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Figura 1.1 a) Niveles de energía perturbados en Silicio.
b) Diagrama de Bandas de Energía
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Figura 1.2 Función de Fermi-Dirac para 3 temperaturas diferentes.
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Figura 1.3 La banda de valencia está completa con electrones para T=0°K. La energía suministrada por fonones permite que 
mas electrones alcancen la banda de conducción a temperaturas mas altas.
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Figura 1.4 Imperfeccion en la red cristalina del Silicio. La ausencia de un átomo se denomina vacancia.
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Figura 1.5 Distribucion de la densidad de los estados de energía.
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Figura 1.6 Órbita del átomo extra inducido por un átomo de P al sustituir un átomode Si en la red.
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Figura 1.7 Representación de nivel de energía introducido por impurezas donoras en silicio.
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d
a
 d

e
 c

o
n
d
u
c
c
ió

n
. E

l á
to

m
o
 re

tie
n
e
 e

n
to

n
c
e
s
 u

n
a
 c

a
rg

a
 p

o
s
itiv

a
 y

 s
e
 d

ic
e
 

q
u
e
 e

l d
o
n
o
r e

s
ta

 io
n
iz

a
d
o
.

A
n
á
lo

g
a
m

e
n
te

 p
a
ra

 lo
s
 e

le
m

e
n
to

s
 a

c
e
p
to

re
s
 la

 e
n
e
rg

ía
 d

e
 lig

a
z
ó
n
 d

e
 u

n
 e

s
ta

d
o
 v

a
c
ío

 s
e
 

e
n
c
u
e
n
tra

 a
lre

d
e
d
o
r d

e
 0

.0
5
 e

V
 s

o
b
re

 e
l b

o
rd

e
 s

u
p
e
rio

r d
e
 la

 b
a
n
d
a
 d

e
 v

a
le

n
c
ia

. L
o
s
 e

le
m

e
n
to

s
 d

e
l 

g
ru

p
o
 III (B

, A
l) q

u
e
 s

o
n
 im

p
u
re

z
a
s
 d

e
l s

ilic
io

, c
o
n
trib

u
y
e
n
 c

o
n
 h

u
e
c
o
s
 e

n
 la

 b
a
n
d
a
 d

e
 v

a
le

n
c
ia

c
a
p
tu

ra
n
d
o
 u

n
 e

le
c
tró

n
 d

e
 e

s
ta

 b
a
n
d
a
.

U
n
 
c
ris

ta
l 

q
u
e
 
tie

n
e
 
d
o
n
o
re

s
 
s
e
 
d
e
te

rm
in

a
 
tip

o
-n

 
p
o
rq

u
e
 
lo

s
 
p
o
rta

d
o
re

s
 
d
e
 
c
a
rg

a
 
s
o
n

n
e
g
a
tiv

o
s
, m

ie
n
tra

s
 q

u
e
 u

n
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ris
ta

l d
e
 a

c
e
p
to

re
s
 s

e
 d

e
n
o
m

in
a
 tip

o
-p

 p
o
rq

u
e
 lo

s
 p

o
rta

d
o
re

s
 d

e
 c

a
rg

a
 

s
o
n
 p

o
s
itiv

o
s
.
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-N
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e
l d

e
 F

e
rm

i e
n

 u
n

 S
e

m
ic

o
n

d
u

c
to

r c
o

n
 Im

p
u

re
z
a

s
.

