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Integrated Optics: A New Focus

for Inorganic Chemistry

Dehipawalage Sunil, P. Sujatha Devi,
Jinquan Dong, Arthur W. McQuade,
Edgar A. Mendoza and Harry D. Gafney*
Department of Chemistry, City University of New York,

Queens College, Flushing, NY 11367, USA

Photopatterning metal and=or metal oxides in porous, silica-based glasses
and xerogels followed by thermal consolidation to a nonporous glass

yields refractive index gradients that, dependingon their shape, guide, focus,

and defract light. The optical performance of these structures depends on

the species photodeposited in the matrix, the changes they undergo during

consolidation of the matrix, and their effect on the consolidating matrix.

Gradient index structures derived from Fe(CO)5 are composed of

nanometer diameter metal and=or metal oxide particles, whereas those

derived from (CH3)3SnI are composed of individual oxides or smaller ag-

gregates within the SiO2 matrix. Porous Vycor glass acts as a template for

Feo-Fe2O3 particle growth during consolidation with the resulting gradi-

ent index structure consisting of 10� 1 nm diameter particles composed of

small aggregates of elemental iron dispersed in Fe2O3 with an average in-

ter-particle spacing equivalent to the correlation length of the porous

glass. Consolidation of the xerogel produces equivalent changes in refrac-

tive index and similar changes in the electronic spectra, but the gradient

index is composed of a mixture of octahedrally and tetrahedrally coordi-

nated Fe3þ present as individual molecular species, or as � 1-nm diam-

eter aggregates incorporated into the silica network. Photodeposition

of tin offers a means to pattern porosity within a consolidated glass

and a means to incorporate reagents unable to withstand the consolidation

temperature of glass. Pattern resolution is limited by scattering of the

photolyzing light by the SiO2 nodules of the porous matrices, but thermal

consolidation of the matrices occurs without loss of pattern resolution.

Consistent with a random distribution of pores throughout these silica
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matrices, the change in pattern dimension on consolidation can be calcu-

lated from the void volume of the matrix. Various optical structures created

by these photodeposition techniques and their optical performance are

described.

INTRODUCTION

Photonics, a word derived from photon and electronics, defines an area of
investigation and application that exploits the extraordinary coherence,
power, monochromaticity and time resolution of cw and pulsed lasers to
develop optical analogues of electronic devices and circuits. Like any circuit,
photonic circuits consist of active and passive elements. Passive elements,
analogous to wires and printed circuit boards, guide the light between the dif-
ferent active elements that, like transistors, capacitors, rectifiers, and resistors,
modify the frequency, phase, and coherence of the photons passing through
the circuit.[1,2] Many optical circuits currently exist, but in most cases, these
are large collections of lenses, mirrors, beam splitters, and magneto- and=or
electro-optical devices dispersed on optical benches. Integrated optics
addresses the practical need to miniaturize these complex, multi-component
systems and incorporate the active and passive elements in a single medium.

Photonic systems for telecommunications or optical signal processing, for
example, will integrate lasers, waveguides, couplers, switches, optical detec-
tors, and ‘‘smart’’ sensors.[3–8] These optical components are currently real-
ized in diverse materials including compound semiconductors, inorganic
crystals, glasses, and various electro-optic, magneto-optic, and piezoelectric
materials. Two concerns are the ability to economically integrate these com-
ponents and the ability to avoid the degradation in reliability and perfor-
mance associated with the interfaces between dissimilar components. If an
economical and resilient material can be found that allows the incorporation
and ready connection of compatible optical components, however, the cost of
integration declines and the ability to innovate complex circuitry increases.
Such a material, which offers compatibility at the material and device level,
is often referred to as ‘‘optical silicon.’’ Here, we show that porous glasses
and sol-gel–derived porous xerogels offer many of the advantages required
of ‘‘optical silicon,’’ and that deposition of metals and metal oxides in these
substrates is a promising, but challenging, approach to integrated optics.[9–15]

Glass is an excellent, inexpensive material in which to integrate active and
passive optical elements. It is moldable and stable under a variety of condi-
tions, transparent to wide range of wavelengths, compatible with fiber-optic
technology, and tolerant of high input powers. This is a specific advantage
if high laser powers are to be exploited to achieve nonlinear optical phenom-

ena.[5,8] On the other hand, glass is a refractory, and its processing tempera-
tures, typically greater than 1000�C, present a challenge with respect to
integrating active and passive components into the medium, and coupling
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these ‘‘optical chips’’ into a coherent network. We believe inorganic chemis-
try will play a pivotal role in developing integrated optics, not because of a
presently known optical or spectroscopic property. In fact, currently available
organic polymers offer a number of advantages with respect to synthesis, tai-
loring and tuning specific optical properties, and assembly into compact struc-
tures. Rather, our belief stems from the simple idea that most metals and metal
oxides are capable of withstanding the processing temperatures of glass,[16]

and dispersed in a glass matrix, capable of withstanding high incident laser
intensities. Sol-gels, sol-gel–derived porous xerogels,[17] and acid-leached por-
ous glasses[18] such as Corning’s code 7930 porous Vycor glass (PVG) can be
impregnated under less demanding conditions and, therefore, with a wider
variety of reagents. However, practicality demands either filling the pore
structure with a refractive index matching material, encapsulating the porous
substrate, or consolidating the matrix to a nonporous, nonscattering glass.[16]

At this point, it is not clear which is the best approach, and it is quite possible
that viable systems will be a hybrid of all.

Analogies to integrated electronic circuits often accompany discussions of
integrated optics, but a fundamental difference germane to the choice of sub-
strate and the creation of the optical elements must be recognized. Electrical
conduction occurs principally on the surface of the conductor, and many elec-
tronic devices are layered structures whose performance is dictated, to a large
extent, by the sharpness of the interface. Optical conduction, on the other
hand, occurs in the bulk of the conductor. Doping to achieve a specific optical
property therefore must be in the bulk, and, to minimize scattering losses, uni-
formly throughout the optical pathway. Moreover, the dopant will have to be
patterned to achieve the desired optical property, or high element density per
unit volume.[13,19] Maximizing element density is not necessarily to achieve
faster operation, but to minimize optical losses. Since many integrated optical
devices will consist of different materials in a common substrate, minimizing
light losses by reducing the distance the light travels and the number of scat-
tering centers it encounters within the device is crucial. Without adequate
consideration at the materials development stage, subsequent scattering
losses and lower transmissivity quickly become inherent limitations.

