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Practices of IC package reliability testing are reviewed briefly, and the application of transient thermal analysis is
examined in great depth. For the design of light sources based on light emitting diode (LED) efficient and accurate reliability
testing is required to realize the potential lifetimes of 107 h. Transient thermal analysis is a standard method to determine
the transient thermal impedance of semiconductor devices, e.g. power electronics and LEDs. The temperature of the
semiconductor junctions is assessed by time-resolved measurement of their forward voltage (V). The thermal path in the
IC package is resolved by the transient technique in the time domain. This enables analyzing the structural integrity of
the semiconductor package. However, to evaluate thermal resistance, one must also measure the dissipated energy of the
device (i.e., the thermal load) and the k-factor. This is time consuming, and measurement errors reduce the accuracy. To
overcome these limitations, an innovative approach, the relative thermal resistance method, was developed to reduce the
measurement effort, increase accuracy and enable automatic data evaluation. This new way of evaluating data simplifies the
thermal transient analysis by eliminating measurement of the k-factor and thermal load, i.e. measurement of the lumen flux
for LEDs, by normalizing the transient V¢ data. This is especially advantageous for reliability testing where changes in the
thermal path, like cracks and delaminations, can be determined without measuring the k-factor and thermal load. Different
failure modes can be separated in the time domain. The sensitivity of the method is demonstrated by its application to high-
power white InGaN LEDs. For detailed analysis and identification of the failure mode of the LED packages, the transient
signals are simulated by time-resolved finite element (FE) simulations. Using the new approach, the transient thermal
analysis is enhanced to a powerful tool for reliability investigation of semiconductor packages in accelerated lifetime tests
and for inline inspection. This enables automatic data analysis of the transient thermal data required for processing a large
amount of data in production and reliability testing. Based on the method, the integrity of LED packages can be tested by

inline, outgoing inspection and the lifetime prediction of the products is improved.
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1. Introduction

The efficiency of light emitting diodes has been contin-
ually increased during the last decade, and efficacies exceed-
ing 300 Im/W were reported recently.l'=3] Due to this devel-
opment, also less waste heat is generated in the device and the
question might arise whether thermal management will lose
importance? Unfortunately — or maybe fortunately for ther-
mal engineers — that question will remain rhetorical for long
time. With the ongoing trend of miniaturization in electronics
and the need for cost effective but reliable products, heat man-
agement remains one of the crucial engineering design limita-
tions. By basic laws of nature such as the Arrhenius equation
the operating temperature is always connected to the lifetime
and reliability of semiconductor devices. Large changes of
the operating temperature due to on—off conditions also cause
thermo-mechanical stress and mechanically induced failures
in electronic modules, e.g., cracks and delamination.

Reliability and long service life will determine the eco-
nomic and ecological success of LED illumination systems.
LED systems can, in general, reach a very long lifetime of up
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to 10° h when appropriately designed. Business models are
based on the failure-free operation of light sources for the de-
fined long lifetime. Junction temperature and drive current are
the parameters that determine lumen degradation and lifetime
of the LED. In addition to the slow lumen degradation, catas-
trophic failures of the LED can also occur. For eliminating
these failures, not only die and package design, but also pro-
cess and material control in manufacturing, is important. Fi-
nally the environmental conditions during operation, like hu-
midity, corrosive atmosphere, and thermo-mechanical stress,
are fundamental for the targeted lifetime of the LED systems.

Many failures are driven by the junction temperature 7y
of an LED. Thermal management is therefore essential for the
design of cost competitive and reliable LED systems. Exper-
imental and simulation methods for heat management are im-
portant. Many different thermal analysis tools and techniques
are available with their specific advantages for a given applica-
tion under specified boundary conditions. Thermal assessment
requires a combination of different measurement techniques,

analytical and numerical analysis to support and validate their
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conclusions.

Transient thermal analysis, i.e., the time-resolved measur-
ing of Ty by the forward voltage Vt, is a powerful approach to
measure the junction temperature of the LEDs in a system and
the thermal resistance Ry, of the LED module.[*8! The heat
flow passing through an LED module can be resolved. Tran-
sient thermal analysis has become a common method and it is
standardized in the MIL-STD-750F (3100 Series).[°! Also the
Solid State Technology Association (JEDEC) has published in
their JESDS51 series valuable standards and thermal character-

(101 They are applicable to a wide variety

ization test methods.
of semiconductor packages under different mountings and us-
age conditions and underpin the thermal specifications of the
manufacturer.

Transient thermal analysis can also be applied for reliabil-
ity testing. After switching the heat load the forward voltage
Vi(2) is measured time-resolved, and the thermal path from the
die through the LED package to the heat sink can be accessed.
The location of failures can be identified. For example, it is
possible to distinguish between failures such as delamination
of the LED die or cracking of the solder connecting the LED
package to the printed circuit board (PCB). In Fig. 1 typical
failures as solder joint cracking or die delamination are de-
picted. Those failures disrupt the thermal path and can be ob-
served by the transient thermal analysis. The failures do influ-
ence the reliability of the LED in several ways: The junction
temperature will increase leading to a faster degradation, local
overheating can cause a catastrophical failure or an electric
contact, e.g. solder joint, will crack and fail as “open contact”.

Howeyver, the transient thermal measurements are often
considered to be complicated and time consuming. The ther-
mal load and the proportional factor between temperature and
forward voltage have to be measured. Today the structural
function is the predominant approach to analyze the transient
temperature data. It plots the cumulative thermal capacity Cy,
dependent upon the cumulative thermal resistance Ry, along-
side the heat flow path (one-dimensional approximation). On
one hand, it is very useful because it lets the user directly ac-
cess the thermal resistance but on the other hand, it is suscep-
tible to measurement artifacts like the response of the temper-
ature regulation of the thermal stage, the dead time of the tran-
sient tester and noise and artifacts on the time curve. However,
most of these artifacts are visible on the time-derived curve
and can be avoided or eliminated before further data process-
ing.

The thermal boundary conditions influence the measure-
ment and the LEDs under test have to be very reproducibly
connected to the heat sink of the measurement equipment to
avoid mistakes. The potential for failures in the measure-

ment set-up and data evaluation often require a thermal ex-

pert for this analysis. Standardization and documentation help
counteract the potential for failure. However automatic cus-
tomized data evaluation is still the bottleneck in many compa-
nies for applying transient thermal analysis on a larger produc-
tion scale. Transient thermal analysis is a method for advanced
test labs but not widespread in high volume testing in produc-
tion or in-line testing.
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Delamination

Voids and cracks in solder

v

Higher thermal resistance

LED heats up during operation

v

Less light output

Early failure

Fig. 1. (color online) Effects on the reliability of an LED module by failures
like A: delamination of die bond, B: crack in solder joint, C: delamination
of dielectric layer of AlI-IMS. The cracks and delamination block the thermal
path and the temperature increases. The changes in the heat flow path can be
observed by transient thermal analysis. For a more detailed description of an
LED package, see Fig. 2.

