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Preface

ABSTRACT

This work was aimed at investigating the robustness of LEDs and LED modules towards ESD
events, exploiting a Transmission-Line-Pulser(TLP) system to apply negative bias ESD pulses
to the devices. Three different types of LEDs (green, blue and red) were considered. In the first
part of the work the devices were tested singularly, both with and without the use of an EMCCD
camera to detect light emission during the ESD pulses. After that, monochromatic modules were
tested. An analysis of the type of failure of the single LEDs was also carried on. The results
showed that the different types of devices have a different behaviour both individually and
connected in series. The waveforms analysis during the TLP test allow to identify the electrical
degradation of the devices, while the camera images showed the chip areas where the discharge
current is concentrated.

INTRODUCTION

Electrostatic discharges are a very important problem for electronic devices, in fact they can
generate unexpected failures everywhere from the production chain to the field. Understanding
the robustness of electronic devices towards these events is therefore fundamental. In particular,
since LED devices are on the verge of gaining a main role in lighting applications market, it can
be interesting to analyze LED module robustness. It is also something that has not been done
yet.

In this thesis work the devices, both singularly and in modules, were tested by using a Trans-
mission Line Pulser. In this system the distributed capacitance of a transmission line is charged
using a high voltage generator. After that, the line is closed on a load through a switch and
consequently discharges, generating a rectangular pulse with a well defined duration, determined
by the line length. Since LEDs are more sensitive to reverse-bias stress, just negative pulses were
applied.

An optical investigation was also carried on in order try to determine whether the ESD pulses
gave emission or not, and where this emission was eventually located on the chip.

In the first part of this thesis a brief overview of the optoelectronics and ESDs theoretical
principles will be given. The main ESD-stress test systems and models will be also reported. In
the second part, the results of the experimental work will be shown and commented.



Chapter 1

CARRIERS RECOMBINATION

In a semiconductor at thermal equilibrium the concentrations of free carriers obey the law of
mass action

nopo = n; (1.1)

When excess carriers are generated, for example through current injection or light absorption,
concentrations are given by

n=ng+An p=py+ Ap (1.2)

Excess carriers can recombine in both radiative and non-radiative way.

Radiative recombination occurs when an excited electron falls to a lower energy level, recom-
bining with a hole and giving emission of a phonon of energy equal to the one lost by the
electron. These direct transitions between the valence band and the conduction band occur in
all semiconductors and are the most important generation-recombination mechanisms in many
of the compound semiconductors, such as gallium arsenide (GaAs) and indium phosphide (InP),
composed of elements from columns IIT and V of the periodic table. However, in silicon and
germanium the details of the crystal structure make direct transitions unlikely except when very
high densities of holes and electrons are present. In silicon and germanium in fact, electrons at
the lowest energy in the conduction band have nonzero momentum (we say that these materials
have indirect energy gap). Because the holes at the valence-band maximum do have zero mo-
mentum, a direct transition that conserves it together with energy is impossible without a lattice
(phonon) interaction occurring simultaneously. Thus, in silicon or germanium, direct transitions
across the forbidden-energy gap require simultaneous interaction of three particles: the electron,
the hole and a phonon that represents the lattice interaction. Three particles interactions are
far less likely than two-particle interactions, such as those between a free carrier and a phonon,
that can take place if there are localized allowed energy states into which electrons or holes
can make transitions. In practice, localized states at energies between Ex and Ey are always
present because of lattice imperfections caused by misplaced atoms or, more usually, because
of impurity atoms, thus non-radiative recombination occurs even in direct band gap materials.
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Figure 1.1: Examples of direct (a) and indirect (b) energy gap

These localized states act as stepping stones. In a recombining event, for example an electron
falls from the conduction band to a state that we logically call a recombination center, and then
it falls further into a vacant state in the valence band, thus recombining with a hole.

In a semiconductor, recombination can occur in both radiative and non radiative way, but
in optoelectronic devices non-radiative recombination is an undesired effect that reduces the
efficiency, so it should be eliminated. However non-radiative recombination strongly depends on
the material quality, and because of the fact that it’s impossible to totally eliminate defects and
dislocations, it is also not feasible to make this kind of recombination disappear.

1.1 RADIATIVE RECOMBINATION

An important thing to notice is that in the recombination process, there must be not only
conservation of energy (obtained through the emission of a phonon), but also of the momentum
p. This makes radiative recombination much more disadvantaged in semiconductors with an
indirect band gap. In fact, while in semiconductors with a direct energy gap the minimum of
the conduction and the maximum of the valence band (where the most of the free electrons and
holes are distributed) are located at the same value of p, in the other type of semiconductors
maximum and minimum of the two bands correspond to different p values. This makes radiative
recombination less likely to happen, because it becomes a three bodies process, in fact, in order
to recombine with a hole, the electron has to change its momentum through interaction with a
phonon (interaction with the crystal lattice).

To analyze radiative recombination in semiconductors, the first step is defining the recombination
ratio R. Considering a free electron in the conduction band, the probability that it recombines
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with a hole is proportional to the holes concentration in the valence band.

Rxp

The number of the total recombination events is proportional to the electrons concentration too

R x np

We can thus define R (the recombination rate per unit volume and time) as

R=——=——=Bnp (1.3)

Typical values of B for III-IV compounds are in the order of magnitude of 10719+ 10"%cm=3s71L.

We now consider the recombination dynamics as a function of time for the low-excitation case
of a semiconductor exposed to light. Electrons and holes are generated in couples, thus their
excess concentrations are equal
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An (1) = Ap (t) (L.4)

The recombination rate can then be written as

R = Bno+An(t))][po+ Ap ()] (1.5)

For low excitation levels the concentration of the photo-generated carriers is much lower than

the majority-carriers concentration, An < ng + po , allowing us to neglect the AnAp term in
the recombination rate equation

R = B [nopo + noAAp (£) + poAn (£) + An (£) Ap (1) (1.6)

~ Bn; + B (ng + po) An (t) = Ro + Reacess (1.7)

where Ry is the recombination rate at the equilibrium and R..,..ss the recombination rate for
excess carriers.

Considering both generation and recombination

dn (t)

dt == G - R - (G() ‘|‘ Gexcess) - (RO ‘I’ Rexcess) (18)

where Gy and Ry are the generation/recombination rate at the equilibrium. Making the hy-
pothesis that the light is turned off at ¢ = 0, because of the fact that Go = Ry for t > 0

dAn (t
dt( ) _ —B (no + po) An (t) (1.9)
The solution of this differential equation is
An (t) = Ange~ Botpolt (1.10)

with Ang = An (¢t = 0). This equation can be written also as
An (t) = Ange™ /7 (1.11)
We can thus define the carriers recombination time

T =B (no + po)] (1.12)

for extrinsic semiconductors:
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L1 (1.13)
Tp = —— = .
Bpy BNy
in the case of p-type materials, and
1 1
T, (1.14)

»~ Bny BNy
for n-type semiconductors.

Inserting these equations in the general case recombination rate formula, we obtain the monomolec-
ular rate equations, valid for p-type material

d An (t)

—A =— 1.1

ZAn () = -=1 (1.15)
and n-type semiconductor.

d Ap(t)

—Ap(t) =— 1.16

Ap () - (1.16)

If we consider a high excitation level case, the equations obtained are different. In this situation
in fact, the concentration of the photo-generated carriers is much higher than the concentration
at the equilibrium, An > ng + pg, and we can thus write

R=——=——=Bnp (1.17)



CHAPTER 1. CARRIERS RECOMBINATION 11

R = Blno+ An(t))][po + Ap (1))] (1.18)
R = B[nopo + noAp () + poAn (t) + An (t) Ap (1)] (1.19)
~ BAn (t) Ap(t) = BAn (t) An (t) (1.20)

Thus, for high injection levels, the bimolecular recombination equation becomes
d

el (t) = G — R = —BAn? (1.21)
In this case we have a non-exponential solution
An(t) ! (1.22)
nt)=—— .
Bt + Ang!
with Ang = An (0).
In exponential processes the time-constant is calculated through the following equation
An (t)
dt
Applying this formula to the high injection level case, we obtain
1
t)=t 1.24
() =1+ g (1.24)

In this case the time constant depends on time itself, in fact the lifetime of minority carriers
increases through time, reaching in the end the low excitation value, when the decrease of carriers
brings the system in a low-excitation situation.

The decrease in the carriers concentration can be measured evaluating the luminescence decay
after a short excitation pulse, in fact the luminescence intensity is proportional to the recombi-
nation rate R.

Radiative recombination dynamics are very important in optoelectronic devices, for example
they have a strong influence on LEDs turn-on and turn-off time. In fact recombination time is
for example the parameter that limits the modulation speed of LEDs in telecommunications ap-
plications. There are two different ways to make minority carriers recombination time decrease:
- high doping in the active region

-injecting high concentrations of carriers into the active region

In practice heterojunctions are often use to confine carriers in very small regions, thus obtaining
high carriers concentrations and low lifetimes.
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1.1.1 VAN ROOSBROEK-SHOCKLEY MODEL

This model allows to calculate the spontaneous recombination rate both at equilibrium or not,
needing the knowledge of a very limited set of parameters: the energy gap, the absorption
coefficient v and the refractive index 1. We can calculate the time needed for the absorption of
a phonon as

1

a (V) vy,

T(v) = (1.25)

Vgr is the phonon velocity and ﬁ (cm) the average distance traveled by a phonon at frequency
v before being absorbed.

Using the following equations

dw dv dv
.= — = 1.2
Y =k T /N - Cd(nw) (1.26)
27 A C 1 nv
k—T,W—QTﬂ/,A—?,E—)\V,X—T (127)
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where k is the wave vector (27n, n the number of oscillations of the wave in the space unit %),
we can write the phonon absorption probability per unit time as

1 dv
= =a(V)vg, =a(v) Cd(nl/)

Multiplying the phonon absorption probability by the phonon density we get the phonon ab-

(1.28)

sorption rate per unit time. At the equilibrium the phonon density per unit volume, is given by
Planck’s black body radiation formula

8 1

Exploiting the relation A = =, we can write
d
A\ = — (ni)Z (CZ”)dy (1.30)

and substituting this equation in the previous formula, we find the phonon distribution as a
function of frequency

8rv*n? d (nv) 1
N (v)dv = = Ty oI 1du (1.31)

The absorption rate per unit volume in the frequency interval (v ;v + dv) is given by the ratio

between he phonon density and the average phonon lifetime

N (v)  8mv*n*d(nv) 1 dv

p— pum— d
o (v) 7 (V) c3 dy ek — 14 2 cd(nl/)

Integrating with respect to v,we obtain the absorption rate per unit volume, given by the so

(1.32)

called Van Roosbroeck-Shockley equation

oo

8rmv’n?  a(v)
RO :/ 02 ehu/kT — 1dl/ (133)

0
This equation can be simplified writing the absorption coefficient as

a=an/(E—E,)/E, (1.34)

the absorption coefficient is proportional to the densities of states, that has a quadratic depen-

dence on energy (apis the absorption coefficient at the energy hv = 2E,). We can also neglect
the dependence of the refractive index on the frequency, obtaining the simplified form of the
Van Roosbroeck-Shockley equation

kT (kT\? [22yz—%
- 2oy [ — | = —Yo 9 L.
Ry = 8mena B, <ch> / R (1.35)

where we have defined the following variables

hv E E,
- = — 9 1.36
TR T RT T kT (1.36)
The exponential function increases rapidly with z, this means that just a small interval of

energies near the energy gap contributes to the integral.



CHAPTER 1. CARRIERS RECOMBINATION 14

GaAs 1.42 2-10% 7.9-102 2-10°8 2100 5-10°
GaN 3.4 2-10% 2.5 8.5-10-% 2-10¢  2.2-10°° 4.5-10°
Si 1.12 1-10% 3.4 3.3-108 1-1010 3.2-10* 3.10%

Figure 1.7: Bimolecular recombination coefficients for some materials

1.1.2 BIMOLECULAR RECOMBINATION COEFFICIENT ESTIMA -
TION

At the equilibrium, generation and recombination rate are equal and we can use the Van
Roosbroeck-Shockley model to estimate it. We know that the bimolecular recombination equa-
tion (R = Bnp) gives the number of recombination event per unit volume and time. At the
equilibrium R = Ry = Bn? , the equilibrium bimolecular recombination rate is then given by

B== (1.37)

1.2 NON-RADIATIVE RECOMBINATION

While a radiative event determines the emission of a phonon with an energy equal to the energy
gap of the semiconductor, when non-radiative recombination occurs the energy of the electron
is transformed into reticular vibration (heat). The presence of defects such as dislocations,
impurities and vacancies in the semiconductor structure can be the cause of the generation of
energy levels that are localized inside the forbidden-gap thus making non-radiative recombination
more likely to happen. These localized states in fact act as “stepping stones” as for example
in a recombination event an electron falls from the conduction band to a state that we call a
recombination center, and then it falls further into a vacant state in the valence band, thus
recombining with a hole.

The recombination through interaction with localized states is described in the so called Shockley-
Read-Hall theory.
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Figure 1.9: Free carriers can interact with localized states by four processes: rielectron capture,
roelectron emission, rshole capture, and rjhole emission. The localized state shown shown is

acceptor type and at energy E, within the forbidden energy gap.
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1.2.1 SHOCKLEY-HALL-READ RECOMBINATION

In the following picture we can see the four processes through which free carriers can interact
with localized states

The illustration shows a density N, of states at an energy E; within the forbidden gap. The
states shown are acceptor type that is, neutral when empty, negative when full, but the processes
described apply also to donor-type states. In the first process, electron capture, an electron falls
from the conduction band into an empty localized state. The rate at which the process occurs is
proportional to the density of electrons in the conduction band, the density of empty localized
states and the probability that an electron passes near a state and is captured by it. The density
of empty localized sates is given by the total density N;, times one minus the probability f (Et)
that they are occupied. When thermal equilibrium applies, f is just fp, the Fermi function

1

T 1+ exp [(E — Ey) /KT (1.38)

fp (E)

The probability per unit time that an electron is captured by a localized state is given by the
product of the electron thermal velocity vy, and a parameter o,, called the capture cross section,
that is generally determined experimentally for a given type of localized space (the product vy,0
can be visualized as the volume swept per unit time by a particle with cross section o,). We
can then write the total rate of capture of electrons by the localized states as

r=n{N [1 = f(E)]} vinom (1.39)

The second process is the inverse of electron capture: that is, electron emission. The emission of
an electron from a localized state into the conduction band occurs at a rate given by the product
of the density of states occupied by electrons NN, f (FE;) times the probability e, that the electron
makes this jump.

ro = [Ny f (EY)] ey (1.40)

The emission probability can be expressed in terms of the quantities already defined in the
previous equations by considering the capture and emission rates in the limiting case of thermal
equilibrium. At thermal equilibrium the rates of capture and emission of carriers must be equal,
thus we can write

r1 =1y =nN; [1 — fp (Ey)]vgnon = Ny fp (Ey) e, (1.41)

and

E, — F;
€n = VghOpTi €XP (tk—T) (1.42)
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From these equations we can observe that the electron emission from the localized states becomes
more probable when its energy is closer to the conduction band because E; — E; is greater.
Corresponding relationships describe the interaction between localized states and the valence
band. For example, the process of hole capture is proportional to the density of localized states
occupied by electrons N, f (F;), the density of holes and a transition probability. This probability
can then be described by the product of the thermal velocity vy, and the capture cross section
o, of the hole by the localized state. Thus

r3 = [Ny f (Ey)] pvanoy (1.43)

The fourth process, the hole emission, describes the excitation of an electron from the valence
band into an empty localized state. By arguments similar to those for electron emission, hole
emission is given by

E,— F
ep = VgpOpn; €Xp (k;—Tt> (1.44)

Analogously to the electron case, the probability of emission of a hole from a localized state into
the valence band becomes much greater as the energy of the state approaches the valence band
edge. Observing the equations previously obtained, it’s interesting to consider qualitatively the
physics that they represent. First we recognize that at thermal equilibrium r; = reand r3 = ry.
When we have non-equilibrium situation, r; # reand r3 # r4. Imagine that the number of holes
in a n-type semiconductor is suddenly increased above its thermal equilibrium value. This causes
r3 to increase. The effect of this is the increase of ryand 1 (both of which eliminate holes at E).
If most of the holes disappear from FE,; via r, they remove electrons from the conduction band,
and the localized states are effective recombination centers. If the holes are removed from the
level at E; predominantly by an increase in 74, they return to the valence band, and the sites are
effective as hole traps. A given localized state is generally effective in only one way: either as a
trap or as a recombination center; if it’s closer to a band edge, it is likely to be a carrier trap
rather than a recombination center. The equations describing generation and recombination
through localized states or recombination centers were originally derived by Shockley, Read and
Hall and the process is frequently called the Shockley-Hall-Read recombination. According to
the SHR model, when non-equilibrium occurs in a semiconductor, the overall population of
electrons and holes in the recombination centers is not greatly affected. The reason for this
nearly constant population is that the recombination centers quickly capture majority carriers
but have to wait for the arrival of a minority carrier. Thus, the states are nearly always full of
carriers, whether under thermal-equilibrium conditions or in non-equilibrium.

To illustrate this behaviour, consider a typical example: acceptor-like recombination centers
in an n-type semiconductor. At thermal equilibrium the Fermi level is near E.and, therefore,
above the energy of the recombination centers. Hence, they are virtually all filled with electrons
and rjand reare both much greater than rsand r,. When equilibrium is disturbed by low-level
excitation, which increases the number of holes and electrons by the same amount, the electron
concentration changes only by a small fraction, while the hole concentration changes by a large
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fraction. In this case, rihas to exceed roby only a very slight amount to accommodate the
increased rate of hole capture represented by r3. Thus, the population of the localized states
remains nearly constant, and the net rate of electron capture r; — roequals the net rate of hole
capture by the states. These net rates are just the net rate of recombination that we define by
symbol U.

U:Rsp—Gsp:Tl—T’QZTg—T4 (145)

where the subscript sp stands for spontaneous, that is, generation and recombination that re-
spond only to deviation from the thermal equilibrium (in contrast to the spontaneous recombi-
nation and generation transitions are those caused by stimulation, for example, by a radiative
source). Inserting the expression fro r; through ryinto the expression for U, we can eliminate f
and obtain

Nyvponop, (pn — n?)

o [P+ miexp (B2 )] + on [+ ni exp (5]

U— (1.46)

_ (pn B n?) (147)

Tao [P+ 1 exp (57 ) | + 70 [+ i exp (572

where 7,,, = (Ntvthan)_land Tpo = (Ntvthap)_l.

From these expressions we can observe that U is positive and there is net recombination if the
pn product exceeds n?. The sign changes and there is net generation if the pn product is less
than n?.

The dependence of U on the energy level of the recombination centers can be more easily grasped
by considering the case of equal electron and hole capture cross sections. For o, = 0,, = 0¢,we
can define 7y = (Ntvthao)fland, therefore,

(pn — n3)

U= :
[p + n + 2n; cosh (Etk_TE )] To

(1.48)

The dependence on the energy level of the recombination center is contained in the hyperbolic
cosine term, that is symmetric around E;, = Ej; reflecting a symmetry in the capture of holes
and electrons by the center. The denominator has a minimum value at E, = E;, so that the
recombination U is maximum for recombination centers having energies near the middle of
the gap, in both generation and recombination. As practical examples, gold and copper give
rise to two effective recombination centers, with (E; — E;)in silicon equal to 0.03 and 0.01 eV
respectively.
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1.2.1.1 Excess-Carrier Lifetime

To understand the physical significance of the net recombination rate U, we consider a semicon-
ductor with no current flow, in which thermal equilibrium is disturbed by the sudden creation
of equal number of excess electrons and holes. These excess carriers then decay spontaneously
as the semiconductor returns to thermal equilibrium. Solutions of the continuity equation for
this case give the excess electron density as a function of time. We consider this problem under
the assumption that the disturbance of equilibrium corresponds to low-level injection. If we
call the extra injected electron density n'and the extra hole density p',then low level injection
implies that n'and p'are both much less than (n, 4 p,), where n, and p, represent the thermal-
equilibrium densities of carriers in the semiconductor. From these definitions, n’' = n — n, and
p =p—po, withn' =p.

If 0,, = 0, then the continuity equation can be written

(TLO + po) nl
o 1.4
dt G-R v (no + o+ 2n; cosh [#77]) o

Solving for n', we find that the excess carrier density decays exponentially with time

!/ !

n (t) =n (0)exp (—t/7,) (1.50)

where the lifetime 7, is given by

No + Po + 2n; cosh (—EtkaEi)
(Mo + Do)

Tp =

T (1.51)

For recombination centers to be effective, the term E; — F; is relatively small, and, therefore,

the third term in the numerator is negligible compared to the sum of the first two. The equation
then reduces to

n = To = 1.52
! ! Nivipo, ( )
and
n/
U=— 1.53
- (153)

We can observe that the excess-carrier lifetime is independent of the majority carrier concentra-
tion for recombination through recombination centers under low level injection. This behaviour
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can be understood physically by considering the kinetics of the recombination process. For
example, in a p-type semiconductor, assuming traps near mid gap, most of the recombination
centers are empty of electrons because Fy < E;. The recombination process is therefore lim-
ited by the capture of electrons from the conduction band. Once an electron is captured by
a recombination center, one of the many holes in the valence band is quickly captured. Thus,
the rate-limiting step in the recombination process is the capture of a minority carrier by the
recombination center; this is insensitive to majority-carrier population.

Minority-carrier lifetimes can vary widely, depending on the density and type of recombination
centers in the semiconductor.

1.2.2 AUGER RECOMBINATION

In the SHR recombination, an excess carrier is trapped in an intermediate center until a carrier
of the opposite type interacts with the center itself and the two carriers recombine. This kind of
recombination dominates at low-to-moderate carrier concentrations because electrons and holes
are more likely to interact with the intermediate centers than with the low concentrations of
mobile carriers However, at high concentrations, direct interaction of electrons and holes can
lead to Auger recombination. In this process, an electron in the conduction band falls into an
empty state (hole) in the valence band. The energy emitted by this transition is absorbed by
another carrier, which also helps conserve the momentum. Auger recombination is the inverse
of the avalanche pair-production process, in which the energy and momentum of an incoming
carrier create a hole and an electron. The fact that this process requires three carriers, makes
it likely to happen just in highly doped materials or when a large number of excess carrier is
present. In n-type materials, two electrons and one hole interact, in p-type materials, two holes
and one electron interact. Because two majority carriers are involved, the recombination rate U
is proportional to the square of the majority carrier concentration. The Auger recombination
rate Uy is given by the expression

Us=Ry—G4=cyn (pn—nf) + cpp (pn—nf) (1.54)

where ¢, and ¢, are the Auger recombination coefficients. The reciprocal of the Auger lifetime
can be written as

1
— =¢,N? (1.55)
-

for electron recombination in heavily doped p-type material. The coefficient ¢, for electrons in

silicon is approximately 1 x 1073'em=6s~!. The Auger lifetime for holes in n-type material is

about one-half to one-third that for electrons in a p-type. The effective lifetime, which considers
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Figure 1.10: Auger recombination

both SHR and Auger recombination, is the sum of the recombination rates of the two processes
so that

Z = + = (1.56)

1.2.3 SURFACE RECOMBINATION

Thus far, we have considered generation/recombination centers that are uniformly distributed
throughout the bulk of the semiconductor material. In practical cases the surface can be the
location of an abundance of extra localized states having energies within the forbidden gap. The
presence of a passivating layer of silicon dioxide over the semiconductor surface, as is usual in
devices made by the planar process, ties up many of the bonds that would otherwise contribute
to surface states and protects the surface from foreign atoms. A passivating oxide can reduce
the density of surface states from about 10715 ¢m™2to less than 10 em ™2, Even with passivated
surface , however, surface states provide generation-recombination centers in addition to those
present in the bulk.