A
 
te

m
p
e
ra

tu
ra

 
a
m

b
ie

n
te

, 
lo

s
 
á
to

m
o
s
 
d
o
n
o
re

s
 
in

tro
d
u
c
id

o
s
 
e
n
 
e
l 

c
ris

ta
l 

d
e
 
s
ilic

io
 
e
s
tá

n
io

n
iz

a
d
o
s
. A

s
í, lo

s
 p

rim
e
ro

s
 N

D
 e

s
ta

d
o
s
 d

e
 la

 b
a
n
d
a
 d

e
 c

o
n
d
u
c
c
ió

n
 s

e
 e

n
c
u
e
n
tra

n
 o

c
u
p
a
d
o
s
 y

 p
o
r 

lo
 ta

n
to

 p
a
ra

 lo
s
 e

le
c
tro

n
e
s
 d

e
 la

 b
a
n
d
a
 d

e
 v

a
le

n
c
ia

 e
s
 m

a
s
 d

ifíc
il d

e
 s

u
p
e
ra

r la
 b

a
n
d
a
 d

e
 e

n
e
rg

ía
 

p
ro

h
ib

id
a
 o

b
te

n
id

a
 d

e
 la

 a
g
ita

c
ió

n
 té

rm
ic

a
. E

n
 c

o
n
s
e
c
u
e
n
c
ia

, e
l n

u
m

e
ro

 d
e
 p

a
re

s
 h

u
e
c
o
-e

le
c
tró

n
g
e
n
e
ra

d
o
s
 

té
rm

ic
a
m

e
n
te

 
s
e
 

re
d
u
c
irá

 
e
n
 

c
o
m

p
a
ra

c
ió

n
 

a
 

lo
s
 

g
e
n
e
ra

d
o
s
 

e
n
 

u
n
 

s
e
m

ic
o
n
d
u
c
to

r
in

trín
s
e
c
o
.

Y
a
 q

u
e
 e

l n
iv

e
l d

e
 F

e
rm

i e
s
 u

n
a
 m

e
d
id

a
 d

e
 la

 p
ro

b
a
b
ilid

a
d
 d

e
 o

c
u
p
a
c
ió

n
 d

e
 lo

s
 e

s
ta

d
o
s
 d

e
 

e
n
e
rg

ía
 p

e
rm

itid
o
s
 e

s
 c

la
ro

 q
u
e
 E

f ,
e
l n

iv
e
l d

e
 F

e
rm

i, d
e
b
e
 e

s
ta

r c
e
rc

a
 d

e
 la

 b
a
n
d
a
 d

e
 c

o
n
d
u
c
c
ió

n
 

p
a
ra

 in
d
ic

a
r q

u
e
 m

u
c
h
o
s
 d

e
 lo

s
 e

s
ta

d
o
s
 d

e
 e

n
e
rg

ía
 d

e
 la

 b
a
n
d
a
 e

s
tá

n
 o

c
u
p
a
d
o
s
 c

o
n
 e

le
c
tro

n
e
s
 d

e
 

lo
s
 á

to
m

o
s
 d

o
n
o
re

s
 y

 p
o
c
o
s
 h

u
e
c
o
s
 e

x
is

te
n
 e

n
 la

 b
a
n
d
a
 d

e
 v

a
le

n
c
ia

. E
s
te

 c
a
s
o
 s

e
 ilu

s
tra

 e
n
 la

fig
u

ra
 1

.8
. A

n
á

lo
g

a
m

e
n

te
, e

n
 u

n
 m

a
te

ria
l tip

o
-p

, e
l n

iv
e
l d

e
 F

e
rm

i s
e
 e

n
c
u
e
n
tra

 c
e
rc

a
 d

e
l b

o
rd

e
s
u
p
e
rio

r d
e
 la

 b
a
n
d
a
 d

e
 v

a
le

n
c
ia

.
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Figura 1.8 Nivel de Fermi en un semiconductor tipo n

P
o
r 

o
tra

 
p
a
rte

, 
e
l 

n
iv

e
l 

d
e
 

F
e
rm

i 
d
e
p
e
n
d
e
 

ta
m

b
ié

n
 

d
e
 

la
 

te
m

p
e
ra

tu
ra

. 
S

i 
p
a
ra

 
u
n
a

c
o
n
c
e
n
tra

c
ió

n
 
d
a
d
 
d
e
 
im

p
u
re

z
a
s
 
d
e
 
u
n
 
m

a
te

ria
l 

tip
o
 
n
 
la

 
te

m
p
e
ra

tu
ra

 
a
u
m

e
n
ta

. 
S

i 
p
a
ra

 
u
n
a

c
o
n
c
e
n
tra

c
ió

n
 d

a
d
a
 d

e
 im

p
u
re

z
a
s
 d

e
 u

n
 m

a
te

ria
l tip

o
-n

 la
 te

m
p
e
ra

tu
ra

 a
u
m

e
n
ta

, s
e
 fo

rm
a
ra

n
 m

a
s
 

p
a
re

s
 

h
u
e
c
o
-e

le
c
tró

n
. 

C
o
m

o
 

to
d
o
s
 

lo
s
 

á
to

m
o
s
 

d
o
n
o
re

s
 

e
s
tá

n
 

io
n
iz

a
d
o
s
, 

e
s
 

p
o
s
ib

le
 

q
u
e
 

la
c
o
n
c
e
n
tra

c
ió

n
 d

e
 e

le
c
tro

n
e
s
 té

rm
ic

a
m

e
n
te

 g
e
n
e
ra

d
o
s
 e

n
 la

 b
a
n
d
a
 d

e
 c

o
n
d
u
c
c
ió

n
 p

u
e
d
e
 lle

g
a
r a

s
e
r 

m
u
c
h
o
 
m

a
y
o
r 

q
u
e
 
la

 
c
o
n
c
e
n
tra

c
ió

n
 
d
e
 
lo

s
 
e
le

c
tro

n
e
s
 
d
o
n
o
re

s
. 

