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ElectronBeamςSpecimenInteraction

Def.:
Scattering ςinteraction between beam electrons and atoms/electrons 
ƻŦ ǘƘŜ ǎǇŜŎƛƳŜƴ ǊŜǎǳƭǘƛƴƎ ƛƴ αŜƭŀǎǘƛŎ ǎŎŀǘǘŜǊƛƴƎέ ŀƴŘ αƛƴŜƭŀǎǘƛŎ 
ǎŎŀǘǘŜǊƛƴƎέ

Elastic scattering
Á A new trajectory
Á No kinetic energy loss

Inelastic scattering
Á The beam electrons lose energy and transfer it in various ways to the specimen 

atoms ςthis transfer takes place gradually, so that the beam electrons 
propagate through may atom layers into thespecimen before losing all their 
energy



Inelastic scattering

Elastic scattering



0 < ̒ e < 180o

typically  ̒ e= 5o

м Ŝ± ζ мл ƪŜ± όǘƘŜ 
energy of electron 

beam)

Two mechanisms by which a high-energy 
electron is scatter by isolated atom:

ωCoulombic interaction within the electron 
cloud results in low-angle (̒ ) scatter 

ωCoulombicattraction by the nucleus results
in high-angle όʻύscatter and complete 
backscatter. 

The potential within the electron cloud is 
always positive
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A mathematical description of elastic scattering

ǿƘŜǊŜΥ vόҔʻe) ςcross section 
(cm2) for elastic scattering (i.e. 
probability of elastic scattering
Z ςatomic number
E ςelectron energy in 
keV

a) Qe(>̒ ύ ǊŜŀŎƘŜǎ қΣ ǿƘŜƴ ʻ approaches 0o

(smaller scattering angle ̒Σhigher elastic cross section 

ςless electron change their trajectories at 160o then 

at 5o)

b) The probability of elastic scattering increases 

strongly with atomic number Qe(>̒ ύ ҧ Ȋ ½
2 (because 

heavier atoms have much stronger positive charge on 

the atomic nucleus

c) The probability of elastic scattering decreases  as 

an the electron energy decreases QeόҔʻύ Ҩ Ȋ 9
2
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BeamEnergy 10 keV

Target: Iron

Scatteringangleɗ(degrees)

Scattering angleɗ(degrees)



Mean Free Path MFP
ǘƘŜ ŘƛǎǘŀƴŎŜ ōŜǘǿŜŜƴ ǎŎŀǘǘŜǊƛƴƎ ŜǾŜƴǘǎ ŘŜǎƛƎƴŀǘŜŘ ŀǎ ˂ ŀƴŘ ƛǎ ŎŀƭŎǳƭŀǘŜŘ ŦǊƻƳ ǘƘŜ ŎǊƻǎǎ 
section and density of the atoms along the path

)cm(
QN

A

or
l=

A ςAtomic weight (g/mol)
Noς!ǾƻƎŀŘǊƻΩǎ ƴǳƳōŜǊ όсΦлнȄмл

23 atoms/mol) 
ˊ ςdensity (g/cm3)
Q ςcross section (cm2)

l
º

1
Q

Cross section is inersely proportional to 
Mean Free Path!!!



Electron energy Eoҧ ς˂  όƴƳύ ҧ 

Atomic number Z ҧ ς˂  όƴƳύ Ҩ

The variation of the mean free path of elastic scatter for four 
different elements



Elasticscattering
The result: BackScatterElectronsBSE

Generally, these electrons have undergone 
numerous elastic scattering events to 

accumulate enough deviation from the 
incident beam path to return to the surface



Backscatter electrons ςa result of elastic scattering
Examples of BSE images

A strong correlation 
with atomic number Z



A B C D

Chemical 
composition

SiO2 CaSiO3 Ca3Si2O7 Ca2SiO4

Mean atomic 
number

10.76 13.45 14.02 14.40



Beam

BSE

Beam

BSE

i

i

n
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==h

ʹ ςBackscatter Coefficient BC

nBSE - number of backscatter electrons

iBSEςbackscatter electron current

nBeam ςnumber of beam electrons 

iBeamςelectron beam current

)1972(uterReZ10x3.8Z10x886.1Z016.00254.0
3724 -- +-+-=h

Variation of the backscattered 
ŜƭŜŎǘǊƻƴ ŎƻŜŦŦƛŎƛŜƴǘ ʹ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ 

atomic number at Eo =20keV
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When a target is a mixture of elements that is 
homogeneous on an atomic scale (e.g. solid 
solution), the BC followsthe simple rule of 
mixtures based on weight (mass) 
concentrations Ci of the individual 
constituents

where: iŘŜƴƻǘŜǎ ŜŀŎƘ ŎƻƴǎǘƛǘǳŜƴǘΣ ʹ ƛǎ ǘƘŜ 
pure element BC for element i, and the 
summation is taken over all constituents
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Tilt dependenceof BSE

