Chapter 4
Prob. 4.1
With Er located 0.4 eV above the valence band in a Si sample, what charge state would
youexpect for most Ga, Zn, Au dtoms in the sample?

From Fig.4-9, we have

Ga: Ep>>Ga' singly negative

Zn: Ep>Zn butbelow Zn™: singly negative
Au’ Au’ < Ep < Au: neutral.
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Prob. 4.2

How much Zn must be added to exactly compensate a Si sample doped with 10’ em™ Sb?

-

EsEp=E,.

AllZn" state are filled | 3

_ - electrons on Zn atoms
Lof Zn” states arc filled [ 2 2*
For compensation :

3

SNu=Ny = Ny, =§Nd = 0.667x10'em™
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Prob. 4.3
Draw a semilogarithmic plot such as Fig. 4-7 for the given GaAs.

For the given GaAs,
no=2xX 10¥ em™, pp = n /= 0.002 (negligible)
Att=0,An=Ap=4x%10"em™.
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Prob. 4.4

Calculate the recombination coefficient for the low-level excitation in Prob. 4.3. Find the
steady state excess carrier concentration.

o, = 1/ (tng) = [50 x 16 x 2 x 10" = 1078
From Eq. (4-12), gop = 04 {nodn + 81?1 = 10%[2 X 10" 8n + 8n’]

on? +2x10°8n - 10% =0 and n~5x 107 em™ = An
or, since the low-level lifetime is valid, An = g,,T= 5 X 102 cm?®,
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1o = G, find E(x) for np>>ny. We also assume Er remains below E,,

t equilibrium:

dn
Iy = qiyn€ +an&;= Y
D, dn/dx

kT 4
—
q

nd tke separation of the quasi-Fermi levels and the change of conductivity upon
ining light on a Si sample.

“The light induced electron-hole pair concentration is determined by:

8n=8p =gt =(10"°)(107%) = 10" cm™
<< dopant concentration of 10%cm™ = low level
n= 10’5 +10" =1,1x10%cm

Q. 5><10‘ )’ +10' = 10™em

~F, = k71| 2 |=0.02591n i’iﬁ-— =0.518eV
i p 2.25%10%

i

po+8p—-—-+6 =
ng

L, =1300cm2/(V -5) from Fig. 3.23

Hp = Z_% = 0.559

A6 =q(1,0n + 1,8p) = L6 X102 (1300 + 463)(10™)
=0.0282 (Q- cm) ™!

=463 cm?/(V -s)
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Prob. 4.7

Calculate the separation in the quasi-Fermi levels and draw a band diagram for an n-

type Si being steadily illuminated.

EC
Fy
Ep
0.300eV To.2ssev
0.275¢V !
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The induced electron concentration is

dn=g,t =(10*)10%) =10 cm™
which is comparable with N, = 10"%cm ™3,
=> thisis not low level and 8#% cannot be neglected.
Zap =0tpnBn +01,8n
3.~

&y = e = e = 10 P o3y

= 10%! = (107°)(10"5)5n + 107512
Solveforén = Sn=6.18x10"%cm™ =8p

15 14
Fy~E,= len[M)= 0.02591,{ 19—-1359%’%39_ J: 0.300eV
1 SDX

6.18x10M
1.5x10!°

15
Ep —E; = kTn| 72 |=0.0259 —-—l-q-w =0.288¢V
7 1.5%10

Sn

E -F,=kI In[——-}= 0.0259 In[ J= 0.275eV
ni
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culate the current in a long Si bar as described,
1 1

w= Ot a,dn’ =

W0 =101+ 52)] =

2o 10785 -1=0

)2-1-51_-—1 =0, where dn =108

lvefordntogetn =

Z10% ~1+41+4
2

=6.18x10cm™3

=&

Assume the o, is the low level, even if the calculation may

require high level injection
assumption.

Nolight:

E= 191 =5V/em
- 2em

i, =1070 cm? /(V .s) from Fig.3.23, #, =500 cm2/W +5)

I = Agqnops,€ = (0.05)(1.6x 107" x 10'® x 1070 x 5) = 0.428A
With light :

4-lalny + Syps, + dpu, )&

005(16x1071°(173x 10" +309x10'8)). 5
=0.816A
High field + light :

electrons, saturation velocity V= 107 er/s

‘or holes, assume #¢ , is same as for low field, € =

LIPS

= Agl(ng + SV, + dpu €]

=(0.05)(1.6x107'7)(1.618 10" x107 + 6.18x 10" x 500 x 5 10%)
 =253x10°A
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Prob.4.9
Design a 5-um CdS photoconductor with 10 MQ dark resistance, 0.5 em square, Assume

t=10%s and Ny = 10" em”.
In the dark, & = glt,ng, neglecting po

p=0""=[1.6x10"x250x 10" =250 Q-cm
R=10" Q= pL/wt, thus L = 107 (5x10™*)w/250

Since this is a design problem, there are many solutions. For example, choosing w =

0.5mm,L=1cm:
with the light on, g,, = 10! EHP/cm®-s

C =gl(no +Am)p, +Apu ]
=16x107[(11%10'%)250 + 10'* x15]
=464x1074(Q - cm)™!

