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High-precision wafer thinning using ultra-low-TTV 
glass carrier and temporary bonding 
By Jay Zhang  [Corning Incorporated]

a f e r  t h i n n i n g  i s 
a  c r i t i c a l  p a r t  o f 
d e v i c e  m a k i n g  a n d 

advanced packaging in semiconductor 
manufacturing. Carrier-supported wafer 
thinning becomes attractive when the 
final wafer thickness becomes very thin, 
say <100µm, due to handling difficulties. 
Post-thinning processing (deposition, 
chemical mechanical polishing [CMP], 
bonding, etc.) also benefits from having 
a rigid and thermomechanically stable 
support structure. In order to achieve 
very low total thickness variation (TTV) 
of the final wafer, both the carrier wafer 
and the temporary bonding material—
typically an adhesive layer—must deliver 
sufficiently low TTV. The carrier wafer 
also must have a suitable coefficient of 
thermal expansion (CTE). In this paper, 
we describe a glass carrier solution and a 
temporary bonding method that combine 
to enable low TTV wafer thinning. 
Feasibility demonstration is done using 
a 150mm diameter single crystal lithium 
tantalate wafer, and thinning reaches 5µm 
with wafer grinding alone.

Introduction
Glass wafers are being adopted by 

more and more companies in advanced 
packag ing as a  ca r r ie r.  At t ract ive 
attributes of glass include: tailorable 
CTE, ability to deliver high-precision 
features such as excellent f latness and 
very low TTV, stability over a wide 
range of processing temperat u res , 
chemical durability, and compatibility 
with mechanical, thermal or light-based 
debonding methods. Glass is also highly 
manufacturable, delivering cost efficiency.

In a typical use scenario, the glass 
carrier wafer is bonded to the wafer to 
be thinned using a temporary adhesive 
layer that is designed to be releasable 
after processing. Both the adhesive layer 
and the carrier wafer have thickness 
variations that will limit the uniformity 
of the thinned wafer. This is illustrated 

in Figure 1.  We use stack TTV to 
describe the combined TTV of the carrier 
wafer and the adhesive. For emerging 
applications that either demand <10µm 
final wafer thickness, or wafer thickness 
tolerances <1µm, total thickness variation 
of the support structure, namely the stack 
TTV, must be <1µm, ideally <<1µm. 
This requires innovation in both carrier 
wafer manufacturing as well as in the 
temporary bonding method.

Ultra-low-TTV (ULTTV) glass 
carrier wafers

Glass wafers a re t y pical ly made 
u si ng  one  of  t wo met hod s .  Wafe r 
blanks can either be extracted out of a 
f lat glass sheet, or sliced out of a glass 
block using what is called a ganged 
wiresaw. While high-precision sheet 
forming technology, such as our fusion 
method, can deliver excellent f latness 
and TTV without additional polishing, 
it is not capable of delivering a TTV 
smal le r  than 1µm with reasonable 
yields, let alone a f ract ion of 1µm. 
This challenge is tougher the larger the 
wafer size. Sliced wafer blanks have 
a rough surface that must go through 
lapping and polishing to be usable as a 
carrier wafer.

Although double-sided pol ish ing 
techniques have existed for decades, 
a ch iev i ng T T V<1µm on a  30 0 m m 
diameter wafer t akes f undamental 
understanding of the entire f inishing 
p r o c e s s  a n d  o p t i m i z a t io n  of  t h e 
equipment as well as the consumables.  
Recent work at Corning has produced 
200mm and 300mm glass wafers with 
TTVs as low as 0.2µm. Figure 2 shows 
TTV performance of a 300mm glass 
wafer. As of May 2022, ultra-low-TTV 
(ULTTV) wafers are commercial ly 
available: 200mm or smaller wafers 
promise TTV<0.2µm; 300mm wafers 
promise TTV<0.4µm.

Critical glass wafer attributes for 
carrier applications

Wafer shape distortion during bonding 
and post-bonding processing can be 
understood f rom thermomechanical 
modeling. We introduced a simplified 
formula for cases where the carrier wafer 
supports another much thinner wafer to 
relate magnitude of shape distortion to 
carrier properties [1]:

 

W

Figure 1: Both carrier TTV and adhesive TTV impact thinned wafer TTV.
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H e r e ,  w e  u s e  s u b s c r i p t  “ s ”  t o 
designate the material properties of the 
semiconductor wafer on the carrier: Es 
for Young’s modulus, ts for the wafer 
thickness, υs for Poisson’s ratio, and αs 
for the thermal expansion coefficient. 
F o r  t h e  c a r r i e r  g l a s s ,  w e  u s e 
subscript “g” for the same parameters 
accordingly. L is the size of the carrier.

From this simplif ied relationship, 
one clearly sees that for the bonded 
wafer pair, CTE matching between the 
semiconductor wafer and the carrier 
i s  t he  mo s t  d i r e c t  a nd  i mp a c t f u l 
factor in minimizing distortion. In Si 
wafer thinning applications, a typical 

device wafer often has metallization 
and dielectric materials in the wafer 
makeup. In the case of through-silicon 
vias (TSVs), Cu-filled vias may occupy 
a signif icant volume fraction of the 
ent i re wafer,  mak ing the ef fect ive 
CTE higher than that of pure Si. If 
the device wafer is made of a non-
Si material, such as GaAs or sapphire 
or SiC, the car r ier wafer also needs 
to deliver a matching CTE to these 
mater ials, respectively. In the same 
formula, one also realizes two other 
h igh-impact parameters: the shape 
distortion is inversely proportional to 
the glass’s Young’s modulus; it is also 

inversely proportional to the square of 
the carrier wafer thickness.

As a result of understanding the 
relat ionships noted above, we now 
offer glass wafers that cover a wide 
range of CTEs with f ine granularity. 
F i g u r e  3  s h o w s  a v a i l a b i l i t y 
between CTE values ranging f rom 
3-12.5ppm /°C. For products in the 
red box, the carrier glass wafers also 
deliver a high Young’s modulus and 
f lexibility in wafer thickness. Wafers 
can be made all the way to 5mm in 
thickness. The l ight blue diamonds 
indicate products that typical ly do 
not exceed 1mm in thickness with a 
somewhat lower Young’s modulus. 
B e c a u s e  m e c h a n i c a l  p o l i s h i n g 
techniques that produce the ultra-low-
TTV characteristics are independent 
of  t h e  g l a s s’s  t h e r m o m e ch a n ic a l 
properties, all the available glass types 
in Figure 3 can be manufactured to 
have ultra-low-TTV.

ALoT: Advanced Liftoff 
Technologies

ALoT is an acronym for Advanced 
L i f t - o f f  Te c h n o l o g i e s — a  b r o a d 
term that descr ibes our por tfolio of 
temporary bonding technologies. The 
original motivation behind developing 
A L oT  w a s  t o  s u p p o r t  t h e  u s e  of 
Corning’s ultrathin Willow® glass [2] in 
making thinner, lighter, more f lexible 
and durable displays by leveraging 
existing display panel infrastructure. 

Figure 3: Corning’s carrier wafer offering covers the entire 3-12.6ppm/°C range with fine granularity. Products 
in the red box have high Young’s modulus by design as well as thickness flexibility all the way to 5mm.

Figure 2: Wafers that have gone through high-precision polishing could achieve a TTV well below 1µm. This example shows a 300mm diameter wafer with thickness 
variations on the order of 0.2µm in the 3, 6, 9 and 12 o’clock directions, respectively.
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Incumbent methods used either mechanical or chemical 
thinning with significant environmental and cost challenges. 
Figure 4 illustrates the concept. ALoT details are covered 
elsewhere [3].

A common feature of the ALoT family is the extremely thin 
bond layer, ranging in thickness from sub-nanometer to tens of 
nanometers. Such a thin layer would add essentially no TTV to 
the stack TTV, which is composed of carrier TTV and bond layer 
TTV. Most ALoT recipes use room-temperature pre-bonding 
followed by annealing at temperatures <150°C to achieve 
sufficient bond strength to support wafer thinning and remain 
mechanically debondable using standard debonding equipment. 
Low annealing temperature allows materials of different CTEs 
to be bondable without delamination or breakage due to stress. 
In the demonstration to be described next, ALoT bonding is 
done between a piezoelectric single crystal wafer with a CTE of 
~14ppm/°C and a glass carrier with a CTE of 3.4ppm/°C. 

ALoT bonding requires both the carrier and the wafer to be 
thinned to have flat and smooth bonding surfaces. If thinning 
is performed before device making, such as the example 
below, wafer surface character ist ics can be guaranteed 
through wafer specifications such as roughness (e.g., Ra) and 
local flatness (e.g., LTV). When a device wafer to be thinned 
already has surface topography from prior device making 
steps, planarization must f irst be performed to achieve 
the required surface f latness and smoothness. The latter 
constraints may limit the ALoT application to only certain 
device wafer categories. 

Wafer thinning demonstration
Single crystal wafers of piezoelectric materials such as lithium 

tantalate (LiTaO3, LT for short) and lithium niobate (LiNbO3, 
LN for short) are used widely in acoustic filter radio-frequency 
(RF) applications. Modern wireless systems (4G/5G) use GHz 
frequencies that benefit from very thin layers (e.g., <1µm) of 
these single crystals [4]. If thinning of LT or LN is supported 
with a high TTV substrate, achieving uniform layer thickness 
through wafer thinning would be difficult to impossible. Current 
practice is to follow mechanical thinning with a point-by-point 
technique such as ion beam trimming to fix the nonuniformity 
[5]. Ion beam trimming is slow and expensive. One alternative 
we set out to demonstrate is to use an ultra-low-TTV glass 
carrier with ALoT bonding. We chose LT for its broad adoption 
in surface acoustic wave (SAW) devices as well as availability 
up to 150mm diameter size. The concept is shown in Figure 5. 

Figure 4: Schematic of ALoT-based approach to flat panel display (FPD) processing.

Figure 5: Thinning of LT using ALoT bonding and ultra-low-TTV glass carrier. 
After thinning, LT is then transferred to a permanent support substrate, and the 
carrier can be reused.

Figure 6: 150mm diameter, ALoT-bonded LT/glass wafer with a small number 
of remaining bonding defects. Edge trimming was performed to remove bonding 
defectivity near the edge. LT thickness before grinding is 350µm.
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https://www.microcontrol.com


https://www.nordson.com/testinspect


https://www.nordson.com/testinspect


1212 Chip Scale Review   March  •  April  •  2024   [ChipScaleReview.com]

We report here results from the first two steps, namely ALoT 
bonding and LT wafer thinning.

Figure 6 shows an ALoT-bonded LT-glass wafer. Due to 
imperfect cleaning, voids are seen inside the wafer as well as 
near the edge. The edge voids would cause delamination during 
thinning, so careful trimming was applied to make sure these 
are removed. When necessary, the trimming wheel performed 
linear, “surgical” actions to ensure the edge voids were removed.

Disco model DFG8640 was used to grind the LT. The equipment 
configuration schematic is shown in Figure 7. The equipment has 
multiple stages that can be configured to do coarse grinding, fine 
grinding and CMP, all on the same tool. Our experiment only used 
two grinding steps (Z1 and Z2 in the picture).

Figure 8: After grinding LT to a thickness of 15µm, the LT wafer is largely intact, 
with minor chipping at the 9:30 position near the edge.

Figure 7: DISCO wafer grinding/polishing tool configured to perform coarse 
grinding, fine grinding and CMP, all on the same tool. SOURCE: DISCO website.

http://www.chipscalereview.com
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Figure 8 shows the wafer after grinding LT to a thickness of 
15µm. Only minor chipping is evident at the 9:30 position. Figure 
9 shows the same wafer when fine grinding further thinned the LT 
layer to a thickness of 5µm. Much more chipping can be seen all 
around the wafer. This indicates the ALoT bonding strength may 
be insufficient. It is well known in the semiconductor industry that 
bonding is usually weaker around the wafer edge even if voids and 
other defectivities are not observed visually or by confocal scanning 

acoustic microscopy (CSAM). The standard mitigation method is to 
introduce edge trimming around the entire wafer before bonding.

Post-grinding thickness measurement in two perpendicular 
directions, shown in Figure 10, indicated total thickness variation 
from wafer center to wafer edge. Discounting the wafer edges, TTV 
seems to be around 0.4µm. We believe stack TTV (~0.2µm), debris 
shedding from edge delamination, equipment vibration during 
grinding and the measurement technique itself all contributed to 
this result.

Work is continuing to further optimize ALoT bonding quality and 
bonding strength. Grinding conditions such as down pressure, wheel 
RPM, and feed speed/direction are also under study. 

