
IEEE TRANSACTIONS ON DEVICE AND MATERIALS RELIABILITY, VOL. 22, NO. 2, JUNE 2022 175

Investigations on High-Power LEDs and Solder
Interconnects in Automotive Application:

Part I—Initial Characterization
Maximilian Schmid , Andreas Zippelius, Alexander Hanß , Stephan Böckhorst, and Gordon Elger

Abstract—Thermo-mechanical reliability is one major issue
in solid-state lighting. Mismatches in the coefficients of ther-
mal expansion (CTE) between high-power LED packages and
substrates paired with temperature changes induce mechanical
stress. This leads to a thermal degradation of LED modules by
crack formation in the solder interconnect and/or delamination in
the substrate, which in turn increases junction temperature and
thus decreases light output and reduces lifetime. To investigate
degradation and understand influence of LED package design
and solder material, a reliability study with a total of 1800 sam-
ples − segmented in nine LED types and five solder pastes − is
performed. First of all, in this paper a state-of-the-art review of
high-power LED packages is performed by analyzing and catego-
rizing the packaging technologies. Second, the quality inspection
after assembly is realized by transient thermal analysis (TTA),
scanning acoustic microscopy (SAM) and X-ray. For TTA, a new
method is introduced to separate the thermal resistance of the
LED package from solder interconnect and substrate by applying
the transient dual interface method (TDI) on samples with differ-
ent solder interconnect void ratios. Further measurement effort
is not required. The datasheet values for thermal resistance are
verified and the different LED package types are benchmarked.
The void ratio of the solder interconnects is determined by X-ray
inspection combined with an algorithm to suppress disruptive
internal LED package structures. TTA and TDI revealed that
initial thermal performance is independent of solder paste type
and that voiding is more critical to smaller LED packages. In
addition, lower silver proportion in the paste is found to increase
voiding. SAM is less sensitive for initial void detection than X-
ray, but it’s applied to monitor crack propagation while aging in
combination with TTA. The results of the reliability study, i.e.,
the crack growth under temperature shock test for the different
SAC solders, will be presented in a second independent paper.

Index Terms—LED, non-destructive testing, reliability, solder,
scanning acoustic microscopy (SAM), thermal impedance (Zth),
thermal resistant (Rth), transient thermal analysis (TTA), X-ray.
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I. INTRODUCTION

THE REPLACEMENT of conventional light sources, e.g.,
filament and discharge lamps, by LEDs in nearly all

fields of lighting is driven by optical, mechanical and electri-
cal advantages of LEDs [1] and restrictions like EU regulation
on household lamps [2]. Based on their increased efficiency
and nonhazardous materials, LEDs are eco-friendlier than
their predecessor. Further, small form factors and distributed
arrangements allow innovative optical designs [3].

LEDs can be manufactured in many different output colors.
Most common in today’s solid-state lighting industry are white
LEDs based on a blue light emitting GaN die with phosphor
light conversion. White light generation by RGB light mixing
and non-white LEDs, e.g., red LEDs for automotive back-
lights or ultra violet LEDs for adhesive curing, are relevant
as well [4]. However, the most critical parameter for all LED
applications is the junction temperature TJ . An increase in
TJ results in a decrease in light output, i.e., reduction of effi-
ciency, a shift in color and a reduction of lifetime [5]. To limit
TJ during operation to a non-critical range, the generated heat
loss must be reliably conducted from the junction through the
package and board to the heat sink (thermo-mechanical setup).
The thermal and mechanical properties determine the initial
performance of the design and the degradation according to
environmental conditions [6].

Initial performance and degradation both depend strongly
on the chosen components and materials for LED, solder
interconnect and substrate. Finding the best combination is
not trivial and valuable data is mostly not publicly acces-
sible. To reveal influences, we performed a full factorial
reliability study with nine LED types and five lead-free solder
pastes, resulting in a total sample count of 1800 high-power
LEDs, and evaluated initial performance and degradation
under thermal shock cycling by different non-destructive test
methods. X-ray is used to determine void ratio in the solder
interconnect, scanning acoustic microscopy (SAM) is used to
inspect crack growth in the solder interconnect and delami-
nation in the substrate and transient thermal analysis (TTA)
is used to evaluate initial and degraded thermal performance.
The results are presented in two papers, where this first
one covers the initial quality inspection, properties of the
LEDs, solder pastes and substrate, and test methods for qual-
ity insurance. The second part will analyze the degradation
over aging.
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TABLE I
SUMMARY OF RELEVANT OPTICAL, MECHANICAL, ELECTRICAL AND THERMAL PARAMETERS OF THE LEDS WITH IMAGES, CROSS-SECTIONS, X-RAY

IMAGES, SAM IMAGES. THE LEDS ARE NAMED ACCORDING TO THEIR INTERNAL DIE STRUCTURE

II. LEDS, SOLDER PASTES AND SUBSTRATE

For this reliability study, nine different LEDs and five
different lead-free solders are investigated using a full fac-
torial design of experiments. Aluminum insulated metal sub-
strate printed circuit boards (Al-IMS-PCB) were designed
for 10 LEDs per type. For every solder type four substrates
were assembled with LEDs. Altogether the study contains
1800 LEDs on 20 substrates. LED types, solder pastes and
substrate are described in following subsections.