The kinetics of generation-recombination at the surface are similar to those considered for bulk
centers with one significant exception. While we considered the volume density N,(cm™3) of
bulk centers, we must discuss the area density Ng(cm™2) of surface centers. Although the
N,i(em™2) surface centers can be distributed over a thickness of several atomic layers, the poorly
defined atomic structure near the semiconductor surface makes useful a description in terms of
an equivalent number of states located at the surface. We can write an expression for the
recombination rate U per unit area at the surface analogous to the Schockley-Hall-Read case.

Nstvtho-ngp(psns - TL2)

3
EifEst Est*Ei

Us =
Tp[Ps + 1 exXp(Zg7 )] + on[ns 4 1 exp(Zi7)]

(1.57)
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Figure 1.11: (a) Sketch of the energy-band diagram near the surface of p-type silicon covered
with a passivating oxide. (b) Hole density near the surface

where the subscript s denotes concentrations and conditions near the surface and E,is the energy
of the surface generation/recombination centers. To stress the physical significance of surface
recombination, we simplify the mathematics by considering the most efficient centers, which
are located near mid gap, and equal capture cross sections for electrons and holes. With these
assumptions the recombination rate equation reduces to

(psms — an)

Us = NstvthO_ Er—F.
Ps + ns + 2n; cosh (%)

(1.58)

The surface of a semiconductor is often at a different potential than the bulk so that surface
carriers concentrations can differ from their values in the neutral bulk region. Even in the
case of oxide-passivated surfaces, a space-charge region generally forms near the surface of the
semiconductor. Dopant segregation at the oxide-silicon interface causes silicon surfaces to be
less strongly p-type or more strongly n-type than the bulk. If we assume that the pn product
remains constant throughout the space-charge region, the product at the surface psngs can be
expressed in terms of quantities at the neutral edge of the space-charge region:

Psns = Pp(xa)np(Ta) = Nany(xa) (1.59)
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in a p-type semiconductor. The recombination rate equation can then be written

Na[np(wa) — nyol Na !

U@ = N'; = Ng, 1.60

where we have assumed E,; = FE;. In this equation we have expressed the surface recombination
rate Uy in terms of of the deviation n; of the minority carrier (electron) concentration from its
equilibrium value at the interior boundary of the surface space charge region.

The coefficient of n;)on the right of the equation is usually defined as a parameter s, which
describes the characteristics of the surface recombination process:

Na
(ps + Uz + 2nz>

¢ = Nuvuo (1.61)

The value of s depends on the physical nature and density of the surface generation/recombination
centers as well as on the potential at the surface. If the surface region is depleted of mobile car-
riers, ngand p, are small and s is large. If the surface is neutral, p = N,; s is small and is given
by

s = s, = Ngvg,o (1.62)

where the subscript o denotes that the surface and the bulk are at the same potential; that is,
the surface region is neutral. The dependence of s on surface potential is important in silicon
integrated circuits.

The dimensions of s are ecm s~ !, and s is consequently called the sur face combination velocity,
although it is not directly related to an actual velocity. A physical interpretation of scan be
obtained comparing the previous equation with the one that gives the minority-carriers lifetime;
s is related to the rate at which excess carriers recombine at the surface, just as % is related to
the rate at which they recombine at the bulk.

1.3 QUANTUM EFFICIENCY

Radiative and non-radiative recombination processes are in competition one with the other,
especially in optoelectronic devices, where we an increase in the second makes the efficiency
of the device decrease. In a semiconductor with non-radiative recombination centers, the total
recombination probability is given by
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1
= 1.63
- ( )

7_7” T’I’LT‘

thus the probability of having radiative emission is defined as

1

Mint = T (1.64)

The parameter 7;,, is called internal quantum efficiency, and is the ratio between the number

of phonons emitted and the total number of carriers that recombine. It’s important to notice
that, in a real device, not all the phonons emitted will be able to exit the material, come of them
will be in fact refracted and re-absorbed.

We have seen that non-radiative recombination is a big problem in optoelectronic devices and it
is not possible to avoid it, but even if it is not possible to make it completely disappear, there
are some ways to reduce it, increasing the internal quantum efficiency. In general, because of the
fact that non-radiative recombination is strongly connected to the material quality, we should
increase it, reducing the defects densities, but we could also use some tricks to reduce surface
recombination, like designing the device with the active region far enough from the surface and
we could also increase the volume of the recombination region to decrease carriers densities and
thus Auger recombination. Despite the fact that it’s not possible to produce pure materials (in
fact the impurities concentration is always higher than 10'?cm™3) in the last fifty years things
have greatly improved and through the optimization of fabrication and growth processes, the
internal quantum efficiency has gone from 1% to 90/95%.
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LED DEVICES

2.1 LED ELECTRICAL PROPERTIES

2.1.1 HOMOJUNCTION STRUCTURE AND ELECTRICAL MODEL

To understand the LEDs properties, we can start analyzing the pn homojunction, in fact LED

devices are diodes, even if with some particular characteristics.

The I-V law of a LED device is the same of a pn junction

I =1 (e?/F — 1)

with

| D, n? D, n?
Tp ND Tn NA

As usual if V > % we can simplify the I-V relation and write

I, =qgA &NA + 4 /&ND ed(V=VD)/kT
Tp Tn

We know that

kT NaN
VD:—D( AQD)
q n;

)
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(2.1)

(2.2)

(2.4)



CHAPTER 2. LED DEVICES 26

(a) p-n junction under zero bias
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Figure 2.1: P-n junction under (a)zero bias and (b)forward bias

In a highly doped semiconductor Ex — Er < Eq, Er — By < FEg, furthermore Ex — Er and
Er — Ey weakly depend on the doping level. We can thus write

Vin = Vp = EG/Q (2-6)

Under direct polarization conditions, the Shockley diode equation is usually simplified in the
following way

[ = [,e2V/(MidealkT) (2.7)

where 7;4eq 1S the diode ideality factor. For an ideal diode, this parameter value is one, while

for real devices it’s higher. In a homojunction diode this parameter is higher than one, but
normally lower than than tow, in heterojunctions (that as we will see later are very important
for LED devices) instead, it can be even higher, in fact in these cases the externally measured
ideality factor, is the sum of the ideality factors of the individual rectifying junctions, changing
the I-V of the LEDs with respect to the ideal diode.

Another important parameter that influences the real device I-V, is the parasitic resistance. The
effects of this resistance can be modeled through two circuital elements, a series resistance and
a shunt resistance in parallel to the ideal diode. These two parameters strongly affect the real
device characteristics, and an example of their effects can be seen in the following image. In
figure (a) we can see the effects of the shunt and the series resistances, while in figure (b) we see
the sub-threshold turn-on caused bu the shunt resistance only.
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Figure 2.2: (a) Effect of series and parallel resistance (shunt) on I-V characteristic. (b) .V with
clearly discernible sub-threshold turn-on caused by defects or surface states

2.1.2 HETEROJUNCTION STRUCTURE

We have seen that the radiative recombination rate is proportional to the product of the electrons
and holes concentration, it is therefore important to observe the distribution of carriers under
direct polarization conditions, to understand if the homojunction structure is suitable for LEDs
fabrication.

A useful parameter to analyze this situation is the diffusion length, that we can evaluate using
the following equations

L,=+/Dy7,, L,=+/D,7,, (2.8)

knowing that

kT kT
D, = 7#71 ) Dp = 7”}7 (29)

In a LED based on a homojunction structure, carriers recombine in a region with a length of
about 3/4 times the diffusion length L, ,, (carriers diffuse on average over the diffusion lengths
before recombining).

This is a problem for a LED, in fact it reduces radiative efficiency because it doesn’t allow to
have high concentrations of both holes and electrons in the same region (R = Bnp). To increase
the device efficiency, it’s useful to reduce the width recombination region, and to make this,
double heterostructures are used. When this solution is employed, the dimension of the active
region is determined by the geometry of the device, and not by the diffusion length anymore,
we have in fact built a so called quantum well. Suppose that the active region were about
10 — 100 nm long, this shows clearly the improvement in the efficiency over the homojunction
case, in which carriers can diffuse for several pm.
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(a) Homojunction under zero bias (b) Homojunction under forward bias
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Figure 2.3: Carriers diffusion and recombination in an homojunction LED under (a)zero bias
and (b)forward bias.

(c) Heterojunction under forward bias
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Figure 2.4: P-n heterojunction under forward bias. Carriers are confined by the barriers.

2.1.3 QUANTUM WELL
2.1.3.1 THE INFINITE SQUARE-SHAPED QUANTUM WELL

The infinite.square shaped well potential is the simplest of all possible potential wells, and is
defined as

L) (2.10)

U () = oo (\x| > %L) (2.11)
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Figure 2.5: (a) Schematic illustration of the infinite square well potential. The solutions of this
potential well are shown in terms of (b) eigenfunctions v, (x), (b) eigenstate energies E,,, and
(¢) probability densities 1}1),.

To find the stationary solutions for v, (x) and E,wemust find functions for v, (x) ,which satisfy
the Schrodinger equation. The time-independent The time-independent Schrodinger equation
contains only the differential operator d/dx, whose eigenfunctions are exponential or sinusoidal
functions. Since the Schrédinger equation has the form of an eigenvalue equation, it is reasonable
to try only eigenfunctions of the differential operator. Furthermore, we assume thatiy,(z) = 0
for|z| > L/2, because the potential energy is infinitely high in the barrier regions. Since the 3rd
Postulate of quantum mechanics requires that the wave function be continuous, the wave function
must have zero amplitude at the two potential discontinuities, that is ¢,(x = £L/2) = 0. We
therefore employ sinusoidal functions and differentiate between states of even and odd symmetry.
We write for even-symmetry states

¥ () = A cos {@} (n ~0,2, 4.and |z < g) (2.12)

and for odd symmetry states
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¥ () = Asin [m} (n 1,3, 5.and |a] < g) (2.13)

Both functions have a finite amplitude in the well-region (|| < L/2) and they have zero ampli-
tude in the barriers, that is

U, () =0 <n =0,1,2.and |x| > g) (2.14)

The shapes of the three lowest wave functions (n = 0, 1,2...) are shown in Figure 2.5. In order
to normalize the wave functions, the constant A must be determined. The condition < ¢[) >=1
yields

a=+/2/L (2.15)

One can verify that the previous sinusoidal equations are solutions of the infinite square well

by inserting the normalized wave functions into the Schrédinger equation. Insertion of the
ground-state wave function (n = 0) into the Schrédinger equation yields

Calculating the derivative on the left-hand side of the equation yields the ground state energy

of the infinite square well

h? /w2
By = —— (—) 2.17
" om \L ( )
The excited state energies (n = 1,2,3...) can be evaluated analogously. One obtains the

eigenstate energies in the infinite square well as
R [(n+1)n
- e

= | ] (n=0,1,2...) (2.18)

The spacing between two adjacent energy levels, that isE,, — E,,_1, is proportional to n. Thus,
the energetic spacing between states increases with energy.

The probability density of a particle described by the wave function 1 is given by ¢ x ¢ (2nd
Postulate). The eigenstate energies are, as already mentioned, expectation values of the total
energy of the respective state. It is therefore interesting to know if the eigenstate energies are
purely kinetic, purely potential, or a mixture of both. The expectation value of the kinetic
energy of the ground state is calculated according to the 5th Postulate:

2
< Eginp >=< ¢0|2p—m|% > (2.19)

Using the momentum operator p = (%) (%) one obtains the expectation value of the kinetic
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Figure 2.6: Asymmetric square well potential with well width L and barrier heights U; and Ujy;.

energy of the ground state

h2 /N2
< Bpo >= —— (—) 2.20
im0 >= o (2.20)

which is identical to the total energy given in Eq. (2.17). Evaluation of kinetic energies of all

other states yields

h2

< Ek'm,O >= — |: (221)

L

L [CESyy

The kinetic energy coincides with the total energy given in Eq. (2.18). Thus, the energy of a

particle in an infinite square well is purely kinetic. The particle has no potential energy.

2.1.3.2 THE ASYMMETRIC AND SYMMETRIC FINITE SQUARE-SHAPED
QUANTUM WELL

In contrast to the infinite square well, the finite square well has barriers of finite height and
considering the asymmetric well, the two barriers have a different height.

The potential energy is constant within the three regions I, II, and III, as shown in Figure 2.6.
In order to obtain the solutions to the Schrodinger equation for the square well potential, the
solutions in a constant potential will be considered first. Assume that a particle with energy F
is in a constant potential U. Then two cases can be distinguished, namely &/ > U and £ < U. In
the first case (E > U) the general solution to the time- independent one-dimensional Schrodinger
equation is given by

Y (z) = Acos (kx) + Bsin (kz) (2.22)
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where A and B are constants and

k= \/2mE /R (2.23)

Insertion of the solution into the Schrédinger equation proves that it is indeed a correct solution.
Thus the wave function is an oscillatory sinusoidal function in a constant potential with £ > U.
In the second case (E < U), the solution of the time-independent one-dimensional Schrodinger
equation is given by

Y (x) = Ce™ 4 De™ (2.24)

where C and D are constants and

. 2m (U —-E)  [2mU

h? h?

— k2 (2.25)

Again, the insertion of the solution into the Schrédinger equation proves that it is indeed a

correct solution. Thus the wave function is an exponentially growing or decaying function in
a constant potential withE < U. Next, the solutions of an asymmetric and symmetric square
well will be calculated. The potential energy of the well is piecewise constant, as shown in
Figure 2.6. Having shown that the wave functions in a constant potential are either sinusoidal
or exponential, the wave functions in the three regions I (x < 0), II (0 < z < L), and III (z > L),
can be written as

Ur (z) = Ae™” (2.26)
Y (x) =Acos (kx) 4+ Bsin (kx) (2.27)
Urrr () =[Acos (kL) + Bsin (kL)] e (@=L (2.28)

where A and B are unknown normalization constants. In this solution, the first boundary
condition of the 3rd Postulate, i. e. ¥7(0) = 1,7 (0) and vy (L) = 11 (L), is already satisfied.
From the second boundary condition of the 3rd Postulate, i. e. ¥} (0) = ¢}, (0) and ¢}, (L) =
¥, (0), the following two equations are obtained

Ar;— Bk =0 (2.29)
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Alkrrrcos (kL) — ksin (kL) +] + B [kyrsin (kL) 4 k cos (kL)) (2.30)

This homogeneous system of equations has solutions, only if the determinant of the system
vanishes. From this condition, one obtains

kL (K[L + Fd][]L)
/{32[/2 — H[LFL][[L

tankL = (2.31)

which is the eigenvalue equation of the finite asymmetric square well. For the finite symmetric
square well, which is of great practical relevance, the eigenvalue equation is given by

2kLkL

where K = Ky = k7. If K is expressed as a function of k, then Eq. (2.32) depends only

on a single variable, i. e., k. Solving the eigenvalue equation yields the eigenvalues of £ and,
by using Eqs. (2.23) and (2.25), the allowed energies E and decay constants x, respectively.
The allowed energies are also called the eigenstate energies of the potential. Inspection of Eq.
(2.32) yields that the eigenvalue equation has a trivial solution kL = 0 (and thus E = 0) which
possesses no practical relevance. Non-trivial solutions of the eigenvalue equation can be obtained
by a graphical method. Figure 2.7 shows the graph of the left-hand and right-hand side of the
eigenvalue equation. The dashed curve represents the right-hand side of the eigenvalue equation.
The intersections of the dashed curve with the periodic tangent function are the solutions of the
eigenvalue equation. The quantum state with the lowest non-trivial solution is called the ground
state of the well. States of higher energy are referred to as excited states.

The dashed curve shown in Figure 2.7 has two significant points, namely a pole and an end point.
The dashed curve has a pole when the denominator of the right-hand side of the eigenvalue
equation vanishes, i. e., when kL = kL. Using Eq (2.25), it is given by

Pole:

kLpoe = /mU/R2L (2.33)

The dashed curve ends when k = (2mU/h2)%. If k exceeds this value, the square root in Eq
(2.25) becomes imaginary. The end point of the dashed curve is thus given by End Point:

kL|End Point — ZmU/hQL (234)

There are no further bound state solutions to the eigenvalue equation beyond the end point.

Now that the eigenvalues of k and k are known, they are inserted into Eqs. (2.29) and (2.30);
this allows for the determination of the constants A and B and the wave functions. Thus the
allowed energies and the wave functions of the square well have been determined. It is possible
to show that all states with even quantum numbers (n = 0,1,2...) are of even symmetry with
respect to the center of the well, i. e. ¥ (z) = ¥ (—=z). All states with odd quantum numbers
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Figure 2.7: Graphical solution of the eigenvalue equation for a symmetric quantum well. The
function 2kLrL/ (k*L? — k*L?) is the right-hand side of the eigenvalue equation. The crossing
points of the tangent function and the dashed curve are solutions of the eigenvalue equation.
The solution at kL = 0 is a trivial solution having no practical relevance.
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(n =1,3,5...) are of odd symmetry with respect to the center of the well, i. e. ¢ (z) = —¢ (—2).
The even and odd state wave functions in the well are thus of the form

Wt () = Ay cos {k (x - gﬂ (forn=0,2,4.) (2.35)
and
Wt (x) = Apy sin [kn (x - g)} (forn=1,3,5.) (2.36)

The three lowest wave functions of a symmetric square well are shown in

Figure 2.8: Schematic illustration of the three lowest wave functions of the symmetric quantum
well.

2.1.4 OTHER NONIDEALITIES AND CHARACTERISTICS

In practice, active region are not infinite-square shaped quantum wells, and even though barriers
are usually higher than kTT’ some of the carriers can have enough energy to escape the well. This
phenomenon is called carrier escape.

o0

np = /pdosfFD (E)dE (2.37)

Ep
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Another important leakage mechanism is the so called carrier overflow. When current becomes
higher, the carriers concentration and Fermi energy increase, thus carriers can travel the quantum
well without being captured, and radiative efficiency decreases.

Carrier
distribution
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Figure 2.9: Carrier capture and escape in a double heterostructure. Also shown is the carrier
distribution in the active layer.

Considering a double heterostructure LED, with an active region with width Wpy, the conti-
nuity equation is
dn J

— = — B 2.38
dt qWDH np ( )

In stationary condition (% = 0) and high injection hypothesis (n = p) we can write

dt
/ J

n=4/———— 2.39

qBWpu ( )

In these conditions it can be demonstrated that the following equation is also valid

2
Er — Ec _ 3ﬁi 3 (2.40)
kT 4 N¢ '

In high injection conditions the Fermi energy increases and can reach the barrier value (Er —
E¢ = AE¢). Carrier overflow takes place when

AEs  (3J7 n \° AE:\? 37 n . [(AE:\® [4ANg\?
_ . VT e 2.41
kT < 4 Nc> (kT) 4 Ne " KT ) \3yx (2.41)

We can exploit this result and write
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AE-\? [ 4Ng
kT 3T

2
J = qWpyBn® = ( ) qBWpy (2.42)

To reduce the influence of this undesired phenomenon multiple quantum-wells structures have
been developed together with the introduction of electron blocking layers, pieces of different
materials that change the band-diagram and prevent the carriers from flowing away from the
wells.
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Figure 2.10: Optical intensity emitted by Ing16GagssAs/GaAs LEDs with active regions con-
sisting of one, four, six and eight quantum wells and theoretical intensity of a perfect isotropic
emitter (dashed line).



CHAPTER 2. LED DEVICES 38

i w1
2l |z
[=% < %|= =
m [&] L
O SE |8[QEl2] =
2 2 [£]28]%) 3
5 g% [2]5%2 >
& (g"‘: © E.S:"‘: ©
= g|f |2
< =
vy L
Growth Direction . o F
~

Mg-doped .E-04

Figure 2.11: An example of multi-quantum well with electron blocking layer structure.

There’s also another problem in the heterostructures, the parasitic resistance, due to the parabolic
shape of the band diagram. This problem can be solved using a graded change in the composition
of the material.
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Figure 2.12: (a) Band diagram of an abrupt n-type - n-type heterojunction and (b) a graded
heterojunction of two semiconductors with different band gap energy. The abrupt junction
is more resistive than the graded junction due to the electron barrier forming at the abrupt
Jjunctions.
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2.2 LED OPTICAL PROPERTIES

2.2.1 EFFICIENCY

The efficiency of a LED device is a complex parameter, that can be defined and calculated in
different ways. In fact, the overall efficiency can be written as

To = NingMrNextraction (243)

where 7;,; is the injection efficiency, n,the radiative efficiency and 7egiraction 15 the extraction
efficiency.

The injection efficiency takes into account the fact that not all of the carriers injected reach the
active region to give recombination, and is given by

1
NhNALe p
Ninj = (1 + —M NDLh> (2.44)

The second parameter on which the overall efficiency depends, the radiative efficiency n,, is
calculated through the following equation

1

R — 2.45
1+Tr/7—NR ( )

Nr

and describes how many of the carriers that recombine, do it in a radiative way. As we already
explained in chapter 1, this quantity strongly depends on the material quality.

The product n;,;n, gives the so called internal quantum efficiency, that is defined as the ratio
between the number of phonons emitted from the active region per second, and the number of
electrons injected into the LED per second

(Pint/hv)

where Pj,is the optical power emitted from the active region, and I the injected current. In an
ideal LED this efficiency is one, because in it each charge quantum-particle (electron) produces
one light quantum-particle (photon).

The last parameter in Eq. (2.43) is the extraction efficiency 7Negtraction- This is defined as the
ration between the number of photons emitted from the LED’s package per second, and the
number of phonons emitted from the active region per second. It can be calculated also as

(P/hv)
(Pint /)

where P is the optical power emitted from the LED (package included). The extraction efficiency

(2.47)
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Figure 2.13: Phonons emission and reflection in a GalnN LED.

is usually less than 100% because not all of the photons emitted can escape from the LED; in fact
these photons can be trapped inside the semiconductor because of what we call “total internal
reflection”, that is a multiple reflections phenomenon, and they can be absorbed by the metal
contacts or the semiconductor itself, if they have higher energy than the band-gap £,.

We can finally define the ezternal quantum efficiency n..; as the ratio between the number of
phonons emitted outside the package per second, and the number of electrons injected into the
LED per second

(P/hv)
(I/q) - nmtnextractwn

(2.48)

where P is the optical power emitted outside the package and I the injected current.

2.2.2 SPECTRAL CHARACTERISTICS

A LED device operates through spontaneous radiative emission, with the recombination of an
electron-hole couple and transfer of the resulting energy to a phonon. The carriers distribution
is described by the Fermi statistics, and at a temperature higher than zero they occupy a certain
number of states with energy higher than the minimum. We know that

2

p
By = —— 2.49
k 2m* ( )
where
hk
= 2.50
P=o- (2.50)

Therefore, if the valence and conduction bands have a parabolic shape, the carriers energies are

(k)"

E=FE
o+ 2m

(2.51)

*
e
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for the electrons, and

(hk)*

B=Ee~ 2my
h

(2.52)

for the holes ( m*and mjare the effective masses).
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Figure 2.14: Parabolic electron and hole dispersion relations showing “vertical” electron-hole
recombination and photon emission.

In the emission process both energy and momentum must be preserved. The momentum of the
electron is given by

p=mxuv=V2mxkT (2.53)

and the photon momentum by

p=(h/2m)k = hv/c = E,/c (2.54)

In order to have momentum conservation only “vertical” transitions can occur, and the condition
on the conservation of energy, allows us to write

(h/2m)* K* By 4 (h)2m)? k2 5, (h/2m)? k2

2.9
2m} 2mj ( )

hy = Ec + 2m*
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where we have used the “reduced mass” m;, defined as

1 1 1
= 4 (2.56)

* * *
m:  mi  omj

The density of states has a parabolic dependence on energy, as we can see in the following

equation

3
1 (2m]\?
‘ = — L E—-FE 2.
density of states o ( 2 ) Y (2.57)

and the carriers in the bands obey Boltzmann distribution

fB(B) = e B/ (2.58)

we can therefore deduce that the emitted radiation intensity (as a function of energy) is propor-
tional to the product of the former two equations.