As noted, patterning is crucial to achieving many optical properties. The
ability to guide light within a medium rests on the difference in refractive
index between the guiding structure, called the core, and its surroundings,
called the cladding, i.e., its direction of propagation changes when light

encounters a change in refractive index.[13,20–24] The difference in refrac-
tive index defines the critical angle, yc,

sin yc ¼ ncl=ncr ½1�

where ncr is the refractive index of the core and ncl is that of the cladding. For
a cylindrical optical fiber, the critical angle defines a cone of propagation so
that light entering the core within this cone satisfies the condition for internal
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reflection and propagation through the optical fiber. In a miniaturized optical
circuit, the passive component, referred to as a waveguide, performs the same
function as the core of the optical fiber and is subject to the same principles
governing propagation in a fiber. The reader is referred to a number of excel-
lent references describing optical transmission with the caution that, because
optical propagation depends on the shape of the conductor, the equations con-

tain different geometrical parameters.[20–23] Unlike an optical fiber, where a
cladding of lower refractive index is deposited on a core of higher refractive

index,[24] in integrated optics the medium, in this case the glass host, is the
cladding, and the problem becomes one of patterning a core, i.e., a well-

defined volume of higher refractive index.[13]

The refractive index, n, of homogeneous isotropic matter is a function of
its density, r, and its mean optical polarizability, a,

ðn2 � 1Þ=ðn2 þ 2Þ ¼ 4paNor=3M ½2�

No is Avogadro’s number and M is the molar mass of the material.[20–23,25,26]

Assuming average density and polarizability, since structures created by
photodeposition are not necessarily homogeneous or isotropic, incorporating
a material that increases either the average density or mean optical polariz-
ability of a specific volume increases the average refractive index of that
volume relative to that of the bulk. The derivative of refractive index with
respect to density, dn=dr, is positive, implying Dn increases in proportion
to the amount deposited. The situation is more complex with respect to molar
polarizability. Nevertheless, provided the ratio of polarizability to partial
molar volume of the dopant exceeds that of the host matrix, refractive index
increases in proportion to the amount deposited.

In a classic series of experiments, Borrelli, Morse and their coworkers
showed that the photodegradation of organometallics adsorbed onto
Corning’s code 7930 porous Vycor glass (PVG) increases the refractive index
of the glass.[27–29,30] Subsequent experiments confirm changes in refractive
index at 632 nm ranging from 10�6 to 0.67 in PVG[31] and porous glasses
derived from the base-catalyzed condensation of tetramethylorthosilicate,
ethanol, and water (TMOS=EtOH=H2O).[32] The upper limit is simply an
experimental limit imposed by a loss of transparency at the measuring wave-
length. Regardless of the Dn achieved, the striking and perhaps more impor-
tant result is that both PVG and the xerogel can be consolidated to a
nonporous glass without loss of pattern resolution.[32] Consolidation of these
materials, which are composed of silica nodules with the intervening
spaces defining a random array of interconnected pores throughout the
matrix[17,32] is essential to minimize scattering. Consolidation is not a single
process occurring at a specific temperature, but a sequence of steps, which
ultimately reduces the sample volume by 30–40%.[13,32] Nevertheless, these
materials can be consolidated to a nonporous, nonscattering glass without
loss of pattern resolution.[32] In fact, in applications described below, the

72 D. Sunil et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
1
6
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



reduction in volume accompanying consolidation becomes a design param-
eter exploited to improve optical performance.

Work in this laboratory focuses on characterizing the mechanism by which
the complex adsorbs onto the glass, the photophysics and photochemistry
of the adsorbed complex, and the photoproducts formed in these
matrices.[33–35] Deposition to achieve optical performance, however, quickly
broadens the experimental vista to include parameters such as precursor dif-
fusion, photoproduct distribution and aggregation, the changes the photoprod-
ucts undergo during matrix consolidation, and their effect on the matrix
itself.[36–40] This discussion focuses on gradient indices derived from the
photolysis of Fe(CO)5

[32,33] and (CH3)3SnI[34,35] adsorbed into Corning’s
code 7930 porous Vycor glass and porous xerogels derived from the base-
catalyzed condensation of alkoxysilanes.[17] Specifically, the adsorption and
photochemistry of these precursors are described as well as the changes the
photoproducts undergo during consolidation of the silica matrices, their dis-
tribution and aggregation within these matrices, and their effect on the host
matrix.[37–39] With the current emphasis on the nanometer domain, it is
important to realize that deposition of an optical structure spans dimensions
ranging from nanometers to microns. Structures capable of diffracting light,
for example, may span tens to hundreds of microns, whereas the transmissiv-
ity and transparency of a waveguide may reflect the nature and size of the
species deposited to create the refractive index gradient. To illustrate the
point, a number of optical structures created with these precursors and their
optical performance are described. Although we believe porous glasses and
xerogels satisfy many of the criteria of ‘‘optical silicon,’’ the quoted optical
performance parameters will fail to convey that impression. It is therefore
important to point out that no attempt has been made to optimize the deposi-
tion procedure to a specific optical application, or to maximize the coupling
between the probe light used to measure optical performance, usually an He-
Ne laser, and the structure. The transmissivity of a waveguide, for example, is
taken simply as the ratio of power transmitted relative to the output of the He-
Ne probe laser. Nevertheless, it gives the reader an idea of performance
achieved under rudimentary deposition procedures, and more importantly,
may spur new ideas to improve optical performance.

Porous Glass and Xerogels

Xerogels and Corning’s code 7930 porous Vycor glass are chemically and
morphologically similar materials but are obtained by completely different
methods.[17,41] Derived from a 96% SiO2, 3% B2O3 and 1% Na2O and
Al2O3 melt, PVG is formally a glass, i.e., it has been heated beyond its sin-
tering temperature. However, the melt phase separates on cooling, and acid
leaching removes the borate phase, leaving a transparent material (50%T
at 350 nm) that consists of silica nodules with the spaces between the nodules
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defining an array of interconnected pores randomly dispersed throughout
the material.[43] Although the silica nodules are on the order of 3–5 mm in
diameter (Figure 1), they define a surprisingly narrow range of pore diam-
eters, 10� 1 nm.[13,32] Higher resolution AFM analysis reveals another
level of structure on the nodule surfaces (Figure 2) that appear as sharp sta-
lagmites on the order of 25� 5-nm wide and 25� 5-nm high on the surface of
the 3–5 mm diameter silica nodules. The dimensions of these structural ele-
ments are equivalent to the correlation length of the glass obtained from small

FIGURE 1 SEM of polished PVG dried at 600�C.
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angle X-ray (SAXS) and neutron scattering (SANS), 22� 1 nm,[38,46]

implying that these are the finest structural features of PVG.[48]

TMOS=MeOH=H2O and TEOS=EtOH=H2O xerogels are prepared by the
base-catalyzed (NH3) gellation of tetramethoxysilane, methanol, and water,
or tetraethoxysilane, ethanol, and water.[17] These materials are gelled at room
temperature and then slowly dried at room temperature. Slow drying over
a period of days to weeks is crucial to obtaining a transparent, solid, glass-
like material. Attempts to speed this step up either by drying under vacuum
at room temperature or drying at higher temperatures simply promotes crack-
ing and the sample breaks up.[47] Depending on the application or experi-
ments, some samples were used after drying at room temperature, while

FIGURE 2 AFM of polished PVG dried at 600�C.
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others were then slowly (� 0.5�C=minute) heated to 500�C, maintained at
this temperature for 24 hours, and then slowly (� 2�C=minute) cooled to
room temperature. Regardless of the drying procedure used, the resulting
samples, which are referred to as an xerogel, have the physical appearance
of glass, but since they have not been heated to the sintering temperature,
� 800�C, they are not formally a glass. Nevertheless, the xerogel is chemi-
cally and structurally similar to PVG, and both materials, when heated to
temperatures � 1000�C, consolidate to a nonporous SiO2 glass.

