MO

Application of MO to organic reaction

TT MO
HOMO LUMO
MO
TT MO TT
substitution
addition elimination
functional group
substrate reagent
nucleophilic
reagent electrophilic reagent
free radical
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XY
Nu: + X=Y — Nu— X + Y
E)/-l-—\X—Y S E—Xx + Y
R/':—\\/XW_Q _— R—X + Y

1,3,5 CH2=CHCH=CHCH=CH

1,3,5,7 CH2=CHCH=CHCH=CHCH=CHz2
CH2=CHCH2CH=CHz2

RCH=CHz2

RCH=CH2

1 +
CHy=CH CH=CH, — <= [CHyCH CH=CH, < CHsCH=CH CH,]

cri1z2 crii 4
CH3CHCICH:CH2 CH3CH:CHZC|
H* 1 cl 2 4
1,2- 60 4 1 1,2-
1 4 1,2- 1,4-
1,2- 1,4-

CH3CHCICH=CH,

: e

+
CH=CH CH=CH, + H —— CH3CHCHCH2]

\ CH3CH=CHCH,CI
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Br2 HBr 1,4- 1,2-
Bra Br, - Br* + Br
Xy XY —» X' + Y~
1 X" 1 4
2 Y 4 1 2 3
7T MO
MO TT 4
R ¥, W, W,
HOMO Y. LUMO WYs MO
lIIi = Ci,]_ ¢l + Ci,2 ¢2 + Ci,?, ¢3 +Ci,4 ¢4
j AO 9,
TR 1
4 TT W Y,
HOMO LUMO
LUMO
1 1 2 3 4
i Wy
2(C1,,-) 0.2764 | 0.7236 | 0.7236 | 0.2764
Z(Czyj)2 0.7236 | 0.2764 | 0.2764 | 0.7236 | HOMO
Z(Cz,j)2 0.7236 | 0.2764 | 0.2764 | 0.7236 | LUMO
1
HOMO
4 1



X+ H, H
/C\\ '/C\\
X c CH,

Y- X 0.8974 09753

5 N .-CH>
H =< /\'/
HaC

LUMO?2 Y~ 0.0876 0.0397

CH2=CHCH=CHCH=CH:

HOMO LUMO

0100 0 0)C, C,

1 01 00O C2 C2

01010 0flCc, C,

= A

0 01 010 C4 C4

0 001 01 C5 C5

00001 0)lc, C,

Tt MO
Y = C1¢1 + C2¢2 + C3¢3 + C4¢4 + C5¢5 + C6¢6
A =(E-a)lp
6>=<6

MO c,=C,,C,=C,,C,=C, c,=-C,,C,=-C,,C, =-C,

3=<3

HOMO LUMO

2 3 4 5 1 6

1C C C C Cc (ORS
0543 0.108 0.349 0.349 0.108 0.543
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C, C, C, C, Cs Cs
1.80194 | 023192 | 041791 | 052112 | 052112 | 041791 | 0.23192
124698 | -0.41791 | -0.52112 | -0.23192 | 0.23192 | 052112 | 0.41791

124608 | -0.41791 | 052112 | -0.23192 | -0.23192 | 052112 | -0.41791
-1.80194 | 023192 | -0.41791 | 052112 | -052112 | 041791 | -0.23192
LUMO 2 4 +
033971 MO 6 B B _ch,s

L HsC c c

Fi Fi

3 5
C, C, C, C, C, C,
3.25561 | 0.96491 |0.24664 | 0.08468 |0.02903 |0.00985 | 0.00302
166618 |-0.09553 |0.12743 |0.43527 |0.59782 |0.5608 | 0.33658
079064 |-0.12203 |0.26962 | 0.60482 | 0.20858 | -0.43991 | -0.55639

-1.37272

-0.11307

0.49443

-0.07121

-0.39668

0.61574

-0.44855

-2

0.13363

-0.66815

0.53452

-0.40089

0.26726

-0.13363
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Y = Cl¢1 +C2¢2 + C3¢3 +C4¢4 +C5¢5 +ee

¢ X
2p,

AO 2p,

I¢1H¢1d7

a +ap

J¢1H¢2d7

a +bp

j¢2H¢2dT

I¢2H¢1d7

MO

g

AO

B((0)