BC as a function of tilt as measured for iron 
and calculated by Monte Carlo electron 

trajectory simulation for Fe-3.22Si

BC as a function of tilt as measured for iron as calculated for 
several elements by Monte Carlo electron trajectory simulation



InelasticScattering

Inelastic processes can be separate into 
three components

1. Processes that result from collective 
interactions with many atoms

2. Processes that generate other (secondary) 
electrons

3. Processes that generate X-rays



1. Processes that results from collective 
interactions with many atoms

Á Plasmons
Á Phonons



Inelastic scattering
Collective oscillations

Schematic diagram of a high-energy beam 
exciting plasmon oscillation in a free 

electron gas that permeates the ion core in 
a metal

Plasmonsare collective 
oscillations of free 
electrons that occur 
when the beam electron 
passes through the free 
ŜƭŜŎǘǊƻƴ αƎŀǎέ



Phononsare oscillations where 
all the atoms in the crystal lattice 
vibrate collectively. Such 
vibrations of the atoms are 
equivalent to specimen heating. 
You can reduce the number of 
phonons by cooling the specimen

Inelastic scattering
Collective oscillations

An illustration of the crystal lattice as a group of atoms linked 
elastically by springs. The bonds vibrate when struck by high-

energy electron creating lattice oscillations or phonons. 
The lattice absorbs heat by creating phonons, so phonon excitation 

is equivalent to heating the specimen



2. Processes that generate other 
(secondary) electrons

Å Secondary Electrons SE

Å Fast Secondary Electrons FSE 

High-energy electron which are generated in the specimen; 
they are high-energy because the receive a large fraction of 
the beam energy. At low beam energies we use in a SEM, FSEs 
are not a problem, so nobody bothers about them (however 
in TEM FSEs are generally both unavoidable and undesirable, 
they degradespectroscopic data)



3. Processes that generate X-rays

X ray emission:
ÁCharacteristic X-rays
ÁBremsstrahlung X-rays



Signals from Inelastic Scattering
1. Secondary electrons with a continuous energy distribution

2. Auger electrons with characteristic energy

3. BrehmsstrahlungX-ray formed with a continuous energy 

distribution

4. Characteristic X-rays

5. Cathodoluminescenceradiation which is the emission of 

ultraviolet, visibleor infrared radiation

6. Lattice vibrations (heat)



Elastic scattering predominatesfor 
high atomic number Z

Inelastic scattering predominatesfor 
low atomic numberZ



Beam electrons lose and transfer energy in various ways to the specimen. This 
transfer takes place gradually, so that the beam electrons propagate through many 

atom layers into the specimen before losing all their energy
Bethe (1930) described the rate of energy loss dEwith distance traveled dsas:

)
J

E166.1
(log

AE

Z
10x85.7)

J

E166.1
(log

AE

Z
Ne2

ds

dE i
e

i

4i
e

i

0

4 r
-=

r
p-=

where:
e ςelectron charge (2 ē4 = 1.304x10-19 for E in KeV
E ςelectron energy
No ς!ǾƻƎŀŘǊƻΩǎ ƴǳƳōŜǊ
Z ςatomic number
A ςatomic weight (g/mol)
ˊ ςdensity (g/cm3)
Eiςaverage energy along the path segment s (keV)
J ςmean ionization potential

Negative sign indicates the loss of energy



]kev[10)Z5.58Z76.9(J
319.0 --+=

J ςmean ionization potential ςthe averageenergy loss per 
inelastic interaction considering all the energy loss 
processes



To construct an electron trajectory simulation, the effects of elastic and inelastic 
scattering are calculated to determine: 

ω scattering angles

ω distance between scattering sites (MPF) 

ω the rate of energy loss

From these parameters the electron trajectories can be simulated in a stepwise 
fashion from the location at which it enters the specimen to its final fate.

