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Chapter |: Fundamentals of solid state

1. Introduction

2. Atoms and light
Some basic properties and units
Wave function
Heisenberg uncertainty principle

2. Wave function of matter
Schrodinger equation
Tunnel effect

3. Energy bands in solids
Conductors, semiconductors and insulators
Intrinsic and extrinsic semiconductors
p-n junction
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The nanoworld Dimensions 1 - 100s nm

Abalone (g. Haliotis) Orella de mar

Scanning electron microscopy (SEM) image
of a growth edge of abalone (Haliotis
rufescens) displaying aragonite (calcium
carbonate) platelets (blue) separated by
organic film (orange) that eventually
becomes nacre. Inset: transmission electron
microscope (TEM) image.
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The nanoworld

[ —

50nm

Licurgo’s cup (s IV
aC). Silver and gold
nanoparticles

Reflected ligth Transmited light
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(A) Stained glass at Monasteri de Santes Creus (Cister s. XIII aC)

(B) Maises ceramic plate(~ s. Xl aC). Metalic reflections and iridescen-
ce were obtained using metelic nanoparticles or films (Pérez-Arantegui
et al. 2001).

There’s plenty of room at the bottom (R. Feynman)
https://www.youtube.com/watch?v=4eRCygdW--c
http://muonray.blogspot.ie/2012/12/richard-feynman-theres-plenty-of-room.htm|
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Electromagnetic spectrum
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C

l/l

E=hU:hC
A

h=6.63-1034]s:
Planck’s constant .
c=310m-s:

light speed in vacuum
v (or f): frequency (Hz)
A : wave length (nm)

1240 nm-eV

A
h=h/2p=1.1-103*17J-s
Reduced Plank const. or
Dirac constant

E=hw

w angular frequency

E
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C
Electromagnetic spectrum E=hv= h/l

THE ELECTROMAGNETIC SPECTRUM
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Energy levels in Hidrogen Atom

Hydrogen Atom

n=1

1eV=16-10"1J
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E=0
E=-085eV
E=-151eV

E =-3.40eV

E=-13.6eV
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Energy of photons

Hydrogen Absorption Spectrum

Hydrogen Emission Spectrum

400nm 700nm
H Alpha Line

FE = ]’lU 656nm

Transition N=3 to N=2

v (or f): frequency (Hz)

9
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- E(e¥Y)
&0 o.ao
: 3%
Ir :
4 i -0.85 E;Cti;ﬁd
ates
3 YYyYY -
l FPaschen
series
5 YYYY 340
Balmer
geries
[ARY
Lyman
geries
Groud
YYYYY

Energy levels of the hydrogen atom with some of the
transitions between them that give rise to the spectral

h=6.63 - 1034 J-s: Planck’s constant linesindicated
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Energy of photons
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Spectral Irradiance (W/m2/nm)

2.5

0
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¢ g» C
Solar Radiation Spectrum  £=hv=h"

Infrared —

Visible

uv

Sunlight at Top of the Atmosphere

5250°C Blackbody Spectrum

/

Radiation at Sea Level

Absorption Bands
H0 co,

H,0

250 500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength (nm)
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Plank’s law black body radiation:
2hv’

1

I(,T)="

10 Fultraviolet | visible | infrared I C
ulraviole : \-"II c : infrare : . . : . eXp
- | I Fig. 18.2. Spectral intensity distribu-
: | tion of Planck’s black-body radia-
— 1 \ - . ~
8 ! "-;:,.: tion as a function of wavelength for
z | | different temperatures. The maxi-
S ' mum of the intensity shifts to shorter
£ 61 T= wavelengths as the black-body tem-
) -
= } perature increases.
=
5
k= -
2
0 4 =T 1 1 | P SR SN N NN TR T N —Tr—t—t ¥
0 1.0 2.0 3.0
Wavelength A (um)
org
553 (1901)

http://weelookang.blogspot.com.es/2010/06/ejs-open-source-java-applet-blackbody.html

"y
kT
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Light as a wave

Electromagnetic Waves

The wave Is traveling in this direction

LCOGT ...
Wave function of light in vacuum

1 o
V*W(E,B,x,t) = Czatz\P(E,B,x, £)
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Wave function for electric field

E(x,t)=E,cos[kx—wt+¢,]

_ 27T
With kK = the wave number and ¢, the phase.

