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Porous silica coatings were prepared by acid- and base-catalyzegesabethod. Surface morphology studies

by atomic force microscopy showed smooth surface for acid-catalyzed coatings while base catalysis resulted
in coarse particle morphology. On increasing the tetraethyl orthosilicate to base molar ratio from 1:1 to 1:3,
the mean particle size of the coating shifted from 30 to 100 nm while the pore size varied from 4.7 to 14 nm.
Infrared spectral analysis exhibited a change in the ratio of integrated peak intensitiesef Sito S—OH

in acid-and base-catalyzed silica coatings. Textural studies showed an increase in particle size and porosity
with base concentration. Optical transmission and surface roughness of base-catalyzed samples were found
to be higher than that of acid-catalyzed silica coatings.

Introduction The materials widely used as AR coatings are dielectric
materials such as silica, titania, and alumina with refractive

Antireflective (AR) coatings play an important role in a indices of 1.45, 2.3, and 1.65, respectively, in the midvisible

variety of optical technologies by reducing the reflective losses : - : S
at the interfaces. AR coatings have been widely used in many rangde dspect:)t.lrgl reglgn. S!I|ca coatn:g ha}s I%v(\)/@;efractmla |nfdex,
energy-related applications such as solar thermal and photo-3°° bl uraf lity, an denwronme_nta resista i a resut_(()j d
voltaic systems. In the case of devices, such as flat panel displaytuna e refractive index properties, porous silica is considere

AR conings ae uses 0 reduce ransiission oereare 1 b 1€ o e pest arivefectye continicn atacted
several approaches to introduce antireflectance, and among the . ’ o L .
PP ’ 9 M 0ns9-12 To introduce porosity in thin films, broadly three

the coating with an adjustable refractive index on the substratea roaches can be followed: (1) by introducing oraanic filler

is a prominent one. An ideal homogeneous antireflective coating gfticles as templates tf:/\ifl t c.ar(l %e );elmovel:j Ila?er t% crlea;e the

can achieve effectively 0% reflection at a specific wavelength P . piat .

when its refractive index) is equal to (1n2)Y2, wheren; and porosity, (2). by coat!ng ”.‘ad.e up of larger partlclgs, a’.‘d (3) by

n, are the refractive indices of the air and the substrate, the use O.f bimodal size d|sFr|but|dﬁSo|—geI teChn'que IS one

respectivel\? A typical glass has an index of refraction between of the widely used te_chnlql_Jes for the formation of porous
coatings. Sotgel technique gives a greater control on pore size

1.45 and 1.65 in visible spectral region, which implies that the as pore size can be modified by tuning the process baram-
index of refraction of the antireflective interference film must P 1516 \M Dy uning pr P
eters81516 While the use of filler particles for introducing

be between 1.20 and 1.25uch a low-index requirement makes orosity led to poor mechanical propertidd® orous silica

it practically impossible to design a dense single-layer AR film antinlys develcl? ed throu hl colﬁ)oidpal s@élp roul:e v:/Iere

on glass. Further, the low refractive index is difficult to attain e ortgd 10 be str%ss-free arg1d highly damage resistahacid

with any known low-index coating material (the lowest index orpbase or a combination of ac?d gnd bage has been used as
ical material is M i =1. .Si . : .

optical material is Mgk with n = 1.38 at 600 nm}. Since the catalyst to form the porous silica coatings!® However, still

refractive index of a material is related to its density, the index 2 comprehensive understanding relating the role of catalvst and
can be lowered by introducing porosity, provided that the pore P . . 9 9 . ystar
catalyst concentration with surface and optical properties is

sizes are much smaller than the electromagnetic wavelengthﬁimiteol

of interest. The refractive index is related to the porosity In the present study. we have used acid and base catalvsis
according to the LorentzLorenz relationship presel Y, ! . - . 1y
for the fabrication of antireflective porous silica coatings with

(n?—1) (nZ— 1) a transmission of about 99% on boron silicate glass. The effect
f s . .

