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Homework #7 Solutions

Problem 1
@) We have R, = R, and in the natural lifetime approximation, R, =n/z,,

16 3
R,=p/7,= 7, =nz,/p. Soifwe assume all donors are ionized, n~10 /Cm ,and

p=n?/n~(L14x10°) /10° or p=13x10'/em’. Thus,if
7,=200us, 7, = nrh/p =1.5x10°s

(b) The equilibrium generation rate is determined by detailed balance
G,=R,=n/r,=65x10" s' =G, =R ,=p/r, =6.5x10"s™

_ _ 7 o1
(©) The recombination rate is simply R, =R, =6:5x10's .

whereby

Problem 2.

(n,+p,+25p)D,D,
(ny+6n)D, +(p,+6p)D,
= P, =6.6x10° . ny=2x10"

(a) n-type Si, Np = 2x10* cm™. D*

NP, = n? ~(1.14x10°)" for Si @ 300 K Po <=1l

op<n

. Hence, 0 and

0 (low level injection) so that D*~n,D, D, /n,D, = D,. From Einstein relation

* ~ 2
D, = pksT /e, g1, = 4710m2/V — S (intrinsic Si @ 300 K) so that D*= D, =12.2cm’/s

K. For the ambipolar mobility, we get
ﬂ*_(po—no)ﬂeuh _ (Po —No) Mot < Mooty
= = ~ U,
i+ Pty (Mg +N) i+ (P +6P) Ny

@ 300

So,
w*~—p = —471em* N —s

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

1 1 o 1

_:_{1+&+_p:| ~—

T* 7T n n T :
po 0 0 PO Thus, 7%~ 7,, = 240 1S . We get 1o from equivalence of

recombination rates in equilibrium:
— 2 2 8
No /7o = Po ! Tpo OF 79 =Ny7 0/ Py =Ny"z,0 /N = 7.3x10° s
Problem 3.

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

d*s dop o
dxzp +u*E, d—Xp _T_E =0 This is a linear ordinary differential

Sp=Ce'*+C.e"”

This can be written D*

equation having the solution . Tofind T"; and T, we substitute the form
Cexp(I'x) into the above equation to get C; ( D*I%e™ + u*E,e™ —e" /T*) =0 or

D*T? + u* E, L —1/7*=0. This is just a quadratic equation with solution
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1
T, =|—u*E, +(u*E, ) +4D*/ *}
+ |: H 0 \/(/u 0) + v (ZD*j

| —U*E 3T /D* £ 1+ (u*E,) r*/4D*

So if we define = y =—u*E,(1/2)vz*/ D*, we get the elegant solution
I, :(7/1«/1+;/2)/L

where L=VD*7* o n-type material, we have

D* n,D,D, -D
= n,D, g * (pO_nO)lunlup ~_n0/unlup .
7 A i
1 1 o 1
T* T, n, n, Tho
So that,

y =B34t/ D, =1, ElL 1(2D,); L=/D,7 .

1+ 72 — 1472
r :%>0 andrz%>0

+

Thus we have,

Sp=Ce'*+C.e"”

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

One boundary conditions is; O P — 0 @s X —>

and thus

, Which requires that C; =0 for x >0, C, =0 for x < 0,

5p=Czer‘X forx>0 5p=Cler*X forx <0
A second condition is continuity of p at x =0 = C; = C, = C, and we get finally
_ I'_x _ r.x
op=Ce forx>0 op=Ce forx <0
(b) If know Spatx=a and x = b, then we can define K =5p(a)/sp(b)= gl (a0 —gTd
,upEoLp 5 ,upEoLpe B eEOLp
2Dp 2kBT,up 2k, T
relation. This allows us to state
2 2
InK =T d :(—d [y—,/1+y J)/Lp or InK+dy/L, =d\1+,2 /L,

or (INK)*+(2dy/L,)INK+d?%? /12 =(d?/12)(L+7?)

And we can re-write 7 = where the second step used the Einstein

ek,
ke T

=d?

or Ly (INK)*+2dy(InK)L, -d*=0 or L {(In K)* +d(InK)
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d

which finally yields L =
o " INK(InK +deE, /k,T)

Problem 4.
2
(1) InGaAs sample, n, =1x10', p, - _5.3x10®
n

0

The sample is perturbed by two excess charge regions: 6n=&p =1x10"/cm?

+1013
—> |[«——10um
X1 X2 X
3 Xq
o(x) O > X
10um —» <_1mm —
+10 -13

a) Electric field follows from Poisson equation
dE p e(5p—5n)
dx ¢  es,
E = constant everywhere else
Coming from x = -o0 Or X = +o0, we must have E = 0.

or E= J.LdX:ﬁ + C in excess charge regions
£.&, £

In left-hand charge region: E ()= —eon (x—x)
In right-hand charge region: E (X)= +eop (x=%,)
grgo

—e5n(x2 _Xl) _ e5p(x3—x4)
£.&, E.&,

So in region between them E =

o—>

v
X

Since ¢ (InGaAs) = 16, E = -1.13x10° V/m
Note: If position of 8n and 8p were exchanged, we would get E = +1.13x10° V/m
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b) Rate of charge depletion: Outside of each excess chargeb region, J = 0because E = 0
Inside J = oE = (noeye + poe,uh) E
Assume for InGaAs 1, ~3900°my_, 1 =1900°m_,
Inside left-hand charge region, from continuity equation

dQ _-d) —(I(%)-J (%)) _+7.05x10° 4 . +7.05x10°A
dt  dx X, — X, 10um cm’®

or
dQ _ +7.05x10°c _ +7.05x10"c
dt cm® —s m®—s
Similarly in the right-hand charge region,
dQ -di —(J(%)=3(x%)) -7.05x10°4 . —-7.05x10°A

- 3

dt  dx X, —Xg 10um cm
or
dQ -7.05x10°c -7.05x10°c
d cm-s = mi-s
¢) 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 én or dp. To find this, we note that
dQ =-donle. So that,

—edon _dJ —J(%) _-neu, [—e&nij

dt  dx  AX AX
or T E from part(a)

dén _ —n.eu, sn
dt £.&,

This is a linear 1% order differential eqn having the solution n = ce 7. Substitution yields

€&

1 _ _noeﬂe
T £.8,
or
& & .. . .
7 =—"2=— dielectric relation time
neu, o

For the sample at hand 7 = 624(Q - m)f1 and 7 = 2.27x107®s. So complete neutralization takes

infinite time; 1 neutralization takes ~ 2.27x107"*s = 0.23ps
e



