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Table 11.1 Survey of logical steps in the derivation of the classical expressions for the optical
constants (left column). and the semiclassical treatment (right column)

Classical treatment

Semiclassical treatment

Basic equations

Newton: F = ma

Von-Neumann:
ihfp=[H.p|

Schrodinger:
2 r)“P —HY

Model assumptions

F=F restore + F damping + F, Coulomb

H=Hyy +Hy +Hsy+V

“Unperturbed"” system

Ligs
Fresiore = —mapX

Hy, = Hyy + Hos

Damping (interaction with the environment)

B damping = —2ymi

_ dhp,
T

“[nm)

EH sus P L:m

Interaction with the (local) electric field of the perturbing wave

F(.'.':J!rfomh = qE = qui{:r

V= _pE —* _pE:m‘rr

Newton’s equation of motion:
gE = mx+2ymi + m(.o%x

Von-Neumann equation in the interaction picture:
Iﬁ {V p]!Nrr—i—[HSU pinm

arF D

Microscopic dipole moment

P = gx

[p— (p) = Tr(pop)

Microscopic linear material equation: p = & BEpicr

Microscopic polarizability

Single oqcil]ator model:

1
ﬁ ﬁ((t) a]mr;-—fu— 2i

iy

Two-level-system:

18 == ﬁ(ﬁ)) uziz &

Generalization to muluoscillator model:

B=Blw)

) M
7
__mzl:

— = — 2 3
G — @ — 2iol;

5
20021 r)..l +I2—@?—2ial
Generalization o systems with many energy levels:

p = p(w)
@W

0
=P :{m} )

— 2iomIl

I n=I nl

Macroscopic dielectric function and optical constants

glm)—1 _ Nf{m)
gw)+2 — 3

& (o) =n(w) +iK(o) =

e(w)
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Propiedades Opticas
de Semiconductores

» Estructura Electronica
> Absorcion Optica en Semiconductores

> Influencia de Defectos
> Excitones
> Efectos Nanomeétricos
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Materiales Cristalinos

urtzite Zincﬁnde

D) t
1AMAante (Mexagonal) (cubica)
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Materiales Cristalinos

Waurtzite
Diamante g (hexagonal) g
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Estructura Electronica
Densidad de Estados ( Caso: SiliCiO)

Numero de Estados Disponibles |
por Intervalo de Energia
(Influye directamente
Propiedades Opttcas)

Densicy «f Scates of &i

gnpm

e KoHpED

“Gergla _-
| Region Prohibida
(Den5|dad de Estados Nula) |

| Relaciones de Dispersion
~decudaslgci> | > iaj ando en el material.
L________~ p=hKk
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Borde de Bandas de Energia:
Semiconductores Directo e Indirecto

conduction band

valence band

> K

(a) Direct band gap (b) Indirect band gap
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Borde de Bandas de Energia:
Semiconductores Directo e Indirecto

onduction hand i
conduction ban conduction band

k=0

valence band

Semiconductor Directo = Buen Emisor de Luz.
Semiconductor Indirecto = Mal Emisor de Luz.
Silicio y Germanio son Semiconductores Indirectos
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Tabla Peri dlca de los Elementos
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>

>

Semiconductores mas comunes

I III IV V VI

Si - Ge: Grupos IV 2 c S

Estructura Diamante y Gap Indirecto
Aleaciones Binarias:

Generalmente (NO siempre), estructura Zincblende o Al Sl P S
Wourtzite y Gap Directo

Grupos llI-V (GaAs):
(Al, Ga, In) (N P As Sb) Cu Zn Ga Ge As Se

Grupos II-VI:

(Zn, Cd, Hg) (O, S, Se, Te) Ag Cd In Sn Sb Te
Grupos lI-IV-V,, I-lI-VI,
Grupos IV-VI (PbTe, PbS):
Oxidos:

ZnQO, CdO, CuO, Cu,0, Ti,O

L1 13 12 1B

Au Hg Tl Pb Bi Po
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Semiconductor =
Energia del Gap

La Energia del Gap (E,) depende
St principalmente del material.

