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Progress of research on the bonding-strength
improvement of two-layer adhesive-free flexible
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The arrival of the 5G era has placed high demands on the electronic products. Developing thin, light, and
portable electronic products capable of simultaneously improving the transmission rate and reducing the
signal delay and transmission loss is necessary to meet such demands. The traditional three-layer,
adhesive, flexible copper-clad laminate (3L-FCCL) cannot satisfy these demands because of its adhesive
component. The large thickness and poor heat resistance disadvantages of 3L-FCCL can be avoided with
a two-layer, adhesive-free, flexible copper-clad laminate (2L-FCCL). However, 2L-FCCL has low bonding
strength. This work introduces the selection of conductor materials and insulating base films for flexible
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Accepted 10th April 2024 copper-clad laminates. Modification studies aimed at increasing the bonding performance of 2L-FCCL
are summarized based on three aspects. These modification techniques include the surface treatment of

DOI 10.1035/d4ra01408a copper foils, modification and surface treatment of polyimide films, and surface treatment of liquid-
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1 Introduction

The arrival of the 5G era places a growing demand for high data
rates and high-quality service in communication technology,
especially for printed circuit boards (PCBs)." According to their
structural strength, PCBs can be categorized into rigid boards,
flexible boards, and rigid-flexible combination. Flexible copper-
clad laminate (FCCL) is a flexible board and a special type of
electronic interconnect base material.>* The thinness, light-
ness, bendability, and 3D assembly of FCCLs enable their
extensive use in foldable electronic devices (e.g., foldable cell
phones and laptops), artificial intelligence (e.g., bionic micro-
robots), medical devices, aerospace, and other fields.

Driven by the introduction of polyimide (PI) film, U.S. engi-
neers prepared the first generation of FCCL in the 1960s by
continuously improving the lamination process to press the
film, resin, and copper foil together.> With the development of
the electronics industry, the demand for FCCL has grown.
FCCLs can be divided into several categories according to the
substrates, applications, sizes, and properties, and these major
categories can be subdivided into subcategories. The product
structure is usually categorized into a three-layer adhesive type
(3L-FCCL) and a two-layer non-adhesive type (2L-FCCL) (Fig. 1).
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crystal polymers. Prospects are further provided.

The preparation methods of 3L-FCCL mainly include sheet
manufacturing and roll manufacturing. The prepared adhesive
is evenly coated on the film and pressed together with copper
foil after drying and curing. Coil manufacturing has the
advantages of high production efficiency, stable product
quality, and high raw material utilization and is often used in
3L-FCCL industrial production. Fig. 2 provides a simple process
flow of roller pressing for 3L-FCCL preparation.

Currently, there are three preparation methods commonly
used for 2L-FCCL.

(1) Coating method. The substrate is coated with one or more
layers of functional materials to imbue it with special functions
or improve its surface properties. This method is mostly used to
prepare single-sided copper-clad plates. Coating methods are
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Fig. 1 Structural diagrams of FCCLs.
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Fig. 2 Preparation method of 3L-FCCL by kneading.

categorized according to their metering technique as follows:
estimated amount coating, concave plate coating, self-metering
coating, and metering modification coating. The broad category
also contains subcategories. For example, lip seam extrusion
coating is a predicted coating method applied in 2L-FCCL
industrial production. During coating, the solution is injected
into the extruder nozzle, the substrate moves on the back roller
at a set speed, and the solution is coated on the copper foil
through the lip seam coating head to form a single-sided wet
film with uniform thickness. After baking, a single-sided FCCL
is finally obtained. During laboratory preparation (taking
liquid-crystal polymer (LCP)-FCCL preparation as an example),
the LCP solution is coated on copper foil, baked to remove most
of the solvent, and then heated to bake under nitrogen atmo-
sphere to obtain a single-sided LCP-FCCL.

(2) Lamination method. This process is similar to the prep-
aration of 3L-FCCL but with slight differences depending on the
film type. For example, when preparing PI-FCCL, the polyamide
acid (PAA) solution is coated on the glass plate by an automatic
film coating machine, the solvent is removed after the
temperature program, and the PAA film is placed in muffle
furnace for thermal imidization to obtain a PI-based film. The
PI film and copper foil are then thermally laminated together.

(3) Sputtering method. Magnetron sputtering is used to plate
copper on the film surface. Sputtering is a physical coating
method, and its full name is vacuum sputtering coating. Ultra-
sonic cleaning, pickling, plasma cleaning, and other methods are
used to clean the substrate surface to remove surface pollutants
and oxide layers. The target and substrate are vacuumed to
prevent further oxidation. Impurities on the substrate surface are
removed by heating to ensure that the coating chamber is dried
and cleaned. The vacuum is pumped to the required vacuum
degree, plasma gas is filled to activate and clean the film, and the
copper film is deposited with the magnetron sputtering target.