(1)

MO

)

®3)

(4)

(5)

(6)



I¢3H¢3d7 = I¢4H¢4d7 = I¢5H¢5df = - = «

[#.Hodr = [gHedr = [gHpdr = - = B
J¢i¢jdr = 0

S )
0
(3) MO (1) 4) (9
(@+ap)C’ +(a+bp)C,> +aC,” +aC,* +aC.° +---
+28C,C, +2BC,C; +2BC,C, +2BC,Cq +---
- EC’+EC,°+EC/ +EC,/2+EC/+--

T E MO(1)

6E:0’ oE _o, oE _o oE _o, oE _o
0C, 0C, 0C, oC, oC,
(10) (11)

(@+ap)C,+18C, = EC,
I5C, +(a+bp)C, + fC, = EC,

pC,+aC,+pC, = EC,

BC,+aC, + pBC, EC,

pC,+aC.+ - = EC;
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C,,C, -

()

(8)

(9)

(10)

MO

(11)

(12a)

(12b)
(12¢c)
(12d)

(12e)



(12)

(12)

aC,+IC, = AC,

IC,+bC, +C,

C,+C, = AC,

C,+C, = AC,

C4 +...

A

(E-a)/B
(13)

0O 00 — o

o o r T —
O P, O Fr O
- O L, O O
O P, O O O

MO

Il
N
O

aC,(r=12345,)

AC,
X
(13)
C, C,
C, C,
C, _ C,
C, C,
Cs Cs
E=a+1p

C,(r=12345,)
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B
(13a)
(13b)
(13c)
(13d)
(13e)
2 ~
//r/B\\I\\//I//\j>\V/"/ \“\\
X 5
(14)
a b /
F 2.1 0.2 1.25
Cl 18 0.18 0.8
Br 14 0.14 0.7
OH 0.6 0 0.7
NH, 0.4 0 0.6
OCH, 05 0 0.6
CH, 3 -0.1 1




Mathcad

1
FHC=CH,
21 1250
A:=[125 02 1
0 1 0 .
z:=eigenvals (A)
L =reverse(sort(z)) &85
L = 0.65265
I ::0‘. 2 _1.15018
j:=0.2
v, :=eigenvec <A,k i>
0.86029 -0.42686 0.27873
v, = | 048006 v, =| 0.49425 v, =|-0.72475
0.1716 0.7573 0.63012
vov =1
0°0 v,V = 1 V,V, = 1
v.v. =0
01 Vo'V, = 0 RS 0
C,
14 Av=Av v=|C,
o
z:=eigenvals (A) A z
z
L :=reverse(sort(z))
y1 C, C, C,
2.79752 0.86029 0.48006 0.17160
0.65265 -0.42686 0.49425 0.75730
-1.15018 0.27873 -0.72475 0.63012
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4
2
0k
FHC=CHBr
21 125 0 0 1r
— 125 02 1 O oL
0 1 0.14 0.7
0 0 07 14 z :=eigenvals (A) 3
L :=reverse(sort(z)) 281494
1.74201
i:=0.3 " | 0.45366
j=0.3 -1.17061

C, :=eigenvec <A,k i>

=o.(c \?
Ri,j' 2\Ci,j/

HOMO

RT =R +R, +R,, RH =R,
1.8541 0.30225
1.0012 0.52431
" | 1.20374 " | 0.75845
1.94096 0.41498

0.84448
-0.25054 0.07175 0.42382 0.86744
-0.38875 0.51201 0.61581 -0.45551
0.27009 -0.70668 0.63097 -0.17182

0.483 0.20742 0.10261

1.42631 0.46659 0.08605 0.02106
0.12554 0.0103 0.35925 1.50492
0.30225 0.52431 0.75845 0.41498

0.1459 0.9988 0.79626 0.05904

LUMO

0.1459

0.9988 RH+ RL
0.79626 2

0.05904

1.854
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LUMO

——6— HOMO

0.22407
0.76156
0.77735
0.23701

1.001 1.941

/\/Br
F

1.204



E = a+ip

(19)

delocalizability

TT MO (1)

MO  (14)

(19)
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(15)

(16)

(17)

(18)

(19)



