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Homework #7 Solutions 
Problem 1 
 (a) We have Rn = Rp , and in the natural lifetime approximation, /n eR n τ= , 

/ /p h e hR p n pτ τ τ= ⇒ = .  So if we assume all donors are ionized, 
16 310n cm≈ , and 

( )22 10 16 4 31.14 10 10 1.3 10ip n n or p cm= ≈ × = × .  Thus, if  
8200 , 1.5 10h e hs n p sτ µ τ τ= = = × . 

(b) The equilibrium generation rate is determined by detailed balance 

whereby
7 1 7 16.5 10 6.5 10n n e p p hG R n s G R p sτ τ− −= = = × ⇒ = = = × . 

(c) The recombination rate is simply 
7 16.5 10n pR R s−= = × . 

 
Problem 2. 

(a) n-type Si, ND = 2x1016 cm-3. 
( )

( ) ( )
0 0

0 0

2
* n p

n p

n p p D D
D

n n D p p D
δ

δ δ
+ +

≡
+ + +

. 

( )22 10
0 0 1.14 10in p n= ≈ ×  for Si @ 300 K 

3
0 ~ 6.6 10p⇒ ×  for 

16
0 2 10n = × .  Hence, 0 0p n<<  and 

0p nδ <  (low level injection) so that 0 0* /n p n pD n D D n D D≈ ≈ .  From Einstein relation 

2/ , 471p e B hD k T e cm V sµ µ= = − (intrinsic Si @ 300 K) so that 
2* ~ 12.2pD D cm s≅  @ 300 

K.  For the ambipolar mobility, we get 
( ) ( )

( ) ( )
0 0 0 0 0

0 0

* e h e h e h
h

e h e h e

p n p n n
n p n n p p n

µ µ µ µ µ µµ µ
µ µ δ µ δ µ µ
− − −

= = ≈ ≈ −
+ + + +

 

So, 
2* 471h cm V sµ µ≈ − ≅ − −  

(b)  For pair-wise generation and recombination, the electron and hole lifetimes, are 

0

0 0 0 0

1 1 11
* p p

p p
n n

δ
τ τ τ

⎡ ⎤
= + + ≈⎢ ⎥

⎣ ⎦  .  Thus , 0* 240p sτ τ µ≈ = .  We get τn0 from equivalence of 
recombination rates in equilibrium: 

0 0 0 0/ /n pn pτ τ=  or 2 2 8
0 0 0 0 0 0/ / 7.3 10n p p in p n n sτ τ τ= = ≈ ×  

Problem 3. 
Governing equation for minority holes is one dimensional drift-diffusion equation if both E and G’ have 
no dependence on y or z.  Away from g’ region, we can write (in steady state) 

This can be written 
2

02* * 0
*

d p d p pD E
dx dx
δ δ δµ

τ
+ − = .  This is a linear ordinary differential 

equation having the solution 
1 2

1 2
x xp C e C eδ Γ Γ= + .  To find Γ1 and Γ2  we substitute the form 

Cexp(Γx)  into the above equation to get ( )2
1 0* * / * 0x x xC D e E e eµ τΓ Γ ΓΓ + Γ − =  or 

2
0* * 1/ * 0D Eµ τΓ + Γ − = .  This is just a quadratic equation with solution 
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( )2
0 0

1* * 4 * / *
2 *

E E D
D

µ µ τ±
⎛ ⎞⎡ ⎤Γ = − ± + ⎜ ⎟⎢ ⎥⎣ ⎦ ⎝ ⎠

 

( )21
20 0* * * 1 * * 4 *

* *
E D E D

D
µ τ µ τ

τ
− ± +

=
 

So if we define 0* (1/ 2) * / *E Dγ µ τ⇒ = − , we get the elegant solution 

( )21 / Lγ γ±Γ = +m  

where * *L D τ= .   For n-type material, we have 

0

0

* n p
p

p

n D D
D D

n D
≈ ≈

  
( )0 0 0

0 0

* n p n p
p

n n

p n n
n n

µ µ µ µ
µ µ

µ µ
−

≈ ≈ − ≈ −  

0

0 0 0 0

1 1 11
* p p

p p
n n

δ
τ τ τ

⎡ ⎤
≡ + + ≈⎢ ⎥

⎣ ⎦  
So that, 

1
0 0 0 02 / /(2 );p p p p p p p pE D E L D L Dγ µ τ µ τ≈ = = . 

Thus we have, 
21

0
L

γ γ
+

+ +
Γ = >  and 

21
0

L
γ γ

−

− +
Γ = >  . 

The final solution is dictated by boundary conditions on the solution:
1 2

1 2
x xp C e C eδ Γ Γ= +

. 