PR a- Vf)z— Q) of catalyst nature and concentration on porosity, surface
(" +2) (ns"+2) roughness, and microstructural and optical transmittance has

o i been reported.
wheren; and ng are the refractive indices of the porous film

and the solid skeleton, respectively, anhds the volume fraction Experimental Section
of the pores. Thus, by tuning the porosity, hence refractive index
of the coating, it is possible to tune the antireflective properties
of any substrate material.

Materials. Porous silica coatings were prepared by-sp!
method using tetraethyl orthosilicate (TEOS, Sigma Aldrich,
98%) as precursor and ethanol as the solvent (Sigma Aldrich,

*To whom correspondence should be addressed. E-mail: sseal@ 99-5%0). The molar ratio of TEOS to ethanol was maintained at
mail.ucf.edu. 1:30 for all the experiments and either a base (ammonia) or an
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TABLE 1: Details of Synthesis Parameters for the
Preparation of Porous Silica

viscosity aging time
coating molar ratio of TEOS to catalyst (mPa s) (h)

BC11 11 1.92 72
BC12 1:2 1.87 30
BC13 1:3 1.84 18
AC 1:0.025 2.56 18

acid (nitric acid) was used as a catalyst. Depending on the natur

of catalyst (acid or base), the samples were coded as AC or

BC. All solutions were aged for different time periods to ensure

completion of condensation reaction depending on the concen

tration of the catalyst to form a sol optimum for coating. Table

1 summarizes the sample codes and the corresponding variatio

in molar ratio, viscosity, and aging time for both acid- and base-

catalyzed samples. Viscosity measurements were carried ou

using HAAKE Viscotester 7 rotational viscometer, atZ5and

at a shear rate of 244.8% The coatings were made on glass
slides by dip-coating technique (Dip Coater, 1000 IUD, KSV
Instruments Ltd., Finland) at a withdrawal rate of 8.5 cm/min.
Boron silicate glass (BK-7) having a refractive index close to

e

Vincent et al.

concentration, there was a corresponding increase in particle
size. Even a lower molar ratio of acid catalyst (AC in Table 1)
resulted in smooth surface morphology, and further increase in
acid catalyst concentration did not result in marked variation
of surface morphology. Apart from the one acid-catalyzed silica
sample mentioned as coating AC in Table 1, two different
concentrations, one with lower and one with higher acid content,
were prepared with molar ratios of 1:0.0125 and 1:0.0375.
Optical transmission and patrticle size of these coatings remained
the same and were found to be independent of the amount of
acid catalyst. However, a trend of transition from an ultrasmooth
to a slightly clustered network structure was observed with
increase in acid content. Since changes in acid content have

ﬁnarginal influence on the morphology and transmission, only

coating AC is reported here. Particle size distributions calculated

tfrom the AFM images (Figure 1) are shown in Figure 2. The

mean particle size was found to be 5, 30, 55, and 100 nm for
AC, BC11, BC12, and BC13, respectively. The surface studies
showed a direct relation of particle morphology on the acidic/
basic nature of catalyst in the precursor solution.

Surface Chemical Analysis.To understand the chemical

1.53 at 550 nm was used as substrate. The glass slides used dgodifications occurring over the surface of the silica thin films,

substrate for coating were ultrasonicated in acetone for 10 min.

infrared spectral analysis was carried out. ATR-FTIR spectra

The coatings were dried at room temperature in air under normal©f porous silica formed from base- and acid-catalyzed silica sol

atmospheric conditions for 12 h.
Surface and Optical Characterization. The surface topog-

gel in the regime of 6061400 cn1! are shown in Figure 3.
The Si-O—Si vibrational modes, ascribed to symmetric stretch-

raphy and the microstructure of the coatings were studied with INg (TOz) and asymmetric stretching (&) were observed at

a Multimode AFM (MMAFM-2, Nanoscope llla Digital Instru-
ments) in tapping mode ugira 7 nmradius silicon tip (PPP-

about 800 cm® and 1060 cm?, respectively. A strong shoulder
observed at about 1150 cfis related to the longitudinal optical

