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We have devel oped mesoporous organosilicate films with high-
temperature porogen suitable for alate-porogen removal integration
scheme. A reactive porogen, triethoxy(polystyrene)silane (TEPSS)
was synthesized via atom transfer radical polymerization (ATRP).
TEPSS was then grafted onto poly(methylsil sesquioxane) (M SQ)
matrix to circumvent the phase separation between matrix and
porogen in the hybrid approach and minimize porogen aggregation.

The effects of concentration of initiator and reaction solvents on the
molecular weight of TEPSS were also investigated. In this report, p-
xylene which has the closest solubility parameter with initiator
induced most reaction and decreased the TEPSS molecular weight
largely. The chemical structure, porosity, dielectric of grafted-low-k
film was investigated in this study. Our results shows porous low-k
M SQ films possess uniform pore size, 18 nm for porosity 31%,
primarily due to low PDI and reactive porogen, and the dielectric
constant is decreased to 2.37.
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We have developed mesoporous organosilicate films with high-temperature porogen suitable for a
late-porogen removal integration scheme. A reactive porogen, triethoxy(polystyrene)silane (TEPSS) was
synthesized via atom transfer radical polymerization (ATRP). TEPSS was then grafted onto
poly(methylsilsesquioxane) (MSQ) matrix to circumvent the phase separation between matrix and porogen
in the hybrid approach and minimize porogen aggregation.

The effects of concentration of initiator and reaction solvents on the molecular weight of TEPSS were
also investigated. In this report, p-xylene which has the closest solubility parameter with initiator induced
most reaction and decreased the TEPSS molecular weight largely. The chemical structure, porosity, dielectric
of grafted-low-k film was investigated in this study. Our results shows porous low-k MSQ films possess
uniform pore size, 18 nm for porosity 31%, primarily due to low PDI and reactive porogen, and the dielectric

constant is decreased to 2.37.
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As the device scaling continues, the increase of propagation (RC) delay, crosstalk noise and power
dissipation of the interconnect structure become limiting factors for ultra-large-scale integration of integrated
circuits. " To minimize the RC delay increase, the industry introduces copper metallization, led by
International Business Machine Corp. (IBM) in 1997, to reduce the resistance as well as improve
electromigration performance of the wiring.” To further reduce the delay, low dielectric constant materials
(low-k) materials” such as carbondoped oxide or SILK™ (k=2.6-3.0)°  are introduced starting 2001 to reduce
the parasitic capacitance, which is 28-37% reduction from SiO, (kreos=4.2) or 19-28% from fluorosilicate
glass (kpsg=3.7).>” For ultra-low k materials (k<2.5) in 32 nm node and beyond, pores at various porosity
have been incorporated into the dielectric matrix to reduce k-value. Most of ultra low-k films were prepared
by introducing templating agent” into silica structure using spin-on solution coating or plasma-enhanced
chemical vapor deposition.” The templating agent or pore generator (porogen) was then removed during the
deposition or subsequent thermal process. However, due to large pore size/distribution or interconnected pores,
porous low-k films faced some critical issues such as (1) low mechanical strength leading to delamination or
cracks after chemical-mechanical polish (CMP) or packaging and (2) poor barrier/dielectric reliability due to
non-continuous side-wall coverage of barrier. As a result, a late-porogen removal scheme, which uses a
high-temperature porogen and new integration process to defer the formation of porous dielectric (i.e. the
removal of high-temperature porogen after a metal/low-k layer is completed), was introduced to circumvent
these issues. "’

The common method for preparing porous low-k films is to mix porogen into a matrix such as spin-on
glass in a solution, then spin-coat the matrix/porogen solution onto a substrate. For as-deposited scheme,
low-temperature porogen will be removed immediately after deposition and cure step. For high-temperature
porogen in late-porogen removal scheme, a cure step preferably at <300 °C is employed to form a crosslinked
dielectric as the starting interlayer dielectric (ILD). High-temperature porogen is then burned out at 300-400
°C after CMP step in copper dual damascene process. However, there are serious reliability concerns such as
interconnected pores and/or poor size distribution'' due to enhanced diffusion and porogen aggregation
during the cure step.'>"” Such pore morphology leads to weak mechanical strength and insufficient barrier
coverage at trench side-wall rendering it less suitable for applications in the copper/low-k backend
interconnect. However, there is still room for improvement in terms of the pore size and especially the
distribution for ultra low-k materials with high porosity (P > 40-50%).

FE B h

In order to circumvent the issues of large pore sizes, interconnected pores, and poor distribution in a
matrix/porogen hybrid system caused by severe aggregation of porogen during the cure process, this proposal
took a novel approach by grafting a functionalized porogen onto the backbone of low-k precursor, which is
further crosslinked into a low-k matrix with well dispersed and discrete porogen to achieve excellent control
of pore size and pore distribution. Therefore, we plan to synthesize the novel porogen with siloxane end-cap
by atom transfer radical polymerization (ATRP).'* ATRP involves an organic halide undergoing a reversible
redox process catalyzed by a transition metal compound such as cuprous halide. The reactivity of ATRP

reactivity is determined by monomer, metal catalyst, organic halides, temperature, and solvents. A number of



different types of copolymers can be prepared by ATRP such as random, block, and graft copolymers.'” Also,
polymer molecular weight and polydispersity index are controllable in ATRP, and final polymer structures
with special functional groups are dictated by the structure of initiator. Then, this novel functionalized
porogen is grafted onto the backbone of low-k precursor, which is further crosslinked to low-k matrix with
well-dispersed and discrete porogens.