MO HOMO
MO

HOMO
LUMO

fr(E) = 2(CHOMO,r )2

fr(N) = 2(CLLJMo,r )2

fr(R) = (CHOMO,r)2+(CLUMO,r)2

HOMO LUMO

superdelocalizability

0ocC

s\ = ZZ(CM)Z//IJ'
j

unocc

s = ZZ(C”)Z/(—AJ-)

0cC unocc

HOMO

LUMO

MO

sif = Zj:(cj,r)z//lj+Zj:(cj,r)2/(_/1])

occ

unocc

HOMO LUMO

MO
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(20)

(21)

(22)

(23)

(24)

(25)



modification

C6H5CI

(18 08 0
0.8 018 1

o B O B O O O
P O B O O O O
o B O O O +—» O

o O o o o
= O O O
o O O -

z:=eigenvals (A)

[-1.0158 |
-1
0.84409
Z= 1
1.75457
2.39524
|- 1.99809)

x:=reverse(sort(z))
i:=0..6
j:i=0.6

c, :=eigenvec <A,x|>

86

I
O O O o o o o

|-1.99809)

Py

1
O O O O o o o
O O O O o o o
O O O O o o o

2.39524 |
1.75457
1
0.84409
-1
-1.0158

O O O O o o o
O O O O o o o
O O O O o o o
O O O O o o o

o O O O o o o
O O O O o o o

O O O O o o o
OO O O O o o o

[-0.56562]
0.03212
0.25154
0.40922
0.46646
0.40922

| 0.25154 |




0

0

0.0852 -0.4045

ij/

0.5

-05

0.5

0.5

HOMO

RTj = Ro,j + Rl’j + Rz,j + R3,j

[1.93284]
1.02062
1.01669

RT =] 0.99936

1.01445
0.99936

| 1.01669)]

superdelocalizability

SE :
J

SR:

SE=

R R

0,]j 1,j
=y Sy

Y

_SE+ SN
2

[1.1702 ]
0.80578
0.90368
0.83204
0.89688
0.83204

| 0.90368]

2,j
20, 3

RH=

R

RHj =R

3.]

X

SN =

[0.34632]
0.49447
0.21985
0.0945
0.53051
0.0945
| 0.21985

3.]

[0.05909]
0.80578
0.8159
0.83204
0.8091
0.83204

| 0.8159 |
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RL=

[ 0.68799 0.5119 0.29179 0.18702 0.15616 0.18702 0.29179 |
-0.56562 0.03212 0.25154 0.40922 0.46646 0.40922 0.25154
-05
0.41613 -0.49723 -0.33155 0.21737 0.51503 0.21737 -0.33155
-05
-0.16224 0.57103 -0.27652 -0.29013 0.57124 -0.29013 - 0.27652
0.40644 -0.4076 0.40799 -0.4076 0.40644 |

-0.5

0.5

LUMO
RL =R, |
.
0
0.5 RH+RL
05 —
0
0.5
05
_Rei
%5
[0.61464]
0.80578
0.85979
SR = | 0.83204
0.85299
0.83204
0.85979)]

[0.17316]
0.24723
0.35993
0.29725
0.26525
0.29725

| 0.35993]



RCH=CHz2

R CHs
3 1 0)(C, C, 2 ——CH, 3
1 -01 1||C,| = 4|C, /
HsC
0 1 o0JlC, C, N
C, C, C,
3.32057 0.94827 0.30399 0.09155
0.76320 -0.26178 0.58554 0.76721
-1.18377 0.17962 -0.75149 0.63482
r § () £ (N) i (R) g (B g (V) g ®
r r r r r r
2 0.68571 1.12947 0.90759 0.95413 0.95413 0.95413
3 1.17723 0.80600 0.99162 1.54754 0.68088 1.11421
2 3
R RCH=CH:
HBr
+ -
H +
RCH=CH, —> RHC—CHj, —>  RCHBICHj;
Markovnikov
HBr _hvorR_ gy,
RHC=CH, + Br — RHC- CH,Br
RHC-CH,Br + HBr ——=  RH,CCH,Br Br.
Markovnikov 2 3
HBr HF HCl HI 2 3
HBr
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[CH3CHCHCH]+

