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Abstract
This paper demonstrates a heterogeneous integration
of solid state lighting (SSL) module, including light
source (LED) and driver/control components. Such
integration has been realized by the polymer-based
reconfigured wafer level package technologies and such
structure has been prototyped and tested. The structure
design, thermal design consideration, material selection &
process technologies, and mechanical challenges will be
also described in this paper.
Keywords: Wafer level packaging, Solid state lighting,
reconfigured wafer, polymer based package
Introduction
As SSL is digital in nature, it has inherited excellent
advantage to combine lighting function with other
functions to create advanced, smart, miniaturized and
multi-function system. This paper is focusing on generic,
low-cost, and highly-flexible smart SSL systems
integration technologies, processes and platform.
The polymer-based reconfigured wafer process
includes:
• 2D integration: Various devices, such as driver IC,
LED, and sensors, are reconstituted and embedded in
epoxy compound to build an artificial reconfigured
wafer. Both horizontal and vertical interconnects can
be formed within the reconfigured 2D wafer. The
wafer layers can have mono-function or multifunction (integrating several functional devices on
the wafer), and they have standardized interfaces
which facilitate vertical integration.
• 3D
integration:
Multi-function
smart
(and
miniaturized) SSL systems (e.g., smart LED system
with electronics, sensor and communication) can be
achieved by stacking a number of the above
mentioned mono- or multi-functional wafer layers
cost effectively, and like making “hamburger”,
according to specific application needs.
In this paper, a high voltage LED (HVLED) circuit
topology (including LED and driver electronics) has bee
applied, because of the simplicity of the driver/controller
architecture. More than the static lumen output, the
dimmer function is also included in such HVLED
topology. Commercial available LED, transistors and
resistors and packaging materials (such as die attach,
interconnects, epoxy molding) are applied in order to
demonstrate a high industrial potential.

Figure 1 shows the illustration of the 2D/3D polymerbased wafer level heterogeneous integration module (PWLiM) , including LED chip, driver electronics (in bare
die shapes), horizontal/vertical interconnect and
encapsulation material. The advantages are:
• For a SSL light module with single packaging
solution: Light engine always comprises of multiple
devices, ranged from LED, power electronics and
passives. By single packaging solution based on bare
dies, the packaging cost for each individual
component can be significantly reduced.
• For a (thin) polymer based packaging: Applying lowcost polymer bring high cost advantage; moreover,
the thin packaging structure, which eliminates the
thermal barrier of packaging substrate, provides a
almost direct contact from LED to luminaire
heatsink, and it will lead to much thermal
improvement.
• For a reconfigured wafer level process: Reconfigured
wafer provides high flexibility, which is capable to
process heterogeneous components. Moreover, the
wafer level process has the high potential of large
volume batch processing with high production
precision.

Figure 1. Illustration scheme of 3D P-WLiM.
All components have been covered by epoxy
molding compound.
During the process development, we discovered
following design/technical challenges:
• Design for interconnects: Vertical and horizontal
interconnects are the essential challenges of the 3D
packaging concepts. In this paper, we will present our
design on a robust vertical and horizontal
interconnect with high compatibility and low cost.
• Material selection and process development:

Individual components (such as LED, drivers) apply
the optimal material solution for their own
mechanical/thermal/electrical characteristics. It is a
challenges to define a common material system (and
corresponding process technologies) which satisfied
all components’ requirements.
• Mechanical enhancement: Due to the challenges
described previously, mechanical enhancement is
required to compensate the weakness of the critical
interfaces.
The following paper will describe the P-WLiM
process design and development, where these challenges
and our solutions will be presented.
2. Design of interconnect technology and structure
design
The process flow of P-WLiM is illustrated in Figure
2, where a 2-layer integration is presented. The top layer
(named layer1) includes small size transistors, and the
bottom layer (layer 2) includes large size resistors. The
LED has been processed as last, on top of bottom layer.
The top panel of Figure 2 shows the individual
process of top and bottom layers. From the silicon wafer,
SiOx layer has been applied. Moreover, the 10um thick
copper with gold final finished is applied and patterned as
traces. Next, devices would be applied with wire bonding
(if necessary). Notably, the conductive flexible spheres
(such as solder ball) is placed by die attach material,
would be used as vertical interconnects. The height of
such sphere is designed slightly higher than the mold
thickness. The film-assisted molding technology[1] is
then applied, where the holes can be formed in the
molding epoxy in a controlled way. On the other hand,
the conductive flexible spheres will pressed by the mold
and then formed conductive surfaces at top of the molding
epoxy. Afterwards, the carrier wafer of the top layer will
be removed and the bottom copper traces will be exposed.
The bottom panel of Figure 2 shows the layer
stacking and placement of LED. The flexible top layer
will be aligned with rigid bottom layer. Conductive and
nonconductive glues will be applied to the create the
horizontal and vertical interconnections both electrical
and/or mechanical.. Optional a laser cutting process can
be applied to open the gap at the top layer. The LED is
assembled last with optional LED carrier. Mark, if the
holes at the top can be formed at the previous process, the
laser opening step can be skipped; when the wire bonding
process is used to connect the LED, the optional LED
carrier can also be skipped. Phosphors with a controlled
volume will be applied in the space above the LED (to
ensure the color properties of LED). On top of LED, lens
can be placed.
All process mentioned above are reconfigured wafer
level processes, including the die-bonding, wire-bonding,
encapsulation, stacking. Figure 3 shows the traces at
bottom and top layers. Afterwards, the individual working
units would be separated form the reconfigured wafer.