GALLIUM ARSEMIDE
PHOSPIDE
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8 C |
GALLIUM ARSENIDE |

. i« 3 aop 5|

EAND-GAP ENERGY IN ELECTRON VOLTS

Energy gap at 4.2 K [eV]

Cu ZIn Ga Ge As Se
De E, depende

elcolordela 4g Cd In Su Sb Te
luz absorvida
y emitida.

hv = he/A II IV V VI
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Silicio vs Germanio
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Diamante vs. ZincBlende
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Electron Libre (Diamante)

' Primer Zona de Brillouin

[344]

% JEH S

[011] Xy+X,

[100] X,

" [000]

Wavevecrtor k

Estructura Electronica del Electron Libre.
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[344]

Botdaiditl 5 [111]

Energy [eV]

r|+r2'+r:ﬁ'+r!5

I [000] A X UK
Wavevecrtor k Wavevector k

Estructura Electronica del Electron Libre. Silicio

Caracterizacion Optica, Ricardo Marotti, khamul@fing.edu.uy, Montevideo, Junio 2015



|

Liptlaiedi

tafeo

4]

tly

[
Energy
[200]
[111]
r|+F3~+r35.+F!_;
A
I,
I [000]
Wavevecrtor k
d UC

Energy [eV]

-

N
( \

( \
»

+

| [ 5 r A X UK z ¥
Wavevector k



GaAs vs ZnSe

v

<
7

X

Wavevector k
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ImnimiIv v Vi

GaAs vs ZnSe

AN
Y

Wavevector k

| “Gap” de Energia:
Region Prohibida

ZnSe
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Zincblende vs Wurtzite

Banda de Banda de
Conduccion Conduccion

Livianos Huecos

Separados

Huecos
Separados

Zincblende Wurtzite
(Cubica) (Hexagonal)
A - “Spin-Orbit” @ - “Crystal-Field”

Caracterizacion Optica, Ricardo Marotti, khamul@fing.edu.uy, Montevideo, Junio 2015




Origen Atomico de las Bandas

| valence band

ATOM  =smp NMOLECULE === CRYSTAL
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Absorcion Optica
del Borde de Banda

Banda de
Conduccion

Livianos Huecos

Separados
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Propiedades Opticas
de Semiconductores
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> Absorcion Optica en Semiconductores

> Influencia de Defectos
> Excitones
> Efectos Nanomeétricos
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Transiciones
Interbanda
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Fig 12.2. Shape of the boaginary part of Lthe dielectric funclion as calculated
from (12.1 j and (12.2), assuming E; = 3eV: solid: B = 1eV, I' = lem™): dash:
B=0.01eV, I' =300cm’
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Transiciones
Interbanda
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Fig. 12.3. Shape of the imaginary part of the dielectric function in the vicinity of
the absorption edge, as calculated from (12.1) and (12.2). Solid: 3D; dot: 2D; dash:
1D.E, =3eV; B=1eV; I'=1cm™!
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Absorcion Optica
del Borde de Banda

> hv<E,= a=0;
>hv>Eg:>

Z o (h v—FE, ) oc D(h V) — Densidad de estados
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D D
1€ »1 1Ee € D¢

O o — (ereCiov «o

c i T8 = \ ‘g
hv hv
D(hv)thV—Eg; N e Al
f ocy — Reglade oro de Fermi ] i
(nv)

q; = fo\hv— E; ) > coeficiente de extincién,

2
=2 > 6(hv— E,)—> coeficiente de absorcién,
c

Z o (h v—FE, ) oc D(h V) — Densidad de estados



Bordes de Banda
Directos vs. Indirectos

Gap Directo « IRl Gap Indirecto .