3L-FCCLs have become the mainstream product in the
market because of their early development time, mature
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technology, low cost, and other advantages. Nevertheless, all
kinds of adhesives have nonnegligible shortcomings. For
example, epoxy adhesives are brittle and insufficiently tough to
meet the flexing needs of FCCL after curing.®® Acrylic adhesives
have poor storage stability, heat resistance, and weather
resistance.”** Polyester adhesives have high shrinkage, poor
chemical resistance, and water resistance.'*'* PI adhesives have
high curing pressure, poor melt fluidity, and low glass-
transition temperature.’*?® The presence of adhesives also
reduces the thermal stability and relative thermal dimensional
stability of FCCLs. Meanwhile, 2L-FCCLs avoid these unfavor-
able factors caused by adhesives and reduce the thickness of the
adhesive coating layer, thus allowing 5G electronic products to
be thin, light, and tiny.** For commercial use, peel strength is an
important factor to measure the bonding strength between
copper foil and film. According to Chinese standard GB/T 13
557-2017 “Test methods for copper-clad material for flexible
printed circuits”, part 7.2 of the peel strength test is used to
determine whether the bonding strength of 2L-FCCL is quali-
fied. Taking 2L-PI-FCCL as an example, Table 1 gives the specific
data of peel strength.

However, current research on 2L-FCCL focuses on reducing
the signal hysteresis and loss of the substrate, that is, reducing
the dielectric constant (Dy) and dielectric loss factor (D) of PI
and LCP films.?”* The problem of adhesion between film and
copper foil is ignored. Bond strength is an important factor that
directly affects the stability and reliability of electronic devices.
Therefore, the current work presents the research progress on
improving the bond strength between copper foil and insu-
lating base film. This review has two aspects: the first introduces
the surface treatment methods of copper foil, and the second
introduces the surface treatment methods and modifications of
PI film and LCP film. Finally, the current difficulties in
increasing the bond strength between copper foil and insu-
lating base film are summarized.
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Table 1 Specific data on the peel strength of 2L-PI-FCCL
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Performance requirement

Item Unit

Coating

Sputtering Lamination

Peel strength As received
After thermal stress (float welding) (288 ° N mm™
C,105)
After temperature cycle

1
N mm

a

Tow <18 pm. 2 18 pm = Ty < 35 pm. € Tey = 35 pm.

2 Conductor materials and surface
treatment methods for 2L-FCCL

2.1 Flexible copper-clad laminates with copper foil as
conductor material

Conductor materials include copper foil, aluminum foil, and
copper-beryllium alloy foil. Among them, copper foil is the most
used metal. According to the production process, copper foil can
be categorized as: calendered and electrolytic. Calendered
copper foils are rolled from copper ingots into raw foils through
pressure processing, which involves cleaning, roughening,
oxidation, and heat-resistance treatment according to the needs
of the copper foil.**** Electrolytic copper foils are prepared by
dissolving copper to prepare the copper solution, followed by
electrodepositing the electrolytic copper foil onto the surface of
a titanium cathode roller with a foil-making machine to
synthesize the raw foil. A series of surface treatments is then
conducted on the raw foil as required, such as roughening,
antioxidation treatment, and heatresistant layer treatment.*
Compared with electrolytic copper foils, calendered copper foils
prepared by pressure rolling have better ductility and flexural
and bending resistance. Their copper particles play a role in the
horizontal axis structure and dense metallurgical organization.
The degree of pure copper in calendered copper foils is 99.9%,
which is greater than the 99.8% in electrolytic copper foils. The
gross surface smoothness of calendered copper foils is also
higher than that of electrolytic copper foils.**** As a conse-
quence, calendered copper foils have a high signal transmission
rate and a wide range of applications.

Aluminum has good electrical conductivity, and corrosion
resistance.®® This metal and its alloys have good electrical and
mechanical properties and are superior to other engineering
materials in terms of quality ratio. Therefore, aluminum and its
alloys are extensively used in electronics, electric power, aero-
space, and other fields.*” Compared with copper foils, aluminum
and its alloys have poorer overall performance in terms of elec-
trical conductivity and mechanical strength. The surface of
aluminum foils also tends to generate dense oxides, which are not
conducive to subsequent bonding with the film. Copper-beryl-
lium alloys can be applied in electronic communications, auto-
motive, aerospace, and other fields due to their good electrical
conductivity, high wear resistance, corrosion resistance, and low
linear-expansion coefficient.*® However, they are costlier and not
as inexpensive to fabricate as copper foils. After comprehensive
consideration, copper foils are selected for FCCL preparation.
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2.2 Surface treatment of copper foil