Summary
Precision wafer thinning supported by a carrier wafer can take 

advantage of two enabling capabilities reported in this work: ultra-
low-TTV glass carrier, and near-zero-TTV temporary bonding. 
The resulting stack TTV can be as low as 0.2µm for wafer size 
<200mm; for a 300mm wafer, stack TTV can be as low as 0.4µm. 
While ultra-low-TTV glass carrier wafers are now commercially 
available, the ALoT bonding method as well as the thinning 
processes are still under further development.

Future work includes optimizing the ALoT bonding strength and 
quality to reach even thinner target thicknesses, as well as applying 
CMP to the ground surface before attempting to bond the thin LT 
to a permanent substrate such as Si.

Acknowledgments
The following Corning employees made significant contributions 

to the reported work: Erica Chang, Chris Kuo, Andy Kuo, Julie 
Tseng, Gwako Liang, Robert Manley, Han-hee Jo, Prantik 
Mazumder, Julia Brueckner and Kuniaki Yamazaki. The author also 
wishes to acknowledge DISCO Corporation in Japan for performing 
LT wafer thinning down to a thickness of 5µm, and Dr. Frank Wei 
of DISCO Hi-Tec America for insightful technical discussions. This 
paper was originally presented at the 25th Electronics Packaging 
Technology Conference (EPTC 2023) and was edited for publication 
in Chip Scale Review.

References
1.	 J. Zhang, et al., “Advanced packaging carriers for WLFO 

applications,” Chip Scale Review Jul/Aug 2019, pp. 20-26.
2.	 S. Garner, et al., “Flexible glass and its application for 

electronic devices,” 24th International Workshop on Active-
Matrix Flat Panel Displays and Devices: TFT Technologies 
and FPD Materials, Proc., pp. 28-33, Aug. 8, 2017.

3.	 P. Mazumder, et al., “Temporary bonding technologies for 
thin wafer handling,” 2018 Meet. Abstr. MA2018-02, p. 950.

4.	 T. Takai, et al., “Incredible high-performance SAW 
resonator on novel multi-layered substrate,” 2016 IEEE 
Inter. Ultrasonics Symp. (IUS), Tours, France, 2016, pp. 1-4. 

5.	 http://www.nanoindustry.su/files/article pdf/4/article 
4630_330.pdf

Figure 9: After grinding LT to a thickness of 5µm, the LT wafer shows more 
severe chipping all around the wafer.

Figure 10: Thickness measurement in the X and Y directions indicate total TTV 
~0.4µm. Because the stack TTV is ~0.2µm, other factors such as debris shedding, 
and equipment vibration during grinding and measurement may have contributed 
to the LT TTV.

Biography
Dr. Jay Zhang is Business Development Director with Corning’s Advanced Optics division, Corning, NY. 

He has been with Corning over 20 years in various business development and program management roles. 
His recent focus is leading innovation efforts at creating differentiated glass wafer products and solutions 
that meet challenging applications requirements. He is also active in collaborating with ecosystem partners 
to demonstrate new product value propositions. He obtained his PhD in Applied Physics from Yale U. and his 
MBA from Cornell U. Email zhangjj@corning.com

http://www.chipscalereview.com
http://www.nanoindustry.su/files/article pdf/4/article


1414 Chip Scale Review   March  •  April  •  2024   [ChipScaleReview.com]

3D integration of photonic and electronic chips on a 
glass substrate
By Saif Wakeel, Peter O’Brien  [Tyndall National Institute, University College Cork, Ireland] 
Luigi Ranno, Anuradha Agarwal, Lionel Kimerling  [Massachusetts Institute of Technology]

D printed free-form couplers 
and inverse tapers are two 
different vertical integration 

strategies for coupling light between a 
photonic integrated circuit (PIC) and 
glass inter poser. For the f ree-form 
coupling scheme, 5×5×0.5mm3 dummy 
si l icon d ies  a re bonded to a  g lass 
substrate using solder bumps via f lip-
chip bonding. The gap distance between 
the bonded chips is controlled by the 
solder height based on various bond pad 
sizes. An array of 14×14 square gold 
bond pads on the silicon chip is used with 
the bond pad length varying from 50µm 
to 105µm in order to maintain a required 
height. SAC305 solder is jetted onto the 
bond pads and an optimization of the 
ref low profile is performed to achieve 
defect-free, and high-wetting solder 
bumps. For the inverse taper coupling 
approach, the PIC is bonded to glass 
using an ultraviolet (UV)-curable optical 
epoxy (n=1.5). The measured vertical 
distance falls within the 2.8µm required 
Z-tolerance for evanescent coupling 
according to simulation.

 
Introduction

The move towards all optical I/Os on a 
switch package presents a viable solution 
for enabling low energy consumption 
(<2pJ/bit per transmitter (Tx)/receiver 
(Rx)) in devices operating at >100Gbps 
[1]. In these Tx/Rx packages, the PICs 
are co-packaged with the electronic 
integrated circuits (EICs) on a single 
interposer to minimize radio frequency 
(RF) t rack length [2]. This presents 
a unique oppor tunity for using the 
interposer material as a unified electrical-
optical interface. Glass can be used for 
this purpose due to its low dielectric 
constant, low-loss tangent and low-
loss optical wave guiding properties 
[3]. New optical coupling st rategies 
such as free-form couplers and inverse 
tapers are promising interfaces for this 

platform [1,4]. The 3D-printed free-
for m couplers  a l low for relat ively 
large alignment tolerances and a high 
bandwidth density between the PICs and 
interposer waveguides by collimating and 
redirecting the light from the waveguides 
in the PIC to the waveguides in the 
glass interposer [4,5]. Similarly, the 
overlapping inverse taper design allows 
for high optical bandwidth (300nm/1dB) 
and high-density of out-of-plane optical 
interconnections between PIC waveguides 
and glass waveguides [1]. Both integration 
strategies require different packaging 
approaches because of the var ying 
vertical spacing requirements between 
PIC and interposer. The 3D-printed 
free-form coupling scheme shown in  
Figure 1a  requi res ≤14µm ver t ical 
distance, whereas the inverse taper 
coupling method requires ≤3µm vertical 
distance to facilitate evanescent coupling 
as shown in Figure 1b.

The tapered waveguide approach using 
evanescent coupling requires a smaller 
Z-tolerance than the free-form coupler 

approach. A UV-cured optical epoxy 
can fill such a gap while maintaining 
a relatively strong bond after curing. 
Optically transparent epoxies are useful 
for packaging as they form a layer that 
is both a strong adhesive and refractive 
index-matching. During curing, the layer 
thickness is reduced due to shrinkage. 
When this effect is accounted for and 
occurs in the same direct ion as the 
optical path, the coupling eff iciency 
can see improvement as the optical path 
length is shortened after curing [6].

The free-from coupler Z-tolerance is 
not as strict as the tapered waveguides, 
so we demonstrated a different packaging 
method combining flip-chip bonding with 
solder and an epoxy underfill as bonding 
materials. This technique is widely used 
in electronic packaging industries as this 
method provides both strong mechanical 
and electrical connections to a package 
[7,8]. Recently, a group demonstrated 
flip-chip attachment of a vertical cavity 
surface emitting laser (VCSEL) onto a Si 
PIC using solder bonds [9]. Solder was 

3

Figure 1: Packaging of PIC and EIC on a glass substrate: a) using solder bump flip-chip attachment between 
the PIC and glass substrate to enable optical coupling by 3D printed coupler, and b) by epoxy bonding PIC and 
glass substrate to enable evanescent coupling between PIC and glass waveguides.
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deposited onto various bond pad sizes 
to determine and maintain a consistent 
height for efficient optical coupling to 
grating couplers. The translational and 
angular tolerances for both the free-form 
couplers and tapered waveguides were 
determined via simulation. 

Simulation
3D f inite difference t ime domain 

(FDTD) simulations were performed 
to determine the coupling eff iciency 
(CE) for both presented approaches. The 
alignment tolerances of the structure 
as a function of translation between 
the two chips were calculated. For 
the evanescent coupl ing approach, 
s i m u l a t i o n  r e s u l t s  u s i n g  A n s y s -
Lumerical’s 3D FDTD solver are shown 
in Figure 2. The gap length in the Z 
direction was input to be 0µm for the  
X/Y tolerance results and 500nm for 
both tilt and twist tolerance simulations.

The results from the data in Figure 
2 show this design has a lateral (Y) 
t ole r a nce  of  ±2 .7μ m,  ve r t ica l  (Z ) 
tolerance of 2.8μm, longitudinal (X) 
tolerance of over ±150μm, twist rotation 
tolerance of ±2.3°, and t ilt rotat ion 
tolerance of ±0.4°. For this simulation, 
the underf ill epoxy refractive index 
is assumed to be 1.457 to match the 
refractive index of silica being used 
[10]. Further simulations indicated the 
Z-tolerance can be extended to near 
3.75µm if an epoxy with ref ract ive 
index closer to 1.5 is used. However, as 
the epoxy refractive index increases, 
the light becomes less confined in the 
waveguides and will require longer 
tapers to compensate for the scattering 
loss. This simulation data demonstrates 
th is design has comparable lateral 
a n d  a n g u l a r  t o l e r a n c e s  t o  t h o s e 
achievable using high-speed pick-and-
place die bonders (approximately ±3-
10µm) and has a ver t ical tolerance 
comparable to back-end-of-line (BEOL) 
thicknesses typical of active PICs. This 
indicates there is potential use for this 
evanescent coupler design in f lip-chip 
bonded packages.

In the case of chip-to-chip freeform 
ref lectors, possible misalignments or 
t i lts that may be int roduced dur ing 
assembly are necessary to determine as 
they are important metrics to evaluate 
the practicality of the device. FDTD 
simulations indicate that the ref lectors 
are very tolerant to both translation and 

Figure 2: 3D FDTD simulation results showing: a) coupler parameter definitions where the red is Si and the 
blue is Si3N4, b) the translational alignment tolerance in X/Y/Z, and c) the rotational alignment tolerance where 
tilt indicates rotation about the Y-axis and twist indicates rotation about the Z-axis. Reprinted with permission 
from [1] © The Optical Society
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rotation as seen in Figure 3. The tighter 
tolerances with respect to the rotations 
about X, the light propagation direction, 
is due to the tilt about X redirecting the 
light beam produced by the ref lectors 
causing it to miss the output waveguide 
facet. The coupling efficiency (CE) of 
the free-form coupler was simulated to 
be 84% at 1550nm, corresponding to an 
insertion loss of 0.76dB.      

Methodology
The packaging method used for the 

3D-printed free-form coupler approach is 
based on the variable solder bump height, 
which can be controlled by varying the 
bond pad sizes [9]. Additionally, these 
solder bumps can also act as an electrical 
interconnection between the PIC and the 
glass interposer. The vertical distance 
between the PIC and glass interposer is 
tested by using 5×5×0.5mm3 dummy Si 
and glass chips. The Si chips have a 3µm 
layer of oxide deposited on the surface 
of the silicon to better mimic a PIC. In 
the first case, where the solder bump 
height is varied, arrays of 14×14 square 
gold bond pads are deposited on the 
dummy Si and glass chips with the bond 
pad sizes varying from 50µm to 105µm. 
The variations are in steps of 5µm and 
the pitch between the bond pads remains 
constant at 100µm in all cases. SAC305 
solder bumps are jetted on the gold bond 
pads of the silicon chip that is followed 
by reflow in an LPKF Protoflow S oven 
using the profile shown in Figure 4.

For the evanescent coupling approach, 
the PIC and the glass interposer were 

b o n d e d  t oge t h e r  v i a  U V- c u r a b le 
optically transparent epoxy Dymax OP-
29. This epoxy is selected due to its fast 
curing time (~2min), matching refractive 
index (n=1.5), and balanced viscosity 
(2500cP). The packaging process starts 
with six-axis alignment of the glass 

sample relative to the dummy Si chip 
that is fixed in position. After alignment, 
epoxy is deposited onto the surface of 
the dummy PIC. The glass sample is 
then slowly brought towards the Si chip 
allowing capillary action to spread the 
epoxy evenly across the surfaces of the 

Figure 3: Tolerances of the freeform couplers with respect to: a) linear translation, and b) rotation about each axis. X represents the direction of light propagation, Y the 

vertical direction separating the two chips, and Z the in-plane direction perpendicular to light propagation.
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samples. When the desired distance between the glass and Si 
samples has been reached, the epoxy is cured using a UV lamp.