Wave displacement
versus coordinate x
attime t = ()

WA

S S

\/ \V

%I Wavelength A |e

X

Wave displacement
versus time 1 at
coordinate x = 0

> e >
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Wave function in general media Electromagnetic Waves

Electric Fleld

2 Magnetic Field
VY = L o N7 | '
v’ ot
V:C:U'ﬂ :a) « Wavelengthi »
n k The wave Is traveling in this direction

With n=./u &, the refractive index of the medium and

1. and g the relative pemeability and permitivity of the medium

The lineal moment of a light wave is definedas p=hk=E/c

......
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Wave superposition and wave packet

Y. =2a'¥, )

VWYV

VWV
VNV

AVAVAVAVA

decreased, ﬁ}:: ﬁX - T '

Heisenberg’s uncertainty principle: Ap'Ax>#h/2
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Wave superposition and wave packet

Y. =2a'¥,

VWYV

VWV
VNV

AVAVAVAVA

Adding several waves of different wavelenath
tegether will praduce an interference
pattern which begins to localize the wave,

|-e--| 2

Ve

[-tf—&.r -

Bt thas process spreads the wave number k
values and makes it mare uncertalm. Thiz

is aninherent and inescapable increase

ine the uncertainty AKX when is

decreased, 5 "‘f &x = l

UNIVERSITAT
JAUME-1

Heisenberg’s uncertainty principle: Ap'Ax>#h/2
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Difraction (Young, 1800)

Light travels
LRVEVEE

22uUaiajialu]

https://www.youtube.com/watch?v=6Q4 nl0ICao

UNIVERSITAT
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Theory de Broglie 1924

Matter as a wave _ .
Experiments Thomson, Davisson

»

: a i mask (2
—_ = R
% s 2
: - i | ="
S oo - it
I - # —
e UL . =
E'-ﬁ;lﬂui .- ] 2 2 |
] 3
i P ‘;
1 H
/2 .
| |
WALL BACKSTOP ,
2 2 _
P1:|\I"1|9P2:|Lyz| 1)12_|\P1+‘P2|
_ ) (b) (c)
slits are 62 nm wide x 4 ym Mask may block individual slits....... or none

tall and separated by 272 nm

The Feynman Lectures on Physics, vol lll, Richard P Feyman, Robert B Leighton and
Matthew Sands. Ed. The Perseus Books Group. 2011.
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Matter as a wave

Theory: de Broglie, 1924

Experimental demostration: Thomson, Davisson and Germer, 1927
Nobel prize: 1937

Light difraction pattern electron difraction pattern
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Shape of orbitals
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|.2 Wave function of matter UNIVERSTIAT
Shape of orbitals
2s orbital Nucleus

2p orbitals

1s orbital \

3s orbital

001 How Sl Works

P =¥/
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Shape of orbitals

| ¥ | = probability
density function

Cirbtal 2p, v Orbital 2p, rbital Zb,
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General Schoringuer Equation

iha‘P(r,t) =HY¥(r,t) I

Ot
With A the Hamiltonian

Schrodinger Equation for a non relativistic particle in a potential V

2
iha‘lj(r,t) = —hV2 +V(r,t) |\Y(r,t)
ot 2m

2 2 2

Remembre the laplacian V2 = 0 4 0 + 0
2 2 2

ox- oy° Oz
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Test General Schrodinger Equation