As a simplification, the measurement of the relative ther-
mal resistance was introduced!'!! in 2011. It was demon-
strated that the transient thermal analysis can be applied in pro-
duction to inspect the solder joints of high power LED mod-
ules. The normalized time-derived V¢(¢) curves of the sam-
ples under test were compared with those of known good ref-
erence samples. The sensitivity was benchmarked to acous-
tic microscopy (CSAM) inspection. Inline Ry, inspection
was introduced based on the normalization method.['?! Later,
the method was improved and extended to investigate the
reliability of the ceramic LED packages on printed circuit
boards (PCB) during reliability tests.['3 Instead of the nor-
mal time derivation logarithmic time derivation was used and
the method of normalization was improved. The predominant

PCB for LED modules is insulated metal substrates (IMS) us-
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ing aluminum as metal core (Al-IMS). A huge variety of Al-
IMS exists, with optimized thermal conductivity and thickness
of the dielectric layer and a large variation in cost/m”. Immedi-
ately, the question arises whether money is well invested in ex-
pensive material for heat management. This is extremely rele-
vant because the reliability aspect is often more important than
the thermal aspect and much more difficult to assess. The new
method, i.e., transient thermal analysis of the relative thermal
resistance, was developed to facilitate and speed up the relia-
bility assessment of LEDs. In many test laboratories the solder
joint failure in LED assemblies is still tested by a simple light-
on test. It has been demonstrated that the new method is far
more sensitive than the still dominant light-on test.['* In the
present paper, the application of the new method is reviewed.
For data evaluation, transient finite element (FE) simula-
tion is an important tool to determine the physical parameters
of an LED module. Due to the progress in computational re-
sources and FE simulation tools, transient simulation of real
trree-dimensional (3D) models can be performed without ex-
tensive model preparation and long computation time. The
real 3D heat flow is assessed, which is an important advantage
compared to one-dimensional (1D) equivalent network simu-
lations. The steady state and transient measurement data can
be simulated and changes in the experimental transient data
can be analyzed by the simulation. Based on a validated tran-
sient FE model, the root cause of the failure can be identified.

Junction ——H1— o

phosphor containing

LED die

older joint
Cu electric layer

2. Transient thermal analysis
2.1. Thermal resistance: Ry real and Rep el

When an LED is operated, only a part of the electric in-
put power is converted into light. The efficiency of the LED
is called wall plug efficiency (WPE). Under realistic operating
conditions nowadays, WPE is between 20%—40%. The re-
maining power, i.e., the thermal load Py, is dissipated as heat.
The thermal load is calculated from the WPE and the electric
input power Py:

Py =Py (1—WPE). 1

The thermal load has to be transferred by heat conduction
from the LED die through the package and the printed circuit
board (PCB) to the heat sink. The theory of heat conduction is
governed by Fourier’s law and described in text books such as
Ref. [15]. The heat flow is linearly dependent upon the tem-
perature gradient between the junction and the ambience. In
the following, 73 denotes the temperature of the junction and
T the ambient temperature. In Fig. 2 the scheme of an LED
ceramic package on AI-IMS is depicted. The small semicon-
ductor die is bonded on the ceramic heat spreader. The ceramic
heat spreader is soldered on the electric layer of the Al-IMS.
The dielectric layer of the IMS is located between the electric
layer and the Al-core. The Al-IMS is connected with a ther-
mal interface material to the heat sink, which dissipates the

thermal energy to the ambient air.
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Fig. 2. (color online) Schematic drawing of a ceramic LED package on Al-IMS (a), test module (b), and footprint of LED package (c).

The thermal resistance Ry, ey Of an LED module is de-
fined as the temperature increase divided by the thermal load
Py, which is conducted through the module and causes the
temperature increase. The thermal resistance from junction to

the ambience of a module, as depicted in Fig. 2, is therefore

calculated by

AT Ty—T

—_—= 2
Fn P )

Rthjeal =

If the Al-IMS is mounted on a temperature-controlled
plate instead of the heat sink, 75 has to be replaced by the
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temperature of the temperature-controlled plate 7p. The ther-
mal resistance obtained by Eq. (2) of the LED package on the
Al-IMS includes the thermal resistance of the TIM between
temperature-controlled plate and LED module. Care has to be
taken if in real systems the temperature of the temperature-
controlled plate is not uniform. The temperature needs to be
measured at the center location under the LED module. Also
the expression “case temperature” T¢qe 1S used, which denotes
the maximum temperature below the LED module. Actu-
ally, Teaee 1s located above the TIM and larger than 7p of the
temperature-controlled plate.

If the heat transfer is uniform throughout the surface area
A of a solid material the thermal resistance can be calculated

by Fourier’s law:
L

Rih_real = ﬂ’ (3)
where L is the thickness of the solid, and A is the thermal con-
ductivity. This formula is always very handy to estimate the
thermal resistance before starting any FE simulation.

The index “real” for the thermal resistance of an LED was
introduced by JESD51-51 and is used to a peculiar history of
LED thermal resistance measurements. As long as the WPE
is very small, the energy emitted by light is not considered for
calculation of the thermal load and the thermal resistance Ry,.
Directly, the electrical power is used as thermal load to calcu-
late the thermal resistance. This Ry, is today called “electrical
thermal resistance” and should be indicated by the index “el,”
i.e. Ry el

Ty—Ta _ (Ty—Ta)- (1 —WPE)

Rih el = . “4)
e Py Pn

With the increase of efficiency and WPEs above 20%,
one has to distinguish carefully between Ry, _rea1 and Ry, ). In
many old data sheets the symbol Ry, designates the “electrical-
thermal” resistance Ry, . Unfortunately, also today some data
sheets use solely Ry, and it remains unclear what is really
meant. The Ry, ¢, which is for thermal engineers a some-
how strange definition, is actually quite useful to calculate the
temperature increase within an LED package without both-
ering for the real thermal load of the LED. However, it is
temperature-dependent due to the dependence of the LED effi-
ciency upon the temperature, i.e. hot—cold factor. For the cal-
culation of the thermal resistance of an LED system, obviously
the R rear and the real thermal load has to be used. Otherwise
the system would be designed to dissipate more heat than the
real system will produce. The denotation Ry, ¢ and Ry _req) 1S
a nuisance, but for the present it is necessary to avoid ambigu-
ities. It is therefore applied in this paper. In the following the
expression Ry, is solely used when it does not matter whether

Rin_el OF Ryp_req is referred to.

2.2. Theory of transient thermal analysis

To determine the Ry,, the temperature gradient within an
LED system has to be measured. The forward voltage V; of the
junction of a semiconductor is a valuable temperature probe
due to its temperature dependence. The nonlinear dependence
can be derived from semiconductor theory by the Shockley

[16.17] Nevertheless, in an adequate small temperature

equation.
range (typically within 50 °C) it can be linearly approximated

for a defined drive current:
Vf: *k'T+Ucon~ (5)

The linear factor k, called the k-factor or sensitivity of Vi(t)
to temperature 7, is in the range of 2 mV. The constant Uy
is due to contact resistance of the probing system and the in-
ner serial resistance of the LED. The k-factor depends upon
the energy bands and the effective electronic state densities of
the junction and, therefore, also upon internal and packaging-
induced stress in the junction. The k-factor may vary for a
single LED from wafer to wafer in a batch between 1 mV and
3 mV. After determination of the k-factor for a specific drive
current, the forward voltage can be used to calculate the tem-
perature change in the LED junction when a specific current
is applied. However, the k-factor can change during reliabil-
ity testing depending upon the device and epitaxial design of
modern LEDs. 8] The same holds for the LED efficiency. The
lumen flux as well as the thermal load change during accel-
erated lifetime testing of the LEDs. Therefore, to obtain an
accurate thermal resistance Ry, req the k-factor and the lumen
flux need to be measured again after every interval of accel-
erated lifetime testing. This requires a significant amount of
experimental effort and is unsuitable for large volume reliabil-
ity testing or inline inspection.

As discussed in the introduction, transient thermal anal-
ysis is a common method to measure the thermal resistance
of microelectronic packages that contain active semiconduc-
tor devices. The thermal response of a system like an LED
package on a printed circuit board is measured time-resolved,
after switching a heat load as shown in Fig. 3.

