Chem. Mater2006, 18, 5461-5466 5461

Structure of Mesoporous Silica Thin Films Prepared by Contacting
PEO106— PPO;0—PEOQO;06 Films with Vaporized TEOS

Shunsuke Tanaka!* Michael P. Taté, Norikazu Nishiyamd, Korekazu Ueyamé,and
Hugh W. Hillhousé

Division of Chemical Engineering, Graduate School of Engineering Science, Osakarslityi, 1-3
Machikaneyama, Toyonaka, Osaka 560-8531 Japan, and School of Chemical Engineering, Purdue
University, 480 Stadium Mall Drie, West Lafayette, Indiana 47907

Receied June 22, 2006. Rised Manuscript Rece¢d September 6, 2006

Highly ordered mesoporous silica thin films have been prepared on silicon substrates by contacting
PEQ s~ PPGo—PEQ 06 (Pluronic F127) triblock copolymer films with hydrolyzed tetraethyl orthosilicate
(TEOS) followed by calcination. 2D grazing angle of incidence small angle X-ray scattering (GISAXS)
patterns analyzed in the context of the distorted wave Born-approximation (DWBA) show that the films
are (111)-oriented and possess rhombohedral symmetry with lattice corsstanits.8 nm andx = 70°.
Further, high resolution field emission scanning electron microscope (FESEM) observations showed that
the films have a lamellar structure supported with periodically arranged pillars. To our knowledge this
is the first report of a rhombohedral mesophase obtained using Pluronic F127. Additionally, the pore
connectivity in the films here differs from previously reported rhombohedral films. Here the films are
capped with a dense layer of silica and appear to not have significant mesoporosity in the direction
perpendicular to the substrate. As a result of this structure, after silylation the films have a low relative
dielectric constant of+1.86. In addition, by comparing the X-ray diffraction (XRD) patterns with the
GISAXS analysis, we show how using Bragg's law to calcuthgpacings from XRD data can significantly
underestimate thé-spacing. Taking into account the effects of refraction, we report a modified expression
of Bragg's law that may be used to recover accuthpacings from XRD data.

1. Introduction but also on the processing conditions used during self-

o , ) assembly** The common methods of cooperative self-
Porous thin films synthesized by cooperative self-assembly assembly include drop casting, dip coating, and spin coating.
of surfactants with metal oxide precursors have attracted yq\ever. in this report we use a different approach that

significant attention recently due to their prospects for low employs vapor transport of the silica precursor to control
dielectric constant films for microelectronics, low refractive the self-assembly process and to yield a different film
index films, photochromic films, and selective sensofs. structurel2-15

Over recent years, a great variety of highly ordered structures
have been synthesized, producing many different mesophasc?n
topologies, orientations, degrees of order, and framework
composition. It should be noted that the final mesostructure
depends sensitively on the interfacial curvature at the
surfactant/inorganic species boundafyThis curvature is
dependent not only on the initial composition of the reactants,

The majority of the well-ordered films may be grouped
to a handful of space groups. Those space groups include
a two-dimensional hexagonal phagémm (which upon
uniaxial contraction is characterized by the rectangular plane
groupc2mm),1%11.16.173 three-dimensional hexagonal phase
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p6s/mmgciP1819a primitive cubic phas@nBn,'®! a body- called grazing angle of incidence SAXS (GISAXS) and can
centered cubic phase3m (which upon uniaxial contraction  reveal most of the features of reciprocal spécehe effective

is characterized by the orthorhombic plane gréapmn),320 sample volume for scattering becomes large at grazing
a body-centered tetragonal phddénmny?® a gyroid-based  incidence angles, resulting in strong scattering patterns from
cubic phaséa3d,2! and a rhombohedral phaB8m.>1722The layers only a few hundred nanometers thick.

