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Abstract

In this work, a novel bridged organosilane precursor, adamantane-bridged organosilane (ADBO), was synthesized
successfully which was employed to prepare adamantane-based (ADH-based) periodic mesoporous organosilica (PMO) thin
film in the presence of porogen and acid catalyst via evaporation-induced self-assembly (EISA) after spin-coating procedure.
The resultant ADH-based PMO thin films were characterized by FTIR, NMR, TEM, and small-angle XRD. The ADH-based
PMO thin film with weight ratio of porogen to ADBO (0.75:1) possesses low dielectric constant (1.55 +0.04@1 MHz),
excellent Young’s modulus (6.69 +0.54 GPa), and ideal hydrophobic property (90.2° of water contact angle)
simultaneously. These outstanding properties of ADH-based PMO film can be ascribed to lower polarity, lower density,
and rigid cavity structure of adamantane, which suggests its potential application as high-performance low-x material in
next-generation microelectronics.
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e Design a novel bridged organosilane precursor, introdcuing adamantane (ADH) with rigid cavity structure
e Prepare adamantane-based (ADH-based) periodic mesoporous organosilica (PMO) through evaporation-induced self-

assembly (EISA)

e The best ADH-based PMO possesses low dielectric constant (1.55 £ 0.04@ 1 MHz), excellent Young’s modulus (6.69 +
0.54 GPa), and ideal hydrophobic property (90.2° of water contact angle) simultaneously

1 Introduction

With the increasingly high integration and compact struc-
ture, integrated circuits (ICs) contain more and more layers
of metal lines to accommodate a large number of transistors
[1]. The increasing resistance—capacitance (RC) delay of the
interconnected materials needs to be reduced urgently with
the shrinkage of the dimensions of the devices [2]. To
address this problem, Al metal wire was replaced by Cu in
the 1990s for its lower resistivity [3]. In the context of
interconnected dielectrics, developing a novel interlayer
dielectric (ILD) with lower dielectric constant (low-k)
instead of traditional silicon-based ILD has become vital for
IC industry [4]. It is well known that there are two feasible
ways to reduce x-value, decreasing polarity and density [3].
First, lower polarity which means reducing dipole strength
and less dipoles can be achieved through introducing weak
polar bonds, such as C-C and C-F. Second, the lower
density which means higher porosity, is much more bene-
ficial to decrease the dielectric constant in accordance with
reducing polarity. Higher porosity means more air, which
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almost has the lowest x-value of 1.0 in nature [5]. However,
excessive pores would deteriorate the mechanical proper-
ties, which are of great significance in the subsequent pro-
cess in semiconductor industry, such as chemical
mechanical polish (CMP) and so on [4]. Therefore, devel-
oping a promising low-x material with excellent mechanical
strength is desirable [1, 2, 4].

Periodic mesoporous organosilica (PMO), a particular
class of material possesses ordered porous structure, in
which pore walls array in periodic sequence arrangement
with a uniform pore size of 2-30nm [6, 7]. For this
organic—inorganic hybrid material, each individual organic
group is covalently bonded to two or more silicon atoms
and evenly distributed in pore wall. Owing to the unique
organic components and periodic mesostructure, PMO
possesses a more hydrophobic environment inside the
pores, which benefits in various applications, such as cata-
lysis [8], drug delivery [9], protein refolding [10], separa-
tion [11], and optical [12]. Given the low polarity and
density, PMO exhibits immeasurable potential in terms of
dielectric constant and mechanical properties [13-15].
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In recent years, many researchers have devoted to low-x
PMO materials [16-20], which were developed by alter-
nating different organic bridging groups [3, 21-24]. For
example, A. Ozin’s group reported a novel precursor using
polyhedral oligomeric silsesquioxane (POSS) as a bridging
group and further prepared POSS-PMO thin film via
evaporation-induced self-assembly (EISA) method [25].
Introducing POSS with nanosized (0.3 nm) cage structure
was helpful to reduce the x-value to 1.73@1 MHz due to its
in-house cavity. But Young’s modulus of POSS-PMO was
only 3.30 GPa, which was slightly smaller than the stiffness
limit of 4 GPa required for CMP [25, 26]. To meet the
demands of practical application for IC manufacturing,
PMO material should be promoted for low dielectric con-
stant and excellent mechanical properties [6, 27-29]. In our
previous work, a novel bridged organosilane precursor with
star-shaped construction and tetrafunctional organosilane
branches was developed to prepare PMO film, which
exhibited excellent dielectric property (1.58@1 MHz of
dielectric constant) and high mechanical property (5.54
0.11 GPa of Young’s modulus) simultaneously [30]. On the
basis of these progresses, we tried to introduce adamantane
structure as the bridging group into the pore wall to develop
a promising PMO material as a potential candidate for next-
generation ILD. As it is well known, adamantane possesses
a unique rigid structure but strain-free ring system, com-
posed of three fused chair cyclohexane rings, which can
contribute to the expected mechanical strength [31].
Meanwhile, plenty of carbon—carbon bonds and face-
centered cubic structure of adamantane lead to lower
polarity and lower density simultaneously. All character-
istics of adamantane as mentioned above are beneficial to
develop a promising low-x material for ILD applications.