Initially a constant heat flux by a large drive current
(Igrive) is applied until thermal equilibrium is reached in the
package. The thermal equilibrium is then changed by switch-
ing off the heat flux. The forward voltage Vi(¢) is mea-
sured, time-resolved, by applying a small sensing current
Lense while the system transfers into its new thermal equi-
librium. The temperature 7(¢) is obtained from Vi(¢) by
Eq. (5).
the contact resistance U.on in Eq. (5) needs to be small or

For accurate absolute temperature measurements

very reproducible. Transient testing determines the difference
AV = V¢ (junction hot) — V¢ (junction cold) and is independent
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of U, and by that, independent of the contact resistance.
However, one needs to measure the V; in hot condition, i.e.,
heat flux switched on for sufficiently long time that the ther-
mal equilibrium is reached, and V; in cold condition (heat flux
switched off for sufficiently long time that the thermal equilib-
rium is reached) for the same drive current Ige,ee. After switch-
ing off the drive current from Igpjve tO Isenge, @ short delay time,
i.e. dead time, is required until the system has stabilized af-
ter current switching before accurate V¢ data can be obtained.
The dead time is discussed in more detail below in Section 3.
The same holds when measuring heating up of the device be-
sides that under high current conditions noise is increased. In
addition, while heating up, the thermal load changes due to a
change of WPE, dependent upon temperature. Cooling down
measurements are therefore preferred. However, for in-line
measurements, heating up data are also useful and utilized.

ms - min

ms - min
ldrive lsense
IAL__J* >< i |_
A B
A A
4 Y \

Ve [V]

Vf at /drive Vf at/,

sense

v

time

Fig. 3. The heat load is switched by the drive current of the LED. During
heating up under high drive current V¢ decreases from the initial large value.
Due to switching from a large drive current to a small sensing current V¢ is
initially reduced because the required V; at lower current is smaller (V (/)
characteristic curve) and rises afterward while the junction cools down.

As indicated in Fig. 2, the thermal capacities in micro-
electronic assemblies are usually ordered following the ther-
mal path from 7j to Ty, i.e. starting from the very small heat
capacity of the LED die and ending with the large capacity of
the heat sink: die (very small), ceramic heat spreader (small),
Al-IMS core (medium), heat sink (large), and ambient air (in-
finite). Intermediate thin layers and contacts like the inter-
connection between die and ceramic, the dielectric layer of
the IMS and the thermal interface between AI-IMS core and
heat sink are considered as thermal resistances. The thermal
masses of the intermediate layers are small as long as they are
very thin compared to the thick layers of the main thermal ca-
pacities. One can draw a simplified equivalent network for this

heat transfer problem, as in Fig. 4(a).['>?°! Limitations of this

simplified 4-node network are immediately visible. The elec-
tric layer and the solder joint are not considered separately.
They are included in the ceramic heat spreader node in this
simplified 4-node network. This is acceptable as long as the
thermal masses are small. Anyway, the system should be de-
scribed using more nodes. However, instead of discussing the
number of nodes required for modeling, the basic solution of
an n-node equivalent network will be clarified. In the transient
analysis for the cooling-down measurement, the system is rep-
resented by a step function Py, (1) = Py, - (1 — (1)) with £(¢) be-
ing the unit step function which switches at = 0 from zero to
one. The temperature of the Cauer network is solved by trans-
forming it first into an unphysical Foster network by partial
fraction decomposition, as depicted in Fig. 4(b). The general
approach that is still used today was published 1959.12! The
solution of an n-node Foster network can be straightforwardly
calculated analytically:

T(t)=Pn-Y,  R'(1—exp(—t/1/)). (6)

Py, is the dissipated thermal load in the LED and 7/ are the
time constants of the Foster network:

' =C/ R/, @)

where C/ is the thermal capacity and R; the thermal resistance
of the RC-node with index i in the Foster representation of the
thermal equivalent circuit. At this point it has to be strictly
clarified that the R, and C; of the Foster network are related
by a transformation to the C; and R; of the physical Cauer net-
work, but they are not the capacities and resistances of the
physical system.

By dividing Eq. (6) through the thermal load P, the tran-
sient thermal impedance Zy,(¢) is obtained
T(r) _
Py

Using an n-node model the 7/ can be obtained by fitting

Zth(l‘) = ;‘1:1Ri/'<1 —exp(—t/r,-/)). ®)

the experimental curve. One has to decide how many nodes are
required for fitting the transient curve adequately. The Laplace
transformation of Eq. (8) can be taken afterward from standard
tables, and R; and C; from the Foster network are obtained.
The discrete spectrum is utilized in the TRAIT method (Ther-
mal Resistance Analysis Induced Transient).[>>->* The phys-
ical R; and C; parameters of the Cauer network are calculated
from the Foster parameters as described in Ref. [25]. A con-
tinuous approach using the power density spectrum is applied
in Ref. [7], and by following the approach of Protonotarios
and Wing,[26] the so-called structural function is calculated.
The cumulative thermal capacity of the system is plotted, de-
pendent upon the cumulative thermal resistance of the Cauer
network, i.e., alongside the one-dimensional thermal axis. The
structural function has come to be widely used for interpreting
the thermal response of LED modules. It was also introduced
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in the JESD51 standard. The same information is included in
the time domain, e.g., in V¢(¢) and its time derivation, which
is the impulse response of the thermal system and carries all
information about the thermal network. The logarithmic time
derived Vi(r) curve is used for calculating the structural func-
tion and includes the crucial information that needs to be an-
alyzed to avoid errors in further data processing. In Section 3
data processing errors that are commonly made while using
the structural function are depicted and discussed.

The numerical calculation of the thermal system based
on Cauer network representation is one-dimensional. When
solving the network, the effect of heat spreading will be in-
cluded in the capacities C; and resistances R; of the network.
When structural changes in the module occur during reliabil-
ity testing, e.g., the heat spreading changes due to cracks or
delamination, the parameters of the model, i.e., the R; and C;,
will change. Note that due to a different heat path, heat distri-
bution in the physical model and the capacities of the model
change because a different amount of thermal energy is stored
in the module.

R, R,
o — .
P, ==C‘ ==C:
die ceramic

- (a)

== )

Fig. 4. Simplified equivalent network of the ceramic LED package of Al-
IMS. In panel (a) the physical Cauer Network is represented. The physical
thermal masses are “charged” with heat in reference to the ambient tempera-
ture, which is equivalent with the ground. Four main capacities are approx-
imated: Ci = Cgie, C2 = Ceeramic> C3 = Cal-core» C4 = Cheat sink- The thermal
masses of the electric layer and the solder joint are included in C,. The ther-
mal resistances are approximated: R; contains the thermal resistance of the
die and the interconnect of the die to the ceramic (R; = Rgie + Rinterconnect)s
R contains the thermal resistance of the ceramic (small), the solder joint
(medium) and the electric copper layer (small) and the dielectric layer of the
IMS (large), R3 contains the thermal resistance of the Al-core (small) of the
IMS and the TIM (large) to the heat sink, R4 contains the thermal resistance
of the heat sink and the thermal resistance of the heat sink to the ambient air
temperature. (b) The physical Cauer network can be transformed by partial
fraction decomposition into the Foster network.

2.3. Relative thermal resistance

As discussed in the earlier sections, for determination of
the thermal resistance Ry, e, in addition to the transient Vi ()
curve, the k-factor and the thermal load have to be measured.
For reliability testing, the focus of interest is structural in-
tegrity. Only relative changes in the heat path have to be inves-
tigated. In the following, the concept of the relative thermal

resistance measurement for reliability testing will be devel-
oped, which avoids measurement of the k-factor and thermal
load. Actually, the concept is in general rather straightforward,
and it is nothing more than a normalization of the transient re-
sponse in the time domain.