Random numbers are used with a weighting factor to produce the 
appropriate statistical distribution of the physical events. The 
ǳǎŜ ƻŦ ǊŀƴŘƻƳ ƴǳƳōŜǊǎ ƎƛǾŜ ǊƛǎŜ ǘƻ ǘƘŜ ƴŀƳŜ ƻŦ αaƻƴǘŜ /ŀǊƭƻέ

Simulation of interaction volume

The electron location in the specimen (coordinates: x,y,z) the electron velocity 
vector (vx, vy, vz) and kinetic energy (mv2/2 are constantly updated.



Plot of 5 trajectories showing 
random variation

Plot of 1000 trajectories 
projected onthe plane 
perpendicular to the surface, 
giving a visual impression of 
interaction volume

Good statistics 103-104 trajectories

The penetration range is not 
precisely defined!!!

Monte Carlo electron 
trajectory simulation of 
the beam interaction in Fe
Eo= 20 kV, tilt = 0o
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l- electron mean free path 
increases with electron energy
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The higher electron energy, the lower rate of 
energy loss with distance traveled dx, i.e.

Electrons penetrate deeper into 
materials

Bethe equation

10 
keV

20 
keV

30 
keV

Fe

Monte Carlo electron-trajectory 
simulation of interaction volume in iron 
at beam energies of 10 keV, 20 keV and 

30 keV

10 keV

20 keV

30 keV



FeC

20 keV

Ag
U

20 keV

Monte Carlo electron trajectory simulations of the interaction volume at 20 keV and 0o

tilt in various targets: carbon K-shell, iron K-shell, silver L-shell, uranium M-shell



0o 45o

60o

20 keV
Monte Carlo electron-trajectory simulation in iron at Eo=20keV for various tilts:a) 0o tilt, b) 45o tilt, 60o tilt

d) Schematic illustration of the origin of increased backscattering from tilted sample.

Consider a given average elastic scattering angle  which produces the scattering cone. The electron may land at any point on the base of the 
cone with equal probability. At normal incidence, no matter where on the base of the cone the electron lands, it tends to propagate into the 

solid. When the specimen is tilted, some of the possible locationsof the base of the scattering cone carry the electron out of the solid.



5 keV 10 keV 20 keV 30 keV

Al 0.41 1.32 4.2 8.3

Cu 0.15 0.46 1.47 2.89

Au 0.085 (!) 0.27 0.86 1.70

mE
Z

A0276.0
R

67.1

o89.0OK m
r

=-

Kanayai Okayama (1972) range equation

Penetration range of electrons (w ˃Ƴ) calculated based on K-O equation

where:

A ςatomic weight (g/mol),
Z ςatomic number
ˊ ςdensity (g/cm3)
Eoςbeam energy (keV)
To calculate RK-O in nanometers the constant becomes 27.6



Electron range at low 
incident beam energy 

calculated by the Bethe 
expression and modified by 
Joy and Luo for Al, Cu and 

Au
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Joy & Luo in 1989 noted that at low beam energies the number 
of processes contributing to the energy loss decreases; they 
proposed a modified form of the Bethe energy loss relation 

which is appropriate at low beam energies
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The modified mean ionization potential is 
given by:

where: 
J is the value given by the conventional 

expression
k ςis a variable dependent on atomic number 

which is always close but less than unity
K - is the distance along the trajectory



a) Etching experiment performed in 
polymethylmethacrylate (PMMA) 
for an incident beam dose energy 

of 20 keV at fixed dose; b) 
Interpretation of etching 

experiment of a) in terms of 
contours of energy deposited in the 

specimen (left) and as calculated 
with Monte Carlo simulation(right)



Schematic diagram to show the interaction volume of the 
primary electron beam 



iBeam = iBSE+i SE+i B+i abs

where:

iBeamðbeam current

iBSEðbackscatter electron current

iSEðsecondary electron current

iBðbackground current

iabsðabsorbed electron current

Schematic illustration of the distribution of electron signals and 
their approximate energies, for a given primary beam energy. 
Regions I and II refer to backscatter electron contributions, while 
Region III corresponds to secondary electron signal



SECONDARY ELECTRONS

Produced as a result of interactions between energetic beam 
electrons and
a) Weakly bound conduction  band electrons in metals
b) Outer-shell valence electronsin semiconductors and 
insulators

Because of great difference in energies between the beam 
electrons and the specimen electrons only a small amount of 
kinetic energy can be efficiently transferred to the secondary 
electrons
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ςɻtotal secondary electron coefficient
nSE - number of secondary electrons 
iSEςsecondary electron current
iBeamςnumber of beam electrons

The energy distribution of secondary electrons emitted from 
the specimen is narrow and peaks at very low energy, 
generally in the range of 2-5 eV.