2.2.1 Improvement in copper foil surface roughness to
increase interlayer bonding strength. Metals form a layer of
metal oxides and other impurities on the surface when exposed
to the environment. Before metals and other materials are
bonded together, metal surfaces are pretreated to remove
surface impurities and improve surface roughness. The surface
of the copper foil is mechanically treated to form a rough
irregular columnar structure, increasing the interlayer contact
area and anchoring effect. The outcome is a strong mechanical
interlocking effect between the contact interfaces, leading to
improved bonding strength.** Commonly used methods for the
mechanical treatment of metal surfaces include shot blasting,
sand blasting, shot peening, grinding, and painting.***

When metals are exposed to the natural environment,
pollutants are easily deposited on their surface and consequently
affect the bonding strength between the film and metal. Such
negative factors can be largely eliminated by adopting laser
etching and changing the chemical composition of the metal
surface.*” When the laser beam touches the sample surface, the
metal melts, vaporizes, and solidifies under the influence of light
and heat and undergoes a series of chemical bonds breaks and
forms in this process.***” After high-temperature melting and
rapid cooling, the metal surface forms irregular protrusions,
such as gullies, microholes, and burrs.*® All of these protrusions
provide additional contact area for the bonding of other mate-
rials and metals, increasing the mechanical linkage strength.

Pou et al.*® carried out laser etching under different atmo-
spheres, and found that the contact angle of metal materials
undergoing laser etching under O, environment was 31°, and
the content of metal surface oxides increased. The oxide layer
formed on the metal surface after this kind of etching has
a micro/nano structure, similar to the oxide layer obtained after
chemical etching treatment.*** Hernandez et al.>* explored the
factors affecting the oxidation degree of copper foil. When the
copper foil was laser-etched at high speed, the Cu,O content on
its surface was reduced by laser cleaning. When the speed
decreased, the local heating time of the material, was pro-
longed, and the Cu(OH), on the surface is decomposed into
CuO, forming a new activated oxide layer.

The surface contamination of the metal material is eliminated
by laser etching, and a new oxide layer and rough surface
morphology are generated on the surface. This process greatly
improves the wettability of the material to the metal surface and
the bonding strength between the copper foil and other

© 2024 The Author(s). Published by the Royal Society of Chemistry
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materials.” Jia et al.>* subjected copper foil to laser transmission
welding with polyethylene terephthalate to change its surface
roughness during welding. They achieved the best welding results
when the copper foil roughness was 400 nm. Wang et al.>® found
that when gelatin-polyacrylamide and thiourea-polyacrylamide
were added to the direct current deposition of copper foil, the
surface roughness of copper foil became 1.506 + 0.147 pm and
the tensile strength was 258 £+ 20 MPa. Liu et al*® used laser
welding to directly combine laser-imprinted copper foil with the
LCP. In the progressive tensile test, the copper foil was pulled
apart due to its high bonding strength with LCP. The stability of
electronic materials can be improved by using laser imprinting to
press nanoscale microgroove structures on the metal surface.
With the increase in the distance between the microgrooves, the
polarity of the metal surface tends to stabilize and the contact
angle increases first and then decreases.”” The chemical bond
strength and the mechanical linkage degree of the materials are
improved, resulting in an enhanced bonding strength.
Furthermore, the chemical morphology of the copper foil
surface can be effectively improved by chemical etching. Lee
et al.*® found that chemical etching increased the bonding ability
between copper foil and the material. However, if the etched
copper foil surface formed large bulges, then the bonding
strength between copper foil and the film was compromised.
When a sufficient concentration of the whitening agent was
added to the electrolyte under suitable temperature conditions,
large grains formed in the copper structure and the formation of
copper bumps was effectively avoided. Luo et al.*® used a brown
oxidizing solution to change the interfacial adhesion of copper
foil and other materials. The nitrogen-containing amino acid
histidine (His) molecule used has a near-planar conjugated
structure, which facilitates the formation of a protective layer on
the copper surface by His with a maximum contact area.
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Although the copper structure was protected by organic mole-
cules, a surface with uniform roughness had formed. The
specific surface area of the interlayer contact and the bonding
strength increased. When the His concentration was 4 g L™ ", the
peeling strength reached 0.7 kg cm; when the etching depth
ranged within 1.25-1.8 pm, the peeling strength increased.
However, the etching depth exceeding 1.8 pm damaged the
physical properties of the copper surface.

2.2.2 Changing the chemical composition of the copper
foil surface to increase the interlayer bonding strength. (1)
Boiling water. Stralin et al.*®® proposed that metals treated with
boiling water have a high concentration of hydroxyl groups on
the metal surface and can form a strong mechanical inter-
locking effect with the adhesive or other materials, i.e., a high
joint strength is obtained. The adhesion between the graphene
coating and copper foil obtained by the arc method is not high,
and peeling off from the substrate occurs easily during heat
treatment. When graphene coating was deposited onto
a substrate made of glass, monocrystalline silicon with an oxide
layer, and copper foil treated with boiling water, it maintained
a high level of adhesion without peeling off from the substrate
during the boiling test.** Compared with the former prepared by
the arc method, the latter prepared with copper foil and pre-
treated with boiling water shows better bonding ability.

