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Chapter 3.Energy Bands and Charge
Carriers n Sem iconductors

We are interested in

(1) How to make different charge distrbution:use doping, n+ and
pt+ type regions n p and n type substrate

(2) How to make carriers(charges) move(transport) from one
bcation to the other n a controled way (by applying bias -
gate bias to form a conductng channel, dran bias to kt
majority carriers move)

Let's try to understand energy bands, doping, Fermi kwel, etc.,
which are fundamental concepts of above issues n sold state
electronic devices



" Covakent Bond ng

Now we can examine elemental and compound
semiconductors.

« Each atom shares bonds with 4 other
atoms.

» Silicon bonds are covalent, but _
compound semiconductors have a mix of
lonic and covalent bonds.

DIAMOND CRYSTAL STRUCTURE WITH

e ' iodi TETRAHEDRAL BONDING ... EXAMPLES
Depends on separation on periodic table. RAHEDRAL BONDING .. EXAMPL

1s 2s 2p, 2p, 2p, s 3p, 3Ip:

O O D

When silicon atoms COMBINE to form a crystal the s- and p- orbitals HYBRIDIZE to
form so-called sp® ORBITALS that are mixtures of the s- and p-orbitals.

(0 Tl ~agD

5-ORBITAL p-ORBITAL sp’-ORBITAL




" J Bands

Antibonding orbital

. » . —Fgure 3 2 (kft) shows schem atic coubmbic potentil

’ o - welk of two atom s.

o — i’i\ —The com pos ite two-eectron wave functons are Inear

’ \ combnation of ndivdualatom corbitak.Antsymmetric
combhnation s antbondng and symmetriccombhnation s
——— Antibonding cnergy level bondng orbital.

\ / <ﬁﬁi —Bond g orbitalhas higher va e of wave functbn (more

V(r)

B ekctron) n between the two nucki.
-S hce ekctrons n between are attracted by two nucki,
the potentialenergy ofbondnhg s bwer than ant bond ng.

Figure 3.2
Relative spacing of atoms —————
o ) ) N Siatoms are | N'Si2e n3s —mr
—The num ber of dist nct energy kvek (splitted by bonding and brought together and 2e 1 3P
ant bond ng) depends on the num ber of atom s brought together. { :

—The bwest and highest energy kvelcorrespond to entire
bondng and ent ire ant bond ng.

—hasold,manyatoms are brought together,so that the split
energy kevels from essent & lly cont huous bands of energy.

- h silicon, the upper band (conduct on band) conta ins 4N
state (no ekctron at 0 K) and lower band (vakence band)
contains 4N state (4N electrons at 0 K).There i a forbidden
state,calked a band gap,between the two bands.
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" A0 Bands and Band G ap

By putting the atoms together, we get an energy gap Energy

Electron energy

i decreasing

Fe- :
o atom spacing . :
1solated 51 lattice

Si atoms spacing Distance (X) > Vv

* The top band is referred to as the "conduction” band.
— At low temperatures it is mostly empty of electrons.

- ;Fhedboﬁom band is referred to as the "valence”
and.

— At low temperatures it is almost entirely filled with
electrons.




'__ta l;lnsulator and Sem iconductor

Let's use the band gap to classify these different classes of materials...

Insulator Semiconductor E. Metal

E.L E

& & Eg
E, E,

e | wipe E,

E,

&

E, (At 0 K,VB is filed and CB is
em pty,which means no charge
transport.S ibecom es nsulator)

* TInsulators are characterized by having a very large band gap.
— Diamond (E, ~ 6 eV)
- Si0, (E,~9 eV)
— Thermal or electrical excitation of carriers is very difficult.
* Metals have either a very small band gap or no gap at all
— There are always electrons available for conduction.
« Semiconductors are somewhere in-between
— Silicon (Eg ~ 1.12 eV)
- Ge (E,~0.66 eV)




electron

M easurem ent of EgQ

photon
_—

photon energy: hv > Eg

O
hole

Band gap energies of selected semiconductors

Semiconductor

Ge

Si

GaAs

Band gap (eV)

0.67

| i

1.42

— Band gap energy of a sem iconductor m aterilcan be m easured by photon

absorpt bn energy.