I(E) x \/E — E,e P/ (2.59)

Exploiting this relation we can deduce the LED’s theoretical emission spectrum, the I-F curve
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e exp (—E/KT)
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Figure 2.15: LED’s theoretical emission spectrum

(luminescence intensity as a function of energy) and observe that the emission peak does not
correspond to E,,instead it is set at £, + kT'/2. Therefore we can also see that the width at half
maximum of the emission spectrum as

FWHM = 1.8kT (2.60)
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Figure 2.16: (a) Energy band diagram with recombination paths. (b) Energy distribution of
electrons in the conduction band and holes in the valence band. The highest electron concentra-
tion is (%) kpT above Ec. (c) The relative light intensity as a function of photon energy based
on (b). (d) Relative intensity as a function of wavelength in the output spectrum based on (b)
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Figure 2.17: (a)Typical output spectrum (relative intensity vs. wavelength) from a red GaAsP
LED. (b)Typical output light power vs. forward current. (c) Typical I-V characteristics of a red
LED. The turn-on voltage is around 1.5V.

The width of the LED spectrum is of about 30 — 40nm, and if we consider human vision it is

short enough to make us see it as a single colour. nevertheless it is enough to influence the
practical applications of the device, for example in transmission through optical fiber. In fact
in this medium, radiations with different wavelength travel at different velocities and scattering
limits the bit-rate distance product. A LED spectrum characteristics can vary for different
reasons, for example in high injection conditions it broadens, but the main parameter that
influences it, is temperature. In fact an increase in temperature makes Shockley-Read-Hall non-
radiative recombination and surface recombination higher, and also the number of carriers that
can escape the well increases, therefore emission intensity decreases.

T—300K> (2.61)

I = [|300K exp (— T
1

Another important effect of temperature is the decrease of the energy gap, consequently, with
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an increase in temperature, the LED spectrum peak shifts to lower energies, and its intensity
decreases. Finally, as we already saw in Eq. (2.60), at higher temperatures the width at half
maximum increases.

Relative spectral output power

0 1 I | | |
740 800 840

Wavelength (nm)

T
880 900

Figure 2.18: The output spectrum from AlGaAs LED.Values normalized to peak emission at
25°C.

2.2.3 LIGHT EXTRACTION AND GENERAL EFFICIENCY IM-
PROVEMENT TECHNIQUES

Light generated inside a semiconductor cannot escape from the semiconductor if it is totally
internally reflected at the semiconductor-air interface. If the angle of incidence of the a light
ray is close to normal incidence, light can escape from the semiconductor. However, when the
angle of incidence is higher tan the so called critical angle, we have total internal reflection that
reduces the external efficiency significantly. This parameter is determined by the ratio between
the refractive indices at the air-semiconductor surface, and, assuming that the angle of incidence
in the semiconductor at the semiconductor-air interface is given by ¢, we can evaluate the critical
angle exploiting the Snell law.

Ng SN = Ngjp SiN @ (2.62)
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sin @, = Rair De (2.63)

s

This approximation is valid because refractive index of semiconductors is usually high.

The angle of total internal reflection defines a light escape cone. Light emitted into this cone
can escape from the semiconductor, whereas light emitted outside the cone is subject to total
internal reflection.

(c)

/ A e [dr = f:_” 2arsing rddp =

.
" a—>2— Light source - 2nr° (1 - cosg.)

) /
Figure 2.20: (a) Definition of the escape cone by the critical angle ¢¢. (b) Area element dA. (c)
Area of calotte-shaped section of the sphere defined by radius r and angle ¢c.

To determine the total fraction of light that is emitted into the light escape cone, we calculate
the surface area of the calotte.shaped surface shown in Fig. (2.20) (b) and (c).

le]
A= /dA = / 21rsin g rdg = 27r® (1 — cos ¢¢) (2.64)
$=0

Let us assume that light is emitted from a point.like source in the semiconductor with a total
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Figure 2.21: (a) Reflection of part of the light generated in a flat LED. (b) Dome shaped
semiconductor to improve extraction. (c¢) LED encapsulated in a plastic dome.

power of Pj,.ce. Then the power that can escape from the semiconductor is given by

27mr? (1 — cos ¢¢)
A2

(2.65)

Pescape = Psource

where 4772 is the entire surface area of the sphere with radius 7. The calculation indicates that

only a fraction of the light emitted inside a semiconductor can escape from it. This fraction is
given by

Pesca e 1
Kurie = 5 (]. — COS ch’) (266)

Because the critical angle of total internal reflection for high-index materials is relatively small,

the cosine term can be expanded into a power series. Neglecting higher-than second order terms
yields

Pesca e 1 ¢2 1 ]-n?u‘r
o 25{1_(1_70>}:Z_l¢%%1n_ (2.67)

The escape phenomenon is a significant problem for high-efficiency LEDs. In most semiconduc-

tors, the refractive index is quite high (> 2.5) and thus only a few percent of the light generated
in the semiconductor can escape from a planar LED. To improve the extraction efficiency a num-
ber of different solutions have been developed, in particular different shapes of the LED have
been introduced. In fact, an economic method to allow more light to escape from the LED is to
encapsulate it in a transparent plastic dome, otherwise the semiconductor itself can be shaped
into a dome, in both cases a reduction of the angles of incidence at the semiconductor-air in-
terface is obtained, reducing internal reflection. The materials used for the encapsulating dome
vary basing on the refractive index of the specific semiconductor used for the LED, and some
examples can be seen in Fig. (2.22). The dome shape is not the only one that can be employed,
in fact LEDs can also be shaped in a different way like, for example, in a truncated pyramid
way, as in the example of Fig. (2.23).

Another way to improve extraction efficiency is the usage of thin-films. Thin film technology
in fact, allows to prevent absorption in the substrate, both because the small thickness of the
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materials layers and the usage of highly reflecting mirrors, and allows also to prevent waveguiding
through the optimization of the surface roughness. With thin film structures, like the one shown
in Fig. (2.24), extraction efficiencies in the order of 75% have been reached.

textured surface bl
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GaN: /
QwW o

Solder layer
Carrier substrate

Power thin film LED; scematic side view PowerThinGaN top view

Figure 2.24: Example of power thin film LED structure.

Internal reflection is not the only problem that limits the device efficiency, thus other techniques
to improve LEDs performance have been developed. An example is the usage of current spreading
layers to improve the chip usage, as shown in Fig. (2.25).

2.2.4 L-I CHARACTERISTIC

Under steady-state conditions, the rate equation for a LED device can be expressed as

d J
d—? = q_d — (Bnp+ ANrn) =0 (2.68)

where J is the current density through the active region, d is the active layer thickness, B is

the bimolecular recombination coefficient, A is the non-radiative recombination coefficient, Ny
is the density of the defects responsible for non-radiative recombination, and n and p are the
concentrations of electrons and holes in the active layer, respectively.

Under high injection conditions, one can write

J
nr:sp>>Na,Nd:>Bn2+ANTn—ﬁ:O (2.69)

If radiative recombination dominates over non-radiative processes

J
ANrn < Bn®> = L = Bn® ~ p (2.70)

On the other hand, if the non-radiative recombination processes dominate

J
ANrn > Bn? = ANpn = o (2.71)
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which means thatn is proportional to the injected current, and therefore, light intensity (Bn?)

is proportional to the square of the injected current.
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Figure 2.26: L-I characteristic of a generical LED.



Chapter 3

ELECTROSTATIC DISCHARGE

Consider two charged objects near each other, if some particular conditions are met, there can
be a sudden and fast flow of charged particles from one to the other, this phenomenon is what
we call an electrostatic discharge (or ESD). An ESD event can give rise to a current with very
limited duration, between a few tens and a hundred nanoseconds, but with an intensity that
can easily reach values in the order of 10 Amperes and with a rate of change of current % that
can be as high as 10 %. This current can be an important problem for electronic components
and devices, not only as a source of noise, but also causing permanent damage that originates
unexpected destruction anywhere from fabrication to field, in fact it is estimated that 25% of
all component failure are due to electrostatic discharge phenomena. These considerations show
that, in addition to designing specific electronic structures to provide adequate ESD protection,
it is fundamental to understand the causes that originate these electrostatic discharge events in
order to limit them.

3.1 ESD GENERATION MECHANISMS

To understand the causes of the ESD phenomenon, it is useful to first consider a simplified
model.

v, @ U Vi
+\ " .(,/_

17 % = 2
+/ =
g P

________________ "\

Figure 3.1: Two charged bodies at a distance d from each other.

In the previous image we can see two conductive objects at a distance d one from each other.
On the two surfaces there is an accumulation of charge (positive on the first one, negative on

20
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the other) that generates an electric field F in the surrounding space. The intensity of this field
depends on many factors, such as the quantity of charge stored on the two facing surfaces, the
distance d and the shape and characteristics of the two surfaces (especially their roughness).
This field generates a force that acts on the atoms, free electrons and ions in the medium (air
or another dielectric material) between the two objects, generating a current that in most of the
cases, if the intensity of £ is low, is negligible.

If the quantity of charge on the surfaces increases, or the distance d decreases, the intensity of
FE becomes higher and the induced force can be strong enough to both break the bonds between
electrons and nucleus in the atoms of the medium, and free the electrons stored on the surface,
increasing the number of free charged particles in the space between the surfaces and thus the
current. High values of F can also lead to impact generation of electron-ion couples because of
the increased kinetic energy of the free charged particles. This phenomenon can generate high
quantities of free charged moving particles and therefore a high current, known as avalanche
discharge or electrostatic discharge; if this happens, the dielectric loses its electrical insulator
properties and becomes temporary conductive. The transition from isolation to conduction
requires the breakdown of the insulator or, if the breakdown condition is not fulfilled during the
approach of the objects, the final direct contact between them. Finally, a plasma channel of
ionized gas develops to a low resistance, and the formation of this resistive phase is accompanied
by a visible and audible spark. We can assume that the insulator breakdown takes place when
the intensity of the electric field in the space between the objects becomes higher than the
dielectric strength of the medium, that in the case of air is about 30%Y

cm’

After a conductive stage has been reached employing the locally available mobile charge, the
amplitude and waveform of the discharge current are strongly influenced by the time and current-
dependent resistance of the plasma channel, the external resistance, the capacitance, and the
inductance of the discharge circuit. The current intensity of these ESDs can easily reach some
tens of Amperes, with rise times of less than 1ns, and the charge redistribution causes the electric
field to decrease rapidly. In order for the electric arc to last two conditions must be satisfied:
the voltage difference between the two object must be higher than a minimum value of about
10 V, and the discharge current has to be higher than a minimum value too. If one of these
conditions is not met, charges automatically stop flowing.

It is worth to say that it can also happen that two charged objects get in touch before the
conditions for the arc generation are met, we identify this situation as “direct contact ESD”. In
this case, that often happens in practice, there is a real low-impedance conductive path through
which charges can move from one object to the other, and the current generated can reach higher
values than in the the case in which there is an arc generation;even rise times are shorter. In any
case, when an ESD occurs there’s a high current flowing that can permanently damage electronic
devices

3.1.1 LOCAL CHARGE GENERATION MECHANISMS

We have see that to have en ESD, we must have a difference in the electrostatic voltage of two
(or more) objects. The four basic mechanisms that cause charge accumulation thus generating
electrostatic voltages, are triboelectric charging, ionic charging, direct charging, and field-induced
charging.
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Figure 3.2: Electrostatic triboelectric series

Triboelectric charging results from the mechanical contact and separation of two surfaces with
different electron affinity. The object with the higher affinity acquires the electron. After sepa-
ration it will remain negatively charged with respect to the object that has lost the electron. If
the charges cannot immediately recombine, consecutive cases of contact and separation increase
the amount of charge, and that builds up a higher voltage. It is very important to notice that
no friction or rubbing is necessary to generate and separate charge. The faster the separation of
the objects carrying the charges occurs, the less the chance to recombine.

This slow process can be influenced by many parameters, in fact humidity, temperature, any
contamination of the surface and the roughness and pressure of the surface contact have a
significant influence. Humidity, in particular, increases the surface conductivity, raising the
recombination rate. In general, highly insulating hydrophobic materials such as PTFE, better
known as Teflon™ or silicone rubber, are the most susceptible to charging and can carry the charge
for nearly an infinite time. In real-world situations, tribocharging occurs, for example, when
walking or rising from a chair. It can charge moving parts of machines as well as IC packages. It
also results from spray cleaning, for example, with pressurized high-resistive deionized water or
from blasting with carbon dioxide pellets. Without proper grounding, for example, with wrist
straps or controlled conductivity, tribocharging can generate electrostatic voltages of up to some
10 kV on persons. Voltages on parts of machines, ICs, and modules are usually lower. Corona
discharges or residual conductivity may also limit the voltage.

The second charging mechanism, the lonic charging, is associated with the use of air ionizers,
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that are fundamental for the neutralization of immobile charge on insulating surfaces. It occurs
only if the flow of ionized gas molecules is not properly balanced or adjusted to the charging
properties of the individual manufacturing process step. The resulting voltage can easily exceed
some hundreds of volts. Anyway this is a quite slow process, similarly to the one described
previously, the triboelectric charging.

Direct charging occurs if mobile charge is directly transferred from a charged object. The
amplitude and duration of the current pulse depend on the voltage difference, the capacitance of
the “victim” or voltage source with respect to the environment, and the impedance of the charge
path. It may be associated with the insertion of a device into a test socket.

Finally field-induced charging, the last process to be described, is closely related to direct charg-
ing. In this case, a neutral object is brought slowly into an external electrostatic field, or the
electrostatic field increases. This external field causes the separation of mobile charge on the
conductive parts of the object and, as soon as this still neutral body comes in contact with
another conductive object, at a different voltage, a very narrow, very high current pulse charges
it. After this first stress, the object is charged and can consequently give rise to another elec-
trostatic discharge involving other bodies, characterized by an opposite polarity of the current
flow with respect to the first stress.

Of all this mechanisms the most important is doubtless tribocharging. In most of the cases this
is in fact the root cause for the generation of the external electrostatic field that causes ESD
events.

3.2 ESD STRESS MODELS

We now consider specifically ESD events in an IC environment, because in this field devices
are very sensitive to these phenomena and also because the subject of this thesis work is the
robustness of LED modules. The first step is analyzing the ESD stress models.

The types of ESD-phenomena occurring in an IC environment that are distinguished and sim-
plified into stress models are mainly two. The first assumes a charged person approaching a
grounded IC. When the air breaks down between the finger and one pin of the IC, the capac-
itance of the person is discharged via the IC into ground. This model is called Human Body
Model, HBM.

On the other hand the ESD-mechanisms in manufacturing and automatic handling are typically
associated with a charged piece of equipment, a charged IC-package or the charged conductive
parts of the IC itself. This type of phenomenon leads to two different models, a charged device
model, CDM, and a Flield- Induced Charged Device Model, FCDM, that differ in the charge-up
method. In both of them in the worst case, the discharge is determined by the capacitance of
the device, the inductance of the pin, and the resistance of the ionized channel, resulting in an
extremely narrow pulse with a high peak current even for voltages around 1 kV.

These two models have for example been employed by Enoch and Lin in the investigation of the
effects of the field-induced charging and discharging through devices soldered on printed circuit
boards ([1] and [2]); it should be noted that FIM has been introduced by Unger for the damage
of unprotected MOS-transistors caused by the presence of an electrostatic field without any
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Figure 3.3: When a charged person touches an IC pin the body charge is discharged through the
device to ground. This rapid discharge causes damage and IC failure.

discharge event. In comparison with CDM of single ICs, the capacitance of the charged board
as well as the inductances of the metal traces are significantly larger and the discharge circuit
is even more complex. One important finding of Lin was that even short circuits temporarily
attached to the edge connector of the board could not fully protect sensitive devices against the
very fast, high-current discharges.

For the ideal stress models HBM, MM, and CDM with an assumed RLC circuit, the discharge
current can be easily calculated from the solution of the second order differential equation.

di(t) Rdi 1
—

— —1=0 3.1
> " Ldt LC' (3.1)
If the oscillation frequency w = \/% exceeds the damping coefficient a = %, including the

load resistance, the discharge is an oscillation as observed for the MM with low resistive loads.
Otherwise it is aperiodically damped, like in the HBM case. The CDM discharge waveform
varies.

Obviously not all of the practical cases can be related to just one specific model. For example,
the situation in which a charged person is putting a device onto a low resistive tabletop, is
something in between the HBM and CDM model. The pulse that originates in this case can in
fact be considered as a combination of a fast high-current CDM impulse followed by an HBM
discharge. Another case of interest not described by the previous models is the one of a charged
person discharging its capacitance via a metallic tool into a grounded object or an object with a
large capacitance to ground. This situation results in a initial narrow peak rising in less than 1 ns
that discharges the local capacitance of the tool, followed by a longer period in which the person
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Figure 3.4: RLC- Discharge current waveforms of three basic ESD stress models, HBM, MM
and CDM for typical circuits in comparison with a TLP square pulse.

is discharged and is described by the so-called System Level HBM, a more severe two-terminals
stress model, typically employing a main capacitor of 150 pF and a resistor of 330().

Furthermore, all of the models that will be shown in detail in the following, describe a discharge
through or into a device that is not powered, while other ESD stress cases could consider ICs in
a module or system that may even be connected to the power supply. In fact, in some cases ESD
effects may be worse if the device is powered, like in the case of discharges applied to CMOS-1C
connected to the supply, in which there may even be a latch-up phenomenon called Transient
Latch-Up (TLU). Thus it is important to remember that the models that will be considered do
not describe every possible practical case, nevertheless they are the ones currently employed in
most of the cases for the study of ESDs and for the development and testing of experimental
and commercial devices.

3.3 ESD STRESS METHODS

Manufacturers and users of ICs have derived the ESD test methods from the basic ESD stress
models: the Human Body Model (HBM) and the Charged Device Model (CDM). These proce-
dures should reproduce the different failure signatures and give informations about the sensitivity
levels towards the various types of discharges, allowing also a comparison with the electrostatic
voltage levels measured in a fabrication process. Nevertheless there is a number of serious
challenges that these models have cope with.

One of the main problems in the study of ESDs and development of ESD test methods, is the
reproducibility of this phenomenon. In fact an important thing to notice is that the lumped
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element approach to model the discharge circuit, is only valid if the geometric size is smaller than
20% of the shortest wavelength in the spectrum of the discharge pulse (and the harmonic content
of these pulses can reach quite high frequencies); moreover the interdependencies of the circuit
parameters are very complex and yet not fully understood for the ESD voltage domain. Another
very important problem for the reproducibility is the the statistical time lag between the time
the strength of the electrical field fulfills the requirement for breakdown and the time the electron
actually starting the avalanche becomes available. The fact that the avalanche multiplication
factor and thus the discharge current depend exponentially on the field strength, makes this time
lag the major influence on the reproducibility of a discharge across a closing air-gap. In fact
during this time the closing of the gap continues and the electrical field strength increases further.
These problems make standardization and reproducibility of the results obtained with the same
system, and the correlation between different ones, the main issues in the ESD testing process.
Moreover things are made even worse by the fact that, while the basic stress models are simple
lumped RLC circuits with ideal switches, their practical implementations have to deal with
many additional parasitic elements. In particular the ultrashort, varying air discharges of CDM
constitute a serious challenge to reproducibility. Another problem is that failure criteria strongly
influence the failure thresholds. Furthermore high-pin count devices highlight the importance of
reducing test time.

To accomplish all the goals described before and try to minimize the problems, all the ESD
stress models must define the way devices have be tested. In particular, acknowledging that the
responsible for the majority of ESD failure mechanisms is the discharge current that generates
heat and voltage differences, they must specify the discharge current waveforms for a given
precharge voltage. They will also define the measurement system characteristics and all the
parameters that influence the results.

We are now going to describe the main stress models and procedures, starting from the HBM,
the traditional ESD stress model (employed for example in the C.E. products qualification tests).

3.3.1 HUMAN BODY MODEL (HBM)

As previously said, the HBM model is an attempt to describe and reproduce ESD events that
occur when a charged person touches a device (or gets near enough to it to cause an electrostatic
discharge). It consequently defines the current waveform for the discharge of al00pF' capacitor
(representing the body capacitance to the ground) through a 1.5k resistor (the body resistance)
and a 02 load for different discharge voltages.

Some useful informations about this model are given in Fig. (3.4) and (3.5). In the first one we
can see the typical HBM discharge waveform compared to the other models’. The parameters
that characterize the stress system, whose typical values are also shown in Fig.(3.4), are Cypy ,
that stores the charge, Ry that limits the current and Ly gy, which is the effective inductance
of the discharge path in a real tester. This parameter is particularly important, in fact, together
with Rypar, it determines the rise time of the pulse, specified as between 2 ns and 10 ns from
10% to 90% of the amplitude I;4x. Besides this, the HBM model also specifies that within the
150ns that follow the rising edge, the pulse amplitude has to decay to e*I}naz‘ It is a slow pulse
then (the frequency content of this almost ideal pulse is not higher than 350 MHz), with typical
rise times in the order of 10 ns, fall times of about 100 — 300 ns and a high energy content.
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Stressing integrated circuits according to this standard has unveiled serious correlation issues,
as shown in Fig (3.6).
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Figure 3.6: Cumulative pin failures versus ESD voltage for the same product tested with different
HBM testers (1 to 7).

These differences were attributed to additional parasitic elements in real testers and to their effect
on the discharge waveform, together with inadequate description of a real HBM-test system by
the lumped element model shown in Fig (3.5). Measurement of the discharge current waveforms
in the real test systems with a 500€ resistor helped identify these additional parasitics, allowing
to draw a more accurate model, shown in Fig. (3.7). In this scheme Cs is the parasitic stray
capacitance of Rypy and of the interconnections, C; is the parasitic capacitance of the test
board and Rpis the resistance of the load or device under test. The equivalent RLC circuit
can be modeled numerically or even analytically up to the fourth order to obtain waveforms for
different values of the elements.

Anyway, if all we need is just a simple description of the HBM current waveform, we can obtain
it from a simplified solution for the differential equation of the RLC lumped elements circuit.

wg _EBgBm 5 5
Iupy = ViapuCrpyu—m====e¢ *tusm sinh { \/a® —wj | t (3.2)
a p—

Wo

; — Rupm _ 1 " . . .
ith a = n = —=—— . an . Exploiting thi ion n al im
with a = FHEIL 4 d wo oo da> wy ploiting this equation we can also estimate

the rise time as

2Lypm
= 3.3
Rupwm (3:3)
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Figure 3.7: Schematics of an HBM-tester with two resistive loads for the characterization of the
waveform

We can therefore see that to obtain a t¢,;s of 10ns, Lyp)s is required to be about 7.5 uH.

3.3.1.1 TEST PROCEDURE

The general test procedure is defined by the ESD Association, JEDEC, and the AEC, which have
their common origin in the MIL-STD 883 C method 3015. The procedure specifies the calibration
of the tester, the number of samples to be tested, and the pin combinations to be tested. The
standardized failure criterion is the data sheet specification. The HBM test procedure applies
in principle to all stress test methods that stress one pin with respect to a single pin, other pins,
or a group of pins. In principle, the real HBM discharge may occur between any combination of
2 pins. Therefore, the ideal coverage of sensitive combinations would be achieved stressing each
pair individually. For devices with more than 64 pins this would be endless. The standard test
methods had to select meaningful combinations that reflect the design of the protection scheme.
Each pin is stressed with respect to one of the supply pins. All other pins are left floating. In a
next step the standards require to stress the pin with all the other non-supply pins grounded.
The effect is the same as a pin- to-pin test, but it provides a number of return paths for the
stress current, which reduces the severity of the test compared to a direct pin-to-pin test. Pins
such as offset adjust, compensation, clocks, control, address, data, Vs, no connects (NC) are
considered to be non-power supply pins. For example, a programming power pin, usually called
Vpp, shall be considered to be a non-supply pin because it does not supply current to or interface
with any other pins. For evaluation purposes of small circuits one should consider to stress all
the pins against every other pin in turn. For higher pin counts a reasonable judgment must
be made of which pins will provide the worst-case conditions under pin-to-pin testing in order
to reduce testing time, These conditions will vary according to the type of silicon (n-substrate
or p-substrate), the type of IC (e.g., nMOS, CMOS, bipolar), and the circuit design itself. As
a rule of thumb, the pins furthest apart from each other (i.e., diagonally opposite) and the
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pins adjacent to the stressed pin, would provide an indication of the worst-case performance.
However, it may be necessary to check the layout of the IC and the bonding of the package to
ensure that these are indeed the pins with the largest and smallest resistances to the stressed
pin.