One boundary conditions is: 0p as xδ → →±∞ , which requires that C1 = 0 for x > 0, C2 = 0 for x < 0, 
and thus 

  2
xp C eδ −Γ= for x > 0      ,         1

xp C eδ +Γ= for x < 0 
A second condition is continuity of δp at x = 0 ⇒ C1 = C2 = C , and we get finally 

xp Ceδ −Γ=  for x > 0    ,         
xp Ceδ +Γ=  for x < 0 

(b)  If  know pδ at x = a  and x = b, then we can define ( ) ( ) ( )a-ba / dK p p b e eδ δ − −Γ −Γ≡ = =  

And we can re-write 
2 2 2
p o p p o p o p

p B p B

E L E L e eE L
D k T k T

µ µ
γ

µ
= ≈ =  where the second step used the Einstein 

relation.  This allows us to state 

( )2ln 1 / pK d d Lγ γ−
⎡ ⎤= −Γ = − − +⎣ ⎦      or    2ln / 1 /p pK d L d Lγ γ+ = +  

or   ( )2 2 2 2 2 2 2ln (2 / ) ln / ( / )(1 )p p pK d L K d L d Lγ γ γ+ + = +  

or ( )22 2ln 2 (ln ) 0p PL K d K L dγ+ − =       or    ( ) ( )22 2ln ln o
p

B

eEL K d K d
k T

⎡ ⎤
+ =⎢ ⎥

⎣ ⎦
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which finally yields                  
( )0ln ln /

p
B

dL
K K deE k T

=
+

 

 
Problem 4. 

(1) InGaAs sample, 
2

16 101 10 , 5.3 10i
o o

o

nn p
n

= × = = ×  

The sample is perturbed by two excess charge regions: 13 31 10n p cmδ δ= = ×  

 
a) Electric field follows from Poisson equation 

 
( )

r o

e p ndE
dx

δ δρ
ε ε ε

−
= =  or 

r o
E dx cρ ρ

ε ε ε= = +∫  in excess charge regions 

E = constant everywhere else 
Coming from x = -∞ or x = +∞, we must have E = 0. 

In left-hand charge region: ( ) ( )1
r o

e nE x x xδ
ε ε
−

= −  

In right-hand charge region: ( ) ( )4
r o

e pE x x xδ
ε ε
+

= −  

So in region between them 
( ) ( )2 1 3 4

r o r o

e n x x e p x x
E

δ δ
ε ε ε ε

− − −
= =  

 

 
 
Since εr (InGaAs) = 16, E = -1.13x105 V/m  
Note:  If position of δn and δp were exchanged, we would get E = +1.13x105 V/m 
 

1mm 10µm 

10µm 

+1013 

+10 -13 

δ(x) 0 x 
x1 x2 x3 x4 

x 

δ 
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b) Rate of charge depletion: Outside of each excess chargeb region, 0J = because E = 0 
 Inside ( )o e o hJ E n e p e Eσ µ µ= = +

r r r
 

 Assume for InGaAs 2 23900 , 1900cm cm
V s V se hµ µ− −≈ =     

 
Inside left-hand charge region, from continuity equation 

( ) ( )( ) 2
3 6

2 1
3

2 1

7.05 10 7.05 10
10

A
cm

J x J xdQ dJ A
dt dx x x m cmµ

− − + ×− + ×
= ≈ = =

−
 

or 
6 12

3 3

7.05 10 7.05 10dQ c c
dt cm s m s

+ × + ×
= =

− −
 

Similarly in the right-hand charge region, 
( ) ( )( ) 2

3 6
4 3

3
4 3

7.05 10 7.05 10
10

A
cm

J x J xdQ dJ A
dt dx x x m cmµ

− − − ×− − ×
= = = =

−
 

or 
6 6

3 3

7.05 10 7.05 10dQ c c
dt cm s m s

− × − ×
= =

− −
 

c) Time required for neutralization:  This is a bit tricky because rate of depletion depends onJ in 
between, which depends on E in between, which depends on δn or δp.  To find this, we note that 
dQ d n eδ= − � .  So that, 

( )2 o e

r o

J x n eed n dJ e n x
dt dx x x

µδ δ
ε ε

− ⎛ ⎞−− − ∆
= ≈ = ⎜ ⎟∆ ∆ ⎝ ⎠

 

 or              ( )E from part a↑  

o e

r o

n ed n n
dt

µδ δ
ε ε
−

=  

This is a linear 1st order differential eqn having the solution 
tn ce τδ −

= .  Substitution yields 
 

1 o e

r o

n eµ
τ ε ε

−
− =  

or 
r o

o en e
ε ε ετ
µ σ

= =   dielectric relation time 

 
For the sample at hand ( ) 1 13624 2.27 10m and sτ τ− −= Ω− = × .  So complete neutralization takes 

infinite time; 
1
e

 neutralization takes 132.27 10 0.23s ps−≈ × =  

 