,,\/ hv-E,
hv

oC

w— silicon

—
1
=
—
=
=
2
&
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=]
o
=
=
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=]
]
O
<

1.0 1.2 1.4 1.6 1.8 20
Energy (eV)
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Busqueda de Bordes
Directos e Indirectos

Gap Directo « IRl Gap Indirecto .

oC

Jhv-E, _Anv-E)
hv hv
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Borde de Absorcion Directo (InAs)

room temperature

0.5
Energy (V)
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Superposicion de Bordes

Energy ho (eV) Energy hw (eV)
0.4 : .60 (.65 (.70 0.75 0.80 (.85

‘l ; 10 T T
}‘ Ge

Absorption in indirect-gap semiconductors

52 54 5.8 58 6. l} 6.2 64 6.6 6.8
Photon Energy (hv) Frequency v (11 -:‘m l}
Flgure B. I_Z‘ 'I'vpmal absc-rptmn beha\rmr E'or an mdlre-:t gap semlconductor At

bernperature is lowered the sma]ler phonun populat.mn decreases the ahsurpt:on
probability, as shown.
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Superposicion de Bordes (Ge)

o

N

| germanium

[3%]

germanium

l///\ ] 300K
EE;’ -~ .{ |

r

Energy (6V)
£

[

IS

N

0.7

‘Wave vector k Energy (eV)

[ (b) 300K  germanium

dr
a~ (hw—ES)?

g
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Superposicion de Bordes (Si)

8 25

=

‘E 2.0 6
= 4
e 15

2 - 2
o

1.0r ] -
8 - silicon 7 4
E o5t E 300 K - 5*2
| i L 2_4
< 0 ' : 1 M g
0 2 4 6 10

Wave vector k
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Reflectancia (%)

5

L
o

[
[

posicion de Bordes (Si)

Incluyc Ref. Espocular
= Excluye Ref. Especular

500 600 700 80D 900
Longitud de onda (nm)

Posicion del pico (eV) Transicion
3.6 Lys=Iy
[
A AN —
5.5 Ly—1; L A i A X UK x r
4.4 Xy-Xic Wavevector &

Caracterizacion Optica, Ricardo Marotti, khamul@fing.edu.uy, Montevideo, Junio 2015




Busqueda de Bordes
Directos e Indirectos

Gap Directo

hv

oC

Transmitancia: 1 =

W Gap Indirecto .

aC

(hv—Eg)2
hv

I

out

Iin I I

l out

oeficiente de Absorcion: OL oC —I[n

hv = hc¢/A— Energia del Foton
A— Longitud de Onda
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Transmitancia:
Substrato Transparente

I ’ins

T~

I

Transmitancia total: 7, = ourl
I

Transmitancia substrato: T_, , =

I

__ " ourl

. . T film — 5
Transmitancia del film: I

ourl
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Transmitancia:
Substrato Transparente

(a) Appl. Phys. Lett. 88, 162115 (2006)

i
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0 A
500 1000 1500 2000 2500 3000

Wavelength (nm) > Peliculas muy finas:

Interferencia




Influencia
del Sustrato

o o =
o =) o

=
I

——FTO/glass | Au Hg 11 Pb Bi Po

= (CdSe film
== (CdO film

X
'
~
®
3]
5
£
£
@
c
g
=

Wavelength (nm)

700 800 900 1000 0 4?0 4?0

Transmitance (%)

Caracterizacion Optica, Ricardo Marotti, khamul@fing.edu.uy, Montevideo, Junio 2015



CdX (X=S, Te)

-

CdTe

Sample A

C hemical

21 26 28 30 32 34 500 600 700 800 900 1000
Energy (eV) Wavelength (nm)

B ath

Sample B

Absorption (al)
Transmitance (%)

Sample A

E (A)=1.51eV
E (B) = 1.52 ¢V

(-In(T)*hv)’

Sample B

Deposition B
eposition IEEERTEAEE

Energy (eV)
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Wavelength (nm)
400 450 500 550 600 650 700

“Red” Selenium

Selenium in excess tend to remain

el

—

4

as Amorphous “Red” Selenium.