An FEI Quanta scanning electron microscope (SEM) is used 
to measure the height of the solder bumps and the gap between 
the chip and substrate in bonded samples. Jetted solder bumps 
on bond pads after reflow, flip-chip samples bonded using solder, 
and epoxy-bonded samples are each put into an epoxy mold with 
a hardener ratio of 2:15 for 10 hours. After this time, grinding 
of molded samples is performed using 400, 800, 1200, 2500 grit 
SiC abrasive paper. Polishing is then performed via 1µm alumina 
suspension. Finally, images of these samples are recorded in the 
SEM and used to carry out the necessary measurements. 

Result and discussion      
Solder bump height variation with respect to different bond 

pad sizes is presented in Figure 5. There is a clear trend that 
increasing the bond pad size reduces the height of solder bump 
due to the spreading of the solder over a larger surface area. For 
example, a 50µm diameter solder ball jetted onto a 50µm bond 

pad results in height of 26.8µm, while a 100µm bond pad results 
in a bump height of 12.14µm.

The measurements for the solder bump height on a single 
silicon chip after ref low can be seen in Figure 6. These are 
used to determine the optimal bond pad size for an application 
depending on the vertical distance separation requirements 
for the flip-chip bonding of silicon and glass samples. Solder 
wettability for smaller and larger size bond pads is clearly 
depicted with no apparent defects on the surface of the solder.

As the 100µm bond pad size consistently produced samples 
with a vertical spacing around 12.14µm, this pad size was 
chosen for the application. In Figure 7, the glass and silicon 
samples were bonded together using 100µm bond pads. The final 
vertical distance between the two samples was measured to be 
8.07±0.177µm, well within the required 14µm tolerance for the 
free-form couplers.

To enable the tapered waveguide approach, silicon and glass 
dummy samples are bonded using optical epoxy. Using SEM, the 
average height between the two chips is measured to be 1.618µm 
as shown in Figure 8, with a variation across the length of the 
chip interface of ±0.177µm. This measured distance falls within 
the 2.8µm vertical tolerance for evanescent coupling according to 
simulation.

Figure 5: Solder bump height after reflow vs. bond pad size.

Figure 6: SEM images of the solder bump with different bond pad sizes on the 
dummy silicon chip.

Figure 4: Reflow profile used for solder bump height variation.

Figure 7: Flip-chip attached silicon and glass chips with the measured vertical 
distance of approximately 8µm between the two chips when the bond size on both 
chips is 100µm.
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Figure 8: SEM images of measured silicon bonded on glass using optical epoxy showing vertical gap distance.
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A package solution for an optical engine in 
silicon photonics
By David Ho, Steven Lin, YP. Wang  [Siliconware Precision Industries Co., Ltd]

ata center traffic is growing 
at a compound annual growth 
rate of nearly 30% because 

of the substantial growth of 5G, Internet 
of Things (IoT), artificial intelligence 
(AI) and high-performance computing 
(HPC) applications. Over the next two 
generations the switching throughput 
jumps from 12.8Tb/s to 25.6Tb/s,  and 
51.2Tb/s over the next two generations. 
The number of transceivers per switch 
and the data rates of those transceivers 
will increase as well. Scaling density will 
favor smaller connectors and lower power 
consumption. Additionally, in order to meet 
the tremendous bandwidth requirements 
derived from transmitting large amounts 
of data, optical communication technology 
has made great progress because the 
growth rate of conventional pluggable 
optical components is not able to catch up 
with the growth rate of data center traffic. 
Furthermore, traditional copper wire is 
limited by bandwidth, distance and power 
requirements. In parallel, the optical 
package is developing from wire bond, to 
flip chip and wire bond as a hybrid package, 
and then moving to 3DIC or fan-out 
technology to support optical engine (OE) 
development. Silicon photonics, therefore, 
is becoming a promising technology to 
replace copper wire and the industry is 
becoming convinced that it is a good option 
to transmit data with greater bandwidth, 
longer transmission distance and better 
energy eff iciency than conventional 
electrical integrated circuits, which may 
suffer serious signal integrity distortion 
when transmitting data at high speed.

In this article, the critical co-packaged 
opt ics (CPO) concept was brought 
out to be the next-generation platform 
along with the fan-out embedded bridge 
(FO-EB) package as a robust option 
for an OE solution, to approach the 
enhancement of optical interconnection 
performance, broader bandwidth, lower 
power consumption and smaller form 
factor. CPO utilizes vertical 3D stacking 

technology to integrate the electrical 
integrated chip (EIC) and the photonics 
integrated chip (PIC) next to graphics 
processing units (GPUs) and router 
switches. Driven by artificial intelligence 
(AI) applicat ions, sil icon photonics 
technology will become a key technology 
in the semiconductor industry.

Introduction
As silicon scaling comes closer to the 

limits of physics, future reduction of the 
gate oxide does not decrease the cost 
per transistor. The demand for higher 
functionality and lower cost of electronic 
devices, however, will not be coming to 
an end. To improve yield and lower the 
total cost, the semiconductor industry is 
breaking down a large die to chiplet-based 
devices. Chiplet packaging, therefore, 
becomes a key technology to continue 
Moore’s Law. The mult iple chiplet 
packages can be horizontally/vertically 
stacked on a Si interposer using through-
silicon via (TSV) technology (2.5D) or on 
an organic interposer to build up a fan-out 
multi-chip module (FOMCM) or a fan-
out embedded bridge (FO-EB). Through 
such advanced packaging technologies 

and optimal integration of electronics 
chips and photonics chips, the length 
of electrical links can be significantly 
shortened. Therefore, the interconnect 
bandwidth density and energy efficiency 
can be much improved.

With the development of router/
switch devices, with the bandwidth at 
1.8T, the link speed of copper wire can 
still provide a matching transmission 
efficiency. However, with the evolution 
of  appl ica t ion-speci f ic  i nteg ra ted 
circuits (ASICs) and the addition of high 
bandwidth memory (HBM) die—when 
the bandwidth is increased to more than 
10Tbps—an optical module needs to be 
used to provide a 200Gbps to 400Gbps 
t r ansmission chan nel  a s  show n in 
Figure 1. When reaching over 25Tbps, 
it is expected that the pluggable optical 
module will be t ransformed into an 
integrated silicon light engine to shorten 
the communication distance between 
the ASIC die and the optical engine to 
achieve a transmission speed >400G.

A CPO application is different from 
traditional pluggable optical transceiver 
module technologies. A CPO application 
combines a silicon photonic chip, a 

D

Figure 1: Trends in data center switches and transceivers. SOURCE: Yole Développement, Silicon Photonics, 2020
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placed directly with the switch chip 
using advanced packaging like FO-
EB, the electrons will be conver ted 
quickly into photons after they leave the 
chip without following long, circulated 
copper wire paths. The signal, therefore, 
will be transmitted through the optical 
fiber into the optical engine and pass 
it to the switch die, which is a much 
smaller distance. This definitely allows 
the chip to be further upgraded in terms 
of reducing the data transmission path, 
signal loss or delay and, certainly, the 
power consumption, so as to be more 
effectively used in data communications 
and optical applications. According to 
further research data, this technology 
can roughly increase the amount of data 
transmission by 8 times, save power 

consumption by 50%, and computing 
power by more than 30 t imes.  For 
these reasons, CPO technology should 
be implemented once the switch data 
rate exceeds 51.2Tbps. Furthermore, 
these findings have resulted in silicon 
p h o t o n i c s  u s i n g  C P O  a s s e m b l y 
technology becoming an imperative in 
the advanced packaging field.

OE integration technology in CPO
Cur rently, var ious OE st r uctures 

have been demonstrated in the market, 
including wi re bonding, f l ip ch ip, 
to fan-out RDL and 3DIC packaging 
types. Additionally, every assembly 
house or foundry has its own know-
how and u n ique desig n capabi l i t y 
with respect to an OE platform. As the 
interconnection between PIC and EIC 
dies is the key design feature needed 
to accom modate the OE elect r ical 
pe r for ma nce requ i rement ,  FO -EB 
tech nolog y was selec ted based on 
simulation results that demonstrated 
competitive performance with respect 
to the distance between the PIC and 
EIC, the insertion loss, and RC delay. 
Needless to say,  with in the signal 
transmission in the package, the use 
of FO-EB technology can also achieve 
energy consumpt ion reduct ion and 
increases the communication speeds 
between these components. Figure 2 
illustrates the OE buildup in a signal 
conversion module. We demonstrated 
an FO-EB being used to vertically stack 
a PIC and embedded EIC in which the 
PIC die was bonded onto the fan-out 
chip module with an overhang design. 
By using CPO to integrate the OE with 
the switch chip in the package-level 
assembly, we know that will not only 
shorten the distance between the switch 
chip and OE, but it will also reduce the 
CPO’s form factor.

OE structure design introduction. 
Figure 3 shows a map of the FO-EB 
structure: the OE is comprised mainly 
of the PIC and the EIC. The PIC die is 
designed to integrate the digital signal 
process (DSP), which will dominate 
t he t r ansfor mat ion ef f ic iency and 
performance between the l ight and 
the electrical signal. Other chips are 
integrated into the EIC die (e.g., driver 
ampl if ier (DRV), t rans-impedance 
amplifier (TIA) and signal modulator 
function). Both the PIC and EIC are 
integrated into the design to cover various 

switch chip, a radio-frequency (RF) 
chip, etc. The package reduces the need 
for signal transmission through multiple 
media (including connectors, printed 
circuit boards [PCBs], and IC carrier 
boards). For example, as described in 
Table 1, in the past, electrons would 
travel from the chip through copper 
wires to a pluggable transceiver at the 
end of the server where they would 
be  conver t ed i nto  l ig ht .  T he long 
intermediate transmission path results 
in problems such as delay and high loss, 
and it even increases the assembly cost 
because of the scattered components 
on the PCB board. However, because 
photons are faster than electrons, if 
the photoelect r ic signal conversion 
module (i.e.,  the opt ical engine) is 

Table 1: CPO application structure comparison.
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key optical component functions, such as 
accommodating the signal conversion and 
processing to gain bandwidth/speed and 
lower power consumption. Furthermore, 

the PIC overhang design allows sufficient 
space to assemble optical fiber.

Application of the FO-EB process 
for an OE. The process flow of FO-EB 

for an OE is described in Figure 4. First, 
the bottom RDL layers and Cu post will 
be configured in parallel. The EIC die is 
then stacked onto the RDL layers, and 
the molding process is done; next, the top 
RDL layers are grown on the molding 
compound and the C4 bumps are grown 
afterward. Next, the PIC die is attached on  
top of the RDL using a die bond process 
with overhang design. Finally, this chip 
module (CM) will be singulated; and then 
a thermal compression nonconductive 
paste (TCNCP) is used to bond onto the 
substrate to provide warpage control of the 
OE module. 

To further demonstrate this mature FO-
EB structure readiness for use in an OE, a 
cross section was done after passage of the 
reliability test to identify if there were any 
open traces or solder shorts during thermal 

Figure 2: OE build-up as a signal conversion module.

Figure 3: OE structure mapping with a FO-EB package.

Figure 4: Application of the FO-EB process for an OE.

Figure 5: Cross section of an FO-EB-like OE.
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optimized DB carrier and cover design, the 
CTE mismatch problem between these two 
entities can be significantly improved. 

Summary
In this study we have shown how 

bringing photonics modules (optical 
engines) onto a package next to the switch 
ASIC contributes several benefits. Instead 
of inefficient copper traces running from 
the switch package to large pluggable 
interfaces, the fiber runs from the photonics 
modules to a faceplate connector. Those 
smaller connectors also help increase 
densit y.  Add it ional ly,  wafe r-sca le 
manufacturing means reliable on-chip 
photonics engines can be integrated at a 
lower cost, which can also be accomplished 
by using an FO-EB solution for OEs.
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stress testing. The cross section of the full 
OE structure is shown in Figure 5. The 
figure shows that the bond joint is reliable 
without any non-wetting or solder creep 
issue, thereby verifying the on-substrate 
process capability for the OE module.

