6.012 - Electronic Devices and Circuits

Lecture 4 - p-n Junctions: Electrostatics - Outline

 Review
Poisson's equation for ¢,(x) given Ny(x) and N,(x):
e d2Qo(X)/dx? = f [n; {e90tIKT — @=aobIKT} — Ny(X) + Na(X)]
Knowing ¢,(X), we have ny(x) = n; eaXkT and p,(x) = n; @ 4¢ox)/kT
Slowly varying profiles: quasi-neutrality holds
In n-type, for example, ny(X) = Ng(X) — Na(X), po(X) = n;2/ny(X)
Given n, and/or py, ¢o(X) = (KT/q)In[ny(X)/n;] = — (KT/q)IN[py(X)/n]]

e Abrupt p-n junction in TE (electrostatics)

Abrupt profile: Take as an example an abrupt p-n junction with
Na(X) — Ng(X) = Nap for x <0 and Ng(x) — N4(x) = Np, for x>0

Observe: 1. n,(x) and p,(x) depend exponentially on ¢.(X)
2. ho(X) is insensitive to the details of the charge profile, p(x)

Depletion approximation: 0 for x < —x, and x > x,
Approximate net charge, p(X) = (= q Nap for —x, <x <0
d Npn for 0 < x <X,
Integrate once to get E(x), and iain to get ¢(x)

Find x, and x, by fitting ¢,(x) to known A¢ crossing junction

 Applying bias to a p-n junction (what happens?)
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Non-uniform doping in thermal equilibrium
Reviewing from Lecture 3:
In a non-uniformly doped sample in TE we have: g,(xt) =0,

J.(x)=0,J,(x)=0,and 9/dt =0. Also: n(x) =n,(x)and p(x) = p,(X).
Applying these conditions to the two current density

equations gave: p

dn_(X dp D. 1 dn(x

0=, (YE() +D, o) | 0= De 21 Lo
X de U, N, (X) dx

0=y Po(X) E(X) - aD; Tl T (0 o
h Mo

and d,() [dp_ D, 1 dpo(x)J

-

And Poisson’s equation became:

[_d ¢(x) _ dE(X) _ p(X) _ H[po(x) n,(x)+ N,(x)-N (X)]J

In the end, we had three equations in our three remaining
unknowns, n (x), p,(x), and ¢(x).
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Non-uniform doping in thermal equilibrium, cont.

The first two equations can be solved by integrating to get:
=0 ~E9(x)
n(xX)=ne>™ and P, (X)=ne "
Ref: ¢(x)=0 atal x where p,(x)=n,(x)=n.
Next use the Einstein relation:
l'lh — I'le — q
D, D, KT

e

Note: @R.T. g/kT =40V~ and KT/q=~25mV
Using the Einstein relation we have:

[ N (X) = eIk } and [ 0, (X) = N g W0 }

Finally, putting these in Poisson’s equation, a single equation
for ¢(x)in adoped semiconductor in TE materializes:

d*¢(x) _ ﬂ[ni (e—q¢(x)/kT _ eq¢(x)/kT) +N,(X) - Na(X)] }
£

dx?
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Doing the numbers:

|. Dto pconversions, and visa versa

To convert between D and p it is convenient to say (_kT/q = 25 mV,
in which case g/kT = 40 V-1

Example 1: p_, = 1600 cm?/V-s, y, = 600 cm?/V-s
D, = 1, /(0/KT) =1600/40 = 40 cm*/s

D, = u,/(q/KT) =600/40=15cm*/s

Il. Relating ¢ to n and p, and visa versa

To calculate ¢ knowing n or p it is better to say that C kT/q =26 mV,
because then (kT/q)In10 = 60 mV:

Example 1: n-type, Ny =N, -N,=10%cm-3
_ KT n1016 _ KT KT

o, IN=— In10° = —1In10- log10°® =~ 0.06 In10° = 0.36 eV
q 107 g q
Example 2: p-type, N, =N, -N, =10 cm-3
KT, 10" KT

=——In=—-= -—In10-logl0’ = -0.06- 7=-0.42 eV
Z q 10° q J
Example 3: 60 mV rule:

For every order of magnitude the doping is above (below) n;,
the potential increases (decreases) by 60 meV.
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Non-uniform doping in thermal equilibrium,cont:

We have reduced our problem to solving one equation for
one unknown, in this case ¢(x):

d2 X — X X
P00 = [ (e e 0T) 4 N, (9 - N, ()]

