusion] is an important element of all junction devices.)

Flow Problems: When five conditions are met
1. Uniformly doped, extrinsic material
2. Low level injection
3. Quasi-neutral
4. Negligible minority carrier drift
5. Quasi-static excitation

then we have a problem that qualifies as a “Flow Problem,” and
the minority carrier population satisfies the following equation:

d’n'(x) n'(x) 1
dx’ Dt FgL(x)

e

The solution of a flow problem involves first finding »n'(x)
by finding the homogeneous and particular solutions to this
second order differential equation, and then matching their sum
to the boundary conditions.
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Flow Problems, cont.: Solvmg the steady state dlffusmn
equation gives n’. Finding p’, J., J;, and E_ knowing n":

dn'(t)
dx

]e: ‘]e(x) 2 qDe

i) = Ty, - T

E.: E (x) @ l E L(x) - J :
x* X X) qmlpo{ De (X)
P P(x) 2 n(x)+ S4B

qg dx

Note: After determining all of the 5 unknowns, one can (and
should, but seldom does) go back and check that all of the
five conditions are met by the solution.
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The p-n Junction Diode:
Our goal is to determine the relationship between i and v ;.

A p-n junction diode has three regions (see below) and we
already know how to deal with the quasineutral regions.

Ohmic Uniform p-type Uniform n-type :
contact Ap 7P N P Ohmic
- ~ ~ o contact
A—™> n B
+ P -
I —+— I > X
W, X, 0 X, W,

- ~\ AN ~ Y
Quasineutral Space charge Quasineutral
region | region region II

Flow problem, QN region I - Excitation: g, =0
B.C’s: n’(-w,) =0, n’(-x,) = function” of v 5
Flow problem, QN region Il - Excitation: g; =0
B.C.s: p’(w) =0, p’(-x,) = function™ of v,
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Doping Profile Problems: another special case
(Doping profiles and junctions are essential components of any semiconductor device)

Doping Profiles and p-n Junctions in TE:

To model devices we need to introduce changes in the level and
type of doping.

To treat non-uniformly doped materials we begin by looking at
them in thermal equilibrium.

We can immediately say: g (x,t)=0
n(x) = n (x)
p(x) =p,(x)
.00 =0
Ju) =0
o/dt=0

Furthermore, the first two of our five equations reduce to 0 =0, e.g.:
x,t) 18J,(x,t¢
%X)- —&%:gﬁ&g)- [(x.0) p(x)\n()(x) PO (T)
q
0 0 0 0
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Doping Profiles and p-n Junctions in TE, cont.:

The third and fourth equations, the current equations give:

dn (x) df D 1 dn (x)
0= E(x)+gD, == £ =" 0
gmn,()E(x)*+ 4D, dx dc m n,(x) dx

B dp (x) df _ D, 1 dp,(x)
0= E(x)- gD, X g & =, 0

And Poisson’s equation becomes:

dE(x) _ d*f (x)
dx dx’

= [P 1,0+ N, (x)- N, ()

In the end, we have three equations in our three remaining
unknowns, n (x), p,(x), and f (x), so all is right with the
world.
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6.012 - Electronic Devices and Circuits
Lecture 5 - Non-uniformly Doped Samples in TE - Summary

e Non-uniformly doped samples in thermal equilibrium

One condition must be met, i.e., thermal equilibrium:

J.(x) = J,(x) = 0; drift and diffusion are balanced

Leaves 3 equations in n (x), p,(x), and E (x)
n,(x) and p,(x) as functions of electrostatic potential, f (x):

n, (x) = n, exp [q f ,(x)/KT], p,(x) = n, exp [-qf ,(x)/KT]

[Note: continue to have n,(x) p,(x) = n;?]

The Einstein Relation: D/u =KkT/q or u/D = /KT (Either way, it rhymes)
Poisson's equation for f (x) given N4(x) and N,(x):

ed?f ((x)/dx? = q [n; {edf /KT _ e-afo/KT} _ N (x) + N,(x)]

Very non-linear; cannot in general be solved analytically

e Solving Poisson's equation in two special cases
Slowly varying profiles - quasi-neutrality holds
[Note: "Slowly" means in a Debye length, L, {= (ekT/q*N,)"?}, A f,<KkT]

In n-type samples, n,(x) = Ng(x) — N (x), p,(x) = n;2/n,(x)
In p'type samples, po(X) ~ Na(X) - Nd(X)’ no(X) =1y 2/p0(X)
In both cases, f ,(x) = (kT/q)In[n (x)/n;] = — (kT/q)In[p,(x)/n,]
60mV rule: f, changes 60mYV for every factor of 10 change in n, p,

Abrupt p-n junctions - the Depletion Approximation
Very large doping gradients and net charge densities
Drift and diffusion balance (The topic of Lecture 6)
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