B
a
jo

 
e
s
ta

s
 
c
o
n
d
ic

io
n
e
s
, 

la
c
o
n
c
e
n
tra

c
ió

n
 
d
e
 
h
u
e
c
o
s
 
y
 
e
le

c
tro

n
e
s
 
lle

g
a
 
a
 
s
e
r 

p
rá

c
tic

a
m

e
n
te

 
ig

u
a
l 

y
 
e
l 

c
ris

ta
l 

lle
g
a
 
a
 
s
e
r

in
trín

s
e
c
o
. E

l n
iv

e
l d

e
 F

e
rm

i e
n
 e

s
te

 c
a
s
o
 s

e
 e

n
c
o
n
tra

ra
 c

e
rc

a
 d

e
l m

e
d
io

 d
e
 la

 b
a
n
d
a
 d

e
 e

n
e
rg

ía
 

p
ro

h
ib

id
a
.

E
l n

iv
e

l d
e

 F
e

rm
i e

n
 u

n
 m

a
te

ria
l d

e
l tip

o
-n

 s
e
 p

u
e
d
e
 c

a
lc

u
la

r s
u
s
titu

y
e
n
d
o
 n

=
N

D
 e

n
 (1

0
). L

a
 

e
x
p
re

s
ió

n
 q

u
e
d
a
 e

n
to

n
c
e
s

kT E
E

C
D

f
c

e
N

N

−
−

⋅
=

     (2
4
)

)
ln
(

D C
C

f
N N

kT
E

E
⋅

−
=

     (2
5
)

1
.6

-E
l P

ro
c

e
s

o
 d

e
 C

o
n

d
u

c
c

ió
n

 e
n

 S
ó

lid
o

s
.

D
e
s
d
e
 n

u
e
s
tro

 p
u
n
to

 d
e
 v

is
ta

, la
 c

a
ra

c
te

rís
tic

a
 m

a
s
 im

p
o
rta

n
te

 e
n
 u

n
 s

e
m

ic
o
n
d
u
c
to

r e
s
 s

u
 

h
a
b
ilid

a
d
 

p
a
ra

 
c
o
n
d
u
c
ir 

c
o
rrie

n
te

 
e
lé

c
tric

a
. 