31 00
1-0110
A A=
0 1 01
LUMO 0 0 10
C, C, C, C,
3.32336 0.94616 0.30595 0.10123 0.03046
1.28567 -0.21211 0.36363 0.71599 0.5569
-1.50717 0.12657 -0.57048 0.67619 -0.44865
r £, £, s, s, "
2 0.26446 0.58094 0.26203 4.44554 2.35378
1.02529 0.53252 0.80364 0.19688 0.50026
4 0.62027 0.79778 0.48301 4.83128 2.65714
X
X
+ H

H H X
1
2 6
+ X —> —_—
3 5
4

X
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20 25
C, C, C, C, C, Cs C,
2.39524 | 0.68799 0.5119 0.29179 | 0.18702 | 0.15616 | 0.18702 | 0.29179
1.75457 | -0.56562 | 0.03212 | 0.25154 | 0.40922 | 0.46646 | 0.40922 | 0.25154
1 0 0 0.5 0.5 0 -0.5 -0.5
0.84409 | 0.41613 | -0.49723 | -0.33155 | 0.21737 | 0.51503 | 0.21737 | -0.33155
-1 0 0 -0.5 0.5 0 -0.5 0.5
-1.0158 | -0.16224 | 0.57103 | -0.27652 | -0.29013 | 0.57124 | -0.29013 | -0.27652
-1.99809 0.0852 -0.4045 0.40644 -0.4076 0.40799 -0.4076 0.40644
oA
HOMO
Ak
LUMO ol
HOMO LUMO
1k — —  —
— oo —
2|
—e——
" j € F 0 ) 5 © s 0 5 ®
2 1.02062 0.49447 0 0.24723 0.80578 0.80578 0.80578
3 1.01669 0.21985 0.5 0.35993 0.90368 0.81590 | 0.85979
4 0.99936 0.09450 0.5 0.29725 0.83204 | 0.83204 | 0.83204
5 1.01445 0.53051 0 0.26525 0.89688 0.80910 | 0.85299
6 0.99936 0.09450 0.5 0.29725 0.83204 | 0.83204 | 0.83204
7 1.01669 0.21985 0.5 0.35993 0.90368 0.8159 0.85979
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NO2*

30 70
HSOs* SO.0H*
100
MO
1 2 3 a+ f 4
a + 018 i
C6H5N02 _ -
110000000
111100000
=7
y =10 011000000
0100110001
) _ A=[000 101000
qonvals (A) 273144 0000 1y 100
z:=e|genvas
1.91558 000001010
X:=reverse(sort(z)) 1.02867 0000 001y1
1 0001 0001 0]
i:=0.8 X = 1
_ -0.29592
j:=0.8
-1
c. :=eigenvec /A,x>
i N -1.21824
M. .:=<c.\ -2.06154
1,) 1) - -

[0.39161 0.67805 0.39161 0.39079 0.17514 0.08761 0.06415 0.08761 0.17514 |
-0.23526 -0.2154 -0.23526 0.2733 0.3558 0.40826 0.42625 0.40826 0.3558
0.26821 0.00769 0.26821 -0.5362 -0.25282 0.27613 0.53687 0.27613 -0.25282

0 0 0 0 0.5 0.5 0 -05 -05
M =1-0.70711 0 0.70711 0 0 0 0 0 0
0.43144 -0.55911 0.43144 -0.13832 0.30694 0.04749 -0.32099 0.04749 0.30694
0 0 0 0 0.5 -05 0 0.5 -05

0.17097 -0.37926 0.17097 0.49934 -0.13949 -0.3294 0.54078 -0.3294 -0.13949
[-0.06312 0.19326 -0.06312 -0.46542 0.40638 -0.37235 0.36124 -0.37235 0.40638 |
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RTj ::Ro,j"' Rl’j+ Rz,j"' R3’j+ R4’j RH. =R, .