NCH, Nanosensors). The surface root-mean-square (rms) roughcomponent (L@) of the high-frequency vibration of SIOAIl
ness values were obtained from the analysis of atomic force the samples exhibited a band near 940 &rwhich is assigned

microscopy (AFM) images. Solver PRO Scanning Probe
Microscope (NT-MDT) was used to perform the coating scratch-

to stretching vibrations of SIOH bonds. The absence of peak
at 1400 cm? indicates that no residual ethoxy groups were

resistant measurements. The coating thickness and refractiveoresent. Figure 4 shows the ATR-FTIR spectra of porous silica
index was calculated from the optical transmission spectra by Samples in the regime of 406500 cn1t. An O—H stretching
simulation using Film Star (FTG Software Associates) software. region is observed near 3400 ch(Figure 4) where both O
Ellipsometry measurements were used (VASE Spectroscopic(3300 cnt?) and SiOH (3650 cm') components are apparéft.
Ellipsometer) to validate the calculated thickness and refractive An O—H bending vibration of water molecule is observed at

index from the simulation. Transmittance of silica coatings was
measured with a UVvis spectrophotometer (Varian, CARY
1E) over a spectral range of 26000 nm. Attenuated total
reflectance-Fourier transformed infrared (ATR-FTIR) spec-
troscopy was used for evaluating structural modifications. ATR-

1630 cnt!?! (Figure 4). Intensity of S+O—Si and S+-OH
peaks increases with increase in concentration of base catalyst.
AC and BC11 showed low intense-SD—Si and Si-OH peaks

in comparison to BC12 and BC13.

To delineate the intensities of -SD—Si and S+~OH with

FTIR spectra were recorded in a Perkin-Elmer (Spectrum one) the influence of catalyst, a Gaussian curve fit was carried out

FTIR spectrometer in the range of 400600 cnrl. Surface

for all the coatings. Figure 5 shows a Gaussian curve fit for the

area measurements were carried out to obtain the texturebase-catalyzed sample BC13. After resolving individual peaks,
properties (surface area and pore volume) using a NOVA 4200ethe area under the peak was calculated toward their integrated
surface area and pore size analyzer. The silica samples weréntensity. Ratio of integrated intensity of-SO—Si to Si-OH

degassed at 378 K for 12 h, and the adsorptid@sorption

peaks at positions 1060 crhand 940 cml, respectively, was

isotherms were obtained at 77 K. The surface area was calculated. Calculated SO—Si to Si-OH ratio was found to

calculated using BrunaueEmmett-Teller (BET) method, and
the average pore radius) (@nd pore size distributions (PSD)
were calculated by the Barretioyner-Halenda (BJH) method.

Results and Discussion

Surface Morphology of the Films. AFM patterns of the
surface morphologies of silica films for AC, BC11, BC12, and
BC13 are shown in Figure 1. AFM images exhibited a direct

be 1.85, 2, 2.4, and 2.6 for AC, BS11, BS12, and BS13 samples,
respectively. Acid-catalyzed silica coating (AC) showed the
lowest ratio while the ratio shifted from 2 to 2.6 with the
concentration of base catalyst. The relative increase in the peak-
integrated intensity ratio shows an increase in formation ef Si
O—Si and a corresponding decrease inQH intensity. In other
words, an increase in base catalyst concentration increases the
rate of condensation reaction of silanol group{SH) to form

relation between the surface morphology with the nature and siloxane groups (SiO—Si).

concentration of catalyst. The acid-catalyzed coating (AC)

Synthesis of silica by selgel process involves the formation

exhibited smooth and dense surface while base-catalyzedof a colloidal suspension of siloxane groups—-8i—Si) by
coatings showed rough and coarse particle morphology. Amongcondensation reaction of water with silanol {®H). The
the three base-catalyzed samples, BC11 showed finer particlesnechanistic aspects of hydrolysis, alcohol, and water condensa-
while BC13 showed coarser particles. With the increase in basetion reactions are widely available in literat#&3 The polym-
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Figure 1. AFM images of acid- and base-catalyzed silica coatings on BK-7 glass substrate: (A) AC, (B) BC11, (C) BC12, and (D) BC13. Particle
size increases with increase in the basic nature of the catalyst. All the images are taken at 1 um area at a scan rate of 1 Hz.