TMOS=MeOH=H2O and TEOS=EtOH=H2O xerogels, whether dried at
room temperature or dried at 500�C, possess a structural motif composed
of silica nodules with the intervening spaces defining a pore structure

randomly dispersed throughout the material (Figure 3).[48] The silica nodules
making up the xerogel (Figure 3) range from 2 to 4 mm in diameter. In con-
trast to PVG, however, the structural features on the silica nodules are much
smaller. Even at six times higher resolution in the plane of the surface and
twice the resolution perpendicular to the xerogel surface, the structural fea-
tures evident across the entire PVG surface (Figure 4) are apparent only along
the edges of the AFM image of the xerogel surface.[48] The features on the
xerogel, 1–3 nm in width and 1–2 nm high, are about an order of magnitude
smaller than those found on PVG (Figure 2). In spite of their macroscopic
appearance, which suggests that PVG is a more uniform material, on the nan-
ometer length scale the surfaces of the xerogel are much smoother than those
of PVG. The irregularity of the xerogel surface, i.e., the deviation from a
hypothetical flat surface, is � 286 nm, while that of the PVG surface is
� 440 nm.[48] These numbers are much larger than the structural features
on the surface of the silica nodules because, measured over distances of
microns on the surface of each matrix, the irregularity of the surfaces reflects
the openings into the interior pore structure. Although the surface of PVG is
more irregular, N2 desorption yields a narrow range of 10� 1 nm diameter
pores.[32] In contrast, N2 desorption from xerogels heated to 500�C, which
possess smoother interior surfaces, yields pore diameters ranging from
0.5 nm to 1–2 mm. Also, the measured surface area of PVG, 183� 15 m2=g
at 25�C, is smaller than that of the heated xerogel, 508� 18 m2=g at 25�C.
Apparently, the surface areas of these materials reflect the larger structural
features, such as pore diameter, rather than the smaller, nanometer-sized fea-
tures present on the surfaces of the silica nodules. Both measurements, how-
ever, are based on N2 adsorption with the surface area calculated from the
amount of N2 adsorbed=g of material, and the average pore diameters calcu-
lated from its desorption via the Kelvin equation. Although well established,
widely used, accepted methods,[49] which use a nonpolar adsorbent, N2,
much smaller than any of the above structural features (the N-N bond length
is 0.1 nm[50]), the smaller surface area of PVG, when compared to the larger
structural features revealed by AFM, leads one to wonder about the reliability
of the N2 adsorption-desorption measurements.
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FIGURE 3 SEM of base-catalyzed TMOS=MeOH=H2O xerogel dried at 650�C.
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Although differing in the size of the surface structures, both materials pos-
sess Si-OH surface functionalities present as either individual silanols,
called free silanols, or groups of hydrogen-bonded silanols called associated
silanols.[44,45] The free silanols are characterized by an intense band in the
region of 3750 cm�1, while the associated silanols are characterized by a
band in the 3650 cm�1 region that usually appears as a shoulder on the more
intense 3750 cm�1 band. Both types of silanols are present in both materials,
although the number of silanol groups=unit area, the silanol number, has not
been quantitated for PVG or these xerogels. The silanol number depends on
the thermal history of the sample, and previous studies of dried silicas yield a
silanol number of 4–7 Si-OH groups=10 nm2.[51] The average of 5 Si-OH
groups=10 nm2 correlates well with the chemistry of the sub-carbonyls pro-
duced by photolysis of W(CO)6 physisorbed onto PVG and is assumed to
be the silanol number of both materials.[52,53]

FIGURE 4 AFM of base-catalyzed TMOS=MeOH=H2O xerogel dried at 650�C.
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Heating either material collapses the pore structure and condenses the sur-
face silanols to form an Si-O-Si glass, but the individual sequence of steps
and the temperatures at which they occur differ in the two materials. Both
materials begin to shrink with the desorption of physisorbed water around
100�C (Figure 5), but neither change is initially evident as a change in surface
area.[47,48] The surface area of PVG shows little change up to 600�C, and then
declines smoothly with the sharpest decline in the 900–1000�C region
(Figure 6). At 650�C, the individual silica nodules begin to broaden and meld
together with a concurrent decline in the intensity of the silanol vibrations at

FIGURE 5 Thermomechanical analysis of (a) PVG and (b) TMOS=MeOH=H2O

xerogel.
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3744 and 3655 cm�1 as the surface silanol groups condense to form Si-O-Si
bonds. The surface area of the xerogel shows little change up to ca. 300�C,
but then begins to oscillate, showing both increases and decreases prior to
large decline in the 500 to 800�C range (Figure 6). The oscillations in surface
area in the 300 to 500�C region correlate with exothermic processes at 380
and 440�C. The 380�C process is attributed to the decomposition of the
organic components of the xerogel since it is accompanied by a decline in
the intensity of the 2959 and 2852 cm�1 bands of Si-OCH3

[32] and the devel-

FIGURE 6 BET surface area of (a) PVG and (b) TMOS=MeOH=H2O xerogel as

functions of temperature.

80 D. Sunil et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
1
6
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



opment of a gray or gray-black color.[32] The 440�C process occurs with the
loss of the gray or gray-black color and is assigned to the desorption of the
decomposition products.[47,48] Decomposition and desorption of the organic
constituents create a chaotic domain, where the interior and exterior surfaces
of the xerogel are in a state of flux, showing both increases and decreases in
surface area. In fact, a number of AFM images of the xerogels show sharp-
edged craters (Figure 7) that appear to be caused by the gaseous decomposi-
tion products bursting out through the skinned-over surface of the xerogel.
Cone-shaped structures visible in Figure 4 appear to be hollow and may also
arise from the desorption of the organic constituents or their decomposition
products, although in this case the structure has been smoothed by more
extensive annealing. Derived from a melt devoid of organic components, this
chaotic domain is not evident in the consolidation of PVG. Beyond this inter-
mediate chaotic domain, however, consolidation of the xerogel parallels the
consolidation of PVG.

Consolidation, which begins to occur at 500�C in the xerogel and 600�C
in PVG, is not a single process involving conversion to a liquid phase, but
a sintering, i.e., a sequence of steps beginning with the broadening of the

FIGURE 7 AFM image of a creator (arrow) attributed to the desorption of the

organic components from a TMOS=MeOH=H2O xerogel heated to 600�C.
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silica nodules and their melding together to form nonporous glass.[54] A
decline in the intensities of the free and associated silanol bands accompanies
the melding of the nodules as the surface silanol groups condense to an Si-O-
Si glass. The glass transition temperature in PVG occurs at 870� 30�C, and
an exothermic process at 1105� 18�C and spanning ca. 100�C is attributed to
the release of surface energy due to viscous sintering.[32,47] Heating the xer-
ogels leads to similar changes; the nodules broaden and meld together with an
accompanying decline of first the 2959 and 2852 cm�1 methyl bands and
then the SiO-H bands in the vicinity of 3750 and 3650 cm�1.[32] A series
of slightly exothermic process above 800�C points to similar structural
relaxations accompanying the sintering of the xerogel.[47] Thus, heating either
material to 1200�C leads to sintering and a fully consolidated, nonporous
silica glass.