5

“Indirect”
E,=2.0eV = Energy (¢V)
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Substrato Opaco

« Un meétodo:

Reflectancia:

o< o o

A—> Longitud de Onda
* Mas “facil”: A= he/E,

Gap Directo " Gap Indirecto |
dR dR
E(xg)—m —x(xg)—m
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Transmitance vs Reflectance
(for direct semiconductors)

Solar Energy Materials and Solar Cells 82, 85 — 103 (2004).
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S 369 nm =
0.0 . (A e A==
300 320 340 360 380 400 420 ' - —————
Wavelength A (nm) ‘ . ——
: //' A =372 nm l A =379 nm
X i L £ g

33 3.4 35 ] a 0.0 . .
300 320 340 360 380 400 420

Photon Energy Av (eV) Wavelength A (nm)

E =333 eV lE =3.27 ¢V
g z -
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o

d) (Arb. Un.)

dR
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Zn0O/Cu

a

Electro-
chemically
deposited
Zn0O
onto
Copper
Opaque
Substrates
(T is for
Deposition
Temperature)

3 - - 300
Photon cnergy Av (eV) Wavelength (nm)

Reflectance (Arb. Units)

350 400 450 5
Wavelength (nm)

("N "qIV) YP/IP 2ABRALL

[

Reflectance (Arb. Units)
=
] (]
(un *qIv) YpAIp daheALdq
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o (Arb. Units)

£

=
-
o

[
<
S
Na—-.
£
x-S

20 22 24 26 28 3.0
2 3

L .
(suun "qay) ©

-—

I )
20 22 24 26 28 3.0
Photon Energy hv (eV)

(suun "qiy) ,(ry.v)

/ZnX (X=Se, Te)

Electro-
chemically
deposited _
7nSe O avdength qumy
and
ZnTe
onto
Titanium
Opaque
Substrates

Reflectance (Arb. Units)
SREEEERE

00 500 600 700 800
Wavelength (nm)
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1
th o

. 2
P CdS? . CdS Encrgy Gap?

Sk

Estimated from Reflectance: R

Orange Glued Sample

[ 7]
T

el I

[y
=
b
o

-
>

Transmitance (%)

(In(R) * Av)’ (Arb. Units)

400 500 600 700
Wavelength (nm)

S creen

Y

w

(syup) *qav) ,(AY x 7 0)

o

Orange Glued Sample

Eg =208¢eV

o

(19} *GIV) YP/ID oAEALSQ

o./=-1InT (Arb. Units)

Reflected Tungsten Light
(Spectrometer Counts)

P rinting

s 0
18 20 22 24 26 28 30
hv: Photon Energy (eV)

§=.
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Resumen

Material Accepted Eg Measured E,
(eV) (eV)

(T=300K) (T=300K)

white- 32-34 3.3

translucent

yellow-brownish

coffee

yellow

black

Properties of

Wide Bandgap II-VI Semiconductors
Ed. Rameshwar Bhargava.

EMIS Datareviews Series (1997).
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Propiedades Opticas
de Semiconductores

» Estructura Electronica
> Absorcion Optica en Semiconductores

> Influencia de Defectos
> Excitones
> Efectos Nanomeétricos
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Propiedades Opticas
de Semiconductores

» Estructura Electronica
> Absorcion Optica en Semiconductores

> Influencia de Defectos
> Excitones
> Efectos Nanomeétricos
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Defectos

* Vacancias _° lmpurezas. s Intersticiales




Resistividad Eléctrica

* m,: Masa Efectiva Electronica (Teoria de Bandas).
* n: Densidad de Electrones de Conduccion (¢ Huecos)
Metales: aprox. constante.

