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Introduction and History
Light Emitting Diodes (LED) are a physical phaenomenon which
is also called electroluminescence, a characteristic of some
semiconductor materials. It was discovered by H. J. Round in
1907 in a SiC (“carborundum”) Figure1.

Figure 1: Original Publication from H. J. Round , Electrical World
(1907)
Round contacted SiC with a metal. The light emission arose
from the contact area when applying a voltage of about 10 V.
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1928 O. V. Lossev (Philosphical Magazine 6 (1024), reported on
detailed investigations with SiC. He explained it by comparing it
with cold electronic discharge. He also found, that the light
could be switched on and off very rapidly, a feature common to
LEDs.
Today SiC semiconductor LEDs are no longer in production
commercially, because they have an indirect band gap
transition with low luminous efficiency.
It was only in the sixties that one really understood the physical
mechanism of semiconductor LEDs, which was the start of rapid
development.
Efficient blue LEDs have been developed and introduced by
NICHIA Corporation in 1994 (Figure 2). It consisted of n-type
InGaN doped with Zn. Soon it was followed by a LED in the UV
electromagnetic spectrum.

Figure 2: Schematic drawing of the first blue LED by NICHIA
corp.
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LEDs are composed of so called III-V semiconductors of the
periodic system (Figure 3).

Figure 3: Periodic System Elements III-V
With progress in preparing semiconductor compositions with
AlGaN and InGaN nearly each wavelength from 200 to 1800 nm
can be achieved today (Figure 4).

Figure 4: Bandgap energy and wavelength of emitted photons
versus lattice constant in Angstrom (A) of III-V nitride
semiconductors at room temperature [1]
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Basic Physics of Semiconductors and Diodes
Because of the periodic structure in a crystal lattice band
structures (Figure 5) are formed with different occupation of
electrons in the available energy levels. The electrons in these
bands may approximately be treated as free electrons. The
energetic separation of the conduction and valence bands
depends on the lattice parameter. The smaller the spatial
period the larger is the energy gap, which can be seen in Figure
4.
The difference of the energy bands for conductors,
semiconductors and insulators are schematically shown in
Figure 5.
Isolators and semiconductors distinguish through the much
larger band gap in isolators. The valence bands are completely
filled with electrons, which cannot move freely because of the
Pauli exclusion principle. The band gap is an energetically
forbidden energy area. An electron must get over the band gap,
to move freely in the conduction band.

Figure 5: Schematic drawing of band structures of isolators,
semiconductors and conductors; EF is the Fermi level, Eg the
band gap.
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The Fermi energy or Fermi level EF is the energy at temperature
T=0 K, where all lower energy levels are completely occupied
and all higher levels are empty. In electrical equilibrium the
Fermi level is - apart from a small temperature dependent
correction – half way within the band gap.
The Fermi distribution function (or better Fermi-Dirac function)
is described by the following relation and shown in Figure 6. It
is inverse symmetric in (EF, 0.5).

f ( E)  1/(1  exp(( E  EF ) / kBT )

(1)

Figure 6: Fermi-Dirac distribution function [3]

The band structure of real composites is much more
complicated as can be seen in Figure 7 for GaAs.
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Figure 7: Band structure of Gallium Arsenide. Г represent the
point with the wave vector k=0 [2]
The transition of electrons between the valence and conduction
band may occur in so called direct transitions at the same wave
vector k or indirect transitions where different k vectors are
involved (Figure 8).
During transition the energy as well as the momentum must be
conserved. The photon carries a momentum ħ*k with a kVector of the order of 10^7/m, whereas the electron has a
momentum between 0-10^10/m. Therefor radiative transitions
are only possible if the change of electron momentum is close
to zero.
In indirect transitions a phonon must be involved. If the
minimum of the conduction band and the maximum of the
valence band are above each other, no phonon is necessary
and this direct transition will occur with much higher
Reprint ECNDT Prague (2014)

Page 7

probability. In practice LEDs are functioning as direct
semiconductors.
Around k=0, the dispersion relation of the energy E for the
conduction EC and valence EV band is given by the parabolic
dependence, me effective mass of the electrons, mh effective
mass of the holes

E  EC   2 k 2 / 2me
E  EV   2 k 2 / 2mh

(2)