The Si-O bond energy, 185 kcal=mol, far exceeds most transition metal-
oxygen bond energies.[55] For example, the Fe-O and Sn-O bond energies,
which are the two metals this article focuses on, are only 92 kcal=mol and
132 kcal=mol, respectively.[55] As described below, there is no evidence of
the formation of a metal-silicon bond. Consequently, at the sintering tempera-
tures for PVG and these silica-based xerogels, there should be more than
enough energy to break any metal-oxygen bond that might be formed
between the photodeposited material and the matrix. Therefore, the ability
to pattern a metal and=or a metal oxide in these refractories is not the result
of bonding the photoproduct to the matrix. Instead, the photochemical reac-
tion converts a volatile precursor to a less volatile metal and=or metal oxide,
which is then entrapped between the melding silica nodules.[13,19] This sug-
gests that the limit of pattern resolution is the dimension of the features on the
silica nodule surfaces, or in the case of PVG, the correlation length of the
glass, 22� 1 nm. We will return to the question of pattern resolution later
on, but it is worthwhile to point out at this point that the limit of resolution
accessible in these porous matrices is sufficient for all near-UV, visible, and
near-IR optical structures.

Photodeposition in Porous Vycor Glass and Porous Xerogels

Photodeposition of an optical element in a porous glass or xerogel
involves four steps: adsorption of a photoactive precursor into the porous
matrix, the photochemical reaction, desorption of the unreacted precursor,
and thermal consolidation of the matrix to a nonporous, nonscattering glass.
As noted above, this discussion focuses on two precursors, (CH3)3SnI and
Fe(CO)5. Fe(CO)5 physisorbs onto PVG and the xerogel without disruption
of its primary coordination sphere. The major CO bands of the adsorbed com-
plex, designated Fe(CO)5(ads), occur at 2004 and 2026 cm�1. The band ener-
gies are slightly lower than those found in the vapor phase spectrum, 2012
and 2033 cm�1, and the relative intensities are inverted relative to the vapor
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phase spectrum.[33] In the vapor phase, the lower wave number band is
the most intense, whereas the higher wave number band is most intense in
the adsorbed complex. The change in the relative intensities as well as the
appearance of a weak 2114 cm�1 band suggest the complex distorts on
adsorption,[57] but this does not significantly change in electron density or
distribution at the metal center. The isomer shift and quadrupole splitting
of the adsorbed complex are equivalent to those of neat Fe(CO)5,
� 0.087mm=s and 2.57 mm=s, respectively, implying that adsorption onto
either support fails to change the electron density at the metal center or intro-
duce an asymmetry in the electron distributions about the metal.[48] The lack
of change at the metal center and the absence of a significant change in C-O
vibrational energy suggest the slight changes in energy and relative intensity
arise from a change in molecular symmetry on adsorption.

Although Fe(CO)5 physisorbs weakly onto both PVG and the xerogel with
little change in structure and electron distribution, the chemistry of the com-
plex on each support differs. If 10�4 mol of Fe(CO)5=g are adsorbed onto a
freshly prepared xerogel, for example, � 98% of the complex is oxidized
within the time of adsorption.[48] At the same loading, adsorption onto xero-
gels dried at 85�C for 24 hours and then at 35�C under reduced pressure,
� 10�2 torr, for an additional 24 hours, only 6% of the iron is oxidized to
Fe2O3.[48] The dependence on drying implies water is the oxidant. Water is
ubiquitous in these porous supports, present in both physi- and chemisorbed
forms.[43,47] Physisorbed water desorbs around 100�C while chemisorbed
water desorbs from 100 to 500�C, and water is then evolved as the product
of the silanol condensation during the shrinkage and consolidation of the
matrix at temperatures � 650�C.[47] One difference between PVG and the
xerogels that affects the chemistry of adsorbed complexes and ultimately
the optical performance of the photodeposited structure is their water content.
Drying reduces the amount of water in each support, but for all practical pur-
poses never eliminates it. Furthermore, with samples dried under similar con-
ditions, there is generally more water present in the xerogel than in PVG.

Gradient index formation with Fe(CO)5 is generally accomplished with
initial loadings of � 10�4 mol=g, which corresponds to a fractional surface
coverage of � 10% in PVG and � 4% in the xerogel.[13,19] At these load-
ings, there is no indication that adsorption of the complex changes either
matrix. Fe(CO)5(ads) weakly interacts with the glass surface and retains a
photoreactivity equivalent to that in fluid solution. Excitation with � 488-
nm light leads to efficient CO loss, Fdec ¼ 0.96� 0.05.[33] In vacuo, a number
of intermediates of differing carbonyl content are present on PVG,[33] but in
the presence of air, which are the conditions for the deposition of a gradient
index, no intermediates persisting for more than a few milliseconds
are detected in either matrix.[13] Exposure to CO reveals � 20% reversibility
in PVG, but none in the xerogel. The photoproducts in PVG exhibit two
Mossbauer doublets, one with an isomer shift of 0.13� 0.01 mm=s and a
quadrupole splitting of 0.57� 0.01 mm=s, and another with an isomer shift
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of 0.52� 0.05 mm=s and a quadrupole splitting of 0.64� 0.06 mm=s
(Figure 8).[32,48] The spectrum of the photoproduct in the xerogel consists
of a single doublet with an isomer shift of 0.40� 0.01 mm=s and a quadrupole
splitting of 0.95� 0.01 mm=s, which corresponds to octahedrally coordinated
Fe3þ (Figure 9).[32,48] The doublet at 0.52� 0.05 mm=s with a quadrupole
splitting of 0.64� 0.06 mm=s in PVG also corresponds to octahedrally coor-
dinated Fe3þ, but what is surprising here is that the doublet at
0.13� 0.01 mm=s with a quadrupole splitting of 0.57� 0.01 mm=s (Figure
8) corresponds to elemental iron indicating that both elemental iron, Feo,
and Fe3þ are formed in PVG,[34] whereas only Fe3þ is found in the xero-
gel.[32] The absence of elemental iron in the xerogel is attributed to the higher
content of water in the xerogel, which results in complete oxidation of the
photoproducts.

The Feo=Fe2O3 ratio in PVG varies somewhat from sample to sample, but
56� 5% of the iron photochemically deposited in PVG is present as elemen-
tal iron with the remainder present as octahedrally coordinated Fe3þ.[34] The
ratio declines slightly during the subsequent heating and consolidation, but
45� 4% of the iron in consolidated PVG remains as elemental iron. Startling
high numbers, considering that the photolysis and heating are carried out in
air, and consolidation of PVG lead to water evolution, which is expected

FIGURE 8 Mossbauer spectrum of iron photodeposited in PVG.
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to oxidize atomic iron. Nonetheless, EXAFS and XANES corroborate the
Mossbauer findings with the normalized intensity of the XANES pre-edge
corresponding to 59� 5% of the iron in PVG as elemental iron after photol-
ysis and 45� 5% as elemental iron in the consolidated glass.[34] The Fe3þ

product in consolidated PVG closely resembles a-Fe2O3 with a central
Fe3þ octahedrally surrounded by six oxygen atoms at a distance of
0.18 nm, while the other corresponds to elemental iron with a central iron
atom surrounded by eight other iron atoms at a distance of 0.2 nm.[36]

