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The photoresist is one of the key materials for the development of
the modern semiconductor industry, and it not only affects the
chip manufacturing process but also has an important impact on
performance. Photoresists with low dielectric properties have a
critical impact on the fabrication process and performance of
various chips and devices. In this paper, a silicone encapsulated
photoresist with low dielectric properties is reported, and it
demonstrates excellent film-forming properties and lithography
patterning effects, with a line width of 10 pm and a line spacing, a
low dielectric constant (D = 2.75), a high thermal decomposition
temperature (Ts = 503.5 °C), a low coefficient of thermal expansion
(CTE = 33.61 ppm per °C), and excellent mechanical properties of
thin films. This type of resin has a photo-crosslinked double bond
structure and a thermally cross-linked benzocyclobutene struc-
ture, in which the silicone branched structure gives the photoresist
excellent patterning properties and the thermally crosslinked
structure gives the film excellent thermal, electrical, and mechani-
cal properties. The resin is expected to replace traditional polyi-
mide photoresists and has important applications in the semi-
conductor industry.

Lithography is crucial for manufacturing integrated circuits. It
utilizes photochemical reactions and physical etching on a
chip for precise pattern transfer."® The photoresist is a key
material in lithography technology, and has undergone several
iterations, from polyvinyl ethyl cinnamate to epoxy and various
acrylic resins.”” The application of epoxy resin and acrylic
resin in photoresists is limited. Polysiloxane is a better alterna-
tive due to its excellent thermal and electrical properties. UV
curing technology helps to develop polysiloxanes.
Hyperbranched polysiloxanes have better fluidity, solubility,
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and lower viscosity than linear polysiloxanes.® A hyper-
branched polysiloxane resin has abundant silicon-oxygen
bonds, making it flexible and reducing intermolecular forces.
It has a low glass transition temperature, surface tension,
energy, solubility, and dielectric constant. UV curing techno-
logy has become an ideal choice due to its advantages such as
fast curing, low pollution, low energy consumption, and good
chemical stability.” > Therefore, the combination of the two
makes it have broad application prospects in the field of UV
curing.”*™" Kirchhoff'® synthesized DVSBCB through the Heck
reaction. Dow Chemical obtained the DVSBCB resin through
thermal polymerization and created light-curable photoresists
by changing the photoinitiator and solvent conditions.

Microelectronics requires miniaturization and high inte-
gration of electronic devices, resulting in increased wiring
density in integrated circuits, as well as increased resistance
capacitance and power consumption between metal resistors
and wire layers due to reduced feature sizes."”>> The use of
low dielectric constant materials is an effective way to solve
this problem. The low dielectric constant and the loss of inter-
layer dielectric materials can improve the propagation speed
and loss of signals at high frequencies.>*">> The benzocyclobu-
tene (BCB) resin is very popular in this regard. A team devel-
oped vinyl silane monomers that connect BCB groups to
silicon atoms, forming polybenzocyclobutene silane with vinyl
side chains and excellent electrical properties. BCB groups
were introduced into vinyl-containing POSS to create star-type
multi-arm BCB-functionalized POSS compounds with good
low dielectric properties.>® Double bonds were retained after
adding 4-alkynyl benzocyclobutene to the cage-like structure,
which is suitable for lithographic patterning.>” BCB was com-
bined with the flexibility of the Si-O bond structure to make a
linear, low-dielectric benzocyclobutenylsiloxane material.”®>°
Double bonds in the polysiloxane structure provide a structural
basis for lithographic patterning.

The paper presents a branched benzocyclobutene polysilox-
ane resin (HBPSi-1, HBPSi-2, and HBPSi-3) with double bonds
and BCB groups (Fig. 1(A)). It has good thermal properties and
can create complex patterns with good resolution through UV
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(A) The synthesis route of the branched polymer; (B) chemical structures of photoinitiators; (C) lithography patterning process; (D) photocur-

ing mechanism of branched resins; (E and F) lithography patterning under an optical microscope; (G and H) photolithography patterning under SEM.

curing. The resin has excellent electrical, mechanical, and
thermal properties and undergoes photocrosslinking during
the photolithography process with azide photoinitiators under
UV light.