In this work, a novel adamantane-bridged organosilane
(ADBO) precursor was prepared successfully through facile
organic synthesis. The resultant ADBO precursor was
employed to prepare adamantane-based (ADH-based) PMO
thin films after mixing with porogen and other additional
agents via spin-coating and EISA method. At last, the
microstructure, crystallization, dielectric, mechanical, ther-
mal, and hydrophobic properties of as-prepared ADH-based
PMO thin films were investigated comprehensively.

2 Experimental
2.1 Materials

1,3-Adamantanedicarboxylic acid (ADDA, 95%) was
obtained from TCI Shanghai Development Co Ltd., China.
3-(Triethoxysilyl)-propylamin (TPA, 97%) and triethyla-
mine (Et;N, 99%) were supplied by Aladdin Industrial Co
Ltd., China. Poly(ethylene glycol)-block-poly(propylene

Table 1 Proportion of ADBO precursor solutions

Sample ADBO P123 solution (0.1260 Ethanol HCI
precursor gmL™) 05M)
A25 0.1260 g 0.25mL 0.25mL 0.1 mL
A50 0.1260 g 0.50 mL 0.50mL 0.1 mL
A75 0.1260 g 0.75mL 0.25mL 0.1 mL
A100  0.1260 g 1.00 mL 0.00mL 0.1 mL

glycol)-block-poly(ethylene glycol) (P123, Mw ~ 5800)
was purchased from Sigma-Aldrich Co. LLC., China.
Thionyl chloride (SOCl,), trichloromethane (CHCI;), and
ethanol were obtained from Sinopharm Co Ltd. and the
latter two should be purified with a molecular sieve before
use. N-type (111) silicon wafer (0.001 ~0.004 Q) was
obtained from Suzhou resemi Co Ltd. All other reagents
and materials were used as received.

2.2 Synthesis of the ADBO precursor

To improve the product yield, the ADDA needs to be
chlorinated. First, 0.2243 g (1.0 mmol) of ADDA powder
and excessive amounts of SOCI, were added into a 100-mL
round-bottomed flask, keeping the temperature at 80 °C for
12h with exhaust treatment. The first-step product, 1,3-
adamantanedicarbonyl dichloride, should be purified by
rotary evaporation and stored in sealed condition because of
higher activity. Then, under argon atmosphere, 0.4870 g
(2.2 mmol) of TPA and 0.2226 g (2.2 mmol) of Et;N were
added into a 100-mL three-neck flask. Following that, the
acylchlorides were dissolved by CHClI;, and the solution
was poured into a flask. Owing to the excellent activity, the
second-step reaction can run completely with stirring at
room temperature for another 12 h. The precursor can be
purified by column chromatography on silica gel, devel-
oping agents that contain mixed solvent petroleum ether:
CHCI; = 2:1 and mixed solvent CHCl;:CH3COOC,Hs =
4:1. Finally, the ADBO precursor was obtained with 74.9%
of product yield.