The challenge for switch die and 
OE module bonding on a substrate. 
Returning to Figure 3, it can be seen that 
the standard scheme of the CPO platform 
includes one ASIC (i.e., a switch IC) with 
any number of OE modules. However, 
there is a challenging process in the flow 
selection for the sequence of OE and 
switch die bonding. For the OE attachment 
process, either thermal compression 
bonding (TCB) or mass reflow (MR) can 
be selected. The problem is that there will 
be a huge warpage gap if the switch IC and 
the OE CM are die bonded separately using 
process Flow-A as shown in Figure 6. This 
flow enables one to know if there is a good 
ASIC die before attaching it to the OE 
module. However, if Flow B is selected to 
bond the switch IC and the OE module onto 
the substrate while simultaneously using an 
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Figure 6: Simulation result of switch die and OE module bonding on a substrate.
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Using an RDL-first FOWLP process to develop a large 
RDL interposer package
By Soon Wee Ho, Siew Boon Soh, Boon Long Lau, Hsiao Hsiang-Yao, Vempati Srinivasa Rao  
[Institute of Microelectronics, A*STAR (Agency for Science, Technology and Research)]

h e  c h i p l e t s  p a c k a g i n g 
approach has emerged as 
a  p r o m i s i n g  a l t e r n a t ive 

to system on chip (SoC) technology, 
of fe r i ng a  low- cost  and fas te r- to -
market solut ion for bui ld ing h igh-
pe r for mance appl ica t ion sys tems. 
This work presents a redist r ibution 
l aye r  ( R DL) -f i r s t  f a n - ou t  wa fe r-
level packaging (FOWLP) fabrication 
process for creating a large organic 
R D L  i n t e r p o s e r  f o r  c h i p l e t s 
p a ck a g i ng .  T he  p r o c e s s  i nvolve s 
a s s e mbl i n g  ch ip l e t s  w i t h  m ic r o -
bu m p s  on t o  a  h ig h - d e n s i t y  f i ne -
pitch RDL stack, encapsulating them 
with mold compound, and creat ing 
a  r e con s t r uc t ed  wafe r.  Ele c t r ica l 
a nd  wa r page  me a s u r e me nt s  we r e 
conducted to assess the performance 
of  t he fabr icated R DL inte r poser. 
Results show successful fabrication 
of  t he  R DL i n t e r pose r  w i t h  good 
electrical continuity and solder joint 
formation, despite challenges related 
to warpage during assembly. A thermal 
compression bonding (TCB) process 
was implemented to address warpage 
i s s u e s ,  d e m o n s t r a t i n g  e f f e c t i v e 
a s s e m bly  of  t h e  R DL  i n t e r p o s e r 
onto an organic substrate. This work 
highlights the potential of the RDL-
first FOWLP process for large chiplets 
packaging and provides insights for 
addressing warpage challenges in RDL 
interposer assembly.

Introduction
In recent years, the semiconductor 

industry has witnessed a signif icant 
shift towards chiplets packaging as a 
compelling alternative to traditional 
SoC technology. Major semiconductor 
companies have shown a keen interest 
i n  e x p l o r i n g  c h i p l e t s  a s  a  c o s t -
effective and faster-to-market solution 
to address the challenges posed by the 
increasing complexity and cost of SoC 

designs. While SoC technology has 
historically been utilized to construct 
h i g h - p e r f o r m a n c e  a p p l i c a t i o n 
s y s t e m s  b y  i n t e g r a t i n g  m u l t i p l e 
technologies and funct ional blocks 
onto a monolithic chip, the growing 
complexity of SoC designs has led to 
longer development times and higher 
manufac t u r i ng cos t s .  I n  cont r a s t , 
chiplets offer a modular and scalable 
approach that enables companies to 
build systems by combining chips from 
diverse technologies using advanced 
packaging platforms.

Va r io u s  p l a t fo r m s  fo r  ch i p l e t s 
p a ck a g i ng  h ave  b e e n  d e ve lo p e d , 
each offering unique advantages and 
challenges. These platforms include 
embedding chiplets in a FOWLP based 
on an R DL i nte r pose r  t ech nolog y 
[1,2], assembling chiplets on silicon 
interposers [3,4], or ut il izing high-
density build-up organic subst rates 
[5]. The choice of platform depends 
o n  f a c t o r s  s u c h  a s  p e r f o r m a n c e 
requi rements ,  cost  considerat ions, 
and scalability needs, with the RDL 
technology serving as a critical enabler 
for all chiplets systems. The demand for 
high-density RDL layers to facilitate 
routing between multiple chiplet I/Os 
poses challenges such as large package 
areas and the need for precise mask 
al ignment in cases where mult iple 
mask fields are stitched together.

A m o n g  t h e  d i f f e r e n t  c h i p l e t s 
pa ck ag i ng  ap p roa che s ,  t he  R DL -
first or chip-last FOWLP [6] approach 
has emerged as a novel and effective 
pa r ad ig m for  fabr ica t i ng  ch iple t s 
packages. This methodology prioritizes 
the fabrication of high-density RDL 
layers on a temporary carrier substrate, 
allowing for the efficient processing of 
multiple RDL layers with minimal wafer 
warpage. By adopting the RDL-f irst 
approach, semiconductor companies 
can integ rate ch iplet s with micro -
bumps, create sophisticated chiplets 
systems, and develop large organic RDL 
interposers with embedded chiplets. 
T h i s  approach  not  on ly  en ha nces 
performance and cost-efficiency but also 
streamlines the assembly process and 
ensures the continuity of RDL traces 
across the entire package area.

I n  t h i s  wo r k ,  a n  o r g a n i c  R DL 
interposer with a large package size 
of 52 x 44mm, housing 12 embedded 
ch iple t s  on  a  60  x  60 m m orga n ic 
substrate was developed, showcased 
the ef fect iveness of the R DL-f i r s t 
FOWLP process in realizing complex 
chiplets systems.

Experimental procedure
The following sections address process 

flow and testing considerations.
Test vehicle design. The diagram in 

Figure 1 illustrates the FOWL-based 

T

Figure 1: Illustration of an RDL interposer on organic build-up substrate based on RDL-first FOWLP.
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RDL interposer assembled on an organic build-up substrate. 
The RDL interposer comprises 6 layers of high-density fine-
pitch RDL with a minimum Cu trace of 2µm L/S. Chiplets 
with micro-bumps are affixed to the RDL stack. Subsequently, 
the chiplets are underfilled and encapsulated with an epoxy 
mold compound to create the RDL interposer package. 
This RDL interposer package is then mounted on a larger 
organic substrate. Figure 2 provides a top view schematic 
of the chiplets’ size and positioning. A total of 12 chiplets 
are integrated into the RDL interposer. The dimensions 
of the RDL interposer package are 52 x 44mm, while the 
organic substrate measures 60 x 60mm. Table 1 defines the 
specifications of the chiplets and RDL interposer.

Process Flow. The RDL interposer was fabricated on 
a 300mm diameter car r ier using the RDL-f irst FOWLP 
process f low, as i l lust rated in Figure 3.  Fi rst ,  h igh-
density Cu redistribution traces were fabricated on top of 
the temporary transparent carrier. In this process, a low-
temperature cured photodielectric acted as the interlayer 
passivation, and Cu distribution traces was achieved through 

Table 1: Specifications of the chiplets and RDL interposer.

Figure 2: Top view of the RDL interposer showing the position and size of the 
chiplets, RDL interposer and organic build-up substrate.

Figure 3: Fabrication process of the RDL interposer package using RDL-first FOWLP.

Figure 4: Wafer map during photomask exposure showing mask field and 
exposure sequence.
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a semi-addit ive process (SAP). The 
photol i t hog r aphy s t e ppe r  u sed  i n 
this work has a maximum exposure 
f ield size of 44 × 26.7mm, and two-
f ield mask stitching was utilized to 
create the large package size of 52 × 
44mm. Figure 4 displays the wafer 
map during photomask exposure. The 
wafer map during photomask exposure 
was illustrated in Figure 4. Chiplets 
with micro-bump interconnects were 
assembled onto the top under bump 
metallization (UBM) pads on the RDL 
stacks using a mass ref low process. 
Wa f e r - l e v e l  e p o x y  c o m p r e s s i o n 
molding was applied to encapsulate 
the chiplets and RDL stacks with an 
expoxy molding compound, forming 
a reconstructed wafer. Following this, 
the temporary car r ier was removed 
from the reconstructed wafer. Solder 
balls were affixed to the bottom UBM 
pads of the reconst r ucted wafer to 
create the solder ball grid array. The 
reconst ructed wafer was diced into 
individual RDL interposer packages, 
wh ich  we r e  t h e n  m ou n t e d  t o  t h e 

organic substrate. Underf ill material 
was dispensed and cured to bridge the 
solder bump gap between the RDL 
interposer and the organic substrate.

Te s t i n g .  T h e  f a b r i c a t e d  R D L 
interposers were subjected to electrical 
and warpage measurement as follows: 

1.	 Me a nd e r  c omb s  w i t h  2µ m L /
S positioned at the stitched area 
be t wee n  t he  2  ma sk  f ie ld s  t o 
verify the continuity of the of the 
two RDL t races. A daisy chain 
connecting the chiplets to the RDL 
layers was utilized to confirm the 
continuity of the solder bumps and  
RDL interposer.

2.	Warpage measurement is crucial 
a s  i t  can impact  the assembly 
process of the R DL inter poser 
t o  t h e  o r g a n i c  s u b s t r a t e  a n d 
may result in poor solder joint 
for mat ion ,  pa r t icu la rly  for  an 
interposer package of such large 
dimensions. The RDL interposer 
package war page was assessed 
in a Shadow Moiré measurement 

tool and was subjected to a heating 
prof ile mimicking actual solder 
ref low condit ions. The Shadow 
Moi r é  o p t i c a l  t e ch n iq u e  wa s 
employed to accurately measure 
the warpage of the RDL interposer 
under controlled conditions.

Results and discussion 
The following sections discuss RDL 

interposer fabrication results: 1) Cu 
RDL process results, and 2) the chiplet 
assembly wafer-level  mold ing and 
RDL interposer package assembly.

Cu RDL process results. Figure 
5a shows the RDL and UBM layers 
fabricated on a temporary transparent 
car r ier,  pr ior to chiplets assembly. 
Figure 5b shows magnif ied optical 
images of a single RDL inter poser 
package. Figure 6 shows high-density 
2µm L/S Cu RDL traces at different 
mag n i f ica t ion s  t o  mee t  t he  h ig h -

Figure 5: RDL processing on a temporary carrier: a) 
RDL layer fabricated on a transparent carrier; and b) a 
magnified image of a single interposer package.
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bandwidth requirement of the chiplets. 
Figure 7a  shows the 3µm diameter 
contact via openings pat terned in a 
photodielect r ic f ilm for connecting 
the different level of Cu RDL, while 
Figure 7b shows the landing pads and 
Cu traces processed over the contact 
vias. Figure 8 shows the f ine-pitch 
Cu traces fabricated at the stitching 
section (blue dash line) between the 
two mask f ields. No discontinuity in 

the Cu traces was observed along the 
stitching line boundary. The stepper 
t o ol  m a sk  a l ig n me nt  a c c u r a cy  i s 
maintained to below 0.2µm to ensure 
good stitching between the mask field. 

Ch iple t  a s sembl y,  wa fer - l eve l 
m o l d i n g  a n d  R D L  i n t e r p o s e r 
pack age as sembly.  F ig ures  9a -b 
show the optical images of the chiplets 
assembled onto the RDL stack on the 
car r ier wafer and af ter wafer-level 
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Figure 6: A segment of the high-density 2µm L/S Cu 
RDL traces at different magnifications.

Figure 7: Contact vias for connecting the different Cu 
RDL: a) 3µm diameter contact via openings developed 
in a photodielectric film; and b) Cu traces and landing 
pad processed over the contact vias.
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Meander comb test structure at 
the st itch l ine.  Figure 12  shows a 
2µm l ine/space meander comb test 
structure positioned at the stitch line 
between the two masks in the field. A 
slight taper is visible at the junction 

w h e r e  t h e  t w o  t r a c e s  c o n v e r g e . 
Addit ional ly,  Figure 13a presents 
the I-V curve of the meander t race, 
demonstrating good connectivity for 
the stitched Cu traces. The measured 
i n t r a - l a y e r  l e a k a g e  c u r r e n t  i s 

molding, respectively. X-ray inspection 
was ca r r ied out  on t he  a ssembled 
chiplets, indicating good solder joint 
alignment and formation with the RDL 
stack layer (Figure 10). Figures 11a-
b depict the fabricated RDL interposer 
package after singulation and solder 
bump attachment, respectively. Finally, 
the RDL inter poser was assembled 
onto the organic build-up subst rate 
using a TCB process, as illustrated in 
Figure 11c.

Electrical measurements
T he  fol low i ng  se c t ion s  d i scu s s 

various electrical measurements that 
were conducted.

Figure 9: Chiplets assembled on a carrier: a) an array of chiplets assembled on the RDL layers; b) after wafer-
level molding to encapsulate the chiplets assembly and RDL layer.

Figure 10: X-ray images of solder interconnects: a) a single RDL interposer with the 12 chiplets; b) magnified 
X-ray images of fine-pitch solder bumps.