A. LEDs

All nine LED types from seven different manufactures
are packaged white high-power LEDs in surface mounted
technology (SMT). Light is generated by a GaN semicon-
ductor die emitting blue light with a phosphor converter on
top for light conversion. All LED types are named accord-
ing to their internal die structure discussed later. Images,

cross-sections together with relevant optical, electrical, ther-
mal and mechanical parameters are summarized in Table I.
Several characteristics are quite similar for all LEDs, like the
dominant blue wavelength λdom between 440 – 450 nm and
the forward voltage Vf of approx. 3 V at nominal current INom.
Others strongly differ like the mechanical dimensions, package
type and the thermal properties.

Most relevant for thermal performance and reliability is the
thermo-mechanical setup of the LED package and the internal
die structure. For mechanical stability and heat spreading,
the LED dies are attached to an AlN ceramic submount or
copper-based lead frame with soldering pads at the bottom in
all designs. The internal die structure can be classified into
three groups for the inspected LED packages, schematically
described in Fig. 1. All die structures follow modern design
aspects for high power LEDs and are quite similar except for
differences in internal current routing and lead out contacts
for anode and cathode. The basic principle is an n-side-up
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Fig. 1. Schematically description of the internal die structure with: 1) FC-SP: Flip Chip with solder pads used for FC-SP1 - FC-SP4, 2) FC-GB: Flip Chip
with gold bumps used for FC-GB1 - FC-GB3 and 3) VTF: Vertical thin film used for VTF1 and VTF2. If the sapphire is removed by LLO, the phosphor is
directly attached to the n-layer. Black lines represent electrical isolation between materials.

GaN die with vertical current flow. The electrical connection
to the n-layer is realized by n-Vias through the light generating
epitaxial layer (EPI) and p-layer. The relative thermally low
conductive sapphire substrate, on which the GaN is grown, is
for all die structures in the optical path above the n-layer.
Therefore, the sapphire is not in the heat conduction path
and doesn’t influence the temperature of the EPI significantly,
which is advantageous for thermal management [1]. In addi-
tion, for some LEDs the sapphire is removed by a laser lift
off (LLO) process. The phosphor is therefore either attached to
the sapphire or to the die in form of a ceramic based platelet or
as silicon-based layer. The removal of the sapphire improves
optical performance and reduces the phosphor temperature due
to direct thermal connection to the die [7]. The roughly 100μm
thick sapphire and the phosphor containing ceramic platelet act
as additional stiffener for the die and can be beneficially for
thermo-mechanical reliability. For all automotive LEDs a TiO2
side coating is used to suppress sideway light emission out of
the sapphire and the phosphor. The differences of the internal
structures are now briefly described:

1) Flip Chip With Solder PADS (FC-SP): The anode and
cathode contacts in form of two planar pads are at the bottom
of the LED die, attached by soldering (often eutectic Gold/Tin)
to the submount. Over a redistribution layer (RDL) anode is
electrically routed to the p-layer over the �-Layer and cathode
routed to the n-layer over the n-Vias. The light generating EPI
is in-between n-layer and p-layer [8].

2) Flip Chip With Gold Bumps (FC-GB): This structure is
nearly identical to FC-SP. The only difference is, that the back-
side connections for anode and cathode are realized by gold
bumps to the submount instead of two solder interconnects. To
improve mechanical stability, an underfill is applied between
die and submount [9].

3) Vertical Thin Film (VTF): In this structure, anode con-
nection is realized from the top of the �-Layer contact region
by a wire bond to the submount. Therefore, this design is by
definition not a flip chip. The planar die attach over the com-
plete die surface is only used for the cathode connection and
is connected to an electrically conductive buffer layer with
access to the n-Vias. On top of the buffer is the �-Layer with
an electrical isolation in-between. No RDL is required in this
structure. Above the �-Layer the VTF is identical to FC-SP
and FC-GB [10].

All LEDs are classified with INom = 1 A, except for the
FC-SP1 with only INom = 350 mA. This is due to the smaller
die size of the FC-SP1 with 0.6 mm2 compared to the others

TABLE II
COMPOSITION IN WEIGHT PERCENTAGE FOR THE DIFFERENT PASTES,

SORTED BY AG PARTS. REMAINING PART IS SN

with approx. 1 mm2. Only the FC-SP2 and FC-SP3 have larger
dies with 1.9 mm2 resp. 1.3 mm2. A copper lead-frame sub-
mount is used for VTF1 and FC-SP1 while all others use an
AlN ceramic submount with top and bottom metallization and
vias to connect both sides. For SMD soldering, the FC-SP1,
FC-SP2 and FC-GB3 use a symmetrical two-pad design, with
one pad for anode and one for cathode. The VTF1 has a three-
pad design where two pads are electrical connected through
the copper submount. All other LEDs use a three-pad design
with one electrical isolated pad below the die (thermal pad)
for improved heat management. The sapphire was removed by
LLO for FC-GB1, VTF1 and VTF2.

B. Solder Pastes

Five commercial Sn based lead-free solder pastes were
selected for this study, with their composition listed in Table II.
Two of them are pure SAC (Sn, Ag, Cu) alloys with dif-
ferent portions of silver. The others are SAC+ pastes with
additives of Sb, Bi, Ni or In, developed for improved thermal
performance and reliability [11].

All pastes were of type 4 (solder sphere diameter: 20 μm
to 38 μm) and applied by a screen-printing process using a
75μm stencil. LEDs were placed with a semi-automatic pick-
and-place machine. A batch oven was used to apply the same
standardized reflow soldering profile [12] for all pastes with
nitrogen protective atmosphere and vacuum by a membrane
pump during liquidus time depicted in Fig. 2.

