CHAPTER 38

Semiconductors
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3.1. Band Structure
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bands in different directions in k-space lisually have different shapes so
that a complete assessment can only be made by inspecting the entire band

E

Schematic band structure of silicon in the k, (or X') direction




Gap Energies

(depend on the crystallographic orientation)

Element E, |[eV]
C (diamond)__ =" 548

semiconductor

S1 1.17
Ge semi-metal 0‘74

Sn (gray) 0.08




gap energy 1s slightly temperature dependent

ET?
T + 0p

EgT — EgO —

E,y 1s the band gap energy at 7 =0 K
Ex5x107%eV/K

Op i1s the Debye temperature

E; becomes smaller with increasing temperature

§§t‘u‘rday, April 9,



8.2. Intrinsic Semiconductors

Semiconductors become conducting at elevated temperatures.

In order for a semiconductor to become conducting,

electrons have to be excited from the valence band into the conduction band
where they can be accelerated by an external electric field

electron holes which are left behind in the valence band contribute to the

conduction. They migrate in the opposite direction to the electrons.

Germanium
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Fermi distribution function and Fermi energy for an intrinsic
semiconductor for 7 > 0 K
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Recall,

N(E) =2-Z(E) - F(E)
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Er = —Eg/2
Ne=N*/V

1 (2mkg\”* /2 3 E
Ne == T3/2 _ g
4 ( mh? ) exp[ (2kBT)}

The constant factor -1- (2";:?3
i

4

3/2 - :
N, = 484 x 105(™e) T2 exp|— (=22} |.
mo ) 2kBT )

3/2
) has the value 4.84 x 10'° (cm™3 K~3/2)

number of electrons in the conduction band per cm?
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At room temperature, Ne~10?/ cm?
lcm3~10%2 Si atoms

only one in every 10'3 atoms contributes an electron
to conduction band
~poor conductivity

/
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Density of electrons, N,

:Density of holes, N,

Valence
~ band
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Density of electrons (N.) and holes (Ny) for an intrinsic semiconductor.
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U

Mobility, U i = -(g)-
(dnift) velocity per unit electric field
j=08 J = Nve
v
—N=Ze=N
o y e ue

Taking both electrons and holes into consideration we can write

G '= Neeﬂe T Nheﬂha

o =484 x 105(™ 3/27"-"/2e(u +,u)expr E )
| ¢ PR \2kgT ) |’

g
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lattice vibrations

T,

more electrons to
conduction band

e 2 S
h 5 i)
T 200 330 400 500 T 200 3%00 450 500 T
0 = Neeu, + Npeyy,,
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m E
=4.84 x 101 T3/2 exp|— [ =2
g (mO) e(ﬂe + /‘th) p ] 2kBT )
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8.3. Extrinsic Semiconductors
8.3.1. Donors and Acceptors

intrinsic semi-conductor, very small amount of electrons
in conduction band 10%/cm?3

extrinsic semi-conductor, by doping elements form |ll
andV groups

n type semi-conductor, donor impurities (P, As, Sb)
major carrier: electrons

p type semi-conductor, acceptor impurities (B,Al, Ga, In)
major carrier: holes
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donor electrons

Si negative

Wharge cloud
7 \

(1) the bonding energy of Si to the
fifth (extra) electron is 0.045eV.

(2) more electrons in valence
bands are excited to conduction
band
~the number of conduction
electron increases
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8.3.2. Band Structure

of extrinsic semiconductor

g e

donor(extra) level

~|eV

acceptor (extra) level

(b)
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8.3.3. Temperature Dependence of the Number of Carriers

At 0 K the excess electrons of the donor impurities remain in close proximity
to the impurity atom and do not contribute to the electric conduction. We
express this fact by stating that all donor levels are filled. With increasing
temperature, the donor electrons overcome the small potential barrier

and are excited into the conduction band

[elec*rons
cm’

13 { «\ 3/2
10 donor band ! N, = 4.84 x 10'5(T£) T3/2exp [—( Ly )]

mo 2kBT
I I J S
O 100 200 300 400 T1K)
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p-type semiconductor

with increasing temperature, the electrons
are excited to acceptor band
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8.3.4. Conductivity

of extrinsic semiconducto

g= N, de€HUe
At room temperature, Neintrinsic) is very small,
Nde>>Ne(intrinsic) Nde~Nd (numbel‘ Of dOP'hg atomS)
| depends on the doping level
16[ atoms
o 1031.L__ 0 Nd:10 6[ CmJ]
1 2
[60— 10 \___/____/
10’
1 like metals. 1 12 atoms
\ cm’
10 number of carrier

e InCcrease
1 - -
00 200 300 400 500 tfggmiconductor)
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Conductivity of Metals

at high temperature, the phonon scattering dominates

o4
DA Cu-3at.%Ni |
Cu-2at.% Ni
Cu-1at.%Ni
Cu

A

R

P s
1

measure the conductivity of material at very low
temperature, we know the behavior of metal or
semiconductor
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8.3.5. Fermi Energy “mperature dependent

In an n-type semiconductor, more electrons can be found in the conduction
band than holes in the valence band. This is particularly true at low tem-
peratures. The Fermi energy must therefore be between the donor level and
the conduction band

With increasing temperatures, an extrinsic

semiconductor becomes progressively intrinsic and the Fermi energy ap-
proaches the value for an intrinsic semiconductor, 1.e., —(E;/2).

