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=PL Description of Semiconductor

Conduction Band (CB)

— Conduction Band Edge (CBE)
Conduction Band Minimum
(CBM)

Energy Band Gap

Valence Band Edge (VBE)
Valence Band Maximum (VBM)

Valence Band (VB)

Atom Nanoparticle Bulk

A band gap is the distance between the VB and the CB and the band gap represents the minimum
energy that is required to excite an electron up to a state in the CB where it can participate in
conduction.

It represents a set of forbidden energies that do not correspond to any allowed combinations of atomic
orbitals.
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=PL Description of Semiconductor

Energy

Partially filled band

Conduction Band (CB)
Unoccupied (empty) by electrons

......................................................................... Fermi Level (E)

Metal

Cu, Ag, Au, Al

Semiconductor

0.1eV<E;<3.5eV
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Si, Ge, GaAs, CdS

Insulator

E;>3.5eV

Valence Band (VB)
Occupied (filled) by electrons

vs The energy = 26 meV
at 298 K

Diamond, SiO,, MgO




=PiL Direct and Indirect Band Gaps

Electron can make a
smallest energy
transition from the CB
to the VB without a
change in crystal
momentum k value.
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E(k)

E(k)

>

GaAs, CdS, ZnS,
InSb, HgTe, GaN

k

The change of k value will
result from either losing or
gaining energy from the
lattice vibration (phonons).

Si, Ge, GaP, AlAs



=PrL E-k diagram of Si and GaAs
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=PL Charge Carrier Concentration
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silicon: Eg=1 .09 eV

0 K {No electrons

in conduction band.) 300K
- &
Conduction Band \ ® f ° ®
i [}
Fermi level 1.00 eV

germanium: E; = 0.72 eV

0 K (No electrons
in conduction band.)

Conduction Band

Fermi level ‘ 0.72 eV




=PFL Temperature and Conductivity

8.5 =] [ 4.5 L [ ] eofge
= n Which one of A and B is silicon?
S S
% 8.0 — 4.0 O
=) A = Semiconductor has a negative temperature coefficient:
é 75 | | 3s E The electrical conductivity of a semiconductor
> ' = increases with increasing temperature.
s 5
C 7.0 - — 3.0 % Metal has a positive temperature coefficient: The
=) = . . .
= B o electrical conductivity of a metal decreases with
8 6.5 — \ — 2.5 Lc)n increasing temperature.
- O
O
6.0 | | | | 20 _ . : :
700 900 1100 1300 1500 At h!gher temperatures, the metal nuclgl collide with the
mobile electrons more frequently and with greater energy,
Temperature (K) thus decreasing the conductivity.
This effect is, however, substantially smaller than the
o =qnu, increase in conductivity with temperature exhibited by

semiconductors.
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=PiL Charge Carrier Concentration

* Charge carrier number = number of states multiplied by % of states occupied
by electrons at a given energy.

* The density of states in a semiconductor equals the number of electron states
per unit volume per unit energy: energy of the number of solutions to

Schrédinger's equation.

* The Fermi-Dirac distribution gives the number of electrons, or other fermions,
per single-particle state for a macroscopic system at a nonzero temperature.
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=PFL Density of States

g(E) = Density of States

I .
Q. How many charge carriers: _[ g(E) - f(E)dE f(E) = Probability of occupied states

(27?1)3/2 E — Enin 3
3D (bulk) g(E) = 2,;/2,@ =
0
: : \\\\\
1D (wire) — . m e
/ 9E) = \/ZE—Emin
0D (dot) o g(E) = 28(E — Epin) §

Ene
h = —,reduced planck constant - .
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=PFL Density of States

Dimensionality of a material specifies how many dimensions do the carriers of the material act as free carriers.

* In bulk semiconductor,
continuous density of states
results in both conduction
and valence bands

> k
Bulk
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=PFL Density of States

Dimensionality of a material specifies how many dimensions do the carriers of the material act as free carriers.

E

E
EC EC smn®

Ey Eyr

T

Bulk Quantum well
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C e ﬁ
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In bulk semiconductor,
continuous density of states
results in both conduction
and valence bands.

A two dimensional system
where electrons are confined
in one dimension and
therefore possess stepwise
density of states.
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=PFL Density of States

Dimensionality of a material specifies how many dimensions do the carriers of the material act as free carriers.

E
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In bulk semiconductor,
continuous density of states
results in both conduction
and valence bands.