Regarding the number of devices to be submitted to the stress, three new components may be
used at each voltage level or pin combination to avoid stress hardening or cumulative effects. The
starting voltage is not specified and step stressing can begin from any value, however, different
starting voltages may produce different results. In the case of on-wafer testing, investigating the
distribution of the HBM failure thresholds of many devices across all the wafer, can give useful
informations on process related ESD issues.

Testing specifications usually require circuits to have a minimum pass threshold voltage of 42
kV HBM stress on all pins, as they can be handled in an ESD-protected environment with no
significant loss due to HBM-type discharges. ESD pass voltages of +1 kV HBM are still accept-
able for more complex ICs. If we consider few RF pins or RF components that will be handled
in well-protected environments, lower pass voltages are acceptable too. Increasing the ESD
threshold beyond 4 kV does not give enough advantages to justify the additional cost. However,
in some particular cases, like the ones of devices that have to be used in harsh environments,
higher HBM-withstand voltages (above 10kV) may be required. This is for example the case of
automotive applications or of the system-level HBM test.

3.3.2 MACHINE MODEL (MM)

The machine model, MM, originally developed in Japan as a severe HBM, is a low-impedance,
high-current discharge, that oscillates if the load has a low value of impedance. The goal of this
stress model is the simulation of abrupt discharge events caused by the contact of the device
with equipment and/or empty sockets. The equivalent circuit is similar to the HBM-circuit of
Fig. (3.7). The capacitance Cjys has a value of 200 pF, while Ry, is nominally 0€2. In a
real ESD tester, the resistance Ry, will be obviously higher 0. In comparison to the HBM, the
machine model generates a very similar type of power-related failure in the pn-junctions, but the
pre-charge voltages at which they take place are lower (that happens because they correspond
to higher currents).

Also in this ESD-stress model the correlation between different testers is a serious issue. In fact,
even if it has been improved with respect to its original characteristic by defining a discharge
current waveform that implies an effective inductance of 0.75pH (previously it was 0.5 and
2.5 H) and an effective resistance of 102 in the discharge path, it is still worse than in the HBM.
In fact the parasitic elements of the MM-tester have a very strong influence on the discharge
current waveform, in particular through an IC with its dynamically changing impedance.

The test procedures, pin combinations, and correlation issues are equivalent or worse in compar-
ison with the HBM. Typically required withstand voltage levels are 200V for regular devices
and £400V for higher requests. The package influence due to differences in the test boards may
even be more significant as the influence of parasitics on the waveform is more significant in
comparison with HBM, while the failure mechanisms with the MM are often very similar or
identical with those observed with HBM.
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3.3.3 CHARGED DEVICE MODEL (CDM)

The charged device model (CDM), simulates the ESD event occurring when an electrostaticallly
charged device is abruptly discharged to a metallic ground, and either with direct or with
field-induced charging, it is the most frequent discharge mechanism in an automated handling
environment. For CDM with current pulses of fewns duration and with amplitudes of up to
some tens of amperes (these are typical values for a CDM pulse), gate oxide failures due to IR
drops in the metal and poly lines that may not be reproduced by HBM or MM are often seen.
Another characteristic is that, unlike for the 1.5k{2 current source characteristic of HBM with
a nearly ideal or at least appropriate capacitor, resistor, and relay, the CDM-discharge circuit
depends strongly on the device and on several environmental conditions.

An important thing to notice about this model, is that different CDM testers exist. The
schematic of the first CDM-test setup developed by Bossard and others is shown in Fig (3.8)
. The device was lying in “Dead Bug” position on a ground plane to achieve a well-defined,
large capacitance to ground and contacted with a charge relay and a discharge relay. Because
of the relays, this mode is referred to as contact mode. The capacitance between the lead frame
with the chip and the ground plane was charged via one pin and discharged via another pin.
Typically, the pin with the best contact to the substrate was chosen as the charge pin.

Bipolar Supply for
high voltage relay S2
supply

R.=1%
Ground plane

Oscilloscope

Figure 3.8: First CDM-test system.

The capacitance of the device to ground depends strongly on the package and on any air gap
or other dielectric between the package and the ground plane. The actual voltage is determined
by the resistance of the voltage source and the isolation resistance between the chip and the
ground plane as well as by capacitive voltage suppression if the device is disconnected previous
to discharge. The recovery of the potential due to charge retention of insulators may also have
an influence. The inductance of the discharge path depends on the area that is surrounded by
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Figure 3.9: FCDM test system with disk resistor.

the discharge loop consisting of the bond wire, the pin, the relay, and of any additional wiring
to the ground plane.

A similar, but automated, contact mode tester was built by Shaw et al. [3]. Avery has minimized
the parasitic inductances of the tester putting the device on a spring-driven horizontal ground
plane slider and employing a discharge through an air gap during the approach of the discharge
tip.

High-pin count packages with array contacts such as PGA or BGA or bare dies require an auto-
matic CDM-tester with an xy-positioning and a vertically approaching discharge tip preferably
with an integrated resistive current sensor.The standardization focuses on these testers. Fig.
(3.9) shows a schematic of the first tester of this type employing a disk resistor with extremely
low series inductance that has been introduced by Renniger et al. [4]. The name Field-induced
CDM (FCDM) reflects the method of field-induced charging and discharging of the device (IC).
This machine became the basis for the JEDEC standard [JEDEC-FCDMO00|. Correlation was
mainly an issue of copying the original machine and setup precisely. For running the test, the
IC is fixed by vacuum in “Dead Bug” position on the charge plate, that can be alternatively
switched to high voltage or to ground via a high ohmic resistor.

3.3.3.1 TEST PROCEDURE

Four procedures of (F)CDM-charging and stress can be found implemented in the different
testers.
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e The JEDEC-procedure [JEDEC-FCDMO00]| stresses the device with two pulses of similar
amplitude but of opposite polarity. Lifting the discharge pin before the field-charging plate
is grounded leaves the device in a charged state at a high potential to ground. Now, the
discharge pin approaches the device again in order to discharge it. This method is very
time effective, but limited to qualification test Fig. (3.10) top.

e In the ESD Association FCDM case [ESDA-CDM99], the field-charging plate is contacted
to the high voltage while the device is not grounded via the discharge pin. Then the
discharge pin approaches the device and a stress impulse charges the device. A positive
potential of the charge plate results in a stress current impulse with positive polarity.
While the device remains grounded, the charge plate is slowly discharged to ground via
the 1G-resistor.

e In an alternative slow charge FCDM mode, the device is contacted first, then it is charged
by connecting the field-charging plate to the high-voltage HV via the 1G-resistor or raising
the voltage. Then the discharge pin is raised and the charge plate is grounded. In this
case, a positive voltage at the field-charge plate causes a negative discharge current Fig.
(3.10) bottom.

e In the direct charging CDM specified by the ESD Association, the field-charging electrode
remains connected to ground. Therefore, some CDM publications refer to the field-charge
plate as ground plane. Independent from the discharge pin, a dedicated charge pin is
located at one edge of the ground plane and connected to the HV-supply via a high-ohmic
resistor. Moving the discharge head, this HV- pin is brought into contact with the IC for
charging. A positive charge polarity results in a positive stress current.

It should be noted that the failure thresholds strongly depend on the polarity of the stress
current. For analysis purposes it is mandatory to know the thresholds for both polarities and
the associated failure sites. A minimum of three devices must be electrically characterized
with respect to their static and dynamic parameters specified in the data sheet. At least, during
development, data logging of these characterization tests is recommended for a direct comparison
after stress. Before starting the CDM test, the operation of the tester needs to be verified. Any
conductive contamination needs to be removed from the tester and the devices and any direct
skin contact must be avoided. The devices should be cleaned in an ultrasonic bath filled with
isopropanol. All pins of the device must be precisely aligned with the xy-axis of the CDM-tester.
Any misalignment has a significant influence on the discharge current. Further, the height z must
be adjusted such that in its lowered position the discharge pin at least touches the device pin or
solder ball. For CDM, one pin after the other is stressed charging and discharging the device three
times for each polarity. Then the devices are electrically characterized again. If all of them pass,
the procedure is repeated with the next higher stress level. After qualification and verification,
the test setup including the metrology chain (except oscilloscope for verification) must not be
changed, in particular, no dielectric layers beneath the DUT and the charge plate must be
added. The dielectric would reduce the capacitance and thus increase the failure threshold. It is
recommended to measure and study the discharge current at least for analysis purposes at some
pins of an IC as it helps to detect improper stress as a result of charge loss or misplacement, it
provides good insight into the behavior of ICs under CDM-stress, and if systematically carried out
helps identify under which circumstances 1Cs are CDM-sensitive to which discharge parameter
peak current, full width at half maximum FWHM, oscillation and/or voltage. For devices with
dielectrically isolated circuitry all pins need to be charged simultaneously. Experience over years
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with various (F)CDM-testers, that were or were not compliant to a specific standard, has shown
that devices passing £1kV or even better +1.5kV did not fail in a protected manufacturing and
handling environment, while critical devices have merely passed a £500V (F)CDM-test on any
system [ESDA- CDM] and studies have shown that lower than 500V pass levels can give rise
to production fallout. A minimum protection for 7A peak current during CDM is required.

Finally, unlike in HBM, in CDM the package determines the capacitance and contributes to
the impedance of the discharge path. Therefore, the failure thresholds depend directly on the
package and any change of it or its material requires a new CDM qualification with respect to
the current qualification practice. This characteristic, together with the difficulty to build testers
and the reproducibility problems shown in the previous sections make it difficult to develop a
unique standard, and standardization efforts are still going on together with the evolution of the
model.

3.3.4 OTHER STRESS MODELS

There are also other stress models that aim at reproducing some specific practical cases, like the
SDM (socket discharge model), the contact discharge model, the CBM (charged board model)
and the cable discharge event (CDE) that is related to any cable connection (LAN etc...), but
all of them models give high reproducibility problems.

An ESD stress model that is particularly important is the TLP (transmission line pulse), that
allows to monitor the current and voltage waveforms of the electrostatic discharge. This model
is the one used in this thesis work and because of this it will be presented in the chapter that
describes the measurement setup and experimental details.

3.4 DEVICES PROTECTION STRATEGIES

We have seen that an ESD that a person can not even feel, for example in the order of 100V,
can easily damage electronic components. In fact the smaller the device the more sensitive it is.
The ESD caused device damages, that mostly have a thermal nature (but can be also associated
to oxide breakdown), can give not only catastrophic failures, detectable through inspection,
but also latent defects, that remain unnoticed until the actual operation of the device. These
latent defects are the most costly, in fact they cause the device to work for a while for customer
applications, before giving unexpected and unexplained failures and consequently more returns,
warranty costs and lower customer satisfaction. For these reasons ESD control methods are
employed in the fabrication process and during usage where possible; furthermore protection
devices can also be integrated within the IC circuits and global applications, to cancel or at
least reduce the effects of ESDs.

3.4.1 ESD CONTROL METHODS

One of the possible strategies to protect devices from ESDs, consists in using some control meth-
ods to strongly reduce the probabilities of having one. This strategy is particularly effective at a
manufacturing stage, where is possible to modify the environment and the handling procedures.
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Different solutions to reduce the risk of damage are employed at all the levels of manufacturing,
for example modifying the process technology to build-in ESD robustness to the transistors at
a process level, or spending resources for on-chip protection design at the signal pins connected
to the package.

In general to avoid ESDs, it is useful to employ static control materials. In fact it is strongly
recommended to remove insulator materials from the workplace whenever possible, while dis-
sipative materials, that bleed off charges at a optimum rate, are a strongly preferred choice.
Furthermore, to avoid ESD risks, all conductors must be grounded and, to neutralize charged
insulators, that cannot be grounded, ionizers that flood the environment with ions are employed,
neutralizing possible excess charge.

Not only conductors but also workers must be grounded to minimize damage risk, in fact ESD
events are often caused by human handling. To achieve these goal people must wear proper
clothes, together with wrist straps and /or foot grounders, that must be tested daily to guarantee
their effectiveness.

Other solutions commonly employed are the usage of dissipative work surfaces and conductive
floor materials, to help bleed off charges quickly and prevent charge accumulation.

Outside ESD-protected areas electrostatic discharges are much more likely to happen, it is
therefore necessary to shield ESD sensitive items through the usage of close metalized shielding
bags or conductive boxes.

It is important to notice that these techniques must be employed not only during the manu-
facturing process, but also in the testing phase, where human handling is commonly required.

3.4.2 ESD PROTECTION DEVICES

If during the manufacturing process it is possible to modify the environment and the handling
procedures, during the normal operation this is not feasible. It can be thus necessary to include
some active protection structures within the IC or global system.
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This work is not aimed to study ESD protection devices, nevertheless they are an important
subject and it is useful to know know something about them. Because of this, in the following
we are gonna have a very brief overview about the requirements to these circuits and some
examples.

The ESD protection circuit elements have to possess some fundamentals characteristics: they
have to clamp the discharge voltage to shunt the stress current, that can be several Amperes
for about 100/150ns. The short duration of the ESD makes it clear that these devices must
also be very fast. Their turn on time has to be lower than 1 ns, in fact they obviously have
to be faster than the rise time of the discharge, otherwise they could not clamp it. Another
fundamental property they must possess is robustness, to protect the device from numerous
pulses, furthermore they must not influence the normal device operation, for example introducing
minimum series resistance and capacitance. Together with these fundamental properties, they
are required also to be cheap and occupy minimum area.

Some examples of circuits and devices that can be employed comprise diodes (as clamping
elements), used in the following configuration

VDD
ESD T
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D1 /)

p— VSS

~J

Figure 3.12: Single diode ESD protection circuit.

For positive overvoltages we have the breakdown of D; , for negative ones it is in conduction
mode.

This basic scheme can be slightly modified to improve protection, adding another diode.
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Figure 3.13: Basic diode ESD protection network.

The protection scheme complexity can be increased further adding two other diodes, obtaining
the following circuit.
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Figure 3.14: Four diodes ESD protection circuit.
D

This is the traditional protection concept where diodes are used. D; provides protection to
ground, and Dy provides it to Vyy. D3 and D, are local clamps for oxide protection. However, in
advanced technologies D and Dsare not efficient and are replaced by NMOS protection concepts.

Another possibility to protect devices from ESD, is the usage of an NMOS transistor, exploiting
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its parasitic BJT (what we called NMOS protection concept), obtaining the equivalent circuit

of fig. (3.15) .
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Figure 3.16: NMOS used as ESD protection element. (a) Device section and (b) I-V character-
istic under a positive stress pulse.

In the previous image we indicated as 1 the breakdown of the collector-base junction, and as 2
the holding phase that takes place when the bjt parasitic turns on because of the voltage drop
on the bulk resistance.

The NMOS device provides protection for positive stress by clamping below gate oxide break-
down and can be sized to exceed the ESD current level for 2kV HBM. For negative stress the
substrate diode provides protection for greater than the current level that corresponds to 2 kV.
HBM. A comparison between the different solutions shown previously can be seen in Fig. (3.18).
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Chapter 4

ESD ON LED DEVICES

This investigation is aimed at understanding the effects of ESDs on monochromatic LED mod-
ules, a topic that has not been widely studied yet. Before showing our work it can be useful to
try to understand the results obtained by previous investigations on some related topics.

4.1 PREVIOUS WORKS ON ESD EFFECTS ON LED
DEVICES

There is not much work done on the the effects of ESDs on LED devices, but a very interesting
paper about this topic is [5]. This article describes an experimental work carried on green LEDs
emitting at 2.33 eV (532 nm), based on multi-quantum well. In this study the devices, after an
initial electro-optical characterization, were submitted to reverse-bias stress test and to reverse-
bias ESD events using a Transmission Line Pulser-Time Domain Reflectometer (TLP-TDR).
Characterization through emission microscopy measurements before the stresses, indicated that
the LEDs could emit light when submitted to reverse-bias. The reverse-bias luminescence was
found to be localized on a number of emissive spots, randomly distributed on the device area.
Even if analyzing the behaviour of LEDs under reverse-bias is not part of the goals of our work,
this result is nevertheless very interesting. In fact these spots correspond to the presence of
preferential paths responsible for leakage current conduction, and these paths, related to the
presence of structural defects, can represent weak regions with respect to reverse-bias stress or
ESD events; in fact under reverse-bias conditions, they can be crossed by a significant reverse
current density, that can generate both gradual and catastrophic degradation.

The most interesting part of work [5], is the ESD stress test. As previously said, the tests
were carried on exploiting a Transmission Line Pulser-Time Domain Reflectometer (TLP-TDR)
system. For each voltage pulse the corresponding TLP current and the leakage current after the
pulse were measured (see Fig. (4.1)). The study showed that after ESD failure, LEDs behave as
short circuits and Scanning Electron Microscopy (SEM) investigation demonstrated that ESD
damage interests a localized region (see image in Fig. (4.2) ). In most of the cases, damaged
regions were located in correspondence of one of the leaky paths identified (before stress) by
emission microscopy. This result suggested that leakage paths responsible for reverse current
conduction constitute weak points with respect to ESD events, since they allow an extremely
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Figure 4.1: (a) I-V curves of one of the analyzed LEDs measured by the TLP setup. The
mazximum TLP current reached by the LEDs before failure was used as a parameter to define the
ESD robustness of the LEDs (for this device it is equal to -2.6 A). (b) leakage current measured
after each TLP pulse: TLP current levels greater than 10 mA can induce a decrease in the
leakage current of the devices, possibly due to the annihilation of defect-related leakage paths [5].

high current to flow through a small-size path. The authors could therefore demonstrate that the
presence of structural defects can strongly limit the ESD stability of the LEDs, because under
reverse-bias current flows through localized defect-related paths. This means that a significant
improvement of the ESD and reverse-bias robustness of GaN-based LEDs can be obtained only
by an accurate control of the defectiveness of the active layer.

Another interesting work on the ESDs effects on LEDs is [6]. Even if this article is a bit old, it
is still interesting, since some of the results there highlighted confirm what is shown in [5]. This
older article describes an experimental analysis carried out on different commercial GaN LEDs
available at that time. In particular products of three suppliers were tested, with different layouts
and materials. The LEDs of two suppliers were grown on sapphire, and because of this (sapphire
is non-conductive) they had both of the contacts on the top, while the other supplier employed a
SiC substrate (conductive) that allowed to design a top and a bottom contact. The LEDs were
submitted to “single polarity” ESD stress tests, with both positive and negative HBM, starting
from £500 V up to +8 kV with 100V steps, and TLP pulses, starting from 100mA and reaching
8A for the positive stress. These tests allowed to observe that the LEDs grown on SiC has
an excellent robustness in both polarities, with a better performance than the others, showing
no failure at all for the range of voltages and currents considered. This is important because
it shows that the quality of the material is not the only parameter that can have an influence



CHAPTER 4. ESD ON LED DEVICES 74

Damaged
region

Figure 4.2: SEM image of one LED after ESD failure. The position of the damaged region is
highlighted in the figure [5].

on the ESD robustness, but also the device structure can help improving it. In fact different
layouts strongly influence the current flow and distribution, giving rise for example to current
crowding phenomena. Observing the analyzed LEDs structures we can immediately understand
how having a top and a bottom contact allows a vertical current flow, with a better distribution
than the lateral current flow that characterizes the mesa-etched structure of the LEDs grown
on sapphire. Current crowding and distribution are therefore important characteristics, and
that is highlighted by the failure analysis reported in the paper. For the first type of the LEDs
grown on sapphire, damages were in fact localized along the border of the semitransparent metal
toward the n™ contact, both in the positive and in the negative pulses case. Another interesting
observation reported in the article is that in the case of negative pulses, damages were much
larger, due to the much higher power locally dissipated in that case. In the paper is also reported
that some premature-failure cases occurred, in which damages where randomly distributed on
the surface, possibly in correspondence of defects.

In the case of the second type of LEDs grown on sapphire, positive pulses-induced damages were
located along the border as in the previous case. After the negative pulses stress tests instead,
the devices presented damages randomly distributed across the surface. This situation could
be associated with a poor quality of the GaN/InGaN grown materials, resulting in high defect
density and in the uneven emissivity observed in the untested devices.

This paper confirms then that ESD robustness strongly depends on the defect density, but also
shows that other characteristics, such as the device layout, can have an important influence on
it, with the necessity to guarantee a uniform current distribution on the chip, even at the highest
current densities.

These two articles demonstrated the importance of the material quality for the ESD charac-
teristics of the LEDs. This quality is perhaps strongly influenced by the fabrication process
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parameters, that can therefore change the devices properties. An example of this is given in [7].
This paper describes an experimental work in which a certain number of GaN based LEDs with
p-cap layers grown at various temperatures were fabricated. The samples used in the study were
all grown on <0001> sapphire substrates by metal organic vapour phase epitaxy (MOVPE)
and were characterized by a InGaN/GaN MQW structure consisting of a a 30-nm-thick GaN
nucleation layer grown at 520 °C, a 1- m-thick undoped GaN layer grown at 1050 °C, a 2-um-
thick Si-doped GaN n-cladding layer also grown at 1050 °C, an InGaN/GaN MQW active region
grown at 700 °C and a 0.2-um-thick Mg-doped GaN cap layer grown at various temperatures.
The MQW active region was formed by five periods of 3-nm-thick InGaN well layers and 15-
nm-thick GaN barrier layers (the structure of these devices is better shown in Fig. (4.8)). Since
p-GaN layers were grown on top of the active regions, growth temperature was a very important
parameter (and that is true for nitride-based LEDs in general). In fact high-temperature grown
p-GaN layers might result in degraded optical and structural properties of the LEDs because of
quantum well intermixing and dopant redistribution that may occur when a high-temperature
grown p-GaN cap layer is deposited onto the low-temperature grown InGaN/GaN MQW region.
On the other hand, crystal quality of the top p-GaN layers strongly depends on the growth
temperature and is better when this parameter is higher. This could result in improved ESD
characteristics of the nitride-based LEDs.

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were used
to physically characterize surface morphologies and cross sections of the samples. The ESD
characteristics of the devices were then measured by an Electro-tech system ESD simulator
Model 910, which could produce electrical pulses similar to those originated from human body.
The authors of this article applied both negative and positive ESD pulses onto the LEDs, starting
at 1000 V human-body model and successively increasing the pulse amplitude with a step of
100V. After each test the LEDs leakage current at -5 V was measured and the failure threshold
was fixed at 2 pA.

The TEM microscopy analysis yielded very interesting results. In fact, considering Fig. (4.3),
where a sample with a 900°C grown p-GaN cap layer is shown, we can see that in this particular
device a large number of defects exist. It can be seen that these defects are V-shaped, with a
threading dislocation connected at the bottom. The formation of these V-shape defects could be
attributed to the fact that Ga atoms might not have enough energy to migrate to proper sites
at such a low temperature, thus lateral growth rate of GaN becomes smaller. Fig. (4.4) shows
SEM micrographs of two samples with p-cap layers grown at 900 °C and 1040 °C respectively. It
was found that that the surface morphology of the device with a 900 °C grown p-cap layer was
rough, thing that could be again attributed to the low migration speed of Ga atoms at 900°C.
In contrast, the surface morphology of the sample with the 1040 °C grown p-cap layer was much
smoother, with almost no visible V-shape defects.