2.3 Preparation of ADH-based PMO thin films

ADBO precursor can be dissolved in CHCl; solution as a
proper ratio. First, in each coating solution, ADBO pre-
cursor (0.1260 g, 0.2 mmol) in 2 mL. of CHCl; was mixed
with P123 ethanol solution (0.1260 gmL_l). Then, all the
ADBO precursor solutions can be prepared according to the
different weight ratio of porogen to precursor, 25, 50, 75,
and 100%, respectively, as shown in Table 1. Meanwhile,
moderate volume of ethanol should be added into the pre-
cursor solution for the same concentration of ADBO in
every sample, and then 0.1 mL of HCI (0.5 M) was added
into each one followed by 30 min of stirring. Before sample
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preparation, silicon substrates should be rinsed with pro-
pylene glycol monomethyl ether and blow-dried by pure
nitrogen. The as-prepared precursor solutions were drop-
wise added onto a preclean substrate and spin-coated at
rotary speed of 900r.p.m. for 30s. Preparing process of
PMO by EISA needs sufficient solvent evaporation. The
resultant fresh films should be treated at room temperature
overnight and 60 °C for another 48 h. Next, porogen P123
was extracted by ethanol solution at 60 °C for 1h, and the
mild condition is beneficial to improve the order of meso-
porous structure of PMO. In order to increase the con-
densation degree of the thin film and remove residual
porogen, all samples were calcined at 300 °C for 6 h under
flowing argon. For convenience, the as-prepared ADH-
based PMO thin films with different weight ratios of
porogen to precursor from 25, 50, and 75 to 100%, can be
denoted as A25, A50, A75, and A100, respectively.

2.4 Characterization

Preparing process of ADBO was confirmed through nuclear
magnetic resonance (NMR) spectrum by AVANCE 1II 400
NMR spectrometer and gas chromatography—mass spec-
trometry (GC-MS) was operated with Agilent 7890B (GC)-
5977A (MS). Fourier transform-infrared (FT-IR) spectrum
(KBr) was measured using a Bruker Optics VERTEX 70
Fourier transform-infrared spectrometer. The calculation on
the ABDO precursor in this work had been performed using
the Gaussian 09 program package. Calculation on the
electronic ground state was carried out using density func-
tional theory DFT//B3LYP/6-31G*. The structure of PMO
thin films was confirmed through transmission electron
microscope (TEM) by FEI Tecnai G2 F20 S-Twin TEM.
For TEM, samples should be scraped from substrates and
dispersed in ethanol; then, solutions were drop-casted on
lacey copper grid and ethanol was required to evaporate
thoroughly before imaging. The scanning electron micro-
scope (SEM) images were taken on FEI Nova NanoSEM
450 field emission SEM, and before loading into the SEM
chamber, samples were sputtered with a 10-A-thick gold
coating. Small-angle X-ray diffraction (XRD) patterns were
recorded on Rigaku D/MAX-2500/PC X-ray powder dif-
fractometer with Cu Ko radiation (4 =0.15406 nm).
Meanwhile, the leakage current density was measured by
Keithley 4200-SCS semiconductor parameter analyzer and
the dielectric constant was determined from the capacitance,
which was measured by Agilent 4294A RF impedance
analyzer. The mechanical properties characterization was
performed on Hysitron TI Premier nanoindentation with
applied force from 100 to 200puN, and we tested a
random of eight points from each sample to promise the
accuracy. The thermal properties were performed on
Mettler-Toledo  thermogravimetric —analyzer—differential
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Fig. 1 a Synthesis procedure of ADBO precursor and b optimized
structure of ADBO by DFT//B3LYP/6-31G*

scanning calorimeter (TGA-DSC), which ran from 30 to
900 °C at a heating rate of 10 °C min~ !, Besides, the contact
angle was pictured using DataphysicsOCA20 optical con-
tact angle measuring device.

3 Results and discussion

ADBO was synthesized through simple two-step reactions
including chloroformylation and amidation as shown in Fig.
la. After chloroformylation, the two carboxyls in ADDA
can be easily grafted by TPA to yield amide due to high
activity of —COCI and —-NH,. Based on the special mole-
cular design, adamantane was chosen as a bridging group of
a novel organosilane precursor for its special structure.
Figure 1b shows the optimized structure of ADBO calcu-
lated by DFT//B3LYP/6-31G*. It can be noted that a certain
angle between two branch strains of ADBO was present
owing to the strong steric hindrance which improves the
order of mesoporous structure of PMO. Furthermore, ada-
mantane possesses an extremely rigid but strain-free ring
system, composed of three fused chair cyclohexane rings
[32]. Therefore, introducing adamantane into the organosi-
lane precursor improves the proportion of organic compo-
nent and reduces polarity, whose own face-centered cubic
structure as well as cavity is beneficial to decrease material
density. Second, because of its rigid structure and big
maximum force constant [31], adamantane promotes the
mechanical properties of the resultant PMO film. Therefore,
the novel ADBO precursor can be considered as a
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promising candidate for preparing PMO film with excellent
integrated properties.