C
o
n
s
id

e
ra

n
d
o
 

q
u
e
 

la
 

c
o
rrie

n
te

 
s
e
 

d
e
fin

e
 

c
o
m

o
 

la
v
a
ria

c
ió

n
 d

e
 c

a
rg

a
 p

o
r u

n
id

a
d
 d

e
 tie

m
p
o
 tra

n
s
p
o
rta

d
a
 a

 tra
v
é
s
 d

e
 la

 s
u
p
e
rfic

ie
 e

n
 u

n
a
 d

ire
c
c
ió

n
n

o
rm

a
l a

l flu
jo

, la
 c

o
rrie

n
te

 d
e
p
e
n
d
e
rá

 d
e
l flu

jo
 d

e
 c

a
rg

a
s
 lib

re
s
 p

a
ra

 m
o
v
e
rs

e
 y

 d
e
 la

 v
e
lo

c
id

a
d
 a

 la
 

q
u
e
 e

lla
s
 s

e
 m

u
e
v
e
n
. E

s
 im

p
o
rta

n
te

 d
e
s
ta

c
a
r q

u
e
 la

s
 c

o
rrie

n
te

s
 q

u
e
 g

e
n
e
ra

lm
e
n
te

 m
e
d
im

o
s
 s

o
n
 e

l 
re

s
u
lta

d
o
 
d
e
l 

m
o
v
im

ie
n
to

 
d
e
 
u
n
 
g
ra

n
 
n
u
m

e
ro

 
d
e
 
c
a
rg

a
s
 
in

d
iv

id
u
a
le

s
 
y
 
n
o
 
la

 
c
o
m

p
o
n
e
n
te

 
d
e

c
o
rrie

n
te

 p
ro

d
u
c
id

a
 p

o
r e

l m
o
v
im

ie
n
to

 d
e
 u

n
a
 s

o
la

.
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E
n
 e

l c
a
s
o
 d

e
 m

e
ta

le
s
, e

l n
u
m

e
ro

 n
 d

e
 e

le
c
tro

n
e
s
 d

e
 c

o
n
d
u
c
c
ió

n
 p

o
r c

m
3 e

s
 m

u
y
 g

ra
n
d
e
 y

 
v
irtu

a
lm

e
n
te

 in
d
e
p
e
n
d
ie

n
te

 d
e
 la

 te
m

p
e
ra

tu
ra

 s
o
b
re

 u
n
 ra

n
g
o
 m

u
y
 a

m
p
lio

. P
o
r s

u
p
u
e
s
to

, ta
n
to

 lo
s
 

á
to

m
o
s
 
d
e
l 

c
ris

ta
l 

y
 
lo

s
 
e
le

c
tro

n
e
s
 
d
e
 
c
o
n
d
u
c
c
ió

n
 
e
s
tá

n
 
s
ie

m
p
re

 
e
n
 
m

o
v
im

ie
n
to

 
a
le

a
to

rio
; 

lo
s

á
to

m
o
s
 v

ib
ra

n
 a

lre
d
e
d
o
r d

e
 s

u
s
 p

o
s
ic

io
n
e
s
 m

e
d
ia

s
 e

n
 la

 re
d
 c

ris
ta

lin
a
 y

 lo
s
 e

le
c
tro

n
e
s
 s

e
 m

u
e
v
e
n
 

rá
p
id

a
m

e
n
te

 e
n
 to

d
a
s
 d

ire
c
c
io

n
e
s
, p

ro
v
o
c
a
n
d
o
 n

u
m

e
ro

s
a
s
 c

o
lis

io
n
e
s
 c

o
n
 lo

s
 á

to
m

o
s
 v

ib
ra

n
te

s
.

B
a
jo

 e
s
ta

s
 c

o
n
d
ic

io
n
e
s
, lo

s
 e

le
c
tro

n
e
s
 c

o
m

o
 g

ru
p
o
 n

o
 tra

n
s
p
o
rta

n
 c

o
rrie

n
te

 m
e
d
ia

 e
n
 e

l tie
m

p
o
 y

a
 

q
u
e
 e

n
 p

ro
m

e
d
io

 h
a
y
 m

u
c
h
o
s
 m

o
v
ié

n
d
o
s
e
 e

n
 u

n
a
 d

ire
c
c
ió

n
 c

o
m

o
 e

n
 o

tra
. E

x
is

te
, s

in
 e

m
b
a
rg

o
, u

n
a
 

c
o
m

p
o
n
e
n
te

 d
e
 c

o
rrie

n
te

 a
lte

rn
a
 m

e
d
ib

le
 y

 a
s
o
c
ia

d
a
 c

o
n

 e
s
te

 m
o

v
im

ie
n

to
 a

le
a

to
rio

 q
u

e
 to

m
a

 e
n

 
c
u
e
n
ta

 e
l ru

id
o
 p

o
r a

g
ita

c
ió

n
 té

rm
ic

a
 e

n
 re

s
is

te
n
c
ia

s
 y

 q
u
e
 s

e
 d

e
n
o
m

in
a
 ru

id
o
 d

e
 J

o
h
n
s
o
n
.

E
n
 
re

s
u
m

e
n
, 

la
s
 
p
a
rtíc

u
la

s
 
o
 
p
o
rta

d
o
re

s
 
lib

re
s
 
e
n
 
e
l 

s
e
m

ic
o
n
d
u
c
to

r 
a
u
n
 
c
u
a
n
d
o
 
e
s
tá

n
u

n
ifo

rm
e

m
e

n
te

 d
is

trib
u

id
o

s
 e

n
 e

l s
ó

lid
o
, s

e
 e

n
c
u
e
n
tra

n
 e

n
 c

o
n
s
ta

n
te

 m
o
v
im

ie
n
to

 a
le

a
to

rio
. S

i e
n

u
n
a
 s

e
c
c
ió

n
 d

e
l s

e
m

ic
o
n
d
u
c
to

r e
x
is

te
 u

n
a
 c

o
n
c
e
n
tra

c
ió

n
 m

u
y
 a

lta
 d

e
 p

o
rta

d
o
re

s
 re

s
p
e
c
to

 d
e
 o

tra
 

re
g
ió

n
 d

e
l s

e
m

ic
o
n
d
u
c
to

r, lo
s
 p

o
rta

d
o
re

s
 e

x
p
e
rim

e
n
ta

ra
n
 u

n
a
 fu

e
rz

a
 n

e
ta

 q
u
e
 tie

n
d
e
 a

 u
n
ifo

rm
a
r la

 
d
is

trib
u
c
ió

n
. 