(2) silane pretreatment. During the silane pretreatment of
metals, methylsilicon oxides are generated by reacting the
silanol groups of the silane with the hydroxyl groups on the
surface of the material. The strength and durability of interlayer
bonding are enhanced due to the formation of a 3D network of
siloxane chains by methyl siloxane bonds.®” In one study,
copper foil was pretreated with a cleaning solution prepared by
mixing Na,CO;, C¢H;Naz0;, and Na,HPO3;-H,O to remove
surface impurities and then immersed in a mixture of NaNO,
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(a) XRD scan spectra pattern of copper(i) before and (i) after oxidation; (b) XPS spectra of copper after oxidation; images of roughness test

results (c) before and (d) after copper oxidation. Adapted from ref. 63 with permission from Journal of Applied Polymer Science, Copyright 2022.
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and NaOH to be heated and oxidized. The oxidized copper foil
was subsequently immersed in an ethanol solution with 5%
silane coupling agent.*® Fig. 3 shows that cuprous oxide (Cu,O)
formed on the surface after copper oxidation to provide
bonding sites for the silane coupling agent that will be coated
later. Furthermore, the impurities on the copper foil surface can
be removed with a sulfuric acid solution and then placed under
UV light irradiation for UV/ozone treatment to promote CuO
and Cu(OH), generation.* Fig. 4 shows that after the processed
copper foil surface was coated with a silane coupling agent and
then combined with epoxy resin for the peel test, the peel
strength reached 1.96 kgf cm ™. The amine groups provided by
the agent reacted chemically with the adhesive surface to
increase the peel strength of the layers.*

Improving the roughness and chemical composition of
copper surfaces through mechanical grinding, chemical
etching, silanization, and other surface treatments can effec-
tively enhance the adhesion of thin films and copper foils.
However, high-frequency electronic products need a low-profile
copper foil with a smooth surface to reduce the signal-
transmission loss caused by the skin effect.®® Therefore, the
surface treatment of copper foil alone is not the optimal

CuO
Cu,0
(a) 60 min .2 E
> ' :
c ] !
2 M
= . : '
: : o
571 570 569 568 567 566
Binding energy (eV)
(b) Cu(OH), |Cu0
~ H '
> |20 min ' :
= ! (
o AT
£ | 5min : Vi
0 min : : E Cu

936 934 932 930

Binding energy (eV)

938

Fig. 4

(c)

View Article Online

Review

solution to increase the bond strength between copper foil and
film layers. Changing the composition of reactive groups on the
film surface, i.e., surface treatment of the film or introduction of
the target monomers to synthesize new thin-film material, is
necessary.

3 Insulation base film and its
modification progress for 2L-FCCL

3.1 Insulation base film for flexible copper-clad laminates

The insulating base film is one of the components of 2L-FCCL.
This type of film material should have good dielectric insu-
lation, heat resistance, chemical resistance, dimensional
stability, and flexural and mechanical properties and low D, and
Dy. Table 2 lists common insulating base films.

3.1.1 Development and characterization of PI. In 1908,
Bogert and Renshaw first prepared aromatic PI by poly-
condensation, but their study did not attract attention at that
time.*” DuPont applied for a patent on PI, a homopolymer PI
prepared using a two-step process, in 1955, then introduced the
aromatic PI film product, Kapton (Fig. 5a), in 1961, and realized
the industrialization of P1.*” Soon after, PI received widespread
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(a) Copper foil XPS LMM and (b) 2p core-level spectra taken from copper surfaces after different times of UV/ozone treatment; (c) peel

strengths between a molded epoxy layer and copper substrates modified with 1 h of UV/ozone treatment and subsequent coating with different
silane coupling agents; (d) peel strengths between a molded epoxy layer and bare (left) and UV/ozone-treated and then N-(3-trimethox-
ysilylpropyl)diethylenetriamine coated (right) copper foil substrates. The UV/ozone treatment time is 1 h. Adapted from ref. 64 with permission

from Journal of Industrial and Engineering Chemistry, Copyright 2017.
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Table 2 Examples of insulation films
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Insulating base film type Advantages Faults Reference
Polyimide (PI) Heat resistance, weather resistance, High moisture absorption rate 67-70
and chemical resistance are good;
good dielectric and mechanical
properties
Liquid-crystal polymer (LCP) Good heat resistance and chemical Poor bonding ability; the vertical 71-75
resistance; good electrical and horizontal orientation
insulation, good dimensional difference is large; easy to fibrillate
stability, good mechanical
properties; low expansion
coefficient
Poly(ethylene glycol terephthalate) Good mechanical properties, good Poor heat resistance, low melting 76-78
(PET) dimensional stability, good point
dielectric properties, low moisture
absorption
Polyphenylene ethers (PPO) High Tg, low Dy and Dy Poor flowability, poor solubility, not 79
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Fig. 5 Structure of (a) Kapton, (b) Upilex, (c) Ultem, (d) U-polymer, (e) Vectran, (f) PET, and (g) PPO.

attention. The United States and Japan have launched a varnish
for electrical insulation, Upilex (Fig. 5b) series products® and
thermoplastic Ultem (Fig. 5¢) series products, opening up the
market for the commercialization of PI films.

