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Today’s Discussion

e Steady state solution of the diffusion equation

 Examples



From Lecture 16 COntinUity equation

Drift-Diffusion current equations tell us how charge moves
“locally” in response to electric field and charge gradient

dn(x)

Jn(x)ZQﬂn”(x)E(x)+an I

Jp(x)=qu,p(x)E(x)-gD,

To solve for a “device” structure we need to patch together
regions with varying fields and densities. We need a
mathematical model which conserves current density.



From Lecture 16 Charge conservation

Divide the domain in patches. Current exiting one side of a patch is the
same entering the neighboring patch. Generation/recombination rates
may modify the charge density inside the patches.

—

E(x:AX,Y) E|(x,y) E(x+AXx,y)

I
We need equations to express current continuity. 4



From Lecture 16 Slmpllfy to 1-D

op(x,1) _ Jp(x—Ax/Z)—Jp(x+Ax/2) Sp
g, = lm B —q
Ax—0 o E-p
impl
. . simple
Change (Balance) of hole charge density around point x recombination
rate

i J(X-AX/2)| J(xHAX/2)

P—=—r>——=>—D
E(x-4X) €|(x) E(X+AX)




From Lecture 16 1-D COntinUity Equations

Holes optx.1) _ 10 J (x)_fsp
Ot gox ¥ Th
on(x,t) 1 0O on
Electrons (x,1) _ —J,(x)—
Ot q oXx .
In terms of excess carriers
0 1 0 op
op(x,t)=— J,(x)—
0 PPN = o )=
o 10 On
n(x,t) = J, (x)—
@l‘( ( ) Dy H( )



rom Lecture 16 DIffUSIVE regime (no drift)

_ 0
substitute J, (diff .) = qD, axéﬁ?(xaf)

Diffusion Equations

,,12
0 . %)
Electrons  Sn(x,ty=D S n(x, n—"
* 0.1 In
o 5 Sp
Holes ~op(x,t) =D, —5op(x,t) -
Ot é‘x Tp



Steady State Excess Carrier Distribution

Steady State

0 d’ 0’
——0 [we canuse — instead of —]
Ot dx ox’

d’ on d’ on
= ——o0n(x) =
dx’ . dx ELE.
Holes 0=D B o = 4 op(x)= aF

P

d x’ T dx’ J 8 s




Steady State Excess Carrier Distribution

Steady State 4 yn(x) or
7 C - - .

4 dx’ Dr, units of D are
d’ 5n cm?/s
20PN =7

X Prﬁ'
Electrons D r =L = electron diffusion length
72 . S-
L,,cm(_x} -
dx” ;
Holes D,r, =L, = hole diffusion length

d’ Sp
-0 p(x)=—

dx* P) L .

P



Example: steady state hole injection

op(x=0)=Ap E Semiconductor bar

Xx=0

P (%) Holes diffuse and recombine

s

Y
T

0 X
10



Example: steady state hole injection

Diffusion equation General solution
2‘ -
d 5 p(x) = 5_57 Sp(x)=C exp(x/L,)+C,exp(—x/L,)
dx’ L, “— —>
C, =0 C,=Ap
px)
L

p Sp(x)=Apexp(-x/L,)

Diffusion Length

Average distance a Ap |

hole diffuses before B

recombining '
O O 2 e

0 : x ;
L



Proof: Diffusion Length (1)

We have the solution [0 p(x) =Apexp (—x/LP)

: !

Probability to reach x without recombining \
An |

-~ ' |

o p(x) |

I

|

=expl(—x/L, A
Ap p(=x/L,) [A] N .1 o p(x)
0 i
Probability to recombine between x and x + dx X
after having reached x L
N
1_5p(x+dx) _Op(x)=O0p(x+dx) o p(x) i i1 S p(x +dx)
o p(x) o p(x) L
1
X xX+dx

d .
_(Eé‘p(:c)]d.l _/\Ij exp (_..-‘5‘:.""([-!}1)(_ III-'JII.l [JP) l
i _ dx = — dx [ B ]

3 p(x) Apexp(-x/L,) L, 12




Proof: Diffusion Length (2)

Probability that a hole injected at X = 0 will recombine in a given dx
 4x,

| . >
0 X

[A]x[B] = GXP(—I/L;})XLLCJI _ exp(zx/l?,)

p p
Average distance a hole diffuses before recombining

dx
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Diffusion current density

p(x)

Excess hole density

S p(x)=Apexp(-x/L,)

DIﬂ:USIOn Current denSIty Lpgl-=—mmmmm e T e

dp(x) _ d

J,(x)=—gD, e —-qD, d_iép(X) =
d
=—4D, E(AP exp (—x/ LP)) =

D D
= qL—”&pexp(—X/Lp) =QL—"§p(X)

P P
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Example

op(x=0)=Ap IA = 0.5 cm? N, = 1017 cm—3

Steady state excess
hole density injection
Ap =5 x 10%cm™3

Very long bar of Si

x=0 ft, =500cm’/V s
T, = 10"
kT 2 - |
D, ===y =0.0259x500=12.95cm’/s Einstein relation
q

L,=D,7, =\12.95x10" =3.6x10cm

Question: what is the quasi-Fermi level at x = 1000A = 10~3cm
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quasi-Fermi level at x = 10™°cm

op(x=0)=Ap IA = 0.5 cm? N, = 1017 cm—3

Steady state excess

hole density injection
Ap =5 x 10%cm™3

Very long bar of Si
x=0
p(x) = p,+A pexp (—x/LF) =

=10" +5x10" exp 10 — [=1.379%10"cm™
3.6x10

p(x) =nexp| (E,—F,) [k,T |=1.5x10" xexp| (E, - F, ) [k, T | em™

1.379x10"

10

o r 1.5x10

E —F —(ln JX0.0259—0.4156V

E
E —F =—"*’+(E. _F )=£+0.415=0.965 eV
( P 2 i P 2
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Hole Current at x = 10" °cm

op(x=0)=Ap : [A = 0.5 cm? N, = 107cm™3
Steady state excess E
hole density injection

Ap =5 x 10%cm™3

Very long bar of Si

Xx=0
d p(x) DF
[ =—qgAD =qgA——Apexpl—x/L,
pq,.;dquﬂpp(/;)
-5
I =1.6x10""x0.5x% 12'95_5><5><10]6exp 10 —|=1.09x10°A
g 3.6x10~ 3.6x10™

Excess stored hole charge

O,=qAApL, = 1.6x107”%x0.5x5x10"°%3.6x10° =1.44%x10"C
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Excess stored charge

—Po

()

Sp(x)=Apexp(—x/L,)

Bl . G S G . G — —
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Excess stored charge — Proof

Total charge along positive x

6 p(x)=Apexp(—x/L,)

ATq5p(x)dx = qAT Ap exp(—x/Lp) dx
0 0

=gAAp :—Lp exp (—x/Lp )]: =

= gAAp|0—(~L,exp(-0/L,))|

=qAAp L,




Relationship between current and Q,

D
I (x=0) =qAL—pAp exp(—0/L,)

p
p(x) D LZ
I,(x=0) =>> = gA—+Ap=gA—Ap

O LP LPTP

P

| \_\ _ qAApL, 0,
\ T T

X
L 20