space group symmetry describes the periodicity of the |n this report, we identify the topology, order, and
mesostructure, which is well-ordered and has a narrow poregrientation of mesoporous silica thin films prepared by vapor-
size distribution reminiscent of microporous zeolite crystals, phase synthesig-® The symmetry and lattice constants of
but with mesopore dimensions. the films were determined by the combination of GISAXS
The most common tool used to identify structure is X-ray with simulationd’ based on the distorted-wave Born
diffraction (XRD) (widely available and typically used for  approximatio®® 3 to interpret the results. The mesopore
powders), though advanced evaluation procedures weretopology is identified by field emission scanning electron
currently applied to determine the structural parameters of microscope (FESEM) and transmission electron microscope
mesostructured silica films using small-angle X-ray scattering (TEM) measurements. Additionally, since most researchers
in symmetric reflectiorf* 2> Although the self-assembled have access to XRD instruments, we compare the Bragg peak
mesostructures are not crystalline, the diffraction occurs duepositions observed by XRD with those observed by GISAXS.
to the periodic contrast in electron density between the The comparison highlights the need to correct the XRD data
amorphous framework and pores (or surfactant regions). for X-ray refraction at the air/film interface as these effects
However, these films generally show only a few peaks in are not negligible and corrections are necessary to make
XRD patterns due to the one-dimensional scan of reciprocal accurate quantitative analysis of the ordered mesoporous
space in traditional one-dimensional diffractometers. Ad- films with large lattice constants.
ditionally, due to the small diffraction angles involved
(commonly less than°26), there arises the need to correct 2. Experimental Section
the Bragg peak location for the effects of refraction at the
air/film interface. The limited number of observed peaks, A template precursor solution was prepared by dissolving 1.89
combined with refraction effects, make identification of the g of Pluronic F127, a nonionic PE&—PPGo—PEQ,es copolymer,
space group, orientation, and lattice constants very difficult in 23 g of ethanol ah9 g ofdeionized water. A 0.5-mL portion of
with standard XRD. To remedy this, two-dimensional small- thls solution was. spin-coated on a silicon substre}te 5B5 cm
angle X-ray scattering (SAXS) techniques may be used to piece) at a rotating speeq of 4000 rpm for 1 min. The resu_ltant
determine the mesostructure. Two-dimensional SAXS pat- polymer film was placed in a sealed 60-mL vessel along with a

I d I | fincid he fil i separate (in 0.5 mL Teflon vessel) small amount of tetraethylortho-
terns collected at small angles of incidence to the film surface silicate (TEOS) and hydrochloric acid (5 N HCI). The vessel was

allow the Ewald sphere to slice through reciprocal space in y,qp, placed in an oven at 9 for 1 h toinfiltrate the polymer
a way that bisects the ringlike patterns that result from films ¢im with TEOS, HCI, and water. Afterward, removal of the

oriented with respect to the substrate normal but are free totemplate was conducted by calcination at 2@for 5 h with a
rotate in the plane of the substrdfa/Vhen this technique is  heating and cooling ramp of iC/min.

performed using very thin substrates and at moderately low  Most of the GISAXS patterns were collected from films using
angles of incidence~2°), the diffracted beams are transmit-  high-intensity synchrotron radiation on beamline 8-ID-E at Ad-
ted through the substrate and the technique is called 2Dvanced Photon Source (wavelength 0.1631 nm, angle of incidence
transmission SAXS. Even for the thinnest substrates, dataci = 0.2Z), Argonne National Laboratory. A schematic of the
collection times may be large for laboratory instruments. geometry of the GISAXS setup is shown in Figure 1a. The substrate
However, if the angle of incidence is decreased such thatWas positioned vertigally and an elongated beam stop was used to
the diffracted beams never pass through the substrate (anglegtiénuate the scattering along the specular plane. The 2D GISAXS
of incidence typically less than 0% one can collect data data are plotted as a function of2and oy, the in-plane and out-

erv rapidly. even on laboratory sources. This technique is of-plane exit angles, respectively, with an arbitrary intensity scale.
very rapidly, ev y sou L IQUE IS pitraction spot patterns were simulated using NANOCEla

Mathematica-based program for predicting SAXS and GISAXS
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for the film were determined to ba = 16.8 nm ando. =

70°. The order and orientation of the mesostructure deter-
mined by the analysis is shown schematically in Figure 3.
In addition to the peak positions, additional information is
obtained by observing the diffuse features of the pattern. The
streaking of the Bragg peaks normal to the substrate suggests
that something interrupts the rhombohedral symmetry in the
vertical direction, causing th@3m domain size to be small