C. Substrate

The LEDs were soldered on an insulated metal substrate
printed circuit board (IMS-PCB) with 70 μm copper, a 50 μm
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Fig. 2. Reflow profile with vacuum and nitrogen protective atmosphere.

Fig. 3. (a) PCB with 90 LEDs soldered with one paste and (b) sub-PCB
with two LEDs of one type.

thick dielectric with a thermal conductivity of 4.2 W/mK and
a 1.6 mm aluminum core. Each IMS-PCB is assembled with
90 LEDs and can be separated into 45 sub-PCBs (each holding
two LEDs of the same type), arranged in nine columns for
the nine LED types and five rows. An image of an assembled
IMS-PCB is shown in Fig. 3(a) with a closer look to one sub-
PCB holding two LEDs in Fig. 3(b). Four IMS-PCBs were
assembled per solder paste.

III. INSPECTION METHODS

A. X-Ray

X-ray is the most popular inspection method nowadays in
development and production of electronics. Continuous devel-
opment of X-ray equipment has enabled fast inspection even
at production speed, 3D inspections and resolutions down
to μm range [13]. For X-ray inspection, the specimen is pen-
etrated by a high energy electro-magnetic beam where the
radiation is partly absorbed by the material depending on den-
sity and atomic number. The penetrating radiation is recorded
on the backside of the specimen by an X-ray detector and
summarized as a 2D image [14].

For electronics, X-ray is mostly used to detect voids (gas
inclusions in the solder joint) and non-wetted solder areas
(unsoldered regions due to residues or contamination on com-
ponent or substrate). Both appear brighter in the X-ray image
since more radiation can pass through the specimen due to
missing metallic material. X-ray is not suited for crack detec-
tion in the solder joint, except if the crack propagation is

parallel to the radiation, because cracks are minimal material
separation without a volume change [15].

For this study, all LEDs were initial inspected with the same
settings on standard 2D X-ray equipment and X-ray images
from one sample LED of each type are included in Table I.

B. Scanning Acoustic Microscopy

Focused acoustic waves in the range of 15 to 300 MHz
are used for SAM inspections. The waves are emitted by a
transducer towards the specimen, which is placed in water as
couplant, requiring a subsequent drying process. While pene-
trating the specimen, parts of the acoustic wave are reflected
back at any interface between two different materials accord-
ing to their difference in acoustic impedance. These reflections
are recorded time resolved by the transducer and the pattern
and delay is analyzed. By raster scanning in x and y direc-
tion over the specimen, the information of single points is
combined in a 2D image holding the surface and/or volume
information of the specimen [16]–[18].

The resolution of the SAM images is worse compared to
X-ray and depends on the used frequency. Higher frequencies
increase the resolution but reduce the penetration depth and
therefore also the analyzable depth [19]. However, besides
voids and non-wetted areas, cracks are detectable with
SAM. Small material separations represent interfaces from
material to gas for the acoustic wave and cause a back reflec-
tion. Therefore, the SAM focus in especially of the detection
of crack growth during the reliability investigation (second
part of the study published separately) and has as initial
inspection method a minor importance, i.e., in SMD reflow
soldering typically solely X-Ray is used for the high-power
LED packages.

For this study, all LEDs were initially inspected with a
50 MHz transducer from the backside to qualify the solder
interconnect. An inspection from the topside was not possi-
ble, since the inhomogeneous internal material structure of the
LED impeded an evaluation. Interferences by the woven fabric
structure of the dielectric while measuring from the backside
were only minimal for the used substrate and therefore this
measurement direction was selected. Transducers with higher
frequencies didn’t reached the required penetration depth for
solder joint inspection. SAM images of one sample LED
per type (same samples as for X-ray images) are included
in Table I, already mirrored vertically to compensate for the
measurement from the backside for comparison to the X-ray.

C. Transient Thermal Analysis

TTA is a widespread measurement method to qualify
the thermal performance of semiconductors in a thermo-
mechanical setup. The key parameter is the thermal impedance
Zth(t), representing the time dependent temperature change
�T(t) for a change in power loss �P:

Zth(t) = �T(t)

�P
. (1)

The TTA measurement principle is applicable for all kinds
of semiconductors and defined especially for LEDs in [20].
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Fig. 4. (a) Measurement sequence of transient thermal analysis and (b) sim-
plified schematic circuit diagram of measurement equipment.

The applied measurement sequence is depicted in Fig. 4(a)
and the electrical measurement circuitry in Fig. 4(b). At first,
the LED is driven by a constant heating current IHeat for the
time tHeat, resulting in an increase of the junction temperature
TJ of the LED through internal energy loss. IHeat should be
chosen as high as possible without driving the LED in critical
condition or with INom to achieve an adequate temperature
increase. During tHeat, thermal equilibrium should be reached
to avoid incorrect results, which normally takes between 1 s
to 10 s dependent on the thermo-mechanical setup. After tHeat,
the driving current is switched very fast from the heat current
source to a second constant current source with a much lower
constant sense current ISense and the LED begins cooling down.
During tSense, TJ is continuously measured indirectly through
the temperature sensitive forward voltage Vf of the LED with
a linear dependency SEN of approx. −1 to −2 mV/K at ISense:

�TJ(t) = �Vf (t)

SEN
= k ∗ �Vf (t). (2)

It should be mentioned that in some literature the k factor
is used instead of SEN, which is its reciprocal.