E
n
 
e
s
te

 
c
a
s
o
 
s
e
 
p
ro

d
u
c
irá

 
u
n
 
m

o
v
im

ie
n
to

 
d
e
 
p
a
rtíc

u
la

s
 
e
n
 
la

 
d
ire

c
c
ió

n
 
d
e
 
b
a
ja

c
o
n
c
e
n
tra

c
ió

n
 y

 q
u
e
 s

e
rá

 p
ro

p
o
rc

io
n
a
l a

l g
ra

d
ie

n
te

 d
e
 la

 c
o
n
c
e
n
tra

c
ió

n
. A

n
a
lític

a
m

e
n
te

, e
s
to

 s
e

p
u
e
d
e
 e

x
p
re

s
a
r p

o
r:

d
x

d
m

D
J

d
−

=
          (2

7
)

e
n
 q

u
e
 p

o
r s

im
p
lic

id
a
d
 s

e
 h

a
 c

o
n
s
id

e
ra

d
o
 e

l c
a
s
o
 u

n
id

im
e
n
s
io

n
a
l y

 e
n
 e

l q
u
e
 J

d  e
s
 la

 d
e
n
s
id

a
d
 d

e
 

c
o
rrie

n
te

 d
e
 p

o
rta

d
o
re

s
 p

o
r d

ifu
s
ió

n
 e

n
 e

l m
a
te

ria
l y

 m
 e

s
 la

 c
o
n
c
e
n
tra

c
ió

n
 d

e
 p

a
rtíc

u
la

s
.

S
i la

 c
o
rrie

n
te

 s
e
 d

e
b
e
 a

 u
n
 flu

jo
 d

e
 e

le
c
tro

n
e
s
, e

n
to

n
c
e
s
:

d
x

d
n

D
q

J
n

n
⋅

=
         (2

8
)

y
 s

i e
s
 d

e
b
id

a
 a

 h
u
e
c
o
s
:

d
x

d
p

D
q

J
p

p
⋅

−
=

      (2
9
)

D
e
b
id

o
 
a
l 

fe
n
ó
m

e
n
o
 
q
u
e
 
c
a
u
s
a
 
e
s
ta

s
 
c
o
rrie

n
te

s
, 

e
lla

s
 
s
e
 
c
o
n
o
c
e
n
 
p
o
r 

c
o

rrie
n

te
s
 
d

e
d

ifu
s

ió
n

.

O
tra

 
fo

rm
a
 
d
e
 
c
o
n
d
u
c
c
ió

n
 
e
n
 
u
n
 
s
ó
lid

o
 
s
e
 
p
ro

d
u
c
e
 
a
l 

a
p
lic

a
r 

u
n
 
c
a
m

p
o
 
e
lé

c
tric

o
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L
a

v
e
lo

c
id

a
d
 q

u
e
 a

d
q
u
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re
n
 lo

s
 p

o
rta

d
o
re

s
 p

o
r la

 a
p
lic

a
c
ió

n
 d

e
l c

a
m

p
o
 e

lé
c
tric

o
 e

s
ta

 d
a
d
a
 p

o
r:

E
v

r
r

⋅
=

µ
     (3

0
)

e
n
 q

u
e
 µ

 e
s
 la

 m
o
v
ilid

a
d
 d

e
 lo

s
 p

o
rta

d
o
re

s
. E

n
 e

s
ta

 d
e
fin

ic
ió

n
 s

e
 c

o
n
s
id

e
ra

 la
 c

o
m

p
o
n
e
n
te

 d
e
b
id

a
 

a
l 

c
a
m

p
o
 
y
 
n
o
 
in

c
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y
e
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c
o
m

p
o
n
e
n
te

 
té

rm
ic

a
 
d
e
 
la

 
v
e
lo

c
id

a
d
, 

q
u
e
 
e
s
ta

 
s
ie

m
p
re

 
p
re

s
e
n
te

, 
e
n

d
ire

c
c
io

n
e
s
 a

le
a
to

ria
s
.