EXAFS gives no indication of Si in either the first or second shell of atoms
about a central Fe3þ or Feo either after photolysis or after heating and consol-
idation of either matrix. In fact, attempts to include Si in either the first or
second shell of atoms significantly degrade the fit of the oscillatory portion
of the main edge absorption.[36] Consequently, neither iron species incorpo-
rates into the silica matrix, as might be found if the metal were directly added
to a melt, or is directly bonded to the PVG either covalently through Si or an
O bonded to Si. Rather, both species appear to exist as distinct entities on the

FIGURE 9 Mossbauer spectrum of iron photodeposited in TMOS=MeOH=H2O xero-

gel dried at 650�C.
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surfaces of the silica nodules, suggesting that the coordinated oxygens in
Fe2O3 derive from adsorbed water. Furthermore, since consolidation of the
glass matrix occurs below the melting point of elemental iron, 1535�C, and
the decomposition temperature of Fe2O3, 1565�C,[57] both materials are
entrapped without disruption of their coordination spheres between melding
silica nodules.[40]

The isomer shift, 0.40� 0.01 mm=s, and the quadrupole splitting,
0.95� 0.01 mm=s, of the photoproduct in the xerogel differ from those in
PVG, but are within the range for octahedrally coordinated Fe3þ.[32,48] Con-
sistent with the Mossbauer spectra, which provide no indication of Feo forma-
tion in the xerogel, the XANES pre-edge feature indicates all the iron in the
xerogel is Fe3þ. Consolidating the xerogels at 1200�C broadens the Moss-
bauer spectrum and resolution yields two doublets (Figure 10). One is equiva-
lent to that observed after photolysis and is assigned to octahedrally
coordinated Fe3þ. The second, however, with an isomer shift of
0.23� 0.01 mm=s and a quadrupole splitting of 2.0� 0.01 mm=s, corresponds

to tetrahedrally coordinated Fe3þ.[48] The relative intensities of the doublets

FIGURE 10 Mossbauer spectrum of photodeposited iron after consolidation of the

TMOS=MeOH=H2O xerogel at 1200�C.
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indicate 77� 3% of the iron is present in the xerogel as octahedrally coordi-
nated Fe3þ and 23� 3% as tetrahedrally coordinated Fe3þ. The XANES pre-
edge feature, which increases to more than twice the intensity of the main
absorption on consolidation, corroborates the formation of tetrahedrally coor-
dinated Fe3þ, and the best fit of the oscillatory portion of the main absorption
(Figure 11) occurs with 80% of the Fe3þ surrounded by 5.9� 0.1 oxygens at
a distance of 0.19 nm, and 20% of the Fe3þ surrounded by 3.6� 0.1 oxygens
at a distance of 0.17 nm.[48] Unlike PVG, where both Fe3þ and Feo are formed
photochemically and the product ratio is relatively insensitive to matrix con-
solidation,[34] photolysis of Fe(CO)5 in the xerogel produces only octahe-
drally coordinated Fe3þ and 23� 3% of that converts to tetrahedral Fe3þ

on consolidation of the xerogel.
Boron oxide Lewis acid sites, designated BO3, are present in PVG with

some estimates suggesting as much as one-third of the PVG surface is boron
oxide.[57,58] These are not present in the xerogel, but attributing the differ-
ences in the chemistry to their involvement has no experimental support.
The Mossbauer, EXAFS, and XANES give no indication of boron bound to
iron, or its presence in the second shell of atoms about a central iron atom
in PVG, implying that boron is neither directly nor indirectly bound to
iron[32,36] and therefore not involved in the reaction sequence. The absence
of Feo in the xerogel is attributed to its higher water content, which leads
to complete oxidation of the iron deposited in the xerogel. This explanation
is not entirely satisfactory, however, since drying the xerogel has yet to result
in Feo formation. The absence of Feo in drier samples suggests the differences
in the chemistry arise from more fundamental differences in the matrices
themselves. Since water is ubiquitous in both materials, perhaps the higher
irregularity of the PVG surface, as compared to that of the xerogel, curtails
the access of the water to the photodeposited iron and=or curtails its mobility
on the PVG surface, but less so on the smoother xerogel surface, thereby
allowing Feo formation in PVG but not in the xerogel.[48] The dimensions
of the structural features on the PVG surface, 22� 1 nm, and more impor-
tantly, the dimensions of the intervening spaces, which are similar in size
(Figure 2), are much larger than the cross section of water, ca. 0.15 nm.[50]

Consequently, these structures are not steric hindrances in the molecular
sense. Rather, the irregularity of the PVG surface may be related to the rela-
tive number of free and associated silanols present in each material.[44,45,51]

The higher irregularity of the PVG surface may enhance the proximity of
the silanols thereby increasing hydrogen bonding so that most exist as asso-
ciated silanols. On the other hand, the smoother, less irregular xerogel surface
(Figure 4) may limit silanol association and more may exist as free, indivi-
dual silanols. DRIFT spectra of xerogels heated to 650�C exhibit a fairly
symmetric band centered at 3725 cm�1. Some asymmetry exists on the lower
wave number side of the band, but the distinct shoulder in the 3650 cm�1

region is not present.[47] In contrast, DRIFT spectra of PVG heated to
650�C exhibit a sharp, narrow band at 3745 cm�1 with a distinct, broad,
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FIGURE 11 (a) XANES and (b) EXAFS spectra of photodeposited iron in consoli-

dated TMOS=MeOH=H2O xerogel.
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asymmetry on the shorter wavelength side of the absorption.[33] The data
are by no means conclusive, but they do suggest that more of the silanols
present in PVG are in the form of associated silanols, whereas more of the
silanols present in the xerogel are free, individual Si-OH functionalities.
Offering the potential of multiple hydrogen bonds to adsorbed water, the lar-
ger number of associated silanols present in PVG may curtail or prevent the
mobility of water relative to that on the smoother xerogel surface at the same
temperature, where more of the silanols are present as free or individual sila-
nols and unable to offer the same level of hydrogen bonding to the adsorbed
water.