(a)

(b)
Figure 2 P-WLiM Conceptual process flow
(Top panel: individual layer process; Bottom
panel: stacking process.)

Figure 3 Silicon based top and bottom layer
traces. (Right panel: bottom layer; Left panel: top
layer)
3. Thermal modeling
Thermal modeling has been preformed to catch the
risk of high temperature application in polymer based
material.
In this application, each LED has a total input power
of 1W. Although a LED has much higher efficiency than
tradition light sources, still most of the energy will be
transferred to heat. A high temperature is consequently
generated in the device.
To monitor the case temperature distribution and
analyze thermal performance, numerical simulation is
applied. As shown in Figure 4, a simplified thermal
simulation include conduction, convection and radiation
is conducted. Assembled LED pack is placed on a bulk of
aluminum heat sink. Thus, heat can spread from LED to
the surface of aluminum solid. With the natural
convection and radiation, heat will be removed from

aluminum to the environment. An enclosure filled with
ambient air (25°C) with dimension 2cm x 2 cm is set as
the boundary condition.

Figure 4 Boundary conditions for thermal
modeling
LED die is made of GaN. We assume LED has been
put on a copper block. A silicon layer is between copper
block and the aluminum heat sink. Moreover, it is
assumed that LED package and the heat sink is perfectly
connected as shown in Figure 5. Besides, the
encapsulation material is connected lens and silicon layer.
The interface thermal resistance is not considered either.
In addition, a silicon cave is created to analyze if thermal
performance varies with architecture. Materials properties
are listed Table 1.

Figure 5 Detail thermal model. Left: no
silicon cave, right: silicon cave (blue
blocks)
Table 1 Material properties for thermal model
Material

Lens
Air
GaN
Cu
Si
Al
Encapsulation

Conductivity
(W/Mk)
0.22
0.03
130
400
130
200
0.25

Specific
heat
(J/kgK)

Density
(kg/m3)

1460
1001
490
385
700
871
1085

980
1.05
6150
8700
2990
2719
1855

Figure 6 shows the numerical results: The LED
junction temperature is 100°C which is still lower than the
maximum working temperature(150°C). ). However, the
Si device has very small effect on the temperature
distribution. The effect of architectural changes in a small
device on the thermal performance is small. In addition,
the polymer moulding compound will be affected by
this high junction temperature. Within the silicone
material (encapsulation), there is 10 °C difference from to
of LED chip towards the surface of the encapsulation.

Figure 6 Result of thermal modeling. Left: without
silicon cave, right: with silicon cave.

4. Process development
Trace forming process
P-WLiM process start from the 4’’ bare silicon wafer,
as indicated in Figure 2. 0.5 µm thermal oxide is applied
on top of silicon wafer in order to avoid the current
leakage at high voltage loading. Afterwards, the
Ti/TiN/Cu layer (with thickness of 10 nm/40 nm/300 nm)
is applied by sputtering as the seed layer of copper
plating. The photo sensitive AZ9260 material is then spincoated with thickness of 10 µm and patterned for the
conductive traces plating. The complete wafer is then
under the copper plating process, and approximately 10
µm copper is applied. Afterwards, the photoresist is
washed away by acetone, and the wafer is further cleaned
in methylpyrrolidone (NMP) at 70°C. The copper seed
layer is then removed with a mixture of Na2S2O8 (2.5g),
H2SO4 (0,63ml) in 250ml DI-water, and the conductive
Ti/TiN has been wet-etched by a solution of NH4OH
(25ml), 100ml H2O2 (100ml) in 100ml DI-water, using
copper as the hard mask. Finally, Au (15 nm
approximately) is applied by chemical plating using
aurolectroless SMT make-up solution to prevent the
oxidation of copper surface.
Assembly and interconnect process
Ag filled QMI series die attach has been selected for
all component assembly (on top of the traces), including
LED, transistors and resistors. Due to different die size
and back side metallization (listed in Table 2), different
amounts of the die attach material would be used.
Excessive glue might cause the small dies to tilt and
insufficient glue will induce voids at the die to die-attach
interface. Nevertheless, QMI series adhesive shows
excellent properties to exhibit good volume control as
well as good compatibility to heterogeneous devices with
various contact metals.
Table 2 Device list
Function