erization stages can be described as (1) polymerization ofboth depolymerization (ring opening) and addition of mono-
monomers to form primary particles, (2) growth or agglo- mers??The rate of ring-opening polymerizations and monomer
meration of primary particles into larger particles, and (3) linking addition reaction is dependent upon the solution pH. In this
of particles into chains to form a three-dimensional network acidic pH range (pH< 7), the solubility of silica is very low
that extends throughout the liquid medium leading into a gel and the particle growth stops when the particle reaches about 5
formation?223 The presence of acid or base catalyst has pro- nm where the solubility and the size-dependence solubility are
found effect on the mechanism of the reaction and the final greatly reduced. Thus, the resulting linear chain network will
morphology. be composed mostly of small primary particles. This is in
Under acidic conditions, the alkoxide group is protonated in agreement with our AFM results (Figure 1A). In the base-
the first step. Si in the alkoxide becomes more electrophilic catalyzed condition, the water dissociates to produce nucleo-
and starts reacting with the surrounding water molecule. The philic hydroxyl anions in a rapid first step. Here, also, amp,SN
water molecule attacks from the rear and acquires a partial reaction mechanism is composed of the hydroxyl anion attacking
positive charge. At the same time, the positive charge of the the silicon atom and displacing the ORvith inversion of the
protonated alkoxide is correspondingly reduced resulting in the silicon tetrahedro#? (Scheme 2).
formation of a pentacoordinate transition state with significant  The growth occurs primarily through the addition of mono-
SN, (substitution nucleophilic bimolecular) type character. At mers to the more highly condensed particles rather than by
the end of the reaction, alcohol leaves as a byproduct followed particle aggregation. Because of greater solubility of silica and
by inversion of silicon tetrahedré®(Scheme 1). This hydrolysis  greater size dependence of silica above H, these larger
reaction is followed by polymerization reaction to form siloxane particles grow by Ostwald ripenidgmechanism whereby the
bonds by either an alcohol-producing or water-producing particles grow in size and decrease in number as highly soluble
condensation reaction. The sequence of condensation requiresmall particles dissolve and precipitate again into larger less
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Figure 4. ATR-FTIR spectra of acid- and base-catalyzed samples in
the regime of 40061500 cnt?.
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Figure 2. Particle size distribution of base-catalyzed silica samples 44 |

BC11, BC12, and BC13 obtained from AFM images shown in Figure
1. Particle size increases with increase in base catalyst concentration.
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BC13; individual peaks are resolved for relative intensity calculation.

The textural properties of acid- and base-catalyzed silica
2‘:400 1300 1200 1100 1000 900 800 700 600 sgmples are summarized in Table 2 BC11 powder showed
Wavenumber (cm™) higher surface area~595 n¥/g) and highest porosity (49%)

among all powders. This is due to the small particle size nature
(~34 nm) of BC11. However, BC13 powder composed of larger
silica particles €100 nm) showed the lowest surface are2§4
soluble particles. The growth stops when the difference in the m%g) and porosity (36%) among the base-catalyzed samples,
solubility between the smallest and the largest particle becomesand the pore size of BC13 was more comparable to that of BC11
negligible. This type of growth results in highly branched silica and BC12. Figure 7 shows the AFM image of BC13 silica with
cluster formation, as the particles are negatively charged andpore centers trapped between silica particles (indicated by
repel each other to form particulate sol. This is in agreement arrows). BC12 powder~57 nm size particles) has a surface
with our AFM images of base-catalyzed coatings (Figure 1B, area in-between BC11 and BC13357 n¥/g) with a porosity
1C, and 1D). Thus, acid catalysis resulted in dense film becauseof 42%. AC powders showed the lowest surface aref99
of the formation of polymeric chains while base catalysis led m2(g) and lowest porosity (5%) among all the powders. Acid-
to porous film through particulate network formation. This is catalyzed silica coatings result in atomically smooth coatings
in agreement with the surface morphologies obtained from AFM (rms roughness- 0.34 nm). These coatings form a strongly
studies. bonded network structure which gives them high mechanical