In particular, triethoxy(polystyrene)silane (TEPSS), in which polystyrene (PS) is one kind of
high-temperature porogens, has been synthesized by ATRP reaction to achieve extremely low polydispersity,
desirable for tight pore distribution. Subsequently, TEPSS will be grafted onto poly(methylsilsesquioxane)
(MSQ) matrix to form a novel low-k MSQ material with grafting PS porogen, designated as TEPSS-MSQ.
The advantages of TEPSS-MSQ over MSQ/PS hybrid on the pore morphology (pore size and distribution)
will be quantitative illustrated by using SEM and GISAXS characterization.'® Upon the confirmation of our
proposed grafting porogen scheme, we investigated the effect of molecular weights of PS on the final pore
size/distribution by adjusting the initiator contents and reaction time during ATRP step. Moreover, the impact

of solvent compatibility on the final pore size and distribution will also be discussed in this report.
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For the application of ultra low-k dielectrics (k<2.5) as ILD for 32 nm node and beyond, large porosity
was introduced into low-k materials matrix using porogens which is burned out immediately after dielectrics
deposition'” or after completion of a Cu/low-k metallization layer in the late-porogen removal scheme.'® The
common method for preparing porous low-k films is to mix porogen into a matrix, and then spin-coat the
matrix/porogen solution onto a substrate. For spin-on dielectrics with large porosity, the pore size is relatively
large with wide distribution compared to the porous dielectric deposited by PECVD method using small
molecules as porogen. Such interconnect pores may be caused from the aggregation of porogen in the solution
at room temperature, and even in the curing duration.'” Large pore size and interconnected pores may
detrimentally degrade the mechanical strength of ultra low-k film*’ such that it cannot meet the minimum
requirements (~4 GPa) for applications in the copper/low-k backend interconnect.”’ However, for a
mechanically robust low-k material and better reliability at trench side-wall, it is highly desirable to have
small and well-dispersed pore sizes with tight distribution in the low-k films.”>*’ Approaches such as fast
heating rate in the cure step or addition of surfactants had been undertaken to retard the porogen segregation
in the solution and casted film to improve the pore size and distribution in porous low-k materials with limited
success.”’ However, some issues were occurred in the heating process such as porogen aggregation and broad
pore size distribution. To overcome those problems, Nguyen et al. reported the nanoporous MSQ films which
prepared via star-shaped poly(e-caprolactone) porogen in MSQ/PCL hybrids.”> Pore sizes of nanoporous
MSQ films were smaller than 20 nm in size. Further, Moonhor Ree group published the idea of “reactive
porogen” by using six-armed poly( ¢ -caprolactone) (mPCL6) and MSQ as porogen and matrix,

: 26,27
respectively.”™

The multi-arm (4-arm or 6-arm) poly(e-caprolactone) where the arms were grown via atom
transfer radical polymerization (ATRP) or block copolymers prepared by using consecutive ring-opening
polymerization (ROP) and ATRP processed.”*” Pore sizes of porous low- films which used mPCL6 as
porogen was calculated around 5 nm with 40% porogen loading.”” However, the samples are synthesized with
long time and complex processes.

In this study, we used the idea of reactive porogen to modify a common high temperature porogen,
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polystyrene, and synthesize mesoporous low-£ films. We proposed a mesoporous organosilicate by using
TEPSS and MSQ as reactive porogen and matrix to minimize porogen aggregation at high porosity. The
TEPSS reactive porogen in this study include some characteristics such as polymer synthesize simply,
controllable molecular weight (MW), and high reactive with matrix. To identify this novel low-k material, we
first examined the structures and thermal characteristics of TEPSS reactive porogen and TEPSS-MSQ [i.e.
triethoxy(polystyrene)silane-g-poly(methyl -silsesquioxane)], respectively. In addition, the morphology, pore

size, the porosity, and dielectric of porous MSQ low-k film were investigated and discussed.

By

Materials. -- Styrene (St) (Acros, 99%) was distilled and stored at 5 °C. Copper(I) bromide (CuBr(I))
(Sterm Chemicals, 98%) was sublimated before using and stored at 15 °C. Methyltrimethoxysilane (MTMS)
(Acros, 97%), NN,N’.N”,N’-pentamethyl-  diethylenetriamine =~ (PMDETA)  (Acros, 99"%),
hexafluorophosphoric acid (HPF¢) (Acros, 60 wt%), (3-chloropropyl)(triethoxy)silane (CPTES) (TCI, 95%),
and sodium laurylsulfate (SDS) (SHOWA, 90'%) were used as-received. Dimethylformamide (DMF)
(Aldrich, 99%) and tetrahydrofuran (THF) (Echo, 99%) were distilled to keep them anhydrous before use.
Toluene (Aldrich, 99.8%) and p-xylene (Aldrich, 99%) were used as-received.

Synthesis of triethoxy(polystyrene)silane (TEPSS) using ATRP reaction. -- CuBr(I) (2.0 mM) was
added to a 100 mL two-necked flask equipped with a magnetic stirring bar and a condenser. After sealing, the
flask was degassed for 2 hours. The initiator, (CPTES, 1.0 mM), solvent (p-xylene, 4 mL), or styrene (50.0
mM) was degassed individually by three freeze-pump-thaw cycles for each. Subsequently, p-xylene, the
catalyst (PMDETA, 2.0 mM), CPTES, and styrene were transferred into a flask, which was immediately
sealed under argon. The mixture in the flask was placed in an oil bath and stirred at 80 °C for 12 hours under
argon atmosphere. At the end of the polymerization reaction, the flask was quenched in cold water,
subsequently diluted with THF. Afterwards, Cu®" was removed through an alumina column. The solvent was
evaporated under reduced pressure, and the product was TEPSS with a yield of 58.6%.

