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small band gap
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valence band
filled

upper (conduction) band 
empty

small gap
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2s 2p
hybrid (s+p)band

2s 2p
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2s

2p
no gap
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(depend on the  crystallographic orientation)

extrinsic 
semiconductor

semi-metal
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hole

electron
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T=0K

T>0K

100% filled

reference energy

average Fermi Energy
(between F(E)=0 and F(E)=1
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Recall, 

Population density

= at room temperature

(for energy above EF)

Saturday, April 9, 
2011



(number of conduction electrons between E and E+dE above EF or Ec )

(bottom of conduction band)
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At room temperature, Ne~109/ cm3

1cm3~1022 Si atoms

only one in every 1013 atoms contributes an electron 
to conduction band
~poor conductivity
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Mobility, μ
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more electrons to 
conduction band
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intrinsic semi-conductor, very small amount of electrons 
in conduction band 109/cm3

extrinsic semi-conductor, by doping elements form III 
and V 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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(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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donor(extra) level

of extrinsic semiconductor

acceptor (extra) level(2)

(1)
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(1)

(2)

donor band 
empty

donor band 
filled
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Np

(1)

(2)

acceptor band 
filled

acceptor 
band 

empty

with increasing temperature, the electrons 
are excited to acceptor band

p-type semiconductor
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of extrinsic semiconductor

At room temperature, Ne(intrinsic) is very small, 
Nde>>Ne(intrinsic) Nde~Nd (number of doping atoms)

depends on the doping level

number of carrier 
increase 

(semiconductor)

like metals
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σ

Conductivity of Metals

at high temperature, the phonon scattering dominates

measure the conductivity of material at very low 
temperature, we know the behavior of metal or 

semiconductor
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temperature dependent
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(measure types and number of charge carriers)
n-type dopant

electron 
accumulates

electron 
deficient

Hall field builds up
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Hall constant, 

Hall constant is negative for electron carrier
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III-V

GaAs
GaP
GaN
InP
InAs
InSb

II-VI

ZnO
ZnS
ZnSe 
CdS
CdTe
HgS

GaAs

~   direct band gap
~  high speed device

large electron mobility
smaller effective mass

~          Laser/ LED         
(Optical Application)

~  high frequency device
Tele-communication
military applications,
Satellite Pre-amplifier
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(space charge)

(space charge)

repel electrons

negative 
bias

positive 
bias

As+

repel holes

n-type p-type
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ionization energy

Saturday, April 9, 
2011



Saturday, April 9, 
2011



Saturday, April 9, 
2011



Saturday, April 9, 
2011



Saturday, April 9, 
2011



Saturday, April 9, 
2011



Saturday, April 9, 
2011



Photoelectric effect and Solar cell

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

 of Metal

在金屬的光電效應中，光子的能量被吸收，讓電子從費米能附近躍升至真空能階。
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Work function and Fermi energy 

(Metal)

Ef: the highest energy of the occupied levels at 0K  

Φ
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Work function of Metals

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

Φ
Voc

of  Metal

Isc

photon

有光照的金屬其化學勢會稍微大於
沒有光照的金屬的化學勢。因此，有光照的和無光照
的二金屬之間存在一個電壓差，也就是太陽電池開路
電壓。
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利用金屬的光電效應來做太陽電池的最大物理限制，乃在於一般金屬的功函數大部分
在3 至 5eV 之間，因此只有能量是紫外線以上的光子才能被 吸收來產生光電流，而
太陽光紫外線以上的輻射只占 整體的很小部分。也就是說，金屬光電效應的太陽電 
池其最大光-電轉換效率可能不超過1% ，而實際實 驗的結果，更只有約0.001%。我
們可以結論地說， 利用金屬的光電效應來做太陽電池，其輸出電流甚微小，而輸出電
壓也不很大，因此輸出的電功率是沒辦
法作實際應用的。

Photoelectric Effect and Solar Cell
of  Metal

就像是金屬真空管二極體被半導體固態二極體取代一樣，至今絕大部分的太陽電池使
用半導體材料，而非今屬材料。

太陽電池是應用半導體的光伏特效應，而不是金屬的光電效應，雖然二者在原理上
是類似的 (photovoltaic)
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Photovoltaic effect of Semiconductor

Photon in -------> Electron out
在金屬的光電效應中，光子的能量被吸收，讓電子從費米能附近躍升至真空能階。而在半
導體的光 伏特效應中，光子的能量被吸收，讓電子從價帶躍過能隙至導帶

一般的半導體能隙約為1~2eV，其可吸引的光是紅外線或可見光，其最大光-電轉換效率自
然遠超過於金屬的。另外半導體可以傳導電的，除了帶負電荷的導帶的電子，還有帶正電荷
的價帶的電洞(也就是價帶中能態空缺)，這種雙極性的導電，也是金屬不具有的特性
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Some semiconductor physics

a) Band structure and Doping

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

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
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Some semiconductor physics
b) Semiconductor Junction

The potential barrier of a junction permits the flow of electric current in 
only one direction - the junction acts as a rectifier, or diode. This can 
be seen in 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!)

- +
+
+

-
-

space charge
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Some semiconductor physics

c) Light absorption by a semiconductor = generation

Only some of these photons - those with energy in excess of the bandgap - can be converted 
into electricity by the solar cell.
Each semiconductor is restricted to converting only a part of the solar spectrum.

Saturday, April 9, 
2011



How a p-n junction solar cells work ?
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How a p-n junction solar cells work ?
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How a p-n junction solar cells work ?
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How a p-n junction solar cells work ?
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How a p-n junction solar cells work ?

photo-current
(emitter--> base)
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How solar cells work ?

Eg

Ev

Ec

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

(space charge)
Metal-semiconductor contact)
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This diagram shows a typical crystalline 
silicon solar cell. The electrical current 
generated in the semiconductor is extracted 
by contacts to the front and rear of the cell. 

How solar cells work ?

The top contact structure which must allow 
light to pass through is made in the form of 
widely-spaced thin metal strips (usually called 
fingers) that supply current to a larger bus 
bar. The cell is covered with a thin layer of 
dielectric material - the anti-reflection coating, 
ARC (Si3N4)- to minimize light reflection 
from the top surface.
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diode

solar cell

photo-current
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(space charge)
Metal-semiconductor contact)

 Most frequent conditions are: 

irradiance 100 mW/cm2 , standard 

η=Pmax/
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Efficiency of Solar Cell
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