(a)
sample at grazing incidence

C

incident X-ray beam 2D detector in that directior?
If the absorption of X-ray is ignored, the total reflection
®) occurs up to the critical angle. given by*
detect _
e °r[g l o, = v/20 = 1.639x 10 2V/pi 1)
%T whereo is in radiansyp is the density of the film in g/cf
SS

and A is the wavelength in nm. Conversely, if the critical
angle is known, the density of the film may be calculated.
That is the case here, where from the GISAXS data the
1D diffraction pattern critical angle is known, and thus the average density is
calculated to be 1.38 g/cémlf the silica framework is
assumed to have a density of 2.2, then the mesoporosity of
the film can be estimated to be 37.2%.
> center of a goniometer FESEM images (Figure 4) show the structure in real space
. and confirm the unique architecture observed in these films.
Figure 1. Schematic representations for (a) 2D GISAXS setup and (b) The |attice constants observed from FESEM images are in
XRD with 66 Bragg-Brentano geometry. good agreement with those calculated by fitting the GISAXS

XRD patterns were recorded on a Scintag2f diffractometer pattern. A highly Ordered pattern of cagelike _pores was
using Cu K radiation with 1.5418 A. A schematic of the XRD observed in the TEM micrograph taken perpendicular to the
diffractometer is shown in Figure 1b. The copper anode was film surface, shown in Figure 5a. This nearly hexagonal
operated at a voltage of 33 kV and a current of 17 mA. Beam closed packed pattern supports the conclusion that the (111)
aperture was manually adjusted using a divergence slit (DS) for planes are parallel to the substrate. Cagelike mesopores were
the beam source and scattering slit (SS) and receiving slit (RS) for on average roughly aligned along the (111) direction. The
the detector to reduce background scattering and limit the beamstructure was further elucidated by the TEM observation in
divergence. Diffraction patterns were collected over the range of {he direction perpendicular to the film surface.
0.6—4° 26 at a scan rate of 0.026/min and a step size of 0.01 Tate and co-worke?d”and Naik et aP have also recently

FESEM measurements were carried out on a Hitachi S-5000L reportedRémstructured silica films using PE@-PPGo—

instrument at an accelerating voltage of 21 kV, without any surface PEOy (Pluronic P123) or cetyltrimethylammonium bromide
coating of the film samples. TEM images of a calcined mesoporous in thg resence of 1.3 5-triisopronvibenzene. respectivel
silica film were recorded on a Hitachi H9000 instrument at an P Y propy ’ p y:

acceleration voltage of 300 kV. For the P123 films synthesized by dip-coating, FESEM data

The dielectric constant of the films was measured at room show that the top mO_St !ayer of cages are F’pe” to the regi"”
temperature with a Solatron SI 1260 impedance analyzer in a above the film. This is in contrast to the films obtained in

frequency range of 10 kHzl MHz. Platinum electrodes were this study, which are identical in space group and orientation,

center of a focusing circle
+‘.

26

incident X-ray
beam E

prepared by sputter deposition, the area of which is %8503 but the pores are not open to the vapor phase. The top-surface
cmé. of the film terminates with a dense silica layer (see Figure
5b). When the top layers are peeled off, stubs of the
3. Results and Discussion periodically arranged silica pillars are observed (see Figure

5c¢). In many regions, such as that imaged in Figure 5d, the
film appears to have a unique layered structure where the
layers are connected by an ordered array of pillars. The
structure of the film is homogeneous through the thickness
of the film. This pore connectivity may be attributed to the

formation process of the ordered mesostructure. The lamellar

Identification of Structure and Topology. The structure
and orientation of the calcined thin film were characterized
by 2D GISAXS shown in Figure 2. The large number of
peaks in the 2D pattern indicates that the film is highly
ordered and oriented. Additionally, from the 2D pattern the

critical angle () is easily identified by the diffuse intensity structure formed in the early stage of the TEOS infiltration

maX|m|um ?Iongha constaney; in this caseo. = 0'38?" _and then pillars are formed with increasing concentration of
To solve for the space group, orientation, and latlicé gng i, the filmt3 This results in a film with no intercon-

constants, the X-ray scattering patterns for the calcined films nection of pores through the thickness of the film. To the

were Compamd to a wide range OT simulated _GISAXS best of our knowledge, this is the first report of suchR8m
patterns using NANOCELL. The best fits were obtained with