Once we find ¢(x) we can find n, and p, from:

no(x) — nieq(P(X)/kT and po(X) — nie-q¢(x)/kT

Solving Poisson’s equation for ¢(x) is in general non-trivial,
and for precise answers a "Poisson Solver" program must
be employed. However, in two special cases we can find
very useful, insightful approximate analytical solutions:

Case | Abrupt changes from p-to n-type (i.e., junctions)

also: surfaces (Sito air or other insulator)
interfaces (Si to metal, Si to insulator, or Si to insulator to metal)

Case ll: Slowly varying doping profiles.
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Non-uniform doping in thermal equilibrium,cont:

Solving Poisson’s Equation in Two Special Cases:

Il. Slowly varying profiles

If IN4(X)-N,(X)| is slowly varying*, the quasineutrality holds,
and the majority carrier concentration closely tracks the
net doping profile.

In n-type samples:
N,(X) = Ny () =N, (x) and p,(x) =n’/n,(x)

In p-type samples:
P.(X) = N, (x) - Ny (x) and n,(x) =n’/p,(x)

|. Abrupt p-n junctions

Near the junction there are very large net charge densities,
and a dramatic reduction in the mobile carrier density.
The model we employ with p-n junctions (and MOS
capacitors) is called the “Depletion Approximation”

* Note: What is meant by “slowly” can be quantified

Clif Fonstad, 9/22/09 using the extrinsic Debye length - see the text.
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Non-uniform doping in thermal equilibrium, cont.:

Case ll: Abrupt p-n junctions

Consider the profile below:

ANd'Na
I\IDn
> X
B} NAp
p-type g n-type
po:NAp’ nozniZ/NAp 7 r]o:NDn’ po:niZ/NDn
. KT
¢= _KT IN(Ny/n)=¢, n()=? &=~ IN(No, /n;) = ¢,
q q
Po(X) =7

Clif Fonstad, 9/22/09
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Abrupt p-n junctions, cont:

First look why there is a dipole layer in the vicinity of the
junction, and a "built-in" electric field.

Ny, Po
N 4 e Ny = I\IDn
po :\IA\IAp DnT
NAp—— o,
no:niZ/NAp\A \ A/po_ni /NDn
> X
Hole diffusion Electron diffusion
> <
AP(X) Drift balances
qNp - diffusion in the
on steady state.
0 1+Q 0
A e .
X
A\
- =g NAp
Hole drift Electron drift
< >
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Abrupt p-n junctions, cont:
If the charge density is no longer zero there must be an
electric field: €E (x) = [p(x)dx

X
0 4 O

> X

Eox

and an electrostatic potential step: ¢(x) = -JE,(x)dx
20(X)
A

Ok, but how do we find ¢(x)?
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More numbers
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n-type <
Intrinsic —p
p-type <

.
~

n,[cm3| p,lcm3] ¢ [V]
A A A
1019 - 10t - 054 -
T10W® T T T 1027 47 T T 048 -
10v7 - 10° - 042 - ll
101 - 104 - 036 -| |
_10% - 105 4 030 -| !
104 - 106 - 0.24 -
1083 - 107 - 0.18 -
1012 - 108 - 012 -
101 - 109 - 0.06 -
1010 - 1010 — 0.00 -
109 - 101 — 0.06 -
108 - 1012 — 012 -
107 - 1083 — 018 -
106 - 104 — 0.24 -
105 ST T 10T T T 030 =
104 - 1016 — 0.36 - ll
108 - 10%7 - 042 -| |
_10° - _10% 4 _ -048 -| |
10t - 1019 — 054 -

Typical range

Typical range
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Abrupt p-n Junctions, cont.: the general strategy

We have to solve a non-linear, 2nd. order DiffyQ for ¢:

d2¢(X) _ p(X) _ q _qo(x)/ KT x)/KT
La = o= = n (e e )+ N (%) - N, ()

To see how to proceed write this relationship as an integral:

o(X) = —ff&dx+Ax2+Bx
E

After integrating p(x) twice many of details of its shape will be
lost, so if we have a good general idea of what p(x) looks
like, we might be able to make an iteration strategy work:

Guess a starting p(x). i
Integrated once to get E(x), and again to get ¢(x).

Use ¢(x) to find p,(x), n (x), and, ultimately, a new p(x).
Compare the new p(x) to the starting p(x).

- If it is not close enough, use the new p(x) to iterate again. —

- If it is close enough, quit.
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To figure out a good first guess for p(x), look at how quickly
n, and p, must change by looking first at how ¢ changes:

Aq)(x) 60 mV ¢,
g

\ >

X

...and

means for p(x):

what it

A 60 mV changein ¢
decreases n, and p,
10x and p increases to
90% of its final value.