For LEDs, two different Zth(t) are defined in [20]. Both
can be calculated with (1). First is the electrical thermal
impedance Zth-el.(t), based on the change in electrical power
between heating (PHeat-el. = IHeat ∗ Vf -Heat) and sensing
(PSense-el. = ISense ∗ Vf -Sense):

Zth-el.(t) = �T(t)

PHeat-el. − PSense-el.
. (3)

Second is the real thermal impedance Zth-real(t), based on
the real change in thermal loss. For LEDs, part of the electrical

power is converted into the optical power POpt and don’t have
to be considered for the thermal behavior:

Zth-real(t) = �T(t)

PHeat-el. − PSense-el. − POpt
. (4)

Zth-real(t) requires an additional complex measurement of
POpt with, e.g., an integrating sphere [21]. However, since
lighting modules are in nearly all commercial application not
regulated on their optical output but on their electrical input,
Zth-el.(t) is the more relevant for reliability testing. In that
case, an age induced efficiency degradation of the LED is also
included in the evaluation. Therefore, in the following Zth(t)
means Zth-el.(t).

Evaluation of TTA data can be done in many different ways.
Easiest is the evaluation of the thermal resistance Rth, the ter-
mination value Zth(t = ∞), to rate the performance of the
complete thermal path of the thermo-mechanical setup. But
that way, a degradation is only detectable for the whole thermal
path and not assignable to single layers inside the thermo-
mechanical setup. To narrow the location of degradation to a
single layer, the Zth(t) of the device under test (DUT) is com-
pared to a reference Zth(t). As long as the Zth(t) curves are
overlapping, the thermal paths are also identical. At the points
of separation, the thermal paths start to differ due to a bet-
ter thermal performance of one device compared to the other.
The closer the layer is to the junction of the LED, the earlier
the point of separation occurs in Zth(t) and vice versa [22]. In
that way, different time intervals can be connected to different
material layers and a Zth(t) increase at a certain time assigned
to certain degradation types. For an exact definition of the sep-
aration time, [22] describes a method using the derivative a(z)
of Zth(t) with respect to z = ln(t):

a(z) = dZth(z)/dz. (5)

The separation time is defined as the point where the differ-
ence �a(z) between the two sample exceeds a predefined limit.

Besides the comparison of Zth(t), there are also more com-
plex mathematical evaluation methods popular with TTA such
as the normalized logarithmic derivative [23] and the struc-
ture function [24], but a deeper discussion of the field of
TTA evaluation would go beyond the scope of the paper.

For the TTA measurements, an in-house developed auto-
matic TTA measurement equipment [25] was used to allow
the inspection of the high sample count. The IMS-PCBs are
fixed to a temperature stable plate with a thermal interface
material (TIM) in between and spring probes mounted on a
XYZ-table are used to successively contact and measure all
LEDs. Each LED was measured with a sample frequency of
10 MHz for tHeat = tSense = 3 s (sufficient to reach ther-
mal equilibrium) and 10 repetitions to reduce noise. IHeat was
set to INom (see Table I) and ISense to 20 mA for all LEDs.
Before the TTA sequence, SEN is determined by measure-
ment of Vf at four temperature levels between 25 ◦C and
55 ◦C. With this setting, a measurement of one IMS-PCB
with 90 LEDs took about 3 h with the automatic measure-
ment equipment including automatic SEN measurement at
four different temperatures. A manually measurement of all
20 substrates wouldn’t be realizable.
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TABLE III
AVERAGE AND STANDARD DEVIATION OF VOID RATIO BY LED TYPES (AVERAGE OVER ALL SOLDER PASTES)

Fig. 5. Visualization of void detection algorithm for one sample LED of
type FC-GB1 with a void ratio of 2.7%. (a): raw X-ray image of the DUT
with disturbing internal structures; (b) average image subtracted from (a);
(c) final image with marked LED outline (blue) and marked void outline (red)
determined by thresholding of (b).

IV. RESULTS

A. Void Inspection

Only X-ray images were used for solder interconnect void
inspection. SAM images contain information of lager voids
too, but smaller ones are not detected due to limited resolution.
For this reason, SAM images are not further investigated in
this paper but used for evaluation of crack propagation while
thermal shock cycling as discussed in the subsequent paper
about this study.

The void ratio (Void area compared to solder interconnect
area) was determined by an in-house developed image process-
ing algorithm in MATLAB and is complex compared to even
advanced algorithms [26]. The fine internal metallic structures
with sharp edges of the LEDs (e.g., top metallization of the
submount, wire bonds and gold stud bumps) prevent a sim-
ple threshold analysis. Instead, at first the outline of all LEDs
of one type is detected and the average image generated by
overlapping all of them to obtain a “void-less” X-ray image.
The average image is then subtracted from the DUTs X-ray
image to receive information of voids only, without or with
minimized disturbing internal structures. In this image, it is
possible to detected the voids by thresholding. A visualization
of the algorithm can be seen in Fig. 5.