— Them nimum energy of photons that are absorbed by the sem iconductor

(hv) i the band gap energy (Eg).

— Othermatera:T02 (32),Zn0 (33),SBN4(5),502(9)



Relative spacing of atoms ——————
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- Thedensity of states (g(E)) descrbes the num ber of states per ntervalof
energy at each energy kwvelthat are avaibbk to be occup ed by ekctrons.
— ie.g(E)dE = number of states/cm3 n the energy range between E and E+dE .



" Effect ve M ass

— The ekctrons n a crystalare not
comp ketely free,but nstead nteract
with the perodic potentalof the
httice.The nteract ng force &
different n different materalk and
different direct ons nonemateral.

— A particks effect vem ass (often
denoted m *) 5 the m ass that it
seem s to have when respond ng to

Energy (eV)

R TETRETTTTRE S R TTTRTRTTTIR forces. (higher nteract bn ~ heavier
effect e m ass)
Group Materlal mp* Mp" | - Forekctrons orhoks na sold,

Si (4K) 1.06 0.59 effect e mass s usually stated n
IV Si(300K) 1.09 1.15 units of the true m ass of the electron
Ge 0.55 0.37 m,,9 . 11x103kg.
GaAs 0.067 0.45

) (h/2n )
-V hsb 0013 06 Jm "

d2E /dk?
112V ZnO 0.29 1.21 , o
ZnSe 017 1.44 hh.curvature at QB m nmum and VB
maxmum nE-kdagram ~ bw effect vem ass




" D irect and Indirect

Direct gap versus Indirect gap.. E )
E 4
3 Direct Gap \/
\/ Indirect Gap >
e v = E, By =

=

2

— E-kdiagram :A lowed va bies of E vs k (wave vector,m om entum of e"and h*) can be pbtted.

— S nce theperbdicity ofmost crystal attices s different n varipus direct bns of ekectron
movement,reltionshp between E and k are pbtted as abowe.

- Direct gapmaterial(lke GaAs)has the conduct bn band m nimum and va knce band
maxmum at the samek,whie ndirect gap material(lke S i)has them at different k.

— | the case of ndirect gap, the ekctron should change the direct on of m ovem ent to move
betweenm nmum and maximum and thereby nvoMes with momentum change n k.

— hdirect gap,an ekctron n CB falls toanempty space of VB and gies off photons (light).

- h ndirect gap, the mom entum changes are needed and phonon nvoMes,which em its
energy change as a heat nstead of lght.

— Generally,optoekctronic devices, lke LED ,aremade ofdirect gapmaterak.

o S, P——

L




We can tailor the band  ..—22F

gap in compound
semiconductors 20

—D ifferent com pound sem iconductors hawe different _ «r™

GaP
Ot —
_N.r\ﬁ‘.‘

"

|
—— Direct gap
=== Indirect gap

band structure,which can be tuned by albying i
different materiak.
—GaAsandAAscanbealbyed tomakeAlGa AsS. 2 "o

—Dependng on the A | fract on n alby the band gap

structure changes from ndirect gap (A As) todirect %z

gap (GaAs),as shown n the folbwihg diagrams.
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" Electrons and Hoes

\ —Sem iconductors differ from metak and
) ekctrons > nsubtors by the fact that they contan an
£ (fied) "amost-em pty" conduct bn band and an

"amost—full'vaknce band (> 0K).This ako

Allmost
etnzlt;i)mld{ means that wewillhave to dealwith the
transport of carrers nboth bands.
Energy —To facilitate the discuss bn of the transport n

bandgap the am ost—fullva ence band of a

Allmost sem iconductor,we will ntroduce the concept of
filled band

hoks.

—The concepts ofhoks B ntroduced n

sem iconductors shce it 8 easker to keep track
of them sshg ekctrons nan "amost—full’
band, rather than keep ng track of the actual

Empty
f Empty i ¢ ekctrons n that band.
[ 7 -Hoks arem sshg ekctrons. They behawe as
"y Partially partickes with the sam e propert es as the
S ET R AT FEEEECES filled .
; i Rl ekctrons would have when occupyng the same
sty esssssssssssssssssses Cha rge -|—h B defn |t Dn S ||USt rated fur’[her W |th

next slde,which presents the energy band
diagram n the presence ofanekctric fed.