Figure 11: An RDL interposer package after solder ball drop and attachment to organic substrate: a) tilted optical image of the solder bump side of the RDL interposer; b) 
a magnified image showing the SAC305 solder bumps; and c) after attachment to organic substrate.

Figure 8: Cu RDL traces located at the stitch line 
(blue dash line) between the 2 mask fields: a) 2µm 
L/S Cu traces stitched; and b) magnified images 
showing the section of the stitched traces.
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illustrated in Figure 13b, indicating 
a  lea kage  cu r rent  i n  t he  r a nge  of 
pico-amperes, which aligns with the 
target specif ications.

Ch ip le t s  t o  R DL d a i s y  cha i n .  
F i g ure  14  shows  t he  d a i sy  cha i n 
locations between RDL and chiplets. 
Electrical testing was performed on the 
respective UBM pads connected to the 
RDL and chiplets; and all daisy chains 
showed good electrical continuity with 
no open connections, indicating good 
assembly yield of the chiplets using the 
mass ref low process.

Warpage measurement
The war page of  fabr icated R DL 

inter poser packages was measured 
using the Shadow Moiré technique 
d u r i n g  a  r e f l o w  p r o c e s s .  T h i s 
assessment was conducted to evaluate 
the RDL interposer package’s warpage 
w h e n  m o u n t e d  o n t o  t h e  o r g a n i c 
s u b s t r a t e .  F i g u r e  15  i l l u s t r a t e s 
t he  p a ck a ge  wa r p a ge  t h r ou g hou t 
the ref low process. The fabr icated 
package was measured with the bump 
side facing down (l ive-bug), where 
posi t ive  va lues  i nd ica t e  a  convex 
prof ile and negative values indicate 
a  c o n c a ve  p r o f i l e .  I n i t i a l l y,  t h e 
RDL interposer exhibited a convex 
warpage of 213µm. As the temperature 
i n c r e a s e d ,  t h e  p a c k a g e  p r o f i l e 
transitioned from convex to concave, 
r e a ch i ng  a  m a x i mu m wa r page  of 
-736µm a t  a  pea k  t e mp e r a t u re  of 
275° C ,  b e fo r e  d e c r e a s i n g  a s  t h e 
t e m p e r a t u r e  w a s  l owe r e d .  U p o n 
cooling to room temperature, the final 
package warpage measured 277µm. 
This significant change in warpage is 
attributed to the coefficient of thermal 
expansion (CTE) mismatch between 
the RDL layers, chiplets, and mold 
compound.  The obser ved war page 
variation poses a significant challenge 
d u r i ng  t he  a s s e mbly  of  t he  R DL 
inter poser to the organic subst rate 
using a ref low approach, potentially 
leading to issues such as inadequate 
solder joint formations.

To address the challenge of large 
package warpage, a TCB process was 
implemented for assembling a large 
RDL interposer package. The process 
involved several steps to mitigate the 
warpage issue effect ively. Init ially, 
the RDL interposer was picked up on Figure 13: Electrical test results of a stitched meander comb structure: a) an I-V curve of meander Cu trace; 

and b) intra-layer leakage current of meander comb.

Figure 12: a) Meander comb test structure at the stitch line; and b) a magnified image of meander traces at 
the stitch line.
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the bond tool and pre-heated to 100°C 
to reduce the inte r poser  war page. 
Subsequent ly,  the R DL inte r poser 
was aligned and gently pressed onto 
the organic substrate with a low bond 
force. The bond tool was then heated 
to a peak bond temperature of 300°C 
for a short duration and subsequently 
cooled  dow n.  D u r i ng  t he  cool i ng 
phase, the bond force was maintained 
to minimize the warpage of the RDL 
interposer. Figure 11c shows the RDL 
inter poser successf u l ly assembled 
t o  t he  o rga n ic  subs t r a t e  w i t h  t he 
TCB process and X-ray inspect ion 
(Figure 16) shows good solder joint 
formation between the RDL interposer 
and organ ic subst rate,  showcasing 
t he  e f fe c t ive ne s s  of  t h i s  me t ho d 
i n  add ressing the R DL inte r poser 
warpage during package assembly.

T h e  Sh a d ow Moi r é  a s s e s s m e n t 
of  t he  a s sembled  R DL i nt e r pose r 
on the organic subst rate displays a 
380µm convex profile, surpassing the 
warpage outcomes of the unassembled 
R DL inter poser package of 277µm 
(Figure 17). This elevated warpage 
is at t r ibuted to the CTE mismatch 
between the RDL interposer and the 
organic substrate materials. It should 
be noted that a metal stiffener frame 
is  absent  on the organ ic subst rate 
u s e d  i n  t he  s t u d y.  I nc o r p o r a t i ng 
a s t i f fener  f rame into the organ ic 
substrate is anticipated to alleviate the 
warpage results of the assembled RDL 
interposer package.

Summary
A large RDL interposer measuring 

52 x 44mm was successfully fabricated 
using the RDL-first FOWLP process, 
accommodating 12 embedded chiplets. 
The fabr icat ion process involved a 
2-mask stitching process to produce 
the sizable interposer, with 6 layers 
of high-density RDL featuring 2µm 
L/S on a temporary carrier. Chiplets 
with micro-bumps were accurately 
placed on U BM bonding sites and 
soldered through mass ref low. X-ray 
i nspec t ion ve r i f ied t he  a l ig n ment 
and successful solder joint formation 
b e t we e n  c h i p l e t s  a n d  R DL .  T h e 
chiplets were then encapsulated with 
epoxy mold compound to complete the 
RDL interposer package. Elect r ical 
testing demonstrated good continuity 

Figure 15: Package profile of an RDL interposer measured by Shadow Moiré at a key reflow temperature.

Figure 14: Designation of the chiplets and daisy chain locations.

Figure 16: X-ray inspection of solder joints between the RDL interposer and the organic substrate: a) Plan 

view of the entire RDL interposer package; b) A magnified and tilted view of the solder joints.
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i n  t he  s t i t ched  s t r uc t u re  a nd  low 
leakage current in the intra-layer RDL. 
A daisy chain connectivity test was 
also performed for the 12 chiplets, 
demonstrating good connectivity with 
the RDL layer. Shadow Moiré warpage 
measurement was carried out on the 
fabr icated RDL interposer package 
revealed significant variations during 
temperature changes, prompting the 
i mplement a t ion of  a  TCB process 
to mit igate war page issues du r ing 
assembly of the RDL interposer onto 
an organic substrate. 
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Heterogeneous packaging: Optimizing performance 
and power consumption
By Jean-Charles Souriau  [CEA-Leti]

ecause of the increasing 
costs of advanced nodes 
a n d  t h e  d i f f i c u l t i e s  o f 

shr inking analog and circuit input-
output signals (IOs), alternatives to 
single-die architectures are becoming 
mainst ream. Chiplet-based systems 
using 3D technologies are compatible 
with scalable modular architectures, 
and with technology partitioning based 
on reusable intellectual property (IP) 
blocks. Moreover, 3D interconnects 
increase chip-to-chip bandwidth and 
l i m it  ove ra l l  power  consu mpt ion . 
I ndust r ies  ac ross  the whole range 
from automotive to high-performance 
computing (HPC) will soon be relying on 
advanced packaging to deliver simpler, 
faster, and cheaper chip designs that 
integrate more functions while offering 
greater performance and versatility.

The chiplet-on-interposer concept 
involves integrating a multiplicity of 
chips on the same silicon platform; 
i t  cont ras t s  with la rge monol i th ic 
systems-on-chip (SoCs) plat for ms. 
The act ive inter poser extends th is 
concept by adding smar t funct ions 
a t  t h e  i n t e r p o s e r  l e v e l ,  s u c h  a s 
c o m p l e m e n t a r y  m e t a l - o x i d e -
semiconductor (CMOS) components. 
T he i nt e r pose r,  t he reby,  becomes 
more than a simple interconnection 
platform; it provides the foundation 
for analog and low-power digital and 
photon ic  f u nc t ions  a nd i nc rea sed 
3D communication, especially with 
network-on-chip architectures.

In 2019, CEA-Let i and CEA-List 
p r e s e n t e d  t he  f i r s t  C MOS a c t ive 
i n t e r p o s e r  m e a s u r e d  o n  s i l i c o n , 
i n t e g r a t i n g  p o w e r  m a n a g e m e n t 
a n d  d i s t r i bu t e d  i n t e r c o n n e c t s  t o 
create an innovative scalable cache-
coherent memory hierarchy. In this 
demon s t r a t ion ,  s i x  28n m FD -SOI 
chiplets were 3D-stacked onto an active 
interposer in a 65nm process, to create 
a total of 96 cores [1].

To  r e d u c e  t h e  d i e - t o - w a f e r 
(DTW) interconnect pitch, leading 
m i c r o e l e c t r o n i c s  m a n u f a c t u r e r s 
consider that direct hybrid bonding 
( H B) ,  u s i n g  m i xe d  c o p p e r /ox id e 
interfaces, will be essential for the 
success of future memory stacks, HPC, 
and to support the continued application 
o f  M o o r e’s  L a w.  H e t e r o g e n e o u s 
3D integrat ion has been ident if ied 
as a way to increase f unct ional it y 
per un it  a rea by opt imiz ing space 
i n  t he  x ,  y  a nd  z  d i r e c t ion s .  Fo r 
over 10 yea rs ,  CEA-Let i  has been 
par t of the French public  Nanoelec 
Te ch nolog ica l  Re se a rch  I n s t i t u t e 
ecosystem, gathering 22 partners from 
academic research inst itut ions and 
industry [2]. Within this framework, 
to offer advanced packaging and HB 
solut ions, we have teamed up with 
equipment manufacturers (SET, EVG, 
etc.) and adapted specif ic bonding 
p r o c e s s e s — f r o m  p i c k- a n d - p l a c e 
technology to self-assembly (SA)—to 
improve yield and alignment accuracy. 
Today, we can bond chips from 1mm² 
× 1mm² to 10mm² × 10mm² by HB 
with interconnect pitches from 10μm 
to less  t han 5μ m [3].  I n  add it ion , 
die spacing can be as low as 40μm. 
Current developments are focused on 
multi-stack DTW processes. We have 
demonstrated that signals and power 
supply f rom top-die circuits can be 
communicated to a subst rate using 
through-silicon vias (TSVs) [4]. We 
are also working on new integration 
technologies such as SA. The advances 
m a d e  p r o v i d e  h i g h e r  a l i g n m e n t 
performance (+/-200nm) and increased 
t h roug hput  (t housa nds  of  d ie s / h). 
Another key area of research relates to 
optimization of the temperature of the 
HB process, with the aim of preserving 
memory or active device performance.

To further improve data transmission 
d u r i n g  c o m m u n i c a t i o n ,  w e  a r e 
contributing to the development of a 

disruptive approach to HPC: optical 
network-on-chip (ONoC) technology. 
Photons (light) have the potential to 
deliver fast on-chip communication 
for HPC, with increased bandwidth 
and reduced power consumption [5]. 
The main technological chal lenges 
faced by our architectural vision of 
an ONoC approach to chiplets were: 
1) a scalable, low-prof i le inter face 
between the chiplets and network; 2) 
decentralized routing to reduce data 
movement within the system; 3) thermal 
management compatible with optical 
communications; and 4) maintaining 
i nd iv idual  ch iple t  pe r for mance i n 
multiple-chiplet integrations. 

B y  t a c k l i n g  t h e  i s s u e s  n o t e d 
above, we successfully co-integrated 
3D inte rcon nect ions and photon ic 
devices using a newly demonstrated 
approach to form 10µm diameter by 
100µm h igh TSVs th rough copper 
metallization inside a photonic chip 
[6]. Thermal insulation was improved 
by etching 40µm diameter backside 
cavit ies beneath the opt ical micro-
rings, leading to a 70% reduction in the 
power required to tune the micro-rings. 
Moreover, we have shown eff icient 
thermomechanical stress management 
o f  t h e  t h i n n e d  10 0 µ m  p h o t o n i c 
interposer for assembly processes [7].

3D sequential integration makes it 
possible to achieve the best possible 3D 
contact densities between stacked tiers 
(<100nm pitch). This integrat ion is 
attracting strong interest for more-than-
Moore applicat ions, such as CMOS 
i mage sensor s  w it h  sma r t ,  sca led 
pixels, or mixed-signal applications 
where low-voltage analog and digital 
d e v i c e s  o c c u p y  s e p a r a t e  l e ve l s , 
thereby allowing their independent 
opt imizat ion .  T he i nt roduct ion of 
intermediate back end of line (iBEOL) 
between the stacked transistors will 
add to the variety of applications that 
this technology can address.