Synthesis of poly(methylsilsesquioxane) (MSQ) using sol-gel reaction. -- Methyltrismethoxysilane
(MTMS, 24.0 mM), distilled water (DI water) (18.0 mM), and hexafluorophosphoric acid solution (HPF)
(0.3 mM) were added into an aluminum dish, which was then heated in an oven at 80 °C for 3.5 minutes.

Grafting TEPPS onto MSQ through sol-gel reaction. -- TEPSS (2.9x10” mM) and SDS (3.5x10~* mM)
were first dissolved by 6 mL THF in a 100 mL flask. Afterwards, MSQ (1.6 mM) was added into the flask,
and then 0.06 g of dilute HCI (10%) was added into the flask slowly. The mixture was carried out at 50 °C in
an oil bath under N, atmosphere for 6 hours. The sol-gel grafting reaction product was named TEPSS-MSQ.
The TEPSS loading was varied from 0.6% to 6.6% to increase the loading of high-temperature reactive
porogen.

Preparation of porous low-k film. -- TEPSS-MSQ was dissolved in a chosen solvent, THF, to form a 20
wt% solution. The solution was first filtered through a 0.2 um PTFE filter (Millipore Inc.), and then spun onto
a (100) silicon wafer at 2000 rpm for 30 seconds. The TEPSS-MSQ film was subsequently baked at 100 °C
for 1 minute, and then cured on a hot plate preheated at 250 °C for 30 minutes to form a crosslinked MSQ
structure. The TEPSS reactive porogens were thermally decomposed at 400 °C for 90 minutes to form a
porous low-k MSQ films. The nominal thickness of TEPSS-MSQ film cured at 250 °C is 280 nm, unless

specified otherwise.



Measurements. -- The chemical structures of TEPSS and TEPSS-MSQ were validated by 'H-NMR
spectra and »Si-NMR spectra. 'H-NMR spectra [Bruker AC-300P (300 MHz)] were recorded in solution,
with the tetramethylsilane (TMS) proton signal as an internal standard. *’Si-NMR spectra for powder samples
were carried out by a Bruker DSX-400WB NMR spectrometer. The number-average (M,), weight-average
(M,,) molecular weight, and the molecular weight distribution (i.e. polydispersity index, PDI) were determined
by gel permeation chromatography (GPC) using a Waters Chromatography unit interfaced with a Water 2414
differential refractometer (Waters Corporation, Ashland), and using tetrahydrofuran (THF) as an eluant and
polystyrene as standard. TGA Q500 (TA Instruments) was used to measure the decomposition temperature of
TEPSS and TEPSS-MSQ. The temperature scan speed was 10 °C/min from 100 °C to 700 °C under a nitrogen
atmosphere.

The density of porous MSQ film was measured by X-ray reflectivity (XRR). The films were scanned by
a Bruker D8 Discover with Cu K, source (A=0.154 nm) using ®»-26 method with 26 from 0° to 2°. Porosity (P)
was then calculated by the Eq. (1):

p=ps(1-P) (D
where p is film density (g/cm’), p is silica density (1.63 g/cm’). The sizes of the porogen in the hybrid low-k
films were then characterized by GISAXS. GISAXS data were collected by using Beamline 23A1 of the
National Synchrotron Radiation Research Center (NSRRC), Hsinchu, Taiwan. All of the GISAXS data were
obtained using an area detector that covered a scattering wave vector (g) range from 0.015 to 0.025 A™, and
the incident angle of the X-ray beam (0.5 mm diameter) was fixed at 0.2° with an X-ray energy of 10 keV.
Then, the pore size was analyzed by a sphere model using Guinier’s law.”'**

The topography of porous film was examined by using a dual beam FIB/SEM (Nova Nanolab 2000
system, FEI Company) system. The film thicknesses of TEPSS-MSQ and porous MSQ film were measured
using n&k Analyzer 1280 (n&k Technology, Inc.) at wavelengths ranging from 190 to 900 nm. The dielectric
constant (k) of porous low-k films were measured by C-V dots (HP 4280, HP) with a sweeping frequency of 1
MHz based on a MIS configuration [Al electrode/low-k film/Si (50 ohm-cm)] at room temperature.

BEHEH

Characterization of TEPSS. -- The synthesis of TEPSS using ATRP reaction is schematically illustrated
in Figure 1. CuBr(I) metal center undergoes an electron transfer with simultaneous halogen atom abstraction
and expansion of its coordination sphere, which activates the initiator, CPTES for the free-radical
polymerization.” The chemical structure of TEPSS was validated by "H-NMR spectrum as shown in Figure
2(a). There are two characteristic signals associated with styrene: (1) the peaks in the 6.45-7.18 ppm range
representing the aryl protons of styrene units and (2) the signals in the range of 1.25-1.84 ppm assigned to the
methylene protons of styrene backbone. Moreover, signals at 3.7 ppm are attributed to siloxane
(-Si-(OCHs)3) end group. Since the siloxane group represents initiator characteristic, it can be used as a model
to study the starting of polymerization. Hence, based on 'H-NMR spectrum, TEPSS has been successfully
synthesized by ATRP.

Next, the decomposition temperature of reactive porogen, TEPSS was characterized by
thermogravimetric analysis (TGA) to determine the maximum processing temperature of TEPSS-based low-k
films in the late porogen removal scheme. Figure 2(b) showed the dynamic TGA curve of TEPSS from 100 °C
to 800 °C. The decomposition temperature (73) is 362 °C, at which 5% weight-loss occurs, and the weight
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loss is attributed to the decomposition of the PS long-chains in TEPSS. PS long-chains could be removed at T
> 435 °C under N, atmosphere in dynamic mode at heating rate of 10 °C/min. Meanwhile, PS long-chains
also could be completely removed at 400 °C isothermally for 1 hour under a N, atmosphere. As the result,
reactive porogen, TEPSS, can be used in conventional back-end fabrication processes and can be burn out
completely without issue.

