_éél__a_ﬂfr/ Z jn%/:ﬁ/wﬂﬁom 7L0 Qwanﬁﬂm WeaAanc'cg

2 somée th\hc/r‘Q/ o)[‘\ g/ec?"?—ongj 5'8m}coynﬂ/ué7éf$)
o can'? be explaned by &/agfz'Ca//ny,zL

71\4'5 /fa/ 7LD 7Zt€ c/é:/&é/mehf&]f iuﬁnf"'m
meeclan icl Wey Yo undersTuanding Tte
/Lll/flle éflu‘/a/ //t“m/&o/»;/.,.c?zbf’f.

%'/ //‘//.ci/ﬁ'f 07[\ &Mkﬂ—fwm %&&Aﬁ/”u

2 /‘/ Eﬂc’cﬁ}/ dwanﬁ

/AOﬁ&/ﬁC%f.'c e(\éaf
- /:?hfl‘ﬂél(Jé/lfpl/\ o Mafzfr'ﬁ/ € n
canse anm ¢lectiron To be tfﬂwM //4”7{’6/"‘}6"")

%C/“fgfcﬁ///l///(CK Wow// (ﬁ/
774 7L m& ¢/w’fem§:7§/ 07£ 71(@ nc., &/&nf
107A7L Wow/ﬁ/ ée a//mﬂf /14" %KS—

%'{fﬂ/? Hhe A’&?m&n] )/ /ﬁ/?ﬁ ) of rthe
ﬂé‘//ewf" /’5A7L /I’ll#ﬁff muc/\ m or e,
AS §/|6wr\ I A F? Z./) a7L A
O AN S-fanf f A 7L&:/'§:77/ ég/a,,\/ )&ezamc/
V V% //p 7‘0@/&47[74'/‘,( a € 6’//»\/75@/

’4/90/( )/ 7‘%{; maXx. /(//'&?(C @ﬂefj/ /M“X
0“[ [Cé+f.91’\ /46/34585' /,/\(a//}'

WV




ee362 Fig 2 1.docx 1/1 2-«'

From Semiconductor Physics and Devices: Basic Principles (4th Edition), Donald A.
Neamen, McGraw Hill, 2012, ISBN 978-0-07-352958-5.
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Figure 2.1 | (a) The photoelectric effect and (b) the maximum kinetic energy of
the photoelectron as a tunction of incident frequency.
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From Semiconductor Physics and Devices: Basic Principles (4th Edition), Donald A.
Neamen, McGraw Hill, 2012, ISBN 978-0-07-352958-5.
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Figure 2.5 | Potential functions and corresponding wave function solutions for the case (a) when the potential
function is finite everywhere and (b) when the potential function is infinite in some regions.

Handwaving arguments:

e A particle is less likely to be in a region of higher potential than lower
potential as it takes work/energy to move from lower potential to
higher potential.

e By conservation of energy, a particle can not be in a region of infinite
potential as it would take infinite work/energy to reach such a region.



Z. 3 /q////[q%"u«ﬂj of 5&A/-”/"f’73/§ Wace f‘f&mﬁéﬂ/(/

2431/ E/tc?"/dm (A F-/eﬁé «5/446

A55wm¢ no a///rt/ ?Gf(,e = V/)l):wn-(frvn/— 90

= £ > V)
227~y -/
He re JZVaX 2 - 0//,.”/

/u/m/e 34)

An{ .50/(/) 76drﬂ

£
JZME -1 ‘-;m X
br)=Ae’ 2 X+ Be”
L = 1 I
= pf e BV
whece ae Numbe Pt

==, | The

boeall a .l )C—,néﬁ},, e f%em
Vix, t)= Y1) or¢)

- /4 §(x —wi) . ge")(”"*""f)
e

(2. 23)

= T/m/e/m} mwnves i Fhe rx'f/"'f‘éﬁ""'f

AGE G G e

7Z|¢ Jegfay/:‘e b\/ﬂn/t/&f\jﬂl )\ td % = ..Z:/;—aﬁ

& _ b o
> /\»/ Kh //é = /L;%

W &t vrrer -




/S
5‘3«/ Cﬂnﬁ

"7§9) (2% 'A’c-& é/% e [/ﬂ/ﬁKC/CB b\// We//’/ﬁgﬂ‘/
éne’/j’/ 23 has a v\/c//’é/é/(r"nc/// and