Three functionalized BCB monomers were synthesized by
the Heck reaction, and branched polysiloxane resins with
different ratios were prepared through hydrolysis conden-
sation. 'H NMR and "C NMR were used to characterize the
structure of the resins, and detailed steps are provided in the
ESI (Fig. S1 and S27). By adding a photoinitiator, photosensiti-
zer, and solvent to the resin, a complex pattern with a
minimum line width and line spacing of 10 pm was obtained
by UV curing (Fig. 1 (E-H)), with clear edges, no adhesion, no
photoresist residue. The DLS particle size of the resin was
tested (Table S2t). The test results showed that the average par-
ticle size of the resin was 484.78 nm, the crosslinking effect
was good, and there were no large gel particles and residues
after development. A rough analysis was conducted on the
mechanism of UV curing (Fig. 1(D)), where 3,3-carbonyl bis(7-
diethylamino coumarin) absorbs photons that transition from
the ground state to the excited singles triplet excited state of
3,3-carbonyl bis(7-diethylamino coumarin) reacts with 2,6-bis
(4-azophenylmethylene)cyclohexanone to form carbonyl and
amine radicals, which react with double bonds in the polymer
resin to form a nitrogen-doped ternary ring.2,6-Bis(4-

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

azophenylmethylene)cyclohexanone generates nitrogen
carbene, which undergoes photocrosslinking reaction with the
double bond in the polymer resin to form a nitrogen-doped
ternary ring.

The triplet excited state of 3,3-carbonyl bis(7-diethyl-
aminocoumarin) reacts with 2,6-bis(4-azophenylmethylene)
cyclohexanone to form carbonyl and amine radicals, which
react with double bonds in the polymer resin to form a nitro-
gen-doped ternary ring.

Fourier transform infrared spectroscopy was used to study
the UV curing kinetics of photosensitive resins. The absorption
peak of azide at 2100 cm™ ' gradually decreased with the
increase of illumination time, and the characteristic absorp-
tion peak of vinyl at 980 cm™" in the resin gradually decreased
(Fig. 2(A)). still, the change was not significant, which con-
firmed the photocrosslinking reaction of double bonds under
ultraviolet light. Fig. 2(B) shows the changes in azide and
double bonds at different UV curing times with integration of
the absorption peaks of azide and double bonds in the FT-IR
spectrum of UV curing kinetics. We can objectively understand
that with the increase of curing time, the azide compound
undergoes a chemical reaction and generates nitrogen carbene
radicals, which react with the double bond to form a nitrogen
ternary ring, increase the degree of resin cross-linking, and
produce a good lithography pattern.
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Fig. 2

(A) Infrared spectra of azide content and double bond content at different UV illumination times; (B) the change of azide and double bond

content with illumination time; (C) DSC curves of the resins after photocuring.

Therefore, the azide compound will gradually weaken with
the curing time, showing a trend of first fast and then slow
weakening, and the change of the double bond has a lag com-
pared with it.

The UV curing behavior of three branched benzocyclobu-
tene polysiloxane photosensitive resins with different pro-
portions is shown in Fig. 2(C). The photosensitive resin has a
curing exothermic peak with an initial temperature of 225 °C
and a curing exothermic peak at 250 °C, indicating the reac-
tion peak after BCB ring opening. The final temperature is
275 °C, and the subsequent curve is smooth, indicating that
the ring-opening reaction is basically over and the photosensi-
tive resin is completely cured.

The properties of photothermally cured and pure thermo-
cured resins were studied and compared. The curing behavior
of the three kinds of branched polysiloxane resins was studied
by differential calorimetry (DSC). In a N, atmosphere, the
room temperature rises to 400 °C and the heating rate is 10 °C
per min. It is not difficult to see that the three resins show
similar exothermic behavior, there is no obvious exothermic
peak in the cured resins, and the curve is flat, which indicates
that all the resins have been cured completely under the set
curing conditions (Fig. S47).

The variation of functional groups under different curing
states is shown in Fig. S3.1 The change of the absorption peak
at 2840 cm™' may be caused by the vibration after carbon-
hydrogen hexacyclization after heat curing, and the character-
istic absorption peak of the C=C bond of olefin at 1610 cm™*
has a weakening trend after light curing, indicating that a
small number of double bonds are cross-linked during light
curing, and the characteristic absorption peak decreases
sharply after heat curing, and most of the double bonds in the
resin are thermally cross-linked. The results showed that the
vinyl double bond underwent a two-step curing, first photo-
cross-linked and then heat-cross-linked, and a Diels Alder reac-
tion with the active o-quinoline methane occurred.