Textural Properties. The textural properties (surface area, strength. Their low surface area in powder form can be
pore volume, pore size distribution) measurements were carriedcorrelated to their lower surface roughness in the case of thin
out on acid- and base-catalyzed silica samples. The pore sizdfilm form. The density of porous silica is calculated from the
distributions (PSD) of acid- and base-catalyzed silica powders pore volume fraction and bulk density of silica powder.
are shown in Figure 6. The sample AC (acid-catalyzed) shows The density of porous silica obtained from base-catalyzed
a smooth surface while base-catalyzed samples showed a widesilica increased as the concentration of base catalyst was
distribution. Further, the mean pore size shifted to larger values increased. This is due to the formation of larger silica particles.
for base-catalyzed samples. The observation of catalyst assisteés the particle starts growing, they form more and more dense
tuning of PSD is in good agreement with the recent reffort. particles which are devoid of any pores. This is the reason for

Figure 3. ATR-FTIR spectra of acid- and base-catalyzed silica samples
in the regime of 1406600 cnt.
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Figure 6. Pore size distribution (PSD) profiles of the acid- and base-catalyzed silica samples.

SCHEME 1: Acid-Catalyzed Reaction Mechanism of SotGel Silica
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SCHEME 2: Base-Catalyzed Reaction Mechanism of SeiGel Silica
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increase in density of porous silica with base catalyst con- coatings showed no resistance to scratch and exhibited a
centration. Acid-catalyzed silica showed the highest density scratch depth closer to their film thickness1(00 nm) at a load
(2.18 g/cnd) among all the samples. This is due to the formation of 10 N, while acid silica coatings were highly resistant to
of highly dense network structure which had much lower scratch and exhibited a scratch depth~&f nm even at a load
porosity (5%) and is close to the bulk density (2.3 gicof of 40 uN. Acid-catalyzed coatings were composed of smaller
silica. (less than 2 nm) particles with many more partigbarticle

AFM scratch-resistant measurements were conducted on thesdondings resulting in higher coating strength. Base-catalyzed
coatings to determine the resistance to low-load scratchin@. W  silica coatings composed of larger particles with weaker and
coated AFM tip of 30 nm curvature radius (NSG 20/W2C, NT- lower number of particle particle bonding exhibited decreased
MDT) was used to scratch the coatings. Base-catalyzed silicacoating strengti®



8296 J. Phys. Chem. C, Vol. 111, No. 23, 2007 Vincent et al.

183.0 nm
91.5 nm
0.0 nm
o] 0.25 0.50 085 1.00
pm

Figure 7. AFM image of base-catalyzed silica (BC13) coating with pores in-between silica particles. Arrows indicate the pore centers.

TABLE 2: Textural Properties of Acid- and Base-Catalyzed TABLE 3: Surface Roughness and Particle Size of Optical

Silica Powder Coatings from AFM Image Analysis

_ surface areapore volume pore radius porosity density (g/cc) of rms roughness particle diameter agu(4) at
coating  (m?/g) (cclg) (nm) (%) porous silica coating (nm) (nm) 550 nm %TdTo
AC 198.87 0.02 1.7 5.0 2.18 AC 0.3 59+ 1.1 3.0x 10°® 3.0x 104
BC11 594.46 0.42 4.7 49.1 1.17 BC11 45 33.5- 8.8 52% 104 5.2x 1072
BC12 356.61 0.32 8.2 42.2 1.33 BC12 10.6 57.1 12.9 2.9%x 103 2.9x 10!
BC13 26397 0.25 14 36.1 1.47 BC13 16.2 99.5£207  6.7x 10° 6.7x 10