L
a
 d

e
n
s
id

a
d
 d

e
 c

o
rrie

n
te

 d
e
b
id

a
 a

l c
a
m

p
o
 a

p
lic

a
d
o
 e

s
ta

 d
a
d
a
 p

o
r:

E
N

q
N

q
v

J
µ

=
=

     (3
1
)

d
o
n
d
e
 N

 e
s
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l n
u
m

e
ro

 d
e
 p

a
rtíc

u
la

s
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re
s
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o
m

o
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u
e
d
e
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a
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r c
o
n
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m

p
e
ra

tu
ra
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 c

o
n
 la
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te

n
s
id

a
d
 d

e
 c

a
m

p
o
. E

n
 u

n
m

e
ta

l, p
o
r e

je
m

p
lo

, N
 e

s
 e

s
e
n
c
ia

lm
e
n
te

 c
o
n
s
ta

n
te

 c
o
n
 la

 te
m

p
e
ra

tu
ra

. A
s
í, p

a
ra

 e
x
p
lic

a
r e

l h
e
c
h
o
 

q
u
e
 la

 c
o
n
d
u
c
tiv

id
a
d
 e

s
 in

v
e
rs

a
m

e
n
te

 p
ro

p
o
rc

io
n
a
l a

 la
 te

m
p
e
ra

tu
ra

, la
 a

te
n
c
ió

n
 s

e
 d

e
b
e
 e

n
fo

c
a
r a

 
la

s
 v

a
ria

c
io

n
e

s
 d

e
 la

 m
o

v
ilid

a
d

.

E
n
 

u
n
 

s
e
m

ic
o
n
d
u
c
to

r, 
lo

s
 

p
o
rta

d
o
re

s
 

d
e
 

c
a
rg

a
 

s
o
n
 

e
le

c
tro

n
e
s
 

y
 

h
u
e
c
o
s
 

lib
re

s
. 

L
a
s

d
e
n
s
id

a
d
e
s
 d

e
 c

o
rrie

n
te

 d
e
b
id

o
 a

 e
s
to

s
 p

o
rta

d
o
re

s
 s

o
n
:

E
q

p
J

r
r

µ
=

      (3
2
)

y
 e

n
 e

l c
a
s
o
 d

e
 lo

s
 h

u
e
c
o
s
:

E
q

n
J

r
r

µ
=

      (3
3
)

e
n
 e

l c
a
s
o
 d

e
 lo

s
 e

le
c
tro

n
e
s
.

L
a
 d

e
n
s
id

a
d
 d

e
 c

o
rrie

n
te

 to
ta

l d
e
b
id

a
 a

l c
a
m

p
o
 e

lé
c
tric

o
 E

 e
s
 e

n
to

n
c
e
s

)
(

p
n

E
q

J
p

n
⋅

+
⋅

=
µ

µ
r

r
      (3

4
)

S
e

 d
e

fin
e

 la
 c

o
n

d
u

c
tiv

id
a

d
 c

o
m

o
:

E J
=

σ
  (3

5
)

lu
e
g
o
, re

e
m

p
la

z
a
n
d
o
:

)
(

p
n

q
p

n
⋅

+
⋅

=
µ

µ
σ

      (3
6
)

C
o
n
s
id

e
ra

n
d
o
 q

u
e
 e

n
 u

n
 s

e
m

ic
o
n
d
u
c
to

r tip
o
 n

 e
l n

u
m

e
ro

 d
e
 e

le
c
tro

n
e
s
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s
 e

s
 m

u
c
h
o

m
a
y
o
r q

u
e
 e

l d
e
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u
e
c
o
s
, la

 c
o
n
d
u
c
tiv

id
a
d
 e

n
 e

s
te

 m
a
te
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l s

e
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u
e
d
e
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p
ro

x
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a
r p

o
r:

n
q

n
n

⋅
≈

µ
σ

      (3
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)

D
e
 la

 m
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m
a
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a
n
e
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, e
n
 u

n
 s

e
m

ic
o
n
d
u
c
to

r tip
o
 p

:

p
q

p
p

⋅
≈

µ
σ

      (3
8
)