Supplier

LED
Transistor1
Transistor2
Resistor 1
Resistor 2

HVLED
NXP
NXP
Panasonic
Panasonic

Dimension
(mmXmmXmm)
1.27x1.27x0.1
0.6x0.54x0.2
0.3x0.3x0.145
0603 type
1206 type

Contact
metal
Au
Al
Al
Solder
Solder

forming and less phosphor settling.
The horizontal has been realized by the combination
of the copper traces and wire bonding. To have the
maximum compatibility, Au wire based ball-wedge
bonding techniques has been applied. Au wire (with 15
um diameter) and ball-wedge tool (UTS-41IG-CM-1/1616mm) combination gives stable wire bonding
performance for all active devices, by using ultrasonic
energy of 300/346, ultrasonic energy time of 60/45 (msec)
and bonding force of 24/16 cN for 1st and 2nd bond,
respectively. Note that, the aforementioned settings, are
strongly depended on the metal type, thickness and
density of the metallic traces on wafers.
Table 3 Assembly and interconnect material
Purpose

Material

Supplier

Die bond

QMI series

Henkel

Wire bond
Encapsulation

Au wire
OE series,
elastomer
RT=Room Temperature

West bond
Dow
Corning

Working
Temp.
RT*
184°C
RT*

Curing
Temp.
185°C for
35 mins
n/a
150°C for
60 mins

Figure 7 shows the assembly result of die bonding and
wire bonding. Left panel of Figure 7 shows a single cell
of circuit, which includes 1x LED, 2x transistor 1, 1x
transistor 2, 2x resistor 1 and 2x resistor 2 (referring to
Table 2 for the device detail). A working block contains
of 4 cells, and there are 4 working blocks on single wafer
(refer to Figure 3). Note that, the pitch of such design is
large, due to high compatibility of heterogeneous devices
and processes.

Figure 7. Assembly result of 2D P-WLiM. Left
Panel: assembly of devices. Starting from the
upper left corner and clockwise: LED, transistor
1, transistor 2, resistor 2 and resistor 1. Right
Panel: Solder ball as vertical interconnect.
In the current design, blue LED has been applied and
therefore the phosphors technology is applied to convert
blue light into white light. Direct phosphor technology is
selected and Table 4 shows the mixing of the phosphor
combination in this demo. After the phosphor applying
(and pre-cure), and encapsulate is applied manually.
Table 3 shows the encapsulation material. The OE-series
elastomer gives good sealing and covering capability for
large area encapsulation. On the other hand, the high
viscosity and fast cure properties of OE series resin type
silicone gives good performance in dome-shape phosphor

Table 4 Phosphor mixing
Purpose

Material

Supplier

Base material

OE Series,
Resin
HTY550
BUVR03
(Red)

Dow
Corning
Phosphor
Tech

Phosphor
powers

Curing
Temp.
150°C for
120 mins

Weight (g)
4
.95
.05

5 Mechanical enhancement
As one of the key process of the releasing the polymer
structure from the substrate. We discovered that the
copper pad and trace delaminates after the removal of the
silicon layer through KOH etching, as shown in Figure 8.
The removal of silicon in a later stage will result in a
structure that contains only stiff device materials such as
the copper trace in an extremely flexible substrate. Hence,
when the silicone substrate is stretched or bended, part of
the load is transferred to the copper pad through shear
stress at the interface, especially at the edges of these
copper structures. This shear stress will make these
structures susceptible to delamination at the interface.
Especially for this configuration, given the relatively
weak adhesion between the interfaces of silicone and
copper. When KOH reacts with SiOx, large quantities
ofH2 gas will be formed and will initiate the peeling force
of the traces from the silicone.

Figure 8 Trace delamination after KOH etching

Figure 9 Closed form solution of the steady
state energy release rate for a thin film materials

on a substrate rate [2]
Hutchinson and Suo [2] proposed an analytical
solution for steady state energy release rate for a thin film
materials on a substrate as a function of their thickness
and elastic mismatch. Their solution is as shown in Figure
9.
Accordingly, it can be deduced that the energy release
rate decreases as the modulus is decrease. In another
word, there is a need to increase the compliance of the
thin film material. Hence, one of the proposed solution is
to pattern the traces in a zig zag manner as shown in
Figure 10 to increase their compliance. Similarly for the
copper pad, their compliance can be increases through
using a copper pad with a honeycomb structure (Figure
11).