The results regarding the ESD robustness are shown in Fig. (4.5). It can be clearly seen that all
of the LEDs tested had high robustness toward positive ESD pulses, enduring voltages higher
than 7kV. Much more interesting are the results of the negative pulse ESD tests. In fact it was
found that while LEDs with 1040 and 1100 °C grown p-cap layers could withstand negative pulses
up to 3500V, devices with 900 °C grown p-cap layer had much poorer performance, enduring just
1100 V negative pulses. This result is particularly important because it shows that is possible to
significantly enhance ESD characteristics of GaN-based LEDs by simply increasing the growth
temperature of p-GaN cap layers.

nevertheless, as previously said, we should notice that higher growth temperature could cause
poorer optical properties. To address this issue, output power of the LEDs prior to ESD stressing
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Figure 4.3: (a) TEM micrograph of the GaN-based LED with a p-GaN cap layer grown at 900
°’C. (b) Shows an enlarged image of the same sample [7].
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Figure 4.4: SEM micrographs of the LEDs with p-cap layers grown at (a) 900 °C and (b) 1040
’C [7].
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Figure 4.5: Measured ESD results for the LEDs with p-cap layers grown at various temperatures

[7]

was also investigated. As shown in Fig. (4.6), it was found that devices with 900 °C, 1000 °C
and 1040 °C grown cap-layers were all around 5.5 mW. In contrast, output power of the LED
with 1100 °C grown p-cap layer was only around 2.8 mW. It was also found that increasing the
p-cap layer growth temperature to 1100 °C made the device surface darker, a phenom that the
authors of work |7| believed due to indium out-diffusion caused by the high temperature.

Finally some useful informations were deduced observing the photographs of the ESD damaged
LEDs (Fig.(4.7) ). The LEDs with 900°C grown p-cap layers presented some dark spots randomly
distributed across the LED surface, that the authors of the paper believed to be related to the
V-shaped defects, the weakest points in the LED (Fig.(4.7) (a) and (b)). In contrast, a whole
dead-area was observed on the LED with the 1040 °C grown p-cap layer (Fig. (4.7) (c¢) ). This
area, because of the much higher ESD pulse voltages endured, was located where the electric field
intensity was higher and this can be clearly seen with reference to Fig. (4.8), where the position
of the anode and cathode contacts is shown. This work clearly showed that even temperature
has an important influence on the LEDs robustness towards ESD events.

Some of the authors of [7] also contributed to another interesting article ([8]), showing that
beside growth temperature and device layout, a different layers thickness and structure can play
a major role in defining the ESD robustness characteristics of the LEDs too. In this work, three
types of LEDs with a structure similar to the ones of |[7] were submitted to ESD stress. Two
of these types of devices, one with a low temperature and the other with a high temperature-
grown p-GaN top contact, differed from the samples of 7] just for the slight variation of the
growth temperature and the thickness of some layers. The other typology of LED instead,
had a particular characteristic. In fact the p-GaN top contact was formed by two layers:a
high temperature-grown Mg-doped p-GaN layer and a 850 °C grown p-GaN contact over it.
This solution was employed to improve the optical properties of the device through a natural
textured surface (given by the V-shaped defects), while avoiding the problem of dislocations



CHAPTER 4. ESD ON LED DEVICES 78

10
8
3
E of =
T
i
=
=
2|
u i i i i L i (1 i (1

200 950 1000 1050 1100

Growth Temperature (ﬂC}

Figure 4.6: Output power of the LEDs with p-cap layers grown at various temperatures, prior to
ESD stressing [7].

and defects in the p-contact intersecting with the MQW region, issue that would have caused a
reduced ESD robustness performance.

In this article the authors referred to the first two types of LEDs respectively as LED II (the one
with low temperature-grown p contact) and LED III (high temperature-grown p-contact layer),
while the LEDs with the double Mg doped p-GaN layer where referred to as LED 1. The ESD
characteristics of the samples were measured by an electrotech system ESD simulator (Model
910), capable of generating pulses similar to those that characterize the HBM discharges. The
starting voltage value was 300V HBM, and the pulses amplitude was gradually increased with
a step of 500-1000V. After each testing phase, the leakage current at -5V was measured and the
criterion used to determine the device failure was the same of 7] (a leakage current higher than
2pA). The output power of the LEDs was also measured exploiting a calibrated integrating
sphere.

The results of this investigation, summarized in Fig.(4.9), showed that, even if the differences in
the LEDs of work [7] and [8] were slight, the ESD robustness of the devices changed significantly.
In particular, while the positive pulse resistance was good in both of the cases, the negative-
biased ESD robustness of LED I and III of work [8] was much better. In fact, while the samples of
|7] could endure pulses of around 3500V, the LEDs of 8] were able to withstand discharges up to
7000V with a high pass yield. As previously said, the authors ascribed this better performance
to the difference in the layer structure and growth conditions of the MQW active layer. In
particular, the thicker n-GaN layer used in these devices was believed to have caused a reduction
in the thread dislocations intersecting the active layer, thus enhancing the ESD characteristics.
LEDs III also presented a higher total thickness of the p-layer, characteristic that was believed
to have produced a better current spreading effect, contributing to the enhancement of the ESD
robustness of these devices.

The importance of improving the current distribution in a LED structure and the strong influence
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Figure 4.7: Photographs of the ESD damaged LEDs with (a) and (b) 900 °C and (c) 1040
*C-grown p-cap layers [7].
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Figure 4.8: Schematic diagram of one of the devices of work [7].
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of forward currents for the LEDs. The values shown in the left-hand vertical axis mean the total
tested device numbers (100 devices) divided by the non-failed device numbers for a given reverse
stress voltage [8].
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Figure 4.10: Schematic structure of the LEDs studied in work [9].

of the layers thickness on the ESD characteristics of a device, are confirmed also by a more
recent paper |9]. The authors of this work fabricated three types of LEDs all with the same
structure, shown in Fig. (4.10) , but with three different values of thickness of the Si-doped
n~ — GaN current spreading layer. In the following we will refer to the devices with 0.15 , 0.2
and 0.25 pm thick layers as LED I, LED II and LED III respectively. The first step of the
experimental work was measuring the I-V and L-I characteristics of the samples. After that, a
photo-emission-microscopy-based emission microscopy inspection (EMMI) technique was used
to analyze the leakage current paths in the devices. Finally, the ESD characteristics of the LEDs
were measured exploiting an Electro-Tech System ESD simulator ESS-2002 Model 910, the same
used in [7] and [8].

A proof of the current spreading effectiveness of the n™ — GaN layer was given by the L-I curves.
In fact, as can be seen in Fig. (4.11), increasing the layer thickness clearly made the output
power higher. This could have been due also to a material quality improvement, but an EMMI
investigation and the output power mapping of the different LEDs revealed that the leakage
paths seemed to be distributed in a very similar way in all the of types of the samples, while the
output intensity observed in a LED III type device was much more uniform than in the LED I
case ( Fig.(4.12) and (4.13)).

The ESD characterization was carried out on 50 randomly selected samples for each type of
LED, starting from 100V human body mode and successively increasing the pulse amplitude.
The authors also measured the I-V characteristics of the samples before and after each stress,
and decided that if the measured current varied by more than 30% from its original value, then
the device was considered to have failed. The results of this analysis are shown in Fig.(4.14). Tt
was found that only 60% of the LED-I chips survived after a 1200V stress. With the same 60%
survival rate, it was discovered that LED-II and LED-III could endure ESD pulses up to 1800
and 3000 V respectively. This was attributed to the better current spreading for the samples
with a thicker n= — GaN. In fact, since this thick layer results in a larger serie resistance in the
vertical direction (as proofed also by the I-V measurements reported in [9]), it is easier for the
current to spread in the lateral directions. As a result it is possible to minimize the possibility of
limited ares of the junction suffering large currents, improving this way the ESD characteristics
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Figure 4.13: Output power mappings for (a) LED I, (b) LED II, and (¢) LED III [9].
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Figure 4.14: ESD characteristics measured from the three fabricated LEDs of [9].

of GaN-based LEDs .

Another interesting study on the parameters that affect the ESD robustness of LEDs is [10].
In this article, the electrostatic discharge properties of the InGaN-light emitting diodes, were
investigated in terms of the internal capacitance of the devices. The LEDs submitted to the
stresses were all grown on sapphire and with a structure made of a 30 nm low temperature buffer
layer, a 2 pwm unintentionally doped (un-doped) GaN layer, a 2 pm n-type layer composed of
the multiple stack layers of highly Si doped GaN layer (n ~2 x 10! ¢m™3) and undoped GaN
layer, 0.2 pm undoped GaN layer (L1), 10nm n-GaN (L2), InGaN well: 20 A/GaN barrier: 80
A multi-quantum wells MQWs active layer, and a 200 nm p-GaN (Mg ~ 4 x 10"%cm3). Two
typologies of devices with different silicon doping concentrations of L2 were grown, 3 x 10¥¢m =3
(S1), and 2 x 10" em=3(S2) respectively.

These samples were submitted to HBM-ESD pulses and the voltage change at the low forward
current (0.1 pA) was measured using a parameter analyzer. If the voltage at 0.1 pA dropped
below 2.10 V (typical valuex2.25 V) the chip was considered to have been damaged by the ESD
pulse. To yield reliable results the experiments were repeated more than 30 times.

The experimental data produced by this investigation, shown in Fig. (4.15) and Fig. (4.16),
revealed that, while the average ESD pass yield at 500 V of S1 (nr~3 x 108cm™3) was just
between the 20 and 30%, S2 (nro~2 x 10cm™3) was much more robust, having a pass yield up
to 94%.

To investigate the reason for this higher robustness, the authors performed a C-V characteriza-
tion of the LEDs at 1 MHz. The curves obtained for the two types of devices showed different
results due to the diverse silicon doping level in L2. In particular, the capacitance of S1 had a
sudden drop between -5 and -7 V.

To better understand the meaning of this result, the authors also analyzed the equivalent elec-
tronic circuit model for the InGaN-LED connected to the HBM-ESD simulator, described in Fig.
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Figure 4.17: Simplified equivalent electronic circuit for the InGaN-LED connected to the HBM-
ESD simulator Rec: charging resistor, Cd: discharging capacitor, Rd: discharging resistor, Ci :
internal capacitance [10].

(4.17). The InGaN-LED can be represented by the parallel of an ideal diode and a capacitor
representing the internal capacitance of the device C;. Therefore, the total capacitance C; Ct is
given by the parallel of C; and Cy, the discharge capacitance of the HBM-ESD simulator. Thus
they found out that, because the ESD energy dissipation in the LED is inversely proportional
to C}, the S2 with high capacitance would be relatively insusceptible to the ESD shock. In fact,
as shown in Fig. (4.16), its high pass yield is maintained up to 7000 V. They could therefore
deduce that the internal capacitance of the diode has a major role in defining the ESD robust-
ness properties of a LED. We can thus improve them increasing this parameter by changing the
device structure (and/or the layers thickness) properly.

The importance of the internal capacitance of a LED is confirmed also by [11]. The authors
of this experimental investigation submitted to ESD test three types of LEDs with the same
structure, doping and growth parameters, but a different undoped GaN layer thickness. At the
beginning the reverse pulse amplitude values was 1kV HBM, and it was successively increased
up to 7kV. The I-V characteristics of the devices were measured before and after each stress
and, if the measured current had varied by more than 30% from its original value, the chip was
considered to be broken. The results of this investigation showed that, under a reverse ESD
pulse voltage of 5.5 kV, the survival rate of the LEDs with an undoped GaN layer thickness of
1.5, 4 and 6 pum were 75, 65 and 55% respectively.

In order to find out the possible reasons for this differences, the authors also performed C-V
measurements at 1 MHz on the samples. The curve obtained showed that the LED with a thinner
undoped GaN layer had a higher internal capacitance. The authors could therefore confirm what
stated in [10] about the effect of the internal capacitance on the LEDs ESD properties. On the
other hand the results also showed that in this case there is a trade-off between ESD robustness
and optical properties, in fact increasing the undoped layer thickness made the optical properties
improve while giving poorer ESD performance.

4.2 CONCLUSIONS
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The research work done until now clearly shows that, to achieve a high robustness towards
reverse-bias ESDs, it is fundamental to reduce defectivity by improving growth quality and by
adopting materials with lower lattice mismatch (like SiC). The fabrication process obviously
plays a major role in defining the ESD robustness of a LED, thus there is a certain numbers
of parameter that can strongly influence it, such as the LEDs layers structure and growth-
temperature (characteristics that can all be connected to the material defectiveness). Some
papers also show that improving the current distribution is another key issue to make LEDS more
resistant to ESDs, and this can be obtained by adopting proper device layouts and structures (for
example inserting a current spreading layer in the device). Finally also the internal capacitance
of the devices can have a strong influence, and the experimental results suggest that a better
ESD performance can be obtained increasing this parameter, leading to the same consideration
as before (a change in the structure).

Anyway, despite the many useful and interesting informations given by the previously cited
papers and summarized in the previous lines, it is important to notice that most of the work
done worldwide until now was focused on the robustness of single LEDs. Furthermore in most
of the cases a HBM model was used, not giving the possibility of observing the waveforms of
the voltage and the current on the devices. A high number of studies has been also carried out
on LEDs with protection structures, not focusing on the device inner reliability. A study on the
robustness of LED modules is therefore still missing and potentially very interesting.



Chapter 5

MEASUREMENT SETUP AND
EXPERIMENTAL DETAILS

5.1 TRANSMISSION LINE PULSE (TLP) TECHNIQUE

The ESD qualification tests shown in Chapter 3 yield only failure thresholds. Often they do
not give a sufficiently detailed knowledge of the DUT behaviour to allow for example the op-
timization of the protection structures. In view of shrinking safety margins for most advanced
technologies and applications, measuring the exact parameters in the ESD-relevant regime is
of utmost importance. Furthermore, DC-characterization causes strong self-heating for higher
currents and does not address the transient behavior. As a consequence pulsed characterization
techniques are necessary in addition to the DC-characterization. These techniques measure the
dynamic and the quasi-static device behavior of protection elements and sensitive elements for
ESD-relevant times. This explains why the Transmission line pulse technique became a very
important tool for testing and ESD protection structures development. Among the trademark
features of this technique, we find the very good repeatability of the stress-tests both on the
same and on different systems, the possibility of acquiring the waveforms of the voltage and
current on the DUT in addition to the capability of giving more complete and accurate results.

Because of these characteristics and of the well-defined physics exploited by this system, TLP
has even a high potential to replace traditional methods for the qualification of products.

5.1.1 FUNDAMENTALS AND IMPLEMENTATIONS

The TLP stress test system can generate rectangular pulses of selectable duration and amplitude
by charging the distributed capacitance of a transmission line (TL), that will be consequently
discharged on the DUT. This system is known for the possibility of plotting the quasi-static IV-
characteristic in combination with the evolution of the leakage current as the amplitude of the
square pulses increases in steps. The quasi-static values for the voltage and the current on the
DUT are be obtained by means of averaging a certain region in the second half of the transient
waveforms, at a time when most of the oscillations caused by the parasitic capacitance and
inductance of the TLP setup should have settled. In the following we will give a brief overview

87
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of the theoretical principle on which the TLP system is based, and we will describe its different
implementations.

A transmission line is a waveguide with a characteristic impedance 7, that only depends on the
material and the geometry of the conductors and the dielectric isolating them. The distributed
capacitance and inductance are expressed in F'/m and H/m. For negligible losses the electric
and the magnetic field can be considered transversal to the direction of propagation. If a pulse
travels along a transmission line, any discontinuity of the impedanceZ(x) = Z, causes a partial
reflection of the energy of the incident pulse. The reflection is of the same polarity as the incident
pulse if the impedance difference Z(z)—Z(z—1) is positive and of opposite polarity else. This
effect is used for the characterization of unknown devices in the time domain reflectometer but
must be minimized in the rest of the system.

'fLea'-c
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pick-off
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Figure 5.1: Time domain reflectometer TLP.

In Fig. (5.1) it is possible to see the structure of one of the possible TLP system implementations.
A high-voltage source is used to charge the distributed capacitance of the transmission line TL1
via a high-ohmic resistor while the coaxial switch S1 is open. After the switch closes, the
discharge of such a transmission line (TL1) into a resistive load or into TL2 produces a square
pulse. The duration of the square pulse is equal to the length of the charged line divided by the
velocity the signal “switch closed” propagates from the switch to the high-ohmic end of this line
and back to the switch. 10m of the typical R(G58 transmission line with a propagation velocity
of 20 cm/ns generate a 100-ns wide pulse. The amplitude of the voltage pulse V is determined
by the precharge voltage Vj and the impedances of the source Zg and the load Z;.

Zr

V=1t
OZL+ZS

Deviations from the ideal square shape of the pulse result from resistive and dielectric losses

that are frequency-dependent as well as from variations in the impedance along the line through
the whole system. Therefore, it is mandatory to employ cables and components that are well
matched, as short as necessary, and with low losses throughout the whole system. However, a
dedicated long transmission line may be employed to tailor the rise time in order to comply with
HBM or MM.
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Figure 5.2: Current Source TLP Zg = 5005).

The most critical element of the TLP-system is the relay switch. Implementations with a Reed
relay surrounded by a metal sleeve or cylinder are commonly in use, although with standard
dimensions of commercially available Reed relays the impedance is in the order of 60¢2. At least,
for a significant pulse duration, for example, 100 ns, the resulting degradation of the leading
corner of the pulse top and after the falling edge is acceptable. Another issue is the repeatability
of the switching over the full voltage range. A low series resistance by means of a metallic
contact should be established instantaneously and maintained for the full duration of the pulse
and possible reflections. Otherwise, a lower amplitude with a trailing pulse of the same polarity
or even steps on the top of the pulse can be found. Mechanical contact bouncing is not an issue
as it takes place in ms. Obviously, the shorter the pulses become, the more emphasis needs to be
put on the impedance of the signal path. Only few commercial coaxial components are explicitly
rated for high voltages. Thus, it is a matter a certain amount of time, experience and trials are
required to find the most suitable relays, attenuators, and other components.

In principle, the different TLP systems can be seen as a modular combination of impedance
controlled RF components. The equipment is controlled by a software that also extracts the
actual current through the device Ipyr () and the voltage across it Vpyr (t), and that derives
the various parameters from these measured data. Necessary equipment are the controller, the
high voltage source, the oscilloscope and a source measuring unit for leakage measurement and
for optional additional voltage bias of the DUT. itself. The main practical implementations of a
TLP-system will be discussed in the following paragraphs.

5.1.2 CURRENT SOURCE TLP

Fig (5.2) shows the Current Source TLP, sometimes referred to as TLP500 and mainly used to
simulate HBM-stress by means of a 100 ns wide pulse. It is characterized by the termination
resistor and the source resistor that forces the current trough a low ohmic DUT. Voltage and
current are measured independently as close as possible to the DUT and this makes the method
rather tolerant to pulse variations. Additional switches disconnect the DUT from the stress
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circuit and connect it to the DC-parameter analyzer. High parasitic elements at the DUT
slow the achievable dV//dt and increase the probability for ringing. The matched termination
eliminates multiple reflections between the open end of TL1 and the DUT. The oscilloscope
and the probes determine the accuracy that is nearly independent from the load impedance
Zpur- For low DUT voltages the voltage probe should be placed between the current probe and
the DUT, otherwise all measured and applied DUT-voltages require correction for the dynamic
impedance of 1 ohm in the ground path. The verification of the system can be done using
low-inductance resistors.

5.1.3 TIME-DOMAIN REFLECTOMETER TLP (TDR-TLP)

The time-domain reflectometer-TLP (TDR-TLP), which has the advantage of maintaining the
50€2 impedance from the generator to the device with minimum parasitic elements and pulse
distortion, is based on the high frequency propagation effects. In fact it employs the princi-
ple, that if an incident square pulse reaches the DUT at the end of a transmission line, it is
reflected depending on the impedance Zpyr(t) of the DUT relative to the impedance Zj of the
transmission line according to the following equation:

ZDUT (t - tdelay) - ZO

‘/T'e ecte t) =
frected () Zpur (t — tdelay) — Zo

: ‘/incident (t - tdelay) (51)

The Time Domain Reflectometer TLP, whose schematic is shown in Fig. (5.1), can be imple-
mented in two different ways: with or without a current transformer CT in the signal path.
The system with the current transformer uses an oscilloscope with two channels and measures
voltage and current reflected from the DUT independently, with the accuracy provided by the
probes and the oscilloscope after a calibration of the attenuation factors of the system. Al-
ternatively, for a known impedance Z,, the current I(t) can be calculated from the relation
i (t) = Vincindent () /Zo for the incident pulse and I (t) = —Viefiected (t) /Zo for the reflected one.
The transmission line TL3 between the resistive pick-off and the DUT delays the reflected pulse
with respect to the incident one. Using Eq. 5.1 and 5.2 voltage Vpyr(t) and current Vpyr(t)
at the DUT are calculated from the measured incident and reflected voltage pulse after a shift
of the reflected pulse to the left by twice the one-way delay time ?4.,, and a correction for the
attenuation of the resistive voltage pick-off and transmission lines.

VDUT (t) = ‘/incident (t) + ‘/reflected (t -2 tdelay) (52)

‘/;ncident (t) - V;”eflected (t -2 tdelay)
Zo

Ipyr (t) = (5.3)

Some uncertainty results from numerical effects when the DUT impedance is close to an open

or a short and from distortion on the delay line TL3 in the phase of transition. It is possible
to improve the accuracy through a calibration to 02 and the usage of a resistor together with
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Figure 5.3: Time domain transmission TLP.

correction. If the reflected pulse is not completely separated from the incident pulse the incident
pulse must be very repeatable and flat. An attenuator between the pulse generator and the DUT
is recommended in order to reduce multiple stress caused by multiple reflections that depend
on the DUT impedance. Other solutions employ a diode in series with a termination resistor
in order to reduce reflections from low-impedance DUTs (Zpyr < Zy ) at the open end of the
transmission line. This termination, that may even be switched in order to generate bipolar
pulses, depends on polarity and should not be used for the characterization of oxides. A coaxial
relay in the delay line allows to connect a DC-parameter analyzer to the DUT.

5.1.4 TIME DOMAIN TRANSMISSION TLP (TDT-TLP)

The Time Domain Transmission method, shown in Fig. (5.3), avoids the uncertainties associated
with the dispersion of the reflected pulse signal. However, it requires that first a reference voltage
pulse Vi, (t) is captured for every voltage step without the DUT in place. The voltage Vi, (%)
equals the measured voltage V' (t) times the attenuation factor a. After this first step the device
is inserted in the fixture and the resulting pulses Vpyr(t) are captured for the same precharge
voltage levels. This method can also be implemented with minimum parasitic elements and in
particular it can minimize distortion. It has to be proofed in advance that, while in conduction,
the impedance of the relay is constant and repeatable, generating repeatable pulses in the full
voltage range. An attenuator between the pulse source and the DUT reduces multiple reflections
and stabilizes the source impedance Z,. For the first pulse of a series of decaying reflections
the following Equations 5.4 and 5.5 are used to calculate the current through the DUT for the
directly measured voltage Vpyr(t) attenuated to an amplitude safe for the oscilloscope. Two
relays are necessary in order to isolate the DUT for leakage measurements between stress pulses.

Vour ()
Veng (t) — Vpur (1)

Zpur (t) = - Zy (5.4)
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Figure 5.4: Time domain transmission reflectometer, TDTR or “Embedded DUT™”.

~ Vpur (t)

= Zoor () (5.5)

Ipyr (t)

5.1.5 TIME-DOMAIN TRANSMISSION REFLECTOMETER TLP
(TDTR-TLP)

Fig. (5.4) shows the time domain transmission reflectometer, TDTR or “Embedded DUT™”
(Trademark of Oryx Instruments Inc. developed by Larry Edelson), that embeds the DUT
between the center conductors of two transmission lines of equal length and requires a two-
channel oscilloscope. The grounded outer conductors of the two lines are connected to each
other. The equal length of the lines is necessary in order to align the transmitted and the
reflected signal on the screen of the oscilloscope. The length of the delay and termination line
should exceed the length of the pulse generating TL1 in order to separate the reflected from the
incident pulse at the pick-off. Employing Equation 5.6, the voltage Vpyr (t) is calculated from
the reflected pulse considering the attenuation factor of the pick-off and the transmission lines.
With Equation 5.7 the current Ippr (t) is calculated from the transmitted pulse voltage at the
5082 input resistor of the oscilloscope. Both signals may need some additional attenuation. This
system has a source impedance of 1002, as the DUT is in series with the 502-line connected to
the oscilloscope. Although even a short does not generate reflections of opposite polarity, using
an attenuator between the pulse generator and the pick-off is recommended. In order to test the
leakage, additional coaxial relays may be necessary for DC insulation. The calibration of the
system is done at least with a short. With the symmetrical outline of the controlled impedance
paths, this TLP method has a high potential for an implementation in an automated multiplying
TLP-test system.