The results of the void ratio determination are summarized
in Fig. 6 and listed in Table III. For all LED types except
FC-GB3, an average over all pastes void ratio below 4% was
achieved due to soldering under vacuum. For FC-GB3 only
SAC+Sb had a voiding comparable to the other LEDs. All
other showed an intense voiding, visible in Fig. 7 with five
representative LEDs. Even so all LED types had a similar gold
pad surface finish and were solder on the same IMS-PCB at the
same time, a possible reason for the more intense voiding is a
contamination of the solder pads of FC-GB3. Hereby the flux
in the SAC+Sb paste was able to handle the contamination,
but the other pastes not.

Overall, a relation between the Ag parts in the paste and
void ratio is observed. SAC+SbBiNi with the most silver parts
reached the lowest average void ratio with 1.5% over all LEDs.
Followed by SAC+Sb with 2.2% void ratio, SAC305 and
SAC+BiIn both with 2.9%. SAC105 with the fewest silver
parts showed the highest void ratio with 3.9%.

B. Temperature Sensitivity

The sensitivity SEN was determined individually for all
LEDs. Vf at ISense was measured at four different tempera-
tures (25 ◦C, 35 ◦C, 45 ◦C and 55 ◦C) and the dependency
calculated by simple linear regression [27]. All LEDs showed
a coefficient of determination r2 of at least 0.9999, proofing a
strong linear correlation. A Burn-In for 24 h at INom to reduce
variance in SEN like described in [20] was not performed for
reasons of complexity with the high sample count.

The measurement results for one representative LED of each
type are plotted in Fig. 8(a) with measurement points as cross
marks and the calculated linear regression as dashed line. The
slope of linear regression represents SEN. Linear dependency
is given for all LED types. However, SEN and Vf (ISense) vary
between the LED types and also for LEDs of the same Type.

To evaluate average and variation in SEN and Vf (ISense)

between and inside the LED types, the SEN values of all
LEDs are plotted over their Vf (ISense) at 25 ◦C in Fig. 8(b) as
a point cloud. Each point represents a single LED and the
different LED types are sorted by color. Additionally, average
and variance of SEN and Vf (ISense) are listed in Table IV. The
four FC-SP LEDs showed the smallest SEN between −1.0
and −1.1 mV/K with a small variance of approx. 1%. The
influence of the LED structure on SEN will be discussed later
in this section. The small SEN of the four SP LEDs imply
smaller temperature induced Vf drift in application and accord-
ingly require smaller operation ranges for the power supply,
but for TTA they are adverse since they reduce measure-
ment signal and therefore signal quality. The small variance
in SEN for these LEDs allows a reduction of measurement
time by calculating Zth(t) based on an average SEN value
and not on an individual measurement for each LED with-
out excessively disturbing the results. However, in this study
all SEN were measured individually and used for the later
Zth(t) calculation. For FC-GB2 and FC-GB3, SEN is slightly
higher with a higher variance around 4.5%, which already
requires an individual determination to avoid errors. VTF1
and VTF2 showed even higher SEN with −1.45 mV/K resp.
−1.63 mV/K, and the highest variances of the LED types with
10.6% resp. 12.2% mandating an individual SEN determina-
tion. For the FC-GB1 LEDs the highest SEN with −2.0 mV/K
was observed with a variance of only 1.0% offering the best
conditions for TTA measurement in principle.
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Fig. 6. Average void ratio and standard deviation separated by LED type and solder pastes. On the right side, the average void ratio over all LED types is
added. The solder pastes are sorted by ascending silver parts from left to right.

TABLE IV
AVERAGE AND STANDARD DERIVATION OF THE FORWARD VOLTAGE AT SENSE AND NOMINAL CURRENT PLUS

SENSITIVITY SEPARATED BY LED TYPES

Fig. 7. Voiding of the solder paste for five representative LEDs of type
FC-GB3. Besides for (d) SAC+Sb, all other pastes showed intense voiding.

Overall, a linear dependency between SEN and Vf (ISense)

is observable in Fig. 8(b) over all LEDs. With increasing
Vf (ISense), SEN is decreasing (the absolute value of SEN is
rising). This behavior can be explained using the theoretical
approach

SEN = eVf − Eg

eT
+ 1

e

dEg

dT
− 3kB

e
︸ ︷︷ ︸

due to junction

− 1

2

Ea + 2SkBT

kBT2
IRS

︸ ︷︷ ︸

due to resistance

(6)

with the band gap energy Eg, the elementary charge e, the
Boltzmann constant kB, the activation energy of the acceptors
in the p neutral region Ea and the parameter S = −2/3 at
room temperature [28], [29]. Since the temperature depen-
dency of only the junction [30] would describe an inverse
behavior then observed in Fig. 8(b), (6) is extended by the
temperature dependency the serial resistance RS of the p neu-
tral region. Higher RS increases Vf (ISense) and also decreases
SEN, but the observed RS < 0, 5� at nominal condition would

solely cause a significant lower change of the SEN and didn’t
explain the magnitude. However, for the low ISense the LED
is not specified in the datasheet since these currents doesn’t
affect the normal operation range. Therefore, inhomogeneous
current distribution at the low ISense can be a potential reason
which can increases RS significantly and explain the magnitude
of the change of SEN. An inhomogeneous current distribution
can cause a higher RS at ISense, due to a reduction of the effec-
tive area through which the current flows. A potential reason
for that is the lower number of n-Vias for the LEDs which
reveal the negative dependency of SEN from Vf (ISense) com-
pared to the higher number of n-Vias for the FC-SP LEDs,
for which the effect wasn’t observed. Further investigations
are required and ongoing to proof this hypothesis.