/ The change in p must

90% | be much more abrupt!

0
rd
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>

S NAp

X

The observation that p changes a lot, when ¢ changes
a little, is the key to the depletion approximation.

L
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Abrupt p-n Junctions, cont.: The Depletion Approximation - an
informed first estimate of o(x)

Assume full depletion for -x, < x < x,, where x, and x, are
two unknowns yet to be determined. This leads to:

0 for X< =X, 4 p(x)
qNDn
—gN for —-x <x<0
p(x) =1 e :
gN,, for O<x<x, —> X
0 for X, <X ANy

Integrating the charge once gives the electric field

0 for X< =X,
gN
- (x + xp) for  —-Xx,<x<0 v
] X
E( ={ Cs .

M (X — Xn) for O<x< X, E(0) = -gNap%,/eg;

83 = 'qNDan/SSi
0 for X, <X
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The Depletion Approximation, cont.:

Insisting E(x) is continuous at x = 0 yields our first
equation relating our unknowns, x,, and Xx:

R
[ NApo - NDan ] 1 Xn
Integrating again gives the electrostatic potential: E(0>=-qupofSi
- = -QNppXp/€g;
for X<-=X
¢P O p Aq)(x)

AN 4, 2
+ X+ X for -x <x<0
¢(X) = ¢IO Zgg ( p) g M ]/

> X
%—qu(x—mf for 0<x<Xx 4,// %Xn

2¢4 o ,
¢(0) = ¢, + qNA X,/ 2¢g;
P, for X, <X = 40 - ANoX2/2e,

n

Requiring that the potential be continuous at x = 0 gives
us our second relationship between x, and x:

[ (Pp + qNAp Xi - ¢n - qNDn Xr?} 2

2¢4 2¢g
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The Depletion Approximation, cont.:

Combining our two equations and solving for x, and x,, gives:

X = 25 ¢, Npn X = 2e5 Py Na
p ! n
q NAp(NAp + I\IDn) q I\IDn(NAp + I\IDn)

where we have introduced the built-in potential, ¢,:

N Ng.N
:kTInNDn_(_len Ap):kTIn onNap

g n g n/) g n?

¢bE¢n_¢p

We also care about the total width of the depletion region, w:
W=X,+X,= 2e4 ¢, (NAP i ND”)
q |\IApNDn
And we want to know the peak electric field, | E, |[:
N, X N, N
‘Epk‘: E(0) = ANapXp _ ANpo X, _ |20 ¢, Ap'YDn
SSi (NAp + I\IDn)
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The Depletion Approximation, cont.:
Beating on these results a bit more:

A p(x)
N
S we |25 9y (N * Noy)
) W -
X > q NApNDn
<_Xp_><_>xn X N N W
-qNAp X — DnW X o Ap

i (NAp + I\IDn)’ ’ (NAp + |\IDn)

E(0) = -gNapX/es; ‘ E pk‘ = 2q ¢b NAp N Dn
- _qNDan/ i

KT, Nj,N
J,/ " Gy =y — 9 =—IN—1572
b, q ni

0(0) = ¢, + AN X,/ 2¢g;
= q)n - qNDanZ/ZSSi
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Abrupt p-n junctions, cont: Applying bias a p-n diode

Next the question is, "What happens to our p(x), E(x), and ¢(x)
pictures when a voltage is applied at the device terminals?"

With good contacts and low resistance wires and _
semiconductor bulk, the only impediment to current flow is
the junction, and all of any applied voltage "falls" there.*

_ * Note: This is not automatic. It requires that the :
Clif Fonstad, 9/22/09 diode be well designed and fabricated carefully. Lecture 4 - Slide 17




Abrupt p-n junctions, cont:

Bias applied, cont.:

All of the applied voltage "appears" across the junction, and

no other voltage drops occur.*

Forward bias, v,z > O:

Ves 4 ]k L
-Wp (_ b VAB)T > X
Lo r A ___
Reverse bias, v, 5 <O0:
S I
VAB—l_ i '\_YJ > X
. — (Pp-Vas) Nr? d_rlgep
L I In wi
|\ilr? v(illirl(')ep 1 i v Y No drop
No dro at contact
gy ) In QN
alygodnrt%%t No dro Only the voltage
in QN ste(? across the
SCL changes
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* Note: This is not automatic. It requires that the
diode be well designed and fabricated carefully.
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Abrupt p-n junctions, cont:

Reverse bias applied: no current flows, but the potential step changes

Assume the applied bias, v,g, IS negative. This means that the
potential on the p-side is reduced relative to that on the n-
side, and thus that the change in potential going across the
junction is increased from ¢, - ¢, = ¢y, t0 (¢, - Vap)-

We use the Depletion Approximation model as before, now
with the new potential step height, obtaining:

X, = \/ 2¢e4 (¢b _VAB) Np, X = \/253 (¢b Ap

) Na
qNAp(NAp + |\IDn) | qNDn( N )

- \/ng (95 _VAB)(NAp + NDn)

q I\IApNDn

‘E ‘ — 2CI (¢b _VAB) NApNDn
" 8Si(NAp + NDn)
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The Depletion Approximation, cont.:

Adding v,g to our earlier sketches: assume reverse bias, v,z <0

qNDnAp(x) - 2¢4 (¢ — Vas) (NAp + NDn)
| DT B q NN
< Xo _ e xns > x X = NDnW X = NApW
N T R e
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_kT NDnNA
=—In——=

g n;
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Reverse bias, cont: Is it really that easy? Reverse bias FAQS:

1. How come we can still use the Depletion Approximation?
No current — no mobile charge — electrostatics unchanged

2. What happens in forward bias?
This same modeling applies, until the current turns on at v,; = 0.5 V.

By the time v,z approaches ¢,, the model no longer holds; the current
IS too large.

3. What happens at very large reverse bias?

When E,, gets too big, the junction "breaks down" and large reverse
current flows.

4. Is there anything interesting we haven't talked about?

Yes, the charge stored in the depletion regions. It is very interesting
and important. For starters, the net charge stores on the positive
side of the junction is negative:

Q, =—0AN, X, = _\/qus (¢b _VAB) N, Npp (NAp + NDn)
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Non-uniform doping in thermal equilibrium, cont.:

Case ll: Slowly varying doping profiles

Detailed solutions of Poisson's equation in semiconductors
teach us that if the doping variation, [N4(x)-N,(x)| is slow
enough*, then quasineutrality holds, and the majority
carrier concentration closely tracks the net doping profile.

The net charge densities and electric field are all negligible.

Ng-Nag n5(X)
Can still say:
Negligibly N,(X) = Np ()
small

* Note: What is meant by “slowly” can be quantified using

the extrinsic Debye length - see the course text.
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Non-uniform doping in thermal equilibrium, cont.:

Case ll: Slowly varying doping profiles, cont.

If IN4(X)-N,(X)| is slowly varying*, then quasineutrality
holds, and the majority carrier concentration closely
tracks the net doping profile.

- In n-type samples:
no(X) = Nd (X) - Na(x) and po(X) = niz/no(x)

Also, ¢n(x): E |n[Nd(X)_Na(X)]
q n

- In p-type samples:
P.(X) = N, (X) - Ny (x) and n,(x) =n?/p,(x)

Also, ¢.(0=KT In[Na(x)—Nd(x)]
q n

* Note: What is meant by “slowly” can be quantified using

Clif Fonstad. 9/22/09 the extrinsic Debye length - see the course text.
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6.012 - Microelectronic Devices and Circuits

Lecture 4 - p-n Junctions: Electrostatics - Summary

o Abrupt p-n junction (electrostatics)

Depletion region forms for —x, <x <X,
Xp/Xn = Npp/Na
w = Xo T Xp = [(ZE/Q) Op {(Nap + Npp)/NapNp,}*2
|Epil = = [E0)] = [(2q/e) by {NApNDn/(NAp + Npp) 112
g _(kT/q) In (NapNpn/ni?)

Observations:
1. Greatest depletion is into most lightly doped side
2. Depletion width, w, goes down as doping is increased
3. Peak electric field, |Ey|, goes up as doping is increased

4. Asymmetric junction: assume N,, >> Np,, then
X > X, W= X, = [(26/0)0Non ]2, [Epid = [(20/e)pNpr] 2

 Applying bias to a p-n junction (what happens?)
Want all applied bias, v,g, to fall across depletion region

Two changes:
1. A¢ crossing junction changes, and thus so do w, and E

(q>b Vag) replaces dp, SO that both w and E,
increase with increasing reverse bias
2. Currents flow (The topic of Lectures 5 and 6)

Lecture 4 - Slide 24

Clif Fonstad, 9/22/09



MIT OpenCourseWare
|http://ocw.mit.edu

6.012 Microelectronic Devices and Circuits
Fall 2009

For information about citing these materials or our Terms of Use, visit: |http://ocw.mit.edu/terms.


http://ocw.mit.edu
http://ocw.mit.edu/terms