Figure 12 Proposed solution for mechanical
lock (upper panel: mushroom at trace, bottom
panel: wire bonding)

Figure 13 compares the effectiveness of these
solutions under same condition. It can be seen that these
proposed solution reduces the stress from 787MPa to
about 680MPa although proposed solution 3 may cause
delamination of the copper wire. However, more in depth
studies is needed to confirm these observations.

Figure 10 Proposed copper trace pattern

Figure 11 Honeycomb shaped copper pad
Alternatively, instead of increasing the compliance of
the metal structure, mechanical lock can be fabricated to
increases the adhesion between the silicon and the copper
pad to reduce their chance of delamination at the
interface. 2 extra solutions are proposed in this research.
The first solution is to embed a mushroom shape copper
pad as shown in Figure 12(upper panel) so as to locked
the copper pad in place. Similarly, copper wire-bond can
be used to hold the copper pad in placed as shown in
Figure 12 (bottom panel). Furthermore, since silicon has a
much higher CTE than copper, the locked on the copper
pad can be enhanced by the compressive forced induced
by curing the silicon at a higher temperature.

Figure 13 Comparison of the effectiveness
of the proposed solution. From top to bottom:
mushroom trace, wire bonding and original
design.
6. Testing result
Electric performance
The module consists of 4 individual LED blocks. Each
of them includes a HVLED chip and a transistor circuit
for current protection and dimmer control. Under typical
working conditions, the forward voltage across each LED
is about 55 to 65 V. This allows a straight-forward
configuration of 4 LED blocks in series to be powered by
the main voltage (220V AC) with a relatively easy driver,
including a rectifier.
The IV curve of each LED block is measured in the
left part of Figure 14, with a dimmer control voltage at
2.5 V. Due to the integrated protection circuit, the current
is limited to 16 mA approximately.
The right side of Figure 14 shows the driving current
of each block under a fixed supply voltage (65 V) as a
function of the dimmer voltage. The minimum current is
obtained to be 0.02 mA with a dimmer voltage at 0V.
Considering a maximum current around 8 mA, a dimming

ability down to 0.25% of maximum current has been
achieved.

Figure 14 V/I measurement of integrated module.
Right panel: forward current and voltage (LED) with
fixed control voltage of 2.5V. Left panel: control
voltage v.s. LED current at constant Vf=65V.
External (remote) phosphors condition
We first produce P-WLiM module with pure blue
LED (without Phosphors). We applied serval phosphsors
to generated various lights as shown in Figure 15. Blue
light in the center is the bare die LED, purple and white
light is phosphsor covered LED.

Figure 15 Light sources: Blue, purple and
white light (upper panel) and purple and cold
white phosphor pieces on top of P-WLiM
(bottom panel).

Figure 16 Light measurement (with external
(remote) phosphors)
Table 5: Light and color measurement

Lumen

CIE x

CIE y

CCT (K)

CRI

Efficiency(%)

Blue

10.64

0.16

0.040

-

-

19.89

Purple

12.6

0.25

0.12

-

-

9.09

White

25.43

0.37

0.43

4590

60.9

6.47

The different color reprsent various wavelength
(Figure 16). Blue light has the peak wavelength 446nm.
But purple and white light are mixture light with serval
peak wavelength. In addition, blue light has more lumen
power then boosts high efficiency around 20%(Table 5).
While, purple and white light LED own lower efficency
after the light converted from blue light. However, white
LED obtain the highest lumen output due to people’s eyes
can receive more light from it.
Direct phosphors condition
Later we directly dispense phosphors on top of LED.
Figure 17 shows the status of phosphor dispensing and the
(visual) of the white (left upper panel of Figure 17) and
blue LED (right lower panel of Figure 17). At input
power near 1W, We measured optical power of 197 mW
and 150 mW in blue and white (blue + phosphors), where
the average LED optical power of approximately 300
mW. This indicate the silicon will absorb more than
100mW optical power, and phosphors will lose
approximately 40mW optical power. Hence, a optical
reflection layer (such as Al layer) is required for better
optical performance.

Figure 17 Direct phosphor on LED module.
Upper left panel: LED with phosphor and 1
LED switched on. Lower right panel: pure blue
light.
7 Summary
This paper presents our development on the 2D/3D
polymer-based wafer level heterogeneous integration
module (P-WLiM). We disclosure the process flow,
material selection and technical challenges. P-WLiM
shows the significant advantage on low-cost, high
compatibility and large volume production. However, we
also describe the technical challenge of interconnect
design, material selection / process, and mechanical
enhancement.
In this paper, P-WLiM has been implemented by
silicon wafer relevant process, because of high
compatibility and high manufacturing accuracy. From the
silicon-based benchmark, print circuit board technologies
and others would be then considered.

The following topics are yet not considered in this
paper, but will be thoroughly studied, including system
partitioning, system architecture optimization and design
for reliability.
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