Surface Roughness of the FilmsThe surface topographies  catalyzed silica, the surface roughness is less (0.3 nm). This is
of both the substrate and the film determine the quality of the pecause, when the particle size becomes smaller, the packing
coating in terms of their optical transmissi$hThe surface  density increases and the surface becomes smooth (Table 2,
morphology of the coatings can lead to surface scattering andrigure 1A). With the increase in particle size and film surface
can reduce the transmitted intensity. Optical transmission youghness, optical scattering loss also increases. It is clear from
through a rough surface is considerably affected by scattering Taple 3 that the scattering loss of AS is much less while BC13
of light having wavelengths close to the magnitude of the surface showed the highest scattering loss among all samples. The
features. The optical scattering loss at a rough interface betweenscattering loss due to surface roughness in the transmitted

two media is described by the scalar scattering théor. The intensity is less than 1% for all the samples, which is too low
corresponding scattering loss in transmitted intensity is given g affect any transmission loss. Since rms surface roughness of
by all these films is less than 20 nm, this roughness is small enough
5 not to cause any intense surface light scattering as long as the
TS=T { 1— exp{—(m(nl B nz)Rq) ]} @) wavelength is longer than 200 nif.
0 A Optical Properties of the SolGel Coatings. UV —vis

optical transmission spectra of the acid- and base-catalyzed sol
and the surface scattering coefficient is given by gel silica coatings are shown in Figure 8. Base-catalyzed silica
coatings showed high optical transmission in the visible
27(n; — nZ)Rq 2 wavelength range, while acid-catalyzed silica coatings exhibited
A 3) lower optical transmission. The base-catalyzed-gel silica
with a TEOS to NHOH ratio of 1:1 (BC11) resulted in a
whereTo, 4, Ry, N1, andn; are the total transmittance, optical transmission of 99.03% at 548 nm compared to that of the acid-
wavelength, rms surface roughness, and refractive index of film catalyzed silica (a transmission of 95.50%). This enhanced
and air, respectivel$¢ To quantify the surface topography, transmission is due to the lower refractive index of the base-
roughness measurements on the coatings were made using AFMcatalyzed silica, compared to the former, which is necessary to
Table 3 shows the roughness and the particle size of theseproduce higher transmission on boron silicate glass. This
coatings. The root-mean-square (rms) surface roughness of thebservation can be correlated with the structural morphology
base-catalyzed silica increases with increase in base concentrathe coatings (Figure 1). As discussed earlier, the base-catalyzed
tion because of an increase in the particle size (Table 3). As hydrolysis resulted in larger silica particles, and the silica
the particle size increases, the surface packing density decreasespatings prepared from the sajel solution have larger pores
void space increases between the particles, and the surfacend higher surface roughness. The porous centers can trap air
becomes rougher. Among the base-catalyzed silica films, BC13and can result in an inhomogeneous refractive index coating.
had the highest roughness about 16 nm. In the case of acid-Since the refractive index of air is considered as unity,

OUsur4) =
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Figure 8. Transmission spectra of acid- and base-catalyze¢ gssll
silica coatings on glass substrate. BC11 showed the highest transmissio
among all the samples (99.03% at 548 nm).

Figure 9. Comparison of theoretical and experimental transmission
r%pectra of base- and acid-catalyzed silica coatings on glass substrate.

of the base- and acid-catalyzed sgkl silica coatings. The
incorporation of air in highly porous coatings can result in a theoretical profile agrees well with the experimental results.
lower refractive index compared to that of less porous coatings. The acid-catalyzed solgel silica coatings are usually denser
Although it is expected that BC13 sample should show higher in nature compared to that of the base-catalyzed silica coatings.
transmission compared to other samples, it exhibited a lower The multiple interference peaks of the acid-catalyzed silica
value. In BC13, the coating is composed of 100 nm diameter coating showed that these coatings were thicker in nature, while
silica clusters, and the sizes of the void space between thesdhe base-catalyzed silica coatings were thin as indicated by their
clusters are comparable to the size of the clusters. With the transmission spectra. Film thickness increases with viscosity and
increase in void space, there will be a corresponding increasedip-coating speed (pull or drain ra®Both acid and base silica
in light scattering at wavelengths closer to their size. This results coatings were prepared with the same withdrawal rate of 8.5
in lower transmission of BC13 compared to that of BG11. cm/min. The variation in thickness between acid- and base-
Evaluation of Refractive Index and Thickness of the catalyzed silica can be directly correlated to the viscosity of
Coatings. The refractive index of these coatings can be the sot-gel solution (Table 1). Viscosity of acid-catalyzed silica
calculated by constructing continuous envelohg and T, was 2.66 mPa s while that of base-catalyzed silica varied
around the maxima and the minima of the interference frifges. between a close range of 1:92.84 mPa s. In the case of acid-
If the substrate refractive index ssthe value of film refractive catalyzed silica, a strongly bonded network structure makes the
index, n, is given by? sol more viscous than the loosely bonded particulate structure
obtained in the case of base-catalyzed siAfcAamong the base-
n?=N+ (N> — )2 (4) catalyzed silica, BC11 showed higher viscosity while BC13
showed lower viscosity. This can be correlated to the presence
where of higher interaction forces between larger concentration of small
silica particles as compared to that of BC12 and BC13 where
Ty—Tn £4+1 the interaction forces are low because of smaller concentration
N=2s7=—+— (5) of large-size silica particle¥.However, the variation in viscosity
MTm among the base-catalyzed silica-sgel solutions was marginal
and insufficient to produce a noticeable thickness variation
among base-catalyzed silica-coated samples. Table 4 presents
the calculated thickness, refractive index, and other optical