5 keV 20 keV 50 keV

Al 0.4 0.1 0.05

Au 0.7 0.2 0.10

¢ƘŜ ǎŜŎƻƴŘŀǊȅ ŜƭŜŎǘǊƻƴ ŎƻŜŦŦƛŎƛŜƴǘ ʵ ƎŜƴŜǊŀƭƭȅ ƛƴŎǊŜŀǎŜǎ ŀǎ ǘƘŜ 
beam energy is lowered

Why?

Because the escape depth of secondary electrons is small (in 
the order of a few nanometers) so all secondaries created by 
the beam electrons at depths greater than a few nanometers 
are lost!

Experimental data for the secondary coefficients for Al and Au 
over a range of energy
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p ςprobability 

Zςdepth below the surface where the 
SE is generated secondaries are 
generated

˂ ςMean Free Path of SE

Maximum depth  of 
ŜƳƛǎǎƛƻƴ ƛǎ ŀōƻǳǘ р ˂ 

ς˂Mean Free Pathca 1 
nm for metals

ς˂Mean Free Pathca 
10 nm for insulators

р ƴƳ ғ ˂ ғ рл nm

As a consequence of strong attenuation of 
the SE due to inelastic scattering, the 
probability of escape decreases 
exponentially with depth



ŭTotal = ŭ1 + ŭ2 ɖ

Tɻotal ʹ SE2/SE1

C 0.05 0.06 0.18

Al 0.1 0.16 0.48

Cu 0.1 0.30 0.9

Au 0.2 0.50 1.5

ωSE1 prevails for C and Al (backscattering is low)
ωFor mean atomic number Z (e.g. Cu): SE1 = SE2
ωSE2 prevails for high atomic number 
(backscattering is high)

Si



When the primary electron beam energy is 
reduced below 3 keV, the primary range 
becomes so shallow that a much greater 

fraction of secondaries occurs within escape 
ŘŜǇǘƘ ŀƴŘ ʵ ƛƴŎǊŜŀǎŜǎ

As ɻ  ƛƴŎǊŜŀǎŜǎΣ ǘƘŜǊŜ ŎƻƳŜǎ ŀ ǇƻƛƴǘΣ ŘŜƴƻǘŜŘ ŀǎ 92 and called the upper (or second ) crossover point, ǿƘŜǊŜ ʹҌ ʵreaches a 

value of unity. As the beam energy is lowered further,ʹҌ ʵincreases above unity: more electrons are emitted from 
the surface than are supplied by the beam!!!

!ǎ ǘƘŜ ōŜŀƳ ŜƴŜǊƎȅ ƛǎ ŦǳǊǘƘŜǊ ǊŜŘǳŎŜŘΣ ǘƘŜ ǾŀƭǳŜ ʹҌ ʵ  ŘŜŎǊŜŀǎŜǎ ǳƴǘƛƭ ǘƘŜ lower (or first) crossover point E1 is reached. Below 
E1Σ ʹҌ ʵ  ŘŜŎǊŜŀǎŜǎ ǿƛǘƘ ŘŜŎǊŜŀǎƛƴƎ ŜƴŜǊƎȅ.

Total emitted-electron coefficient ́ Ҍ 
aɻs a function of energy



High-vacuum evaporation is one of the more popular ways of 
applying thin-metal and carbon films as coating layers on 
specimens. The noble metals and their alloys are highly 
conductive and are suitable as a coating for most samples to 
be images using secondary electrons.

Carbon, though a relatively poor conductor, is one of the best 
coating materials for studies involving X-ray microanalysis, 
provided one of the elements of interest is not carbon.

Diagram of a high vacuum evaporative 
coater



ʹ ςstrongly increases with atomic numberZ !!!

ʵ ςdependence with Z is not so strong!!!



Pierre Augerand Niels Bohr



The process of inner (K) 
shell ionization and 
subsequent Auger 
electron emission.