For verifying the molecule structure of ADBO precursor,
the as-prepared product was dissolved in deuterated
chloroform (CDCl3) and confirmed by NMR spectrum as
shown in Fig. 2. In the "H-NMR spectrum, except the peak
(6=0.00ppm) of internal standard substances (tetra-
methylsilane) and the peak (6 =7.26 ppm) of CDCl;, the
strongest resonance peak appears at 6 = 1.44 ppm corre-
sponding to the methyl hydrogen atoms of alkoxysilane.
And another strong peak appears at 6 =3.55 ppm which
corresponds to the ethylene hydrogen atoms of alkox-
ysilane. Besides, "H-NMR spectrum has several character-
istic peaks at 6 =3.24, 1.64, and 0.66 ppm, respectively,
corresponding to the ethylene hydrogen atoms between N

YV .

T T T T T T

ppm 8 7 6 5 4 3 2 1 0

Fig. 2 "H-NMR spectrum of ADBO precursor

Scheme 1 Schematic illustration
for the preparation of ADH-
based PMO thin film using an
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and Si. In addition, peaks around & = 1.80 and 5.88 corre-
spond to hydrogen atoms from adamantine skeleton and
imide hydrogen, respectively. The ADBO precursor mole-
cule was also characterized by mass spectrogram (Fig. S1).
All these above-mentioned results suggested that the ADBO
precursor was successfully prepared.

After successful synthesis of organosilane precursor, a
schematic preparation procedure of ADH-based PMO thin
film was depicted in Scheme 1. To prepare precursor
solution, the ADBO was mixed with porogen P123,
hydrochloric acid, and ethanol at a predetermined and
optimized ratio, stirring for 10 min at room temperature.
P123, a nonionic surfactant, has been widely used as a soft
template to fabricate ordered mesoporous materials. It can
be assembled to a micelle facilely in a precursor solution
and is easy to be removed, which are significant to form a
periodic mesoporous structure [33]. With the removal of
porogen in the process of forming a periodic mesoporous
structure, the condensation reaction between —Si—(OEt);
groups was underway until forming the pore wall with
—Si—O-Si— and bridged organic groups.

Meanwhile, FT-IR was employed to further confirm the
molecule structure transition from raw materials including
ADDA and TPA to ADH-based PMO film as shown in Fig.
3. Compared with ADDA, it can be seen that a character-
istic peak at 1719 cm™!, ascribed to —COOH groups from
ADDA, migrated to a wave number of 1639 cm™! in the
spectrum of ADBO because of the introduction of amino
groups. But the spectrum of ADBO retains characteristic
peaks at 958 and 690cm ™' originating from skeletal
vibrations of adamantane. Similarly, there are some char-

acteristic peaks that originated from TPA. The peak at 3406
cm ! is ascribed to the vibration of -N—H and absorption

o ADBO
. PI23
1 0

H,0

) <+  Ethanol

Y
NN
I

ADH-based

(1) Extraction
e —
PMO thin film

(2) Calcination

Substrate
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4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)