Owing to the large number of imide structures in the main
chain of PI, the symmetrically conjugated imide rings restrict
the activity of free electrons, conferring PI with good electrical
insulation properties. In addition, the polar group C=0 on the
PI can form chemical bonding with other materials during
bonding, increasing the interlayer bonding strength. PI with
excellent thermal stability, mechanical properties, chemical
resistance, electrical insulation properties, and other properties
has been extensively used in the electronic field.**”°

© 2024 The Author(s). Published by the Royal Society of Chemistry

3.1.2 Development and characteristics of LCP. LCPs
comprise rigid rod-shaped ordered molecules that can maintain
their crystalline order when melting. They can be classified as
lyotropic LCPs (LLCPs), piezotropic LCPs (PLCPs), and ther-
motropic LCPs (TLCPs).**** LLCPs in a liquid-crystal state are
formed in a solution and can be used to produce fibers. PLCPs
in a liquid-crystal state are formed under pressure, and have few
varieties. TLCPs in a liquid-crystal state are formed above the
melt or glass-transition temperature to prepare FCCLs, which
are typically represented by polyarylate (PAR). For example,
Japan's Unitika company launched the product U polymer as
early as 1973 (Fig. 5d), realizing the industrialization of all-
aromatic copolyesters. Kuraray prepared Vectran, a high-
performance thermotropic liquid-crystal PAR fiber, using the
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Vectran (Fig. 5¢) resin developed and commercially produced by
Celanese.*®

LCPs have a unique molecular structure and thermal
behavior. After being dissolved or melted by a solvent to form
a phase between liquid and crystal, i.e., the liquid-crystal state,
the molecules assemble in a disordered position but maintain
a certain degree of molecular orientation, with good
anisotropy.””® This feature provides LCPs with excellent prop-
erties such as self-reinforcement, excellent heat and chemical
resistance, and high tensile and compressive strengths.”*”
FCCLs prepared from LCP films have outstanding properties,
such as high heat resistance, high dimensional stability, less
water absorption, and low Dy.

3.1.3 Characteristics of PET and PPO. PET (Fig. 5f) is
a linear macromolecule with a benzene ring structure in the
main chain, and the repeating units are linked by ester groups. A
conjugated system forms between the benzene ring and the ester
group, creating a rigid molecular chain that leads to the high
glass-transition temperature of PET. However, the melting point
of PET film is approximately 255 °C, and its heat resistance is not
high. Thus, it is not suitable for tin-bath welding at 288 °C, and
can be prepared only by low-temperature welding. Therefore,
PET is normally used in manufacturing beverage bottles,
synthetic fibers, food packaging bags, and other products.”®”®

At the beginning of the last century, Hunter produced
unsubstituted polyphenylene ether (PPO/PPE) (Fig. 5g), which is
not commercialized because of its low yield and low shrinkage.
Hay prepared a high-yield commercially available PPO product
using 2,6-dimethylphenol as the monomer in 1957.*” PPO is
widely cited in electronics, medical devices, aerospace, and other
fields for its superior dielectric properties, dimensional stability,
low water absorption, chemical resistance, and other properties.
On the one hand, the large rigidity of PPO, causes problems such
as high viscosity, poor fluidity, and difficulty in processing and
forming. On the other hand, the surface roughness of PPO film is
small with no polar groups in the molecule, so the mechanical
bonding with the metal layer is weak and chemical bonding does
not occur. The inherent properties of this polymer make it less
commonly used in FCCLs and more commonly high-
performance copper-clad laminates.”

In summary, although various types of films exist, the
current films used to prepare FCCL are primarily PI film and
LCP film. This phenomenon is due to the performance differ-
ences among various film types.

3.2 Surface treatment and modification of PI films

PI film has excellent overall performance and a similar coeffi-
cient of expansion as copper. Thus, the adhesive strength
between the copper foil can be high. However, the moisture
absorption rate of PI is high, and the water absorbed in the
medium evaporates during the high-temperature processing of
the sheet, causing the sheet to have problems such as oxidation
of the copper foil and reduction in peeling strength between the
copper foil and PI film. The dielectric properties of FCCLs and
the stability of the signal transmission are also affected.*® In this
regard, researchers proposed methods to introduce porous
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structures,® large-volume cells,”® and low-polarizability
groups® to prepare PI films with low Dy values, guaranteeing
that FCCLs can efficiently and stably transmit signals. Unfor-
tunately, the changes in the bond strength of the PI and copper
layers are neglected in these studies. As a key property of FCCLs,
bonding strength should be further investigated to improve the
surface morphology of PI film and should be increased to satisfy
the current demand of 5G.