Molecular weight control of TEPSS. -- For low-k dielectric applications, one prefers a low-molecular
weight TEPSS in order to obtain smaller porogen size in the low-k matrix/porogen mixture, thereby smaller
pore size in the porous low-k materials after the removal of porogen through thermal decomposition.
Furthermore, the control of molecular weight distribution is highly desirable to obtain tight pore size
distribution. We first selected a solvent among toluene, p-xylene, and DMF for achieving TEPSS with a lower
molecular weight using ATRP method at fixed CPTES initiator concentration (1x10* mole) and time (1000
minutes). Then the dependence of TEPSS molecular weight on the CPTES initiator concentration in the fixed
solvent was examined.

The measured molecular weights (M, and M,,) and polydispersity index (PDI) of TEPSS under various
synthesis conditions (i.e. CPTES initiator concentration and different solvents) using ATRP method are
summarized in Table 1. Firstly, it is found that TEPSS had the largest molecular weight (M,: 81,400 g/mole)
when DMF solvent was used. TEPSS molecular weight was decreased to 28,000 g/mole when toluene was
used as the solvent. In contrast, p-xylene solvent yielded TEPSS with the smallest molecular weight (26,100
g/mole). The difference in the molecular weight of TEPSS by various solvents can be attributed to the
solubility parameter between the solvent and the CPTES initiator. In specific, the solubility parameters of
CPTES, DMF, toluene, and p-xylene are 7.44, 10.6, 8.9 and 7.0, respectively.

For ATRP reaction occurring in solution, the general expression for the rate of polymerization (Ry) is
given by Ry =« ,[IM*][M], where [IM¢] represents the concentration of the growing chains, and [M] is the
concentration of the monomer.”* The equation illustrated that the concentration of the growing chains can
affect the reaction rate. The CPTES initiator was dissolved in p-xylene effortlessly due to it have closer
solubility parameter to p-xylene. Therefore, the reaction solution may have more growing chains and can
increase the termination rate when p-xylene was used as solvent. The polymer molecular weight can be
decreased while more growing chains were grew and increasing the termination rate.”

Table 1 also shows the effect of CPTES initiator concentration on the molecular weight of TEPSS. It was
found that the molecular weight of TEPSS decreased from 26,100 g/mol to 3,500 g/mol with increasing
CPTES initiator concentration from 1x10” mole to 4x10™* mole. The relationship between initiator
concentration and polymer molecular weight in ATRP method can be described by Eq. (2):*°

ln% = A[I] (2)
[M]
where A=k , K t [CLt+][CL12+]'1 as a constant, K = k,/ky, k, represented the rate constant for activation, and k,
was rate constant for deactivation. From the equation, it can be observed that the relationship between
polymer molecular weight and the initiator concentration was inverse proportion. Due to the numbers of
radical were increased when the concentration of initiator was increased,”” and the rate of polymerization
would become faster when there were more radical, and caused smaller polymer molecular weight.
Overall, we found that both solvent and initiator played critical roles in controlling the molecular weight

of TEPSS using ATRP technique. Solvent with solubility parameter close to the CPTES initiator increases the
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dissolution of the initiator and thus the initiator concentration in the solution. The increased initiator
concentration led to a smaller molecular weight of TEPSS. In addition, the low PDI of TEPSS for all cases in
Table 1 (PDI <1.17) shows tight molecular weight distribution owing to ATRP synthesis technique. As the
result, TEPSS with 3500 g/mole molecular weight and p-xylene solvent were selected for the synthesis of
reactive porogen at a fixed initiator concentration for the rest of this paper.

Characterization of TEPSS-MSQ. -- In this study, the MSQ low-k matrix was synthesized from MTMS
monomer by sol-gel process as illustrated in Figure 3(a). MSQ as oligomer has silanol groups on the end caps,
which facilitates the grafting reaction of TEPSS onto MSQ matrix by sol-gel reaction. This yielded a
TEPSS-grafted-MSQ copolymer named TEPSS-MSQ as schematically illustrated in Figure 3(b).

This approach is to take advantage of the narrow PDI of reactive porogen, TEPSS in order to obtain the
porous low-k films with tight pore distribution even at high porosity. It is essential to validate the success of
grating reaction by examine the neighboring groups and chemical environment surrounding Si using
¥Si-NMR spectroscopy. Figure 4 shows the solid state *’Si-NMR spectra of MSQ and TEPSS-MSQ. The
¥Si-NMR spectrum of MSQ shows a T signal at -69 ppm, which represents three Si-O- bonds and one alkyl
group, R, [(Si0);Si R] species.”™***"  Besides, a T* signal at -56 ppm, which refers to the silicon nuclei with
hydroxyl group termination, [(Si0),Si (OH)(CH3)] species. In comparison, the spectrum of TEPSS-MSQ
shows two signals at -54 ppm (T?) and -69 ppm (T°) with different intensities. The relative intensity ratio of
T?:T? in TEPSS-MSQ is ~9.3, which is significantly higher as compared to 3.1 of pure MSQ. The increase can
be attributed to two factors. First, a MSQ network structure with [(SiO);Si CHs] groups (T%) was formed via
the condensation reaction of the silanol groups in MSQ, typically in the form of [(Si0),Si (OH)(CH3)], whose
signal was originally at -56 ppm (T?). The other source for increased T° groups involved the grafting reaction
between TEPSS and MSQ through hydrolysis and condensation. In contrast, when TEPSS is grafted onto
MSQ, T? signal was down shifted from -56 ppm to -54 ppm, which is presumably due to a the formation of a
T? group through the condensation reaction of TEPSS and MSQ with 2 hydroxyl sites. In addition, the
downshift was attributed to the electron-withdrawing by the polystyrene group in TEPSS."' However, the
results of *’Si-NMR is still not conclusive in the confirmation of the grafting of TEPSS onto MSQ via sol-gel
reaction.