Fig. 3 FT-IR spectra of raw materials, ADBO, and ADH-based PMO
film

Fig. 4 SEM images of ADH-
based PMO thin films in cross-
sectional view a A25, b A50, ¢
A75, and d A100
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peaks at 1192 and 1082 cm ™' correspond to —Si—O— group
[5, 16]. Furthermore, characteristic peaks at 2941 and 2841
cm ™! corresponding to —C—H bond can be considered that
they are derived from both ADDA and TPA. All of these
features confirmed the successful synthesis of ADBO pre-
cursor. Compared with ADBO, the characteristic peaks at
1194 and 1084 cm™! corresponding to —Si—-O— bond
obviously enhance in the FT-IR spectrum of ADH-based
PMO film. It proved that the condensation reaction between
—Si—(OEt); groups as well as the formation of Si—O-Si was
completed. Meanwhile, some similar characteristic peaks
retain as a precursor. The characteristic peak at 3406 cm ™!
ascribed to -N-H and the peak around 2900 cm ™' ascribed
to —=Si—O can testify the organic structure of the precursor
that still maintains in the pore wall of PMO thin film.
After the successful preparation of ADH-based PMO
film, the morphology was measured by SEM as shown in
Fig. 4. It shows that the surface of A25 is compact and
smooth (Fig. 4a), but more and more obvious pores emerge
in films with the increase of porogen content. Pores become
more and more denser in A50 and A75, though films are
still complete and adhesive to the substrate well (Fig. 4b,c).
Numbers of defects and PMO particles appear in the cross
section of A100 sample and the continuing and orderly film
is deteriorated (Fig. 4d). It can be ascribed that the content
of porogen is beyond the critical micelle concentration
(CMC) of precursor solution, leading to aggregation of
PMO particle with certain crystalline properties [18]. SEM
images also indicate that the thickness of PMO films is

200nm
L

200nm
—

200nm
—
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Fig. 5 XRD patterns (a) and a)
dielectric properties (b) of A2S,
A50, A75, and A100

=
~

2.54

Dielectric constant (g)
- - N
S & S

0.0 1.0

20 ()

Fig. 6 TEM image of A75 film inset with SAED on the left upper
corner

mostly maintained between 180 and 320 nm, which is not
gravely affected by the porogen content.

According to ITUPAC [7], visible pores in SEM images
belong to a macropore for the diameter exceeding 50 nm.
To confirm the periodic mesoporous structure of organosi-
lica, small-angle XRD and TEM were adopted to char-
acterize the microstructure of thin films. Figure 5a shows
the typical small-angle XRD patterns of as-prepared A25,
A50, A75, and A100. The diffraction peaks of PMO films
can reflect their mesoporous structure and 26 value of peak
position can indicate the d-spacing between channels [34].
For A25, A50, and A7S, it is interesting that all (100) peaks
of films appear at 20 = 1.32°, which indicates that the d-
spacing of films is similar, and the presence of diffraction
peaks is characteristic of an ordered hexagonal material.
Compared with others, the (100) reflection peak of A100
displays a lower 20 value of about 1.24°, due to too much
porogen that enlarges pore size probably. Meanwhile, the
(100) peak of A100 also has a weaker diffraction intensity
and broader peak width, reflecting its mesostructure-
ordering impairment [25]. However, there are not any par-
ticular differences between XRD peaks of samples from

20 25% 50% 76% 100%
Porogen content (wt%)

A25 to A75. In the pattern of A75, the strongest diffraction
peak appears at 1.32° of 26, which associates with spacing
(d) of 6.69 nm between the lattice planes. For more evi-
dence, the fragments scratched from the A75 sample were
confirmed visually by TEM as shown in Fig. 6. The well-
formed mesoporous channels can be visually observed,
arranging orderly and neatly with uniform spacing and
consistent size. TEM images and selected-area electron
diffraction (SAED) reveal that A75 film presents the long-
range two-dimensional hexagonal order and channels with
average spacing of around 5.66 nm. Hence, adamantane as a
bridged organic group did not seriously imperil the long-
range two-dimensional hexagonal order of PMO.

Through small-angle XRD, the periodic mesoporous
structure of ADH-based PMO films has been proven. Then,
the dielectric properties of films were further investigated by
RF impedance analyzer and semiconductor parameter ana-
lyzer. And heavily doping silicon wafer with low resistance
value (0.001-0.004 Q)) was used as a substrate, and Cu was
sputtered on the surface of as-prepared PMO thin films at
around 500-nm thick dots as the electrode. Figure 5b shows
the relative dielectric constant of films, and it is obvious that
the x-value reduces progressively with the increase of
porogen content at current frequency (1 MHz). When
porogen content rises to 75%, the x-value of A75 reaches
the lowest point of 1.55+0.04@1 MHz, and the leakage
current density of A75 filmis 1.72 x 107% A cm 2 at applied
voltage of 1 V (Figure S2). However, the dielectric constant
increases with further increasing porogen content, and the k-
value of A100 rebounds to 2.07 £ 0.03@1 MHz. When the
porogen content is far beyond the CMC value, the feature
size of a micelle composed of P123 and ADBO increases,
which leads to the aggregation of PMO particles in the as-
prepared films, resulting in shrinkage and collapse in fol-
lowing the annealing process at 300 °C [18]. Therefore, the
rebound of A100 dielectric constant can be ascribed to the
deterioration of a periodic mesoporous structure and it is
also consistent with the morphology displayed in SEM
image (Fig. 4d).
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Fig. 7 a Young’s modulus of