A two dimensional system
where electrons are confined
in one dimension and
therefore possess step like
density of states.

Quantum wire system is a
one dimensional system
where electrons are confined
in two dimensions.
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=PFL Density of States

Dimensionality of a material specifies how many dimensions do the carriers of the material act as free carriers.

<«

E

Ec

Ey

g
Y
N

k
Bulk
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E
Ec
Ey

Quantum well Quantum wire

E/
—
—

Ec —
Ey —

—
—

Quantum dot

In bulk semiconductor,
continuous density of states
results in both conduction
and valence bands.

A two dimensional system
where electrons are confined
in one dimension and
therefore possess step like
density of states.

Quantum wire system is a
one dimensional system
where electrons are confined
in two dimensions.

Quantum dot is a zero
dimensional system where
electron motion is confined
in three dimensions.
Therefore, a quantum dot
possess atomic like DOS.
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=PFL Density of States

Q. How many charge carriers? fg(E) - f(E)dE

2D (slab)

1D (wire)

0D (dot)
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(Zm)S/Z\/E - Emin

g(E) = e

() = 1 m
I = v |2E —Epn
g(E) — 25(5 - Emin)

h = o reduced planck constant

g(E) = Density of States

DOS

DOS

Energy

f(E) = Probability of occupied states
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=P~L Fermi-Dirac Distribution Function

Q. How many charge carriers? jg(E) - f(E)dE

A — —

f(E) T=0°K T1>OOK T2>T1

0.5F----

S ] L T TRy

=
<

Er Ec

Fermi Level
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1
f(E) =
E—FE
1+ exp(—ak
exp( kBT)
AtT=0K
! =0
B> By 1+ exp(+)

Probability to find electrons
above E; increases as
temperature increases.

g(E) = Density of States
f(E) = Probability of occupied states

0<f(E)<1

1
1+ exp(—)

E<E|:: 1

silicon: Eg=1.09 eV

0K (Mo electrons
in conduction band.) 300K

. [
i .
Conduction Band \ o 44

.
- T
Ll R Y, - P V4 i i i i

germanium: E; = 0.72 eV

0 K (No electrons
in conduction band.) 300 K

:\ .\\ /:' Y
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~=P~L DOS and Fermi-Dirac Distribution Function

g(E) = Density of States

I .
Q. How many charge carriers: j g(E) - f(E)dE f(E) = Probability of occupied states

Blue lines: F-D distribution

Etop
n= E)-f(E)dE
E, 9c(E) - JE) Green lines: The product
2
e
L
Ey
p=| avp - f@)aE
Ebottom

This image is taken from https://en.wikipedia.org/wiki/Density_of states
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=PFL Solar Energy to The Earth

Comments Solar constant hv,,
(W/cm?)

1 Sea level, sun at zenith

2 Sea level, sun at 60 degree from zenith
3 Sea level, sun at 70.5 degree from zenith
1 Cloudy weather
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Outside atmosphere

1367

1040

840

750

120

1.48 eV (838 nm)

1.32 eV (939 nm)
Red shift

1.28 eV (969 nm)
Red shift

1.21 eV (1025 nm)

Red shift
1.44 eV (861 nm)

Blue shift

5.8 x 10Y7

5.0 x 10Y/

4.3 x 10t/

3.9 x 10Y/

5.2 x 10%¢
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=P~L Air Mass

AM =~ 1/cos(z) This is reasonably accurate for value of z up to around 75 degree.

Modelling the atmosphere as a simple spherical shell provides
AM = \/(rcos(z))z +2r+1 —rcos(2) a reasonable approximation(l)

(1) Schoenberg, E. Theoretische Photometrie, g) Uber die Extinktion des Lichtes in der Erdatmosphére. In
Handbuch der Astrophysik. Band Il, erste Halfte. Berlin: Springer (1929).

r = the radius of the Earth/the effective height of the atmosphere = 6371/9

z (degree) Spherical shell Global irradiance
(W/m?)
0 1.0 1.0
48.2 1.5

1367
60 ' 2.0 2.0 840
70 2.9 2.9 710
75 3.9 3.8 620
80 5.8 5.6 470
85 11.5 10.6 254
88 28.7 20.3 96
90 o0 37.6 20
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=Pr~L Recap

Franck-Condon Principle

Mirror image spectra
absorpfron
(0, 4)
A
P
20
L%) Stokes shift
6
5
4 \d
- . (4,0)
, & emission
1
= v'=0
:<-q—01>:

Nuclear Coordinates
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=P~L Recap

Singlet excited states Triplet excited state
~ l/ Internal Vibrational
< T conversion relaxation
S N
2 T I 7 e Intersystem
¥ crossing
> N \L
N Ny \L
Sl N \L
- AN »
¥

| I I I I

R

3 R
& Internal T
- and I [ I

Absorption Fluorescence external Phosphorescence

conversion : : : : :

R

| | | | |

R N

N N T B

N B
WV | | !
S } Y Vibrational — ||, B
0 £ i t t
3 = relaxation N )
Ground N U v J
state A 2 A 1 ,\: A - A 3 A 4

Jablonski diagram

= Jun-Ho YUM, junho.yum@epfl.ch T. H. Fereja et al., ISRN Spectroscopy, 2013, 12 (2013).



=Pr~L Recap

Q. How many charge carriers? fg(E) - f(E)dE

E,,,
n= gc(E) - f(E)dE
Ec
Ey
p= f gy - [1— F(E)dE
Ebottom
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Energy

This image is taken from https://en.wikipedia.org/wiki/Density_of states

g(E) = Density of States
f(E) = Probability of occupied states

Blue lines: F-D distribution

Green lines: The product
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“P=L Number of Carriers

g(E) = Density of States

I .
Q. How many charge carriers: _[ g(E) - f(E)dE f(E) = Probability of occupied states

. 8nv2m3/2,/E — E dE _ 1
n=| gew FEME  go®) = NS ) -
E

Cc

E
1 + exp( kBTF)

i _ —(E—Ep)] .
Boltzmann approximation f(E) = exp T if E—Ep > 3kgT
B

m” is the effective mass

3
2mgkgT\2 (Er — E¢) (EF —E¢) : : . .
n=2 ( 72 ) . ex T = Ncexp KT N is the effective density of states in CB.
3 3
(" 8mvV2mz,/E, — E Cox (E — Ep) 4E - 2 2mm;ksT\2 ox (Ev — Ep)| N ox (Ey — Ep)
P=1]_ h3 S - h? Pl et |~ VP T T

Ny is the effective density of states in VB.
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=P~L Number of Carriers in Si

w

3 =
2mmikgT\2 2mx1.08%9.11x10731kgx1.38x10"%3m2kgs 2K 1 x300K\>2 e s
NC=2< ) =2 = 2.81 X10“° m

h? (6.626x1073*m2kgs—1)2

= 2.81 x101% cm™3

w

- 7
Ny =2 (Znn;l’;kBT) — 1.83 %1019 ¢m~3 with m;, = 0.81x9.11x10731kg

In an intrinsic semiconductor in the equilibrium n =p =n; (Mass action law)

—E

E, — E E, — E
(Ey r) = NcNyexp (Ey c) :NCNVexp(k 7‘?)
B

kBT kBT

(Er — E¢)
kgT

np = n? = Ng exp X Ny ex

which is independent of the position of the Fermi level.

n; = 8.87 x10° cm™3 With E, = 1.12 eV
kpT = 0.0259 eV
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Z“P~L Calculation results

Name Symbol Germanium Silicon Gallium Arsenide
Energy bandgap at 300 K E; (eV) 0.66 1.12 1.424
Effective mass for density of
states calculations
Electrons M, 4os/ Mo 0.56 1.08 0.067
Holes My 4os/Mo 0.29 0.81 0.47
Effective density of states in
the conduction band at 300 Nc (cm3) 1.05 x 10%° 2.82 x10%° 4.35 x 10V
K
Effective density of states in
N -3 .91 x 1018 1. 101° .07 x 1018
the valence band at 300 K v(em?) 3.91x 10 83x10 8.07x 10
Intrinsic carrier density at ) 13 9 6
n; (cm3) 1.83x 10 8.87x10 2.05x10
300 K
Effective density of states in
the conduction band at 100 Nc (cm3) 1.46 x 10%° 3.90 x 10%° 6.03 x 10Y/
°C(373.15K)
Effective density of states in 3
- 43 x 1018 2. 101° 1.12 x 10%°
the valence band at 100 ° C Ny (em”) >-43x 10 >3x10 x10
Intrinsic carrier density at )
n, (cm-3) 3.11 x10* 8.59 x 1011 6.29x 108

100°C
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=P=L The Intrinsic Fermi Level

In an intrinsic semiconductor, n = p. Therefore E. —Er = Er —E, and the Fermi level is nearly
at the middle of the band gap, i.e., Er = E¢ — E,/2.