Basically the impulse response of the thermal network is
time-derived from the measured V¢(¢) curve. Due to the ex-
ponential dependence upon time, the information is more pro-
nounced on the logarithmic time scale. Therefore, the first one
substitutes v = In(¢) and afterward calculates the logarithmic
time derivation:

d d T(v)
b(v)=—2 =— . 9
() = o Zn) = 5o ©
In the following equation (5) is inserted in Eq. (9)
1 d
= — _— . ]
b) =~ g i) (10)

Equation (10) is the starting point for further data process-
ing. First of all it is readily apparent that the k-factor and ther-
mal load are solely linear scaling factors. As usual, to elimi-
nate linear factors one applies the logarithm and defines B(V):

) = logl(b(:) = og (W) ) ~logk-Fa). (11

In the logarithmic representation B(V), the proportional factor
1/(k- Py,) is transformed into a constant axis offset. Changes
in the thermal load or the k-factor move B(Vv) perpendicular to
the v axis (logarithmic ¢ axis) but do not influence the shape
of the curve. In contrast, changes in the thermal resistance
change the shape of the curve. Assuming, for example, that no
changes in Ry, rea1 Occur during reliability testing, but the k-
factor or thermal load does change, the shape of the curves re-
mains identical but the curves are moved perpendicular to the
Vv axis (¢ axis). By an appropriate shift, the curves will fully
overlap. The procedure of normalization is demonstrated in
Fig. 5 using real measurement data. For measurement, a com-
mercial T3Ster with software from MICRED is used. V()
is measured for different drive currents (800 mA, 700 mA,
600 mA) for a ceramic LED package as depicted in Fig. 2,
and the normalized transient temperature data are obtained by
dividing through P (left top). The structural function is calcu-
lated (left bottom). Due to the power dependence of efficiency,
the Ry,_) of the 800-mA curve is larger, i.e., the tear-off edge is
at higher Ry, values. The logarithmic time-derived curves are
depicted as calculated from the V;(¢) curve, i.e., the curves are
not divided by the electrical load P (right top). B(V) curves
are plotted (center) and afterward B(Vv) is normalized, i.e., all
curves are moved on top of each other. It is clearly visible,
as it should be, that the thermal path for all three curves is the
same. To normalize the curves it is only necessary to divide all
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B(Vv) values of the curves through the B(Vv,) at the normaliza-
tion point, i.e., the central point of the normalization interval.
For noise reduction, the correct value for the shift can be
obtained by a least squares fit of the linear axis offset, that is,
moving the curves on the top of each other and minimizing

the residuals in a chosen time interval, as indicated in Fig. 5
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blue: 600 mA
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Fig. 5. (color online) Example of normalization procedure.

(bottom right). The value of the shift agif is fitted by mini-
mizing the R(Vv,), i.e., the sum of the squared residuals within
the fit interval [v,, — Vg, V, + Vo] as described in the following
Eq. (12):

Vn+Vo 5
R(vy) = / (Bo(v) — B (V) + dghifr) " d V. (12)
JVp—V
. . : - : .
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Transient thermal curves are measured using different drive currents.

600 mA/700 mA/800 mA. The Ry, grows with increased drive current because the efficiency of the junction decreases slightly. The time-
derived curves are moved up and the peaks increase due to the higher thermal load. Note that the time derived curves are not divided through
the electrical load. In contrast, the R real, i.€., the thermal path, remains constant. This becomes visible after taking the logarithm of the
time-derived curve and performing normalization. The simplest way of normalization is to divide every measured value of a measurement
curve through the value at the center of the normalization area. To reduce potential errors due to noise the red and black curves are fitted on the
blue curve by a least squares fit of a constant axis offset. It is readily apparent that all three curves precisely overlap; therefore the thermal path

and Ry _req) are identical.

It is important to remember that the relative position in
a logarithmic plot is necessary only when an axis offset from
the y axis is to be calculated. For the integrity of the thermal
path, the shift is not relevant. However, the shift is relevant in
obtaining the real thermal resistance from the relative thermal
resistance. One needs to use a known good reference sam-
ple for which thermal load and k-factor have been determined.
By calculating the agif; of the reference sample Ry, ey can be
calculated.

As a second example, a 1-W high-power LED is mea-
sured under different conditions, i.e. temperatures 25 °C and
55 °C and drive currents 350 mA and 700 mA, in Fig 6. The
measured B(Vv) curves have different amplitudes due to differ-
ences in thermal load. The dissipated energy at higher tem-
perature is reduced due to the reduction of V; with increased

temperature. At higher temperature the efficiency of the LED
drops and the Ry, | increases. The derived temperature curves
depicted are not normalized, i.e., it is the derivation of the tem-
perature rise and not of the normalized temperature. Therefore
the V¢ drop produces a much stronger effect than the WPE
drop does. However, after normalization of the logarithmic
representation, the curves overlap except for some measure-
ment noise.

A third example is depicted in Fig. 7. A ceramic LED
package is measured twice. For the first measurement, a k-
factor of k =2 mV/K and for the second £ = 2.5 mV/K is
used, i.e., simulating the use of a wrong k-factor. The struc-
ture function of the measurement with k = 2.5 mV/K presents
a larger Ry, ) than that of the measurement with k =2 mV/K,
due to the different scaling. The calculated temperature rise
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is smaller, and with it, the logarithmic time derivation for the
larger k-factor. When the logarithmic time derivation is plot-
ted on a logarithmic axis, it can be found that only the curves
are shifted, and the heat flow through the sample remains pre-
cisely the same as it has to be. By normalization, the curves
are moved on top of each other.

- — 700 mA/25 °C A (a) |
g —— 700 mA /25 °C /i
5 . 7| —— 350mA/25°C /
T % gl — 350mA/55°C
9 L
8¢ 5
Felns ‘r“\
g% 4 / \
g 3 /
= g 3 / \
58 2 / /
A N
27 P N
= T LU
e T
107° 107 1073 1072 107! 10°
Time/s

(b)

and normalized)/a.u.

Logarithmic time derived

temperature (lagarithmic plot

Fig. 6. (color online) 1-W high-power LED measured at different tem-
peratures (25 °C and 55 °C) and different drive currents. The time de-
rived curves have different amplitudes due to the different thermal loads.
(a) One can notice that at 55 °C (red) with 350 mA drive current, less
heat is generated than at 25 °C with 350 mA due to the drop of V; at
higher temperature 55 °C (red). At 700 mA the amplitude of the sig-
nal is much larger. The two curves measured at 700 mA at the same
temperature of 25 °C overlap fully (green and blue curves). (b) After
normalization, all curves overlap perfectly because the heat flow in the
sample is the same. At early times and very long times, the influence of
noise is visible. This unit a.u. is the abbreviation for arbitrary unit.
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An example of the importance of evaluating data in the
time domain is depicted in Fig. 8. Here the electrical load
is influenced by the length of the cable between the current
source and the LED module. A wrong thermal load is cal-
culated by the measurement equipment because some of the
electrical energy is dissipated in the cable. In the example, the
real thermal signal does not change because the same thermal
load is dissipated in the LED due to equal drive current. The
structural function depends sensitively upon the total electri-
cal load. However the logarithmic time-derived curve does
not change, because the same amount of energy is dissipated
in the LED module causing the same V;(¢) signal. The exam-
ple is similar with using a wrong k-factor and underlines the
importance of analyzing the data in the time domain.

In a real reliability experiment, dV(v)/dv also varies
due to changes in the thermal path, and a fit for normalization
over the full v axis would result in a flawed normalization.
Therefore, solely for a selected time window, the curve mea-
sured after the reliability testing is fitted on the initial curve
(0-hour curve) measured before testing. As long as the ther-
mal path within the normalization window has not changed
during the reliability, test, a residual free fit is obtained for
this time interval, i.e., pure noise as residuum. However, if
the thermal path changed in the time range of the normaliza-
tion window, a residuum remains. This residuum indicates a
real failure within the time domain of the time window. Ob-
viously, the proper selection of the normalization window is
application-dependent. It should be located in a time range
where no failures are expected. However, if, in rare cases,
a failure in the time window of normalization occurs, it will
be identified by the residuum of the least squares fit and the
sample will be identified as a “failure in normalization time
range.”
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Fig. 7. (color online) Normalization of wrong k-factor: The same ceramic LED module is measured with a MICRED T3Ster but different
k-factors are used, i.e. the k-factor of 2.5, simulating a measurement error of the k-factor. It is readily apparent that the influence of the k-factor

can be eliminated.
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Fig. 8. (color online) Transient temperature measurement of a ceramic LED
package using an MICRED T3Ster. The cable length of the drive source to
the LED is varied in an extreme way (short = 10 cm, long = 2 m) resulting
in different thermal loads for the same drive current. The electric load in the
cables is not subtracted, i.e., the software assumes that the full electrical load
is dissipated in the LED and calculates different Ry, ¢ structural functions,
i.e., a smaller Ry, ¢ for the long cable. However, the time-derived curves are
identical, as the same amount of thermal load is dissipated in the LED.

