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Preface

The tremendous growth of optoelectronic technologies for information and
communications technology (ICT) and public lighting, which have marked their
presence in the market over the past 20 years, is mainly due to the transmission
capacity through optic fiber and the performance achieved by optoelectronic
components, Since the 1990s, the latter have replaced the wired telecommunication
networks in copper, limited to speeds of 100 Mbit.s™' on average. Since the 2000s,
the emergence of devices based on GaN has allowed for the gradual replacement of
traditional lighting technologies. The performance of optoelectronic technologies for
ICT has already reached above 160 GB.s ', thanks to the wavelength multiplexing
technology A. To date, their performance has not stopped increasing and they
have replaced the technology of electronic interconnections. Currently, the high
bandwidth available on a single-mode optical fiber and the control of manufacturing
processes of materials III-V are in competition with the technologies developed in
electronics primarily based on silicon.

In the case of GaAs technology, we have now reached the order of performance
of a few Watts with an average lifetime of 100,000 hours.

However, the control of manufacturing techniques of optoelectronic systems is
more delicate than that of microelectronic technologies for two major reasons:

1) The optical function requires a precise alignment between the chip and the
lens system as well as the materials whose optical properties must remain constant
over time.

2) The manufacturing cost of optical technologies is relatively higher than that of
electronic systems, especially for embedded systems. The basic structure of a light
emitting diode (LED) may comprise more than 10 epitaxial layers, far exceeding the
complex structure of electronic transistors.
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A review of the main applications of LEDs, whose emission is in the near
infrared (IR) is proposed in this book.

A state-of-the-art of the technologies of components and IR LED systems
indicating the physical properties, structures as well as architecture of components is
also provided.

Yannick DESHAYES
Laurent BECHOU
July 2016
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State-of-the-Art of Infrared Technology

1.1. Introduction

Optoelectronic technologies have appeared on the market in the recent years.
They started by replacing the copper wired telecommunications networks. In
addition, they are in competition with integrated electronic technologies, particularly
at the level of interconnection. The transmission capacity through optical fiber
increases a likelihood of improved performance, which cannot be foreseen in
electronics. However, the field of optoelectronics techniques is still in the
development stage. Furthermore, two essential problems arise:

—the manufacturing cost of optical technologies is higher than that of
conventional electronic systems, especially for the treatment of data in embedded
systems;

—the reliability of optoelectronic systems is difficult to understand. Their
complexity (chip and assembly) makes the study and analysis of failures more
difficult. It becomes imperative to consider these two essential problems to
comprehend the optical alignment for the assembly and the drifts of the electro-
optical parameters of the chip.

This chapter will focus on the second problem: the evaluation and identification
of degraded areas on a light emitting diode (LED). The main challenge lies in the
impossibility to study all the existing optoelectronic systems. Therefore, we chose
infrared-emitting components as the research subject to study electroluminescent
diodes.
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This book introduces the III-V materials associated with infrared optoelectronic
components. Furthermore, it provides an overview of the main optoelectronic
applications of emission. The systems under study will be elaborated by providing a
general approach to failure analysis. Meanwhile, the structure of the systems will be
discussed briefly and the associated critical problems will also be highlighted.

1.2. Compound materials I1l-V
1.2.1. Historical introduction

The appearance of laser transmitters dates back to the 1960s, The two main
developments towards miniaturization have been the mastering of the production of
III-V semiconductor substrates, on the one hand, and the mastering of epitaxial
techniques, on the other.

The first polycrystalline III-V ingot was manufactured in 1951, from a mixture
of antimony and indium. The semiconducting properties of these materials, such as
optical index, bandgap to direct gap and the possibility of achieving parallel mirrors
of crystalline quality, were the starting point of the study of compounds, combining
an element of the third column of the Mendeleev table, such as Al, Ga and In, and an
element of the fifth column such as P, As and Sb.

In 1954, Gremmelmaier obtained the first single crystals of gallium arsenide
and indium arsenide using the Czochralski draw, allowing it to achieve p-n
photoconductive junctions.