2
ihﬁ‘{’(r,t) = —hv2 +V(r,t) Y(r,t)
ot 2m

With a unidimensional wave propagating to the right

P (x,t) = Asin(kx — o ¢)



| Fundamentals of solid state H

1 UNIVERSITAT
| .2 Wave function of matter el

Stationary states of energy E accomplish

¥o ol
EY(r,t)=HY(r,t
AN AN (:0) (r:0)
¥ ™ Standing wave

U iy Standing wave
A\ N

__ Non standing wave
Left: The real part (blue) and imaginary part (red) of

the wavefunction. Right: The probability of finding
the particle at a certain position.
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Stationary states of energy E accomplish

o jwol’
WY(x,t)=Asm(kx—wt
AL A (x,1) ( )
' ’ W'(x,t) = Asin(kx + w t)

5 i Total wave
~ = | W =W (x,0)+ P (1) =

¥y wy = Asin(fkx—wt)+ Asm(kx+wt)
*u‘f\ : *‘J‘/\ x| =2A4sin(kx)cos(wt)

Left: The real part (blue) and imaginary part (red) of When LIJT IS zero?
the wavefunction. Right: The probability of finding
the particle at a certain position.
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Electron in an infinite well

Schrodinger equation

Jj 3

UNIVERSITAT
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2
viw_yw—in S =0
2m ot
ntl o’y v v | .,
5 + + A —ih
2m| Ox oy oz" |
In one dimension and stationary conditions reduces to
2
g Lf’+2’?(E—V)\IJ:O
Ox h
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Electron in an infinite well

Inside the well A
O’V 2mE
ox h
With solution | V=0 y
0 I X

P (x) = Asin(kx)

2mE
Where Ais constantand  k° = le = 1’k> = p° =2mE

T
As Y =0inx=0and x=L Kk = nL with n integer number
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Electron in an infinite well

Energy and wave number (moment)
are quantized (by quantum number
n) and only certain wave functions

are allowed

Y (x) = i Sin(an)

http://www.falstad.com/mathphysics.html#gm

UNIVERSITAT
JAUME-I
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Electron in an infinite well

V=l B ..
{ =3 2 N 42
0 S Ll "o
'E‘..ﬁ
:
= n=2 : 55
;J" i) \\\_//Lﬁ J z ]
= ;
“1 10 X L] ¢1lo X
V=il . :
6 % '
fa) Fnergy levels (b} Wave tunctrons fc) Probabibties

& 2007 Thomsan @ Figher Cducadion

http://www.nyu.edu/classes/tuckerman/adv.chem/lectures/lecture_6/node2.html
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Electron in a not infinite well

42 -
40
38

26 -

energy (eV)

34 4
32 <

3.0 4

UNIVERSITAT
JAUME-I

5 nm AlAs/GaAs quantum well

AlAs Gahs AlAs
AMN——
—evi
— a2
— 3
— psi” (ev1)
J —— psi® (ev2)
/\ | ——psi* (evd)

28

distance (nm)
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e INCIDENT+ REFLECTED WAVE

Tunnel effect .
[\ q /\ / \/ TRANSMITTED
——= WAVE
Matter has a not null f W—
probability of crossing : \
the barrier despite its
lower energy. Y/

This effect may not ' x=0 Barrier

X=2qg
occur in classical
mechanics in which
energy need to be Energy
H L
larger than potentlgl to ! Potential barrier
overcome the barrier. ".f’” /
Incident wave e Transmitted
—i T = Wave
Reflected wave
& f:
W -
0 a x
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Tunnel effect

Deésintégration alpha du Polonium-212 (Z=84)

(]
(]

[ue]
L]

—L
=]

Energie particule alpha (MeV)

Alfa particle escapes the potential well generated by the nuclear forces
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Electron in a not infinite well

Energy (eV)

3.0

2.3

2.0 4

1.5-

1.0 -

0.5
a0

AlAsSh

25 kVfem

AlAsSb

—d —] ] "‘1}:-*——
P —
InP InP
InGahs
00 150 200 250

Paosition (A)