[1.56128]
1.01242
1.56128
1.02984
RT = | 0.94237 RH =
1.00119
0.94806
1.00119
| 0.94237]

O O O O O O +»r O B

superdelocalizability

SEJ SR B3 S) B Wl
0 T S S
SR = SE+ SN
2
[1.30994] [1.30994]
0.38519 2.38519
1.30994 1.30994
0.7488 0.7488
SE=|0.77891 SN = [1.32891
0.82788 0.82788
0.7531 1.3031
0.82788 0.82788
0.77891 | 1.32891 |
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[0.37229]
0.62522
0.37229
0.03827
RL=[0.18842
0.00451
0.20607
0.00451
| 0.18842)]

[1.30994]
1.38519
1.30994
0.7488
SR = [ 1.05391
0.82788
1.0281
0.82788
| 1.05391]




1 Sp2
Xy Tt
2p:z
2
TT 10
Tt
HOMO 3
Superdelocalizability
S (E) S (N) S (R)
r r r
0.94237 0.77891 1.32891 1.05391
1.00119 0.82788 0.82788 0.82788
0.94806 0.75310 1.30310 1.02810
Cl NO2
1 46 9 2 3 7 8 5 10
MO
1 (o
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§ () £ () f (R) g B g N g ®

r r r r r r
1 0.3618 0.3618 0.3618 0.9944 0.9944 0.9944
2 0.1382 0.1382 0.1382 0.8730 0.8730 0.8730
5 0.0 0.0 0.0 0.70313 | 0.70313 | 0.70313

C5H5CH:CH2
3 2
B
i () £ () £ (R) g ® g M) g ®

1 1 0.22342 | 0.22342 | 0.22342 | 0.76074 | 0.76074 | 0.76074
2 1 0.18937 | 0.18937 | 0.18937 | 0.93143 | 0.93143 | 0.93143
3 1 0.03405 | 0.03405 | 0.03405 | 0.82931 | 0.82931 | 0.82931
4 1 0.31063 | 0.31063 | 0.31063 0.91134 0.91134 0.91134
5 1 0.03405 | 0.03405 | 0.03405 | 0.82931 | 0.82931 | 0.82931
6 1 0.18937 | 0.18937 | 0.18937 | 0.93143 | 0.93143 | 0.93143
7 1 0.31063 | 0.31063 | 0.31063 | 0.91134 | 0.91134 | 0.91134
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Band Theory of Solid

1
n_,
——V?4+V(r)—e|¥(r) = 0 (BS1)
2m
Ur)
V(r+t) = V(r) (BS2)
t
t = na+n,b+n,c (BS3)
a b ¢ fundamental translation vectors
2 2
5
C.Kittel Introduction to Solid State Physics, John Wiley
T | mEonT | Box oWl SR | HERCNT D AR
s # | TEmow | akb ;4900 | 4| 1 2
MEMES | B B | atb r=9° |E % | 1m, 2mm
<'£HJ‘;D\E77’J“ i i3 Mok ok ALk
E ¥ | B ¥ ¥ a=>b y=09° |i& /‘4 4, 4mm
7 H 60° % I a=5b y=120° \;x ;/f 3, 3m, 6, 6mm
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‘ 2

. . - oblique lattice

b . .
"
...... .i . U []
(a) EFET (b) REHT .
la| =|bl;r =90° _|al=|b|;7=120
b a 3
al/y ‘: : ‘ b: ___:\_\3. b Y .
(c) BHWES (d) ELEITHT
la|#|bl;r =90° I EABTOGR L,
la]#|bl;r =90° Th
HEHHMMT OHE L
Tt
(BS3)
14
2
e BESIS
2 2
group theory
International Tables for X-ray Crystallography Vol.1(The Kynoch
Press)

(BS1)
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(a) =REF

O

(b) RRF Basis), 2208+ 14 vEEL

O.