C. Forward Voltage at Nominal Current

Vf was measured at INom for all LEDs by consider-
ing the last stable measurement point while heating in the
TTA sequence, meaning in thermal equilibrium after 3 s.
However, the manufacturers mention different measurement
conditions in their datasheet (e.g., at a higher temperature or
without reaching thermal equilibrium) and therefore the values
are not directly comparable.

The binning voltage ranges from the datasheets plus the
measured average and variance of Vf (INom) are summa-
rized in Table IV. Compared to Vf (ISense), the variance of
Vf (INom) is increased for all LED types. At INom, besides
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Fig. 8. (a) Measured Vf at ISense at different temperatures for one sample
LED of each type. The measurement points are marked with crosses and the
calculated linear fit as dashed line. The slope of the linear fit represents the
sensitivity SEN. (b) SEN over Vf at 25◦C at ISense for all sample in form of
a point cloud. Each point represents one LED.

the semiconductor pn-junction itself, the variance of parasitic
serial resistance of �-Layer and package affects the electri-
cal behavior, causing the higher variation. Except for VTF1
and VTF2, all samples are inside the specified binning range,
with a variance much smaller than the range itself. VTF1 and
VTF2 both specify Vf (INom) not at thermal equilibrium but
after a short pulse, causing an average value close to the lower
border with a few samples below the specified range.

D. Interpretation of the Thermal Impedance

The results in Zth(t) for one representative sample LED of
each type are plotted in Fig. 9 with the different chip tech-
nologies assigned to different line styles (Solid line: FC-SP,
Dotted line: FC-GB and Dashed Line: VTF).

In the early time range until approx. 1 ms all LEDs follow
similar trends except FC-GB1 (above), FC-SP2 and FC-SP3
(both below). This time range is mainly defined by the ther-
mal properties of the LED die and the attach technology to
the ceramic/copper submount. FC-GB1 shows a poorer ther-
mal performance in this time range due to the underfill in the
gold bump layer. For FC-GB2 and FC-GB3 (using the same
technology), this effect was not observed. The smaller gold
bump height (15 μm compared to 30 μm of the FC-GB1) and

Fig. 9. Thermal impedance Zth(t) of one representative sample LED of each
LED type. The line styles of the curves refer to the different chip technologies.
Solid Line: FC-SP; Dotted Line: FC-GB; Dashed Line: VFC.

a higher thermal conductivity of the underfill are possible rea-
sons. For FC-SP2 and FC-SP3 the better thermal performance
in early time range is explicable by wider heat spreading due
to a larger die (1.9 mm2 resp. 1.3 mm2 compared to approx.
1.0 mm2 for the others). However, FC-SP1 has the smallest die
with 0.6 mm2 but is comparable to the other LEDs, implying
good die design and die attach for this LED type.

After 1 ms, the Zth(t) curves follow different trends and
finally terminate in different steady state Rth values. This time
range is mainly defined by the ceramic/copper submount, the
solder interconnect, the substrate and the TIM to the tempera-
ture stable plate. The lowest Rth with 6.1 K/W is achieved by
the FC-SP2 due to the largest die and good package proper-
ties. Next best with ca. 6.8 K/W is the VTF1 with the largest
package (14 mm2) and solder pad design (5.4 mm2), allow-
ing a better thermal dissipation through wider head spreading.
Additionally, a copper submount has a higher thermal con-
ductivity than a ceramic submount. FC-SP3 reached the third
lowest Rth with 7.4 K/W. Here as well the reason is the better
heat spreading due to a larger package with 5.0 mm2 compared
to the remaining LEDs.

FC-SP4, FC-GB2, FC-GB3 and VTF2 reached different
Rth, even if all have similar package sizes between 2.5 and
3.0 mm2. FC-GB2 and FC-GB3 show a poorer performance
with ca. 9.5 K/W resp. 10.3 K/W. The early Zth(t) separa-
tion from the other two before 10 ms suggest that the ceramic
submount is the limiting factor. The thinner submount met-
allization or an inferior thermal conductivity of the ceramic
itself are possible reasons. The different trend between these
two after 100 ms is explainable by the pad design, whereby the
three-pad design of FC-GB2 is advantageous compared to the
two-pad design of FC-GB3. Also, for VTF2 and FC-SP4 the
pad design is potentially responsible for different Rth with
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8.4 K/W resp. 9.0 K/W. For VTF2 all three pads have approx.
the same size, allowing a shared heat transfer which seems to
show better performance than one huge thermal pad and two
smaller electrical pads of FC-SP4.

FC-GB1 reached a Rth of 10.0 K/W, much above the
expected value according the great package size of 4.4 mm2.
The increase of Zth(t) after 1 ms is comparable to FC-SP3 with
a similar size, but the huge difference already emerged ear-
lier due to the gold bumps and underfill previously mentioned,
causing the higher Rth.

With ca. 10.6 K/W, the FC-SP1 has the highest Rth caused
by the smallest die and package size. However, the good die
and package design allows a comparable thermal performance
even with a smaller size.