2.4. Measurement equipment

The transient thermal measurements were made using
a T3Ster equipment from MICRED (Now Mentor Graphics)
on one side and equipment we built in-house on the other
side. The software for the relative Ry, was developed in
a cooperative project between Philips GmbH and Technis-
che Hochschule Ingolstadt. The device under test (DUT) is
mounted on the temperature-controlled heat sink. The heat
sink is maintained at a temperature of 25 °C and controlled
by a Keithley temperature controller. Initially, a junction-to-
case thermal equilibrium is ensured by applying a drive cur-
rent (I4ve) for a sufficiently long duration; then the Iyqye is
switched off and a small sense current (/geps) is applied. When
the system shifts to its new thermal equilibrium, the cooling
down of the junction is measured. From the transient time
curves, the duration of cooling down can be taken for how long
the heating current /44y needs to be applied to load the ther-

mal capacities. The same time has to be measured applying
Lsense to resolve the thermal path downstream to the respec-
tive capacity. One approach to determine the required mea-
surement time is to modify the thermal interface between the
heat sink and the module, i.e., apply the dual thermal inter-
face method.!'%>7] The time value at which the curve with the
best possible thermal interface and one with bad thermal inter-
face separate is approximately the appropriate time duration
for Igrive and Igepse When the thermal path upstream the var-
ied thermal interface are to be investigated. One can stepwise
shorten the heat-up and cool down time afterward and observe
at what setting, and at which time, values change in the log-
arithmic time-derived curve. The shortest time for which the
deviation of the time curves is still within the signal-to-noise
range of the curve with long heating and cooling times is still
acceptable. As an example, if the focus is within the LED
package, the measurement times can be reduced to 0.5 s for
the LED package investigated in Fig. 8.

For most reliability investigations performed in this paper,
the k-factor and thermal load were not measured. For some
samples, i.e. known good reference samples, the k-factor and
lumen flux were measured to calculate Ry, ey. Initially, for
sensitivity investigation, the lumen flux and k-factor of some
LED batches were measured for the LEDs at 0 hour and at the
end of the test.

3. Measurement errors and artifacts
3.1. Long response times

In this section, limitations and some typical measurement
artifacts of the transient thermal analysis are summarized to
raise awareness for avoiding measurement and analysis errors.

First of all, one has to be aware that when extracting the
overall Ry _real O Ryn_e] junction-to-heat sink, the TIM is in-
cluded in the measurement. For the valuation of comparable
measurements it is crucial to always establish the same TIM
between the LED module and the temperature controlled plate.
Figure 9 shows several measurements under identical test con-
ditions with the same set-up and LED package but different
TIMs. The high variance in the last peak illustrates the big
influence of the TIM on the total value of Ry, ;. In the loga-
rithmic time-derived curves it can be clearly seen that as long
as the interest is the package, a measurement time of 0.1 s
is sufficient to resolve the thermal path in the package. For
detection of the thermal resistance of the module, the dual in-
terface measurement method requires measuring the module
with two different interfaces. The separation point indicates
the Ry, of the module. However the separation point still in-
cludes the best TIM of choice, i.e., the TIM influences the
measurement results, and the applicability of the method de-
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Fig. 9. (color online) Under identical test conditions with the same set-up
and device under test (DUT), three different TIMs were used. The black
line displays the test with a half-liquid heat transfer paste as TIM, the red
line stands for the measurements with a plastic foil TIM with a low thermal
conductivity, and the blue line displays a TIM in the form of a pad with high
thermal conductivity and a thickness of 0.5 mm.

To avoid the reference measurement, a defined good ther-
mal interface is often used, and the tear-off edge of the struc-
tural function is used for identifying the Ry, of the package.
The reproducibility of thermal interface materials is however
limited and depends on the kind of interface material used.
For demonstration, measurements performed on a LUXEON
Altilon test package are depicted in Fig. 10. Deviations of
+0.1 K/W are observed.

Another artifact is included and visible in Fig. 10: A short
step is observed at the tear-off edge of the structural function.
This is an effect of the active temperature control of the heat
sink. The temperature regulation has a specific response time.
The time range of the transient analysis expands from 107 s
to 10 s. Therefore the response of the temperature regulation
is within the range of the analysis. In Fig. 11 the effect of the
temperature regulation is shown. Structural functions are mea-
sured with temperature control switched “on” and switched
“off.” The best way to suppress the effect is to use a heat sink
with large thermal mass and a temperature control with a slow
response time. This ensures that the response time of the tem-
perature control is far outside the response time of the LED
module.
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Fig. 10. (color online) Reproducibility of the thermal interface material
between module and heat sink. Thermal grease was applied between
heat sink and LED module (LUXEON Altilon test package, 1-A drive
current at 12 V). The module was taken off and mounted by springs

(same mounting force) on the heat sink several times and
significant deviation of 0.1 W/K is visible.
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Fig. 11. (color online) Effect of temperature regulation. The response
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the time domain, which influences the time response and
function.

068105-10

the structural



Chin. Phys. B  Vol. 24, No. 6 (2015) 068105

3.2. Dead time: Zero-time extrapolation

An important limitation of any transient data recording
equipment is the experimental dead time, i.e., the very early
data of the transient cannot be measured. This is caused by the
electrical response of the device and the measurement equip-
ment due to the switching of the drive current, i.e. the diode
itself and the parasitic capacity and inductance of the electrical
interconnection. In Ref. [28] the different effects of the electri-
cal responses of different semiconductor devices are summa-
rized. The dead time of commercially available thermal testers
is in the range of 10 us—20 ps. In conclusion, the contribution
of the Cauer network nodes with very small capacities to the
thermal resistance cannot be measured, i.e. the resistance of
very thin dies. It was shown earlier!?®! that the influence is
significant for low Ry LED modules, and this phenomenon
recently got broader attention.?”) Measurements using a lab-
built transient tester reach a dead time of 6 us.!*!l The early
data have to be extrapolated. The first approach has been to cut
off the early time data (minimum seek feature in the T3Ster
software). This creates a discontinuity in the time domain
and a distinct distortion in the structural function. The sec-
ond, better approach is the “square root feature,” which is also
mentioned in the JESD51-14 standard. The early data are ex-
trapolated by a square root function which is the theoretical de-
scription for a junction-up diode in which the heat flow is con-
ducted through a sufficient thick bulk layer. The square root
dependence is fitted on the earliest data that are not corrupted
by the electrical response of the measurement equipment and
DUT. The systematic errors caused by time—zero time extra-
polation are shown in Fig. 12. A difference of 0.3 W/K is ob-
tained for the example LED module, which is roughly 25% of
its value specified in the data sheet (1.2 K/W). With the “min-
imum seek” feature, Ry, values are calculated lower because
the early data are simply cut rather than extrapolated. Ob-
viously, the square root correction is a better approximation,
but for modern thin film LEDs, it is not a suitable approach,
especially for white LEDs with phosphor-containing material
attached to the die. At present, one cannot conclude from LED
suppliers’ data sheets how the Ry, is determined. Even when
LED suppliers follow the recommendations of the MICRED
influenced JESD51-14 standard, different results are obtained
depending upon the time interval over which the square root is
extrapolated.