AN N
— e ————————— — donor levels
~E¢
E; ——
2 ===
E,

0 200 400 600 TIK3
the Fermi energy for a p-type semiconductor rises with increasing tempera-
ture from below the acceptor level to —(Eg/2).]
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8.5. Hall Eftect

(measure types and number of charge carriers)

n-type dopant
B,

: i, Lorentz force
electron - Vx

+ ,
. Hall force
e ectron

o, S v H = € Y

In equilibrium

g+ FL =90
&, = UxB;

O ’—.‘
R
g Tl i
O \/
\J r ! :

Hall field builds u

§§t‘u§day, April 9,



Jx = —Nv,e

the number of conduction electrons (per unit volume)

N =L
eé
Hall constant,
Ry = — —
o Ne

Hall constant is negative for electron carrier

The electron holes are deflected in the same di-
rection as the electrons but travel in the opposite direction
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8.6. Compound Semiconductors

11-V

GaAs
GaP
GaN

InP
InAs
InSb

[I-VI GaAs
£nO ~ direct band gap
N> high speed device
~ Ig P Vi
Znse large electron mobility
CdS smaller effective mass
CdTe ~ Laser/ LED
HgS (Optical Application)

~ high frequency device

Tele-communication
military applications,
Satellite Pre-amplifier

Doping of GaAs i1s accomplished, for example, by an excess of Ga atoms
(p-type) or an excess of As (n-type). Si acts as a donor if 1t replaces Ga atoms
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Calculated energy band structure of GaAs.

comparatively large convex upward curvature
9 i -

L

10 f

ENERGY (eV)
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8.7. Semiconductor Devices

8.7.1. Metal-Semiconductor Contacts

A+ D-type

E \‘\\\\\\\\\\\\\\\\\\\§\\
E

\ Conduction band \\\
N\

O O

T F

++ + +

positi¥e % renelholee
negati bias 1’
bias Valence band s BE L
Surface

=t T T T T T

r
e S | NDepletlon layer
S X (space charge)
Depletion layer

(space charge) holes “want to drift upward”
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8.7.2. Rectifying Contacts (Schottky Barrier Contacts)

to convert alternating current into direct current.
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work function, ¢,

the energy difference between the Fermi energy and the ionization energy

electrons start to flow from the semiconductor
“down’’ into the metal until

L. the Fermi energles of both solids are equa]
10n1zation energy :

M > Os

T electron affinity

Metal n-type semiconducto

electron
flow b)
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a p-type semiconductor 1s brought into contact with a metal
electrons diffuse from the metal into the semiconductor

o” potential barrier (for the holes)

A = [onization
enerqgy
I oM < P —
@ contact potential /
Dm a _
cond
|| =
| Zz
Ermame e —— Er
—Ef e * Yy e Y
R
valence ol
A band | +/
Metal L s &
p-type |
semiconductor Metal p-type semiconductor
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In the equilibrium state, electrons from both sides cross the potential bar-
rier. This electron flow constitutes the so-called diffusion current. The number
of electrons diffusing in both directions must be identical for the following
reason: the metal contains more free electrons, but these electrons have to
climb a higher potential barrier than the electrons in the semiconductor,
whose conduction band contains fewer free electrons.

In addition to the diffusion current just mentioned, a "‘drift curren
to be taken into consideration. Let us assume that an electron— hole palr was
thermally created in or near the depletion layer. Then, the thermally created
electron 1n the conduction band i1s immediately swept down the barrier, and
the hole in the valence band 1s swept up the barrier. This drift current 1s
usually very small (particularly if the band gap is large, such as in GaAs)
and 1s relatively insensitive to the height of the potential barrier. The total
current across a junction is the sum of drift and diffusion components.
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reverse bias forward bias

At first, the metal is assumed to be connected to the negative
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+V Alternating current