E
s
tu

d
ia

n
d
o
 

la
 

c
o
n
d
u
c
tiv

id
a
d
 

d
e
 

u
n
 

m
a
te

ria
l 

e
n
 

fu
n
c
ió

n
 

d
e
 

la
 

te
m

p
e
ra

tu
ra

 
e
s
 

p
o
s
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le
d
e
te

rm
in

a
r e

n
 q

u
e
 ra

n
g
o
s
 d

e
 te

m
p
e
ra

tu
ra

 e
l m

a
te

ria
l e

s
 in

trín
s
e
c
o
 o

 e
x
trín

s
e
c
o
. E

n
 la

 fig
u
ra

 1
.9

 s
e
 

m
u
e
s
tra

 
e
l 

lo
g
a
ritm

o
 
d
e
 
la

 
c
o
n
d
u
c
tiv

id
a
d
 
n
o
rm

a
liz

a
d
o
 
v
e
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u
s
 
1
/T

 
p
a
ra

 
m

u
e
s
tra

s
 
d
e
 
g
e
rm

a
n
io

d
o
p
a
d
o
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E
l e

s
tu

d
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 d
e

 la
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o
n

d
u

c
tiv

id
a

d
 d

e
 u

n
 m

a
te

ria
l ta

m
b

ié
n

 p
e

rm
ite

 d
e

te
rm

in
a

r la
 m

o
v
ilid

a
d

 d
e

 
lo

s
 p

o
rta

d
o
re

s
. A

s
í, p

o
r e

je
m

p
lo

, p
a
ra

 m
a
te

ria
le

s
 a
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0
0
°K

, s
e
 tie

n
e
n
 lo

s
 v

a
lo

re
s
 d

e
 la

 ta
b
la
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.1
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E
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n
e
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s

3
9
0
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1
0
0

H
u
e
c
o
s

1
9
0
0

5
0

S
i

E
le
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n
e
s
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1
3
5
0

1
0
0

H
u
e
c
o
s

4
8
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1
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T
a
b
la

 1
.1

 M
o
v
ilid

a
d
 d

e
 p

o
rta

d
o
re

s
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n
 G

e
 y

 S
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.M
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o
n
w

e
ll, P

ro
c
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E
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6
 (1

9
5
8
), p

p
.1

2
8
1
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3
0
0
)

1
.7

-C
o

rrie
n

te
 T

o
ta

l.

E
n
 la

 s
e
c
c
ió

n
 a

n
te

rio
r s

e
 v
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 q

u
e
 lo

s
 p

o
rta

d
o
re

s
 m

ó
v
ile

s
 p

ro
d
u
c
e
n
 c

o
rrie

n
te

s
 m

e
d
ia

n
te

 
m

e
c
a
n
is

m
o
s
 d

e
 d

ifu
s
ió

n
 y

 d
e
 c

o
n
d
u
c
c
ió

n
 ( o

 p
o
r c

a
m

p
o
 a

p
lic

a
d
o
). L

a
 c

o
rrie

n
te

 to
ta

l d
e
b
id

a
 a

 lo
s
 

h
u
e
c
o
s
 e

s
 e

n
to

n
c
e
s
 la

 s
u
m

a
 d

e
 la

s
 c

o
rrie

n
te

s
 p

ro
d
u
c
id

a
s
 p

o
r a

m
b
o
s
 m

e
c
a
n
is

m
o
s
.

p
q
D

E
p

q
J

p
p

p
∇

−
⋅

=
r

r
µ

         (3
9
)

E
n
 e

l c
a
s
o
 d

e
 lo

s
 e

le
c
tro

n
e
s

n
q
D

E
n

q
J

n
n

n
∇

+
⋅

=
r

r
µ

            (4
0
)

E
n
 e

s
ta

s
 e

c
u
a
c
io

n
e
s
 e

l te
rm

in
o
 d

e
b
id

o
 a

l c
a
m

p
o
 tie

n
e
 e

l m
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m
o
 s

ig
n
o
 a

lg
e
b
ra

ic
o
 p

o
rq

u
e
 e

l 
c
a
m

p
o
 e

lé
c
tric

o
 p

ro
d
u
c
e
 c

o
rrie

n
te

 e
n
 la

 m
is

m
a
 d

ire
c
c
ió

n
 p

a
ra

 p
a
rtíc

u
la

s
 d

e
 c

a
rg

a
s
 o

p
u
e
s
ta

s
.

E
n
 c

o
n
d
ic

io
n
e
s
 d

e
 e

q
u
ilib

rio
 té
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ic

o
:

J
p =

J
n =

0
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1
)

0
0

0
=

∇
−

⋅
=

p
q
D

E
p

q
J

p
p

p

r
r

µ
        (4

2
)

E
l p

o
te

n
c
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c
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s
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o
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s
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c
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n
a
d
o
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n
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l c
a
m
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o
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o
m

o

φ
−∇

=
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         (4
3
)

y
 p

o
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n
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φ
µ

∇
−

=
∇

)
(

0

0

p p

D
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4
)

o

0
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=
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∇
φ

µ
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o
D

p
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S
i
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n
a
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o
n
s
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n
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d
e
p
e
n
d
ie

n
te

 d
e
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o
s
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φ
µ
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⋅
=

p p

D
e

C
p
0

          (4
7
)

D
e
 m

a
n
e
ra

 a
n
á
lo

g
a
 p

a
ra

 e
le

c
tro

n
e
s
.

