6. Limits of Extrinsic Doping and Low Injection
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where t,, is minority carrier life time under low-level injection
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where T, is minority carrier life time under low-level injection
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Table 6.2 | Common ambipolar transport equation simplifications

Specification Effect
dén) aop)
Steady state o =0, ——==0
) . ‘ , a0 (6n) i (6n)
Uniform distribution of excess carriers D, P 0, D, P 0
(uniform generation rate) ]
o 10 (0
Zero electric field ﬂ =0, ELI)} =10
dx dx
No excess carrier generation g =0
. . 0
No excess carrier recombination % =, % =

(infinite lifetime)
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e ()1 B23t5| & A7|2| homogeneousst nd HEE K|
2. 220 M 7S T HA =0
3. t=00]| A excess carrier7| 2 S} A| A
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5. low level injection
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o*(sp) o(s T
uniform concentration — ( Zp) = ( p) =0 s OB
OX OX :
o(s x 0.5
whent>0,g'=0 _)(_p):__@
T oo 0.25
t)=0 0 e_tlfpo 1 | B |
5p( ) p( ) 0 0.5x 1078 1078 1.5x 1078 2:%107%

Time (s) =9

sn(t)=sp(0)e™"™ (charge neutrality)

“The excess electrons and holes recombine at the rate determined by the excess minority carrier

hole lifetime in the n-type semiconductor.” 5



« [0l M|2] excess carrier 5 =0 Z7tAt I E AXS}2}
« (=) 1. 23+5| 512 homogeneous pe B |
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5% 10" cemmrmm———— LT
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-p, o) _on_,
OX Tro
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2 - 7~~~ =0
dx Dz, dx L
where L2 = Dz, , minority carrier diffusion length
~.on(x)=Ae ™ +BeX' = T T R —

5n(oo):O, B=0
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sn(x)=4sn(0)e¥’ for x<0



excess minority hole concentration in the n-type semiconductor
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7. Dielectric Relaxation Time Constant

" ng BENOf sp7t L AEZ| It
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€ T
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0 op : n type e
Continuity equation: V-J= _9p holes —pmf | >:|__
ot —_— | -
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&
op ap dp (t/zq)
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« O] 7| M 1,=(¢/c)= dielectric relaxation time constant O|H, sub-psec M = 9| 4= 7
o 2HIM O 2 excess carrier®| =H-2 0.1 us =&

= dielectric relaxation time constant ?
« charge neutralityS 0L} 82| 3| E5F=Lfo| M

o 27IMO 2 hulkZ2 B E MXES B0 2FA neutralize A| 7| = HEE LIE}HH



8. Quasi-Fermi Energy Levels

= Excess carrier7} HF I K| Of| A Al
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« MZ2 Fermienergy H2| € Q - quasi-Fermi level
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8. Excess Carrier Lifetime

Carrier®| @+ £=.2 Shockley-Read-Hall2| X Zgt(recombination) 0|2 2 EE A E 4= QUCtH
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= forbidden i E7H OLOJ| A 2] &1 & =l Of L K| ALE} (trap)2 recombination center 2| <&t
= acceptor-type trap Off 22 El 47}X| 7| 2 Ho| 1} (acceptor-type trap: negatively charged with electron)
* Process 1: 20 H| 0| = neutral trap0f| 2|3} conduction band2 £ E{ ™ X} Z capture

« Process 2 : 1P7H19| HICHNIH O 2 X 20 trap2 A0 U E M X}7} conduction band 2 CA| =
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« Process 4 : 117439 A1t neutral trap2 2 5 E valence band 2 4 -& 2| 8= (5= = valence band 2 5. E{ & X}9| capture)
Process | Process 2
1 E, 1 E,
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E, E,
H \ 10

Hole capture Hole emission




= pp. 223~2242] =4 HOH M2kt D|

E=E, 0f /L= recombination center0j| 2|t

R _R _R_ CnCpNt(np—nf)
Cn(n+n')+Cp(p+ p')

« O{7|M C,2 T X}Q| capture rateOf| H|2|St= & =0[11 C

o= ‘a2 capture ratedf H|2{|5t= o
N,= trapping center®| M N & =& 2|0|gt
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Limits of Extrinsic Doping and Injection

Low injection &Z271°| n& Bt = X0 A n, >> p,, Nn,>>06p, n,>>n’, n,>>p’

N, >>1’, ny>>p’ > trap Of| L X| 2| 20| HEZHO| S 7 Z X0 [UACt= 2|0

on o 1
RszNté‘p: = p Where TpOZ,Q\
T T o (CpN ¢ capture rate of
N wcarrier hO|e
« N, 37} = excess carrier recombination 2t & 7} > excess carrier lifetime Z+ A
H| S O 2, p3d HhE X 2 A4 24511 low injection 7 Z40f| A
1
Z' = =
no ~\
(C, N,

. capture rate of
\ minority carrier electtron A
HBEXH O Z extrinsic HFE K| 0| A excess carrier lifetime2 low injection Z= Z45}0{| A minority
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Intrinsic Bk &= X|0f| A 2] excess carrier lifetime

CCMN(mem)  mpen
CC,(n+n)+C, (p+p') 7,(n+n)+z(p+p)
Intrinsic semiconductor — n=n+Jon , p=n+dJn
26n-n, +(8n)°
- (2ni +5n)(rno +rpo)
Very Low level injection condition — Jn << 2n,

20n-n on on
R ~ = =
2n, (z'no + rpo) Toot T T

R

where 7=r7,+7,

‘HE = | 7} extrinsic Of| A intrinsic@ 2 Zr=& minority carrier lifetime2 40| &’
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9. Surface Effects T

on
BEE N 7F 2R | SEHE| A4S [ crystal periodicity= AF2FZ!

()'I)/’. _________
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) .
4 Electron
energy

Surface Distance x ==

Tpos < Tpo 2> Sps < SpB

-
o e i e A E,

R - -1 8

homogeneous and steady-state condition
Surface
G=R,R=R;
—> FHO|A{Q| trap L = > bulk Of| A{ Q| trap & = f
o i o
@ surface : R, A . inbulk : R= Pe
z-pos Tpo
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[Example 6.9]

conditions : n-type semiconductor

8ps = 10 cm™ and 1, = 10 s in the bulk

Tpos = 1077 s at the surface

assume zero applied electric field and let D, = 10 cm?/s
Determine the steady-state excess carrier concentrations as a function of distance from the
surface of a semiconductor

[Solution] My P,

T T

po pos
T -7
5p5=6p8%=1014(18—_6J=1013 cm®
po
d*(%p) . . &
P e T97 =0

po

- ) ) 1 14
where steady - state generation rate in thebulk is ¢' = Fs _ 18‘6 =10*° cm?s™
.

po

Thesolutionis

H(X) = g'7,, + Ae™ 7 + Be ™"

As x = o, d(x) =, = g'r,, =10 cm™® > A=0
At x =0, &(0) = &, =10+ B=10"* > B =-9x 10"

—X _ 15
soP(X) = 1014(1—0.9e ’Lp) where L, = /D 7, =+v10x10™° = 31.6 um