Thermal decomposition and characteristics. -- Therefore, the thermal characteristics such as thermal
stability and decomposition temperature of starting MSQ and reaction product, TEPSS-MSQ (the ratio of
TEPSS to MSQ: 10%), were examined to further confirm the grafting reaction between TEPSS and MSQ by
dynamic TGA as shown in Figure 5. Pure MSQ showed a high thermal stability, a mere 2.5% weight loss over
a range between 200 °C and 700 °C. In contrast, TEPSS-MSQ showed slightly less thermal stability between
350 °C and 500 °C. Specifically, there was additional 1% weight loss from 376 °C to 460 °C for TEPSS-MSQ.
Such weight loss was considered to arise from the decomposition of the polystyrene (PS) long chain in TEPSS.
Also, the thermal decomposition temperature (Tq) of PS long chain in TEPSS grafted onto MSQ was
calculated at 383 °C, which is almost 20 °C higher than the T4 (362 °C) of TEPSS discussed in
aforementioned section. The increased T4 of PS in TEPSS-MSQ is primarily caused by the confinement effect
by the MSQ network structure at T > 350 °C. The combined results by *’Si-NMR, FTIR, and TGA confirmed
that the reactive porogen, TEPSS has been successfully grafted onto MSQ.

Pore Morphology and pore size of porous MSQ films with different porosities. — After coating of
TEPSS-MSQ thin film, the reactive porogen, TEPSS, was thermally removed to form porous MSQ film. The
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porosity was controlled by adjusting the weight ratio of TEPSS to MSQ and measured by XRR. In addition,
the pore sizes were characterized by GISAXS measurement. Table 2 summarizes the density, porosity,
dielectric constant, and pore size with different TEPSS loading. As TEPSS loading increased from 0.6% to
6.6%, the porosity of porous MSQ films was increased from 18% to 54% and the density was reduced from
1.27 g/em’ to 0.71 g/em’ after 400 °C curing. After the thermal decomposition of PS long chains at 400 °C,
the pore morphology of porous low-k MSQ films with various porosities were first examined by SEM and
shown in Figures 6(a) through 6(d) for 18%, 23%, 31%, and 54% porosity, respectively. Porous MSQ films at
porosities up to 54% were found to be continuous and smooth with small pores (< 20 nm) in fairly random
distribution. In addition, the shape of pores is nearly a sphere without obvious aggregation. This indicates that
the reactive porogen grafting scheme (i.e. TEPSS grafted onto MSQ) can yield smaller pores and uniform
distribution.

However, in order to quantify the pore size precisely, GISAXS measurements were further carried out for
such porous MSQ films. In our case, the 2D scattering patterns were analyzed by a particulate system which
treats the pores in the matrix the same as the particles in the films. It is known that the intensity of scattering
pattern (/) is proportional to the product of intra-particle structure factor (P, form factor) and inter-particle

structure factor (S, structure factor) as expressed by Eq. (3)
L= By Siy) 3)

where ¢ is the scattering wave vector defined by scattering angle (0) and wavelength of radiation (4) of x-ray
by Eq. (4):

qz%-sine 4)

The structure factor Sy, is close to one in a low-concentration system or a system without inter-particle
interactions, and thus can be ignored. Hence, the scattering intensity distribution for a polydisperse system is
proportional to the ensemble average of the form factor (P,)) which has been evaluated for a variety of
particle shapes (spheres, rods, discs etc.). However, in the range of very low g-value (¢ << 1), Py can be

42,43,44,45

generalized for a spherical particle system by using the Guinier approximation with a radius of

gyration (Ry), and then Eq.(3) can be further derived as Eq.(5):
2p2
i q R -

I, o~ exp[ 3 é} (5)

Hence, a linear relationship exists between In/,) and ¢°, with a slope of (—Rg2/3), and the steeper the slope, the

larger the radius.

Figure 7 shows the Guinier plot (In/ ) vs. qz) for porous MSQ films with different porosities, which were
extracted from MSZ film scattering pattern and approximated by Guinier theory for quantitative analysis. The
similar slopes indicate that the R, size was maintained with the porosity increasing from 18% to 31%. The
slope changed varied little when the porosity was up to 54%. Since the shape of pore is close to a sphere as
confirmed by SEM, the pore diameter (d) could be deduced from d = 2x(5/3)" 2><Rg.46’47 As a result, the pore
size maintained 18 nm with porosity increasing from 18% to 31%, but showed little variation that pore size
was increased to 19 nm at 54% porosity. Consequently, grafting reactive porogen onto low-k matrix can cause

small pore and has less pore aggregation below a critical porosity, i.e. ~31% porosity for TEPSS-MSQ system.
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However, the reactive TEPSS porogen loading is not only affect the pore size, but also affect the dielectric
constant of low-k films after porogen removal due to the dielectric constant of air is 1.0. Therefore, the
relationship between the porosity (TEPSS loading) and dielectric constant will be discussed in the following
section.