3.2.1 Main-chain modification. In 1955, Jauregg proposed
that N-containing acidic compounds can form coordination
with copper foil, many researchers have used this coordination
to improve the bonding strength between copper materials.®>**
Haight et al.®>*® demonstrated the existence of coordination
between PI and copper, a discovery that greatly contributes to
PI-FCCL development. Inagaki et al.””~*® prepared PI films from
pyridine, imidazole, and their derivatives to improve the bond
strength between them and copper foils. For instance, co-PI was
prepared by introducing a triazole ring into the polymer via 3,5-
diamino-1,2,4-triazole, and the triazole structure formed
a complex with copper atoms. The resulting co-PI had a strong
adhesion of 0.6 N mm ™" onto copper foil.*® When 1,3-bis(3-
aminopropyl) tetramethyldisiloxane and 2-(4-aminoph-enyl)-
1H-benzimidazole-5amine were used as raw materials to
synthesize PI films with a backbone chain containing silicone
and imidazole structures, the synergistic effect of N-containing
a heterocyclic structure and a silicone structure was enough to
improve copper foil adhesion. Thus, the peel strength can reach
1.1392 N mm ™ '.** Fig. 6 shows that stripping occurs inside the
molecular chains of the compounds made into membranes, i.e.,
the coordination between copper and benzimidazole is stronger
than the covalent bonding force between the compounds. Tseng
et al.' investigated the adhesion of phosphate PI hybrid films
and found that when bulky phosphoric acid groups were
introduced into the PI backbone, the adhesion of FCCL
increased. Meanwhile the melt flow decreased after hot
pressing. Chen et al.’® successfully designed and synthesized
N,N'-(6-0x0- 1,6-dihydropyrimidin-2,5-diyl)-bis(4-
aminobenzamide) (DAPyBA) capable of forming multiple
hydrogen bonds. The supramolecular polymerization and
improved mechanical properties of the material can be realized
by the multiple hydrogen bonds. The corresponding PI film was
prepared by reacting DAPyBA with 4,4-diaminodiphenyl ether
and pyromellitic dianhydride. The findings showed that an
increased DAPyBA content is favorable to improving the
mechanical properties and thermal dimensional stability of PI.
The adhesion between PI film and substrate also increases.

3.2.2 Surface modification. Aside from introducing groups
to synthesize and prepare a new PI film and thus improve
adhesion with copper foil, the surface modification of the film is
another effective method. The cleaned PI membrane is
immersed in ethylenediamine solution, and amide groups form
on the surface of the PI membrane due to the breakage of the
imine ring. The change in surface groups increases the surface
roughness, energy of the membrane, and adhesion between
copper foil and PI membranes.***

Thermoplastic PI (TPI) was coated onto both sides of the PI
film to obtain a TPI/PI/TPI multilayer film. The film and copper

© 2024 The Author(s). Published by the Royal Society of Chemistry
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test; (e) schematic of the peeling process showing the principle of adhesion; (f) C 1s, (g) N 1s, and (h) Si 2p peaks of copper surface after peeling
test by XPS. Adapted from ref. 101 with permission from Advanced Materials Interfaces, Copyright 2022.

foil were laminated by hot lamination, and FCCLs with a peel
strength of 1.22 N mm ' were obtained at a hot-pressing
temperature of 360 °C and a hot-pressing time of 60 s.** TPI
and PI have good compatibility because of their similar struc-
ture.'*>'°® When asymmetric biphenyl-tetracarboxylic acid dia-
nhydride was introduced into the molecular structure of TPI,
the packing density and interaction force between molecular
chains decreased.’”'*® TPI with increased molecular chain
mobility can diffuse thoroughly on the PI film, and the adhesion
between the two is good. TPI can effectively infiltrate the copper
surface and wrap small copper nodules; carbon compounds can
be found on the surface of stripped copper foil. A good physical

© 2024 The Author(s). Published by the Royal Society of Chemistry

occlusion is formed between TPI and copper foil, and the
bonding strength between the film and copper is enhanced.'”
Therefore, in the preparation of 2L-FCCL, TPI plays a role in
bonding the two materials.

Chen et al.'*® used polyethyleneimine (PEI) and glutaralde-
hyde (GA) as modifiers. The secondary amine groups in the PEI
molecule enabled PEI to form a network structure in the pres-
ence of GA to form chelates with heavy-metal ions and to react
with carboxylic acids to form amide groups. The outcome was
the improved peeling strength of the PI film from the copper
foil.