At early times, the signal to noise (S/N) in the transient
V() data is large, especially for the calculated time derivation
of V¢(¢). In the time domain, the noise is visible and the need
for better S/N in the ps time range becomes obvious when
evaluating the influence of the noise on the structural function.
When just looking at the V¢(¢), it might not be as evident. How-
ever, the impulse response of the system represents the system,
i.e., the time derivation of V¢(¢). One must use filtering algo-
rithms that have low impact on the time response, i.e., peak

position and peak shape. An example of how noise and arbi-
trary disruptions impact the structural function is depicted in
Fig. 13. A low Ryy_real, high-power LED module is measured
at 1-A and at 0.5-A drive currents. The heat flow through the
module is the same, and the same Ry, e, should be obtained.
The Ryn_¢ is slightly higher for 1 A because the WPE drops
for high drive currents. On the normalized logarithmic time
derivation, one can immediately recognize that the heat flow
is the same. However, due to the active temperature regulation
there is a deviation at 1 s between the 1 A and 0.5 A curves,
i.e., the 0.5 A curve is higher and drops later. The tear-off edge
for the Ry, eq1 curve is shifted to larger values.
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Fig. 12. (color online) Influence of the dead time extrapolation. (a)
Logarithmic time derivation of a transient V;(¢) measurement of the
LUXEON Altilon test package processed by “minimum seek 20 ps”
(blue line) and “square root 20 pus—40 ps (red line).” (b) Influence of
the dead time extrapolation on the structural function. (c) Influence on
the derivative of the structural function (first derivation of the structural
function dC/dR).
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Fig. 13. (color online) Measurement deviation due to noise in the early time range. At 1 A and 0.5 A, the same LED module is measured.
Cumulative [(a) and (d)] and derivative structural function [(b) and (e)] of Ry,_¢] and Ry, _rear are shown. The logarithmic time deviation is
depicted before and after normalization [(c) and (f)] . Due to normalization it is revealed that the heat flow through the LED module is identical
for both conditions. However, due to the response of the temperature regulation device, differences are visible at 1 s. The larger noise at 0.5 A
is visible on the time derivative curves but not on the structural functions. The effect of the noise is clearly visible in the center peak position
in the derivative structural functions of Ry _req1- The difference of Ry, ¢ and Ry _req) is also pronounced. The Ry, ) of the 1-A measurement is
larger due to the lower WPE at 1 A. However the measurement at 0.5 A has a higher tear-off edge due to the distortion of the active temperature

regulation.

3.3. Upstream thermal mass and heat sources

For a white LED with phosphor conversion, another im-
portant physical reality needs to be considered, which compli-
cates the interpretation of the structural function. In the Cauer
network of Fig. 4, the thermal masses on top of the LED mod-
ule are excluded, as are the phosphor and the optical glob top
or directly attached lenses. The heat source is located on the
junction, neglecting that approximately 10% of the heat is gen-
erated in the phosphor due to the conversion of blue light into
yellow light. The upstream thermal masses also change the
heat flux symmetry. In the first time period during heating
up, the heat generated in the junction, which has a small ther-
mal capacity, is conducted into the larger upstream thermal
masses, which initially are at ambient temperature. The up-
stream thermal masses heat up and reach the junction’s tem-
perature. Because heat is also generated in the phosphor, the
temperature of the phosphor finally rises above the tempera-
ture of the junction. However, during cooling down, the heat
flow path is different, i.e. heating up and cooling down curves
are not equal anymore: The phosphor temperature is always
higher than the junction temperature. The heat is conducted
solely upstream to the temperature controlled plate (note: heat
transfer by either convection or radiation is neglected).

In Ref. [29] the effect of the phosphor was included in
transient FE simulations to analyze the time-resolved tempera-
ture data. Recently, further experimental data and RC-network
simulation were published.??! The results are rather devastat-

ing for interpretation of the structural function: Without proper
modeling of the transient thermal curves, no correct interpre-
tation of the thermal resistance represented by the structural
function is possible. The modeling needs as input alongside
the proper values for heat capacity, thermal conductivities, and
thermal contact resistances, which are for the device’s compo-
nents not accessible in standard data bases — the distribution
of the thermal load between phosphor and junction.

4. Reliability of ceramic LED packages

In the following section, the relative thermal resistance
measurement method is applied to reliability investigation of
ceramic LED packages on Al-IMS boards, as depicted in
Fig. 2. The main results were published recently.[!3-33]

By normalization, the reference to an Ry, _rey value is lost.
However, it can be reestablished by known good reference
samples. Another approach is performed in Subsection 4.4
by transient finite element simulation. Changes in the normal-
ized B(V) in a certain time range are correlated to an Ry _real
increase.

4.1. Test samples and test procedure

The test samples investigated were high-power ceramic
LED packages on AI-IMS. The ceramic carrier material is AIN
with typical size between 1.9 mm X 2.3 mm and 1.3 mm X
1.7 mm. Different solder pad footprints are used by the man-
ufacturers, i.e. with or without additional thermal contacts for
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this kind of packages.

In the present paper, reliability investigations on two dif-
ferent LED packages are presented. Package A, which is de-
picted in Fig. 2, and package B, depicted in Fig. 14.

The LED packages A were soldered on Al-IMS
boards.'¥) Two test batches were assembled: one with
SAC305 (Sn96.5/Ag3/Cu0.5) and another one with Innolot
(Sn91, 175/Ag3, 5/Cu0, 7/Ni0, 125/Sb1, 5/Bi3). Every test
group contained 40 LEDs. To eliminate the statistical occur-
rence of voids in the solder joint, a vacuum solder process was
chosen for assembly. Almost void-free solder joints were ob-
tained.

For package B, two parameters are varied within the test
batches: 1) The dielectric layer, i.e. its thickness and mate-
rial properties and 2) the solder material. The samples were
assembled using a standard SMD process: The solder paste
is printed on the AI-IMS boards, the LEDs are placed on the
board followed by reflow in an SMD convection oven. Over-
all, 240 LEDs were tested, separated into 8 groups, i.e., 30
LEDs per group. Four different Al-IMS and two different sol-
der materials (Eutectic lead tin and Innolot) were tested.

Fig. 14. (color online) Level 2 board under test with footprint and top view
of LED ceramic package B.

The focus of the investigation was the thermo-mechanical
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stress induced due to the difference in thermal expansion be-
tween the ceramic carrier and the Al-IMS. Passive tempera-
ture cycling was performed by placing the LEDs in a tem-
perature shock test (TST) chamber with a temperature setting
—40 °C/ 4 125 °C; dwell time in the hot and cold conditions
was 30 min, respectively, along with a transfer time of 10 s.
One cycle is approximately 1 h long.

The transient thermal measurements for package A were
taken as described in Subsection 2.4., i.e., 0.7 A was applied
for 40 s to ensure thermal equilibrium and then the forward
voltage Vi(¢) was measured for 40 s using a sense current of
20 mA. The thermal response at initial ‘0’ cycles and after ‘n’
cycles was measured. The measurement time of 40 s is unnec-
essarily long. For the second test run with test samples B the
measurement time was reduced to 5 s.

For the investigation within this paper the focus was set
on failures within the LED Level-2 modules. The thermal in-
terface between the Al-IMS and the heat sink was not inves-
tigated. In principle, this allowed us to reduce the heating up
and cooling down time further to 0.5 s, because data later than
300 ms are not included for data analysis. The shape of the
transient signal does not change when cycle of heating up and
cooling down times is shortened.

For the test run with package A, the samples were taken
out after defined cycle intervals (numbers: 0, 100, 214, 399,
640, 802, 1009, 1500) and measured. For the second test run
500 cycles were completed.