Dielectric property of porous MSQ low-k film. -- In order to understand the dielectric properties of
such porous MSQ films with various porosity, all samples were examined using the CV-dot measurements. At
first, the dielectric constant of pure MSQ film was measurement (k)50 = 2.81). Afterward, the dielectric
constants of porous MSQ films with different porosities were measurement and also tabulated in Table 2.
Compared with pure MSQ film, the dielectric constant of the porous MSQ film with 18% porosity decreased
to 2.59 and even lower to 2.30 when porosity increased to 54%. On the other hand, the calculated values of
porous TEPSS-MSQ films were higher than theory values. This is due to the porous MSQ films have
absorbed water during the test, and water has extremely polar -OH bonds and its k-value close to 80.
Therefore, even a small amount of absorbed water can increase the total k-value.”® Consequently, this paper
decreased the dielectric constant of porous MSQ effectively by increasing the loading of TEPSS form 2.81 to
2.30 at 54% porosity.

B

This study introduced a novel method for preparing a mesoporous low-k£ material, TEPSS-MSQ, by
using a reactive high-temperature porogen, TEPSS, suitable for a late-porogen removal integration scheme.
As results, the molecular weight of TEPSS could be controlled by the concentration of initiator and the
reaction solvents. In this study, p-xylene was demonstrated to be the most suitable solvent which can decrease
the TEPSS molecular weights (3,500 g/mole) largely. Afterward, molecular weights, chemical structure, and
thermal characteristics of TEPSS were indicated by GPC, 1H—NMR, and TGA, respectively. In addition, the
extremely low polydispersity by using ATRP and controllable reactivity of TEPSS with MSQ matrix yielded
uniformly distributed and spherical pores (~18 nm) with less aggregation at 31% porosity. However, pore size
is slight increased to 19 nm at 54% porosity investigated by GISAXS analysis. Furthermore, the dielectric
constant of porous MSQ film is decreased to 2.37 and 2.30 when porosity reached to 31% and 54%.

10



4
Table 1. The synthesis parameters (initiator concentration, solvents, reaction time), the molecular
weights (M, and M,,), and PDI of TEPSS

[1] (10™* mole) Solvent Time (min) M, (g/mole) M, (g/mole) PDI
1.0 DMF 1000 81,400 95,800 1.17
1.0 Toluene 1000 28,000 30,300 1.08
1.0 p-xylene 1000 26,100 27,300 1.06
2.0 p-xylene 1000 8,800 9,900 1.13
4.0 p-xylene 1000 3,500 3,900 1.12

[1]:[St]:[CuBr]:[PMDETA]=1:500:20:20 (in first condition)

Table 2. The density, porosity, pore size, and dielectric constant of porous MSQ films with different

porosity
TEPSS loading (%) Density (g/cm’)  Porosity (%)  Dielectric constant (k)  Pore size (nm)
0 1.54 0% 2.81 -
0.6 1.27 18% 2.59 18
1.3 1.18 23% 245 18
33 1.07 31% 2.37 18
6.6 0.71 54% 2.30 19
ax
Cl
I~ 7 cusr SiZom N
,Sl~oEt + PMDETA Et0” b
HO ot ATRP reaction
(3-chloropropyl){tricthoxy)silane Styrene Triethoxy(polystyrene)silane (TEPSS)

Figure 1. Model reaction for the synthesis of TEPSS by ATRP.
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Figure 2. The properties of TEPSS. (a) 'H-NMR spectra, and inset shows the Si-(OCHs); data in the rage of
3.4 to 3.6 ppm, and (b) the dynamic TGA thermogram from 100 °C to 800 °C.
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Figure 3. The synthetic schematic of TEPSS-MSQ: (a) synthesis of MSQ from MTMS by sol-gel method, and
(b) TEPSS-MSQ was synthesized by grafting TEPSS onto MSQ.
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Figure 4. The ¥Si-NMR spectra of (a) MSQ and (b) TEPSS-MSQ cured at 60°C.
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Figure 6. SEM photograph of porous TEPSS-MSQ film in different porosity: (a) 18%, (b) 23%, (c) 31%
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Figure 7. In(/)-¢” plots from 2D GISAXS scattering patterns of TEPSS-MSQ films with different porosity.
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1. Useful information from Equipment and Materials Suppliers

(1) Catalogs from Gelest:
(a) reactive silicones, (b) Optical Materials, (c) hydrophobicity, hydrophilicity
and silane surface modification, (d) metal-organic precursors, and (e) latest
edition Silicon Compounds
You can find most of the catalogs except metal-organic precurors at their website:
http://www.gelest.com/

(2) Request information from IFCON on the quartz crystals and QCM-R

2. Technical summary

1. The award seminar by Prof. S.J. Pearton

Gordon E. Moore Medal for Outstanding Achievement in Solid State Science
and Technology Award Presentation

Wide Bandgap Semiconductors for Electronics, Photonics and Sensing
Applications

By S.J. Pearton, Department of Materials Science and Engineering, University
of Florida



http://www.gelest.com/

Key learning from his talk can be summarized below
1. AlGaN/GaN-based devices as hydrogen sensors
Ohmic contact metal: (1) Ti/Al/Pt/Au, (2) Ti/Al/TiB2/Ti/Au

Hydrogen Sensors

2. Semiconductor-based bio-sensors: biosensor consists of a bio-receptor
and transducer. The bio-receptor is typically an enzyme or antibody layer
attached to the gate of an FET

For example, the glucose oxidase enzyme catalyzes the reaction:

Glucose + O2 - gluconic acid + H202

The mechanism is to measure, for example, oxygen consumption, acid

production, or hydrogen peroxide production

Neurotoxin Biosensors
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Some of research and development work on wide bandgap semiconductors:
Functionalization the sensor surface is critical