M 9%&»17an / //0»\4:’«/;_4/) ﬁa/ fhe tx wace /5':0)

/V(Xj‘f}/l: A AT = concHan/

op, p;,/f,‘c/e/‘g/ecﬁvm ezwo/// ///Lgé/ Yo

be amywlﬂﬁfi /

7_24;‘§ 019/‘565/5,‘//&/7_((
/7/555'@:466/9 Mnéafﬁ/'nf/ ///‘mc,'//g WL"/Q

A
| \7.—
e /me—b\/ m o ﬁ / ﬂl&n e fun

J

d(go /lnaa‘/ /05576’¢r\ /(.

Z.B,L mé j:wréjn,'ﬁ /a'/éemf/‘n/ (4/5//
> C/cr.ff/c (é&hn// //@.//L/‘c/c‘ /‘/‘gé/’!""7

g | 2”
=l

S—

ﬂéj 1'0/) ﬂe?;c’w /Z&j s
7 z o
V=0 =kl
>X
Y Q

for o £ fe e ra/ cnessy E, ¥lx)= o

TCo/ /‘e‘j/‘OhS‘quﬂ al /,,,ﬁ‘cﬁ Can /_f_/LT fea;A ﬂldm‘



?'3:2 Cory?‘. /é

T '/e9""’ﬁ, Wik)=d . Mg/zyéfe)

I S 0
o T —T[f'bf/)f)}m): O

éeéomef O)L}/
X mE
Zm b Yl) =0 (2.29)
5 R p) ‘
/}5 wé Wﬂ/lf a éOwn/f// Sa/t//l/ ol '//
Lhoose a solin of fhe Yorm

Ylc)= A cos e+ fysimlix  (229)

WI"CfC, /(:}Z,%E_i— » Aj_i”;’___-,;?

Next, apply our bonndaryy coniFrens Thal”
V(X¢0) = Vf%?a\ =0,
VoY= 0= fedko + Ausifo P AZE
Y(a) =0 = Ay s )t . e
For o non-trivial 5(1/;»} A, #0, 7744/”4/()
SiAaka =0 = Jla=n]] Shere n=12430

& = 8L here nZhEe




?‘3'2 60147‘/
H&W o/o @ 7<‘nﬁ/ /41 ?
=) V(Kéor// ‘fllmf P /ﬂ/ﬁ‘é/e Mu&ffK(le

T)/le/‘fyéffj e hh/ fppy/x)%?x)c/x :/ /2'/£),
-

~h r T

. a
[ A;Sa'/l % /75/5.'/:/(/( c{)( :/
X =P

/7;{ situxdx =

4 { (/’cogzlzﬂclx =¥
_/}7//_}[)(-'451/12’(%]!(; s of

2 (-t o ber)-(o- =

2
& 1 =%
> A =4 Z
ﬂ/ﬁu/j i Aht/(, oun /n/%t((w/ﬁ/ 547/;2

[%[){)54/% 5/'/\(%)(\ Wl’i'&fﬁ /zr//jzj /

OLEXEN
- e
L
F"‘fﬁ'f’// n&‘/é %mf
K= [mE = 20

FACE Y

/7



/&

%3.2 con T &#
~ K/Wuz/

= Bl . 2 7/,,/az ot
= - = Kn /tﬁ/i
el e (/‘5 (“fg/
> 2 |
ég;fﬂﬁ'ftznzﬁa2 /,;/)ZJ,,, /2,3?7)
71’/02'«:/0/

= éﬂefj/ @/7//4//7‘6/6 bS 2’““"
(/‘/5 Can Q/S& u\///\%f %&):4//22 g”'(/[n)C) 05151