The energy released 
when L1 electron fills the 
hole in the K shell is 
transferred to an electron 
L2,3 shell which is ejected 
as electron KL1L23

EKL1L23= EK-EL1-EL23
*

EL23
* binding energy different 

from EL2,3 due to the presence 
on the hole in the L1 shell



 ionization shell K

K photons of production

K
=w

Fluorescence yield

for C ̟ K ~ 0.005

for Ge ̟ K ~ 0.5

Auger electron emission predominatesfor light elements

4

4

Za

Z

+
=w

a = 106 for K shell



Energy range of Auger electrons: from a 
few hundreds eV to several keV

Signal is emitted from a few 
monolayers

Ideal technique for surface analysis                                                                               
Scanning Auger Microscopy  - SAM



Auger electron spectrum of silver excited 
with an incident electron beam energy of 
1 keV. Integral (shown with two different 
vertical expansions) and derivative 
representations are shown





where: 
h ςtƭŀƴŎƪΩǎ Ŏƻƴǎǘŀƴǘ
˄ ςfrequency
c ςvelocity of light
˂ ςX-ray wavelength (nm) 
E ςenergy of photon (keV)

X-ray emission

nm
E

1.2398
=l

keV
hc

hE
l

=n=



A typical X-ray spectrum includes major spectral peaks 
superimposed on abroad background.

Each element produce characteristic spectral peaks therefore 
qualitative information can be extracted.

Extracting quantitative information is also possible but more 
complicated.

X-Ray spectrum of copper showing K-series and L-series o X-ray peaks 
and the continuous X-ray spectrum obtained  with a Si(Li) EDS detector 
with an ultrathin X-ray window. Natural widths of peaks are much 
narrower. A noise peak is measured at very low energies.



Continuum X-ray production
(Bremsstrahlung)

The maximum X-ray energy 
observed in the spectrum 
corresponds to beam electrons 
that have lost all of their incident 
energy in a single event. 

Since X-ray wavelengths is 
inversely proportional to energy, 
the most energetic X-rays will 
have a minimum wavelength  lmin

or lSWL, called the short-
wavelength limit or Duane- Hunt
limit which can be related to the 
incident energy Eo

Schematic illustration of the origin of 
the  X-ray continuum which results 

from the deceleration of beam 
electrons in the Coulombic field of the 

atoms



Duane-Hunt limit for simulated spectra from a carbon 
specimen at beam energies of 10, 15 and 20 keV. 

Duane-Hunt limit is the energy where the continuum 
background intensity goes to zero.

Continuum X-ray production
(Bremsstrahlung)
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Continuum X-ray production
(Bremsstrahlung)

Kramer, 1923



Absorption of 
the X-ray by 
Beryllium 
window

A = 10 keV

B = 5 keV

C = 3 keV

Continuum X-ray production
(Bremsstrahlung)



Theoretical(Cu, 20 keV) Experimental(Cu, 20 keV)

Bremsstrahlungïa big problem during analysis

Continuum X-ray production
(Bremsstrahlung)



An inner K=(K) shell electrons is ejected from the atom by a high-energy electron. 
When the hole in the K shell is filled by an electron from the L shell, characteristic 
KŬX-ray emission occurs. The beam electron loses energy but continues on 
through  the sample.

Characteristic X-ray ςThe ionization process



The compete range of possible electron transitions that give 
rise to K, L and M characteristic X-rays



Critical ionization inergy

The rule in SEM

We work with beam energies 3 times 
higher than Critical Ionization Energy

Primaryionizationinvolvesremovingan electronfrom a boundstate in a shellto an effective
infinity outsideatom. However, characteristicSi: E Kh (EK-EL) =1.740 keV<Ec=1.839 keV



aƻǎŜƭŜȅΩǎLaw(1914)
The energies of the electron shells vary in a discrete fashion with atomic number.

Thus, the emitted X-rayshave energies characteristic of that atomic number.

The difference in energy between shells changes in regular step when the atomic number 
changes by one unit.
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The equation may be used to find energy of any element K or L line
aƻǎŜƭŜȅΩǎ ƭŀǿ ŦƻǊƳǎ ǘƘŜ ōŀǎƛǎ ŦƻǊ ǉǳŀƭƛǘŀǘƛǾŜ ·-ray analysis, i.e. the identification 

of elemental constituents

A, C ςconstants

e.g.