RSC Adv, 2024, 14, 1237212385 | 12379
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The plasma pretreatment of the film allows nanoscale
microgrooves and chemical groups to form on the film surface,
enlarging the contact area between the PI film and the copper
foil and allowing the formation of additional chemical reaction
sites."">'"> Liu et al.'*® treated PI film with oxygen plasma to
encourage the generation of hydroxyl groups on the film surface
and increase the surface roughness before immersing the
treated PI film in an organosilane solution to induce the
formation of Si-O-C bonds between the organosilane and
hydroxyl groups. Wang et al.'** processed PI films with Ar-H,,
Ar, and Ar-N, plasma gases. The surface roughness of the films
processed with plasma gases increases. After being treated with
Ar plasma, the amount of C-O and C=O0 on the film surface
noticeably increases, and the degree of anti-peeling of Ar-N,
plasma-treated copper foil surface is significantly better than
that of others. Jin et al.'** grafted amino acids onto PI film by
helical wave plasma, and the peel strength between the treated
film and copper foil was > 8.0 N cm ™. Fig. 7 shows that dense
clusters of copper were formed on the treated PI film, and the
amino group was successfully grafted on the PI film. The
increased roughness of the copper film provides a large number
of mechanical riveting sites for PI, and the grafting of amino
groups improves the surface composition of PI film. The chelate
formed by the C-N functional group and copper has strong
chemical bonding to improve the bonding strength between
materials.'**

3.2.3 Thin-film metallization. Tsai et al.''® deposited an
antireflective (AR) layer on a PI film by optimizing the param-
eters of direct-current magnetron sputtering, reducing the

@  Simple process

CH,+NH,
Plasma Treatment

View Article Online

Review

reflectivity of the sheet and improving its bonding strength with
copper foils. With the heat-treated PI film, the interface devel-
oped a worm-like morphology, the mechanical interlocking of
the layers deepened, and the peel strength of the layers
increased (Fig. 8). The growth of sputtering power also raised
the oxygen content of the AR layer, and the adhesion strength
increased.™”

Pd salt, N,N-dimethyl-dimethylamino ethyl methacrylate,
trimethylpropane triacrylate, and tert-butyl peroxybenzoate
(TBPB) can be used to form a heat-cured Pd composite ink. After
the ink was spin-coated onto a PI film, the attachment of the
chemically deposited copper foil onto the PI film was strength-
ened and the electrical resistivity was obtained as a sheet of
about 1.3 x 107° Q cm.™® You et al.'*® dip-coated the complex-
containing compounds on PI and found that the free radicals
generated by the decomposition of TBPB promoted the reaction
between 4-vinylpyridine and the PI film, with fine adhesion of
the copper layer occurring after chemical copper plating.

The surface treatment and modification of PI membranes
have generated significant research results; however, in-depth
research on PI membranes is still needed. The bonding mech-
anism of the adhesive interface must be investigated by further
exploring the peeling interface of PI film and copper foil to
optimize the molecular structure of PI and improve the inter-
layer bonding performance.

3.3 LCP modification

Compared with PI, LCPs have lower coefficient of thermal
expansion and hygroscopicity, good electrical properties, and
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chemical resistance, enabling the latter to maintain excellent
stability in humid environments. However, the main-chain
benzene-ring structure of PAR and the regular structure of the
benzene ring make the surface of the membrane weakly polar,
conferring difficulty in the bonding of the PAR surface with the
copper layer."***** To solve the weak bonding ability and low
bond strength between LCPs and copper foil, researchers
proposed various methods for LCP surface modification, such
as laser etching, UV irradiation, plasma treatment, and reaction
etching.

Laser etching adds roughness between the copper foil and
the LCP, thereby enhancing their mechanical adhesion. Jia
et al*® suggested a laser-integrated fabrication method for
double-layer FCCLs, including LCP laser etching, copper-foil
laser etching, and laser soldering. A regular organization was
prepared on the copper-foil surface by laser etching. The LCP
surface was irradiated by UV laser, and the copper foil was
welded to the LCPs by laser conductive welding. This method
enables the direct bonding of materials and produces a high
bonding strength between the prepared samples. In addition,
this fabrication process is simple and features low cost and high
production efficiency.

Second, UV irradiation introduces hydrophilic (e.g., carbonyl
and carboxyl) groups, which increase the surface wettability of
LCPs and form a hydrophilic rough surface on the film to
improve the adhesive strength.'***** Fig. 9 also shows that
plasma treatment using oxygen and nitrogen removes impuri-
ties from the membrane surface and introduces polar groups to
improve its weak polarity.'*

When O, and N, plasma were used to treat LCP membrane,
the ester bond in molecular structure broke into hydroxyl
group, increasing the polarity of the membrane surface. The
introduced groups can increase the affinity of the film to the

© 2024 The Author(s). Published by the Royal Society of Chemistry

metal and easily form carbon-oxygen-copper type chemical
bonds with the surface of copper foil. The chemical bond energy
is 1-2 orders of magnitude higher than the intermolecular
force, causing the materials to have a high bonding strength.
Redhwan et al.**® used oxygen plasma to activate and increase
the active sites on the surface of LCP membrane and then
pressed the membrane at 230 °C for 1 h after cold rolling. The
carbon-rich LCP and copper foil diffused carbon and copper
atoms to each other's surfaces. The mutual diffusion of mate-
rials and the formation of oxide layer promoted the formation
of strong chemical bonds between the materials.