ﬂte 149//06«/,\5 Waﬂlé/ gxdm//e w)// ///usf/afe

The Mﬂs{ﬁ“tnag tor 1 =0,2, AT



EE 362, electron_infinite potential well.xmcd
Example- Let's examine the various quantities related to putting an electron in an
infinite potential well that is 4 Angstroms wide.
Define some constants
~34 h ~34
h :=6.62607015-10 J-s hmod := T hmod = 1.05457 x 10 J-s
-
-31 - 10
m, = 9.1093837015-10 kg a:=4-10 m
Calculate some quantities and/or define equations
Per (2.33), the wave number (rad/m), in terms of quantum number 7, is k(n) := om
a
2 4
Per (2.35) A2 = |— A2 =7.071x10" |moS
a
Per (2.38), the quantized energy (J & eV), in terms of quantum number 7, is
hmod2-n2-1'r2 E(n)
E(n) = 5 EeV(n) := 9
2-m-a 1.602176634-10

Per (2.39), the wave function (m0-5), in terms of quantum number n and position x, is

P(n,x) = A2-sin(k(n)-x)

Per (2.17), the probability density function (mrl), in terms of quantum number n and
position x, is

P2 (n,x) = P(n,x)-P(n,x)

Define a vector of positions x across the width of the potential well, i.e., 0 <=x<=a.

Nmax := 200 n := 0..Nmax Xp !
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For the first quantum level, i.e.,n=1

2(1,xp)

k(1) = 7.854 x 10° | (rad/m)

19

E(1) =3.765x 10"~ | (J) or [EeV(1) =2.3502 | (eV)

Wave function (m”-0.5) vs position x (m), n=1

8x10"

6x 10+

4x104‘

2x10*

4x10°

2%10°

1x10” 1© 2x10” 1° 3x10” 1° 4x10~ 10
Xn
Probability density function (m”-1) vs position x (m), n=1
T T T
1x10" 1° 2x10~ 19 3x10~ 1° 4x10~ 10

2/6
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For the second quantum level, i.e.,n =2

K(2) = 1.5708 x 101 | (rad/m)

_ EeV (2
E(2) = 1.506 x 10 18 (J) or |EeV(2) = 9.4008 | (eV) (2) =4
EeV(1)
Wave function (m”"-0.5) vs position x (m), n =2
1x10° . . .
s5x10°F |
’LIJ(Q':XH)
0 0
_sx10%t .
_ lxlOS | | |
0 1x10” 1 210" 10 3x107 10 4x10” 10
Xn
Probability density function (m”-1) vs position x (m), n =2
4><109‘ 7]
02(2,%p)
0
2x10°F |
O | | |
0 1x10” 1 210" 10 3x107 10 4x10” 10

Xn
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For the third quantum level. i.e..n=23

k(3) = 23562 x 10'° | (rad/m)

_ EeV(3
E(3)=3389x10 % | () or [EeV(3) =2L1517]| (eV) ) _
EeV(1)
Wave function (m”-0.5) vs position x (m), n=3
1><105 | T T
sx10°F |
1|)(3 >X1’1)
0 0
- 5><104‘ 7]
_ 1><105 1 1 1
0 110~ 1° 210 1? 3x10” 10 ax10” 17
Xn
Probability density function (m”-1) vs position x (m), n=3
I I I
4x10°F .
W2(3,xp)
0
2%10°F |
0 | | |
0 110~ 1° 210" 1° 3x10” 10 ax10” 17
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For the fourth quantum level. i.e..n =4

K(4) = 3.1416 x 10'* | (rad/m)

— EeV (4
E(4) = 6.025 x 10 Bl or [EeV(4) =37.603 | (eV) SN 16
EeV(1)
Wave function (m”-0.5) vs position x (m), n =4
1x10° | | .
5><104‘ 7]
'Ll)(4aXn)
0 0
—sx10*F .
_ IXIOS | | |
0 1x10” '° 210~ 1? 3x10” 10 ax10” 10
Xn
Probability density function (m”-1) vs position x (m), n =4
I I I
4x10°F .
2(4,xp)
0
2x10°F |
0
0 1x10” '° 210~ 1? 3x10” 10 ax10” 10
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For the fifth quantum level, i.e..n =5

k(5) =3.927x 100 | (rad/m)
_ EeV (5
E(5)=9.414x 10 0| () or  [EeV(3) = 58.7547 | (eV) ®) _
EeV(1)
Wave function (m”-0.5) vs position x (m), n=15
1><105 T T T
5x10°F i
'll)(S,Xn)
0 0
—sx10%t -
_ lxlOS | | |
0 1x10~ 1° 210~ 19 310" 1° ax10” 10
Xn
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From Semiconductor Physics and Devices: Basic Principles (4th Edition), Donald A.
Neamen, McGraw Hill, 2012, ISBN 978-0-07-352958-5.