B
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then moving to active wafers (sensors, 
power or comput ing technologies). 
In 2023, we presented results on the 
TSV process with an aspect ratio of 
10:1, i.e.,  with a diameter/space of 
1μm/1μm (pitch 2μm) associated with 
a  depth of  10μ m; th is  appl ica t ion 
wa s  fo r  H D copp e r  TSVs  fo r  u se 
i n  advanced imag ing appl icat ions 
or fur ther backside power-delivery 
network architectures for nano TSVs.

A test vehicle consisting of a single 
metal level on each side of a thinned 
silicon (Si) substrate bonded to a thick 
carrier was produced to develop and 
optimize the process f low, ensuring 
t ha t  i t  wou ld  be  compat ible  w i t h 
t he  cons t r a i nt s  of  t he  subsequent 
H B process .  Elec t r ica l  re s i s t a nce 
me a su re me nt s  r eve a le d  a  me d ia n 
value of 0.7Ω on Kelvin patterns, with 
a 100% yield achieved on 10,000-TSV 
daisy chains. Remarkably, no failures 
we r e  r e c o r d e d  d u r i n g  e x t e n s i ve 
rel iabil ity test ing, including 2,000 
hours of h igh-temperat u re s torage 
(HTS) at 150°C, and 2,000 thermal 
cycl ing test  (TCT) cycles between 
-55°C and +150°C [8]. These results, 
s h ow n  i n  F i g u r e  1 ,  a r e  a  m a j o r 
milestone for very highly-integrated 
a r ch i t e c t u r e s  ba s e d  on  mu l t ip le -

TSV: A key enabling technology for 
heterogeneous systems

In the framework of advanced dense 
interconnection, we have developed TSV 
processes since 2006, and consequently, 
we have the requisite exper ience to 
contribute to the design of new modules 
or system architectures. We star ted 
with the TSV-last process for CMOS 
image sensor applications that are still 
being opt imized for new computed 
tomography X-ray scanners or detectors 
for advanced par ticle physics needs. 
We then worked on TSV mid-process 
for memory on logic, and afterwards on 
silicon interposers application to more 
recent high-density (HD) TSV for logic 
blocks interconnections combined with 
hybrid density, for example.

E a ch  of  t he  TSV developme nt s 
n o t e d  a b o v e  f o l l o w e d  t h e  s a m e 
r i g o r o u s  p r o t o c o l ,  i n v o l v i n g 
o p t i m i z a t i o n  o f  i t s  e l e c t r i c a l 
p r o p e r t i e s  ( r e s i s t a n c e ,  l e a k a g e , 
capac i t a nce)  a nd  qu a l i f ica t ion  of 
r e l i a b i l i t y  no r m s — a t  f i r s t  u s i ng 
passive test vehicle integration, and Figure 1: Field higher beam cross section of a HD TSV (Ø=1µm H=10µm) daisy chain. SOURCE: CEA-Leti/R. Vélard
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layer  wafer- to -wafer  i nteg rat ions. 
Emerging data will be the subject of 
a forthcoming conference presenting 
even more integrated TSVs landing 
on aggressively thinned metal 1, to 
mimic the i nteg rat ion of  22n m or 
smaller nodes.

Active interposers: Enhancing 
photonic and HPC applications

From an architectural point of view, 
our interest in interposers star ted in 
2010 with the development of large 
passive interposers [9]. Since then, this 
theme has followed its own roadmap 
alongside developments in advanced 
HPC, requiring increased bandwidth, 
reduced latency and g reater power 
eff iciency. From passive interposers, 
the technology has moved to active 
i n t e r p o s e r s  i n c l u d i n g  a c t i ve  3D 
links and embedded DC-DC (direct 
current) converters for pinpoint power 
delivery. It has f inally matured for 
use in photonic interposers, making it 
possible to overcome the latency wall 
that emerges with increasing chip-
to-chip distances even with these on-
chip architectures. For each of these 
approaches, dedicated technological 
developments were required, starting 
f r o m  p a s s i v e  i n t e r p o s e r s  w i t h 
integration of the first 10µm diameter 
by 100µm high TSV [6]. The absence 
of devices on the substrate meant that 
less emphasis was required on thermal 
oxidation and planarization or metallic 
contamination of active parts, which 
facilitated TSV integration.

Moving to an active interposer, the 
compatibility with the production fab 
for  BEOL comple t ion represented 
a real challenge in terms of copper 
p r o t r u s i o n  f r o m  T S Vs ,  o r  o t h e r 
defec t s .  T hese  have  been  t ack led 
t ha n k s  t o  t he  i nc re a se d  m at u r i t y 
of  t he  TSV f i l l i ng  a nd  a n nea l i ng 
processes, combined with systematic 
close inspection of each TSV in the 
closed loop by i ndus t r ia l  p rocess 
teams to determine optimal process 
points. These developments related 
to  photon ic  i n t e r pose r s  represent 
a  r e a l  b r e a k t h r o u g h  i n  t e r m s  of 
interconnections, as mentioned, and 
demonstrate the convergence of the 
photonic and 3D integration roadmaps.

T h e  T S V  a s p e c t  r a t i o  a n d  t h e 
metallization process have remained 
a l mos t  u ncha nge d  s i nce  t he  f i r s t 

i nteg rat ion ,  but  the inclusion of a 
2µm th ick bu r ied ox ide ( BOX) to 
avoid  pa r a s i t ic  coupl i ng  be t ween 
w a v e g u i d e s  a n d  t h e  u n d e r l y i n g 
silicon was a real challenge. First, the 
TSV etching was fully redeveloped 
to produce smooth sidewalls for later 
metal l i zat ion and to el iminate the 
silicon etching below the BOX; then, 
the ther momechanical defor mat ion 
o f  t h e  t h i n  s u b s t r a t e  d u e  t o  t h e 
th ick BOX had to be compensated 
by balancing al l the between-layer 
s t r e s s e s  l i n ke d  t o  f r o n t s i d e  a n d 
b a c k s id e  i n t e r p o s e r  i n t e g r a t io n . 
These adjustments were mandatory 
for the assembly of the top dies of 
t h e  Po p s t a r  p h o t o n i c  i n t e r p o s e r 
demonstrator (Figure 2) hosting four 
computation chiplets and six electro-
optical dr iver chips. The successful 

TSV i n t eg r a t ion  i n  t h i s  phot on ic 
i n t e r p o s e r  w a s  d e m o n s t r a t e d  b y 
assessing the elect r ical y ields and 
electro-optical performances of TSV 
ch a i n s  [10] .  T he  f i r s t  f u nc t ion a l 
i n t e r me d ia t e  de mon s t r a t o r s  h ave 
just been assembled (Figure 3). This 
s t udy  cont r ibu t e s  t o  t he  ongoi ng 
p r o g r e s s  i n  c o m p u t i n g  s y s t e m s , 
pa r t icu la rly  i n  the rea lm of  H PC, 
by providing insights and solutions 
to integrate opt ical communicat ion 
technologies within a heterogeneous 
computing architecture.

B y  c o m b i n i n g  3D  i n t e g r a t i o n 
w i t h  m i d - p r o c e s s  T S V  a n d 
a d v a n c e d  p a c k a g i n g ,  b a s e d  o n 
s m a l l - p i t c h  f l i p  c h i p s  a n d  o p t i c 
f i b e r  p i g t a i l i n g ,  h e t e r o g e n e o u s 
integrat ion of a photonic device on 
a si l icon inter poser was ach ieved. 
T h i s  r e p r e s e n t s  t h e  f u n c t i o n a l 
demonstration of the next generation 
of beam steering for a light detection 
a n d  r a n g i n g  ( L i DA R)  d e s i g n e d 
fo r  a u t o n o m o u s  ve h ic l e  d r iv i n g .  
Figure 4  shows integ rat ion of the 
f l ip chip in an opt ical phase ar ray 
(OPA)  ge ne r a t i ng  t he  l a se r  b e a m 
scanning a silicon interposer, thanks 
t o  a  10 µ m  T S V  a n d  4 0 µ m  p i t c h 

Figure 2: Photonic waveguides and micro bumps on 
a Popstar Interposer. 
SOURCE: CEA-Leti/J. Charbonnier

Figure 3: STARAC frontside module: Popstar 
photonic interposer, 4 chiplets and 6 electro-optical 
drivers in 28nm FD-SOI. 
SOURCE: CEA-Leti/R. Franiatte

Figure 4: Solid-state optical phase array photonic 
device for an autonomous vehicle driving light 
detection and ranging (LiDAR) packaged device using 
a mid-process TSV and a fine-pitch flip-chip process 
on a silicon interposer. 
SOURCE: CEA-Leti/ N. Miloud-Ali
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c o p p e r  p i l l a r .  T h e  256  c h a n n e l s 
of  t he  OPA a re  w i r e  bonde d  t o  a 
pr inted ci rcuit board (PCB) and an 
8-channel fiber array is connected to 
deliver the laser beam. The system 
is fully functional and complies with 
advanced dr iver assistance systems 
(A DA S)  s p e c i f i c a t io n s  fo r  b e a m 
scanning angles, divergence and power 
consumption [11].

Hybrid bonding: A solution for 
heterogeneity

Hy b r i d  b o n d i n g  i s  a  m a t u r i n g 
t ech nolog y i n  adva nced fabs  t ha t 
is essential to the emergence of 3D 
devices. This technology is similar to 
direct bonding, but is applied to mixed 
Cu /dielect r ic sur faces to create an 
electrical interconnection between two 
parts. Direct bonding is quite distinct 
from thermocompression and adhesive 

bonding, which require temperature and 
pressure, or additional materials such as 
polymer, respectively, to ensure contact 
between the two surfaces. Following 
st r ingent surface preparat ion—i.e., 
topography and cleanliness—direct 
bonding is spontaneous, requiring no 
external loading.

H B i s  p a r t i c u l a r ly  s u i t able  fo r 
interconnection densities with pitches 
from 0.5µm to 10µm. The race to achieve 
higher interconnection densities is the 
main driver on the HB development 
roadmap for HPC or imaging applications 
[12]. However, HB is also more reliable 
and results in a thinner total stack 
compared to micro-bumps, which are 
used in automotive applications and 
high-bandwidth memory applications.

HB has mat u red enough to have 
entered mass production, especially 
for stacked image sensors in its wafer-
to-wafer version. Devices with two-
die stacks are available on the market, 
and advanced research on three-die 
stacks are advancing well. Die-to-wafer 
(DTW) hybrid bonding will dramatically 
enhance designer creativity as several 
a d v a n c e d  t e c h n o l o g y  n o d e s  a n d 
substrates can be assembled on a single 
interposer to produce heterogeneous 3D 
(Figure 5).

For  f u t u re  r e sea rch  on  H B,  t he 
d e ve lo p m e n t  of  low- t e m p e r a t u r e 
processes will be key to addressing 
technologies with a low thermal budget. 
For example, SA is being explored, as are 
horizontal die-to-die interconnections by 
HB [13]. In the latter context, interposer 
or bridges should make it possible to 
overcome stepper limitations.

3D sequential integration: 
Optimizing 3D contact densities

The strategy adopted at CEA-Leti to 
introduce iBEOL between sequentially 
stacked tiers introduced the following 
new challenges: 1) a limitation of the 
top CMOS field-effect transistor (FET) 
thermal budget process to 500°C, and 
2) the need to ensure a safe return 
t o  on ly  f ront  e nd  of  l i ne  ( F EOL) 
contamination when processing the top 
transistor. Figure 6 shows the recent 
demonstration of one such integration 
[14].  Above a  s t a nd a rd  i ndus t r ia l 
2 8n m  f u l l y - d e p l e t e d  s i l i c o n - o n -
insulator (FD-SOI) platform including 
four Cu/ultra low-k (ULK) dielectric 
metal levels, the top CMOS device 
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range (HDR) pixel, which are f irsts, 
take 3D sequential integration to the 
next level in terms of maturity.