S A

Time —

-V

+V Rectified current

/7~ \. Reverse _/ \. Reverse
0

reverse bias forward bias Forward Forward

(a) Time —
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ohmic contacts

band diagrams are shown for the case where a
metal is brought into contact with an n-type semiconductor. It 1s assumed
that ¢y; < ¢g. Thus, electrons flow from the metal into the semiconduc-
tor, charging the metal positively. The bands of the semiconductor bend
“downward” and no barrier exists for the flow of electrons in either direc-
tion. In other words, this configuration allows the injection of a current into
and out of the semiconductor without suffering a sizable power loss.

s }_ __________ ionization energy
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ohmic contacts
I




Photoelectric effect and Solar cell

of Metal

Photon in ------- > Electron out

& BAYIEE

5B > ST HIBE BRI - FRE

5 FIEEKeE I 2 E
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Work function and Fermi energy

(Metal)

vacuum level vacuam vacuum
A
image—charge
tential
work be

function <P

TR SO F.F

zero—force (flat)
potential inside metal

Er. the highest energy of the occupied levels at OK
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Work function of Metals

Element eV Element eV Element eV Element eV Element eV

Ag: 4.52-4.74 Al: 4.06-4.26 As: 3.75 Au: 5.1-5.47 B: ~4.45
Ba: 2.52-2.7 Be: 4.98 Bi: 4.34 C. ~5 Ca: 2.87
Cd: 4.08 Ce: 2.9 Co:|5 Cr. 4.5 Cs: 2.14
Cu: 4.53-5.10 Eu: 2.5 Fe: 4.67-4.81 Ga: 4.32 Gd: 2.90
Hf: 3.9 Hg: 4.475 In: 4.09 Ir:|5.00-5.67 K: 229
La:|3.5 Li: 2.93 Lu:|~3.3 Mg: 3.66 Mn: 4.1
Mo: 4.36-4.95 Na: 2.36 Nb: 3.95-4.87 Nd: 3.2 Ni: 5.04-5.35
Os: 5.93 Pb: 4.25 Pd: 5.22-5.6 Pt: 5.12-5.93 Rb: 2.261
Re: 4.72 Rh: 4.98 Ru: 4.71 Sb: 4.55-4.7 Sc: 3.5
Se: 5.9 Si: 4.60-4.85 Sm: 2.7 Sn: 4.42 Sr: ~2.59
Ta: 4.00-4.80 Tb:|3.00 Te: 4.95 Th: 3.4 Ti:|4.33
Tl: ~3.84 U: 3.63-3.90 V:4.3 W: 4.32-5.22 Y:|3.1
Zn: 3.63-4.9 Zr: 4.05

In general, the work function of metals is between 3~5 eV
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Photoelectric Effect and Solar Caell
of Metal

Incident light

-
vacuaualn vacuauln
-
image—charge
photon potential

L_O\%c

Incident light

-
-
zero—foree (flat) -
potential inside metal
BrENEBECESZHMAR
RENBHNSBHORS - it AXBRAELR lsc
H_€BzBEE—EERE  WEEAGE M @,
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Photoelectric Effect and Solar Caell
of Metal

FHAEBHNENERMABGE LN HERIIERT - IER—RESBINITIRE KIS
£3 £ 5eV [ FIt R BEREEZEINEIA LRI FAREH IR EE TR ﬁﬁ
NG HENGRE L SRS R 5 BENR/NIS - UEER » EBXERERIKPGE
BEFRL-EEBRNEAGEAEIE1% » MBEERE %ﬁiﬁ%ﬁ%aiﬂlﬁfé’ao.oo1°/ooﬁ
PR LU &emithE - A RSB AERERMAGEN - HEEEREM/) > MEHE
BUARR  FHitt#EERNEIRE R

ETEERERR -

UJJI

MEECBETZE _MERFERER _MENK—1%  E2E5BXMBINAKGERE
AFEEMA > MIESEME -

ANZELZEAFERNEAGFIE > MASESBRICERNE  #HERA_EFEREL
AR (photovoltaic)

§§t‘u‘rday, April 9,



Photovoltaic effect of Semiconductor

Photon in ------- > Electron out
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Some semiconductor physics

a) Band structure and Doping

Band diagram and the electron-hole

; : x : _ Material Energy gap (eV) | Type of gap
distribution in semiconductors crystallino S1 | 1.12 indircc
amorphous S1 || 1.75 direct

5 | Cenduction band CulnSe, || 1.05 direct
% T .
5 0 CdTe 1.45 direct
% 6 GaAs 1.42 direct
C L | -
o 3 InP 1.34 direct
) (‘D

~

Q

<

ol
T
0
O
LL

INtrnsIc

when silicon is doped with group 5 impurity atoms (for example, phosphorus) which are called donnors.
this doping creates extra electron in this band. The extra electrons - called electrons

A semiconductor where the electric current is carried predominantly by electrons is called n-type

when silicon is doped with group 3 impurity atoms (for example, boron) which are called acceptors.
this doping creates electron deficiency in this band. The missing electrons - called holes
A semiconductor where the electric current is carried predominantly by holes is called p-type
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8.7.4. p—n Rectifier (Diode)

As before, electrons flow from the higher level (n-type) “down” into the
p-type semiconductor so that the p-side is negatively charged. This proceeds
until equilibrium 1s reached and both Fermi energies are at the same level.