.. TEREE (¢) BEMKET (a) oXBF A
f4 5% (Basis) (b)) #BL LT TET2LE
zbhd

(BS2)
Nearly free electron model
electron gas
electron gas model

Thomas-Fermi model

AO

MO
R. G. Parr and W. Yang, Density-functional Theory of Atoms and

Molecules, Oxford University Press, 1989
¥(r) LCAO

nearly free electron model
L X,Y,Z L
(BS1)
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(BS4)
Y(x,y,z+L) = ¥(xY,2)
(BS1) 0
(BS4)
n? (2r\°
£ = %(T (nX2+ny2+n22) (BS5)
1 3/2 272_
Y(x,y,2) = [I) exp[lT(nXx+nyy+nzz)} (BS6)
n, = 0,£1,£2 n, = 0,1 +2 n, = 0,£1,+2
v=0 ¥= l//X(X)l//y(y)l//Z(Z) €=KX2 +/<y2 +K22
n® d®
o A l//X(X)-l-K'X l//X(X) =0
h* d?
%Wﬁyy(y)”yz%(y) = 0
n® d?
om 4 l//Z(Z)+K‘Z l//Z(Z) =0
(BS4)
(BS5) (BS6)
2r
k = (kok,k,) = T(nx,ny,nz) (BS7)
p = hk
k
Y (r) = exp(ik-r) (BS8)
_ n’ 2 n’ 2 2 AN F)2
b= oK = %(kx +k, +kz) = (BS9)
(BS8) p
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d A
© 8 8
4 i
AdN
. 781 N é
2dsind = nA (BS10) l I
dsind
n
(BS8)
(BS1)
(BS10)
k
(BS7) ne, n,n,
=271 A sind=1 d=a
k = nz/a (BS11) =
k=xrxla
n
k=trx/a R
(a)
+1
p P % 0 .
HESAVF B B
# 1 AN ' Al T
(a) sy P | ! !
t 1
(b) E .
ki T
~% (b) "
k=+rla (a) B HETO =50 F — ¥
g7 rrol. OBTER ¢ 0¥—F
FHRRETO=F 2 F — L EH <27 + 2
forbidden & PBEfR, K O=F0 ¥ - oMk =
FTrfa DL ADT 9 SrOREC Y T
band

£F3
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x
I
I+

~~

-+
N
@

Q

sinzx / a

Q

v, coszx/a

(eiﬂx/a _pimia )

(eiﬁx/a i e—iﬁx/a)

(BS12)

(@)

V,BF Vv LIRLE—

(a)

Y

M ,
[ \XC\

elypl?, BEEE
1 ¢al?

2N
4

* .
—— g —]

"N

(a) ﬁ*ﬁ%"fﬁﬁﬁ%ﬁ‘@ﬂ%@{ * yj%@{k%%ﬂrp%@ﬁ?éﬁiﬁ%
FofE= i — 0%, (b) |2~ sintax/a; |Ya|2 ~ cos? tx/a, 3 LU

T AT GRS RSB 0 4

(b)

forbidden band

k=+r/a

allowed band

- N L= Na _Tk<E
a a
k=2m/L -1(2n/N <1
N
2x/a
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3
N

- (k<= Brillouin zone
a a
N LCAO E—
a L= Na
N N
N =6
|1 2 3 4 5 6 L
| ! | | | | >
la 2a 3a 4a S5a 6a
LCAO
Y(x) = ad(x) + ad(x—a) +a,p(x—2a) E513)
+a,¢,(x—3a)+a,4;(x —4a) + ag¢s(x —5a)
¢, (x-[i-1a) (va X J
AO (BS13) (BS1) a  a
E LA ¢1 ¢6 py P,
TU
MO
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5
0 = A5l
65 \ 3
5 .
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Fermi-Dirac distribution function at various temperatures, for
Te = exlkz = 50,000 K. The results apply to a gas in three dimensions. The
total number of particles is constant, independent of temperature. (Courtesy
of B. Feldman.)
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intrinsic semiconductor )
C. Kittel, Introduction to Solid State Physics 5t ed.
(John Willey, 1976) 184

Energy

Insulator Metal Semimetal Semiconductor Semiconductor

Schematic electron occupancy of allowed energy bands for an insulator, metal,
semimetal, and semiconductor. The vertical extent of the boxes indicates the allowed
energy regions; the shaded areas indicate the regions filled with electrons. In a
semrmetal (such as bismuth) one band is almost filled and another band is nearly
empty at absolute zero, but a pure semiconductor (such as silicon) becomes an
insulator at absolute zero. The left of the two semiconductors shown is at a finite
temperature, with carriers excited thermally. The other semiconductor is

electron-deficient because of impurities.

impurity semiconductor

n n-type semiconductor

donor

Kittel

Charges associated with an arsenic impurity atom in silicon. Arsenic has five valence
electrons, but silicon has only four valence electrons. Thus four electrons on the
arsenic form tetrahedral covalent bonds similar to silicon and the fifth electron is
available for conduction. The arsenic atom is called a donor because when ionized it

donates an electron to the conduction band.
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acceptor
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Boron has only three valence electrons; it can complete its tetrahedral bonds only by
taking an electron from a Si-Si bond, leaving behind a hole in the silicon valence
band The positive hole is then available for conduction. The boron atom is called an
acceptor because when ionized it accepts an electron from the valence band. At O K
the hole is bound: remember that holes float.