Vour (1) =a -2 Viep (t) (5.6)
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Ipur (t) = VZ(S) (5-7)

5.1.6 FINAL CONSIDERATIONS ON TLP STRESS-SYSTEMS STAN-
DARDIZATION AND OPTIMIZATION

The possibility of generating repeatable stress pulses in combination with the measurement of
current and voltage, should in principle be sufficient for the relative comparison of two protection
elements. Anyway, looking at the HBM qualification test of the product, correlation between
TLP and the standard test methods employed for qualification became a concern for the worth of
the TLP procedure. With the extended application of the TLP method also the results obtained
with different TLP testers should be comparable. The development of a widely accepted TLP
standard will significantly contribute to this comparability. TLP-pulses with a rise time in the
order of 5 ns and a pulse duration of 100 ns are typically used, and they translate 0.66A into
almost 1 kV HBM. Depending on the device and its electrical and physical failure signature, a
more detailed analysis may be necessary.

A higher source impedance of the TLP system increases the resolution but additional parasitics
associated with the high impedance setup affect the initial dV//dt at low currents. The inter-
connect between the TLP-generator and both probe needles, must be kept to a minimum of few
centimeters and also be in place for calibration (it has in fact no controlled impedance and may
affect the waveform). Whether the pulse is injected via two symmetrical terminals employing
a balun or using one coaxial line may have an influence on the device behavior. Anyway, if
coaxial RF probes are employed to contact the DUT and the substrate is always connected to
the grounded shield of the probe, this effect should be negligible.

Depending on the setup and the device to be stressed, electromagnetic interference between the
stress and control terminals (for example the gate terminal) of the DUT can become an issue.
For each TLP type, the appropriate calibration technique must be applied in order to gain the
correct attenuation factors of the system, including the resistance of the probe needles in the
case of on wafer-testing. Another correlation issue is the elimination or attenuation of multiple
reflections, which may cause additional stress to the DUT depending on the tested structure.

During the test, that has always to be preceded by a calibration or verification phase, the
leakage current should be measured before and after each pulse, carefully choosing the reverse
bias voltage. In fact it has to be adequate to make changes well visible while avoiding to cause
additional stress during the leakage measurement. The application of one pulse per voltage step
should be sufficient. In the case of on-wafer devices analysis, it is recommended to test at least
three structures, preferably from different positions on the wafer to take into account eventual
technological variations that can have a strong effect on the ESD characteristics. The rise time
and the duration of the pulses can be varied either to study rise time or self-heating effects until
failure occurs. Rise-time filters may also be inserted into the transmission line with this purpose.

Finally, the control program of a TLP-tester should provide excellent handling and analysis of
significantly more data in comparison with HBM. It should also be highly automated for routine
characterization or process monitoring and must be very flexible for the expert user. As TLP
has a good chance to become accepted for the product qualification, test procedures equivalent
to the HBM qualification are expected to emerge in the future.
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Figure 5.5: Schematic of the implemented TDR-TLP.

Figure 5.6: Example of a Stanford Research Systems ps serie high voltage generator.

5.2 MEASUREMENT SETUP

For our stress-system practical implementation, we chose a time domain reflectometer-TLP,
whose schematic can be seen in Fig. (5.5). In the rest of this chapter the characteristics
instruments used for this implementation will be shown. Furthermore the other measurement
systems employed in the experimental investigation and the LEDs tested will also be shown.

5.2.1 STANFORD RESEARCH SYSTEMS PS350/5000V HIGH VOLT-
AGE GENERATOR

To generate the high voltage needed to charge the TLP transmission line, we used a PS350 high
voltage generator. This device can generate voltages up to £5000V with a maximum output
current of 5mA. The voltage set accuracy is 0,001% plus 0,05% of full scale, and the voltage
resolution is 1V. Other interesting parameters are the rms output ripple, that is the 0,002%
of full scale, the current resolution (1 pA) and the temperature drift, which is 50ppm/°C for
temperatures between 10 and 40 °C.

In our measurement setup this instrument was controlled via the GPIB interface, using a labview
program.



CHAPTER 5. MEASUREMENT SETUP AND EXPERIMENTAL DETAILS 95
5.2.2 TEXTRONIK TDS680B OSCILLOSCOPE

To acquire the pulse waveforms we employed a Tektronik TDS680B digital oscillocsope. This
device, which is a four channels instrument with an 8 bits vertical resolution, was connected
to the transmission line through a current and an high voltage probe to avoid pulse induced
damage. The time window of the acquisition was set at 200 ns, while the vertical axis scale
was set automatically in every discharge event exploiting the auto range function. As all the
other instruments of the system even this one was automatically controlled through a labview
program via a GPIB interface. This oscilloscope was found to be suitable for the TLP system
implementation especially because of its bandwidth of 1 GHz, a high frequency value fundamental
to acquire the very fast pulses generated.

5.2.3 KEITHLEY 2612 SOURCE METER

To measure the LEDs leakage current and I-V curves we employed a sourcemeter, a Keithley
2612. Sourcemeters are instruments that can be used as stand-alone current or voltage sources
and stand-alone voltmeters or ammeters, but they also allow to supply current to a device under
test while simultaneously measuring the voltage drop across it (or vice versa), characteristics
that we widely exploited in our tests.

Controlling the sourcemeter via GPIB interface using a labview program, allowed us to measure
the leakage after every TLP pulse, applying a voltage on the LED and measuring the current
flowing through it. Furthermore we also exploited this instrument to measure the I-V charac-
teristic of each single LED after a certain number of pulses; this measure was done by applying
a pulsed voltage (obtained turning the chosen channel on and off repeatedly) from -10 to 5V,
with an integration time low enough to avoid the self-heating of the LED and the modification
of its I-V curve, but also high enough to reduce the noise to acceptable levels, and measuring
the current flowing through the device. As a consequence we are interested in knowing the
characteristics of the Keithley 2612 as a voltage source and as a current measure system.

Reading the information shown in Keithley’s application notes and datasheets we see that,
regarding the voltage sourcing, this instrument has a programming resolution that varies with
the chosen voltage range, and goes from 54V in the case of a 200mV range, to 5mV when we
choose a 200V range. Another important parameter is its accuracy, described in Fig. (5.7).
Finally the set time in the 20V range is typically lower than 110us and for the 200mV and 2V
range it is lower than 50us.

As a current meter, the accuracy is given by Fig. (5.8). Notes 6 specifies to de-rate accuracy
by Vou/2x10" when operating between 18 and 28 °C, and by V,,;/2x10M"+ (0,15%V,,;/2x10'!)
per °C when operating at temperature outside this range. Note 7 suggests to de-rate accuracy
specifications for NPLC setting <1 by increasing error term, adding the appropriate percentage of
range term using the table in Fig.(5.9). Another interesting data is the sensing input impedance
value, that is higher than 10G¢).

This data are valid for operation between 18 and 28 °C, when the relative humidity is lower
than 70%, at normal speed (1 NPLC), after tow hours warm-up, with A/D auto-zero enabled,
with remote sense operation or properly zeroed local sense operation and within a year from
calibration.
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Accuracy (1 Year) Moise

Programming 23°C£5°C (Peak-Peak)

Range Resolution *(% rdg. + volts) 0.1Hz-10Hz
200,000 mv 5 uV 002% + 375 v 20 wv
200000 V 50 pv 0.02% + 600 pv 50 uv
20,0000 ¥V 300 v 002% + 5 mV 300 wv
200.000 v 5 mV 0.02% + 50 mV 2mvV

Figure 5.7: Keithley 2612 voltage source specifications.

Accuracy (1 Year)

Display Voltage 23°C £5°C
Range Resolution? Burden? *(% rdg. + amps)
100.000 nA 1 pA <l mV 005 %+ 100 pA
LO0O00 A 10 pA <l mV 0.025% + 500 pA
10,0000 wA 100 pA <l mV 0.025% + 15 nA
100.000 pA 1 nA <l mV 002 %+ 25nA
LOODOD mA 10 nA <l mV 002 %+ 200 nA
10.0000 mA 100 na <l mV 002 %+ 25 pA
100.000 mA 1 A <l mV 002 %+ 20 pA
L0000 A 10 A <l mV 003 %+ 15mA
150000 A 10 A <l mv 005 %+ 35mA
10,0000 A3 100 A <l mV 04 %+ 25mA

TEMPERATURE COEFFICIENT (0°-18°C & 28°-50°C): =(D.15 x accuracy specfication) °C.

Figure 5.8: Current measurement accuracy.

NPLC 200mV IN-200V 1A 1pA-100mA 1A-1.54
Selting Range Ranges Range Ranges Ranges
0.1 0.01% 0.01% 0.01% 0.01% 0.01%
(01 0.08% 0.07% 0l % 0.05% 0.05%
0.001 0.8 % o % 1 % 0.5 % 1%

Figure 5.9: Coefficients for Keitley 2612 current sensing accuracy de-rating.
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Figure 5.10: Sourcemeter basic topology.
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Figure 5.11: Typical diode characterization using a sourcemeter.

Figure 5.12: Keithley 2612 source meter.
5.2.3.1 HP 3488A SWITCH/CONTROL UNIT

Another instrument that was used is the HP 3488A switch/control unit. This is a very simple
device, constituted of a matrix of relays that allow to dynamically change the measurement setup
by changing the interconnections between the single elements, while the measure is running.
This instrument was exploited to measure the leakage current and I-V curve of each LED of the
modules singularly. The usage of this device was needed, because otherwise we couldn’t have
had any information about the single LEDs and the failure order, but it caused a problem that
could not be solved but just limited. The interconnection of the relays in parallel to the LEDs
in fact changed the impedance seen by the pulse, modifying its waveforms. In fact because of
the high frequencies that characterize the ESD phenomena, even an open circuit in parallel can
change the impedance seen on the line. This problem was limited by reducing the length of the
cables used to connect the single LEDs and the switching matrix.

This instrument was controlled via GPIB interface through a labview program.

5.2.4 ANDOR LUCA

In the final stage of the experimental work an optical investigation was carried on together with
the electrical one. To observe the light emission during the ESD event, an Andor Luca S camera
was employed This instrument is an EM CCD that through the electron multiplying mechanism,
allows to detect even low-intensity emission, providing single photon detection sensitivity and
high quantum efficiency (52% max). The pixel size is 10x10 pm, giving high resolution, and the
image area is 6.58x4.96 mm.

The camera was mounted on a Mitutoyo microscope, which allowed to take accurate photos of
the LED chip, with a sufficiently high resolution to understand in which part of the surface the
emission was located.
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Figure 5.13: HP 3/88A switch/control unit scheme
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Figure 5.14: Andor Luca quantum efficiency as a function of wavelength.
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Figure 5.15: Andor Luca image.

Figure 5.16: Optikam pro 3.
5.2.5 OPTIKAM PRO3

In some cases, it is possible that the device degradation turns into a visible damage on the chip
surface. To determine whether this was our case or not and to understand if there were visible
differences in the three types of LEDs (green, red and blue), we employed a camera, the Optikam
pro 3, mounted on the Mitutoyo microscope. This device has a 3.2 Mpixel resolution (2048 x
1536) and allowed us to observe the LEDs chip before and after the stress, with the results that
will be shown in the next chapters.

5.3 ANALYZED DEVICES

This analysis was carried out on commercially available devices belonging to the Topled®family,
produced by Osram. We considered samples of three different colours: blue, green and red.
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Figure 5.17: Osram Topled®

The blue LED analyzed is the Topled® LB T673, an InGaN based device with a typical emission
wavelength of 471 nm. Reading the datasheet we can notice that it has a declared ESD-withstand
voltage up to 2 kV according to JESD22-A114-F. The operating temperature range goes from -40
to 100 °C, and the maximum ratings are, for the junction temperature 110 °C, for the forward
current 20 mA and 200 mA for the surge current (with a duration lower than 10 us, at 25 °C
and with a duty cycle of 0,005). Other characteristics are the forward voltage (measured during
a current pulse of typical 8 ms, with an internal reproducibility of +/- 0,05 V and an expanded
uncertainty of +/- 0,1 V), whose values range from a minimum of 2.70 and a maximum of 3,70V,
while the average is 3.10V , and the reverse current Ir measured at Vpyr = —5V, whose typical
reported value is 0.01pA and the maximum 10uA.

In our case, we are especially interested in the declared robustness towards current pulses, some
interesting informations about this are given in Fig. (5.18). The green LEDs were Osram
Topled® LG T67K. Some of the characteristics of these devices reported in the datasheet are
the same of the blue LEDs. In fact their operating temperature range goes from -40 to 100
°C, the maximum forward current is 20 mA and the surge current can be 100 mA at maximum
(with a duration lower than 10 us, at 25 °C and with a duty cycle of 0.005). Furthermore the
ESD-withstand voltage can reach 2 kV according to JESD22-A114-D. Despite these similarities,
some other parameters are different, for example the maximum junction temperature is 125 °C.
The forward voltage is different too, and its values vary from a minimum of 1.7 and a maximum
of 2.2V, with an average of 1.8 V. Another important difference is that the typical reverse current
reported in the datasheet is measured at -12 V. Its typical and maximum values are 0.01 and
10 pA respectively. Also in this case in the datasheet is reported the permissible pulse handling
capability, shown in Fig. (5.19).

The last type of LEDs analyzed was the super-red LS T67K Topled®. Reading the datasheet
we can see that these devices are InGaAlP based, with a dominant wavelength of 630 nm and
an ESD-withstand voltage up to 2kV, according to JESD22-A114-B. The maximum ratings are
125 °C for the junction temperature, 20 mA for the forward current and 100mA for the surge
current (at 25°C, with a period lower than 10us and a duty cycle of 0.005). The forward voltage
(measured at Ir = 2 mA) is typically 1.8 V, but can vary between a minimum of 1.7 and a
maximum of 2.2 V. The reverse current typical value (measured at V pyr = —12 V) is 0.001 pA,
while the maximum can be as high as 10uA. The operating temperature range is the same as

usual (-40/+100 °C).
Informations regarding the pulse handling capability are given in Fig. (5.19).

The LEDs characteristics that were reported previously are summarized in Table (5.1) and (5.2)
together with some other interesting parameters, such as the thermal resistance, the optical
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Figure 5.18: Permissible pulse handling capability of blue Topled® devices.
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Figure 5.19: Permissible pulse handling capability of the analyzed green Topled® devices at 25
(on the left) and 85 °C respectively.
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Figure 5.20: Super red LS T67K LEDs permissible pulse handling capability as a function of
duty cycle, specified at 25 °C (on the left) and 85°C respectively.



CHAPTER 5. MEASUREMENT SETUP AND EXPERIMENTAL DETAILS

Maximum LB T673 LG T67F LS T67K | Unit
Ratings blue LEDs green super red

LEDs LEDs
TrunceTION 110 125 125 °C
Operating -40...100 -40...100 -40...100 °C
temperature
range
Forward current 20 20 20 mA
(Ty = 25°C)
Surge current 200 100 100 mA
(t <10us;
0=0.005;
T=25°C)
Reverse voltage 5t 12 12 \Y

Table 5.1: Analyzed LEDs mazximum ratings summary.

efficiency and the spectral bandwidth.
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Parameter LB T673 LG T67K | LS T67TK Unit
blue LEDs | green super red
LEDs LEDs
Wavelength at 466 572 643 nm
peak emission
(typ-)
Dominant 465 (min.) | 570 630 nm
wavelength 471 (typ.) | -4/+5 +6
477(max.)
Spectral 25 22 16 nm
bandwidth at
50% [rel max
(typ.)
Forward voltage | (min.) (min.) 1.7 | (min.) 1.7 \Y
2.70 (typ.) 1.8 | (typ.) 1.8
(typ.) 3.10 | (max.) 2.2
(max.)
3.70
Reverse current | (Vgu=-5) | (Vaur=12) | (Vau=-12) A
(typ.) 0.01 0.01 0.01
(max.) 10 10 10
Thermal 400 (max.) | 420 (max.) | 420 K/W
resistance junc-
tion /ambient
Thermal 180 (max.) | 260 (max.) | 260 K/W
resistance
junction /solder
point

Table 5.2: Analyzed LEDs

characteristics comparison.
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Chapter 6

SINGLE LEDs ANALYSIS

The first step of our experimental work was the ESD-stress testing of the single LEDs in order to
get some useful information and eventually discover differences in the behaviour of the different
types of devices. We exploited our TLP-system to apply negative biased pulses to the devices,
starting from the minimum voltage possible (setting “ Vi, parameter in our labview program to
zero) and increasing the pulse amplitude with 3 volts steps. After each discharge we measured
the leakage current at -5 V, and when its value became equal or higher than 100 pA for a
certain number of measures, we considered the device failed and stopped the stress-test. This
measurement was carried out on 4 samples for each type of LED. In the following the results
obtained for each of the LEDs type will be shown and commented.

6.1 BLUE SAMPLES

In this paragraph we show the results of the experimental measurements carried out on the blue
LEDs. The first curve we are interested in is the pulsed I-V. This characteristic is obtained
by averaging the amplitude of the voltage and current pulse waveforms in an appropriate time
window. The I-V curves of the four different tests are shown in Fig. (6.2) and as we can see,
they seem to recall a diode I-V characteristic. These curves indeed are a reverse-biased diode
I-V; we are in fact plotting the I-V characteristic of a reverse-bias pulse applied to LED devices.
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Figure 6.1: Typical open circuit voltage and current waveforms of the 100ns TDR-TLP imple-
mented.

Idut (A)

First sample
Second sample
Third sample
Fourth sample

-1 5 T ¥ T X T ¥ T T i T ¥ T ¥ T LN |

0 20 40 60 80 100 120 140 160 180 200 220
vdut (V)

Figure 6.2: Pulsed I-V characteristic of each of the four blue LEDs submitted to ESD-stress
testing.

Observing this image one can notice that the blue LEDs behaviour can be quite different depend-
ing on the specific sample. We can also notice that in the breakdown region the I-V characteristic
is almost linear, suggesting that all the devices have a high serie resistance. Furthermore the
breakdown voltage is not the same for all of the samples.

The I-V of the DUT was not the only characteristic evaluated. In fact, as previously explained,
the leakage current after every stress was also measured. Combining this informations with the
other data we collected, some very interesting curves can be obtained. For example in Fig. (6.3)
it is possible to see the leakage current of the device as a function of Vi ;v g, the TLP transmission
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line pre-charge value.
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Figure 6.3: The blue LEDs leakage current as a function of the pre-charge voltage.

Despite the pre-charge voltage being a useful information, it is not the real voltage applied to the
device under test. Thus it can be more interesting to express the leakage current as a function
of Vpur, obtaining the graph shown in Fig. (6.4).
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Figure 6.4: Blue LEDs leakage current as a function Vpyr.
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Observing Fig. (6.3) it is interesting to notice that two of the tested LEDs were characterized by
a higher leakage since the beginning. This is especially meaningful because these two LEDs also
seem to be the first to fail, showing a poorer ESD performance. Even if the differences between
the four samples behaviours are not significantly marked, the previous observation could suggest
an important role of the leakage paths (and thus the material quality) in the ESD performance
of the devices. Even if this suggestion does not seem to be confirmed by Fig. (6.4), we can see
from Fig.(6.5) that the failure of samples 2 and 4 (the devices with higher leakage) takes place
at lower values of current, confirming what is shown in Fig. (6.3).

Another very interesting thing one can notice, is that the degradation process seems to be
catastrophic. In fact the leakage current remains stable and very low until the ESD that causes
the failure (or the one before), when the leakage varies abruptly, sometimes even varying from
the initial values to the compliance in just one step.
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Figure 6.5: Pulse current as a function of the DUT leakage current in the blue LEDs stress-tests.

Analyzing the graph in Fig. (6.5) the variation of the current that flows on the DUT when the
failure occurs does not seem very high. Anyway, as we will show in Chapter 7, ESD reverse
current conduction takes place in just a small part of the devices, perhaps even a small current
increase can cause a variation in the current density much higher than we may think.

The results obtained with the experimental work on the blue samples are summarized in Table
(6.1). Vigiture and Ifqiure are the voltage and the current of the pulse that causes the failure,
Lyre faiture a0d Ve faiture are the current and voltage of the one that comes before it.
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|

‘ V;ore—failure [v] ‘ Vfailure [V] ‘ ]pre—failure [A] ‘ [failure[A] ‘

samplel 212.24 208.29 7.25 7.42
sample2 199.79 200.11 4.86 4.89
sample3 199.98 197.13 6.16 6.33
sampled 205.68 206.41 5.57 5.62
mean 204.42 202.99 5.96 6.06
std. deviation | 5.8823 0.2423 1.0166 1.0789
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Table 6.1: Blue LEDs behaviour statistical summary.

6.2 GREEN SAMPLES

We applied the same procedure employed for the investigation on the blue LEDs also in case
of the green samples. As done before, we can then begin our analysis observing the pulsed I-V
characteristic, shown in Fig. (6.6).
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Figure 6.6: Pulsed I-V characteristic of the green LEDs submitted to ESD-stress testing.

Comparing these curves with the ones obtained in the blue LEDs analysis, we can notice that in
this case the serie resistance of the devices seems to be lower, with less influence on the I-V. On
the other hand, also the green LEDs, despite having all a very similar breakdown voltage (about
150 V, higher than in the blue LEDs case), seem to have behaviours that differ depending on
the specific sample, failing at different current values.
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The investigation continued considering the data regarding the leakage current. In fig. (6.7)
and (6.8) we can observe the leakage as a function of the transmission line precharge-voltage
and of the Vpyr respectively. The first and most important thing one can notice, is that the
degradation is gradual in all of the four samples.
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Figure 6.7: Green LEDs leakage current as a function of the pre-charge voltage.
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Figure 6.8: Green LEDs leakage current as a function Vpyr.

This behaviour is confirmed by the graph showing the pulse current (Ipyr) as a function of
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the leakage (Fig. (6.9)). In these curves we can clearly see how the leakage current gradually
increases, needing in some cases even more than ten steps from the beginning of the degradation,
to reach the failure value.

However this is not the only information we can obtain from this graph. In fact we can see
that the degradation process begins at a current value much lower than in the blue LEDs case.
The leakage begins to increase when Ipyr is comprised between 3 and 4 amperes, while the
blue samples leakage remained stable until about 4.8 A at least, with a maximum of more than
7 A. at first sight one could think that green devices are less resistant, anyway, even if these
LEDs degradation begins at low level of currents, its graduality makes the failure current average
higher than in the blue LEDs case, as we will show in paragraph 6.4.
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Figure 6.9: Pulse current as a function of the DUT leakage current in the green LEDs stress-tests.

The main information we could obtain from the green samples analysis is that their degradation
process is gradual. The hypothesis we make to explain this characteristic, is that the higher
content of Indium in these LEDs makes the defectivity of the material higher. Thus the devices
have many leakage paths through which the reverse current can flow. This would explain the
lower value of current at which the degradation begins. Furthermore, the presence of many
conductive paths could lead to a lower current density and then to a more gradual degradation.

Finally, in Table (6.2) it is possible to observe a brief statistical summary of some significant
data. Vigiure and Ifgiure are the voltage and the current of the pulse that causes the failure;
Iyre— faiture 1 the current of the one that precedes it; Ve, and I4, are the voltage and the current
of the pulse at which the degradation process begins and I, 4.4 is the current of the pulse before

that one.
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|

‘ Vfail [v] ‘ [pre—fail [A] ‘ ]fail [A] ‘ V;?re—deg ‘ Vdeg[v] ‘ Ipre—deg [A] ‘ [deg[A] ‘

samplel 51.21 7.72 8.15 170.34 | 155.71 2.96 3.58
sample2 75.75 7.32 7.90 172.93 | 172.43 3.91 3.91
sample3 63.24 7.53 7.53 171.69 | 172.29 2.98 3.03
sampled 91.71 6.56 7.32 174.76 | 176.58 3.75 3.74
mean 70.48 7.28 7.72 172.43 | 169.25 3.40 3.57
std.deviation | 17.3443 0.5108 0.3694 | 1.8792 | 9.2438 0.5011 0.3853

Table 6.2: Green LEDs behaviour statistical summary.

