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Covalent Bond

* Valence electrons are shared.
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Density of Carriers in Intrinsic sC

 Concentration of conduction electrons:

E
|
conduction H:J. S(E)P(E) dE
Ee=———— conduction band ————— electrons conéiaunc‘;ion
5 — n
Eg _____________________ E
. -- Eg p= f  S,(E)1 - PU)AE
—"_____:; u;}ence-baud _____:__":n- ~holes band
2em* kT \3/?
*)3/2 | pebile i) —(E.—E)/kT
For electrons: §(E)= (8‘/2)7:1(3’” ¢) (E—E)'?  E-E>>kT "_2( 12 ) exp[ —(E; — Er)/kT]
8/ Nlm* )32 2rmEkT\3/?
For holes: S(E)=( v ):gmh) (—E)\/2 P=2( hg exp(— Eg/kT)
me* — mh*

n=p=n, =) E.
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JE, —3kTlog(m#/m¥)| wm) Ep=E,/2

: ' | 2k T \3/2 i
np=ni =N N.exp(—E/kT) wmm) | n,=2 2 (mEmE)>'* exp(— E,/2kT)
valid also for :
extrinsic sC!!




Extrinsic or Impurity sC

e n-type semiconductors (pentavalent impurities)
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* p-type semlconductors (trivalent impurities)
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Electron Processes in Real sC
e Direct and indirect gap sC
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Electron Processes in Real sC

e Recombination (permanent loss of a carrier)

— Possible in direct-gap sC’s but marginally probable in
indirect-gap sC’s. Intermediate steps are required.
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Density of carriers in extrinsic sC

e General considerations: )
— Electrical neutrality: = cometon ot —
> Lg
holes + ionized donors = electrons + 1onized acceptors g ?) e i T
p+ N =n+N; A e
— n and p were already found e —

— Concentration of 10onized impurities:

ionized impurities = impurity concentration X prob. finding e/h at the imp. level

N; = N, ; :
il +exp[(E, —Ep)/kT] & Ny =Nd(l B +exp[(Ep _EF)/kT])
— Replacing on neutrality condition

Nd
1+exp[—(Ep—Ep)/kT] —

N,

N.,exp(— E:/kT)+
1+exp[(E, — Eg)/kT]

N expl —(E, — Ep)/kT] +

which can be solved for Eg



Density of carriers in extrinsic sC

4 donor levels ionized

* n-type material: /
—Ny>N,&n>>p AT
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—1+{1+(4Ny/N,) exp[(E; — Ep)/kT1}'"
) exp(Ex/kT)= { 2dexp(— Ep/kT) .

— T low (expl(Ey-E)/kT1>>1) & Ny large (Ny/N>> 1)

Z(Ndic)”z EKF’[{EE_' ED}/ZI(T] Py 1 N./N
mm) exp(Eg/kT)~ 2 oxp(— Eo/kT) ) |Ep=3(E,+Ep)+3kTlog(Na/N.)

== |n=(NyN,)"exp[(Ep—E,)/2kT] o< N,*




Density of carriers in extrinsic sC

4 donor levels ionized

* n-type material: /
—Ny>>N, &n>>p A
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Density of carriers in extrinsic sC

* n-type material: b i /
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Density of carriers in extrinsic sC

e p-type material: |
—-N,>N;&p>>n

— Idem as before |
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Compensation doping

* General considerations
— Consider a sC with both donors and acceptors
— Suppose all impurities are 1onized (N, = N,* & Ny=Ny*)

— Electrical neutrality:
np =n?

H+Na=p+Nd- Hz“(Nd—Na)ﬂ—ﬂf':O

Nd_N Nd_Na 2Hi E—IUZ
- = B 1 _|_ AR T o O
; 2 & 2 [ (Nr.l iy Nn
— Idem:

__Na=N, Ne=N[ ([ 2 "*T”"
p__ 2 2 Nd.__.N“




Compensation doping

Na—N, Nd_N“_lJr( 2n, ___)r”z

nH=

2 ¥ 2 Nﬂ ¥ Nu
_ Ng=N, +Nd_Na_1 2 ___‘_2_”3___ J i
P=- 2 2 i Nr.l e Nn
e Extrinsic compensated
— m<|Ny—N,|:
4 n~N,—N,
for Ny>N_: 5 majority carriers large
p=n;Ng—N,) (T independent)

= < minority carriers low

~N_ —N
for Na > Nd . j d / (StrOng T dependence)
HEH?/(NEI '_Nd)




Compensation doping

Nd—Na_|_Nd"Na_1_|_ ___‘_2_13'5___ &
& ‘2 2 i Nﬂ_Nu

_ Nd_Na+Nd_Na_1+ ___‘_2_”3___ e
p__ 2 2 | Nr.l_Nn

 Intrinsic compensated
— niblNd_"Nal:

ﬂ=ni +(Nd —Na)/z
p=ni+(Nd_"Na)X2



Electrical conduction in sC.
e Conductivity

— In a sC we have e”’s and 2*’s moving:

J. =neu.&

) J=J +J,=elnp. +p)é
Y

Jy, =peu,é >
— In a n-type sC (n>>p):

g, ~eni, 2elN i

— In a p-type sC (p>>n):

o, ~=epp, ~eN, iy



Electrical conduction in sC.

e Diffusion of charge carriers

— In general, diffusion occurs when concentration
gradients are present.

— In a neutral gas with gradient in the x direction:

area A

—=| x fa—

Overall force on the elemental volume

e P(x)— P+d%P5 A= ——
P "'—-—-P""SX_P& =) [() ( ey dxéxA

dP

Average force on each particle

1 dP

Fobe ioerns

N dx

* vy due to electrical force eé (see Chap. 4):

* vy due to Fy:

HDI o (Err/m}éax




Electrical conduction in sC.

e Diffusion of charge carriers

— In general, diffusion occurs when concentration
gradients are present.

— In a neutral gas with gradient in the x direction:

#

—] | s

dpP
P i P ——J S —
P+%’:ax =) [ ) ( +@3x)]’4 e

—=| x fa—

* vy due to Fy:

area A Overall force on the elemental volume
dP

Average force on each particle

I dP
Fp=———
= N dx
* vy due to electrical force eé (see Chap. 4):
vp, = —(et./m)é&, §D
r. 1dp P=NT /KT 1 dN




Electrical conduction in sC.

e Diffusion of charge carriers

— In a sC with a concentration gradient of the e~ and A*:
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Electrical conduction in sC.

e Diffusion of charge carriers

— Diffusion coefficient 1s related with mobility:
zkr F=enm De=(kT/e)u,

Pt

D./tt, = Dy/pty = kT/e

M D, =(kT/ &)Uy
e Total current flow

J.=neu &+eD Vn

Jh =0
h Peﬂh E.thp o !thp/l”.“h

P S

response to diffusion
electrical field

current can be compensated at
a particular electrical field



Spin-Charge Separation

In 1D systems, a collective excitation can be
produced such that two new particles form:

— Spinon: spin without charge Holon: charge without spin
hv hv g &
L

@LO0000 .....O. o

Quasiparticle Spinon (s =1/2) Holon (+&) .
0

QO sr

{No spin—charge separatmn

Spin—charge separation

Band picture + spin density wave

http://www .nature.com/nphys/journal/v2/n6/pdt/nphys316.pdf