φ
µ

  
  −

⋅
=

n n

D
e

C
n

'
0

       (4
8
)

A
 p

a
rtir d

e
 e

s
ta

s
 e

c
u
a
c
io

n
e
s
 s

e
 p

u
e
d
e
 d

e
m

o
s
tra

r q
u
e

n
p

p
n

D
kT q

,
,

=
µ

        (4
9
)

e
c
u
a
c
ió

n
 q

u
e
 s

e
 c

o
n
o
c
e
 c

o
m

o
 la

 re
la

c
ió

n
 d

e
 E

in
s

te
in

 y
 q

u
e

 p
e

rm
ite

 s
im

p
lific

a
r p

ro
b

le
m

a
s
 d

e
 flu

jo
 

d
e
 c

o
rrie

n
te

s
 e

n
 d

is
p
o
s
itiv

o
s
.

1
.8

-O
tro

s
 P

ro
c
e
s
o

s
 E

le
c
tró

n
ic

o
s
.

1
.8

.1
-G

e
n

e
ra

c
io

n
 y

 R
e
c
o

m
b

in
a
c
ió

n
 d

e
 C

a
rg

a
s
.

E
n
 p

á
rra

fo
s
 a

n
te

rio
re

s
 s

e
 p

u
n
tu

a
liz

o
 q

u
e
 e

n
 e

l s
e
m

ic
o
n
d
u
c
to

r p
u
ro

 e
l n

u
m

e
ro

 d
e
 h

u
e
c
o
s
 e

s
 

ig
u
a
l 

a
l 

n
u
m

e
ro

 
d
e
 
e
le

c
tro

n
e
s
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L
a
 
a
g
ita

c
ió

n
 
té

rm
ic

a
 
p
ro

d
u
c
e
 
u
n
a
 
ta

s
a
 
d
e
 
g
e
n
e
ra

c
ió

n
 
d
e
 
p
a
re

s
h
u
e
c
o
-e

le
c
tró

n
 p

o
r u

n
id

a
d
 d

e
 v

o
lu

m
e
n
 s

im
u
ltá

n
e
a
m

e
n
te

 c
o
n
 la

 d
e
s
a
p
a
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n
 d

e
 o

tro
s
 p

a
re

s
 h

u
e
c
o
 

e
le

c
tró

n
 p

o
r re

c
o
m
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in

a
c
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n
. E

n
 e

l p
ro

m
e
d
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 d
e
 u

n
 h

u
e
c
o
 o
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n
 e
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c
tró

n
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x
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n
 tie

m
p
o
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n
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s
 d

e
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c
o
m

b
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a
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e
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d
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o
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d

e
 

v
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m
e
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h
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c
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e
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c
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c
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d
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s
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d
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e
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c
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 d
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u
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c
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n
e
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p
a
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u
 c

o
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c
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n
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n
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u
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a
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a
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 d
e
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e
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n
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n
a
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o
n
c
e
n
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c
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n
 d

e
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q
u
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o
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s
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m
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e
n
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s
e
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e
n
e
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n
 u

n
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e
m

e
n
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v
é
s
 d

e
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a
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s
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u
e
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tró
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m
in

a
c
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m
a
n
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n
e
 p
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n
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m
p
o
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a
y
o
r q

u
e
 lo

s
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m
p
o
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e
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a
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e
d
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 d
e
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s
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o
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o
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e
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a
n
z
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n
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n
u
e
v
a
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a
c
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n
 d

e
 e

q
u
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o
n
 c

o
n
c
e
n
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c
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n
 d

e
 h

u
e
c
o
s
 y
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c
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n
e
s
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s
p

e
c
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a
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e
n
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e
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u
e
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e
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n
e
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u
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u
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n
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u
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 c

o
n
c
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c
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e
 h

u
e
c
o
s
 ig

u
a
la

 a
 la

 d
e
 

e
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c
tro

n
e
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u
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e
n
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e
 p

o
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e
n
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e
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le
c
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n
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s
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n
 u

n
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e
m
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o
n
d
u
c
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o
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s
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u
y
 p

e
q
u
e
ñ
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n
 c
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e
n
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 d
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n
c
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 d
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u
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s
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d
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c
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c
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e
n
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p
e
n
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c
o
n
c
e
n
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c
ió

n
 
d
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s
 
p
o
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Figura 1.10 Variación de la concentración de huecos en función del tiempo. Ent=0 se quita la iluminación.
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