4.2. Solder joint failure

B(v) curves of an SAC and an Innolot sample from the
first test run are depicted in Fig. 15. The B(Vv) curves of the
LEDs have a maximum between 50 ms—100 ms. The maxi-
mum increases with the number of temperature cycles.

= SAC 3withVaccum LED7-Ch. 1

— SAL LED 7 129 oycies h
— SAC 3LED7_500 cycles - Ch. 1

(C)

Jun
o
=

— SAC3LED 7

1000 cycles -Ch. 1

Log-normalized derivative
of temperature rise/a.u.

100}

Fig. 15. (color online) Left: log-derivative plot of an Innolot sample at different temperature cycles (a); cross-section of the Innolot sample
after 1000 TST cycles (b). Right: log-derivative plot of an SAC sample at different temperature cycles; (c) cross-section of the SAC sample
after 1000 TST (d). The peak increase due to the crack in the solder joint is visible in the right figures [(c) and (d)].
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The maximum can be correlated to the solder joint in-
tegrity, i.e. cracks within the solder joint, see Fig. 15. The con-
tribution of the thermal resistance due to the dielectric layer
contributes to the same peak at almost the same location be-
cause the thermal mass of the thin electrical copper layer is
small. The delamination of the dielectric layer would also
cause a peak increase. However, delamination of the dielec-
tric layer was not observed in the cross sections. Both samples
were subjected to 1000 TST cycles and afterward, cross sec-
tions were taken. It is remarkable to note that the maximum of
the SAC samples increases quicker with TST cycles than the
maximum of the Innolot samples does. Cross-sections of the
samples after 1000 TST cycles confirmed the experimental re-
sults that the SAC samples, which had a larger increase of the
maximum, revealed significant cracks while the Innolot sam-
ples, with relatively low increase, had fewer noticeable cracks.
A complete analysis of all the samples in the test is made and
the average of the relative difference in peak height of the nor-
malized log-derivative plot is calculated (see Fig. 16). From
Fig. 16, note that the maximum of SAC samples increases
more strongly than that of the Innolot samples for every given
‘n’ cycle number. This is because of better creep resistance of
Innolot under the test conditions. Considering an increase of
0.05 in the peak height as failure criterion (which represents
an increase of 0.8 °C/W; see simulation section) cumulative
failure distribution and Weibull plots for SAC and Innolot are
calculated and depicted in Fig. 17, together with the Weibull
parameters. The characteristic lifetime of Innolot is longer
(N = 1362 cycles) than that of SAC (N = 740 cycles).

For 24 samples, the TST tests were continued to 1500 cy-
cles. Light-on failure was observed for only one LED soldered
with SAC. Thermal measurements revealed for all samples a
large increase of the maximum, and they are all considered
to have failed. The linear fit of Innolot is not as good as that
for SAC, indicating that different failure mechanisms are op-
erative. The coefficients of determination are R> = 0.9784 for
SAC and R? = 0.7734 for Innolot. Initially at lower cycles,
the Innolot performs better than the SAC solder. However it
appears that the failure rate of Innolot increases faster. This
behavior was already found for large ceramic carriers on cop-
per heat spreaders. 3%

—4— Innolot

-~ SnAgCu

0.12

0.10

Maximum increase/a.u.

200 400 600 800 1000
TST cycle number n

1200

Fig. 16. (color online) Average peak height increase of Innolot and SAC
samples as functions of the cycle number.
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Fig. 17. (color online) Weibull plot of Innolot (R? =0.7734) and SAC
(R? = 0.9784). Twenty-four of 40 samples were cycled to 1500 cycles.
Red cross indicates 100% failure for both SAC and Innolot samples.

4.3. Finite element analysis approach

An FE model (see Fig. 18) was set up in Solid Works
using the integrated Flo-EFD solver from Nika (now Mentor
Graphics). Our main target was to correlate the peak height
of the maximum with the Ry, req increase of the module and
to investigate the potential crack which causes the effect. The
thermal boundary conditions of the transient temperature mea-
surements are reproduced in the model. The model of the LED
package is based on original CAD data. The model size was
about 800.000 cells. The multiple, complex, and thin layers of
the die are simplified to restrict the level of refinement and
number of cells. Only heat conduction is enabled because
the heat dissipated by radiation and convection from the LED
package and PCB to the ambient air is very small (below 5%)
and not relevant for investigating the change of the transient
signals due to changes in the solder interconnection. The value
of thermal conductivity and heat capacity of the materials were
taken from the literature. As thermal boundary condition, a
heat flux of Py, = 1.5 W was applied — distributed on the epi-
taxial layer and the phosphorus. A heat transfer boundary con-
dition P = a-A- (T — 25 °C) was applied at the bottom of the
temperature-controlled plate (« is the heat transfer coefficient,
and A is the area of the plate).

As the initial step of the simulation, a steady state simu-
lation with the thermal load of 1.5 W is performed. The calcu-
lated temperature distribution from the steady state simulation
is taken as the initial temperature distribution for the transient
simulation of the cooling down phase, for which the heat load
is switched to zero. The simulated temperature data are post-
processed:

Ty = average temperature of the volume representing the
epitaxial layer of the junction;
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Tp = maximum temperature of the temperature-control-
led plate = Tgyee (temperature below the module).

The Ry _req 1S Obtained from the junction temperature of
the initial steady state simulation using Eq. (3). From the time-
resolved cooling-down simulation, 7j(¢) is extracted and the
normalized B(V) is calculated.

Temperature controlled plate

Heat Transfer Boundary Condition: P=a A (T-25°C)

Fig. 18. (color online) Finite element model and simulated temperature
distribution of a high power LED test sample with no crack in the solder
joint.

4.4. Solder crack simulation

In the first phases of the simulation, the material parame-
ters of the simplified epitaxial structure were adjusted to match
the simulated signal with the experimental one.

After qualitative matching of the experimental curves
with the simulated ones in the relevant time domain, i.e., af-
ter 1 ms, for zero-hour conditions, the thermal conductivity of
the solder material was used as the first parameter to simulate
degradation of the solder joint. Stepwise, the thermal conduc-
tivity was reduced from the typical value of 56 W/mK for SAC
to 5.6 W/mK. This common approach represents the introduc-
tion of homogenously distributed very small cracks or voids
into the solder joint.

Afterward, cracks were simulated by defining infinite
thermal resistance on the bottom of the solder joint as the area
of the crack. This can be considered as the most severe con-
dition: The heat transfer is assumed to be fully blocked by the
crack area. Two different types of crack location and growth
were simulated: (i) crack growing from the outer region of the
solder joint toward the center of the package (referred to as
external cracks) and (ii) unphysical cracks growing from the
inside of the package toward the outer region (referred to as
internal cracks), as depicted in Fig. 19. Clearly, external crack
growth can be expected because at the outer location the stress
is at maximum level. The unphysical internal cracks are simu-
lated solely to evaluate the impact of the crack position on the

thermal resistance.

internal

=)

900 um

external

<+

I 900 pm

900 pum

4

—

|~ 900 pm

Fig. 19. (color online) Schematic view of the direction of crack development.
Red area indicates the crack locations and the corresponding arrows indicate
the direction of crack growth.

Different crack lengths were simulated, starting from 50-
pm to an almost fully cracked joint with 850-pum length. The
simulated increase of the thermal resistance for the different
crack modeling is depicted in Fig. 20. First of all, note that
the increase of thermal resistance for external and internal
cracks is much greater than the increase caused by homoge-
neous cracks. The simulated increase of the Ry, eq for the
homogeneous case matches very well with the increase that is
calculated with the one-dimensional Fourier-law for the sol-
der joint: R real_solder = 11/ (A - 1), with A the area of the sol-
der joint, £ its thickness, and A the thermal conductivity. In
the case of homogeneous cracks, the heat flow path does not
change, and only the thermal resistance of the solder joint in-
creases.