The thermal stability of the branched resin was studied by
thermogravimetric analysis (TGA). According to the TGA curve,
the 5% weight loss temperature (Tsq) and the maximum
thermal decomposition rate of the heat-curing resin was deter-
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mined, and the stability of the three medium-branched resins
was ranked, as shown in Fig. 3(A): HBPSi-1 > HBPSi-3 > HBPSi-
2; with the increase of BCB groups and the increase of the
cross-linking degree, the thermal stability is also significantly
improved, but HBPSi-2, as a special case, does not follow the
law of its development. It is speculated that the possible
reason is that the cross-linking degree of the polymer in the
hydrolysis process is not up to the ideal situation, resulting in
poor thermal stability. The HBPSi-1 resin has a high degree of
crosslinking, so its thermal stability is high. Fig. 3(B) shows
the TGA curve of the photo-heat-cured resin, whose thermal
stability follows the order HBPSi-1 > HBPSi-2 > HBPSi-3; the
reason for this may be that the photosensitizer leads to cross-
linking within and between its molecules, which improves the
degree of cross-linking. However, the addition of the photosen-
sitizer affects the structural densification of the resin during
the curing process, resulting in the weakening of thermal
stability. These branched resins have a large number of Si-O-
Si bonds as the main inorganic skeleton structure, and their
high bond energy brings high stability. The six-membered or
eight-membered ring structure formed by the ring opening of
BCB after thermal curing forms a large planar structure with
the benzene ring of the BCB body, which also has high stabi-
lity. These two factors can ensure that these resins are not ther-
mally decomposed at 460 °C and have high thermal stability.

As shown in Fig. S5,f the DTG curve of the cured resin
shows a single peak for both the heat-cured resin and the
light-cured resin. Based on the DTG graph, the temperature
corresponding to the maximum decomposition rate of the
cured resin can be calculated. The maximum decomposition
rate of all cured resins is above 500 °C, indicating that these
cured resins have high thermal stability and can meet the per-
formance requirements of packaging materials.

The linear coefficient of thermal expansion (CTE) of the
branched resins with three different proportions when the
room temperature rises to 300 °C (10 °C per min) in a N, atmo-
sphere is shown in Fig. 3(G). The coefficient of thermal expan-
sion reflects the degree of cross-linking of the resin material,
and a higher degree of cross-linking at high temperatures will
hinder the free movement of the molecular segments, making

© 2024 The Author(s). Published by the Royal Society of Chemistry
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cured resins; (G) comparison of the properties of resins*°~32,

the material structure more stable. Fig. 3(C) shows the CTE
curve of the heat-cured resin.

The results show that with the increase in temperature, the
curve is relatively smooth, indicating that the thermal stability of
the resin after curing is good in this temperature range, and the
distribution of the cured resin system is relatively uniform. HBPSi-
1 has the lowest CTE of the three resins (33.61 ppm per °C). The
reason is that with the increase of BCB groups, the cross-linking
network structure generated by open-loop cross-linking becomes
more dense, and the deformation decreases at a high cross-
linking degree. The CTE results of the HBPSi-2 resin were the
highest, which confirmed that the degree of hydrolysis was not
high, the degree of intermolecular cross-linking was insufficient,
and the free movement of molecular chains was enhanced.

Fig. 3(D) shows the CTE curve of the photothermally cured
resin. The results show that with the increase of crosslinking,
the volume of CTE becomes smaller and the thermal expan-
sion performance is excellent. Comparing the CTE of heat-
cured resins with photo-heat-cured resins, it can be seen that
the CTEs of photo-heat-cured resins are lower than those of
heat-cured resins.

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

(A, C, and E) TG, TMA, and dielectric constants of heat-cured resins; (B, D, and F) TG, TMA, and dielectric constants of the photothermally

The results showed that with the increase of the cross-
linking degree, the thermal stability of the photosensitive resin
became better, and was significantly better than that of the
commercially available DVSBCB (T, = 440.7 °C) resin.