Vix)
4

Vi
Incident
particles —
(£ <V

Region | Region 11 Region I
x=0 xX=ua

Figure 2.9 | The potential barrier function.

=0 Xr=daua

Figure 2.10 | The wave functions through the potential barrier.

e Unlike classical mechanics, there is a non-zero probability or finite
probability that the particle will be in Regions II and III.

e The particle getting through the potential barrier is called tunneling.
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Example- Let's examine various quantities when an electron with a kinetic energy of 1 eV
in aregion of zero potential is incident on a finite potential barrier at x =0 of
12 eV that is 4 Angstroms wide followed by another zero potential region.

Define some constants

—34 h ~34
h := 6.62607015-10 J-s hmod := py hmod = 1.05457 x 10 J-s
*TC

~31 ~10
m = 9.1093837015-10 kg a:=4-10 m
Calculate some quantities and/or define equations
EeV:=1 eV E := EeV-1.602176634-10" E=160218x10 7| J
VO eV:=12 eV VO0:= VO eV-1.602176634-10 0 |[V0 = 1.92261 x 10”8 | J

Per (2.61a), the wave number k; (rad/m) for regions I & Il is

7m-E

Kkl = |2 Kkl = 5.12317 x 10° | rad/m
2
hmod

Per (2.61b), the wave number k&, (Np/m) in region Il is

2m-(VO—E
Ko = |2 ) K2 = 1.69916 x 10'° | Np/m
2
hmod

From notes, the exact transmission coefficient T is

1
Texact := 5 6
V0~ sinh(k2-a)-sinh(k2-a) Texact = 1.52636 x 10
4-E-(VO-E) Pretty small!
For k2-.-a=6.7966 sinh(k2-a)-sinh(k2-a) = 2.001859 x 10°
which can be approximated as 0.25 '62-k2~a = 2.001864 x 105

Per (2.63), the approximate transmission coefficient T is

T — 16-3- 1_£ o 2k2a —6
approx = 16-T vo )€ Tapprox = 1.52635 x 10

Very good approximation!
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From Semiconductor Physics and Devices: Basic Principles (4th Edition), Donald
A. Neamen, McGraw Hill, 2012, ISBN 978-0-07-352958-5.

i | | 1§ ¢ 1 | |
10 5 10 15
r r
= o

{a) (b)

Figure 2.11 | The radial probability density function for the one-electron atom in the
(a) lowest energy state and (b) next-higher energy state.
{From Eisberg and Resnick [5].)

e Per(2.72) |m|=¢, ¢-1,...,0. Therefore, m =0 when ¢ = 0.
e When ¢ = m = 0, the solutions for the probability density functions
|\P|? are spherically symmetric, i.e., [\P(r)].

e For [Wioo(r)* (AKA, ls shell/state), note that the electron is most
likely to be found near r/ap =1 or r = ap = 0.529 A.

e For [Wa00(r)* (AKA, 2s shell/state), note that the electron is most
likely to be found farther from the proton/nucleus at 5 <r/ag < 6.
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s p_d f orbitals.docx 1/2
Subshells/orbitals ¢ quantum # Max # electrons per level
s (sharp) 0 2
p (principal) 1 6
d (diffuse) 2 10
f (fundamental) 3 14

From https://'www.mathsisfun.com/physics/atom-orbitals.html
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orbitals s, p, d and f

fs

e As a caution, these are plots of where the probability density
function |¥|?> peaks; the orbitals are actually more diffuse than can
be shown by the pictures.
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From https://byjus.com/chemistry/shapes-of-orbitals/
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s orbitals
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