16

15 —e— external crack

—e— internal crack
14

homogenous crack
13
12
11

10

Ry, of complete LED package/(K/W)

20 40 60 80

Cracked area in percent/%

Fig. 20. (color online) Thermal resistance Ry, (junction-to-case) of the
package versus the cracked area.

By comparing Figs. 21(a) and 21(b) the difference be-
tween external and internal cracks with regard to heat spread-
ing becomes obvious. The effective area available between the
electrical pads for heat spreading is reduced as the crack prop-
agates from the exterior region toward the interior. In the case
of an external crack, the relative increase of the thermal resis-
tance for small cracks is dominated by the effect of reduction
of area for effective heat transfer through the dielectric layer
of the AI-IMS. This has to be considered when estimating the
cracked area based on experimental data.

It is interesting to note that for the LED package under in-
vestigation, a 25% homogeneously distributed crack causes an
increase of only ARy _rea1 = 0.1 K/W, because typically, 25%
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presence of voids is still accepted in SMD soldering. This in-
crease is actually almost negligible from thermal performance
point of view when the cracks are homogeneously distributed.
However a large void of 25% in one of the contacts causes a
larger thermal impact, due to the reduction of effective area for
heat spreading in the AI-IMS (AR _rea1 = 0.5 K/W). For LED
packages with a ceramic heat spreader, the thermal impact of
voids in the range of 25% is therefore limited and accept-
able. However the impact on reliability can be more severe.
Presently, investigations are ongoing to evaluate the impact of
initial voids in the solder joint on the crack growth.

heat spread

Fig. 21. (color online) (a) FE analysis of internal crack of 450 um and (b)
FE analysis of external crack of 450 um.

Figure 22 depicts the simulated logarithmic time-derived
curves for external cracks. The increase of the maximum be-
tween 70 ms—100 ms is visible, as experimentally observed
during the temperature shock test. The increase of peak height
from the transient simulation was correlated to the thermal re-
sistance increase obtained by the temperature increase calcu-
lated by the steady state simulations for homogenous cracks
and external cracks (see Fig. 20). The dependence is almost
linear, indicating a direct correlation.

Finally, it is possible to estimate the cracked area for
the failure criterion “increase of maximum larger than 0.05.”
From Fig. 16 we get for “0.05 maximum increase” an Ry _real
increase of 0.8 K/W. For external cracks, from Fig. 23 we ob-
tain a crack length of 300 pm. For homogeneously distributed
voids, a cracked area of roughly 70% is obtained. However,
in the FE simulation, the cracked area is fully thermally in-
sulating, which will not be the case in reality. Therefore, the

cracked area will be slightly larger, and the 33% can be con-
sidered to be the lower limit.

===no crack

——100 pm crack
———=200 pm crack
0.8 =400 pum crack
~——600 pum crack
06 ——800 um crack
———850 pum crack

0.4

B(In(t))

0.2

1.E06 ELS 1.E-04 1.E03

1.6-02 1.E01

0.2

Time/s

Fig. 22. (color online) Derivative of thermal response with varying exter-
nal crack lengths.

0.25

—o—external
0.2

—m-homogeneous

APeak/a.u.

0 1 2 3 4 5
Ry, increase/(K/W)

Fig. 23. (color online) Increase of maximum between 50 ms—100 ms, de-
pendent upon the increase in Ry _req)-

4.5. Failure modes

For the LED packages B, differences among the LEDs are
already observed at O-hour testing. They occur at two different
time ranges and are called failure modes in the following. The
first failure mode is “peak height” of the peak, which occurs
at 30 ms. The second failure mode, “saddle height” occurs
at 1 ms. The two failure modes are depicted in Fig. 24. The
first failure mode occurs in the time domain when the heat
flows from the ceramic carrier to the board, e.g., solder con-
tact and dielectric layer. The second failure mode occurs when
the heat flows into the ceramic carrier. Changes in the saddle
height indicate failures on the die level. It is remarkable that
within a batch of test samples at 0-hours the “saddle height”
and “peak height” both vary. For zero-hour inline inspection,
one uses a golden reference sample and defines a distinct de-
viation from the reference sample as a failure. The peak in
the B(Vv) curve occurs at a time when the temperature gradi-
ent between ceramic carriers and the Al-core of the IMS de-
cays. The height is determined by the thermal resistance of
the solder joint and the dielectric layer, i.e., the thermal re-
sistance between the ceramic and the Al-core. Whether the
contributions can be separated depends on the thermal mass
of the copper electric layer of the IMS. The variation of the
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peak height at zero hour is due to the LED position (differ-
ent heat spreading due to pad layout and drillings) and due to
production variations within the dielectric layer. Also initial
voiding in the solder joint increases the peak height. There-
fore, the assemblies were inspected by x-ray, and the variation
of voids was less than 20%. With Fourier’s law, the thermal
resistance Ry _real_solder Of the solder joint can be estimated (us-
ing the footprint in Fig. 14, and assuming a typical solder joint
thickness of 50 wm and a thermal conduction of 56 W/mK
of the tin solder results in Ry real_solder = 0.75 K/W). When
the solder joint has 20% homogeneously distributed voids, the
area of the solder joint is reduced to 80% and the thermal resis-
tance increases: AR _real_solder < 0.2 K/W. This value is hardly
detectable in the structural function. By finite element simula-
tion, a ARw_real = 0.2 K/W induces a peak increase of 0.0125.
This peak increase is resolved in the normalized B(Vv), indicat-
ing an increase of resolution due to the relative thermal resis-
tance measurement.

saddle height: peak maximum:
die/package level solder joint/board level

1073 100 10!
Time/s

Fig. 24. (color online) Failure mode “peak height” and failure mode “saddle
height” for a set of LEDs on one IMS board.

The precise root cause for the saddle height is still under
evaluation: The die interconnection between the LED and the
ceramic is most reasonable. However, the attachment of the
phosphorus to the die also influences the signal in this time
domain.

So far, 500 temperature cycles were executed for LED
type B. No changes in the saddle height had been observed
during the temperature shock test up to 500 cycles, indicat-
ing that no failures on the die and package levels occurred.
In contrast, the peak height increases. The average increase
is depicted in Table 1. The difference of the thermal degra-
dation, dependent upon the Al-IMS and the solder material is
significant. Board A is an IMS with a very thin dielectric layer
for excellent thermal performance. However for both solder
materials, strong thermal degradation is observed, indicating
either solder joint cracking or delamination of the dielectric
layer. For the first test run, delamination of the dielectric layer
of the AI-IMS was not observed. For the second test batch,
further evaluation is ongoing, i.e., the separation between the

potential failure mode dielectric layer delamination and solder
joint cracking.

Table 1. Average peak increase occurring for the different batches. The
error of the mean average is in the range of 0.002.

Board Solder Peak increase/a.u.
Board A Solder A 0.034
Board B Solder A 0.015
Board C Solder A 0.024
Board D Solder A 0.046
Board A Solder B 0.024
Board B Solder B 0.011
Board C Solder B 0.012
Board D Solder B 0.013

5. Conclusion

Transient thermal analysis of relative thermal resistance
is a sensitive tool to detect and separate failures in LED pack-
ages. The approach to analyzing relative thermal resistance re-
duces measurement effort and increases sensitivity. Depend-
ing on the focus of the analysis, the measurement time can
be reduced to 0.5 s and even lower. For dedicated testing
of the first level interconnect, i.e. the die interconnect, very
short measurement times of 50 ms are sufficient. The mea-
surement of the relative thermal resistance has the potential to
close the gap between simple electric resistance measurement
and the more advanced thermal resistance measurement that
provides much more information for failure analysis of high-
power LEDs.

The developed data processing algorithms enable auto-
matic data evaluation. High volume testing in production of
the thermal path and separation of failure modes can be imple-
mented. Both accurate reliability testing and lifetime predic-
tion can be accomplished.
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