Bio-sensors that have been demonstrated include the following:
Toxins: botulinum

Cancers: prostate specific antigen (100 pg/l)

Breast cancer in saliva

Biomarkers in breath condensate

PH, Gluocose (0.5 nM)

Biomarkers in Buffer solutions

Lactic acid, chlorine ion etc.
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1. Recipe for counter Pt electrode using electroless plating

(Abstract #1548) Optimization of electroless Pt counter electrodes for use in
DSSCs by Yi-Ting Lin and Jeng-Yu Lin, Ta-Tung University

Me-EDA-Si grafted FTO glass; pH=4, Pt (0.5 M) Pt(111)

2. Abstract No. 63
Electrodeposited Pt counter electrode for DSSC using
3-(2-aminoethylamino)propyl-methyldiemthoxysilane as an additive
Che-Yu Lin et al. National Tsing Hua University
The efficiency of DSSC using electroplated Pt with Me-EDA-Si additive
(5.86%) is comparable to that by sputter Pt (6.01%)

3. Highly interconnected Porous Electrode for DSSC using viruses as a
sacrificial template
Yong Man Lee et al. Adv. Functional Materials, 21, 1160 (2011)

This is a very interesting poster paper, which turns out to be a high IF SCI
paper published early this year. It appears to me that more and more
presentation and posters are not true to the sprit of conference for sharing
unpublished results.

4. Plasma treatment on FTO glass for DSSC (No. 1019) by S.-H. Kim et al.



from Chungnam National University

Plasma treatment enhances the bonding between TiCl4 layer and FTO.
There is little change except better Voc.

5. (Abstract#260) Polymer electrolyte (PVDF-HPF) with mesoporous silica by
Prof. Yui Whei Chen-Yang’s group

The addition of mesoporous silica (MSP) enhance the diffusivity of triiodide
~40%, thus the conductivity. There is a 37% increase in the efficiency

6. (Abstract #259) Synthesis of mesoporous anatase TiO2 nanofibers by
electrospinning with room temperature ionic liquid and its application on
DSSCs by Yu-Pin Lin et al, from Prof. Yui Whei Chen-Yang'’s group

1-D TiO2 fibers by electrospining using ionic liquid ([BMIM+][BF4-]) as
template. The efficiency was increased to 5.61%.
Anatase phase, no rutile, surface area

7. Yu-Fan Su, Photocatalytic activities of nanostructure TiO2 photoeletrodes
prepared using mild solvothermal method
No explanation why TiCl4 treatment is critical, why rutile

8. No.109 Ruet Toledano
Eletrochemical deposition of sol-gel based nanohybrides (The Hebrew
University of Jerusalem)

9. No.106 Vaidyanathan Subramanian
A new flexible quantum dot solar cell: Hetero structural mesh — TiO2

nanoparticles photosensitized with Cds

http://pubs.acs.org/doi/abs/10.1021/ja0777741

successive ionic layer adsorption and reaction (SILAR)

Ultrasonic Assisted SILAR method (UA-SILAR) was developed and
highly oriented ZnO films

(1140-1155 photo)


http://pubs.acs.org/doi/abs/10.1021/ja0777741

10.No. 107 Vaidyanathan Subramanian
In situ Growth and deposition of Quantum Dots onto Titania nanotubes
via solvothermal method
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a. Process challenges for integration of copper interconnects with Low-k dielectric
Abst. # 1405
T * air gap B~ low-k #HAL > Bivg FE e oo

b. Pattern with amorphous carbon thin films
Abst. # 1406
Film density can be impacted by
1. high temperature deposition (>500°C)
2. 1on bombardment during deposition

c. Ultra low dielectric constant materials for 22 nm technology node and beyond
Abst. # 1407
1. k<2.0 F#* air gap
2. Light with wavelength > 200 nm is needed to preserve Si-CHs: bonds.



3. Adjusting concentration avoid skeleton damage.

d. Development of porosimetry techniques for the characterization of plasma-treated porous

ultra low-k materials
Abst. # 1408
1. Challenges of low-k: CMP, clean, sealing
2. Py ENEr EP ¥ B porosity
3. vy fI* SP ¥ Pl reflection index, pore size, and pore size distribution.

e. A new flexible quantum dot solar cell: heterostructural TiO: Mesh-Ti0: nanoparticles

photosensitized with CdS

Abst. # 106
1. SILAR process can be used for the formation of CdS nanocrystals on T_NT.

2. The addition of an intermediate Ti0: layer through TiCl: treatment leads to increase

in the deposition of CdS
3. The photoelectrochemical responses follow the order: T_NT/T_NP/CdS > T_NT/ CdS

> T_NT

f. In situ grown and deposition of quantum dots onto Titania nanotubes via solvothermal method.