Figure 8: Direct and indirect semiconductors
To achieve compounds, which are able to provide considerable
electroluminescence effects in Light Emitting Diodes, p-n
transitions in doped semiconductors are a pre-condition.
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Figure 9: n- and p-type semiconductors
To produce an n-type semiconductor so called donors are
implemented into the lattice of the pure semiconductor. The
energy level of these donors is close to the conduction band.
Therefore extra electrons which are provided by the donors can
easily be transferred to the conduction band by thermal
excitation (Figure 9).
The Fermi level in n-type semiconductors is halfway between
the energy level of the donors and the conduction band.
The situation is shown in Figure 10. The lattice of e. g. silicon or
germanium provides four electrons for the covalent binding.
When arsenic with fife electrons is replacing a silicon atom it
contributes an extra electron to the conduction band by thermal
excitation. Although the doping is relatively small (10^-8
to10^-4) the effect on electrical properties of the doped
semiconductor can be tremendously.
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Figure 10: Arsenic as donor in a silicon lattice [3]
For p-type semiconductors so called acceptors are implemented
into the lattice. A trivalent atom is replacing a tetravalent atom
of the basic lattice, which therefor may accept an electron from
the valence band by thermal excitation. The Fermi level in this
case lies halfway between the acceptor energy level and the
valence band.
An electron can now easily be excited into the acceptor atom
leaving behind a positive hole which can freely move within the
valence band, as such contributing to the electric current.
The typical energy between acceptor and valence or donor and
conduction band is in the order of 40-60 meV.
If n- and p-type semiconductor are contacted, a p-n- transition
is created, which is the basis for the physical principal of all
diodes and especially for the electroluminescence of LEDs.
Within the contact area a steep gradient is formed of electrons
diffusing into the p-type and holes diffusing into the n-type
semiconductor.
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This results in a migration of electrons to the p-type
semiconductor where they are trapped by the acceptor or
recombine with the holes and migration of the holes to the ntype semiconductor, where they are trapped by the donors or
recombine with the electrons.
Thus there exists an area around the junction without mobile
electric carriers and a negative density of volume charge in the
p-type area and a positive one in the n-type semiconductor
(Figure 11).

Figure 11: Density of volume charge around the p-n-junction
The diffusion continues until the developing electric field
counteracts the diffusion and is leading to a stable equilibrium.
In the area of the p-n-junction the conduction and valence
bands are bent (Figure 12).
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Figure 12: Energy band around p-n-junction. WD width of
transition area; EC and EV energy of conduction and valence
band; EF: Fermi level; eVD: electron energy due to balancing
electric field [1,3]
The thickness of the barrier layer at the junction depends on
the diffusion voltage VD and the concentration nD of the donors
and nA of the acceptors as given by Equ. 3 (ε: dielectric
coefficient).

WD  2 0 VD (1 / nD  1/ nA ) / e

(3)

VD is a function of temperature and of the concentrations nD of
the donors and nA of the acceptors in the transition area and is
given by

e  VD  kBT  ln(nA  nD /( nA  nD ))

(4)

For example: for a p-n-junction in Silicon with
approximately nA=10^15/cm3 and nD=5*10^16/cm3
(ε=12) the diffusion voltage VD=0.68 V. The width of
the barrier layer in this case is WD=0.96 μm.
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If an external positive voltage V (forward direction) is
applied at the p-n-semiconductor, the contact voltage
at the junction is reduced. As consequence the potential
drop at the junction is lowered, allowing easier
transition of the charge carriers (electrons) through the
barrier (Figure 13).

Figure 13: p-n-junction under forward bias [1,3]
In addition, in (Equ. 3) VD has to be replaced by (VD-V).
Therefore the barrier width is smaller with increasing
external voltage in forward direction of the p-njunction.
The current in the p-n-semiconductor increases with
increasing voltage (jic: inverse current, Equ. 5).

j  jic (exp(e  V / kBT )  1)

(5)

The p-n-junction acts like a diode (Figure 14).
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Figure 14: Current density j versus external voltage V
of a p-n-semiconductor

Reprint ECNDT Prague (2014)

Page 14

Light Emitting Diodes LED
LEDs are the most simple semiconductor compounds. As
described above at a p-n-junction an electron may recombine
with a positive hole via a direct transition from the conduction
to the valence band. It is emitting the recombination energy it
gained to a photon with the band gap energy.
Varying the composition of the semiconductor compound the
band gap and therefore the wavelength of the photon can be
selected according to Figure 4 from infrared to the UV
electromagnetic spectrum.
For UV LEDs ALGaInN semiconductors are appropriate
materials. The intensity Iem of the emitted energy spectrum of
direct emission semiconductors can be calculated according to
the following relation:

I em  const.  h  Eg  exp( (h  Eg ) / kBT )

(6)

Figure 15 is displaying this relation.
The temperature dependence of the band gap Eg can be
described by the experimentally derived Varshni equation

E g  E g (T  0 K )    T 2 /(T   )
GaN :
E g (T  0 K )  3.47eV
a  10 4 eV / K
  600 K
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Example: For GaN the band gap wavelength increases by 4.8
nm for a temperature change from 300 K to 400 K.