Third, chemical etching introduces hydrophilic groups onto
the membrane surface and forms nanoscale roughness,
improving the wettability and strengthens the mechanical
interlocking strength between copper foil and LCP. Zhou et al.**”
pretreated LCPs by three etchant pretreatments, followed by the
chemical plating and electroplating of LCP films. Fig. 10 shows
that potassium permanganate had the best etching effect with
a maximum bond strength of 12.08 MPa.

When the molecular chain structure of the film has flexible
chain segments, the bonding strength of the metal is high.
Hence, flexible structures, such as ether bond, siloxy group and
methylene group, were introduced into the structure of polyaryl
ester to increase the flexibility of molecular chain and facilitate
intermolecular movement.'***° This process promotes the
mutual diffusion of molecular chain segments during thermal
motion, similar to the mutual dissolution that occurs in the
surface layer. The infiltration effect between the copper foil is
improved, and the bonding strength is higher. When the
molecular structure contains an appropriate amount of N-
containing groups, the adhesion to copper foil can be
improved due to the coordination between copper and N-
containing groups. Ren et al.*®* synthesized a new type of

RSC Adv, 2024, 14, 12372-12385 | 12381
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nitrogen-containing heterocyclic polyaryl ester film, and the
hydrophilicity of the film was improved due to the influence of
N-containing heterocyclic structure. The introduced imine
groups can form a coordination between copper and copper,
and chemical bonds between copper foils, greatly improving the
bonding strength between materials.

In addition to the above surface modifications, the intro-
duction of polar groups into the molecular chain is an effective
method to improve the chemical composition of the surface. In
2018, Zhou et al.*® synthesized a novel PAR containing heter-
oanthracene groups with a tensile strength of 88.6-108.3 MPa,
an elongation at break of 2-3%, and a tensile modulus of 7-
9 GPa. Nagane et al.**® used 4,4’-bis(4-hydroxyphenyl)pentanoic
acid as a starting material to obtain a partially biobased
bisphenol containing a pendant azide moiety, ie., 4,4"-(5-
azidopentane-2,2-  diyl)bisphenol  (AZBPA). AZBPA is
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polycondensed with isophthaloyl chloride (IPC), terephthaloyl
chloride (TPC), and mixtures of IPC/TPC (50 : 50 mol%) through
a phase transfer-catalyzed interfacial polycondensation to
produce aromatic polyesters containing pendant azide groups.
At 170 °C/12 h, (co-)polyesters containing azide groups are
thermally cross-linked to form network structures. The cross-
linked polymers have higher tensile strength and Young's
modulus and lower elongation at break than pure polyesters.***

Extensive studies were conducted on the functional
improvements of PAR, such as flame retardancy,** optoelec-
tronic properties,”***** gas separation and transportation
properties,”** ™ and low dielectricity.”® Conversely, only a few
works focused on enhancing the bonding strength between
LCPs and copper foil. Research is still limited to the improve-
ment in membrane surface composition by surface treatment,
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and investigations on the direct modification of LCPs
molecular-chain backbone are still lacking.

4 Summary and outlook

Increasing the surface roughness of copper by mechanical
milling, etching, and silanization effectively improves the
adhesion between copper and thin films. However, the skin
effect caused by the increase in roughness impairs the stability
of FCCL signal transmission.

The surface composition of PI film can be effectively
improved by surface treatment, i.e., it provides a strong support
site for bonding with copper foil. Modifications such as plasma
treatment, laser etching, and thin-film metallization have
nonnegligible drawbacks, and method such as the introduction
of bulky groups into the molecular chain may affect the other
properties of PI films. Thus, how to stabilize the comprehensive
performance of FCCL while increasing the bond strength of PI
film and copper foil remains a research focus.

Studies on increasing the adhesive properties of LCP-FCCL
rely mostly on surface modification and neglect to fundamen-
tally solve the weak surface polarity of LCP film. New PARs
including polar groups must be synthesized to solve the
problem at the source.

In conclusion, research on flexible copper laminates over the
last decades has yielded good results. With the arrival of the 5G
era, FCCL now requires an excellent combination of properties,
such as stable and outstanding Dy/Dy, a coefficient of thermal
expansion that matches that of the copper foil, and very low
water absorption. FCCL also requires that the adhesion between
the film and copper remains strong. The bonding performance
of the interlayer is affected by the changes in the surface
morphology and composition of copper foils and films. How to
identify the optimal surface composition to increase the peel
strength of the interlayer requires further investigation.
Furthermore, the optimization of the molecular structure of PI
and LCPs to find a balance between increasing the bond
strength and stabilizing all other properties remains a topic for
future exploration.
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