a rhombohedral structure (space grdr@m) Orienj[ed with (36) Guinier, A.X-Ray Diffraction W. H. Freeman and Co.: San Francisco,
the (111) plane parallel to the substrate. The lattice constants = 1963.
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Figure 2. GISAXS patterns collected from synchrotron sourog € 0.22) for mesostructured silica thin film with overlays showing simulated spot
patterns using DWBA: (a) only transmitted spots shown and (b) both transmitted and reflected spots shown. In each part the circles indicate transmitt
Bragg spots while the squares indicate reflected Bragg spots.
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Figure 3. Schematic showing the order and orientation offf8en structure
with respect to the substrate.
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Figure 5. (a) Top-view TEM micrograph of the ordered mesoporous silica
thin film. (b) Top-view FESEM image of the film surface. (c) FESEM image
/ N\ of the film where the top silica layer was peeled off. (d) FESEM image of
A A the film where the silica layers were peeled off.

17.3 nm*\8
R \"/ The dielectric constant of the films wasl.86, which was
Figure 4. FE-SEM image of the cross-section of the ordered mesoporous lower than, that of dense $'|,|Ca becal_‘lse of the higher
silica thin film. mesoporosity and hydrophobicity of the films. Additionally,
the layered structure with pillars are of advantage for
structure and additionally the first to use Pluronic F127 as microelectronic low dielectric constant films, because the
the templating agent for this phase. silica layer does not have pore accessibility and the top
Dielectric Properties of the Films.Mesostructured poly- ~ surface plays a role as passivating film.
mer/silica was prepared on the conductive substrate, and then Comparison of XRD and GISAXS Data. Figure 6 shows
vapor infiltration treatment using trimethylethoxysilane was the XRD pattern, recorde@i—6 Bragg-Brentano scanning
conducted at 156C for 3 h tointroduce trimethylsilyl groups ~ geometry, for the (111)-orienteR3m-structured film with
into the silica walf” In the vapor infiltration technique, &= 16.8 nm andx = 70°. The XRD pattern shows a series
organic groups can be incorporated in the films without a of Bragg diffraction peaks. Thé-spacing from the first peak
reduction in pore size. The polymer template was removed is calculated to be 11.3 nm using the well-known Bragg's
by extraction after thermal treatment at 130 for 24 h. equation without taking the refraction event into consider-
Then the mesoporous silica films were further dehydroxy- ation:
lated by the silylation with trimethylchlorosilane at 150
for 2 h. Removal of the template and replacement of the =+
residual silanol groups by the methylsilyl groups were 2 sin(2,d2)
confirmed by the Fourier transform infrared spectroscopy.

()

where, 0o is used to indicate the Bragg diffraction peak
(37) Tanaka, S.; Kaihara, J.; Nishiyama, N.; Oku, Y.; Egashira, Y.; Ueyama, pqsmon_ Observed_m the XRD pattern_. Given the ph_ase and
K. Langmuir2004 20, 3780. orientation determined by GISAXS, this peak can be indexed
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Figure 8. Overview of refraction events upon the interface between air
Table 1. Bragg Diffraction Peak Positions and Lattice Spacings and film.
Calculated by the Traditional and Modified Bragg’'s Equation, and
d-Spacing Formula Using the Lattice Constants from and are typically negligible in the current mod&IThis
GISAXS/NANOCELL X
2o OXRD) e e P leaves as possible sources of error the effects of 1 and 2,
obs ’ obs IGNs lact’ = UwmB, : : .
deg om o m which can be accounted for by the following:
(111) 0.78 11.3 12.6 12.6 — _
(222) 1.45 6.09 6.29 6.29 A20 = A20,— 25cosb/R )
(333) 2.13 4.15 4.20 4.20 . _ N .
(444) 2.83 3.12 3.15 3.15 where A20, is the error in the zero@position, S is the
(555) 3.53 2.50 2.52 2.52 specimen displacement, aril is the goniometer radius
2 Calculated by the traditional Bragg's equation (eq 2) usipg (the (=185 mm). Note that the value of second term in eq 4

Bragg diffraction peak position observed in XRD pattefalculated by ;
the d-spacing formula using lattice constants obtained from GISAXS/ becomes nearly constant at low anle (see Figure 7)' If

NANOCELL, eq 3.¢ Calculated by the traditional Bragg's equation (eq 2) the peak shifts arise from the effects of principal sources 1
using 0. 4 Calculated by the modified Bragg's equation (eq 7) using the and 2 of the error, all the peaks should be shifted alafg 2

critical angle 0.171 by a constant value. The angular shifts of the diffraction

. . eaks, observed in the XRD pattern of the mesoporous silica
as the (111), with the subsequent peaks indexed as the (222 in films, were not explained by the effects of principal