E. Rating of the Thermal Impedance by Time Interval
Separation

Interpreting and understanding TTA curves is one thing,
but direct quantitative rating is difficult. Therefore, the Zth(t)
curves are separated into three main time intervals in this
paper using the dual interface (TDI) method described in [22].
First one is dedicated to the LED package and ends at the
time tCase-LED. The second interval is dedicated to the solder
interconnect and substrate and ends with tCase-Sub. The final
interval is dedicated to the TIM and last until the end. The
change in Zth(t) within these intervals is defined as the thermal
resistance of the LED package for junction to case Rth-JC, the
thermal resistance of solder interconnect and substrate Rth-S&S

and the thermal resistance of the TIM Rth-TIM .
The times tCase-LED and tCase-Sub are determined individu-

ally for each LED type. For tCase-Sub, one sample is measured
two times, once with the standard TIM and once without TIM,
leading to a reduced thermal performance. At the point of sep-
aration, the influence of the substrate on Zth(t) is ending and
the TIM defines the further behavior. The separation point is
therefore defined as tCase-Sub and is determined by inspection
of the difference �a(z) between the two measurements.

For tCase-LED, the process is more complex since no changes
can be carried out in the solder interconnect for one sample.
Instead, two different samples with different voiding ratios are
used. Voids reduce the heat flow cross section of the solder
interconnect and decrease the thermal performance. However,
the samples for this method have to be selected carefully to
avoid artefacts earlier then tCase-LED due to different package
properties. Also, too high void ratios in one interconnect, espe-
cially single big voids, lead to an earlier separation because
the heat flow inside the LED package is changed. The process
to determine tCase-LED is exemplary described for FC-GB3 in
Fig. 10 showing the difference �Zth(t) in (a) and difference
�a(z) in (b) of two low void samples (bluish lines), two mid
void samples (reddish lines) and an inadequate sample in grey.
Earlier than 10 ms, no difference in a(z) between the low and
mid void samples is observed, implying a lack of thermal dif-
ference. Afterwards the mid void samples show a higher a(z)
because of voiding and the exact separation point (marked as
vertical dashed line in Fig. 10) is determined when the value

Fig. 10. Transient dual interface method adapted to determine tCase-LED for
Rth-JC calculation of the LED package by comparing samples with different
void ratios. (a) shows the difference �Zth(t) between the sample under test
and the low void reference sample 1 and (b) shows the difference �a(z)
between the samples and the low void reference sample 1.

is significantly larger than the noise, e.g., at 10% of the max-
imum �a(z). For the inadequate sample the separation occurs
earlier, showing how its use would cause a wrong estima-
tion. Instead of using �a(z) like in this paper, �Zth(t) can be
also used, but the lower sensitivity to changes leads to later
separation points visible in Fig. 10(a).

This method was only possible using solely samples from
the study for FC-GB3. For all other types, the number of
higher voided samples was too low. Therefore, additional sam-
ples were soldered using a modified SAC105 paste, e.g., with
addition of Ni particles, where larger void ratios are created.
This paste showed a slightly higher voiding with approx. 5%
on average for all LED types. Actually, when using a stan-
dard reflow profile without vacuum, the distribution of voids
is much broader and high void and low void samples can be
found in every solder batch.

The results for tCase-LED and tCase-Sub together with the
average and variance values of Rth-JC, Rth-S&S and Rth are
summarized in Table V and Fig. 11. For Rth-JC, the maximum
(red horizontal lines), minimum (blue horizontal lines) and/or
typical value (black horizontal lines) from the datasheet are
added if available.
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TABLE V
AVERAGE AND STANDARD DEVIATION OF THERMAL RESISTANCES JUNCTION TO CASE, SOLDER & SUBSTRATE AND COMPLETE PLUS RELATED

SEPARATION TIMES OF THE LED TYPES

Fig. 11. Average and standard deviation of Rth-JC, Rth-S&S and Rth grouped by LED type and solder pastes. Each group contains 40 LEDs. On the right
side the average over all LEDs with the same solder paste is added.

With around 10 ms, tCase-LED is in a similar range for all
LEDs. The two LEDs with copper submount (FC-SP1 and
VTF1) showed smaller tCase-LED due to the higher thermal
diffusivity of copper compared to AlN allowing a faster heat
transfer [31]. With 100 ms, tCase-Sub is identical for all LEDs
since it’s mainly defined by the IMS-PCB, which is identical
for all.

For Rth-JC, only small variances due to variations in man-
ufacturing process are observed, with no dependency on the
solder paste for all LED types. In case of a maximal Rth-JC

given by the datasheet, all LEDs were below this level except

FC-GB3 exceeding it slightly. Conspicuous is the FC-SP2 with
a measured Rth-JC far below the typical value mentioned in
the datasheet, only reasonably explained by a very conserva-
tive estimation of the manufacturer. FC-GB1 is found above
the typical value. However, the datasheet mentions only one
Rth-JC for all optical efficiency bins. The used LEDs were
from the poorest bin and hence produce more thermal losses
at same electrical input, which increases Zth-el.(t).

This adaption of the TDI is an efficient way to deter-
mine Rth-JC without relying on the datasheet value. However,
depending on the location of the voids, a slight variation is
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Fig. 12. Correlation between void ratio and Rth-S&S. Each point represents
a single LED separated by color for the different LED types. A linear fit is
added for every LED type as dashed line.

observed but well below 10%. Compared to other methods to
separate Rth of the package from the contribution of the board,
the method is accurate and in addition requires no further
material or experimental effort.