Conduction
band
donor levels ':—M———'—-—- —
Ee —acceptor levels
“ band

depletion
layer
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8.7.4. p—n Rectifier (Diode)

b) Semiconductor Junction

Diagram of p-n junction formation The diode |-V characteristic
and the resulting band structure

p type
M - charge

+ charge

junction
region

electron

hok

The potential barrier of a junction permits the flow of electric current in

only OINC direction - the junction acts as a rectifier, or diode. This can

be seen 1n our example where electrons can only flow from the p region
to the n region, and holes can only flow in the opposite direction.
Electric current, which is the sum of the two, can therefore flow only
from the p-side to the n-side of the junction (remember that it is defined

as the direction of flow of the positive carriers!)
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Some semiconductor physics

¢) Light absorption by a semiconductor = generation

The generation of electron-hole Photon flux utilised by a
pairs by light silicon solar cell

conduction ®
band

/] 2
photon energy, eV

Only some of these photons - those with energy in CXCCSS of the bandgap - can be converted

into electricity by the solar cell.
Each semiconductor is restricted to converting only a pal‘ t of the solar spectrum.
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1 e T ——
HIGH energy

A

energy

cemitter

How a p-n junction solar cells work ?

junction

bace

Currents in a p-n junction under illumination

® this diagram shows a typical silicon solar cell
* note the two possible electron energy bands:
LOW (black) - known as the valence band

HIGH (white) - known as the conduction band
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.

How a p-n junction solar cells work ?
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emitler

How a p-n junction solar cells work ?

2 . o S o A — - i~ » . M
junctior bace Currents in a p-n junction under illumination
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emitler

How a p-n junction solar cells work ?

junction bace Currents in a p-n jun

P |~0

LonN

il de
i .

' L I

.

o '-
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emitler

How a p-n junction solar cells work ?

junction bace Currents in a p-n junction under

emicter ar 1G€, a Curre
Il Minated

photo-current
(emitter--> base)

coal

§§t‘u‘rday, April 9,



How solar cells work ?

« Photovoltaic energy conversion requires:
— photon absorption across an energy gap
— charge separation (space charge)
— charge transport Metal-semiconductor contact)

Immediately after their creation, the electron and hole decay to states
near the edges of their respective bands. The excess energy 1s lost as
heat and cannot be converted into useful power. This represents one of
the fundamental loss mechanisms in a solar cell.
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How solar cells work ?

N This diagram shows a typical crystalline
The silicon solar cell silicon solar cell. The electrical current

generated 1n the semiconductor 1s extracted

by contacts to the front and rear of the cell.

\\ The top contact structure which must allow

\\\\\ light to pass through 1s made in the form of
\\\\\\\\\\\@‘ widely-spaced thin metal strips (usually called

dand <= junction ﬁn gers) that supply current to a larger bus
bar. The cell is covered with a thin layer of

%~ back dielectric material - the anti-reflection coating,

contact ARC (SizN4)- to minimize light reflection
from the top surface.

p-type base

HEE T EAPRFIBLE 12 - RIS itEE TR
18 - ERATTS © ABEEESNEETH S
7~ pn RS IR STE - A MEEEEE 5 -
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The equivalent circuit and |-V
characteristic of a solar cell
compared to a diode

dark
(diode)

Y

under illumination
(solar cell)

= NEREMERS - BEREI L AFHE

Heh [ RBRER -

(saturation current) * 1V, =k,T/q, ° o~
Boltzmann H# » q, FZE{ER ' T EELE - X8

» ¥, =0.026V

o I=1@"-p-1, |
solar cell
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« Photovoltaic energy conversion requires:
photon absorption across an energy gap
— charge separation (space charge)
— charge transport Metal-semiconductor contact)

&= E I EEERESGDEREFEREESERSEEERR

INCERUESEVER it p=si=pN R AL EPN- bl The |-V characteristic of a solar cell

SEE R U PR s BSOS RECE T V't the maximum power point

— ARG EMBRER A - B2 FE R
P =1000 W/m* FPELIA B AIE TR
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Efficiency of Solar Cell

RB AL B ST P = (EE S 2 ¢ ARG

{REAZERY » RIS K FEMBIRER » BIZFERgINE
FHESERR ~ SRS EIOREIYEETR) » FIE S (RETRE]
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