Semiconductores: Fuertemente
Dependiente (ej: Impurezas)
* 7z Tiempos de Relajacion:
Colisiones — Pérdidas. de Energia.
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Resistividad en

Electrones

de Conduccion
Huecos

Estados Libres de la Banda de Valencia

Caracterizacion Optica, Ricardo Marotti, khamul@fing.edu.uy, Montevideo, Junio 2015




El Hueco “Quimico”
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El Hueco “Quimico”

ampo Eléctrico)
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El Hueco “Quimico”

ampo Eléctrico)

‘aracterizacion Optica, Ricardo Marotti, khamul@fing.edu.uy, Montevideo, Junio 2015




El Hueco “Quimico”

0\1 A S
o{" 7N ¢

NN

/
R D o E
ampo Eléctrico)
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Resistividad Eléctrica

* m,: Masa Efectiva Electronica (Teoria de Bandas).
* n: Densidad de Electrones de Conduccion (o Huecos)
Metales: aprox. constante.

Semiconductores: Fuiertemente
Dependiente (ej. Impurezas,

* 7z Tiempos de Relajacion:
Col:s:ones — Peérdidas de Energia.
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Propiedades Electronicas de
Deiectes
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Propiedades Electronicas de

Detfectes
‘ Cristal Per&tO'

g 4 N
Red de Bravais l' + R




Propiedades Electronicas de
Detectos

Impurity:
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Propiedades Electronicas de
Deilectes
T g Cristal Perfigeto:

Crlstal con una 1mpureza
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Defectos en Semiconductores

“Shallow” Impurities:
(Impurezas Hidrogenoides)
* Propiedades similares que en el Atomo de

Hidrogeno: dependen fuertemente de la estructura
electréonica de bandas.

Deep Centers:

(Not shallow)

* Definidos usualmente como estados que se
encuentran ubicados profundamente (“deep”)
dentro del gap.

e Estados altamente localizados.
* Deformaciones cristalinas deben incluirse en AV,
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Clasificacion de Impurezas
1) S 1| G Y
Impurezas (y defectc B c B
influencian fuertemei
electricas y opticas ¢ l
Electricamente Activi.,.

. Generan el ¢, Zn Ga
= Aceptores: Generan

Ag Cd In Sn Sb Te

Al

Ej: Silicio
Donores y Aceptores Dobles

Caracterizacion Op

Po




Impureza Hidrogenoide:
Exciton Localizado




o
o
(b) Tightly bound exciton

r

Excitones libres

pares electron hueco ligados
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(a) Free exciton
Wannier-Mott
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Impureza Hidrogenoide

Lo o)l

Aproximacion Masa Efectiva:

Funcion

on Opten Ricudo Mt ey elope.




Impureza Hidrogenoide

Potencial Impureza Estados de Energia

(Apartamjento sle Estrustura.de Bandas)




Potencial de Impureza

* Interaccion de Coulomb :

(Potencial Hidrogenoide)
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Potencial de Impureza

* Interaccion de Coulomb :

(Potencial Hidrogenoide)

Energy (eV)

Radial Distance (Angstrom)
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Atomo de Hidrégeno

* 4
m q

>
C)
i
<
g
=

-10 ( 10

Radial Distance {Angstrom)

2 \2 _* 2
En=—(" ]m 1 _ " 1 _

4ne, ) 20°n*  2m'a, n®  24mg.a, n’

R — Energia de Rydberg =13.6eV
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Potencial de Impureza

* Interaccion de Coulomb :

(Potencial Hidrogenoide)

Valence




Potencial de Impureza

* Interaccion de Coulomb :

(Potencial Hidrogenoide)

* Binding Energy

(Ry; = 13.6 eV)

* Radio de Bohr

de la Impureza: .
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Shallows: “Dadores” vs. “Aceptores”

“Dador” —n-type *C‘Aceptor” —p-type

* Balance da lugar a “Autocompensacion”
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“Shallow” vs “Deep”

LConduction

Energy [eV]

Valence

Deep Levels

10 20 30 40 50 60 70

Pressure [kbar]
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Efecto del Dopaje

Freeze-out

o
=
=
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-
=

5 10 15
1000/T (1000/K)
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Potencial de Impureza

* Interaccion de Coulomb :

(Potencial Hidrogenoide)