" J Electric Feld

—(E,k)diagram s apbt of the totalekctron energy
(potenti |+ kihetic) as a funct on of the crysta
Now put the semiconductor in an electric field.. direct bn dependent ekctron wave vector (k,which &
proport onal to the m omentum ).
-D ifferent crystaldirect on has different E-k d agram
—Therefore the bottom of the conduct bn band (where
£, k=0)corresponds to zero ekctron vebcity or kinet ic
energy and simply gves the potent alenergy at that
pont. (kft)
—Energies higher n the band than them nmum k
pont corresponds to addit bnalknet c energy of the
ekctron (potentabknetic E).
-3 hce the band edge corresponds to the ekectron
potent alenergy, the variat on of the band edge n
space s relted to the ekctric feld at different
ponts of sem iconductor.
- h the kft diagram ,elctron at bcation A sees an
ekctric field given by the sbpe of the band edge
(potent i lenergy),and gans kinet ic energy (at the
expense of potentia|E) by moving to point B (kss
Ckectric Field > potentd|E,moreknetic E).
—The s bpe of band edge represents bcalekctric feld
ofeach pont.

Electron -
KE: A\




" ntrinsic Materials

InTr‘insic MaTeriaI is pure with no additional contaminants...

H H T=0K @ @ e---@---@--.;_,_{_
0 ® 06 0 O -@-0- .
. e — &@@ &.9
‘ H T =300 K -@-@- ? “’}"_
@—® o ¢ O o T @ 1] ? *i

« At T=0K, there is no energy in the system.

— All of the covalent bonds are satisfied.

— Valence band is full and conduction band is empty.
« At T> 0K, thermal energy breaks bonds apart

— Crystal lattice begins to vibrate and exchange energy with
carriers.

— Electrons leave the valence band to populate the conduction band.



Putting temperature and band gap together to obtain carriers...

« Thermal excitation
cause bonds to break

H H T=0K — ATt T =0 K there
IS no ener%?lfo
s

® 06 0 o break bo

. o . ® — J\r/aiencefbﬁmdés
. EE— ota ull an
. . _— condu’éﬂon band

‘ ‘ ‘ T=300K is empty.
— At room

® O & temperature

. . carriers can be
excited across

/.\_) the band gap.

. . — This liberates

EHP T-300K electrons and
holes.

"P
‘ "‘
L
*
. .
. .




But there are more processes at work...

i .
; i E

Generation Rate:
H igh temp. Stran

| ; | y |

: 1
SOS4000BGANE SN SAIGBAABAES ﬁ‘ G = Grh 5 Gupr 3 Gmech + ( 3
SRR ORR SRR RR IR RAROER cCm -8

2009000000000 00RO RO RO RO RO
L T R T T Y Irradiation

. [ = ;
I L Generaton

—C
1.

e Generation

— Br;‘ecik up of a covalent bond to form an electron and
a hole.

— Requires energy from thermal, optical, mechanical or
other external sources.

— Supply of bonds to break is virtually inexhaustible.
« Atomic density » # of electrons or # of holes.



"

Since we are in thermal equilibrium, there must be an opposite process...

- , Collision
IArT O—ni.
San ?
Q & Fnd r Recombination Rate:
.r‘
Recombination Mg [ 1 ]
P 3
. chm -§
End | |
@ & & & & & @ a » @
& & & & & & & & & & »
il I R SR L *N - number of electrons
S— P - number of holes

|

* Recombination
— Formation of a bond by bringing together and electron and a hole.
— Releases energy in the form of thermal or optical energy.

— ﬁelcornbinaﬁon events require the presence of 1 electron and 1
ole.

— These events are most likely to occur at the surfaces of
semiconductors where the crystal periodicity is broken.

(Surface recombiation ~ mportant n photowoltaic devices)



"

In the steady state..

]

[

E,

Generation
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The generation rate must be balanced by
the recombination rate.