If n; andn, are the refractive indices at two adjacent maxima
(or minima) ati; and,, the thicknesdl is given by

1A properties of the films. The calculations also showed that the
- 2 (6) refractive index of the selgel silica coatings were less than
244N, — A0y) that of the substrate, which is a different form of silica and is

highly dense in nature. The lower refractive index of-sgél
Film Star (FTG Software Associates) software was used to silica is due to the effect of the incorporation of porosity. Acid-
model the refractive index and the thickness of these coatingscatalyzed silica coatings showed a higher refractive index (1.443
and matched well with the experimental results obtained from at 550 nm) compared to that of base-catalyzed silica coatings
elliposmetric measurements. Figure 9 shows a comparison of(1.335 at 550 nm) over the substrates of boron silicate
the experimental data versus theoretical transmission spectranicroscopic glass slides (1.53 at 550 nm). The maximum

TABLE 4: Optical Properties of Silica Coatings Made by Acid- and Base-Catalyzed SetGel Chemistry

coating thickness refractive index maximum % transmission wavelength of maximum transmission
AC 635+ 2 nm 1.443+ 0.001 95.5 521 nm
BC11 110+ 2 nm 1.335+ 0.001 99.0 548 nm
BC12 107+ 2 nm 1.340+ 0.001 99.0 609 nm
BC13 105+ 2 nm 1.395+ 0.001 97.3 714 nm

substrate (boron silicate glass) 2 mm 1.530.001 92.0 550 nm
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transmission values were due to the tuned refractive indices, (4) Thomas, I. MAppl. Opt.1988 27, 3356.

; ; i (5) Suzhu, Y.; Terence, K. S. W.; Kantisara, P.; Xiao,JHVac. Sci.
and the horizontal location of the maximum peak was due to Technol.. B2002 20, 2036,

altered film thickness, which \(vould not affect trans.mission. (6) Biswas, P. K.; Devi, P. S.; Chakraborty, P. K.; Chatterjee, A.;
Thus, by varying the concentration of base catalyst which results Ganguli, D.; Kamath, M. P.; Joshi, A. 3. Mater. Sci. Lett2003 22, 181.
in modifications of porosity, it is possible to optimize the (7) Cook, L. M.; Lowdermilk, W. H.; Milam, D.; Swain, J. EAppl.

Opt. 1982 21, 1482.
(8) Floch, H. G.; Priotton, J.-eram. Bullet.199Q 69, 1141.
) (9) Hiller, J. A.; Mendelsohn, J. D.; Rubner, M. Rat. Mater.2002
Conclusion 1, 59.
. L (10) Liu, Y.; Ren, W.; Zhang, L.; Yao, XThin Solid Films1999 353
Porous silica thin films were prepared by sglel method 124.
by dip-coating technique in the presence of acid and base (11) Thomas, I. MAppl. Opt.1992 31, 6145.

