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1. Background on Flexible Hybrid Electronics (FHE)

2. FHE Based on Fan-Out Wafer-Level Packaging Technology
2.1. Process Integration
2.2. Characterization
2.3. Warpage and Die Shift Evaluation

3. Application of Flexible FOWLP with Embedded Chiplets

4. Summary
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Comparison between Rigid and Flexible Electronics

Devices

Interconnects

Processing

Manufacturing
technology

Scalability

Performance

Flexibility

Rigid Si electronics

Inorganic single crystalline
semiconductors (Si and III-V)

PVD-based metals

Wafer-level

Photolithography

High

High

Flexible electronics

Organic semiconductors,
amorphous or Poly Si etc.

Specialty inks and pastes

Sheet-level (roll-to-roll)

Printing
(screen- / inkjet- / gravure-)

Low

Low

Source: 
Purdue 

University. 

HighLow (rigid/flex electronics) 
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FHE: Ultrathin Die Bonding on Flexible Substrates

Printable wirings and solder bumping

Ultra-thin dieFlexible substrate

Cross-
section

Bird-eye
view

Sheet-level processing using printing
High stress Source: Uniqarta

Relationship between chip thickness and retention time
of thinned DRAM with planar capacitor.

Ultrathin Si is flexible. That is true, but the ultrathin Si is unstable toward repeated 
bending with a small curvature radius, and Si devices are sensitive to mechanical 
stresses that cause serious reliability issues to give characteristics variation etc.

Conventional work
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50-
400μm

Thin chiplets (new FHE)
μLED & passives

Ultrathin chip (conventional FHE)

< 30μm

200-400μm

Typical large chip (rigid electronics)

Conceptual schematic

Thin chiplets

Wafer-level high-density wirings
Cross-section

Flexible substrate

T. Fukushima, A. Alam, & S. S. Iyer et al.,
IEEE Trans. CPMT, 8 (2018), p. 1738.

New FHE with 400 pcs embedded
0.1-mm-thick /1-mm-square chiplets

in PDMS

〇
〇
〇
〇
-

Hydrogel

Adaptability
Biocompatibility

Permeability
Breathability

Tg

△
×

×
×

50℃

△
△

×
×

>350℃

〇
〇

×
×

< -100℃

Polyethylene 
telephthalate (PET) Polyimide (PI)

Polydimethyl-
siloxane (PDMS)

Concept of New FHE with Embedded Chiplets

Device Packaging Conference 2021 - April 12-15, 2021

000824



6April, 12-15, 2021 iMAPS: The 17th International Conference on Device Packaging Conference (DPC 2021) 

A Fabrication Flow of FlexTrateTM using 
Flexible Fan-Out WLP Process with a Biocompatible PDMS

This transfer process allows wafer-level processing to 
make embedded chiplets in flexible substrates with fine-
pitch interconnects. 

2) Multichip flip-chip assembly on 1st handler

Si wafer (1st handler)
1) Temporary adhesive layer formation

4) Wafer-level compression molding

3) PDMS supply

5) Debonding from the 1st handler

Temporary
adhesive A 

Si Si Si

Temporary
adhesive B 

Si wafer (1st handler)

Si wafer (2ndhandler)
PDMS

Si Si

Si Si

Si wafer (1sthandler)

Si wafer (2nd handler)

Si Si

Fine-pitch interconnect

Planarization of
heterogeneous dielets

Si

Si

Si

III-V

III-V

III-V

Stress buffer layer (SBL)
Photosensitive passivation

6) Stress buffer layer deposition
and metallization on Si and PDMS

Si Si
Si wafer (2nd handler)

PDMS

7) Debonding from the 2nd handler
Si wafer (2nd handler)

Si Si III-VSi

III-V

Device Packaging Conference 2021 - April 12-15, 2021

000825



7April, 12-15, 2021 iMAPS: The 17th International Conference on Device Packaging Conference (DPC 2021) 

Effect of Young’s Modulus/CTE of SBL on Bending Property

Metal Young’s modulus (GPa) CTE (ppm/K), α1/α2 (Tg)

Photoresist 0.25-5 30-70

Au ~80 14.2

Cu 100-120 17

SBL: Soft PU
SBL: Hard PU

0.9
2.3

100/190 (Tg: 49)
70/150 (Tg: 47-58℃)

PDMS 0.0005 ~ 300

PDMS

Soft PU (0.9 GPa)

Ti/Au 50/500nm

PDMS

Hard PU (2.3 GPa)

Ti/Au 50/500nm
PDMS thickness: 500 μm
SBL thickness: 30 μm
Bending radius: 20 mm

Au wirings formed on hard Polyurethane 
layer as a SBL exhibit the highest 
bendability.
Au wirings with a hard Polyurethane 
show high bendability to mitigate the 
Young’s modulus and CTE mismatches.
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High-Density Interconnects Connecting
Neighboring Si Chiplets Embedded in PDMS

Fine-pitch (pitch: 8µm) 
wirings are successfully 
formed on PDMS.

m
SiSi

Si

SBL
on PDMS

Measured width: 18μm 
Design: 20μm

100μm

500μm

Line/space: 3.6μm/4.4μm

Pitch: 8 μm

Au wiring
SBL on PDMS

Au wiring
SBL on PDMS
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Before bending
Bending radius 10 mm
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Before bending
Bending radius 10 mm
Bending radius 5 mm

Resistance Comparison
before/after 1,000-Cycle Bending 

Cu thickness: 600 nm Cu thickness: 5μm
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The Biggest Two Concerns in Typical FOWLP with Rigid Epoxy

2. Die shift
(chip drift)

Sharma et al, IEEE CPMT vol. 1, p.502, 2011

Average die shift: 45m

1. Wafer bow
(warpage) 1 mm or more
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Wafer Bow Comparison between PDMS and Epoxy

Properties
Hardness
Tensile strength
Elongation at break
 @ 100kHz
tan  @ 100KHz
CTE
Young’s modulus
Tg
Decomposition temp.
Curing temp.