B 2
G, =R, = nyp, =n,

Ny =Py =Ny = Py =1,

Important consequence is that for a
given semiconductor the #p product
epends only on the temperature.



Now,we lkearned---

(1) Conduct bn and Valence Band

(2)Band Gap

(3)Ekctron and Hok, their pair

(4)Band Bending by ExternalE ectric Field
(5)Therm alGeneration and 0 ther G enerat ons
(6 )Recombinat on, llum hating and Therm al

Then How Can We ControlLocalCarrier Concentrations?
Ex)n+,pt,nandp

ByDopng:---



" ExtrnsicMaterials

The great strength of semiconductors...

« We can change
their properties
many orders of
magnitude by
introducing the

proper impurity
atoms.

« Which columns
add

— Electrons?
— Holes?

» What about
impurities?
—Doners and Acceptors




"

How does a donor work?

Phosphorous (P)

b valence electrons

Silicon (5i)

4 valence electrons




"

How does an Silicon (Si) Boron (B)
GCCEPTOI“ wor'k? 4 valence electrons @ 3 valence electrons @




So, let's review doping of elemental semiconductors...

Boron
atom

Phosphorus

) Jr

MNormal ’
bond '

Normal
bond

unbound
electron

4

»+ Dopants in Silicon

Reside on the lattice sites.

Group V elements contribute electrons to the conduction band and
are called donors.

Group IIT elements contribute holes to the valence band and are
called acceptors.

These impurities are totally ionized at room temperature.
Concentrations range from 1014 ¢m-3 to 1020 cm-3.
Low dop ing (channel) H igh doping (contact)




"
In general, we can modify the materials properties with the introduction of
immobile impurity atoms...
log ng -
» We can 129 Po 2 bgn;= bgn, + g p,

— Selectively create
regions of nand p.
* Needed for CMOS.
— Modify the
conductivity over
several orders of
magnitude.

— Manipulate the
number of
conduction
electrons over 5
orders of - S

X |
magnitude. log Ng

(F rOm .D U to .D 20 ) intrinsic extrinsic .
N typemateril

electrons=
majority carriers

\'-
p Yo, holes=
>, Mminority carriers
'.‘.
‘I
"I‘
-




Band D iagram of S ilicon with Donors and Acceptors

E, E,
Ax
R s on bl
E, E,

Let's take a look at Silicon with Phosphorus impurity atoms:

E.

A I 0.045 eV

—_— = = - E, —Much smaller than E,
—Easker excitat on

E,= 112 eV htrisic kvel

E,



" A
ThermalExcitaton of htrnsicM ateriak

Putting temperature and band gap together to obtain carriers...

« Thermal excitation
cause bonds to break

H H T=0K — ATt T =0 K there
IS no ener%?lfo
s

® © © o break bo

. . . ° — J\r/aieﬂcefbﬁmdés
. EE— ota ull an
. . _— condu’éﬂon band

‘ ‘ ‘ T=300K is empty.
— At room

® O & temperature

carriers can be

excited across

/.\—) the band gap.

. . — This liberates
‘ ‘ EHP T=-300K electrons and

“tr., holes.




Therm alExcitaton of Extrnsic M ateriak

Revisiting the effect of temperature...

o ® & ©
® ®© @ ® — @ - e .
T=0K 3 T=50K > T = 300 K
® & ¢ ® — © —_ — -
O ® & ©

M uch easer thermalEHP generation with donors and acceptors !



" Term s

Commonly used terms:
* Dopants - specific impurity atoms that are added to semiconductors in controlled amounts for
the express purpose of increasing either the electron or hole concentrations.

* Intrinsic semiconductor - undoped semiconductor; extremely pure semiconductor sample
containing an insignificant amount of impurity atoms; a semiconductor whose properties are
native o the maferial.

» Extrinsic semiconductor - doped semiconductor; a semiconductor whose properties are
controlled by added impurity atoms.

*  Donor - impurity atom that increases the electron concentration; #-type dopant.
* Acceptor - impurity atom that increases the hole concentration; p-type dopant.
* N-type material - a donor doped material; a semiconductor containing more electrons than holes.

* P-type material - an acceptor doped material; a semiconductor containing more holes than
electrons.