(333), etc. However, thaky, calculated from GISAXS o, 051 and 2 of the error in the peak locations.
analysis is 12.6 nm. That spacing is obtained from the lattice However, these shifts may be understood by considering
constants obtained using the DWBA and the following (efraction effects. When X-rays enter a medium in which
geometric formula for the rhombohedral unit cell: the refractive index is different than that of which the X-rays
_ had just left (such as the air/film interface of the films), a
d= refraction event occurs. Consequently, the direction of the
\/ a’(1—3coda+2coda) incident and exit X-ray beams within the film are different

(02 + K + 1)sir? o + 2(hk + kI + Ih)(co& o — cosa) than those outgide the film (as shown in Figgre 8)_. This has
©) the effect of shifting all the observed Bragg diffraction peaks

to higher angle than those indicated by Bragg's law. To
whereh, k, and| are Miller indices of the Bragg peaks_ calculate the direction of both the incident and diffracted
However, it is observed that the subsequent peaks are noPeams inside the film, the standard law of refraction is used.
evenly spaced as may be expected. Ehgfshown in Table When the beam directions are defined according to Figure
1 is calculated by the well-known Bragg's equation, eq 2. 8 the law of refraction is written &5
Comparing dops to the calculation based on the lattice
constants obtained from GISAXSddy), the d-spacings
calculated from XRDd,,9 underestimate the triespacings.

n, cos@, = n, cosé, (5)

wheren; andn; are the refractive index of X-ray for vacuum
Care was taken to correct for possible sources of error in (air: n, = 1) and film, respectively. The,, the critical angle

the collection of the XRD data. Sources of error in the Bragg for the air/film interface, may then be expressed as

peak position may include (1) error in the zero position of

the X axis, (2) vertical displacement of the sample, (3) cosa, =1, (6)

specimen transparency, (4) sample flatness, and (5) vertical

divergence. The effects of errors-8 have been simulated  (38) Ida, T.; Kimura, K.J. Appl. Crystallogr.1999 32, 982.
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Figure 9. The deviation of 2 due to the refraction event.

Whenn; > n; (as is the case for most materials when using
X-rays), the angle of refractiofl,; becomes smaller than
the angle of incidencéq,s (Figure 8). The Bragg equation
can then be expressed usifig; as

_ A
2 sin{cos '(cosf,,Jcosa,)}

@)

The d-spacingsduvs) calculated from the modified Bragg’s
equation, eq 7, using,. = 0.17F now match spacings
obtained from GISAXS quite well. The critical angte,
where thel is 0.1542 nm (Cu & radiation), was estimated
to be 0.171 from the eq 1. Note there can be an error of
10% in thed-spacing obtained if one uses the Bragg equation
without correcting for refraction. Particularly for films that
are not oriented and show more than one family of diffraction
planes in XRD, this error could cause misidentification of
the phase.

To further highlight the need to account for refractive

Tanaka et al.

by eq 1. At higher angles (abové 8r 4° 20) the shift can

be neglected except in high accuracy measurements. How-
ever, for ordered mesostructured materials formed via self-
assembly of surfactants that have large lattice consta&8 (
nm) such effects cannot be neglected.

4. Conclusions

Highly ordered mesoporous silica thin films have been
synthesized by vapor-phase synthesis and characterized using
the combination of GISAXS, FESEM, and TEM measure-
ments. The structure of the films was indexed with the
rhombohedral space groug8m and found to be oriented
through the thickness of the film with the (111) direction
perpendicular to the substrate. The diffraction spot positions
in GISAXS patterns are predicted accurately by NANOCELL
code using the DWBA. Further, it was found that refraction
effects significantly shift the diffraction peak positions to
higher observed angles observed when using a conventional
6—0 diffractometer. As a result, thé-spacing is underes-
timated for ordered mesoporous films with large lattice
constants in standard XRD measurements. Additionally, the
use of GISAXS/NANOCELL has enabled determination of
the mesophase symmetry and order in oriented mesoporous
silica films, which is not possible from XRD alone. Finally,
when the Bragg’'s equation is modified to allow for the
refraction at the air/film interface, corredtspacing values
are obtained.
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