6.3 RED SAMPLES

112

We finally consider the red LEDs. The first step is as usual the analysis of the pulsed [-V. This
curve already gives us a very interesting information, in fact, as it is possible to see, all the four
samples behave almost in the same way, with a breakdown voltage of about 80V and failing at
similar current values. We can also see that, as in the green LEDs case, the devices seem to

have a low serie-resistance.

Figure 6.10: Pulsed I-V characteristic of the green LEDs submitted to ESD-stress testing.
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The curves that show the leakage as a function of Vj;,. and Vpyr also confirm what we have
previously observed. In fact, in Fig.(6.11) and (6.12) we can see how the leakage starts to increase
in correspondence of a very similar value in all of the four cases. Furthermore we can observe
that the failure seems to be catastrophic, without a gradual increase in the leakage current as it
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was the case for the green LEDs. In particular, after a first limited increase of about one order
of magnitude, the leakage current reaches directly the failure value with a single abrupt increase.
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Figure 6.11:
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Red LEDs leakage current as a function of the pre-charge voltage.
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Figure 6.12: Red LEDs leakage current as a function Vpyr.

Finally analyzing the graph in Fig. (6.13) makes things even more explicit. In fact there seem

to be some sort of threshold current value after which the LED catastrophically fails.

This
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V;o’re—fail Vfail [pre—fail [fail ‘/pre—deg ‘/deg ]pre—deg Ideg

V] V] Al [A] V] V] [A] [A]
samplel 103.41 23.05 7.496 10.611 103.23 103.411 7.416 7.496
sample2 103.56 52.58 7.531 9.466 103.71 103.563 7.448 7.531
sample3 103.58 25.96 7.447 10.404 103.36 103.576 7.393 7.447
sample4 103.58 25.73 7.698 10.668 103.37 103.575 7.617 7.698
mean 103.53 31.829 7.543 10.287 103.42 103.531 7.469 7.543
std.deviation | 0.0805 13.8950 | 0.1089 0.5589 0.2057 0.0805 0.1018 0.1089

Table 6.3: Red LEDs behaviour statistical summary.

behaviour can be due to the fact that the technology on which these devices are based, is quite
old and as a consequence the material quality is high. The devices should then have a very low
defects density and their properties should have a low instability.
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Figure 6.13: Pulse current as a function of the DUT leakage current in the red LEDs stress-tests.

In the following table we show some meaningful parameters we were able to evaluate during these
measurements. Once again observing the very low standard deviation values, we can understand
the high level of reliability and development reached by this technology.

6.4 FINAL CONSIDERATIONS

In this section the results obtained in the three different cases are summarized and compared. In
particular, a global overview of the mean values of the data shown in the experimental statistical
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|

| Blue LEDs | Green LEDs | Red LEDs | Unit |

Vit 202.99 70.48 31829 | V
J— 5.96 7.28 7.543 A
I ait 6.06 7.72 10287 | A
Viteg N 169.25 103531 | V
Lore—deg N 3.40 7.469 A
Licq N 3.57 7.543 A

115

Table 6.4: Mean values of some ESD-robustness related parameters for each type of LED.

summaries is given in Table (6.4), where it is also possible to compare the results obtained for
each type of LED.

Since our goal is to investigate the robustness of the LEDs towards ESD events, the most
interesting parameter shown in Table 6.4 is If,;, which is the highest current that the device
could withstand before failing.

The green LEDs show a quite poor ESD-withstand performance, in fact their degradation starts
at very low current value. Perhaps, according to our failure criteria, their extremely gradual
degradation allows them to resist more than the blue samples did.

The red LEDs are the devices whose properties are the most stable, and are also the most robust,
with the highest ESD-reverse current withstanding capability.

The blue LEDs show intermediate performance, because they do not have a low current degrada-
tion like the green LEDs, but they also show the lowest mean 74 of the three types of devices.
Anyway it is important to notice that the blue samples also showed highly unstable properties,
as can be seen reading the standard deviation values in Table (6.1). A more accurate analysis is
therefore needed to study the properties of these type of LEDs, that are also the most interesting
for practical applications.



Chapter 7

SINGLE LEDS OPTICAL AND
ELECTRICAL ANALYSIS

In the second part of this work, the different types of LEDs were once again individually sub-
mitted to reverse-bias ESD stress. In order to extend the comprehension of the ESD failure
mechanism, optical analysis was added to the TLP measurement. In fact, some samples of each
type of device were initially observed exploiting a microscope and an optical camera, and af-
ter that they were stressed while an EMCCD (the Andor Luca) registered the light eventually
emitted during the discharge. Some photos of the chips after the failure were also taken, in
order to observe possible visible degradation signs. Moreover the samples, before the negative
pulses stress, were submitted also to non-destructive positive biased ESD-testing. This analysis,
carried out at low pulse voltages (the maximum precharge voltage employed had a value of 153
V), was done with the purpose of investigating the ESD-current distribution on the chip.

7.1 BLUE LEDs TESTING

In this paragraphs the results of the investigation on the blue samples are described. Before
analyzing the data obtained from the ESD-testing, it is useful to notice the particular structure
of these devices. In fact, as can be seen in Fig. (7.1), the blue LEDs are characterized by a
grid-shaped top contact. This solution was probably employed to obtain a spreading effect on
the flowing carriers, improving this way the current distribution, an important parameter that
can influence the robustness of the devices. On the other hand, it certainly causes a decrease in
the extraction efficiency.

7.1.1 POSITIVE BIAS ESD PULSES

As already explained in Chapter 2, LED devices electrically behave as a diode. Since conducting
a positive current is part of their normal operation, they are expected to have a high robustness
towards positive biased ESDs (as proofed also by some of the articles cited in Chapter 4). In
fact, even if the pulses applied for testing purposes can have a very high amplitude, they also
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Figure 7.1: Microscope photo of a blue LED.

have a very short duration. Nevertheless, it is interesting to analyze the behaviour of the devices
submitted to positive pulses, because at the very high frequencies that characterize the ESD
phenomena, it can be different from expected.

In the following images it is possible to see the evolution of the light emission under direct biased
ESDs as the pulse amplitude increases.
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Figure 7.2: Light emission of a blue LED submitted to positive TLP-pulses. The images show
how the emission varies with the increase of the pre-charge voltage. The pictures refer to Vijne
values of 3, 33, 105, 201, 303 and 402 V , clockwise.

Figure 7.3: Light emission of a blue LED submitted to positive TLP-pulses. The images show
how the emission varies with the increase of Vime. In this case the pulse amplitude is higher.
The precharge-voltages are 1401, 1602,1800,2004,2202 and 2301 volts respectively (clockwise).

Looking at Fig. (7.2) it is possible to see how the light emission is detectable since the smallest
pulses. Moreover, the grid-shaped contact seems to be very effective in spreading the current
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Figure 7.4: Samplel leakage current as a function of the pre-charge voltage.

flow. In fact the emission is always distributed all over the chip surface, avoiding current crowding
phenomena. This is true even at higher pulses amplitudes, as shown in Fig. (7.3).

7.1.2 NEGATIVE BIAS ESD-STRESS TESTS

To better understand the ESD-properties of the blue LEDs, leakage behaviour as a function of
the transmission line pre-charge voltage Vj;,. will be analyzed (as already done at the first stage
of this experimental work). In addition to this, an investigation on the TLP pulse waveforms will
be also performed. Combining these informations with the light emission data should provide
a much higher knowledge of the ESD-related failure process in these samples. Furthermore, to
assure that the catastrophic failure was not due to the additional stress provided by the reverse
biasing during the leakage evaluation, the leakage current was measured applying Vpyr = +1V.

In Fig. (7.4) we can see the leakage current evolution during the stress test.

As already seen in the other blue devices tests (Chapter 6), even this sample seems to be char-
acterized by a sudden, catastrophic failure. Exploiting the information on the pulse waveforms
and the emission, it is possible to try to understand what happens when the leakage abruptly
increases. In fig. 7.5 the pulse voltage and current waveforms are shown.

The leakage versus Vj;,. graph, tells that the failure occurs when the pre-charge voltage reaches
the value of 1503V. Observing the pulse waveforms, it is possible to notice a change in the shape
of both the voltage and the current in correspondence of that discharge. Anyway it is possible to
see that a slight variation occurs also in the tail of the pulse before (V};,,=1500V). This change
can be interpreted as a the beginning of the degradation process.

Observing the images of the light emission in correspondence of the ESD discharge, it is possible
to notice that the degradation of the sample is confirmed by the detection of a small emissive spot
on the chip surface (Fig. (7.6) Viine = 1503V). Even more interesting is to observe the emission
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Figure 7.5: The pulse voltage (left) and current (right) in correspondence of the last nine ESDs
applied to the device.

at the sample failure (V};,. = 1506V). In fact it can clearly be seen that the emission intensity
increases of more than one order of magnitude with respect to the previous ESD, denoting a
catastrophic decrease in the blocking properties of the device. Even if the pulse voltage and
current waveforms seem to show just a slight change in correspondence of Viine — 1506V, the
light emission clearly shows the the device has already failed and this result is consistent with
the leakage data.

Interesting informations can be obtained also form the failed LED chip pictures shown in Fig.
(7.7).

The LED’s surface presents clear signs of the effects of the ESDs. A whole part of the device,
corresponding to emitting area of Fig. (7.6), is totally burnt. The contact grid has molten
and the contact metal seems to have diffused on the chip surface, due to the discharge thermal
effects.

The same type of analysis was carried out also on two other samples, with the results shown in
the following. The two samples will be referred to as sample2 and samples.

The pulse waveforms and leakage current evolution of sample2 can be observed in Fig. (7.8).
The emission corresponding to the pulses of Fig.(7.8) (b) and (c) is shown in Fig. (7.9).

Also in this case the failure is catastrophic and highlighted by the appearance of ESD-related
emission (Vjine = 975V). Furthermore also here it is possible to notice a slight variation in the
pulse waveforms in the ESD that comes before the failure.

Finally once again the ESD pulses have caused visible effects on the chip surface, as can be seen
in Fig. (7.10).

This picture is particularly interesting because it allows to clearly identify the region where the
degradation occurred. Comparing this image to Fig. (7.7), the failure effects seem less extreme
in this sample, anyway the bonding metal seems to have diffused in both cases.

The same curves already seen for samplel and 2, can be observed also for sample3 in Fig.(7.11).

Once more the leakage has an abrupt and catastrophic increase (Fig. (7.11) ), but this time it is
possible to observe light emission just from the discharge that follows the failure (V;,. = 1032V,
Fig.(7.12) (d)). Even the changes in the waveforms corresponding to the ESD that caused the
failure seem to be subtle.
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Figure 7.6: Light emission in correspondence of the last 9 ESDs. The pre-charge voltage goes
from 1500 to 1524 volts . (a) corresponds to Vi = 1500 and (j) to1524V, the voltage increases
with steps of 3 wvolts.

(a) (b)

Figure 7.7: Post-stress picture of the LED chip. Fig. (b) shows the damaged area in detail.
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Figure 7.8: Sample2 leakage current as a function of Viine (a). Pulse voltage (b) and current

(¢) waveforms in correspondence of the last 9 ESDs applied.
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Figure 7.9: Sample2 light emission in correspondence to the ESD pulses for different values of
the pre-charge voltage. Vine goes from 969(a) to 993(j) V with steps of 3 volts.

(a) — S

Figure 7.10: Sample2 post-stress picture. Fig. (b) shows the damaged area in detail.
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Figure 7.11: Sample3 leakage current as a function of Vline (a). Pulse voltage and current
waveforms in correspondence of the last.
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Figure 7.12: Sample3 light emission in correspondence to the ESD pulses for different values of
the pre-charge voltage. Vine goes from 1023(a) to 1047(j) V with steps of 3 volts.
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Figure 7.13: Sample3 post-stress picture. Fig. (b) shows the damaged area in detail.
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Figure 7.14: Picture of a green LED chip.

The images of sample3 chip surface after the failure are very similar to the ones reported in
Fig.(7.7) and confirm what already observed in that case.

The analysis carried out on the blue LEDs confirmed that they are characterized by a sudden,
catastrophic failure. It is also possible to notice that the failure is highlighted by ESD-related
light emission. However the intensity of this emission seems to decrease after a peak in corre-
spondence of the ESDs that immediately follows the failure.

Furthermore, observing the waveforms of the ESD pulse, it seems that the degradation begins
in correspondence of the negative (positive with reference to the LED biasing) current peak in
the final part of the impulse.

7.2 GREEN LEDs TESTING

The green LEDs gave the most interesting results at this stage and were thus more deeply
studied; in the following a summary of the results obtained will be shown.

The first thing that is possible to observe, is that in this type of LEDs, there is no grid-shaped
top contact. There is indeed just a metallic contact through bond-wire. This characteristic
makes an investigation on the ESD current distribution particularly interesting. A photograph
of one of these samples, taken through a microscope, can be seen in Fig. (7.14).
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7.2.1 POSITIVE BIAS ESD PULSES

For the same reasons explained in section 7.1.1, and for what was said in the previous section, it
is interesting to observe the light emission of the green samples submitted to positive-bias ESD
pulses. In Fig. (7.15) and (7.16) a set of images of the emission of a green LED submitted to
positive-bias pulses is reported. These images refer to just one particular sample, but the results
are confirmed also in the other cases.

Figure 7.15: Light emussion of a green LED submitted to positive TLP-pulses. The images show
how the emission varies with the increase of the pre-charge voltage.Vin. values are 3, 33, 102,
201, 303 and 402 V (clockwise).



CHAPTER 7. SINGLE LEDS OPTICAL AND ELECTRICAL ANALYSIS 128
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Figure 7.16: Light emussion of a green LED submitted to positive TLP-pulses. The images show
how the emission varies with the increase of Vime. In this case the pulse amplitude is higher.
The precharge-voltages are 1401, 1602,1800,2004,2202 and 2301 volts respectively (clockwise).

The analysis of the light emission images immediately allows to notice that a heavy current
crowding effect is present. In fact the emission is concentrated around the bonding. This be-
haviour is already visible at low pulses amplitude and characterizes the device also when the
current increases. Even if the region where the emission is located seems to slightly broaden
as the pulse amplitude increases, it always remains a very limited part of the chip. It is there-
fore possible to deduce that the absence of a grid-shaped contact strongly affects the current
distribution.

7.2.2 NEGATIVE BIAS ESD-STRESS TESTS

As previously done with the blue LEDs, some green samples were submitted to reverse bias ESD
stress tests while detecting the light emitted using the Andor Luca camera. In the following,
the most significant data obtained in this way will be shown.

One of the most interesting behaviours was shown by sample3. In Fig.(7.17) it is possible to see
its leakage evolution as a function of V..

This sample has a very long gradual failure, in fact the leakage increases significantly a first
time at about Vj,. = 660 V, but after that it remains stable for more than 30 ESDs. It is
now interesting to observe the correspondent pulse waveforms, and check if the increase in the
leakage current produced a detectable light emission.

Analyzing Fig.(7.18) and (7.19) it can be seen that, as expected, there is a clearly noticeable
alteration of the pulse waveforms in correspondence of the leakage increase. Furthermore this
degradation is accompanied by emission of light, located on the device border (it is possible to
distinguish the chip shape because of the ambient light. See also Fig.(7.21)).
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Figure 7.17: Sample3 leakage current as a function of V.
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Figure 7.18: Pulse voltage (left) and current waveforms in correspondence of the initial degra-

dation of sample3.
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Figure 7.19: Sample3: light emission as Vi increases from 654 to 669 volts (clockwise).

After the initial increase, the leakage current remains quite stable and also does the emission.
Anyway, after a certain number of applied pulses, the area where the emission is located starts
to change (Fig.(7.20) ).

This behaviour can be noticed even at a later stage (Fig.(7.22) ). It could be due to the
destruction of the old parasitic leakage paths and the consequent creation of new ones, it could
also be a diffraction induced effect, or even an error due to the presence of the material that
covers the chip.

While the emission spot keeps changing the leakage remains quite stable until the final degra-
dation. When this happens, the light emission seems to stabilize both in area and in intensity
(even if this could be due to the camera saturation).

The graphs of Fig.(7.24) clearly show that the LED is failing. The increase in the leakage
corresponds to the waveforms deformation, with the voltage that starts dropping (while the
current has a peak). As can be seen, the way the waveforms change is very particular. In fact,
at the beginning this change is temporary; there is a drop that occurs just in the final part of
the waveform and the next pulse has not an altered shape at the beginning. The voltage and
current curves change in a stable way just when the leakage current reaches the failure threshold.

The sample whose analysis has just been reported is not the only one that showed a gradual
failure. Also another one in fact, had a very long and gradual degradation. Anyway, even if also
in that case it was possible to observe ESD-related light emission in correspondence of the first
degradation, after that discharge this phenomenon disappeared, and it was detected again just
after a further increase in the leakage current.

Another interesting case of study is given by sample6. This LED failed in a gradual way, but
very differently from sample3. To better understand this difference, it must be explained that
the failure was considered to be catastrophic if the leakage increased from values lower than
1 x 1078 to the failure level in just one step. Sample6 failure is therefore considered gradual.
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Figure 7.20: Sample3: evolution of the emission as Vj;,. increases from 675 to 690 with steps of
3 volts (clockwise). The area where the emission is located seems to vary.
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Figure 7.21: Sample3: pulse voltage and current waveforms corespondent to the emission pictures
of Fig.(7.20).
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Figure 7.22: A pre-stress picture of green LED sample3 is compared with an image of the same
device under reverse bias ESD.

Figure 7.23: Sample3: change in the emission area as V. varies from 708 to 723 volts with
steps of 3V (clockwise).
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() S —
Figure 7.25: Sample3: luminous emission in correspondence of the final degradation. The
corresponding Vi,. goes from 738 (a) to 765V (j), with 3 volts step size . The emission in

correspondence of the discharge that causes the failure is shown in (d).
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Figure 7.26: Sample6 leakage current as a function of the transmission line pre-charge voltage
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In Fig. (7.26) a global view of sample6 leakage current evolution during the stress is given.

An analysis of the pulse voltage and current waveforms during the degradation, shown in Fig.
(7.27), highlights the graduality of this process. It is interesting to notice how the waveforms
shape changes in correspondence of the ESD that causes the degradation of the leakage. Fur-
thermore, it is also possible to see that the changes are in general very gradual, suggesting a
degradation process still ongoing even after the failure.

To gain a better knowledge about the phenomenon, it is possible to analyze the emission in
correspondence of the degradation too ( Fig.(7.28) ). As previously seen in the sample3 case,
light emission occurs when the device starts to degrade. Moreover the emission is located in
a border region of the chip (more precisely in the corner). This is particularly clear observing
Fig.(7.28)(g) and Fig.(7.29).

Even if in the previous examples the samples degradation was gradual, catastrophic failure also
occurred. This is the case of the so-called sample7. In that case, as can be seen in Fig.(7.30),
the leakage current is stable at a low value until it has an abrupt increase and reaches the failure

level.

The waveforms of the last 9 pulses applied are reported in Fig. (7.31). The device failure can
be clearly identified in the pulse denoted as “V;,.= 573 V” and this is consistent with what is
noticeable in Fig. (7.30). The voltage waveform is stable until at a certain moment it starts
decreasing (while at the same time the current starts increasing).

Other interesting informations can as usual be deduced observing also the emission pictures,
Fig.(7.32). Once again light emission is detected in correspondence of the ESD that causes
the failure (¢) (V=573 V), and also this time this emission is located on the chip border,
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Figure 7.28: Luminous emission in correspondence of sample6 degradation. The corresponding
Viine goes from 558 (a) to 585V (j), with 3 volts step size .
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Figure 7.29: A picture of sample3 chip and an image of the ESD-related emission overlapped to
show that the emission is located on the chip corner.

Fig.(7.33).

The obtained results confirm that the green LEDs tend to degrade more gradually than the
blue ones. Furthermore this degradation seems to produce a reverse-bias emission related to
the negative current conduction. Another important thing that it was possible to find out, is
that in the green samples this emission is localized in the border regions of the chip, suggesting
an important role of the material defects in the reverse current conduction. These areas are in
fact the ones where the defectivity is higher. Indeed it can be supposed that the green samples
degradation is due to the worsening of defects-related leakage paths that already exist.

Finally it seems possible to clearly identify the moment in which the degradation and/or failure
occurs by observing the voltage and current pulse waveforms. This fact allowed to observe that
the failure can take place both when the voltage is maximum and in correspondence of the pulse
tail, when the amplitude is lower.

7.3 RED LEDs TESTING

7.3.1 POSITIVE BIAS ESD PULSES

Fig.(7.34) and (7.35) show the images of the red LEDs emission under positive ESD pulses. As
previously seen for the green LEDs the emission is concentrated in a small annulus near the
metal contact. This current crowding phenomenon is probably due to the absence of a grid-
shaped contact. In fact, these LEDS have the same type of contact of the green ones and this
can explain the similarity of the behaviour.

Anyway in this case, even if current crowding can be observed both at low and high current
values, when the pulse amplitude increases the emission seems to become more distributed than
in the green LEDs case.
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Figure 7.31: Voltage and current waveforms of the last 9 pulses applied to sample?.

7.3.2 NEGATIVE BIAS ESD-STRESS TESTS

Also in the red LEDs case the leakage current and the pulse waveforms were analyzed, Fig.(7.36)
and (7.37). Analyzing the behaviour of sample3, it is possible to observe that a catastrophic
failure occurs in correspondence of Vj;,. = 1044 V. This is consistent with what it can be seen in
the pulse waveforms graphs. In fact it is clearly possible to identify the moment corresponding
to the failure. Observing the pulse denoted as “Vj;,. = 1044”, there is a sudden drop in the
voltage waveform (and at the same time there is a sudden increase in the current value). This
is the sign that the device has failed and has been transformed into a resistance. In fact, all the
pulses that come after this one, are characterized by high values of current and low voltages,

then the sample has become a short-circuit.
It is also interesting to investigate the emission in correspondence of the ESDs, as already done

for the blue and green LEDs. In Fig. (7.38) the light emission in the sample3 case is shown. Once
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() - -

Figure 7.32: Light emission in correspondence of the last 9 pulses (from a to i) applied to
sample7. Vi, goes from 567 to 591 volts.

Figure 7.33: Comparison between an image of the chip with high ambient light and Fig.(7.32)(c).
It can be seen that the emissive spot is on the border of the device.
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Figure 7.34: Light emission of a red LED submitted to low amplitude positive TLP-pulses.
The images show how the emission varies with the increase of Vime, whose wvalues are 3,
39,102,201,303 and 402 volts respectively (clockwise).
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Figure 7.35: Light emission of a red LED submitted to positive TLP-pulses. The images show
how the emission varies with the increase of Vime. In this case the pulse amplitude is higher.
The precharge-voltages are 1401, 1602,1800,2004,2202 and 2301 volts respectively (clockwise).
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Figure 7.38: Sample3 luminous emission in correspondence of the applied ESD pulses. The
corresponding Vi,. goes from 1038V (a) to 1062V (i), with 3 volts step size . The emission in
correspondence of the discharge that causes the failure is shown in (c).

more the failure of the LED can be identified because of the appearance of luminous emission
(Viine = 1044V).

An example of a different typology of behaviour is given by sample4. In this case, as can be
seen in Fig.(7.39), the device degradation can be considered gradual. The leakage current does
not abruptly change, but reaches the failure level through some limited increases. Because of
this, the change in the pulse waveforms would be expected to be gradual too. Anyway Fig.(7.40)
shows that this is not true. In fact there is an abrupt change in the pulse shape after the ESD
corresponding to a pre-charge voltage of 1050V. This pulse clearly causes a degradation in the
device (the leakage slightly increases and it is possible to observe a small voltage drop in the
waveform “tail”). Once the device has been damaged it can not withstand any other pulse, and
the new ESD applied makes it fail.