*  Majority carrier - the most abundant carrier in a given semiconductor sample; electrons in n-

type and holes in p-type.

*  Minority carrier - the least abundant carrier in a given semiconductor sample; electrons in p-
type and holes in n-type.



" A
Now,we lkearned---

1) Conduct ion and Valence Band,Band G ap

2)Ekctron and Holke, their pair

3)Band Bending by ExternalE kctric Field

4)Therm alGenerat ion and 0 ther G enerat ons
5)Recombination, llum nating and Therm al

6 )Control of Local and/or Overall Concentrations of
E lectrons and Holes by Dop ing

Then How Can We Express The Amount of Specific
Carrier (Either Electron or Hok) n Specific Region?
Ex) n-type and p-type Si have different amount of

carriers. How can we tell the difference between these
two?

We can use the Ferm iLevel to express this-



« The Fermi function tells us the probability of how many of the existing states

at any given energy will be filled with an electron.

f(E)
Mathematically speaking the end result
is a probability distribution function: 1
)= 1 )E>E,T=0,0 4
f( )_ (E-£/) i) E<E, T=0,f=1 3
14 "7 E=Ef,T>0,F=12
e

Fermi Energy

What about the temperature dependence?
AE)
—At temperatures higher than OK,som e probability 1

exists for states above the Ferm i kvelto be filed. ]
- h applying Ferm HD irac distrbut on, f(E) i the
probability of occupancy of an avaiabk stateat E.
-h ntrihsicmaterak, f(E-) = %,shce the num ber
ofekctrons and hoks are same.

~E¢ & the energy kwelwhere f(E:)= 14

1/2

Ferm iLevel
T=0K

dar-

=

8 /



Visualizing the Fermi level in intrinsic material...

E. =

e & ‘

E“ """""""" 3 E
; w

* TInintrinsic material:

- h ntrnsicmateril, the concentrat ons ofhoks nVB and ekctrons nCB are same.
Therefore the ferm i kvelE; [e n them ddle of band gap.

—The symmetry of the distrbuton ofempty and filed states about E; m akes the Ferm |
evela naturalreference pont ncalkultons of ekectron and hok concentrat ons.




Visualizing the Fermi level in n-type material...

E .
- EF .
E, L% s
e In n-'l'yp& material: Carrier Distributions:

— The Fermi level now lies closer to
the conduction band.

— There are many more electrons
— The difference between E; and E,

provides a measure of the strength
of the doping.

Energy




Visualizing the Fermi level in p-type material...

E.
E.
&
Ef mmm e 2 s
A

* In p-type material:

— The Fermi level now lies
closer to the valence band.

— There are many more holes




"
Band d agram Density of states Ferm D rac distrbution  Carrier concentrat bns

— Com pare three cases E E E

(ntrisic,nandp / [ R

type) n one charts e N i
- Band diagram ,Density i i

of states,Ferm irdirac S e

d St I but Dn and (a) Intrinsic
carrer concentrat ons

for ntrnsic,n type
and p typematerak *
E,
(b) n-type >
N(E)f(E)
po— S D g,
P\f (E) [1=f(E)]
(€) p-type L i > >
0 0.5 1.0 Carrier

N(E) f(E) concentration



" A Junct ion under Equilbrium

(depletion width)
W

E, Contact Potential )

*" < "
E ] Ern ’

VB oo e i e i B Va

EL'p Fn l
E'I-rﬂ r:]"_ P —
Energy bands Electrostatic potential

*The contact potential is the voltage necessary to maintain equilibrium at the
Junction.

S hce there should be no current fbwng under equilbrum , the Ferm i
kevelof PN junction without externalbias should be flat.

= Therefore E,, > E,, & E,, > E,,
— M ore about junctions n the next chapter



"

What is the role of temperature?? (n-typemateriaks)

Temperature defines three distinct regions of conductivity...

/

- Availbk ekctrons
— More ekctrons,
higher conduct ity

Inn

A

mntrnsic regime

“freeze-out” regime

Tem perature E ffect

pbtrinsicmaterials)

- T
10 cryogenic
temperarure temperature
n=N; n=N, n=n,
i 4/ {44 ! _ E
sesvee eo-lelle L4 -
D
~ Negligible — Negligible \ \- Dominant
Ry o e s &
0K Low T Moderate T Hiegh T



"
So where does the Fermi level lie for a doped semiconductor??