Abst. # 106
1. A solvothermal-based synthesis approach for deposition of high quality thick CdSe

nanocrysral coating on T_NT has been demonstrated.
2. Exchanging myristate with thiolacetic acid followed by annealing in an inert

atmosphere 1s highly beneficial.
3. The films demonstrate photoelectrochemical responses.
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Synthesis, pore morphology, and dielectric property of
mesoporous low-k material PSMSQ using a reactive
high-temperature porogen, TEPSS
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National Chiao Tung University, Hsinchu, Taiwan

1001 University Road, Hsinchu, Taiwan 30049
Tel: +886-3-5131420, Fax: +886-3-5724727,
E-mail: jimleu@mail.nctu.edu.tw

For porous low-k materials using a templating
porogen, one of the challenges is the tendency of
porogens to aggregate, leading to large pore
size/distribution and exacerbated aggregation at higher
porosity. Although reactive porogen is effective to limit
porogen aggregation and reduce pore size [1], little work
explores the reactive high-temperature porogen for the
late-porogen removal integration scheme. In this study, a
reactive high-temperature porogen, triethoxy-
(polystyrene)silane (TEPSS) was synthesized by atom
transfer radical polymerization (ATRP) [2] to obtain tight
molecular weight (MW) distribution, then grafted onto the
poly(methyl-silsesquioxane) (MSQ) matrix to circumvent
the phase separation between matrix and porogen in the
conventional hybrid approach. Upon the removal of
polystyrene by thermal decomposition, uniformly
distributed, spherical pores have been successfully
achieved for mesoporous low-k MSQ films without
porogen aggregation at high porosity up to 40% (k=2.37).

An extremely low polydispersity (1.06-1.12) of
TEPSS was obtained by ATRP of styrene monomers with
initiator, 3-chloropropyl(triethoxy)silane (CPTES) at 80
°C for 12 hours, while MSQ precursor was obtained by
sol-gel reaction of methyltrimethoxysilane (MTMS) in
HPF¢ as schematically illustrated in Figs. 1(a) and (b).
The high-temperature porogens, TEPSS at different
loadings were then grafted onto MSQ matrix through sol-
gel reaction at 50 °C to yield porogen-grafted MSQ
(PSMSQ) as shown in Fig. 1(c). The MW of TEPSS was
investigated as a function of reaction solvents and the
amount of initiator. Among three different solvents,
molecular weight of TEPSS was 82,000 g/mole
(dimethylformamide, DMF), 28,000 g/mole (toluene), and
26,000 g/mole (p-xylene), respectively. A lowest MW in
p-xylene resulting from fast polymerization rate was due
to the best match of solubility parameters between p-
xylene (7.0) with CPTES (7.44) [3]. Meanwhile, high
initiator content would also vyield lower polymer
molecular weight. The molecular weight was reduced
from 26,000 g/mole to 3,500 g/mole when the ratio of
CPTES/styrene was increased from 1/500 to 1/125. This
could be attributed to the increased free radicals in the
polymerization process with higher initiator content,
leading to lower polymer MW [4]. The TEPSS with the
lowest (M,,: 3,500 g/mole) in this study was obtained by
using p-xylene at higher initiator concentration. The
chemical structures and thermal properties of TEPSS
porogen and PSMSQ low-k materials have been validated
and examined by *H-NMR, *Si-NMR, FTIR, and TGA,
which will be described in the full paper.

The porosity, pore morphology, and dielectric
properties of PSMSQ porous low-k films using TEPSS
(My: 3,500 g/mole) were then characterized by XRR,
SEM, and C-V dot measurement. Porosity was found to
increase from 16% to 54% while the dielectric constant
was reduced from 2.66 to 2.18, when the porogen loading

was increased from 0.4 to 43 wt%. The pore morphology
of porous low-k MSQ films at various porosities are
shown by SEM viewgraphs in Fig. 2: (a) 16%, (b) 27%, (c)
40%, and (d) 54%, respectively. At porosity <40%, the
pores in the mesoporous films were found to be spherical
and uniformly distributed. In addition, their pore size
remained around 30 nm, indicating that little porogen
aggregation occurred at porosity <40%. The obvious
aggregation at porosity >40% will be further investigated
and discussed.

Overall, this study introduced a novel method for
preparing mesoporous materials, PSMSQ by using a
reactive high-temperature porogen, TEPSS, suitable for
the late-porogen removal integration scheme. In addition,
the extremely low polydispersity by using ATRP and
controllable reactivity of high-temperature porogen,
TEPSS onto MSQ matrix yielded uniformly distributed
and spherical pores (~30 nm) without aggregation at high
porosity up to 40%.
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Fig.1 Reaction schemes for (a) the high-temperature
porogen, TEPSS, (b) MSQ matrix, and (c) porogen-

grafted MSQ, PSMSQ

Fig. 2 SEM viewgraps of porous low-k MSQ films at
various porosities: (a) 16%, (b) 27%, (c) 40%, and (d)
54%
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This proposal involves pioneering research on the preparation and synthesis of
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porous low-k materials through MSQ matrix grafted porogen (TEPSS-MSQ) approaches
at low processing temperatures and the studies on the parameters and methods
controlling the nano-/meso-pore size/distribution and their formation. In
addition, this proposal will be the first attempt to our knowledge in developing
a mesoporous structure with tight pore distribution through living radical
polymerization, i.e. atom transfer radical polymerization (ATRP) to achieve very
low polydispersity. The other contribution is our attempt to develop spin-on novel
porous low-k films for as-deposited and late-porogen removal schemes through the
grafting of novel functionalized high-temperature and low-temperature porogens
(TEPSS and TEPMMAS) onto MSQ matrix. Moreover, we established the basic porogen
properties such as decomposition temperature and thermal stability, the pore
morphology and properties of porous low-k film in different porosity conditions.
At the completion of this project, we expect to provide methodologies for designing
ultra low-k materials (k <2.2) with large porosity with small pore size and tight
distribution for practical use for semiconductor industry such as the leading
foundries TSMC and UMC in Taiwan.

The applications of such porous low-k materials are widespread ; for example,




the TEPSS-MSQ or MSQ-g-PMMA porous low-k materials for (1) semiconductor
applications in ILD layer, (2) diffuser in LCD-TFT, and others. The methodology

can be applied to any porous materials required well-controlled pore size and pore

distribution, in membranes for gas separation or fuel cell to name a few.
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