The EXAFS spectra of iron in the xerogel indicate that Si is not present in
the first shell of atoms about the central Feo but are not sufficiently resolved
to identify the atoms present in the second shell of atoms.[48] Assuming the
oxygens coordinated to Fe3þ derive from water in the xerogel, as appears
to be the case in PVG, the higher water content in the xerogel would be
expected to favor octahedral coordination. Indeed, all the iron deposited in
the xerogel via photolysis is initially octahedrally coordinated Fe3þ, but
23� 3% converts to tetrahedral coordination on heating and consolidation
of the xerogel matrix.[48] Transition metals can replace silicon in silicate
matrices,[59,60] and the appearance of tetrahedrally coordinated iron in these
xerogels suggests that, as the temperature is raised, Fe3þ displaces the tetra-
hedrally coordinated Si in the xerogel matrix.[59] This immediately raises the
question, however, as to why tetrahedral coordination occurs in the xerogel
but not in PVG. It is not due to temperature since consolidation of the xerogel
occurs at lower temperatures than PVG (Figure 6) and both materials are
heated to 1200�C to achieve complete consolidation. Rather, it may arise
from the fact that PVG, although porous, is formally a glass. Derived from
a melt, PVG has been raised above its sintering temperature, and as a result
achieves the stable silica structure of glass.[41] The xerogel, on the other hand,
is not a glass, but a polymer derived from the low temperature condensation
alkoxysilanes.[17] It has not been heated to or above its sintering temperature,
and therefore has yet to achieve the stable silica structure of a glass. In fact,
the difference is evident in the consolidation of the two materials. In contrast
to the smooth decline in surface area as PVG consolidates, consolidation of
the xerogel is preceded by a chaotic domain (Figure 6) arising from the
decomposition and loss of the organic constituents of the xerogel. Consistent
with the absence of tetrahedral coordination immediately after photolysis,
these sites are not available during the photochemical reaction, which is
run at room temperature. The samples must first be heated to 300–500�C
to desorb the organic constituents from the xerogel. Even in gels dried at
500�C, the occurrence of bands at 2959 and 2852 cm�1, although much lower
in intensity, indicates the presence of organic substituents in the gel.[47] In
fact, AFM images of xerogels dried at 500�C show sharp-edged craters in
the xerogel surface (indicated by the arrow in Figure 7), suggesting that
desorption of the organic components and their degradation products, which
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are distributed throughout the matrix, is a violent process capable of explod-
ing through the xerogel matrix. The violent desorption of the organic compo-
nents and their decomposition products is thought to break matrix bonds,
thereby opening tetrahedral sites that are filled by Fe3þ. Devoid of organic
precursors, this chaotic domain is not present in the consolidation of PVG,
which, already sintered, is composed of silica nodules that have achieved
the stable silica structure of glass and are therefore less likely to form a reac-
tive tetrahedral site.

Incorporating Fe3þ ions into the silica network of the xerogel, however,
raises questions regarding size and charge balance. In SiO2, silicon is for-
mally 4þ , and Si4þ is 0.026 nm in diameter.[59] Fe3þ, 0.050 nm in diam-
eter,[50] would occupy a larger volume, thereby creating a size imbalance
in the SiO2 matrix. Replacing Si4þ by Fe3þ also creates a charge imbalance
that requires a counter ion in the matrix for electrical neutrality. The charge
imbalance, in particular, is expected to change the spectroscopic properties of
the incorporated ion, but, as described below, there is no unexpected spectral
feature in the consolidated xerogels that might be attributed to a charge
imbalance created by Fe3þ occupying a Si4þ site, and=or a counter ion in
the xerogel matrix. Assuming the iron oxide formed in the xerogel exists
as a distinct entity on the xerogel surface, i.e., it is a distinct iron-oxide mole-
cule that is not bound to the silica surface, as in PVG, then it only exists on
the outer surfaces of the silica nodules, as opposed to being incorporated into
the nodule’s silica matrix. Consistent with some form of limitation, only
23� 3% of the initially octahedrally coordinated Fe3þ converts to tetrahedral
coordination on heating and consolidation of the xerogel matrix. Assuming
the Fe3þ species exist on the xerogel surface, the structure H2O-Fe(O-Si)3

with water coordinated to the Fe3þ and O-Si representing oxygens of the
silica framework is formally equivalent to the well-established surface silanol
HO-Si(O-Si)3 with a hydroxyl attached to silicon, but with the extra proton
on water, as opposed to �OH, compensates for the Fe3þ-Si4þ charge imbal-
ance. Furthermore, being a surface structure, it is far more capable of distor-
tion to accommodate the larger diameter Fe3þ in place of Si4þ.[50]

Experiments exploring this possibility are in progress, but one cannot help
but wonder what the catalytic implications of this type of transition metal sur-
face structure are.

Particle Growth in PVG and Xerogels

The physical properties of the iron species deposited in PVG and the xero-
gel are defined, to a large extent, by the thermal treatment following photol-
ysis. For example, consolidation of the PVG samples shifts the onset of the
electronic absorption to the red and converts the superparamagnetic photo-
product to ferromagnetic.[39] The xerogels show essentially identical changes
in their electronic spectra, yet consolidation of the xerogel does not convert
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the initially superparamagnetic photoproduct to a ferromagnet.[39] In fact, no
set of experimental conditions examined to date, including initial Fe(CO)5

loading, photolysis conditions, and subsequent thermal treatment, leads to a
ferromagnetic impregnate in the consolidated xerogel. Recent studies of nan-
ometer-sized particles of platinum-group transition metals and main group
semiconductors clearly show that spectroscopic properties are functions of
particle size.[61–66] Since the changes in the impregnate’s properties in
PVG and the xerogel occur without a change in sample composition, particle
size and growth in these porous matrices was determined as a function of
photolysis and thermal treatment of the samples and correlated with the phys-
ical properties of the deposits.

No particles � 1 nm in diameter are detected by TEM in either PVG or the
xerogel after photolysis, implying the photoproducts are either individual
atoms or molecules or small aggregates � 1 nm in diameter.[39] The latter
seems the most likely, at least in PVG, since as noted above the Feo=Fe2O3

ratio declines slightly as the PVG samples are heated in air and ultimately
consolidated at 1200�C, but 42� 12% of the iron in consolidated glass
remains as elemental iron.[34] The absence of complete oxidation in PVG,
specifically in the consolidated glass, where water is a consolidation product
and is expected to oxidize individual Fe atoms, suggests the products are
small aggregates composed of an iron core surrounded by an Fe2O3 cladding.
Five-nm diameter iron particles generated in air, for example, react immedi-
ately to form 1–2-nm-thick oxide coatings, which prevent further oxidation of
the elemental iron core.[67] Heating to 650�C increases particle diameter
from � 1 nm to 3–4 nm (Figure 12). Assuming densities equivalent to bulk
Feo and a-Fe2O3 and equivalent numbers of Feo and Fe3þ, since the Moss-
bauer doublets are of the same intensity, these particles consist of a 2-nm diam-
eter Feo core containing 925 Feo atoms surrounded by a 1-nm-thick Fe2O3

cladding containing 467 Fe2O3 molecules.[39] Consolidation at 1200�C
increases the particle diameter to 10� 1 nm (Figure 13) with an average
inter-particle spacing of 22� 1 nm. The diameter of the particles and their
average spacing in consolidated PVG are equivalent to the initial pore diam-
eter in porous PVG, 10� 1 nm, and its correlation length, 23� 1 nm,
implying that the pore structure of PVG acts as a template for parti-
cle growth.[39] If the pore structure serves as a template, then Feo=Fe2O3 par-
ticle growth must occur below the softening and collapse of the pore
structure, i.e., below 650�C, or the temperature at which PVG begins to
shrink and consolidate (Figure 6). Otherwise, a range of particle sizes and
spacings are expected, which is not observed (Figure 13).

Feo-Fe2O3 particle growth within the pores of the glass seems intuitive,
but it raises a number of mechanistic questions as to how it occurs.
Since Fe(CO)5 uniformly distributes to a depth of at least 1500 mm in PVG
(Figure 14),[13] attributing particle growth simply to the aggregation of the
photoproducts requires extensive diffusion of the photoproducts. And in
PVG, where photolysis leads to equal amounts of Feo and Fe2O3, diffusion
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must occur with minimal oxidation of the elemental iron. In our opinion,
small aggregates of elemental iron tumbling across the highly irregular,
hydroxylated surfaces of PVG (Figure 2) without undergoing oxidation is
very unlikely. Rather, PVG becomes a template for particle growth because
of extensive Fe(CO)5 diffusion during photolysis. As the photochemical

FIGURE 12 TEM of 3–4-nm diameter Fe-Fe2O3 particles in PVG heated to 650�C.