Fermi level positioning in Si at 300 K as a function of the doping concentration...

E.

E,

109 10 1w 10* 10 1w* 10° 1P
N, or Np(em™)

i) At higher dopng concentrat on,E approaches E.(CB) or E, (VB ).
i) At higher tem perature, thermalcontrbut on to ekctron hok pairs becom es higher,
which kads tomore ntrinsic property. (N, and N, & acceptor and doner concentrat ion)



" Carrier Scattering

—Threem ajor carreer transport:
i) Random therm alm ot ion, ii) D rift and iii) D iffus ion

Carriers are not sitting, what are they doing?
» The carriers are in constant motionl

— Thermal motion of carriers may be viewed as a random
walk.

— The carriers are interacting with many different things:
* Lattice vibrations - Increases with temperature
* Other electrons - Increases with carrier concentrations
» Impurities - Increases with doping concentrations




" A
So they move quickly, so what?

Let's see how far they go before they scatter..

Define the characteristic time between collisions: TC (in seconds)

Define the characteristic length of
thermal motion (mean free path): ﬁv = Vﬁ,rc (in meters)

Plug in numbers characteristic of silicon at room
Temperature:

r.~107" ~107"s

m

- 5
v, =107 —
s

Carriers scatter

—3> A ~1=10nm many times in a
typical devicell

For every ~5nm movem ent of a carrier n sem conductor,we have collision (scattering)
Carrer scatterngdramatically ncreases n polcrystallne and am orphous materah.



Wewant controled motion of carrers rather than random motion n our device.

Drift of Carriers

Net current in any direction is zero! So let's apply an electric field to our
semiconductor...

Now the mobile charges will be

accelerated by the electric field.

This superimposes a direction on
the random walk.
Because of scattering, carriers

do not achieve constant
acceleration. I

in direction
L> of field
Less scattering
= more accekrat ion

carrier drift

+ . -

E (V/m)

l Net force on

carriers

F = —qE Electrons

F = qE Holes

Tc
—r

= higher mobility

time



With this information, we can define the drift current...

> ® — <—./‘ >
O— | «—©O

>

E,
We want to define a current, or charge per unit time crossing of observation
orientated normal to the direction of current flow.

E drift E
> ']?.r = _qn<vdn = qnﬂnE >
drift __ Vd
Vdn A = qp<v > gpi, E P
e p dp D & ~—_,
J drift Proportional to: J drift
N Carrier drift velocity e
. «Carrier concentration 5
x| *Carrier charge X
mportant equat ons from carrier drift (<v>=pE,by defhition)
Drift current density form of Ohm'’s Law Conduct ivity and res st ivity
drif drift drif E 1
J t:Jn +Jp t:qn}'ln+ppp)?‘ J= O'E=_p J:;:‘I”Hn +p”p]




" Resist vity

Res st vity - reverse of conduct vity

» Inn-type semiconductor:

|
) N —
J'(Il qu}.[u
* In p-type semiconductor: |
T ——
TqNLp,
1E+4 3
~ b N
E 1E+2 \\
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" Carrier Mobility

And from the definition of the current, we can define the mobility...

T = —gn(v, ) =qnu E

Using the definitions for the hole and electron
drift currents:

T =qp(v,,) = qpu,E

The electron and hole mobility then becomes:

collson tme
qrT. 2
M, = . Electron Mobility
ﬁZ{ﬁn What can we say about the
eftfect e m ass sl .
qr. mobility in general?
H, = . Hole Mobility
p «Refers to the ease with
which carriers move through a
cm? host crystal.
In units of:
VY =8




" Scatterng and M obility

What else effects the mobility? Silicon mobility at 300 K
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Figure 3.23

Variation of mobility with total doping impurity concentration (N, + Ny)
for Ge, Si, and GaAs at 300 K.