Also in this case it is possible to analyze the light emission during the discharge. Observing the
images in Fig.(7.41), it is possible to notice that the light emission is detected for the first time
during the ESD corresponding to Vj;,. = 1053V. This is very interesting, because it corresponds
to the first significant increase in the leakage. Another thing that is important to notice is that
the luminous emission is located in a very small region (that can be even much smaller than the
bright spot in the images Fig.7.41) near the metal contact. This suggests current crowding as a
possible cause of the failure. In fact, as already shown in Fig.(7.34) and (7.35), the absence of
a grid-shaped contact strongly influence the current distribution in these devices.
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Figure 7.40: Sample4 pulse voltage and current waveforms.
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(2)

Figure 7.41: Sample4 luminous emission in correspondence of the applied ESD pulses. The
corresponding V. goes from 1047V (a) to 1071V (i), with 3 volts step size . The emission in
correspondence of the discharge that causes the failure is shown in (c).
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The data previously shown suggest that the red LEDs behaviour differs significantly from the
green LEDs. Even the area were the emission seems to be located is different, despite having

the same type of contact on both of the cases.



Chapter 8

LED MODULES ANALYSIS

LED devices are typically connected in series to increase the optical power emitted. Studying
the ESD characteristics of the modules is therefore particularly interesting and is also an analysis
that has not been done yet. Because of this, in the final part of this work, the robustness of
monochromatic LED modules was analyzed.

To do this, the samples were mounted on a board built for the purpose, which allowed to connect
up to 20 devices in serie. After a first phase in which series with a different number of LEDs
were considered, it was chosen to test modules constituted by 4 LEDs. This choice allowed to
study the behaviour of the modules while keeping the testing voltage and time within reasonable
values (the voltage source had a limited operating range).

A switching unit allowed to measure the leakage of the LEDs of the chain separately (the
evaluation was done at Vpyr = —5 V), and this information was used to determine the failure of
the samples (the criterion remained the same employed also in the analysis shown in Chapter 7
and 6). Monochromatic modules of the three different types of LEDs were tested and the stress-
tests were carried out applying TLP pulses with pre-charge voltages Vy;,. starting from 0 V and
increasing with steps of 3 V. The test was considered concluded after all the LEDs failed. In the
following this condition will be referred to as “module failure”. During the stresses the I-V curves
of the single devices were also measured from time to time, to better characterize the change
in the LEDs characteristics. Since they are the ones with the most interesting applications and
possible development, an extensive analysis was carried out on the blue LEDs modules, testing
more than 30 of them. The analysis on the green and red LEDs modules was instead more
limited.

In the following the different types of modules will be analyzed separately, and the different
samples of each serie will be referred to as led0, 1, 2 or 3, with reference to Fig. (8.1).

8.1 GREEN LED MODULES ANALYSIS

This investigation allowed to highlight some intriguing characteristics of the green LED modules.
The first thing that is interesting to observe is the pulsed I-V. A typical one is reported in
Fig.(8.2). As can be seen, the curve is very similar to the pulsed I-V of the single LEDs; in the
modules case anyway, the voltage needed to reach the breakdown is much higher (more than

147
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Figure 8.1: Schematic of the analyzed modules. It is important to remember that the applied
pulses where negative with reference to the LEDs biasing.
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Figure 8.2: Example of the pulsed I-V of a green LED module.

four times the voltage needed in the single LED case, that was about 150 V). Another very
interesting thing to notice is the discontinuity at about I, = 1.5 A. This change corresponds
to the degradation of one of the LEDs. Despite this, the shape of the curve remains the typical
one for the I-V of a LED in the breakdown region. This is very interesting because it means
that the module can endure the degradation of one of its LEDs without failing.

A further proof of this fact is given in Fig.(8.3). This image shows the leakage evolution of
the LEDs of the so-called module 4. The curve reports the leakage current of each device as a
function of Vj;,e. The pulsed I-V of this module can be seen in Fig. (8.4) and is very similar
to the one of Fig. (8.2). Observing Fig. (8.3) it is possible to see how the failure of one of the
LEDs did not affect the others, allowing the module to survive. Another very interesting thing
that can be seen, is the strange behaviour of led0. Its leakage in fact, has an abrupt increase at
about V;,. = 1450 V reaching the failure level, but after that it decreases and remains stable. It
becomes higher than the failure threshold again, but just in proximity of the module failure. This
behaviour was encountered also in another module and in general, a non-monotone leakage was
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Figure 8.3: Module 4 single LEDs leakage current as a function of the TLP pre-charge voltage.

observed in other cases too. A possible explanation of this phenomenon can be the destruction
of some of the old parasitic leakage paths due to the ESDs, and the consequent creation of new
ones.

Another example of what has been previously shown about the modules robustness, is given by
module 5 and can be clearly seen observing its LEDs leakage current as a function of Vj;,., Fig.
(8.5) . Also in this case the degradation of ledl does not compromise the module robustness.
Even a more deeper investigation, obtained analyzing the ESD-pulse waveforms, Fig. (8.6), con-
firms that the degradation of this LED seems to have little effect on the module ESD-withstand
capability. In fact, there is no significant change in the pulse waveforms in correspondence of
this event.

Things are much different when also led3 degrades. After this event, waveforms start to change
significantly, Fig.(8.7). It can be said in fact, that this event marks the beginning of the degra-
dation process that brings to the module failure. This is particularly clear looking at Fig. (8.8),
where the pulse waveforms corresponding to the last 5 ESDs are reported. It is important to
notice that these waveforms refer to the discharges that come immediately after the ones of Fig.
(8.7).

Analyzing the pulse waveforms of module 4 yields similar informations. In fact, as can be seen
in Fig. (8.9), the degradation of led0 seems not to cause a change in the pulse waveforms.

On the other hand, when the module starts to degrade, the pulse shape is strongly modified.
The current starts increasing significantly and the voltage starts decreasing. The module failure
is marked by a dramatic increase in the current, whose peak reaches values higher than 20A.

A further overview of the green modules behaviour can be given by analyzing module6. Fig.
(8.12) gives a global overview of the single LEDs leakage currents evolution. In this case, the
behaviour is not so clear. To better understand it an expanded view of the curves can be
considered, Fig.(8.13).
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Figure 8.4: Module 4 pulsed I-V.

Figure 8.5: Module 5 LEDs leakage currents as a function of Vj;,.. Because the current values
were similar to the the sensibility of the instrument, in some cases the measured values were
negative. Because of this the leakage current values had to be considered in module, otherwise
they could have not been represented on a logarithmic scale.
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Figure 8.6: Pulse voltage and current waveforms in correspondence of led1 degradation (Vi =
1482 V).
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Figure 8.12: Module 6 single LEDs leakage current as a function of V..
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Figure 8.13: Expanded view of module 6 LEDs leakage. Because the current values were similar
to the the sensibility of the instrument, in some cases the measured values were negative. Because
of this the leakage current values had to be considered in module, otherwise they could have not
been represented on a logarithmic scale.
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Figure 8.14: Pulse voltage and current waveforms in proximity and correspondence of the be-
ginning of the degradation process (it starts at Vj,. = 1485 V).
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Figure 8.15: Pulse voltage and current waveforms as a function of the TLP pre-charge voltage.
Viine = 1536 V corresponds to the last pulse of the stress-test. Vi,. = 1530 V corresponds to
the module failure.

Also in this case it can be seen that the degradation of one device (even more than one this time)
does not immediately affect the module. In fact a significant number of ESDs are needed after
the first degradation of one of the LEDs, to make the module fail. Also the waveform analysis
confirms this. Studying the pulses shape after the beginning of the degradation process (Fig.
(8.14) ), it is possible to notice that the first degradation of led0 and led3 (highlighted by the
increase of their leakage currents, Vj;,. = 1485 V) does not produce significant alterations in the
corespondent waveforms.

An overview of the evolution of the pulse waveforms as the degradation process takes place, can
be seen in Fig. (8.15).

This degradation is similar to the one already seen for modules 4 and 5. Considering just the
pulses corresponding to the last ten ESDs applied to the module during the stress-test we obtain
the graphs of Fig. (8.16), where the leakage currents are also shown. It can be seen that the pulse
waveforms remain quite stable while Vj;,. is lower than 1518 V. After that the single devices are
too degraded and even ledl, that had previously remained untouched, fails.
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Figure 8.16: LEDs leakage and pulse waveforms corresponding to the last ten ESDs applied to

the module during the stress-test.
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Figure 8.17: Module 3: the single LEDs leakage current as a function of V..

V;)Te—deg V;ieg Ipre—deg ]deg ‘/;)Te—fail Vfail Ipre—fail Ifail
V] [V] [A] [A] [V] [V] [A] [A]

Max. 719.30 714.57 1.996 2.190 623.67 578.41 16.935 19.438

Min. 551.14 554.55 0.049 0.161 325.52 265.95 5.884 7.010

Mean 677.33 669.10 0.977 1.251 943.07 460.96 8.364 11.426

std. dev. 70.93 64.89 0.707 0.725 123.76 116.25 4.797 4.775

Table 8.1: Statistical summary of green LED modules characteristics.

Finally, a further evidence of the fact that the module can withstand the degradation of one
of the LEDs is given by Fig. (8.17), that shows the leakage of the devices of what was called
modaule3.

This investigation was mainly about modules behaviour, but it gave some useful informations
about the single LEDs too. In particular it highlighted the gradual degradation that often
characterize these devices. The most blatant example of this, is given by LED2 of module 3,
whose [-V curves measured during the stress are shown in Fig. (8.18).

A summary of the data obtained through this investigation are shown in Fig. (8.19) and Table
(8.1) and (8.2), where Vg, and I, are the voltage and current of the ESD that causes the first
degradation (or failure) of a LED of the module, while V. _g4yand I,.c_4e, are the voltage and
current of the pulse before. Viqii/Vire—fair and Ipqi/Ipre—fqi are instead the voltage and current
of the pulse that causes the module failure and the one before.

Comparing the data of Table (8.1) with ones in Table (6.2), that refers to the single LEDs
testing, some interesting informations can be deduced. First of all, it seems that being in a
module does not make a LED more resistant to the pulse current. In fact, the average current
that the module can withstand before having the degradation of one of its LEDs takes place,
is 0.977A. The same parameter in the single LED case was 3.40 A. Anyway, considering the
average current that the module can withstand before failing, things improve (as expected). In
fact, the average maximum current that the green modules could withstand was 8.364 A (while
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Figure 8.18: The measured I-V curves of LEDZ2 in module 3. It can be seen the gradual degra-
dation as the pulse amplitude increases.
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Figure 8.19: Green modules LEDs type of failure.
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\ Type of failure \ Catastrophic \ Gradual \
| Percentage | 25% | % |

Table 8.2: Statistical summary of the single green LEDs type of failure during the module
testing.
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Figure 8.20: The measured I-V curves of LED2 in module 5. Example of catastrophic failure.

in the single LEDs case it was 7.28A). The module is therefore more robust, but not as much as
expected.

The average ESD-voltage withstanding capability is instead of about 543 V. This is a good
result but it cannot be compared with the single LEDs one, because in that case the pulse
voltage started to drop when the degradation of the sample occurred. Using the maximum
voltage that the single device could stand before degrading for a comparison, it is possible to
notice that the module shows a much improved robustness, about 543 versus 172.4 V.

These data also show that the green LEDs tend to fail gradually when in modules. Despite this,
catastrophic failure sometimes occurs too. An example of the I-V of a green sample which failed
in a catastrophic way is given in Fig. (8.20).

8.2 RED LED MODULES ANALYSIS

One of the main properties of the green modules was their capability of surviving the degradation
of one of their LEDs. This characteristic is not present in the red ones. In these modules in fact
the single LEDs tend to fail and degrade together, leading directly (or in a very small number
of ESDs) to the module failure. This characteristic was detected in all the tested modules (at
maximum 5 ESDs from the first degradation of one of the LEDs of the serie were needed to
make the module fail).
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Figure 8.21: Module 5 pulsed I-V.

An example of this behaviour can be seen analyzing the data regarding the stress-test of the so-
called module5. Observing the pulsed I-V in Fig.(8.21), it is possible to notice that the module
seems to have a sudden and catastrophic failure, characterized by an incredibly high increase in
the pulse current.

A further proof of what previously said is given also by the leakage currents curves, Fig. (8.22).
There is no sign of degradation before the failure. Even a closer look at these curves (Fig. (8.23)
) confirms it.

At this point it is very interesting to analyze the pulse waveforms, in order to understand what
happens exactly during the failure. In Fig.(8.24) it is possible to see the way these waveforms
change as the module degrades.

These images are the final proof that was needed. The moment in which the module fails can
be clearly identified with the current peak at Vj,. = 1212 V. The fact that this waveform
corresponds to the degradation or failure of all the LEDs of the module, confirms what has been
previously said. Comparing the peak value before and after that pulse, we can see that it has
more than doubled.

To prove this behaviour further, the waveforms corresponding to the failure of some other mod-
ules will be also shown. In Fig. (8.25) the waveforms corresponding to module 1 testing can be
observed.

Also in this case the moment in which the module degradation takes place can be clearly identified
(Vine = 1209 V). After this pulse the module is so deeply damaged that the next stress makes it
fail.

Another example is given by module 4. Even in this case, the moment the module degrades and
fails is clearly detectable observing the pulse waveforms, Fig. (8.26).

The only case in which the module seemed to need a higher number of stresses to fail after the
degradation process had begun, was the one of module2. The correspondent leakage currents
curves and pulse waveforms can be seen Fig. (8.28) and (8.29) respectively. It is particularly
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Figure 8.22: The leakage currents of the single LEDs of module 5.

0.01
1E-3 2
s /| X
1E-4 nfid
L
1E5 /
< ies /f’
'ﬁ Vi
2 g7 I/
! // —a— |ed0
-3 —0— o led1
€8y w_ //.____4—..- & lad?
e
vED - v led3
1E-10 s

L A L A AL 1T T
1197 1200 1203 1206 1208 1212 1215 1218 1221
Viine (V)

Figure 8.23: Expanded view of module 5 LEDs leakage. Because the current values were similar
to the the sensibility of measurement system, in some cases the measured values were negative.
Because of this the leakage current values had to be considered in module, otherwise they could
have not been represented on a logarithmic scale.
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Figure 8.27: Expanded view of module 4 LEDs leakage. Because the current values were sim-
ilar to the the sensibility of the measurement system, in some cases the measured values were
negative. Because of this the leakage current values had to be considered in module, otherwise
they could have not been represented on a logarithmic scale.
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Figure 8.28: Expanded view of module 2 LEDs leakage. Because the current values were sim-
ilar to the the sensibility of the measurement system, in some cases the measured values were
negative. Because of this the leakage current values had to be considered in module, otherwise
they could have not been represented on a logarithmic scale.
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Figure 8.29: Module2: pulse voltage and current waveforms evolution as the module degrades.
‘/pre—deg ‘/deg Ipre—deg Ideg Ipre—fail Ifail
V] [V] [A] [A] |A] [A]
Max. 421.332 | 361.225 7.319 17.690 20.224 19.596
Min. 414.374 | 140.502 7.084 9.317 12.861 20.272
Mean 418.182 | 292.254 7.214 11.906 17.954 19.180
std. 3.3923 | 92,9425 | 0.0916 3.5296 3.0096 0.4301
dev.

Table 8.3: Statistical summary of red LED modules characteristics.

interesting to observe that the leakage current of led3 needs 5 ESD pulses after the degradation to
get to the failure threshold. Despite this, the pulse waveforms change abruptly in correspondence
of the ESD marked as “Vj;,. = 1215 V”. Therefore, the module seems once again to fail in a
very abrupt way, as the very high increase in the pulse current confirms.

The results of the investigation on the red LED modules are summarized in Table (8.3). Vg,
and Iz, are the voltage and current of the ESD that causes the first degradation (or failure)
of a LED of the module, while V,,._gesand Ip._qeq are the voltage and current of the pulse
before. Ifqii/Ipre—rau are instead the voltage and current of the pulse that causes the module
failure and the one before. Since most of the modules failed in just a couple of pulses and after
the first degradation the voltage rapidly dropped, the value of the pulse voltage before and in
correspondence of the failure was not reported.

The most interesting data are Vjc_gegand Ipre_geq. In fact, since it has been showed that after
the initial degradation the module is already deeply damaged, these are the robustness levels
of the red modules. Similarly to the green LED modules, if compared to the single devices,
the module does not seem to have a higher ESD-current robustness level (the mean values is
even lower actually, 7.21 versus 7.47A). Anyway this is consistent with what has been previously
observed (also in Chapter 6), since these devices seem to have a threshold current value after
which they fail. On the other hand, considering the maximum pulse voltage amplitude that the
module can withstand, it is about four times the value of the same parameter in the single LEDs
case (the mean values are about 418 and 103V respectively).

Another important thing to observe is that, as already noticed for the single devices, even the
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red LED modules seem to have very stable properties.

As previously done for the green modules, even from the tests on the red ones we can deduce
some informations about the single LEDs type of failure, Fig. (8.30) and Table (8.4).

Type of failure: red LEDs

12 7

10

6 B Number of events

catastrophic gradual

Figure 8.30: Summary of the single red LEDs type of failure during the module testing.

’ Type of failure \ catastrophic \ gradual ‘
| percentage | 55% | 45% |

Table 8.4: Statistical summary of the single red LEDs type of failure during the module testing.

In particular it can be observed that the red devices can fail in both catastrophic and gradual
way with very similar probability.

8.3 BLUE LED MODULES ANALYSIS

The blue LEDs modules are the most interesting ones. In fact blue LEDs are highly used for
illumination purposes, an application field that could determine a huge expansion of the LEDs
market. Moreover, these devices also showed highly variable properties and, as will be shown in
the following, they used to fail separately one from the other when in module. Because of these
(and other) reasons, the blue modules were studied more in depth, and an extended statistical
analysis of their properties was carried out.

The first characteristic that this investigation allowed to notice is that, as in the green LED
modules case, the failure of one of the LEDs does not compromise the module robustness. In
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Figure 8.31: Module 26 pulsed I-V and led2 leakage current.

many cases in fact, the module survived the failure or degradation of one of even two of the
LEDs. An example of this behaviour is shown in Fig. (8.31) and (8.32).

The pulsed I-V is particularly interesting. In fact it is clearly possible to see the way the failure of
led?2 altered the curve. Anyway, it is also clear that this event did not compromise the robustness
of the module. The proof of this is given by the fact that the pulsed I-V remains the typical one
for a LED device in the breakdown region even after led2 failure. It is interesting to notice that
the module could withstand many more ESDs before failing. The leakage currents of the single
LEDs, Fig. (8.32), confirm what previously said.

This behaviour was observed in many cases and other examples can be seen in Fig. (8.33) and
(8.34).

Another module in which it was possible to notice this characteristic, even if in a less blatant
way, was the so-called module 17, Fig.(8.35).

It is possible to notice how the failure of led2 determines a discontinuity in the pulsed I-V,
without changing its shape, as already shown for module 26.

In general, during the blue LED modules analysis, the pulse waveforms did not show any signifi-
cant characteristic, not providing any useful information. Because of this they were not reported
here.

The data on the robustness are summarized in Table (8.5). In this case the parameters consid-
ered to characterize the ESD properties of the modules are Vg, L fait, Vire—faits Ipre—faits VrAIL
Vore—rarnArarns Ipre—rarn. Ve and Ifq; are the voltage and current of the ESD that causes
the first failure of a LED of the module, while V,,.._fqsyand Ip,._ rqi are the voltage and current
of the pulse before. Iparn/Ipe—rarr (Vrarn/Vire—rarr) are instead the currents (voltages) of
the ESD that causes the module failure and the one before respectively. Since gradual failure
was not so common (as it will be shown later) and there would not have been similar data in
the single LEDs case to compare them with, voltage and current of the pulse that caused the
first LED degradation were not considered.

Before analyzing these results, it is very important to say that the Vrar, and Vpre_par; mea-
sures in some cases were strongly influenced by the limitations of the measurement system. In
particular the maximum voltage that could be measured was limited to about 810 V.

800
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Figure 8.32: Module26: leakage currents of the single devices.
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Figure 8.33: Module 30 pulsed I-V. On the right the points corresponding to the failures are
shown.
Vire—fait Viail Tpre—fail Ttan Vire—rary] Vrearr | Ipre—rarn| Irarc
V] [V] [V] V] [V] V] [A] [A]
Max. 810.904 | 810.904 7.618 7.915 809.572 | 808.554 | 12.572 12.653
Min. 393.845 | 565.488 1.340 1.340 626.214 | 613.061 4.031 4.890
Mean 731.072 | 745.757 4.532 4.614 748.650 | 738.477 7.509 8.198
std. dev. | 93.5474 | 68.0833 | 1.7088 1.7306 | 56.5705 | 59.3850 | 2.0955 1.9285

Table 8.5: Robustness of blue LED modules towards ESD events summary.
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Figure 8.34: Module 5 pulsed I-V.

Comparing these results with those obtained in the single LEDs case, Table (6.1), it is possible
to see that being in a module seems not to make the single LEDs more resistant to ESDs. In
fact, while the mean value of the maximum pulse current that the single LEDs could withstand
was 5.96 A, in the modules the first device failed at 4.61 A (mean value). Considering the
robustness of the whole module things improve. In fact I,._pasr is about 7.5 A. This is a
good result if compared for example to the case of the red LED modules (they showed poorer
current-withstanding properties than the single devices).

Considering the mean voltage withstanding level, it is possible to see that for the modules this
parameter value is more than three times higher than in the single LEDs case. Anyway, since
this result is limited by the characteristics of the measurement system (as previously said), the
real voltage withstand properties are therefore expected to be better.

Another characteristic highlighted by the results of this investigation, was the predominance of
catastrophic failures, Fig. (8.36). An example of the I-V of a LED that failed in a catastrophic
way is shown in Fig. (8.37).

Anyway, despite the majority of the LEDs failing catastrophically, there still were some devices
that showed a very gradual degradation, like the one shown in Fig. (8.38) and (8.39).

An investigation was carried out also to try to determine whether the LED position inside
the module has an influence on that specific device robustness or not. For every stress-test
(remember that the stresses were stopped just when the whole module failed), the position of
the first LED that failed was observed, Fig. (8.40). These results seem to suggest that the
position in the serie might have little influence on the robustness of a LED. Only led3 could be
more protected, anyway more experimental measures are needed to determine it.
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Figure 8.35: Module 17 stress-test results.
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Figure 8.36: Summary of the types of failure that characterize the blue LEDs when in module.
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Figure 8.38: The measured I-V curves of led3 (belonging to module 19).
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Figure 8.40: Summary of the investigation on the dependence between

8.4 FINAL CONSIDERATIONS

The results of this investigation showed that the different types of modules have different be-
haviours. In particular, while the blue and green ones seem to be capable of surviving the failure
of one of their LEDs, red modules do not.

Comparing the average current and voltage-withstand levels in Table (8.5), (8.3) and (8.1), red
LEDs modules seem to be the most robust, with /,,._ s equal to 17.95 A. However, the average
current that they could withstand before degradation was about 7.2 A and once this process
had started the module was already deeply damaged. The average maximum voltage that they
could stand was instead about 418 V. On the other hand, despite being capable of surviving
the failure or degradation of one of their LEDs, green and blue modules could withstand lower
currents without failing, about 8.36 and 7.51 A respectively. The maximum voltage values were
about 543.1 volts for the green and 748.6 V for the blue modules.

It is also interesting to notice that the first degradation of one of the devices of the green modules,
took place at very low current values (the average maximum current before degradation was 0.977
A). The average current that the blue ones could endure before the first failure of a LED took
place was instead 4.5 A.

Useful informations were given also about the type of failure of the single devices. The green
LEDs failed in most part gradually, the blue ones catastrophically, while the red ones showed
both.

Finally, the extended analysis on the blue LED modules seems to suggest for the single devices
the absence of a correlation between position in the module and ESD robustness. Anyway further
measures are needed to prove this.
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