We use these the equation previously mentioned:

(Er — E¢)
KT

(Ey — EF)
kT

np=nl-2=NCexp X Ny ex

We denote the position of the Fermi level in the intrinsic material E;.

VN (CL) I (CeL2
l C p kBT
E.+Ey kT [Ny E, kT (Ny
E: = E . — v
‘ ;. tp (NC) cT2 T l"(NC)

A slight shift is caused by the difference in N and Ny,
ex) 0.01 eV for Si
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=PFL Doped Semiconductors

= Jun-Ho YUM, junho.yum@epfl.ch

Intrinsic SC

covalent bond

@ eclectron

>0K

hole

Electrical conductivity of intrinsic Si!

o =e(nu, +pup)
Intrinsic carrier concentration: 8.87 x 10° cm?3

Electron mobility = 1000 cm?2V-1s1
Hole mobility = 500 cm?V-1s1

0=2.13x10"°Q 1em?
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=PFL Doped Semiconductors

Electrical conductivity (Q 'ecm™") —
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Metals

Semiconductors

Insulators

. 108
Copper
Iron 0%
| 100
Germanium
Silicon — 1074
| 10—8
Glass
| 10—12
Diamond
| 10—16
Fused silica
—107%
L 10—24

Image taken from

Electrical conductivity of intrinsic Si!

o =e(nu, +pup)
Intrinsic carrier concentration: 8.87 x 10° cm?3

Electron mobility = 1000 cm?2V-1s1
Hole mobility = 500 cm?V-1s1

0=2.13x10"°Q 1em?

https://chem.libretexts.org/Courses/Northern_Michigan_University/CH_215%3A_Chemistry_of _the_Elemen
ts_Fall_2023/05%3A_Solids_and_Solid-State_Chemistry/5.14%3A_Bonding_in_Metals
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=PFL Doped Semiconductors

The doping process can greatly alter the electrical characteristics of the semiconductor.
This doped semiconductor is called an extrinsic material.

Intrinsic SC Extrinsic SC

e ionised P,* atom e 1onised B,” atom

covalent bond @ clectron hole

Donor (D, Np) Acceptor (A, N,)
At 0K >0K

Low doping | Moderate doping | Heavy doping

| | | | | | |
| | | | | | | | |

, . ; 27
* Jun-Ho YUM, junho.yum@epfl.ch Dopant concentration [cm™]



=PFL Doped Semiconductors

The doping process can greatly alter the electrical characteristics of the semiconductor.

This doped semiconductor is called an extrinsic material.

Intrinsic SC Extrinsic SC

a ionised P,* atom

O S1 atom covalent bond @ clectron hole
n-type
At0K >0K
Majority carriers e-
Minority carriers h*

= Jun-Ho YUM, junho.yum@epfl.ch

e 1onised B,” atom

p-type
h+

e-

28



~=P+~L lonization

The concentration of electrons and holes is influenced by the amount of the impurity atoms that
substitute semiconductor atoms in the lattice.

Donor (Acceptor) atoms introduce donor energy levels, E, (Acceptor Energy levels, E,) near the C.B
(V.B.) so that the electrons (the holes) exited to C.B. (V.B.) at R.T: lonization.

_/' Ec Ec
@ E,
Energy | = —--mm--m--m---------- E, mmmmmmmmm e E;
_____ Q- Ea
EV \' EV
n-type p-type
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=Pr~L lonization Energy

lonization energy (I.E.) (lonization potential) is the amount of energy required to remove
the most loosely attached 1 mole electron from an isolated gaseous 1 mole neutral atom,
which forms an ion (eV or kl/mol).

X+LE. (15t) 2 X* + e~
X* + L.E. (2M) 2> X?* + e~

O o0

+ +

First ionization Second ionization

energy ® energy 3

Lithium atom (Li) Lithium ion (Li*) Lithium ion (Li%*)
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=PL lonization Energy of Donors and Acceptors

The energy required to ionize a donor atom (i.e., to free the extra electron and leave a positive ion behind)
can be estimated by modifying the theory of the ionization energy of a hydrogen atom,

_ mat _
Ey = 8e2h? 13.6 eV
e m*q*
Small modification includes: E,,=
8(gpe,)2h?

The result is about 24.6 meV and 37.1 meV for donor energy and acceptor energy. Because of such small
ionization energies, they are usually fully ionized at room temperature.