In the 1960s, the rules governing the main III-V compounds for optoelectronic
applications shown in Figure 1.1 were inferred:

—the bandgap length decreases with the atomic number of the elements
constituting the crystal;

—when the crystal formed by its elements have the same lattice parameter, the
I11-V material presents a gap and a higher melting point than that of its constituents;

—the compounds of the lightest elements work under indirect—transition
conditions;

—the compounds of the heaviest elements work under direct-transition
conditions.
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Figure 1.1. Schematic of different Ill-V compounds for
optoelectronic applications with their lattice parameter

Two compound materials, GaAs and InP, have established themselves due to
their specific emission characteristics:

— materials that have a gap allow the emission in the near infrared;

— lattice parameter only evolves with certain elements of substitution.

The components consist of GaAs that appears as a good candidate for optical
pumping in the EDFA Erbium Doped Fibre Amplifier at 1,550 nm wavelength.
Their wavelength emissions are about 980 nm that correspond to the pumping of the
energy levels of erbium. The wavelengths of the components constituted on the base
of InP range between 1,310 and 1,550 nm. These two wavelengths correspond to the
minimum optical absorption of an optical fiber shown in Figure 1.2. Two minima
are observed, located at 1,310 nm with 0.3 dB.km™ and 1,550 nm with 0.2 dB.km™".
The components on InP are therefore well suited for long distance emissions in an
optical fiber.

The entirety of these systems has been the basis for international fiber optic
communications.
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Figure 1.2. Schematic of mitigation in an optical fiber. For a color
version of the figure, see www.iste.co.uk/deshayes/reliability1.zip

1.2.2. Physical properties of the Ill-V compounds emission

The electronic states in a crystalline solid, and more particularly in a
semiconductor, are divided into energy bands where they are identified by a

continuously varying index: the wave vector k. This section presents the
mathematical techniques that take into account the interactions between the light and
its energy states that are continuously distributed. This will allow us to describe how
the interactions take place between light and covered semiconductors.

1.2.2.1. Dipolar elements in a semiconductor direct gap

Consider a volume semiconductor Q, whose wave functions of the eigenstates

¥, ofenergy E , are the functions of Bloch-Foquet:

Y L= u:/1§') exp(if(}) [1.1]
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where u,, (7) represents the periodicity of the crystal. The functions u,, (7) are
normalized on the volume of the elementary cell Q,, which means that:

I

Q

<) dr=2,

We have also standardized the stationary functions on an imaginary box of volume
Q, = NQ,, such that:

]

Q

Y, (F)|2 dr=1

The consequence of this standardization of vectors lies in the fact that wave vectors &
are pseudo-quantified. Note that the procedure currently used for the pseudo-
quantification in a crystalline solid is the Born—von Karman condition. To summarize,

the spatial variations of the free portion of the wave function exp(il?f ) are very

slow compared to those of the atomic part u,, (7). The free portion therefore
represents the envelope of the Bloch functions.

The semiconductor considered is subjected to an electromagnetic wave whose
Hamiltonian perturbation of interaction is given by:

W(%,t) =Wcos(lzp..i’—a)t)=—q]§.?.cos(g.'r'—mt) [1.2]

—_—

where T is the operator position, k_, is the wave vector of the light and E is the

op
electric field. The optical interaction Hamiltonian W (¥,t) will couple two states

Y., and |¥,...

The probability rate (in s™) for the electron in the band n with wave vector k
being energized in the band n' with wave vector k' is provided by the following
equation:

P = "5(ho=E,,-E,,) [1.3]

n.k.n'K = 5

an',k'lwl\yn,k
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The energy dependence of the Dirac function expresses the conservation of
energy.

We now calculate the matrix element W, , .