UNIVERSITAT
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Bands in solids

p band

band gap
in solids

s-p separation
in atoms

S
individual solid —'—L s band
Coulomb
well localised state Single atom solid

delocalised state

Energy levels widens as a consequence of electron interactions in the
cristalline network
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Band formation

é

Continuous
of states
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Band formation

|| 3s band

3s
half full
2p 2p band
> full
E} f
E —2§ 2s band
c full
LL
L e ———— T 1s band
Isolated Na atoms in il
Na atoms Na metal

Na atoms come together
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Colour change in solids

1.4
1.2+
1.0

0.8
0.6

Absorcion

04
0.2

0.0
200

Color depends on shape silver nanocilinders in aquoeus

Change in electronic energy

levels when single molecules

form large polymers

400 600 800 1000
Longitud de onda (nm)

UNIVERSITAT
JAUME-I

C.H, CgH¢

H___"l—’
: : ll..
;—::yg
a b c d e f

1 10

Factor de forma

solution. Left tube contains 4nm esferic nanoparticles.

http://www.madrimasd.org/blogs/ingenieriamateriales/2012/04/20/380/

2By P % » Bl
Cehd BOXE mQ
.|
{ ) l l
12-15mm  30-35nm >30 nmnm
Eg: 30eV 23eV 1.8eV

Fluorescence of
CdSe nanocolloids
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Solids classification

Looking exclusively on the external electronic bands,
materials are classified in:

+ Energy of electrons

Conduction Band 1

Large enargy E

aap batwaan gap _
valanca and wetion Band Fermi
conduction bandf. Conduction ,ﬁ‘/ level

Ec Conduction Band

— =

a. Insulator b Semconductor c. Conductor
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Fermi Level

It is the equilibrium energy level of electrons (holes) in materials. it is
equivalent to electrochemical potential in electrochemistry and
physical-chemistry.

Allows estimating the number of electrons in conduction band and of
holes in valence band

E, - FE
n=N exp| " ke = 1.38-10%3 J-K is
k,T Boltzmann constant
o T
p=Nexp| ' ¥
_ kBT _
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Electron and hole movement

Conduction

@ |

-+ H_H'\- E-

corriente de
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Direct and indirect semiconductors
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Resull:|Reduced EX compared h BT mass EX

44|

> : | |

®)) g i

c &

L
| g | 1 | ’ 1 ’ |
1| 35 05 1

R
k Jup {untess)
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Direct and indirect semiconductors

SiC

Split-off band

E,=236 ¢V
Er=4.6¢eV

lE
NErgy gr.=60ev
r-valley Es(} = 0.01 eV

L-valleys




ENERGY {eV)

| Fundamentals of solid state

|.3 Energy bands in solids

Direct and indirect semiconductors

L A T A X

WAVE VECTOR (k}

Energy (eV)

UNIVERSITAT
JAUME-1

Wave Vector (k)

A Xuk £ T
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Direct and indirect semiconductors

Si

Energy 300 K Eg=1.'12-a\e‘
E =208V
E.=12eV
E_=0.044 eV
E,=340aV
E =428V
El!
-
«100» |Ex |E <111>
] ¥vave vector
E_ / Heavy holes
1
/ Light holes
Split-off band

UNIVERSITAT
JAUME-I
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Work Function in a metal

Metal Work Function eV*
L1 2.9
e- Na 2.4
Vacuum level / K 2.3
A Cs 1.9
o Ba 2.5
Ca 2.9
Nb 2.3
Zr 4.05
Valence band in metal hﬁlg 34.626
Cu 4.6
_ Ag 4.64
Photoelectric effect 7 36
Sc 3.5
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Work Function in metals
Without contact With contact
* vacuum ;
5 B
= Al -
£ i i E W Al

Fp b o - — e
- Vit

1% i1

eiticm

Potential may be generated at the contact.
If the potential is dependent of Temperature - Thermopair
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Work Function and electron afinity
For semiconductors