= %I;. =[(4.64x1072)(0.05)(5x10~)]"!

R=862%10°Q
AR =107 -862x10° = 9.14MQ
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ob. 4.10
Calevilate the steady state separation between Fpand Ecatx = 1 0004 in a very long p-
i-bar with steady state excess hole concentration. Also find the hole current there

379%107 = nie(E"'Fﬂ)”‘T o= (Lsxlolom—3)e(5,~1",)/kr

1379x10'7 )
1.5x10
~F,=1.1/2eV +0.415¢V = 0.965¢V

~F,=|n 0.0259 = 0.415¢V
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10
12.95 x5x10‘58~3‘6x10“’

36x10™

=1.6x107 x0.5%

=1.09x10°A

0, =q4(ap)L,
=1.6x1071%(0.5)(5x10'6)(3.6x 107%)
=144%1077C

Prob. 4.11

Find the photocurrent Al in terms of T, and T for a sample dominated by .

AG = g, An = qia8optn
M =V/AR=VAAc /L= VAqUngoptall

The transit time is

Al = gALg o5t o/
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Prob. 4,12

Find £,(z) for an cxponential ezcess hole distribution.

For ép >» py,
ple) = ép(z) = Ape™/tr

= ng el E-FR)/RT
. &p
Ei—F, = kT In ~>
T

= kT In _‘_3_’3 e~slle

p(z)
Ap
Apg'-’-‘/L,
T
EC
egpp s
P E
. F
Jov— /_71.. s e E,
F
EV

We assume the excess minority hole concentration is small compared to ng
throughout, so no band bending is observable on this scale.
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Prob. 4.13 o
Sketch the equilibrium bands and field in an exponential acceptor distribution. Repeat for

donors.

N, Ng

Prob. 4.14
Show the hole current feeding an exponential $p(z) can be found from Qpl1p.

From Fig. 4-17, o

% = [ apelingg 4
= qgAL,Ap
@ 4
L = = 9ALAp/T, = 94D, Ap/L,

Tp

%

The charge distribution @p disappears by recombination and must be re-
placed by injection on the average every 7, seconds. Thus the current in-
jected is Q,/7,.
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Prob. 4.15
Include recombination in the Haynes-Shockley experiment and find <, if the peak is 4

times as large for 14 = 50 Ys as it is for 200 ps.

To include recombination, let the peak value Vary as exp(-1/t,)
_(/;’

Sp(x) = 2PE -x/4D ¢

p(x.1) 7—— 0 exp(~x°/4D,t)

At the peak (x = 0),

Ape™ %% . N

V,=peak=RB » where B is a proportionality constant.

p f"""nD
4rD,,

¢
e
ZP.’..: fz'e__:/t’ - t_z_e(x,-r,)/:,
Va2 Vo &% V4

80 !200 150/
. 25 | koo @ [4
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—=ln
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150
T, = s = 216.4s
Prob. 4.16
100 i
!
- 5
8o Bop(*) = al(x) = algexp (-aux)

and neglecting diffusion

™

(Scale is the photon flux x 10-4)

excess electron concentration, 8n (em3)

Depth (10°3 ¢m)
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Bxoess elacton concentraion o8 wardy

* fassale
x101 for a, = 205
21013 for gy = 107

S for g = 109

EX w2 .2 -
Depth (1073 o?
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Prob. 4.19
Sketch the
region.

hy

quasi-Fermi levels in an n-type sample illuminated in ¢ narrow

1 1)
S &
= —Ep
) N /
N\ /7
AN F
\ 7/ P
on = op N\ /s
AN
Ey
x
Excess carriers diffuse and Asin prob. 4.12, the
recombine, decaying exponentially quasi-Fermi levels
away from the illuminated vary linearly outside
region the excitation region
while §p > po
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N{em™)

Y v 5 x 10%° N
(b) After diffusion. No = No/VaDt = 0.1302 = 104 = 3.84x10"

zipm)  u  exp{—u?) N(x)

0.0735 0.78 3.0 x 10%

0.1470 0.37 1.4 x 10"

0.2205 0.105 4.0 x 10'7

0.2940 0.018 6.9 x 101 z; = 0.3 pm.
0.3675 0.0019 7.3 % 10%
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