(P s (W) = =5 I, cnort Untae (D™ Tre orfu, (e [1.4]

Equation [1.4] can be simplified by noting that the term in e F a8 iffers
slightly from the functions . We can therefore split the integral as follows:

(W (W) = —E 3K FopB)F [ e, (@) Fu(dr?
|

1= [[fegn; Ui (R)(E + R Juni(R) dR®
I= -Ufcello n’ kl()()unkm dR?® [15]

Here R describes the elementary cell around 0. The term “integral” in r is

eliminated since the Bloch functions are orthonormal between them for & # k'. This
integral is therefore independent of cell i, where the integral is carried out. The
calculation then becomes:

¥, (WY, = —?2—13 Iy -;‘2—EJN5(E'—1§ -k [1.6]

The term in point in the Kronecker function expresses the conservation of
moments in the interaction between electrons and photons: k'=kop—l—<. The

transitions are therefore vertical. u, is noted as the periodic part of the Bloch
function in the conduction band and u,, as the periodic part of the Bloch function

in the valence band. Equation [1.6] can therefore be written as:
W, =—qEr, 5( —~k, —k)

= nlifﬂ.cel] i u::,k(ﬁ)(ﬁ )uV,k® dR3 [1.7]

We can connect the equation linking the matrix elements of the optical
Hamiltonian interactions A.p and D.E:

rvc == pvc [1 '8]
m, @
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where m, is the mass of the electron in the vacuum and %@, is the energy
separating the two states & of the valence and conduction band. The matrix
elements are easily obtained from Kane settings. This formula is very useful because

P is almost constant in all III-V semiconductors. Using the theory of Kane, we can
show, on the first order in k, that the matrix elements are constant. We use the

element under its homogeneous form p* to a Kane energy E, that leads to the

following equation:
E
nl=—t =2 [1.9]
E, \m,

Another term is introduced, %, . The simple calculation of this item is done by

introducing the principle that only the bands of heavy and light holes are active in
the radiative recombination. The transitions with the spin-orbital band are neglected.
The analysis reveals that this corresponds to 2/3 of the oscillator strength
(characteristic of electrons bound to the matrix):

2 N Ey
© 3E! m,

xm=§n [1.10]

For small gap materials, the dipolar matrix element becomes very large in
comparison to the interatomic distance. This means that the electronic wave function
is increasingly shifting as the gap decreases. It is known that small gap materials
have a quantum behavior.

1.2.2.2. Optical susceptibility of a semiconductor

We can now calculate the optical susceptibility associated with the transitions
between the valence band and the conduction band. In addition to the previous
assumptions, we assume that the semiconductor admits parabolic bands that are well
described by their effective masses m, and m,. Optical transitions are vertical; here

we are interested in optical susceptibility y, (@) due to the transition towards the
elements of the conduction band of the same k. Equations Aiw=E,_, —E, , and
P=E+E indicate the relationship between energies of the conduction band

E_(k) and that of valence E, (k) coupled by optical transition:

272
E,(k)-E (k)=h2k (ml+7nl—J+Eg [1.11]
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We introduce the reduced effective mass m, to simplify the expression:

1.t r [1.12]

Optical susceptibility (without dimension) associated with the transition between
quasi-discrete levels E, (k) and E, (k) is provided by:

e KT [o-o, (k)] -i )
Y [w—a)w(k)]ZT;H[Nc(k) N, (k)] [1.13]

X (@)

Here y, (k)= j,. as the elements of independent matrix of k are assumed.
X.. (k) is arbitrarily oriented in a direction Ox to alleviate the notation.
o, =(E,(k)-E,(k))/h and T, is the relaxation time of electrons in the bands.
N, (k) and N, (k) represent the density of particles (in cm™) at E, (k) and E, (k)

levels. The total optical susceptibility is therefore provided by the sum of [1.14] on
the total values of £ :

_ 5T (DT [0-o. (k)]T, - )
1(a))_2zk: T [w—wvc(k)TThl[NC(k) N, (k)] [1.14]

The factor 2 stems from the fact that electrons have two spins by wave vector.
As the dimension of the crystal is very large compared to the lattice parameter, we
can consider that the wave vector forms a quasi-continuum. In this case, the sum can
be transformed in an integral according to the law [1.15]:

2y ol pMdk e |, pE)dE [1.15]

where p (k) is the density expressed in cm™ and p(E) is the density expressed in

1/J . Both densities should take into account the spin degeneracy. However, in an
isotropic medium, the microscopic densities N, (k) and N, (k) are given

by p, (k)d’k and p,(k)d’k, where we obtain the following equation:
p.(k)=p, (k)=2V/(2n) =V /4x’.