Figure 15: Emission spectra of direct emissions in LED, λ=275
nm
As can be seen, the peak wavelength is slightly shifted with
increasing junction temperature, which in practice will not be of
great importance for applications using UV-A LED.
However, the intensity in the theoretical emission spectrum is
decreasing by nearly 10% in going from 300 K to 400 K. This
decrease has to be taken into account especially in applications
using UV-A LEDs for nondestructive magnetic particle or
penetrant inspection.
Apart from this temperature dependence of the radiative
recombination, there are other effects, which influence the
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emission of photons e.g. the luminescence or efficiency of a
LED.
These are non-radiative recombination within the
semiconductor and optical effects of the light output from the
semiconductor to ambient air.

Non radiative recombination
Due to impurities in the crystal lattice of the semiconductor
non-radiative recombination or recombination with emission of
lower energetic photons may occur. This results from the
energy level of the impurity, which might be situated in the
forbidden band gap. Such deep levels or traps are often called
luminescence killers, Figure 16.

Figure 16: Deep level recombination
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Another substantial non-radiative recombination can occur at
the surface of the semiconductor. Here strong perturbations of
the crystal lattice and consequently of the band structure
change the relation between conduction and valence band
completely. Electronic states may appear in the forbidden band
gap, leading to non-radiative recombination or low energy
recombination in the infrared region.
A further important non-radiative recombination is the Auger
effect. The recombination energy of an electron and hole is
transferred to a free electron in the conduction band to a higher
energetic level.
In addition electrons may jump over the voltage step of the
junction without recombination. This problem can be solved by
implementing heterostructure semiconductors (see
corresponding chapter).
Another effect reducing the emission of photons from the LED
has to be mentioned. This is the internal absorption of an
emitted photon in the LED which is also minimized by using
heterostructure semiconductors.
The temperature dependence of the luminous intensity can be
described phenomenological by the following relation:

I  I 300K  exp((T  300 / T1 ))

(8)

Here T is the ambient temperature and T1 is the characteristic
temperature of the semiconductor compound.
In Figure 17 some examples are shown. One can see that the
luminous intensity of blue GaInN/GaN LED compounds is rather
insensitive against temperature changes.
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Figure 17: Temperature dependence of the luminous intensity
of some LED semiconductor compounds [1]

Optical Aspects, Light Escape Cone
The efficiency of a LED strongly depends on its ability to
transfer the produced electroluminescence light into air, the socalled escape problem.
This is essentially due to the high refractive index of the
semiconductor ns in the order of ns>2.5. The total internal
reflection is determined by Snellius law, which gives the critical
angle for total reflection фc , which limits the escape cone.
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ns  sin c  nair  sin 90

c  arcsin nair / ns
c  nair / ns

(9)

Figure 18: a) Critical angle b) area element c) calotte shaped
area

With the elements of Figure 18 one can calculate the optical
power Popt that can be emitted in relation to the power Pint
produced internally in the LED.
The light extraction efficiency ηetr can be calculated taking into
account Figure 19 for some geometries of the LED.
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Figure 19: Escape cones for different geometries of LED [1]

As an example one will obtain for a planar LED an optical
emission efficiency of only 50% at an emission angle of 60°.

The situation is largely improved by encapsulating the
semiconductor by an epoxy dome as shown in Figure 20.
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Figure 20: Improvement of the optical efficiency of a LED by
encapsulating with an epoxy dome [1]
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LED Heterostructures
It is obvious that the recombination rate depends
strongly on the concentration of the carriers. With so
called double heterostructure semiconductors high
carrier concentrations can be achieved (Figure 21).
Today nearly all high power LED semiconductors use
this principle.

Figure 21: Double heterostructure
The bottom and top confinement layers have a larger band gap
than the active region as illustrated in Figure 22, where a
homo- and heterojunction in forward bias are shown
schematically.
In homojunctions the carriers are distributed along the whole
diffusion length of electron and holes, which might be as long
as 10 μm. In double heterojunctions the carriers are confined to
the area between the two confinement layers, which have a
much larger band gap than the active region. It must be high
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enough that at the operating junction temperatures electrons
cannot be excited appreciably to jump over the higher barrier
of the confinement layers.
Due to the higher band gap, the photons produced in the active
layer can escape without attenuation in the confinement layers,
leading to higher luminous efficiency.