T e e

Dopant Sb P As B Al In

39 44 54 45 57 160
lonization Energy (meV)
EC — ED EA o EV
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=P~L Carrier Concentration in Doped Semiconductors

Under equilibrium conditions, the local charge is zero in the uniformly doped semiconductor

= the charge neutrality condition

p+ NT —n—N; =0

n
By definition p
+ p
ND == ND - nD pA

Ny = Ny —pa Np -
Ny

Np

p+ (Np —np) =n+ Ny — pa) Ny

At room temperature we assume complete ionization.

p+Np,=n+N, Mass action law: np = n?

n=1/2[(Np — N) + ((Np — Ny)? + 4n})'/2]

p=1/2[(Ns — Np) + (Ng — Np)? + 4n?) /2]

= Jun-Ho YUM, junho.yum@epfl.ch

: thermal-equilibrium concentration of electrons
: thermal-equilibrium concentration of holes
: concentration of electrons in the donor energy state

: concentration of holes in the acceptor energy state
: concentration of donor atoms

. concentration of acceptor atoms
: concentration of positively charged donors (ionized donors)
: concentration of negatively charged acceptors (ionized acceptors)

np =ps =20

Np> Ny, For n-type

N,> Np For p-type



=Pi-L Determine the thermal equilibrium e- and h* concentrations

Example 1) Consider a silicon semiconductor at T =300 °K in which N, = 10** cm3 and N, = 3 x 10> cm?3.
Assume that n; =1 x 10'° cm-3. Calculate the carrier concentrations (electrons and holes)!

Solution 1)
The majority carrier electron concentration is

n=1/2|(Np — Ny) + ((Np — Ny)? + 4n?)1/2] = 7x 10 cm3

The minority carrier hole concentration is
p = n¥/n=(1x101)%/(7 x 106) = 1.43 x 10* cm®

ifND—NA>>ni nZND—NA p=nl2/(ND—NA)
if Ny—Np>»n; p=Ng—Np n=n?/(Ns— Np)
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=Pi-L Determine the thermal equilibrium e- and h* concentrations

Example 2) Consider an n-type silicon semiconductor at T =300 °K in which N, = 10** cm3 and N, = 0.
The intrinsic carrier concentration is assumed to be n; = 1 x 10%° cm-3. Calculate the carrier

concentrations!

Solution 2)
The majority carrier electron concentration is

n=1/2[(Np — Ny) + ((Np — Ny)? + 4n7)1/?| = 106 cm3

The minority carrier hole concentration is
p = n?/n = (1x10%)2/10% = 1 x 10* cm3

if Np > Ny n=Np p =n?/Np
ifNA>>ND p=NA nznf/NA
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=P~L The Fermi Level in Doped Semiconductors

Example) Where is Er located in the energy band of silicon, at 300 °K with n = 1017 cm=3? And for p = 104 cm=3?

Solution) n = N¢ exp [<E2| —— E; — Ep = kpTin (7£) = 0.146 eV with Ne = 2.81 x10" cm™

Solution) p = Ny, exp l@] —— Er —E, = kgTln (%) — 0314 eV with N, = 1.83 x101° cm™3

Energy | = —--mmm-m--m---------- E. mmmmmmmmmmmm e E;
_____________ E;

___________________ Ea

EV EV
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=P~L The Fermi Level in Doped Semiconductors

Np (cm3)

1012 1013 1014 1015 ' 1016 10! 1018
E. I 1 [ I w |

Ev1012 1013 1014 1015 1016 1017 1018
N, (cm-3)

Position of Fermi level as a function of donor and acceptor
concentration.
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Nc Ne¢

n
EF - EFi == kBTln <_)
n;

Ny Ny

EFi - EF == kBTln (£>
n;

36



=PrL

Carrier Concentration in Intrinsic and Extrinsic SCs

(@)

(b)

(c)

= Jun-Ho YUM, junho.yum@epfl.ch

electrons

EA

n>>p

D(E)
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=PFL Doped Semiconductors

At room temperature we assumed complete ionization. np =p, =0

If this is not true???