The mechanical properties of the three kinds of branched
benzocyclobutene polysiloxane resins with different pro-
portions after curing were tested by the nanoindentation
method. The results of the mechanical properties of the heat-
cured resins are shown in Fig. 4. It shows that the higher the
degree of branching, the higher the elastic modulus and hard-
ness of the heat-cured resins, with the trend of a gradual
increase. The reason for this phenomenon may be that the
higher the degree of branching, the higher the cross-linking
degree of the resin in the process of heat-curing, and the
higher the elastic modulus and hardness. The average
modulus and hardness of the heat-cured resin are between
4.5-7.4 Gpa and 0.43-0.73 Gpa, respectively. Among them, the
HBPSi-1 heat-cured resin has the highest elastic modulus (7.4
Gpa) and hardness (0.73 Gpa), which is attributed to the pres-
ence of more BCB groups in the heat-cured structure with a
higher crosslinking degree.

RSC Appl. Polym., 2024, 2, 606-611 | 609
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Fig. 4
curves of the photothermally cured resins.

The test results of the photothermally cured resins are
shown in Fig. 3(G). From Fig. 4, it can be concluded that the
mechanical properties of the three photosensitive resins with
different proportions are ranked as HBPSi-1 > HBPSi-2 >
HBPSI-3; the reason for this result may be that some double
bonds cross-linked during the photocuring process, and
thermal curing further strengthened the cross-linking effect of
curable groups, resulting in more curable cross-linked groups
and the better mechanical properties of the cured resin
surface.

The electrical properties of the cured resin were measured
at a frequency of 10 MHz and the results are shown in Fig. 3
(G). Fig. 3(E) and (F) show the thermal curing of the HBPSi-1
resin measured at 10 MHz and the change in dielectric con-
stant after photothermal curing. The dielectric constant is rela-
tively stable in this frequency range. Under these conditions,
the dielectric constant (Dy) of the heat-cured HBPSi-1 resin
was 2.75 at 10 MHz, and the dielectric constant (Dy) of the
photothermally cured resin was 2.80, indicating that the den-
dritic benzocyclobutyl polysiloxane resin has good low dielec-
tric properties. It meets the requirements for low dielectric
properties, but the photosensitizer residue results in a high
dielectric constant of the photothermally cured resin. The
resin is dominated by the special skeleton structure of Si-O-Si,
and the cyclic structure of the benzo-six-membered ring is
formed after BCB heat curing, and the existence of a large
number of cavities effectively reduces the dielectric constant of
the resin.

610 | RSC Appl. Polym., 2024, 2, 606-6T1
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The hydrophobicity of the cured resin film was determined
by measuring the contact angle of water droplets on the film
in a static environment. As shown in Fig. S7(A and B),} the
contact angles of HBPSi-1, HBPSi-2, and HBPSi-3 thermoset-
ting resin films are 102°, 96°, and 106°, respectively, and the
contact angles of photothermally cured branched benzocyclo-
butene polysiloxane resin films are 101°, 106°, and 107°,
respectively. This indicates that the resin films prepared by the
two curing methods have good hydrophobicity.

Branched benzocyclobutene polysiloxane resins are pre-
pared by hydrolysis and condensation, and they contain a
large number of vinyl double bond groups, which provide the
possibility of UV curing and forming visible films with
complex patterns. Scanning electron microscopy (SEM) and
optical microscopy (OPM) analysis showed that the material
has good image-making properties. The structures of mono-
mers and polysiloxane resins were characterized by infrared
spectroscopy, nuclear magnetic hydrogen spectroscopy, and
carbon spectroscopy. The results showed that the monomer
and resin were successfully prepared. The presence of different
hydrolyzable functional groups ensures the smooth prepa-
ration of branched resins. The BCB-S capping agent reduces
the presence of Si-OH, while the cured BCB group rings open
to form a new ring structure and the inorganic Si-O-Si struc-
ture ensures low dielectric properties. The heat-cured
branched benzocyclobutene polysiloxane resin has good
mechanical properties, excellent thermal properties and
dielectric properties due to the cross-linking reaction that

© 2024 The Author(s). Published by the Royal Society of Chemistry
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occurs to form a benzo six-membered ring by opening the
benzo quaternary ring during the curing process to form a
dense structure. Compared with thermally cured and photo-
thermally cured resins, photosensitive resins have good
mechanical, thermal and dielectric properties, and hence have
good application prospects in the field of encapsulated
photoresists.
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