* Binding Energy

(Ry; = 13.6 eV)

* Radio de Bohr

de la Impureza: .
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Excitones

* Interaccion de Coulomb :

(Potencial Hidrogenoide)

* Binding Energy

(Ry; = 13.6 eV)

e Radio de Bohr
M. dp = ¢ ay
del Exciton: 1L
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Propiedades Opticas de Excitones
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Excitones de Frenkel

i3
o

Na(Cl

o
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E, = 8.75 eV
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yA110,

Wavelength (nm)
400

ZnO depositado
electroquimicamente en
vidrios con ITO

Transmitance (%)

o

((-In T)*(hv))’

Solar Energy Materials and Solar
Cells, 70, 245 — 254 (2001).

(Indium “Tin” Oxide).

=~
N

N
o

N
4]

=
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“Band Tailing”

¢ Measured
Direct Edge
e Urbach Edge

Zn O Absorption Coefficient

g
o

¢ Measured {
Adjusted '

=
N

Ino (Arb. Units)

Urbach tail l

31 32 33
Photon Energy (eV)

o
S

[

Py — hv
1 3.2 33 o oCexpl —
Photon Energy (eV) E d

o = -In(7) (Arb. Units)
u. v

> o

7% —

Below Gap Absorption

Caracterizacion Optica, Ricardo Marotti, khamul@fing.edu.uy, Montevideo, Junio 2015




Band Tailing

J. I. Pankove, Opftical
Processes in Semiconductors

Urbach’s Tail
(1953)
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Reflectancia contra Espesor d

10 L ..‘..l...n...l...n...l.10
300 320 340 360 380 400 420
Wavelength (nm)
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Borde de Absorcion contra
Espesor

»
&

--A- F=-800 mV
-2 -F=-900 mV

e F=-1000 mV
——FE=-1200 mV
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Efecto Moss-Burstein

® Heavily
doped n-type
ZnO:

B. E. Sernelius,
Phys. Rev. B 37 (17),

12x10™'F
Lox10™F

8.0x10"F

L M. Izaki, T. Omi, J.
0 5 10 15 20 25 30 (I0ENIIG NI F RN
Thickness (um) 1.53 (1996).

6.0x10"F

Resistivity (G+ cm)

19
4.0x10" F

Carrier concentration (em™)

® Auto “doping”: el I

1 i 1 L 1 i 1 i 1

S000 10000 15000 20000 25000

J. M. Myoung, Jpn. J. Appl. Phys. 41, 28 (2002). Film tckmess ()
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Borde de Absorcion contra
Kspesor

--A- E=-800 mV
-2 -F=-900 mV

e £=-1000 mV
——FE=-1200 mV
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Band-Donor Absorption

Conduction
Band States

Donor State

Deep States

Valence Band States

*ZnQ: V. Srikant and D. R. Clarke,
J. Appl. Phys. 83 (10), 5447 (1998).
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Propiedades Opticas
de Semiconductores

» Estructura Electronica
> Absorcion Optica en Semiconductores

> Influencia de Defectos
> Excitones
> Efectos Nanomeétricos
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Propiedades Opticas
de Semiconductores

» Estructura Electronica
> Absorcion Optica en Semiconductores

> Influencia de Defectos
> Excitones
> Efectos Nanomeétricos
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Reduccion Dimensionalidad en

Semiconductores
> QW (“Quantum Wells” |
= Confinamiento 1D.
= Sistemas 2D.

> Qw (“Quantum Wires”

o Hilos Cuanticos):
= Confinamiento 2D.
= Sistemas 1D.

» QD (“Quantum Dots” & “Quantum Boxes”=
Puntos Cuanticos y Cajas Cuanticas):

= Confinamiento 3D.