PDMS (MDX4-4210 / Dow)
30 (Shore A)
5 MPa
~500%
3.0 (3.01@100Hz) 
0.001 (0.0009@100Hz) 
~300 ppm/K
0.5 MPa
-120˚C
200˚C or more
25-80˚C 
Passed up to 29 days for
the human body implantation

Epoxy Mold Compound (EMC)

< 1%

7.5 ppm/K
22 GPa
165˚C
~ 200˚C
125-150˚C 
NoneBiocompatibility

Resin thickness (m)
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300mm Si wafer
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Die Shift Evaluation with PDMS

Glass
Adhesive

Glass
Adhesive

Dielets

5N/chipChip
placement

Methods

Dielets

PDMS
curing

Glass
Adhesive

Dielets

Si

80˚C/30min

Vernier pattern
on chips

Vernier pattern
on adhesive

Vernier pattern
after assembly

PDMS

Vernier

Die shifts were reduced down to 
several micrometers by using PDMS

Device Packaging Conference 2021 - April 12-15, 2021

000831



13April, 12-15, 2021 iMAPS: The 17th International Conference on Device Packaging Conference (DPC 2021) 

Advantages of Die-first and RDL-first Flexible FOWLP

2. Compression molding
with PDMS

3. Thermally or chemically
debonding 1st handler

4. RDL 
formation

1. Chip placement 1. RDL/μbump formation

2. Flip-chip bonding

3. Compression molding
with hydrogel

4. Laser or thermally 
debonding handler

Die-first RDL-first

5. Thermally or chemically
debonding 2nd handler

(a) (b)Advantages in
die-first (flexible) FOWLP

・No bonding processes,
Just only gentle placement

・Small die shift with PDMS,
Compared with EMCs

・Higher adaptability than
conventional PI substrates

Advantages in
RDL-first (flexible) FOWLP

・Fine-pitch RDLs
can be fabricated

・No die shift resulting from
RDL-first FOWLP methodology

・Water-based hydrogels
can be used: 
higher biocompatibility 

and breathability
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Applications
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Detachable
glue for nail

Trans-nail PPG sensor IME system

Embedded
chiplets

Nail chip

1. Trans-Nail photoplethysmogram (PPG) Sensor 

A photo of a flexible IME system
with a PPG sensor and micro-LED chiplets

1 mm

Capacitor

PPG sensor chip

IR LEDRed LED

500 µm

Fan-out RDL

PD

PD

LED
driver

For pulse wave and SpO2 (percutaneous oxygen saturation)
monitoring on nail where there is no sweat
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2. Flexible Retina Prosthesis System

Subretinal 3D retinal prosthesis chiplet with TSV will be implanted behind eyeball.  

Embedded 3D-IC

TSV

(Pulsed wave)
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エポキシ

3. Flexible Neural Probes for Deep Brain Stimulation 
with micro-LED for Optogenetics

 Optical stimulation and electrical recording of neural signals
 High biocompatibility for long-term implantation

Recording electrode

Recording 
electrode Flexible sub.

Pad       Pad      Medical-grade flexible epoxy

Emission

Recording electrode

Flexible epoxy

Anode Cathode
Blue micro LED

Pad for external units

Pad       
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Daisy chain

Embedded chiplet
in hydrogel

Fan-out
RDL
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Si chiplets

・・・

HydrogelParylene

Fan-out Au wiring 
Bump size: 15 μm, pitch: 40 μm

100µm

50µm 10µm

Parylene

Ti/Au wiring
(width:
100/50/20/10µm)

10 mm

1.8 
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< Optical micrograph>

Cu/Sn microbump

50µm

20µm
Daisy chain characteristics of Si chiplet embedded in hydrogel

Bending test of Au wire formed on hydrogel Bending radius : 20 mm

4. Hydrogel-Based FHE by RDL-first FOWLP
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5. 3D In-Mold Electronics (IME) with Embedded Chiplet:
Contact Lens-Shaped FHE by using Cast Re-molding

3D-IME fabrication

Fabricated 3D-IME

2D-FHE

2D-FHE fabrication

3D-IME

Bottom
mold
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6. Smart Skin Display for Monitoring
Pulse Wave, SpO2, & Blood Volume

Hemoglobin

Blue micro-LED
for display

3D-IC

PD: photodiodes
TXV: Through X Via

Fan-out RDL

Human
arm

Transparent flexible resin

PD PD PD PD
TSV

Large blood volume
 High reflection intensity  High blue light emission (bright)
Small blood volume 
 Low reflection efficiency  Low blue light emission (dark)

Bright part: large blood volume Dark parts: no blood volume

Expected image
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Summary

• We have developed a technology for new flexible hybrid electronics (FHE) called
Flexible FOWLP with small/thin/rigid monocrystalline chiplets ranging in thickness
from 50 μm to several hundreds μm.

• Fine-pitch interconnects less than 10 μm were successfully formed on a large number
of the Si chiplets embedded in PDMS and Hydrogel by FOWLP technologies.

• Stress Buffer Layer (SBL) can mitigate bending stress to give high bendability with a
bending radius of 5 mm. PDMS can drastically reduce wafer warpage and die shift.

• The new FHE can be used for various wearable and biomedical applications requiring
high-performance and scalable heterogeneous integration with fine-pitch
interconnects.
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