p-n p-n junctions

p n p n
kittel
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p-n JUNCTIONS

What happens if we place in contact two pieces of a semiconductor, one
p type and the other n type, as in Fig. 247 On the p side of the junction
there are free holes and an equal concentration of (—) ionized acceptor
impurity atoms that maintain charge neutrality. On the n side of the junc-
tion there are free electrons and an equal number of (+) ionized donor
impurity atoms. Thus the majority carriers are holes on the p side and
electrons on the n side, Fig. 25a. In thermal equilibrium with the majority
carriers there are small concentrations of the minority carrier types, exag-
gerated in the figure. The holes concentrated on the p side would like
to diffuse to fill the crystal uniformly. Electrons would like to diffuse from
the n side. But diffusion upsets electrical neutrality. As soon as a small
charge transfer by diffusion has taken place, there is left behind on the p
side an excess of (—) ionized acceptor atoms and on the n side an excess of
(+) ionized donor atoms (Fig. 25b). This double layer of charge creates an
electric field directed from n to p that inhibits diffusion and maintains the
separation of the two carrier types. Because of the double layer the elec-
trostatic potential in the crystal takes a jump at the junction region.

“The electrochemical potential” is constant across the crystal and the

~ junction even though there is a jump in the electrostatic potential at the

junction. The net particle flow of holes or electrons is zero in thermal

equilibrium, for the current is proportional to the gradient of the elec-

trochemical potential and not to the gradient of the electrostatic potential

alone. The concentration gradient exactly cancels the electrostatic poten-

tial gradient. A voltmeter measures the difference of electrochemical po-
tential, so that a voltmeter connected across the crystal reads zero.

Even in thermal equilibrium there will be a small flow of electrons J,,
from the n region into the p region where the electrons end their lives by
recombination with holes. This recombination current is balanced by a
current J,, of electrons generated thermally in the p region and which dif-
fuse to the n region:

]nr(0> +]ng(0> =0 5 (51)

otherwise electrons would pile up on one side of the barrier,

"The electrochemical potential of each carrier type is everywhere constant in thermal
equilibrium; see TP Eq. (11.85). For holes k;T In p(r) + eq(r) = constant, where p is the
hole concentration and ¢ is the electrostatic potential. We see p will be low where ¢ is
high. Similarly, for electrons kT In n(r) — e@(r) = constant, and n will be low where® is
low.
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ptype

Figure 24 A p —n junction is made from a single crystal modified in two
separate regions. Acceptor impurity atoms are incorporated into one part to
produce the p region in which the majority carriers are holes. Donor impu-
rity atoms in the other part produce the n region in which the majority car-
riers are electrons. The interface region may be less than 107* cm thick.

Concentration

f holes .
i Concentration

of electrons

(a)

Electrostatic potential, V
+ 4+ 4+ + I+ + +]+

(b)

Figure 25 (a) Variation of the hole and electron concentrations across an
unbiased (zero applied voltage) junction. The carriers are in thermal equilib-
rium with the acceptor and donor inpurity atoms, so that the product pn of
the hole and electron concentrations is constant throughout the crystal in
conformity with the law of mass action. (b) Electrostatic potential from ac-
ceptor (—) and donor (+) ions near the junction. The potential gradient inhib-
its diffusion of holes from the p side to the n side, and it inhibits diffusion of
electrons from the n side to the p side. The electric field in the junction
region is called the built-in electric field.
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Rectification

A p-n junction can act as a rectifier. A large current will flow if we apply
a voltage across the junction in one direction, but if the voltage is in the
opposite direction only a very small current will flow. If an alternating
voltage is applied across the junction the current will flow chiefly in one
direction —the junction has rectified the current (Fig. 26). For back volt-
age bias a negative voltage is applied to the p region and a positive volt-
age to the n region, thereby increasing the potential difference between
the two regions. Now practically no electrons can climb the potential
energy hill from the low side of the barrier to the high side. The recom-
bination current is reduced by the Boltzmann factor:

]nr(V baCk) :]m<0) exp (_6|V|/kBT) . (52)

The Boltzmann factor controls the number of electrons with enough en-
ergy to get over the barrier. The thermal generation current of electrons is
not particularly affected by the back voltage because the generation elec-
trons flow downbhill (from p to n) anyway:

]ng(V baCk) :]ng<0) : (53)

We saw in (51) that [,,(0) =—],,(0); thus by (52) the generation current
dominates the recombination current for a back bias.

