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ABSTRACT

The mass production of flexible display currently
relies on laser-based liftoff (LLO) process, where bonding
between the carrier glass and flexible polyimide (Pl)
substrate is removed by laser. However, LLO process
accompanies degradation at the bottom surface of the Pl
substrate and is sensitive to particulates. Here, we report
a 2D material-based debonding layer for non-laser-based
mechanical liftoff process. We demonstrate that
debonding force can be lowered from 17.69 gf/in (Pl —
carrier glass) to 1.50 gf/in (Pl — the debonding layer —
carrier glass), which surpasses the 5 gf/in industry target
for practical liftoff process. This 91.5 % decrease in
debonding force is realized by (i) weak bonding forces of
Pl — debonding layer and debonding layer — carrier glass
pairs, along with (i) the 100 % coating coverage of the
debonding layer preventing the direct bonding of the Pl —
carrier glass pair. This novel liftoff technology can be a
competent low-cost and non-damaging solution for flexible
display production.

1 Introduction

Currently, the flexible Pl substrate is the main substrate
for flexible displays. During the manufacturing processes,
the position of the Pl is fixed on a carrier glass substrate
to prevent deviation of the Pl substrate during position-
sensitive processes. However, atthe end ofthe production
processes, alift-off process to separate the lower surface
of the Pl from the carrier glass is essential. This
corresponds to LLO, during which the lower surface ofthe
Pl attached to the carrier glass substrate is damaged. So
far drawbacks of LLO include (i) need for expensive laser
equipment, damaged the Pl substrate resulting in (ii) a
decreasein bendingand folding life, and (iii) a compromise
in optical transparency due to the increased roughness of
the Pl substrate [1]. This research aims to overcome such
longstanding shortcomings of LLO  processes.
Alternatively, this study proposes a swift and in-line
coating of a mechanical debonding layer sandwiched
between the carrier glass and Pl substrate. A novel
process was developed to coat a 2D material-based
debonding layer between the Pl substrate and the carrier
glass even under high coating speed. Since the debonding
layer forms only weak van der Waals bonding to both the
carrier glass and PI, leading to alow debonding force of
1.5 — 2.0 gffin. This demonstrates an alternative for
delamination process that can minimize damage on the
flexible displays.
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2 Experiment

Aqueous suspension of the raw material (an oxide-
based mineral) is dispersed with 10 g/L concentration.
Thedispersionis stirred under 100 RPM, 80 °C condition
for 5 days. Unexfoliated, and thick portion of the raw
material is separated through centrifugation, where only
the supernatant is processed further. The supernatant
containing the exfoliated 2D material flakes is purified
through the Bayer process. The supernatantis diluted
into 2 g/L concentration.0.14 g ofNaOH is added to the
70 mL of the dispersion, and is placed in the autoclave
setat 175 °C for 12 hrs. The unreacted residual NaOH is
excluded by series of centrifugation processes. Lastly,
the purified dispersion of the 2D material is treated by
ultrasonication for 1 hr, for further exfoliation down to
monolayered flakes.

Coating the aqueous dispersion of the 2D material
flakes consists of mass production-compatible in-line
processes only: (i) carrier glass oxidation and cleaning
by ambient plasma, (ii) spraying and fully covering the
aqueous dispersion onthe carrier glass, then (iii) coating
of the 2D material-based debonding layer through high-
speed drying by air knife. After evaporating residual
water in debonding layer under hot air, Pl varnish is
applied to a uniform thickness on debonding layer and
then thermally cured. Measurements of the debonding
force was conducted under 90° peel-off testing
configuration.

3 Results and Discussion

Since interlayer bonding of the 2D material is
relatively weak van der Waals bonding, itcan readily be
exfoliated. For example, graphene can be produced by
mechanical exfoliation of graphite using a scotch tape
technique [2]. This offers a key idea to the mechanical
debonding as well, in thatthe same weak van der Waals
force can play a role if the 2D material functions as
debonding layer.

To replace the existing LLO with the proposed
mechanical debonding by 2D material-based debonding
layer, (i) asurface coating of 100 % needs to be provided
so that the debonding layer can completely block
between the carrier glass and the Pl substrate. This
ensures no direct and strong bonding between PI
substrate and the carrier glass can occur. (ii) Also,
mechanical debonding keeps merit only if debonding
forcelessthan 5 gf/inis achieved, which corresponds to
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typical peel-off strength of the encapsulation film
protecting the device. (iii) The debonding layer must stay
intact during the low temperature polycrystalline silicon
(LTPS) process at 480 °C, requiring thermal stability to
avoid bubble generation underneath the Pl substrate. (iv)
Lastly, atomically flat debonding layer is preferred to
preventlightscattering afterthe Pl is cured, which can be
accomplished though exfoliation of the 2D material down
to monolayered flakes.

A mineral-based 2D material was selected due to its
inexpensive price and already established simple
exfoliation process through ultrasonication down to single-
layered flakes [3-5]. That material merely shows 3.48 wt%
ofmass loss up to 600 °C, indicating thatthis material can
circumvent the gas bubble formation between the PI and
the carrier glass during the LTPS process. The 3.48 wt%
of the mass loss occurs at 100 °C — 150 °C temperature
range, suggesting this comresponds to evaporation of the
adsorbed water.

The most important process in determining a coating

coverageis the 3rd process, air knife for high-speed drying.

The surface of the carrier glass is negatively charged, after
it was oxidized during the ambient plasma process. The
exfoliated 2D material flakes are also negatively charged,
indicating 100 % of coating coverageis not possible under
nearly equilibrium processes, such as natural convection
drying. This air knife process appliedin this study is a high-
speed dryingthatis completely outof equilibrium. In other
words, when coating was performed through this non-
equilibrium process, the electrostatic repulsive force
between the 2D material and the carrier glass surface can
be overcome by van der Waals attraction. Itis consistent
with the report that the same charged 2D material flakes
can be stacked despite the electrostatic repulsion, if
dispersing solventis rapidly removed[6,7].

It is demonstrated that a low debonding force of 2.10
gf/in can be achieved even by using a high-speed air knife
coating process, which can be expanded to a large area
production later (Fig. 1b). Fig. 1 illustrates the debonding
force as a function of scan speed and air knife pressure.
The minimum debonding force is obtained when both the
scan speed and the air knife pressure are the lowest. As
productivity favors high scan speed, it is necessary o
verify whether the debonding force can be kept sufficiently
lowin this case as well. When the scan speed increases,
homogeneous evaporation cannot be induced at the low
air knife pressure condition, resulting in non-uniform
coating. The optimal debonding layer has 100 % of coating
coverageand 2.66 nm thickness.

4 Conclusions

This paper demonstrates a 2D material-based
debonding layer, coated from an aqueous dispersion
through the mass production-compatible processes can
reduce the mechanical debonding force down to ~ 1.50
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gflin. Combination of mass-production compatible
equipment, namely spray and air knife can coat the
carrier glass surface into ~100 % surface coverage even
under the high scan speed. The reported process here
can be incorporated into the existing flexible display
production processes. Also, the coating methodology
outlined in this paper is expected to set a precedent for
a general-purpose aqueous chemical-based high-speed
and large-area coating technique in the future.
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Fig.1 Minimization of mechanical debonding force by the
optimal coating of the 2D material-based debonding
layer under a low air knife pressure, and b high air



knife pressure conditions.
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