Nodular structure of the porous glass also evident.
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FIGURE 13 TEM of 10� 1-nm diameter Fe-Fe2O3 particles in consolidated PVG.
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reaction consumes Fe(CO)5 in the outermost volume adjacent to the
exposed sample face, unreacted Fe(CO)5 diffuses from the interior into
the exposed region where it undergoes efficient photoinduced decomposi-
tion. Fe(CO)5 diffusion is evident in milliseconds and is attributed to the
volatility of the complex and its weak interaction with the surface.[33] Dif-
fusion increases the amount of iron present in the first 100–200 mm by at
least a factor of three (Figure 14), while that in the interior declines to less
than 10% of that originally present.[13] A three-fold increase in iron in the

FIGURE 14 Distribution of iron in PVG before (horizontal line at an Fe intensity of

0.5) and after photolysis.
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first 100–200 mm increases the loading to 3� 10�4 mol of Fe(CO)5=g in the
outer volume corresponding to fractional surface coverage of ca. 0.30, or
ca. 1 Fe(CO)5 molecule=nm2. As a result, � 1-nm diameter aggregates of
Feo and Fe2O3 form via diffusion on the order of tens of nanometers.
Furthermore, since Fe(CO)5 desorbs from the glass at a relatively low tem-
perature, further particle growth during heating and consolidation derives
principally from the aggregation of the particles created photochemically.
No further change in iron distribution occurs on heating or consolidation,
indicating that further particle growth requires diffusion of � 20 mm (Figure
14).

Fe(CO)5 diffusion during photolysis and the high quantum yield of reac-
tion, Fdec ¼ 0.96� 0.05,[33] suggest that photoinduced decomposition begins
on all surfaces and therefore particle growth begins on all internal surfaces,
including not only the pore surfaces but also the surfaces within the inter-
connecting passages. The occurrence of spherical particles, 10� 1-nm in
diameter, with an average inter-particle spacing, 22� 1 nm, equivalent to
the correlation length (Figure 13) suggests that, as the PVG is heated,
the photoproducts becomes relatively mobile prior to the temperatures
needed to collapse the pore structure of the glass.[39] Since the latter
begins around 300�C (Figure 6), photoproduct mobility must initiate at
a lower temperature, but higher than room temperature. Also, since the
narrower, interconnecting passages collapse at a faster rate than the larger
pores, and the photoproducts are not chemically bound to the surface of
the melding silica nodules, collapse of the narrower passages may force
the smaller particles formed within the interconnecting passages into the
larger pores. Further experiments are needed to establish the controlling
factors, but the results obtained in PVG point to tailoring the morphology
of acid-leached porous glasses to tailor the size, and in turn the properties,
of the deposit.

As in PVG, no particles are found in the xerogel after photolysis, but,
unlike PVG, surprisingly no particle growth occurs during the subsequent
heating and consolidation of the xerogel. TEM fails to reveal particles in
xerogels heated to 650�C or in the consolidated xerogel, implying that
the photoproduct, initially an octahedrally coordinated Fe3þ similar to
the Fe2O3 formed in PVG, exists either as individual molecules or small
aggregates � 1 nm in diameter on the xerogel surface.[48] Whether Fe(CO)5

diffusion during photolysis occurs to the same extent in the xerogel as it does
in PVG remains to be established, but since decomposition and desorption
of the organic constituents of the xerogel occurs over the 300–500�C tem-
perature range where particle growth occurs in PVG, the absence of parti-
cle growth in the xerogel may be due the chaotic domain in the xerogel
created by the decomposition and desorption of the organic components
of the xerogel. Loss of the organic constituents creates a dynamic, chang-
ing surface in the xerogel that may curtail diffusion and, therefore, particle
growth.[48]
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Physical Properties of Feo and Fe2O3 in PVG and Xerogels

Consolidation of both matrices improves transparency in the near-IR by
removing the overtones of the 3750 and 3650 cm�1 SiO-H bands that appear
in the 1350–1400-nm region (Figure 15). Both materials exhibit � 80%
transparency (relative to air) in the 1100–1700 nm region (Figure 15). How-
ever, transparency in the visible region declines as the samples are heated and
ultimately consolidated with 50%T in both PVG and the xerogel shifting
from the 300–350-nm region immediately after photolysis to the 650–700-
nm region in the consolidated glasses (Figure 15). In PVG, the spectral
changes occur with only slight changes in the Feo=Fe3þ ratio, implying that
the loss in visible transparency is not the result of a change in chemical com-
position. Rather, a linear correlation between the size of the particles formed
at the different temperatures and the onset of the absorption, i.e., the wave-
length at which 50%T occurs (Figure 16), suggests the loss of visible trans-
parency is due to particle growth. The Feo=Fe2O3 particle behaves as a
quantum dot with its optical absorption shifting to the red as particle size
increases. The results are preliminary and limited to an initial Fe(CO)5 load-
ing of 10�5 mol=g. Nonetheless, at this point, since the particles are consid-
erably smaller than visible wavelengths, the decline in visible transparency in
PVG is not attributed to light scattering but to the quantum dot effect, where
the optical absorption shifts to the red as particle size increases.

Essentially identical spectral changes occur during heating and consolida-
tion of the xerogel (Figure 15), but TEM analyses of the samples fail to
reveal any particles in samples heated to 650�C or consolidated at 1200�C,
indicating that the particle diameter in the xerogel remains � 1 nm regardless
of whether the sample is heated or consolidated. These results clearly chal-
lenge the assignment of the spectral changes in PVG as due solely to a quan-
tum dot effect. On the other hand, particle size does correlate with magnetic
properties. Photodeposition in both PVG and the xerogel yields a superpara-
magnetic impregnate that converts to a ferromagnetic material on consolida-
tion of PVG, but not on consolidation of the xerogel.[68] Heating PVG to
1200�C yields a spherical particle 10� 1 nm in diameter (Figure 12) consist-
ing of an elemental iron core surrounded by the oxide. Assuming equal num-
bers of Fe3þ and Feo, since the relative intensities of the Mossbauer doublet
are the same, and densities equivalent to the bulk materials, the diameter of
the elemental iron core is calculated to be 6.8 nm with a 1.6-nm-thick Fe2O3

coating. The core diameter is slightly smaller than the reported minimum diam-
eter, 8.0 nm, necessary to achieve sufficient coercivity at 300 K to maintain
magnetic alignment in Feo particles deposited in SiO2.[69] However, it is in
excellent agreement with the diameter calculated from the linear relationship
between the diameter of the iron core, dc, and total particle diameter, dt, i.e.,
dc¼ (0.85 dtotal� 1.5) nm.[70] The median particle diameter found in PVG,
10� 1 nm, yields a diameter of the iron core of 7.0� 0.8 nm, suggesting that
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FIGURE 15 Absorption spectra of iron in (I) PVG and in (II) TMOS=MeOH=
H2O xerogel as a function of subsequent heating. The letters a, b, and c refer to spec-

tra recorded after photolysis (a), after heating to 650�C (b), and after consolidation at

1200�C (c).
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the appearance of ferromagnetism in this Feo-Fe2O3 -PVG system arises from
the increase in particle size that occurs during consolidation of PVG. The lack
of particle growth in the xerogel accounts for the absence of the conversion
from superparamagnetic to ferromagnetic on consolidation of the xerogel.