ADH-based PMO films and b
TGA-DSC curves for A75 film
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With the increase of porogen content, the x-value of films
decreases, but high porogen content can also impair the
mechanical properties. Superior elastic modulus and hard-
ness are essential for low-x materials to withstand stress
occurring during processing, and the mechanical properties
of ADH-based PMO have been measured by a nanoinden-
ter. As shown in Fig. 7a, Young’s modulus of films reduces
drastically with the increase of porogen content from 25 to
75%. Particularly, the A75 with the lowest x-value among
all ADH-based PMO films, possesses Young’s modulus of
6.69 £ 0.54 GPa. Although its Young’s modulus is much
lower than that of A25, this value is high enough to meet
the requirement of CMP [25]. High Young’s modulus of
films can be ascribed to the introduction of rigid ada-
mantane. For that, not only the periodic mesostructure was
damaged, but the excellent mechanical properties were
maintained (Fig. S3). Furthermore, the A100 thin film
cannot acquire its Young’s modulus value, because it can-
not withstand the minimum stress required by the test,
which maybe due to too much porogen content.

Besides the dielectric and mechanical properties, the
TGA-DSC curve of A75 was recorded under flowing
nitrogen as shown in Fig. 7b. The TGA profiles show
3.14% weight loss below 150°C, which is due to the
removal of physically adsorbed water. From 150 to 538 °C,
the mass decreases by 64.02%, and it can be assigned to the
decomposition of loosely bound Si-(OR);_; groups and loss
of ethanol and water by the condensation of residual silanol
and ethoxy groups [34]. The TGA curve tends to keep
steady after 538 °C and the heat release peak appears at
369.5 °C in DSC curve, which proves that the decomposi-
tion begins from 369.5 °C and finishes at 538 °C. Therefore,
A75 has excellent thermal stability and would be compa-
tible with the following procedure of IC fabrication
(Fig. S4).

@ Springer

L4
100

3 o -
S [
§' 80 O o
-
S R o
2 N

172
2 )
© 604 la €

s |
— -
- 3
= 6 s
> s
> 404 8 3
= =

-10
20 T - - v
50% 75% 200 400 600 800

Temperature (C)

A100

A7S
90.3° 90.2° ! 79.4°

As is known to all, water has extremely polar O—H bonds
and possesses a much higher dielectric constant; in this
case, the hydrophobicity of PMO film is significant to low-x
applications [3, 7]. All the ADH-based PMO films have
been characterized by contact angle meter as shown in Fig.
8. It is obvious that the water contact angle of films
decreased from 92.7° down to 79.4° with the increase of
porogen content. The water contact angle of A75 film is
90.2°, verifying that it possesses a hydrophobic property
and can prevent interference from water.

4 Conclusion

A novel bridged organosilane, ADBO precursor was suc-
cessfully synthesized and employed to prepare ADH-based
PMO thin films via EISA spin-coating procedure. The
resultant ADH-based PMO film (A75) displayed a periodic
mesoporous structure, low dielectric constant (1.55 =+
0.04@1 MHz), excellent mechanical properties (6.69 £
0.54 GPa of Young’s modulus), good thermal stability (370
°C of thermal degradation), and ideal hydrophobic property
(90.2° of water contact angle). All the outstanding proper-
ties for low-x materials have been presented in the ADH-
based PMO thin films, which can be ascribed to the
excellent properties of adamantane used as a bridge group.
Therefore, the as-prepared ADH-based PMO film can be
considered as a promising candidate for next- generation
low-x materials.
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