Evac
electron afinity= |E,, [P =Work Function

Ec

Eq

___"I"___EF

PP

UNIVERSITAT
JAUME-1



=
md s
7 0 th
= :. \e/
2> A _.ﬁ._,..],.,,.
m-.:. ,...rta * o e
- \ ;: el
.m _-. i _h _—
m ! “ " “
l..-m-..- .—_.l..l.llt.._”n..Mr. ._..__h. e i -..._“_
2. ¢ o e el e-
—_ i W e " -
n (* *_,-_,,, LA
B o—-
e 2 g i i L
S EE_ e el e
L el l..l.l..l‘.l-..ll_ .‘._..lllll.
AUU mmlll...ﬂnq_. "......1 e ot ...._'
ﬂun & % " —— & e e '] r.l.._l_rll
Q S g e ey /e
c S £ . i i i i
pe=t O 52 ..._._mn (- o=
S » |8 )
O —
aw) = -
o= o) () L
(@) 7)) /) o
(7)) c ., .
f O m—— d
(@) A )
K% o S m
< c :
) S .m =
c 0 S =
Q >N ~ .m
E B g S | W
p= 5 D (]
o 22 i
c 5 =
z E
()
a2 c w o ow




| Fundamentals of solid state H

|.3 Energy bands in solids UNIVERSITAT

JAUME-I

Intrinsec (undoped) semiconductors

The Fermi level of an intrinsic semiconductor is placed in the middle of the

gap.
%
k F""- Holes

- 1 N (Eo—Ep )/kT

C\E)= n={ f ~N,e "
fF ( ) e(E—EF)/kT +1 e(EC—EF)/kT 1 c

; 1 N -
"(E)= — & ~ N o\Ec=Er)kT

fr ( ) ~(E—Eg)/kT 41 p e—(EV ~Ep |/kT 1 4
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Extrinsic (doped) semiconductors

Conduction
() _0 »® ® .0 ()

F'E"TII il ST :'T"""'T""."I_""T'i """ i. e
lewel

Extra

elactron

energy

| lavals

UNIVERSITAT
JAUME-1

B2 1¥A VA WA WIA

Tipus n: Substituisc un atom de Si per un altre amb
meés electrons a la capa de valéencia (impuresa

donadora)
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Extrinsic (doped) semiconductors -
s 1A _'.’.a'!-. ViE  vilA He

7 2 9 10

Extra
hole

ensrgy
lewvals,

ol O T . O O ®, . - FErmi
lewvel

Conduction

Tipus p: Substituisc un atom de Si per un altre
amb menys electrons a la capa de valéncia
(impuresa acceptora)
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|+e
|+=

\\\\\\\

Carrier
disiribusmirm

ELE T
N 1 (Al

= Mol
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n-type

Intrinsec
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P-n junction
Conduction Conduction

- FEF SRS &N

..0.0.0.0.0.00.0.00.

Semiconductor . Semiconductor
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p-n junction
p n
O O O O<¢ & & @
- GEEEI®O®®®
an O O 0O O<1-% & & @&
J,=aD" 1299509998
" ox SOECI®®®®
- —
Je
p Z.C.e “
O 0 O Nu & & &
CRCRCHEIICHCRCRC
O 0 O N ¢ & #
CRCREN CHOR- N
d 0 8 N ® & #
— SRCRCU-Y ECHORCRC

UNIVERSITAT
JAUME-1

®— pentavalent atom

with electron

a
& — trivalent atom

with hole

™ T EsTETT

@ —» Positive ion

|
=—w» Negative ion
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p_n junCtion _ Deplei?_nznne -
e @ ©
— Plecces N —°
! Vg>0
>
* 1
P qNp

Charge distribution : //% > X
’ qmm\\\\\\\\\ﬂy
Loy

Electric field

Potential | T"u’d Built in potentiall  x
.




MN-doped Si

P-doped Si
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