- SIStemaS OD . Caracterizacién Optica, Ricardo Marotti, khamul@fing.edu.uy, Montevideo, Junio 2015




Quantum Wells

crystal growth direction ———> z GaAs quantum wells
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substrate
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(a) Single quantum well (b) MQW or superlattice
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Quantum Wells
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Absorption coefficient (au)

bulk GaAs

/ 00K
‘_[\/ & hcavy hole =il
|

- light hole

n—1
valence band GaAs MOW

0

=~
i
=
—
=
e
=
=2
=
=
-1
=)
[
=
=}
=
=
-
)
72
o
-

1.45 1.50 1.55
Energy (eV)

Caracterizacion Optica, Ricardo Marotti, khamul@fing.edu.uy, Montevideo, Junio 2015




Puntos Cuanticos
iemiconductores

Semicondutor.
B Vidro

Para CdTe:
a,..=75 A
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Absorcion y Emision de Luz
en Vidrios dopados

=
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J. Phys: Condens. Matte
5,A179 (1993).
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Appl. Phys. Lett. 59, 2715 (1991).
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Confinamento Cuantico.
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Puntos Cuanticos Coloidales de
Semiconductores I111-V y 11-V1.

e <4 [IRS Bulletin 23, 23 (1998)

Cdse Quantum Dots (Bawendi Group)

@
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@
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E
5
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©
2
2
(O]

b

oto by Felice Frankel

; : Photo Taken By R. Neuhauser
Figure 5. Absorptid

spectra of InP ~L: s o
QD size after treatment with HF (from

Reference 24) MRS Bulletin 30, 362 (2005)
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Puntos Cuanticos Coloidales de
Semiconductores 11-VI1.
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Energy (eV)
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Parametros
Confinamiento Cuantico

* Exciton Binding Energy: *
(R =13.6 €V)

e Exciton Bohr Radius:

(ay=0.53 A)
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Parametros
Confinamiento Cuantico

o £, : "Exciton Binding Energy”

eay: "Exciton Bohr Radius”

CdTe: a; = 75 A, £,= 10 meV (£, = 1.49 eV)
CdS: az=30A, £, = 27 meV (£, = 2.42 eV)
Zn0: az =20 A, £, = 60 meV (£, = 3.30 eV)
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Semiconductores
Nanoestructurados




CdS (cubico): E, contra
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Zn0: Reflectancia vs
atura de Deposicion
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Zn0: Borde de Absorcmn
contra Tam;:

—Q— Measured l
—ml— Estimated | ]

3.20F
200 300 400 500

D (A)
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Al doped ZnO
Sol-Gel Dip
‘ ﬁn@ undoped.

Md6: Al doped.

@ Undoped
A Al doped (4 layers).
® Al doped (6 layers)-

Transmittance 7 (%)

nergy (eV)

E
W
b
=)

Wavelength A (nm)

ndgap
9)
N
(=)

Al doped ZnO blue
shifted more than
undoped.

Crystallite Size (nm)
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Parametros
Confinamiento Cuantico

1ding Energy”
@ Undoped 1 .
A Al doged 4 layers)., hr Radlus,,

X ® Al doped (6 layers)-'

o.\
.

ol el
Y

pn de “Brus” (interaccion e-h).

» Estados. :>
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Sumario de
Resultados
LA 2 sol-gel ZnO

———---0-

o o
—

® Undoped
A Al doped (4 layers)
Al doped (6 lavers)

Transmittance at 600 nm (%)

83 & '] " '] " ']
3.26 328 3.30 3.32
Bandgap Energy

Crystallite Size (nm)

15t order e-h.
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Estrutura Eletronica.

| == i 1782 [10* A-2)
A

P32 e

28D Bl Phys. Lett. 66 (1995) 439.
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Silicio Poroso (r-Si):
Material Poroso Nanoestructurado

Physica Status Solidi (b)
220, 319 (2000).

~ &
> 95 % electronica basada en Silicio.
» Silicio: semiconductor indirecto

P Mal emisor de luz
> Silicio Poroso emite luz roja.
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Estados de la Estado Resonante

Banda de Conduccion A

Estados de l1a Banda de Valencia

Si “Bulk” S1 “poroso”
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