The derivation of the Fermi-Dirac probability function was derived considering the Pauli exclusion principle.
This principle also applies to the donor and acceptor states.

g = 2 for electron

1 nD 1 = i -
J(E) = E — Ep K Np - 1 Ep — Ef fgoId4df:re:célfasc(sgfiaisvd;eeto tlrg;v
1+ exp( T ) 1+§exp(T) g y .b. e.g. y
B hole and light hole)
ND - ED
We assumed Ep — Ep >» kgT, ™= . ZNDeXp(k—)
eXp( ") sl
F D
electrons in the donor state np 2ZNpexp( kgT ) B 1

total electrons S np4n Er — Ep Ep —Ec\ N¢ D
ZNDexp(—kBT )+ Ncexp (—kBT ) 1+ 2N, €XP (—
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=PFL Doped Semiconductors

Let’s determine the fraction of electrons are still in the donor state at T = 300 °K in the case of P donor atoms in Si
(Np=1017cm3).

Nnp _ 1 _ _ 0
np +n B 2.82 x1019 44 meV \ 0.0013 = 0.13%
1 ex ( )

21077y *P\25.9mevV

This example shows that at RT only few electrons are in the donor state compared with the C.B. Only 0.13% of
the donor states contain electrons.
The same is valid for the acceptor states.

What if T =0 °K or much higher than RT?
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=PL Temperature Dependence of the Carrier Concentration

* In Freeze-out regime, donor atoms are only partially ionized.

* Inthe saturation regime, donors are fully ionized and carrier concentration is a constant.
* At highT, it behaves like an intrinsic semiconductor.

A Intrinsic regime

Saturation regime
n= Ny
= Freeze-out regime
> 1/T
High  Room Cryogenic
temp- temperature temperature
crature

= Jun-Ho YUM, junho.yum@epfl.ch
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=PL Temperature Dependence of the Carrier Concentration

nh=0 n=ND+ n=ND n = n;
") o e (00,0,0,00,00 eoee oo o
000000 O O—006—C0 O ————'—p (»(»(»( — ED
\ \
0K Low T Moderate T ng

Mini calculator for intrinsic carrier concentration: https://www.pveducation.org/pvcdrom/pn-junctions/intrinsic-carrier-concentration
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=PL Temperature Dependence of the Carrier Concentration

Position of Fermi level as a function of T for
various doping concentrations

1.0
— Si
o | Conduction band
W s e O
e
" n-type —
S 02 §§\g\\\\\
;IE: 0 " Intrinsic level 1012 '>10 ‘> 1016:
&,

.8 Valence band

10 |
0 100 200 300 400 500 600

T(K)
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n; strongly depends from T

E:is a function of T.

As T increases, n; increases.

As T increases, E =2 E;

At high T the semiconductor loses the extrinsic
characteristics and behaves as intrinsic.

At low T freeze-out occurs, Boltzmann approximation
is not longer valid.

The equations we derived the Fermi level position no
longer apply.

E-—> E, for n-type and E; = E, for p-type
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=P~L Ways to Change Carrier Concentrations

Current Flow: Motion of electron and hole
Generation: Local creation of electron-hole pairs

Recombination: Local annihilation of electron-hole pairs
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=PL Carrier Transport Properties

The net flow of the electrons and holes in a semiconductor will generate currents. The process by which these

charged particles move is called transport.

The two basic transport mechanisms in a semiconductor:

- Drift: the movement of charge due to electric fields

- Diffusion: the flow of charge to cancel any spatial inhomogeneity in carrier density

Drift
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Diffusion
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=PiL Drift
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Electrons and holes in solid at thermal equilibrium move in random directions.
Electrons and holes scatter randomly by lattice, impurity (ionized or neutral),
and defects.

No net velocity

In the presence of an electric field, electrons (holes) drift: Electrons in
the opposite direction of the E-field and holes in the direction of the E-

field.
Motion is non-directional on a local scale but has a net direction on a

macroscopic scale, which gives rise to a current.
Average net motion is described by the average drift velocity, v,.
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=PiL Drift

E >
Assumption: All the carriers in the semiconductor move with the same
o < average velocity.
< L >
_Q__ 0
Z — L/ where t, is the transit time of a particle, traveling with average velocity, v,, over the distance L
Varift

Q
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J is drift current density and p is positive volume charge density=pxqgornxaq.

Jearifyy = —env, and Jn(arifty = €pvp

Ve = —He€ For low electric field, the average drift velocities are directly

roportional to the E-field.
Vp = Up Prop

Jearifry = enpe€
Jtotai(arift) = enu.E + epup€ = (enp, + epup)€ = o€
Jnearife) = epun€

= Jun-Ho YUM, junho.yum@epfl.ch 46



=PiL Drift

Mobility depends on doping level and whether carrier is majority or minority-type.
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