W e  e n v i s i o n  3 D  s e q u e n t i a l 
i nteg rat ion in the f ields of  scaled 
and smar t imagers, radio-frequency 
(RF) applications and highly efficient 
comput ing. The toolbox developed 
i ncludes  low- temperat u re  dev ices 
with digital (<1V) and analog units 
of mer it  (>2.5V) fabr icated at  low 
t e mp e r a t u re s  on  monoc r ys t a l l i ne 
channels, with the goal of achieving 

layer was fabricated within a 500°C 
thermal budget. A new Bevel Wrap 
Contamination module was introduced 
to  a l low a  sa fe  r e t u r n  i n  a  FEOL 
contamination before proceeding with 
direct bonding of the top channel and 
full device processing in a FEOL clean 
room with s t ate of  the a r t  300m m 
tools. The CMOS FD-SOI top devices 
produced showed performance levels 
similar to those of high-temperature 
FD-SOI devices. The demonstrations 
of a ring oscillator and a high dynamic 

Figure 6: Transmission electron microscopy (TEM) cross section of the 2-CMOS layer stacking including 
iBEOL with Cu/ULK 28nm. SOURCE: CEA-Leti

Figure 5: Die-to-wafer hydrid bonding. SOURCE: CEA-Leti/L. Sanchez
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fabrication of top-quality devices at 
low temperat u res without l imit ing 
performance compared to traditional 
high-temperature CMOS devices. This 
capacity would be useful across a wide 
range of applications.

Advanced packaging: Toward a 
European 3D strategy

Future HPC, artificial intelligence (AI), 
image sensors, smart displays, etc., will 
be based on advanced packaging and 3D 
integration of components in increasingly 
complex architectures. The United States 
is at the forefront of this trend thanks 
to concrete examples from NVIDIA, 
AMD, and Intel. Strong competition also 
exists in Asia between giant players like 
TSMC and Samsung. Europe must reduce 
the gap with the U.S. and Asia, who 
are investing heavily in this advanced 
packaging and 3D. Indeed, performance 
improvements in the latest semiconductor 
nodes will not be sufficient to deal with 
the needs of emerging applications (e.g., 
generative AI). Advanced packaging 
is an alternative path allowing chips 
fabricated using different technologies 
to be combined to optimize performance 
and cost of the final “chip” assembly.

Summary
CEA-Leti is pursuing its historical 

interests in heterogeneous integration 
and 3D, and developing an ambitious 
roadmap for system and technology 
co-optimization. To support European 
a mbi t ion s  fo r  t he  s e m ic ond u c t o r 
indust r y,  we have also establ ished 
pa r t ne r sh ips  w ith  othe r  Eu ropean 
research and technology organizations 
(RTOs), like imec, Fraunhofer Institute, 
and Tyndall. As part of this, CEA-Leti 
has joined PREVAIL, the multi-hub 
Test and Experimentation Facility for 
edge AI hardware [15]. In addition to 
technological developments, we are also 
addressing environmental challenges 
t h rough l i fe - cycle  a ssessment s  of 
technologies, low-power systems enabled 
by 3D, exploration of chip re-use, etc.
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Cu-Cu hybrid bonding for high-bandwidth memory (HBM)
By John H. Lau  [Unimicron Technology Corporation]

y b r i d  b o n d i n g  h a s 
ach ieved qu ite  a  bi t  of 
t r a c t i o n  r e c e n t l y.  Fo r 

example,  the 2023 IEEE Electronic 
C o m p o n e n t s  a n d  T e c h n o l o g y 
Conference (ECTC) featured more than 
80 papers related to hybrid bonding. 
In [1,2], it was ment ioned that Cu-
Cu bumpless hybrid bonding, i.e., so-
called direct-bond interconnect (DBI), 
was invented by the Research Triangle 
Institute (RTI) in the U.S. [3-6] around 
2000. At about the same time, Suga 
and his colleagues in Japan proposed 
a simi la r  tech nology cal led room-
temperature bumpless direct bonding 
[7-10]. DBI has been in very high-
volume manufacturing since 2016 by 
Sony on it s complementar y metal-
oxide-semiconductor (CMOS) image 
sensors (CIS) [1,2,7,8], and since 2021 

by Yang tze Memor y Tech nolog ies 
Compa ny Ltd .  ( Y MTC) on i t s  3D 
NAND flash memory [1,2,7,8].

The brief fundamentals and recent 
a d v a n c e s  a n d  t r e n d s  o f  C u - C u 
bumpless hybr id bonding f rom the 
IEEE/ECTC 2022 papers and IEEE/
ECTC 2023 papers have been reported, 
respect ively in [1,2] and [7,8]. The 
recent advances and trends of Cu-Cu 
hybr id bonding for high-bandwidth 
memory (HBM) will be discussed in 
this technology review. 

Samsung’s hybrid bonding for HBM
D u r i n g  I E E E / E C T C  ( M a y  3 0 -

June 2 ,  2023),  Samsung publ ished 
at least 6 papers on hybrid bonding. 
In [11], they presented a multi-stack 
hybrid Cu bonding (HCB) technology 
development using ultra-thin chips. As 

mentioned in [2], Samsung has been 
in production for 3D-IC integration of 
its high-bandwidth memory (HBM) 
by  f l i p - c h i p  h ig h - b o n d i n g  fo r c e 
thermocompression bonding (TCB) 
of the C2 (Cu-pillar with solder cap 
or µbump) TSV (through-silicon via) 
chips with nonconductive film (NCF). 
Figure 1a  schematically shows the 
16H multi-stack using the f lip-chip 
TCB solder ref low method. It can be 
seen that there are joint gaps between 
the chips. However, with HCB, the 
chips are bumpless and the Cu-pad 
t o  C u- pa d  pa i r s  a r e  b onde d  w i t h 
die-to-wafer (D2W) and die-to-die 
(D2D)  methods [1,2,7,8]. Figure 1b 
schematically shows the 16H multi-
stack using the HCB method. It can be 
seen that the total package thickness 
is smaller than the one using the TCB 

H

Figure 1: 16H HBM structure: a) Flip chip with microbump solder reflow with joint gap; b) D2W/D2D Cu-Cu hybrid bonding with gapless joint. SOURCES: [7,11]
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The HCB mechanism is shown in 
F i g u re  2a .  C he m ica l -me ch a n ica l 
polishing (CMP) is conducted for the 

bonding surface of the core memory 
die after dicing and the buffer wafer. 
Plasma processing on the passivation 
surface creates an activation state and 
generates the hydroxyl group (OH) 
when deionized (DI) water is sprayed 
onto the sur face. Then, the chip is 
picked and al igned with the wafer 
(D2W), and the pressure applied for 
joining generates bindings among the 
oxides. These methods are repeated to 
stack several core memory dies as D2D 
layers. After pre-bonding is completed 
by  s t a ck i ng  t he  l aye r s ,  t he  b ond 
between oxides is strengthened by high-
temperature annealing; the Cu pads 
of the top and bottom plates expand 
and meet, electrically connecting as 
Cu diffusion occurs. Figure 2b shows 
the scan n i ng elec t ron mic roscope 
(SEM) image of the HCB 16H stacking 
HBM package. Figure 2c shows the 
fol lowing: 1) there are no voids at 
the interface, and 2) the Cu diffusion 
and grain growth at triple points was 
observed at the Cu interface.

solder bumped f lip-chip method and 
there is no gap (i.e., gap-less) between 
the chips.

Figure 2: a) Key hybrid bonding process; b) 16H HBM structure; and c) SEM image of the Cu-Cu interface 
showing recrystallized Cu grains across the bonding interface. SOURCES: [7,11]
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One of the challenges of HBM is 
thermal management. Because there 
are no gaps between the chips, the 
vertical thermal resistance of the 16H 
HBM with the HCB is 20% lower than 
that for the f lip-chip case with gaps 
for the µbumps and underfill (NCF) as 
shown in Figure 3 [11].

At ECTC 2023, Samsung published 
another paper on thermal improvement 
of HBM with joint thermal resistance 
reduction for scaling 12 stacks and 
beyond [12]. The authors stated that 
there are two factors af fect ing the 
HBM temperature: 1) internally (HBM 
it sel f ) ,  t he r mal  re si s t ance ,  power 
magnit ude and map (d ist r ibut ion), 
a nd  t empe r a t u re  se n sor  loca t ion ; 
and 2) externally (system), cooling 
performance, graphics processing unit 
(GPU), application-specific integrated 
circuit (ASIC), central processing unit 
(CPU) power, and system-in-package 
(SiP) st r ucture. In [12] thei r focus 
is on the inside of HBM and dealing 
with thermal resistance improvement 
methods such as HCB.

F i g u re  4  shows  t he  s i mu la t ion 
result s on joint ther mal resistance 
with arbit rary units (A.U.) vs. joint 
gap thickness for mass ref low (MR)-
molded underf ill (MUF), TCB-NCF, 
and HCB. MR-MUF and TCB-NCF 
have been discussed in chapter 1 of 
[8].  It  can be seen f rom Figure 4 
that: 1) the joint thermal resistance 
is the lowest for HCB; 2) the joint 
t he r m a l  r e s i s t a nce  i s  h ig he s t  fo r 
MR-MUF; 3) the reduct ion of joint 
ther mal resis t ance f rom MR-M U F 
t o  T C B - NC F  i s  35%;  a n d  4)  t h e 
reduction of joint thermal resistance 
f r o m  M R- M U F  t o  H C B  i s  m o r e 

Figure 5: Measured and simulated stack thermal resistance of HBM with TCB and HCB. SOURCES: [7,12]

Figure 3: Thermal resistance in 16H HBM structure: 
conventional flip chip vs. HCB. SOURCES: [7,11]

Figure 4: Joint thermal resistance of MR-MUF, TCB-NCF, and HCB. SOURCES: [7,12]

Figure 6: Comparison between a solder-bumped flip chip and hybrid bonding interconnect. SOURCES: [7,13]
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cor relate very well (more than 95% 
matched); and 2) the stack thermal 
resistance fabr icated with the HCB 
is  15~30% less  than that  with the  
TCB-NCF.

SK Hynix’s hybrid bonding for HBM
During IEEE/ECTC 2023, SK Hynix 

presented  a t  lea s t  one  pape r  on  a 
chip-to-wafer (C2W) hybrid bonding 
interconnect technology for h igher 

density and better thermal dissipation 
of HBM [13]. The paper’s focus is on 
the demonstration of a 8Hi-HBI (hybrid 
b ond i ng  i n t e r c on ne c t)  w i t h  C2W 
multi-stack HBM as shown in Figure 
6. It can be seen that comparing with 
the solder-bumped mass ref low method 
(chapter 1 of [8]), the thickness of the 
HBM package can be reduced by 15% 
with the Cu-Cu bumpless HBI method.

Plasma treatment is a key process 
step for preparing the bonding surface 
that  makes oxide bonding at  room 
temperature with CMP in HBI. The 
authors consider three different kinds 
of plasma conditions, namely, A, B, 
and C. Figure 7 shows the bonding 
s t r e n g t h  a n d  s c a n n i n g  a c o u s t i c 
microscopy (SAM) images of samples 
under plasma conditions A, B, and C 
after end-of-line and reliability testing. 
It can be seen that plasma condition 
B yields the highest bonding strength 
that is measured by the Maszara test 
in wafer-to-wafer base. The annealing 
temperature is 200ºC. There is no void 
after the end of line. However, there 
are voids after the reliability test.

Thermal resistances of MR+MUF 
(8Hi) and HBI (8Hi) structures with 
different pad densities are shown in 
Figure 8. It can be seen that: 1) for the 
same pad density (20%), the thermal 
resistance of the HBI (8Hi) is 22% 
lower than that of the MR+MUF (8Hi); 
and 2) the thermal resistance of the 
HBI (8Hi) (with 8% pad density) is 
13% lower than that of the MR+MUF 
(8Hi) (with 20% bump density).

Micron’s hybrid bonding for HBM
D u r i n g  E C T C  2 0 2 3 ,  M i c r o n 

p u b l i s h e d  a t  l e a s t  o n e  p a p e r  o n 
critical challenges with copper hybrid 
bonding for C2W memory stacking 
[14]. Figure 9a shows a conventional 
stacking of TSV-dies with µbumps 
solder ref low method for HBM. The 
µbump pitch can go down to 20µm. 
However, with hybr id bonding, the 
C u pa d  p i t ch  ca n  ea s i ly  go  dow n 
t o  10 µ m  a n d  t h e r e  i s  n o  b u m p , 
i .e.,  bumpless as shown in Figure 
9b .  Figure 9c  shows t he  elec t ron 
b a c k s c a t t e r  d i f f r a c t i o n  ( E B S D) 
across the bonding interface where 
two Cu pads are joined together. Due 
to Cu-to-Cu diffusion, these two Cu 
pads become one with the Cu crystal 

than 80%. Again, this is because of 
t he  t h i n ner  packag i ng enabled by 
HCB; additionally, there are no Cu-
pillar with solder cap and underf ill /
NCF st ructures, which increase the 
thermal resistance.