; iatiam i _ (12) Wu, G.; Wang, J.; Shen, J.; Zhang, Q.; Zhou, B.; Deng, Z.; Fan,
.CatalyStSH The coatln%s showedlvanatmrémvl\wlwhqlr phOIQO?y deﬁe".d B.; Zhou, D.; Zhang, FHigh Temp. - High Pressure200Q 32, 687.
ing on the nature of the catalyst used. While acid catalysis “"(;3) yang, H.-S.; Choi, S.-Y.; Hyun, S.-H.; Park, H.-H.; Hong, JJK.
resulted in smoother surface, base-catalyzed coatings exhibitedNon-Cryst. Solid€994 221, 151.
a coarse, porous surface. Infrared spectral analysis showed an (14) Prevo, B. G.; Hwang, Y.; Velev, O. IChem. Mater2005 17,
increase in S'_rO—S| pe_ak intensity in the case of base_ catalysis, (15) Janotta, M.; Katzir, A.: Mizaikoff, BAppl. Spectrosc2003 57,
because an increase in condensation reaction of silanol groups23.
(Si—OH) results in coarse particles. As a result of coarse particle  (16) Wu, G.; Wang, J.; Shen, J.; Yang, T.; Zhang, Q.; Zhou, B.; Deng,
morphology, base-catalyzed samples exhibited larger surfaceZ Fan. B.; Zhou, D.; Zhang, RMater. Sci. Eng., E200Q 78, 135.
P 9y, y . _p g (17) Bautista, M. C.; Morales, ASol. Energy Mater. Sol. Cel2003
area and pore volume, while acid-catalyzed samples showedg 517
lower surface area and pore volume because of smooth surface. (18) Takada, S.; Hataa, N.; Seino, Y.; Fujii, N.; Kikkawa, J'.Appl.
Base-catalyzed silica coatings showed superior optical transmis-Ph{fé§0$E 97, 11|35'\5|)j\- | OpL1986 25, 1481
. . . A omas, . ppl. Opt. ) .
sion, hlgher surface r_o_ughness, and lower refractive |nd|c_es, ) Du, X. M.: Almeida, R. M.J. So-Gel Sci. Technol1997 8, 377.
while acid-catalyzed silica showed less porous and nonparticu-  (21) Graubner, V. M.; Jordan, R.; Nuyken, O.; Schnyder, B.; Lippert,
late network structure with a lower optical transmission. Base- T.; Kotz, R.; Wokaun, AMacromolecule2004 37, 5936. _
catalyzed samples provided a greater flexibility in controlling Ch(ezn%n?st?;ggélcé é][;p?gE:srgi?]g Gcé \égg:i'?g'ress‘gelnn%ef ’1\"25\/ wﬁ'cfgggd
the partlcle size, pore size, refr_actlve |n_de>_<, and hence optical (23) ller, R. K. The Chemistry of SilicaWiley:' New York, 1979,
coatings suitable for antireflective applications. However, the  (24) Bhagat, S. D.; Kim, Y.-H.; Ahn, Y.-S.; Yeo, J.-®licroporous
mechanical strength of the acid-catalyzed coatings was foundMe(SZ%l;O\r,Sus M?tevt’\lloog 965, ﬁ37-J P 0. Zhou, B D
; _ ; ang, J.; Wu, G.; Shen, J.; Yang, T.; Zhang, Q.; Zhou, B.; Deng,
to be superior th_an that_ of bz_ase_ catalyzed coatings because 02; Fan, B.: Zhou, D.: Zhang, Fl. Sok-Gel Sei. Technoi200Q 18, 219,
the stronger particteparticle binding. The present work shows (26) Ulmeanu, M.; Serghei, A.; Mihailescu, I. N.; Budau, P.; Enachescu,
that by controlling the porosity and particle size, it is possible M. Appl. Surf. Sci200Q 165, 109.

Wave from Rough Surfagd’ergamon: Oxford, U.K., 1963.

refractive index and percentage of transmission.

general, th'_s appr(_)ach Can be use_fU| for preparing gel based (28) Krc, J.; Smole, F.; Topic, MProg. Photaoltaics 2003 11, 15.
porous antireflective optical coatings. (29) Poruba, A.; Fejfar, A.; Remes, Z.; Springer, J.; Vanecek, M.; Kocka,
J.; Meier, J.; Torres, P.; Shah, A. Appl. Phys200Q 88, 148.
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