When a forward voltage is applied, the recombination current increases
because the potential energy barrier is lowered, thereby enabling more
electrons to flow from the n side to the p side:

JarlV forward) = J,,(0) exp (e|V|/k,T) . (54)
Again the generation current is unchanged:
Jue(V forward) = J,,(0) . (55)

The hole current flowing across the junction behaves similarly to the
electron current. The applied voltage which lowers the height of the bar-
rier for electrons also lowers it for holes, so that large numbers of elec-
trons flow from the n region under the same voltage conditions that
produce large hole currents in the opposite direction. The electrical cur-
rents due to holes and electrons add. The total forward electric current,
including the effects of both holes and electrons, is given by

I=Le"hr 1), (56)

where I, is the sum of the two generation currents. As shown in Fig. 26,
this equation is well satisfied for p-n junctions in germanium.
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Figure 26 Rectification characteristic of a p —n junction in germanium,
after Shockley. The voltage is plotted horizontally and the current vertically.

Solar Cells and Photovoltaic Detectors

Let us shine light on a p-n junction without an external bias voltage.
Each absorbed photon creates an electron and a hole. When these carriers
diffuse to the junction, the built-in electric field of the junction sweeps
them down the energy barrier. The separation of the carriers produces a
forward voltage across the barrier: forward, because the electric field of
the photo-excited carriers is opposite to the built-in field of the junction.
The appearance of a forward voltage across an illuminated junction is
called the photovoltaic effect. An illuminated junction can deliver power
to an external circuit. Large area p-n junctions of silicon can be used to
convert solar photons to electrical energy. Considerations governing the
choice of the optimum semiconductor for photovoltaic solar energy con-
version are reviewed by Loferski.?

8]. J. Loferski, J. Appl. Phys. 27, 777 (1956).
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solar battery, solar cell
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technical term

silicon semiconductor

Si

http://www.arukikata.co.jp/netmagazine/silicon-valley/
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p type ntype

Figure 24 A p —n junction is made from a single crystal modified in two

separate regions. Acceptor impurity atoms are incorporated into one part to

produce the p region in which the majority carriers are holes. Donor impu- n

rity atoms in the other part produce the n region in which the majority car-

riers are electrons. The interface region may be less than 107 cm thick. p

Concentration

gfiholes Concentration o]
of electrons

(a)
- - +
= - |+
,‘n;i: - |+

s . .
o = rectification
= _
8 -/ +
2 +
“‘ -+
pn p
(b)

Figure 25 (a) Variation of the hole and electron concentrations across an
unbiased (zero applied voltage) junction. The carriers are in thermal equilib-
rium with the acceptor and donor inpurity atoms, so that the product pn of
the hole and electron concentrations is constant throughout the crystal in
conformity with the law of mass action. (b) Electrostatic potential from ac-
ceptor (—) and donor (+) ions near the junction. The potential gradient inhib-
its diffusion of holes from the p side to the n side, and it inhibits diffusion of
electrons from the n side to the p side. The electric field in the junction
region is called the built-in electric field.

pn p n

Solar Cells and Photovoltaic effect

Let us shine light on a p-n junction without an external bias voltage. Each absorbed photon creates an electron
and a hole, When these carriers diffuse to the junction, the built-in electric field of the junction sweeps them down the
energy barrier. The separation of the carriers produces a forward voltage across the barrier: forward, because the
electric field of the photo-excited carriers is opposite to the built-in field of the junction. The appearance of a forward
voltage across an illuminated junction is called the photovoltaic effect. An illuminated junction can deliver power to
an external circuit. Large area p-n junctions of silicon can be used to convert solar photons to electrical energy.

n n
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Figure 21 Ordered arrangements of spins of the Mn** ions in manganese
oxide. MnO, as determined by neutron diffraction. The O* ions are not
shown.
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