Figure 5 shows the simulation and 
measurement results of the 16H HBM 
package with the HCB and TCB-NCF 
methods. It can be seen that: 1) the 
simulation and measurement results 

PRoHS
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growth occurring across the bonding 
inter face. However, there are some 
cha l le nges  of  hybr id  bond i ng  fo r 
HBM as pointed out by Micron [14] 
and are discussed below.

P a r t i c l e s  g e n e r a t e d  b y 
conventional wafer dicing. Figure 
10 shows the par t icle counts before 
a n d  a f t e r  a  l a s e r  s t e a l t h  d i c i n g , 
classi f icat ions of d icing par t icles , 
and signatures of par t icles. Micron 
f o u n d  t h a t  l a s e r  s t e a l t h  d i c i n g 
( F i g u re  10b)  ge ne r a t e d  f a r  more 
par t icles than that allowed by a Cu 
hy b r id  b o n d i n g  p r o c e s s  ( F i g u r e 
1 0 a ) — a n  i n c r e a s e  b y  7 x .  T h e 
d ic i ng pa r t icle s  ca n be  cla ss i f ied 
as i norgan ics such as si l icon dust 
(Figure 10c), and organics such as 
tape residues (Figure 10d). Both of 
them have different impacts on void 
formulation at the bonding interface. 
The signature of particle impacts on 
voids are ci rcular shaped as shown 
i n  F i g u r e  10 e ,  a n d  a s  s h ow n  i n 
Figure 10f, circular shaped attached 
with a comet tail due to the bonding 
wave in f luence [14].  Both organ ic 
and inorganic par ticles are harmful, 
but inorganic ones wil l  generate a 
much  b ig ge r  void  compa re d  w i t h  
organic ones.

P a r t i c l e  m i t i g a t i o n  b y 
combi nat ion laser  groov i ng and 
plasma dicing. Figure 11a shows a 
typical memory scr ibe design with 
five dielectric films. Micron proposed 
a  c o mbi n a t io n  of  l a s e r  g r o ov i ng 
plus plasma etch ing to ach ieve an 
optimum balance between the dicing 
quality and a reasonable throughput. 
By doing this, an innovative cleaning 
method to successful ly remove the 
debr i s  a nd  du s t  (due  t o  l a se r i ng) 
before plasma etching was developed 
a nd  t he  ef fe c t s  a r e  show n before 
clea n i ng i n  Fig ure  11b ,  a nd  pos t 
clean ing in Figure 11c .  The post-
wafer dicing and cleaning images at 
saw streets are shown in Figure 11d 
at  the wafer center,  and in Figure 
11e  at  the wafer edge. The overal l 
par ticle counts are shown in Figure 
11f; Figures 11b-f show that the saw 
s t reet s  a re clean ,  and the pa r t icle 
counts are significantly reduced.

Figure 7: Bonding strength and SAM images of samples under plasma conditions A, B, and C after end-of-line 
and reliability testing. SOURCES: [7,13]

Figure 8: Thermal resistance comparison according to different structures (MUF vs. HBI). SOURCES: [7,13]

Figure 9: a) HBM with flip-chip solder reflow (20µm pitch); b) HBM with hybrid bonding; and c) Cu crystal 
growth across the bonding interface. SOURCES: [7,14]
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It is expected that high-volume 
manufacturing of HBMs with hybrid 
bonding could happen in 2025. 

•	 Most of the HBMs with hybr id 
bonding are by C2C/C2W methods. 
Two of the most significant challenges 
are the flatness and cleanness of the 
oxide surface of the chips so after 
they are stacked, the oxide-to-oxide 
of all the chips can be bonded at room 
temperature (RT) with minimum-to-
no voids/seams before annealing all the 
chips at once at a high temperature.

•	 HBMs with hybrid bonding is a 3D-

IC integration packaging method. 
3D NAND f lash memory is a 3D 
monolithic manufacturing method 
within the chip. As mentioned in 
[1,2], Yangtze Memory Technologies 
Company Ltd. (YMTC) has been 
manufacturing its 3D monolithic 
NAND using the hybrid bonding 
method within the chip (not the 
package) since it licensed the Xperi 
(now Adeia) Cu-Cu hybrid bonding 
technology on October 12, 2021.

•	 Just like the 3D NAND, 3D DRAM is 
a 3D monolithic chip manufacturing 
method, which is a very hot topic 
today. With respect to the research and 
development results, such as patents (as 
late as October 2022) on 3D monolithic 
DRAMs, Micron (30) is leading 
Samsung (15) and SK Hynix (10). 
Recently, Samsung and SK Hynix have 
been diligently working on 3D DRAM.

•	 Just like the 3D NAND by YMTC, 
hybrid bonding can also be combined 
with the 3D DR AM monolith ic 
manufacturing within a chip. In 
order to enforce this area, Micron 
licensed the Cu-Cu hybrid bonding 
technology from Adeia on February 
23, 2022. 3D DRAM with hybrid 
bonding within a chip product could 
be shipped before 2030.

•	 As of today, Cu-Cu hybrid bonding is 
applied to the silicon chip to silicon chip 
or substrate. Since the announcement 
(September 18, 2023) of Intel’s glass 
interposer (substrate) for supporting its 
one trillion transistors on a processor 
chip (scheduled to be shipped by 2030), 
the research and development of silicon 
chip on glass substrate such as the 
preparation of dielectric for oxide-to-
oxide RT bonding and Cu dishing for 
Cu diffusion during annealing bonding 
should begin now.
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ECTC 2024: New, larger venue
By Michael Mayer  [University of Waterloo, and 74th ECTC Program Chair]

t is my pleasure to invite you to the 74th IEEE 
Electronic Components and Technology Conference 
(ECTC) Program, which will be held from May 28–31, 
2024, for the first time in the Centennial state, Colorado, 

at the Gaylord Rockies Resort and Convention Center in Denver. 
On behalf of the ECTC’s Executive Committee and Program 
Committee, I welcome our colleagues from all over the world to 
this IEEE/EPS sponsored event.

ECTC is the premier international conference in electronics 
packaging technology. Electronics packaging for microchips 
increasingly plays a pivotal role throughout the microelectronics 
production chain covering the function of microchip protection 
and allowing for increasingly complex and powerful systems. 
As microchips continue to evolve, their electronic packaging 
safeguards against premature failures and contributes to the 
overall durability and performance of all electronic devices, 
ensuring the microchips remain in their pristine shape for 
many years. To this end, ECTC covers a broad range of 
topics, including components, materials, assembly, reliability, 
model ing, interconnect design and technology, d i rect 
bonding and hybrid bonding, device and system packaging, 
heterogeneous integration, wafer-level packaging, photonics 
and optoelectronics, Internet of Things (IoT), 5G, quantum 
computing and systems, 2.5D and 3D integration technology, 
and other emerging technologies in electronics packaging.

The ECTC Program Committee comprises 200+ experts from 
diverse technical fields and is dedicated to creating an engaging 
technical program. ECTC regularly draws over 1,500 attendees 
from 20+ countries. The 73rd ECTC was held in person and 
welcomed 1,619 registered attendees from 26 countries. It 
featured 369 technical papers presented in 36 oral sessions and 
five interactive sessions, including a student-focused session. 
Additionally, nine special sessions covered various topics 
with respect to advanced packaging for harsh environments, 
hybrid bonding, high-density substrates, quantum computers, 

next-generation communication systems, photonics, as well as 
topics in workforce diversity and the CHIPS Act initiative. The 
Technology Corner Exhibits showcased products and services 
from 117 companies. The 73rd ECTC received valuable support 
from our awesome sponsors.

At the 74th ECTC Conference we plan to uphold ECTC’s 
tradition as the premier platform to showcase the latest 
developments in the electronic components industry, where 
packaging drives device and system performance.

The 74th Electronic Components and Technology Conference 
(ECTC) promises an extensive technical program, featuring over 
375 technical papers presented across 36 oral sessions and five 
interactive presentation sessions. Key topics span advancements 
in packaging technologies, heterogeneous integration, systems 
design, and next-generation substrate manufacturing. Reliability 
aspects cover advanced substrates, high-density packages, and 
harsh environment reliability, while assembly and manufacturing 
technology sessions delve into 3D integration, bonding, and 
die bond/board-level reliability. RF, high-speed components, 
and systems topics include antenna-in-package design, signal 
integrity, and chiplet interconnect validation; and emerging 
technologies sessions explore digital healthcare, AI, quantum 
computing, and additive manufacturing for printed electronics.

This year, hybrid bonding features prominently at ECTC. Hybrid 
bonding is a cutting-edge packaging technology that promises to 
achieve the benefits of heterogeneous integration using innovative 
techniques for direct-joining processes. Hybrid bonding plays 
a role in achieving enhanced reliability in advanced substrates 
and interconnects, including copper hybrid bonding for various 
applications. These sessions delve into the materials and processes 
driving the evolution of hybrid bonding in microelectronics.

Photonics takes center stage at ECTC with sessions like "Co-
Packaged Optics,” "Optical Interconnections,” and "Photonics 
Integration, Materials, and Processes.” These sessions explore 
the transformative role of photonics in microelectronics 
packaging, exploring the integration of optical components 
within semiconductor packages, optimizing communication 
within electronic systems, advancing data t ransmission 
through light, addressing signal integrity challenges, advanced 
materials and processes, all aiming at enhanced communication 
bandwidth and system efficiency, paving the way for even more 
energy-efficient and high-performance microelectronic devices.

Special sessions with industry experts include a focus on 
Industry-Government Co-Investments for the Advanced 
Electronics Sector globally, advancing metrology for next-
generation microelectronics, and innovative solutions for 
power-hungry AI/ML applications in a session on Thermal 
Management for AI. An RF Packaging session above 100 GHz is 
scheduled, along with a Young Professionals Networking Event 
and an IEEE EPS Seminar on Substrates for Chiplets.

I

 INDUSTRY EVENTS

Hotel Gaylord Rockies, Colorado
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O n  M ay  29,  2 0 2 4 ,  P r of .  Ke r e n 
Be rg ma n of  Colu mbia  Un ive r s i t y 
will present the keynote on Petascale 
photonic chip connectivity for energy-
efficient AI computing. This is important 
i n dat a centers ,  where con nect ing 
n u m e r o u s  c o m p u t e  a n d  m e m o r y 
resources will profit from lower energy 
and communication costs via integrated 
silicon photonics provided multi-chip 
packaging challenges are addressed. 
This talk explores approaches, including 

dense wavelength-division multiplexing, 
t o  a ch ie ve  Pe t a b i t /s  ch ip  e s c a p e 
bandwidths with sub-picojoule/ bit 
energy consumption.

T he  con fe re nce  a l so  fe a t u re s  a 
Diversity and Career Growth Panel and 
Reception, a Plenary Session on the 
Future of Semiconductor Industry, and a 
panel session on Workforce Challenges in 
Education and Workforce Development 
in the New Chips Economy.

In addition to the technical program, 
E C T C  o f f e r s  16  C E U - a p p r o v e d 
Professional Development Courses 
(PDCs) on May 28th, co-located with the 
IEEE ITherm Conference. ECTC also 
includes an exhibition, running from 
May 29th to May 30th, showcasing the 
latest technologies and products from 
over one hundred exhibiting companies 
in the electronic components, materials, 
packaging, and services fields. Attendees 
can engage in networking opportunities 
during coffee breaks, daily luncheons, 
and nightly receptions.

ECTC invites engineers, managers, 
s t u d e n t s ,  a n d  e x e c u t i v e s  i n  t h e 
m i c r o e l e c t r o n i c s  p a c k a g i n g  a n d 
components indust ry to par t icipate 

i n  t h i s  u n ique  event ,  p rov id i ng  a 
platform for explor ing cut t ing-edge 
advancements, fostering innovation, 
and addressing critical challenges. The 
conference is scheduled from May 28 
to 31, 2024, at the Gaylord Rockies 
Resort & Convention Center in Denver. 
The hotel is renowned for its stunning 
architecture, luxurious amenities, and 
scenic surroundings. Boasting a majestic 
backdrop of the Rocky Mountains, 
the resort provides a picturesque and 
t ranquil set t ing for the 74th ECTC. 
With its spacious accommodations and 
state-of-the-art facilities, the Gaylord 
Rockies offers an inviting atmosphere 
that complements the professional and 
collaborative spirit of ECTC. Attendees 
can expect an enjoyable and productive 
stay in this remarkable venue.

I sincerely express my gratitude to 
sponsors, exhibitors, authors, speakers, 
PDC instructors, session chairs, program 
committee members, and volunteers for 
contributing to the success of the 74th 
ECTC. I look forward to meeting all of 
you on May 28 in Denver, Colorado!

Prof. Keren Bergman (Columbia University)
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