Figure 22: Homo- and double heterojunction structures in
forward bias. Ln, Lp are the diffusion length of electron and
holes.  stands for the transition rates [1].
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The measured thickness of the active layer for AlGaInP double
heterostructure is given in Figure 23.

Figure 23: Thickness of the active layer of an AlGaInP double
heterostructure [1]

Another possibility to increase the radiative recombination rate
of a LED is increasing the p- or n-type doping of acceptors or
donors. However this is limited by the counter acting effect that
the p-n-junction would be placed directly at the edge of the
double heterostructure well region, reducing the luminous
efficiency of the LED as can be seen in Figure 24.
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Figure 24: Effect of doping on the luminous efficiency of
AlGaInP LED on carrier concentration in active layer [1]
Figure 24 shows that a high quantum efficiency is obtained if ntype doping concentrations are below 0,5*10^-17/cm3 and
below 1.0*10^-17/cm3 for p-type active layers, respectively.
Another problem is associated with high injection currents,
which lead to higher carrier concentrations. The active area is
then flooded with carriers to its edge. Further increase in
current will not increase the radiative recombination and the
internal quantum efficiency because of this overflow.
Further improvement may alternatively be achieved with so
called quantum wells. The effect is shown schematically in
Figure 25.
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Figure 25: Quantum wells as active regions
The active region of quantum wells is much smaller than in
ordinary heterostructures. Due to quantum mechanics
electronic states are formed, which can be occupied by 2
electrons each. As these states are relatively soon occupied,
multiple quantum wells are used to improve the efficiency.
High luminous efficiency LED must have a broad active layer in
a double heterostructure or must consist of multiple quantum
wells to satisfy the intended luminous intensity of operation.
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Practical Aspects and Considerations
A typical high power LED for the UV-A wavelength range is
schematically shown in Figure 26.

Figure 26: Schematic drawing of the design of a high power
LED [1]
For reasons discussed above the most essential parts are
beside the semiconductor, the Silicone encapsulate and the
plastic lens for optimal optical efficiency. The Si semiconductor
circuit often integrates an ESD device (Electrostatic Discharge
Protection Diodes), which is essential to limit the LED reverse
current before breakdown.
The cathode lead and gold wire supply the forward voltage to
the p-n-junction.
Soldering of the LED requires special care. The manufacturer of
the LED specifies the maximum temperature and time. Typical
maximal values are 180-200°C for 120 s and 260°C for 10 s.
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As has been shown there are many temperature dependent
properties of the LED determining its performance.
For completeness the essential relations are summed up again:

f ( E)  1/(1  exp(( E  EF ) / kBT )

(1)

e  VD  kBT  ln(nA  nD /( nA  nD ))

(4)

j  jic (exp(e  V / kBT )  1)

(5)

I em  const.  h  Eg  exp( (h  Eg ) / kBT )

(6)

E g  E g (T  0K )    T 2 /(T   )

(7)

I  I 300K  exp( (T  300 / T1 ))

(8)

It is obvious that the temperature management is very
important for reliable operation of the LED for the intended
lifetime in the order of 20.000 hours.
Therefor the heat sink of the LED and its connection to the
bearing construction are very important. Heat transfer to the
ambient environment has to be very effective to prohibit
overheating. This is valid for open housings or and even more
so for closed LED lamps.
With appropriate design even closed housing of the lamps with
high power LED can be reliably operated.
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Figure 27: Example for appropriate temperature management
of LED; temperatures measured are: ambient Tu=28°C, housing
T2=39.6°C, LED heat sink T1=42.7°C and junction Tjc .
For the LED measured in Figure 27 the manufacturer has given
a thermal resistance RJc of 11 °C/W with a dissipating energy of
3W. With the measured temperatures (Figure 27) it follows
(Equ. 10) that the junction temperature Tjc will be 76°C. The
manufacturer is accepting up to 85°C. For higher ambient
temperatures the current of the LED must be lowered.