"

Twomahn competng scatterngmechanism s ofdrift ng carrers

Impurity (dopant) Scattering: *The force acting on the
particles is Coulombic.
*There is less change in the
G electron’s direction of travel
the faster it goes.

a

v, i
au:'mpun'fy N N oc N N
T 3 Fly “ i
Phonon (lattice) Scattering: i
32
q E-le:rhc:rm);v‘z 1 1 ) E }‘r
Sponn = ® B T Tuz‘ITz 2E
m phonons XVy X
Phonon scattering mobility decreases as
the femperature increases.
1K
Since the scattering probability is inversely proportional sl
to the mean free time and the mobility, we canadd 1 1 1 1
individual scattering mechanisms inversely. I Mimpusities T Liattice T Ldefocts L

(Totalscattering probability =Y ndividualscatterig probability)_t



" A D iffusion of Carrers

— Carriers n a sem iconductor diffuse n a carrier gradient by random thermal
motion and scattering from the kttice and mpurities, from high concentration
to low concentration.

Cf)Drift:driving force - ekctric field
D iffusion:drivng force - concentrat on difference

— Examplk:A pule of excess ekctrons npected at x=0 at tme t=0 willspread out

htmeasshown hFig.4.2.

0 X



"
Diffusion = particle movement (flux) in response to
concentration gradient

?—L,\)

X

Diffusion flux oc - concentration gradient J

Flux = number of particles crossing a unit area per unit
time [cm? * 571

For Electrons:

dn _
F,= —Dna
For Holes: d _
ap
F,=-D, i

Diffusion current density =charge x carrier flux

- dn
Tl = by —

diff _ dp
JP - qDP dx

If an ekctric feld & present n additon to the carrer
gradent, the current densites will each havwe a drift
com ponent and a diffus on com ponent .

Therefore the totalcurrent density s as folows:

J, =I5+ IS =qnu E +qD, =
dx
Il 1
Jo = .I[1 ft+Jd'ff qpi,E —qD ;p
Jtutal :Ju +Jp

Majprity carrers manl contrbute through drift, whike
m nority carriers contrbute through diffuson.

The concentration of majority current can be much
larger than m nority current, but the concentration
gradient of m nority current can be significant.
Therefore diffusion current by m nhority carriers
sometmes s comparable to drift current by majority
carriers (ex.D iffusion - diode,Drift - transistor)




- It 8 mportant to discuss the nfuence of ekctric feld on the
energies of ekctrons n the band diagrams.
- Let's assume E field E(x) n the x direct on, then the energy band
bendhg willbe as shown i the right fgure (Fig.4.b).
- From the defnition ofekctric field,E(x) s as folow:
E (x)=—dV/dx or -AV/I

N on-uniform dop ng S .
Low H igh Drift
. . <« partially uncompensated
Nd o D IfoS on Mo, Ng. E fe U I doner charge
MNalx) — == :
f/ff_ 3

el

- RO
— net electron charge

’:1: }}{

— For non-uniform dophg h equilbrum (no net current), the carrier concentration
gradent (due to non-uniform doping) make a diffusion current,whik a built—h ekctric
field (by uncom pensated charges) m akes a drift current.

— For both ekctron and hok components, the net current s zero and thus drift and
diffusion current are cancekd out. drift diff

I () =1y (X)+ I (X)=0



" J Summary

In Chapter 3 and 4 (Streetman, Solid State Ekctronic Devices), we have karned
fundam entalconcepts for electronic device (diodes, transistors, circuits) study.
(1) bond ing, ant Hbond ing i

(2) band structure (conduct ion, va kence band, band gap)

(3) direct gap and indirect gap materials

(4) ekctron,hok and their pairs - FundamentalConcepts
(5)bands h ekctric field

6)

ntrinsic and extrnsic materials

7)p type and n type dop ing

8)Ferm i kvel

9 ) tem perature effect on sem iconductor
10 ) carrier drift

11) mobility, resistivity and scatterig
) carrier diffusion i

- MoreAppled Concepts

e T e e

The quest ions,when we begins these chapters,were---

(1) How to m ake different charge distrbution:n and p type regions
(2) How to make carriers(charges) move(transport) from one bcation to the other
h a controlied way (by applying bias or by m aking carrier concentration gradient)