For Rth-S&S only slight variances are observed for most
of the LED types, mainly due to material variations of the
IMS-PCB dielectric. For FC-GB3, the SAC+Sb paste shows
a smaller average Rth-S&S due to the lower voiding compared
to the other pastes (see Section IV-A). A greater variation
is observed for FC-SP1 where SAC+Sb and SAC+SbBiNi
show higher average values and also a higher voiding. Overall
Rth-S&S correlates with the solder pad size of the LEDs.
FC-SP1 with the smallest pads and therefore least heat spread-
ing shows the highest Rth-S&S, followed by FC-GB2, FC-GB3
and FC-SP4 with the next smallest pad size. However, the dis-
tinctly bigger pad size of VTF1 compared to the others does
not reduce Rth-S&S to the same extent.

A simple rating is also possible with Rth, but the variance
is higher compared to Rth-JC and Rth-S&S. Rth depends on the
thermal properties of TIM, susceptible to changes by deteri-
oration due to usage and compression force. This study also
concentrates on the degradation of LED, solder interconnect
and substrate and therefore the TIM is excluded from the data
by analyzing Rth-JC and Rth-S&S in the defined time intervals.

F. Influence of Voids on the Thermal Resistance

To evaluate the influence of voids on the thermal performance,
the void ratio is plotted against Rth-S&S in Fig. 12. Each point
represents an LED and the different LED types are separated by
color. A linear fit was used to determine the correlation for all
LED types and is shown in Fig. 12 as a dashed line. An identifi-
able increase of Rth-S&S with the void ratio is only observed for
LEDs with already the highest Rth-S&S (FC-SP1, FC-GB3) and
their correlation listed in Table VI. For FC-GB3 a 10% void-
ing ratio leads to an increase of 0.16 K/W on average, which
is close to the expected increase of 0.11 K/W (interconnect
height: 40 μm; thermal conductivity: 58 W/mK; assumption of
constant interconnect volume, i.e., height is increased by 10%

TABLE VI
CORRELATION BETWEEN VOID RATIO AND Rth-S&S

for the voided interconnect). The remaining part is caused by
the cross-section reduction in the substrate due to the voids.
A rise by 0.16 K/W would be an increase of only 3.6% in
Rth-S&S and of 1.6% on Rth. For FC-SP1, 10% voiding results
in 0.3 K/W increase, a change of 5.0% in Rth-S&S and of 2.8%
on Rth. The expected increase of the interconnect would be
0.20 K/W. However, for FC-SP1 the correlation is not accurate
for higher voiding since no samples were in this range. All
others LED types showed no correlation between Rth-S&S and
void ratio. Compared to the variance of Rth-S&S in total, the
influence of voiding is small and voiding under a certain limit
is uncritical for the initial thermal performance for all LEDs
in this study.

V. OUTLOOK

The second paper about this study will concentrate on the
long-time thermal performance of the LEDs and the solder
paste. Thermal shock cycling between −40 ◦C and 125 ◦C
for 1500 cycles is used for accelerated ageing and the LEDs
measured after certain cycling progress by TTA, SAM and X-
ray and destructive cross-sections. The main goal is to observe
the degradation process of LED, solder interconnect and sub-
strate to evaluate key parameters for quality and reliability for
LED lighting modules.

VI. CONCLUSION

An extensive reliability study with 1800 white high-power
LEDs is carried out having nine LED packages from different
LED manufactures and five solder pastes under investigation.
The dominating package types for high-power LEDs is the
ceramic submount package, i.e., only two lead frame packages
were identified for the study. In this paper, the measure-
ment methods X-Ray, SAM and TTA are described, which
are applied for the first time in combination in such a large
reliability study. First, X-ray images were used to determine
the void ratio with an in-house developed algorithm to disre-
gard disturbing internal LED package structures. Through the
used vacuum soldering profile, the void ratio was kept under
4% on average for all LEDs except one LED type, which
showed higher voiding. With increasing proportions of silver
in the paste, less voids are observed. Second, SAM images
provided a smaller resolution compared to X-ray impeding an
accurate void ratio determination, but SAM will be important
and reveal it strength later when inspecting solder interconnect
crack propagation. Third, TTA was used to rate the initial
thermal performance of the LEDs. The temperature sensitivity
was inspected individually for every LED, showing a sensi-
tivity range between −1.0 mV/K and −2.0 mV/K, strongly
dependent on the LED type. Due to variance inside one LED
type, some LED types require an individual inspection of
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the sensitivity to obtain accurate TTA data, but not all. The
interpretation of the thermal impedance of the LED types
allows an analysis of the package designs with pros and cons.
For a quantitative rating, the transient dual interface (TDI)
method was applied to low and mid voided LEDs and the
package thermal resistance Rth-JC was measured directly. TDI
was also applied to measure the thermal resistance of solder
and substrate Rth-S&S. Especially for Rth-JC this is a simple, in
the paper documented method, which enable to test datasheet
values and separate LED failures from solder and substrate
failures. Only slight variations in Rth-JC are observed within
the individual LED types, however, discrepancies with the data
sheet values of some LEDs are found. For Rth-S&S nearly no
differences are observed between the solder pastes, proving
that the solder material has no influence on the initial ther-
mal performance. A correlation between void ratio and Rth-S&S

could be obtained for the two LEDs with the smallest solder
area, where the contribution of the solder interconnect is rela-
tively high. For all other LEDs, the achieved void ratio showed
no measurable impact on the initial thermal performance.
Rth-S&S depends on the LED package size. Larger packages
allow a heat spreading inside the packages reducing Rth-S&S,
which has to be considered for the evaluation of the thermal
performance.
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