C = 1.13 for the K 
series

C = 7 for the L series



Depth of X-ray production (X-ray range)

mkER
n

o mr =
k ςdepends on material parameter = 0.0276 A/Z0.89

Eoςis the incident electron beam energy (keV)
ʄ ςin the density
n ςis a constant between 1.2 and 1.7

Ec ςCritical ionisation energy (keV) of 
the shell

n ςis a constant between 1.2 and 1.7

X-ray excitation depth is 
ALWAYS smaller than electron 

excitation depth.

m)EE(kR
n

c

n

o mr -=

Electron range expression



Anderson-Hasler X-ray Range

m)EE(
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Rx has unit in ˃ ƳΣ 9 ƛǎ ƛƴ ƪŜ± 
ŀƴŘ ˊ ƛǎ ƛƴ ƎκŎƳ2

Cu, ́ Cu= 8.93 g/cm3, 

E0 = 20 kV

m81.0)980.820(
93.8

064.0
R

)keV980.8E(KCu

m09.1)933.020(
93.8

064.0
R

)keV933.0E(LCu

m10.120
93.8

064.0
R

keV0E

68.168.1

c

68.168.1

c

68.1

c

m=-=

=a-

m=-=

=a-

m==

=



X-ray generation range (Anderson-Haslerύ ŦƻǊ !ƭ Yʰ ŀƴŘ /ǳ Yʰ ƎŜƴŜǊŀǘŜŘ ƛƴ !ƭ
ǎǇŜŎƛƳŜƴ ŀƴŘ /ǳ Yʰ ŀƴŘ /ǳ [ʰ ƛƴ ŀ /ǳ ǎǇŜŎƛƳŜƴ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ōŜŀƳ ŜƴŜǊƎȅΦ

Note that electron range for aluminum RAl is larger than the X-ray range of the X-
ray line generated by the electron beam.



X-ray spatial resolution

Al, ́ ~ 3 g/cm3 Cu, ́ ~ 10 g/cm3

Comparison of X-ray production regions from the specimen with densities of 3 g/cm3όƭŜŦǘύ ŀƴŘ ˊ Ϥ мл ƎκŎƳ3

(right) at the beam energy of 20 keV. 

The X-ray spatial distribution Lx is found by projecting the maximum diameter of the X-ray distribution to the 
surface of the specimen



Monte Carlo simulation of 
the generation of Al Kh  
X-rays in pure Al. 

At 30 keVthe electron 
beam enters the 
specimen at the surface, 
0, and progresses into the 
specimen as a function of 
distance Z. 

(Left A) - histogram of the 
X-ray generation function 
with depth, ˒ ( Ź).

X-ray generation 
increases to a maximum 
just below the surface 
and then decreases as 
fewer X-ray are generated 
within the specimen.
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Spatial resolution of X-ray analysis in TEM

Cu, ́ ~ 10 g/cm3 In TEM a spatial resolution is 
dependent on beam broading

SEM TEM



ns number of electrons in a shell or subshell (e.g., np. ns=2 for a 
K shell

bs, cs constants for a particular shell

Ec critical ionisation energy (keV) of the shell
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The cross section increases rapidly from an overvoltage 
of 1 to a maximum of about U Ғ о 

E.g. for Ec Si K = 1.839 keV,  maximum K shell ionization is for EoҒ рΦр ƪŜ±

Cross section (probability) for inner shell ionization

The basic form derived by 
Bethe (1930)

Plot of the cross section for inner shell ionization of the 
silicon K shell as a function of overvoltage U=E/Eo



X-ray production in thick targets
(Green 1963, Lifshin1980)
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ip the electron 
beam current

a, n - are 
constants for 
particular 
element and 
shell. The value 
of n is normally 
in the range of 
1.5-2.0

U ςovervoltage

This is an intensity produced in the specimen prior to 
its absorption as the radiation propagated through 

the specimen



Cathodoluminescence(CL)
An initial state before a 
beam electron interacts 
with valence-band 
electrons

B: A valence-band 
electron is excited across 
the gap into the 
conduction band, leaving 
a hole in the valence 
band

C: The hole is filled ny a conduction-
band electron falling back into the 
valence-band hole. Upon 
recombination a photon of light is 
emitted ,with a frequency determined 
by the band gap h =˄ EGAP

EGAP= 2.4 eV(CdS)

EGAP= 1.1 eV(Si)