Rtotal   Ri i=R
housing, Rheat sink, Rjc
i

(10)

According to Equ. 5 the forward voltage V, current I and
ambient temperature T are strongly connected. Therefor the
manufacturer is defining the forward voltage at ambient
temperatures, ranging for example from 3.8 Volt at 20°C to
3.75 Volt at 50°C.
A circuit diagram with a series resistor is included, which may
comprise a shunt for measurement of the current, defining the
forward bias voltage and current as given by the manufacturer.
This is one possibility to keep the LED in operating conditions.
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Page 30

Figure 28: Series resistor circuit for reliable operation of LED
Another and more precise circuit for the operation of LED is a
constant current source, which makes the operation
independent from diode threshold voltage and temperature.
In general of course, the specifications of the manufacturer
have to be followed very rigorously to guarantee reliable
operation and the long potential lifetime of LED.
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LED Efficiency
In literature there exist quite a number of definitions for the
efficiency of a LED, depending on the interest of the person
involved.
Here we give some examples.
Definition of symbols:
Pint: internal power emitted from the active layer
I: injection current
Popt: optical power emitted into free space
Pel: electric power provided to the LED
With these definitions the following efficiencies η can be
described:
a) Internal quantum efficiency
photons emitted from active region per s

ηint= ------------------------------------------

=Pint/(hν)/I/e

electrons injected into LED per s

b) Extraction efficiency
photons emitted into free space per s

ηetr=

-----------------------------------------------=Popt/(hν)/Pint/hν
electrons emitted from active region per s
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c) External quantum efficiency
photons emitted into free space per s

ηext= ---------------------------------------------= Popt/(hν)/I/e
electrons injected into LED per s

d) Power efficiency
ηpow=Popt/Pel

The manufacturer most often provides the last efficiency
definition. For high power UV-A LED it is in order of
ηpow=Popt/Pel=15%!
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Requirements of Standards in NDT
The requirements for operation of UV-A lamps in nondestructive testing
with penetrants or magnetic particles under UV light are
defined in the international standard EN ISO 3059 (beside
others).
The main aspects are:
a) For the removal of excess penetrant the UV-A intensity must
be higher than 100 μW/cm2. The luminance has to be smaller
than 100 lux.
b) During inspection the UV-A intensity has to be
 Greater than 1.000 μW/cm2 at a distance from the
illuminated surface of 40 cm
 With a wavelength λ=365 nm +- 5 nm
 The FWHM must be smaller than 30 nm
 The ambient luminance has to be smaller than 20 lux. If
the ambient luminance is higher, the contrast has to be
enhanced correspondingly (EN ISO 9934).
These requirements are easily fulfilled if proper quality
management of the manufacturers of the LED and of the LED
lamp is followed up. It may be necessary that the manufacturer
of the lamp employs an intensive quality control eventually of
each LED (binning).
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Comparison of UV-A conventional versus
LED sources
One basic difference of a UV-A luminous source between a LED
and a Mercury vapor lamp is the electromagnetic spectrum as
can be seen in Figure 29.

Figure 29: Spectrum of a UV-A high power UV-A luminous
source, above: LED, below: Mercury vapor lamp
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The UV-A LED because of its very narrow peak at 265 nm does
not require additional filtering for higher wavelength as does
the Mercury vapor lamp. This is necessary if very high reflective
metal surfaces reduce the contrast of crack indications by
fluorescent penetrant or magnetic powder inspection. In this
case the use of a UV filter (e. g. Schott UV Filter UG1) is
recommendable.

Figure 30: Comparison of Mercury vapor versus LED lamp
Further advantages of LED sources are:





Insensibility to electromagnetic fields
Vibration resistance
Precise UV-A wavelength at 365 nm
Protection class IP 65 (completely dense for dust and
water jets)
 Manifold design options
In the next Figures examples are collected to demonstrate
some of the advantages of LED lamps.
Reprint ECNDT Prague (2014)

Page 36

Figure 31: Warm up time for Mercury Vapor and LED UV-A
lamp

In the next Figure the unwanted high reflection in some
materials due to the fraction of the wavelength in the violet
electromagnetic spectrum of Mercury vapor UV-A lamps. This is
not visible in the corresponding LED with only negligible fraction
of the wavelength in the visible area.
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Figure 32: Magnetic Testing under UV fluorescent light of high
reflective material: left: Mercury vapor, right: LED lamp

Figure 33: Design variations with UV-A LED lamps [Helling
GmbH]
In order to guaranty proper functioning of the LED source for
applications in non-destructive testing a certificate is supplied
for each LED lamp (Figure 34), completely satisfying the
requirements of the standards.
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Figure 34: Quality performance test for UV-A LED with
spectrum, wavelength (in this case 365 nm) and intensity
distribution.

The future of UV-A light sources in application of nondestructive testing in fluorescent penetrant or magnetic powder
testing belongs to the Light Emitting Diodes, which may be
indicated by Haitz´law (Fig. 35).
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Fig. 35: Haitz´Law, Development of LED

However:
It´s difficult to make predictions, especially about the
future!
Niels Bohr
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