PVG acts as a template for Feo-Fe2O3 particle growth, but the conversion
to a ferromagnet is not simply a process of filling the pores with 3–4-nm par-
ticles (Figure 12) to create a 10� 1-nm diameter particle (Figure 13). Simple
aggregation of smaller particles retains the magnetic properties of the smaller
particles, i.e., superparamagnetism. Furthermore, particle growth occurs at
temperatures below softening and loss of the pore structure of PVG, yet no
samples examined to date have changed from superparamagnetic to ferro-
magnetic at temperatures below the softening of the glass, i.e., � 650�C.
Instead, conversion from superparamagnetic to ferromagnetic requires heat-
ing to 1200�C, i.e., the temperature required to consolidate the glass. Conse-
quently, conversion to a ferromagnet requires an additional thermal step. The
surface irregularity that would be expected from the simple aggregation of
smaller particles is not evident in 10� 1 nm diameter particles in
the consolidated glass (Figure 13) that exhibit ferromagnetism.[39] At the
resolution of the TEM experiments, � 0.5 nm, the particles appear to be
spherical, suggesting that the higher temperatures required to consolidate
the glass also meld the individual, smaller, 3–4 nm diameter Feo-Fe2O3

FIGURE 16 Wavelength at which 50%T occurs vs. Fe-Fe2O3 particle diameter in

PVG.
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particles (Figure 12) into a single particle. This melding of the Feo-Fe2O3 par-
ticles appears to be a sintering since it occurs more than 300�C below either
the melting point of elemental iron, 1535�C, and the decomposition tempera-
ture of Fe2O3, 1565�C. Formation of the larger 10� 1-nm diameter particles
requires the aggregation of 23–24 of the 3–4-nm diameter particles. Since for-
mation of the larger particles occurs with little change in the Feo=Fe2O3 ratio,
aggregation and melding of the smaller particles must occur without compro-
mising the integrity of the oxide coatings about the elemental iron cores.[39]

The initial thought was that the larger particle was simply a larger version of
the smaller particles, i.e., a 7.0� 0.8 diameter Feo core surrounded by
1–2-nm-thick Fe2O3 cladding. However, this structural form requires the iron
cores of the smaller particles to diffuse together into a single interior unit,
while the oxide coatings of the smaller individual particles diffuse to the
exterior of the larger particle. Since the melting points of Feo and Fe2O3,
1535 and 1565�C, respectively, exceed the 1200�C these samples are heated
to, a symmetric structure composed of a spherical Feo core surrounded by a
uniformly thick Fe2O3 layer is discounted. Rather, agglomeration and melding
must create a number of smaller Feo units dispersed within an Fe2O3 matrix
(Figure 17). Assuming the ferromagnetism arises from the Feo units, since

FIGURE 17 Dispersion of Feo aggregates within Fe2O3 matrix in consolidated PVG.
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a-Fe2O3 is anti-ferromagnetic,[39] its occurrence in this type of structure
implies magnetic coupling through the Fe2O3 matrix since the individual
Feo units must be less than the 8.0-nm diameter needed for sufficient coerciv-
ity to maintain magnetic alignment at 300 K.[69] Dispersing the 1–2 nm diam-
eter Feo aggregates throughout the Fe2O3 matrix increases the surface
area of the oxide relative to that of elemental metal and reduces the separation
between the two. Both enhance the exchange anisotropy between the
oxide and the dispersed aggregates of the elemental metal[69,71–73]

which would contribute to the high coercivity, 965 kG, found for these
10� 1-nm diameter particles formed in consolidated PVG.[39]

Photodeposition of Tin Oxides in Porous Vycor Glass and Porous
Xerogels

Tin oxides possess larger band gaps than iron oxides and therefore offer
higher transparency at shorter wavelengths. SnO2 has a band gap of 4.3 eV,
for example, and tin is also a glass modifier.[74,75] However, most tin
compounds that could serve as photoactive precursors absorb in the UV
at wavelengths shorter than both PVG and the xerogels where 50%T is
generally around 350 nm.[33] Consequently, competitive absorption by the
glass matrix limits the depth of photodeposition and therefore the depth of
the gradient index that can be created within either matrix. Nevertheless,
the potential of higher transparency at shorter wavelengths led to the
examination of the photodeposition of tin in these porous matrices, princi-
pally in PVG. Of the commercially available, photochemically active tin
compounds, (CH3)3SnI possesses the lowest energy absorption, exhibits
the highest efficiency photoreaction, and is reasonably volatile, thereby
allowing for desorption of the unreacted compound. Previous studies of
the photochemistry of (CH3)3SnI establish the primary photochemical step
as homolytic cleavage of the Sn-I bond followed by radical coupling and
quantitative formation of I2 and [(CH3)3Sn]2.[76] Although both products
desorb from the glass prior to consolidation and therefore should not lead
to a refractive index gradient in consolidated PVG, 254-nm photolysis of
(CH3)3SnI adsorbed onto PVG yields changes in refractive index similar
to those obtained with Fe(CO)5. Consequently, the adsorption of (CH3)3SnI
and its thermal and photochemical behavior on PVG were examined to
identify the reaction pathway leading to gradient index formation.[35,77]

Tin compounds are coordination labile with coordination number and
structure functions of the medium in which they are being examined.[78–80]

Unlike Fe(CO)5, which physisorbs onto PVG and the xerogel without change,
adsorption of (CH3)3SnI onto PVG reduces the intensity of 3744 cm�1

SiO-H bands and leads to the appearance of a broad band centered at
3555 cm�1 and methyl bands at 2993 and 2917 cm�1. The electronic spec-
trum of the complex, which exhibits an LMCT absorption at 234 nm
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(e¼ 3.45� 103 M�1 cm�1) in hexane, shifts to 230 nm when adsorbed onto
PVG. In spite of the small shift, Mossbauer spectra of adsorbed (CH3)3SnI
yield a ratio of the quadrupole splitting, 3.14 mm=s, relative to the isomer
shift, 1.06 mm=s, of 2.96 that falls within the range expected for five or six
coordinate tin compounds.[35] Further insights into the molecular changes
accompanying adsorption come from the behavior of the complex in the pres-
ence of ethanol and hexanol, which, like PVG, possess hydroxyl moieties. In
ethanol and hexanol, the low energy LMCT absorption of (CH3)3SnI occurs
at 218 nm and 221 nm, respectively, and the absorption at 234 nm in hexane
shifts to shorter wavelength as either alcohol is added to a hexane solution of
the complex. Job’s plots constructed from hexanol titrations of hexane solu-
tions of the complex reveal the formation of a 1:1 (CH3)3SnI-C6H5OH
adduct. Formation of the adduct is not accompanied by loss of a methyl
group, an iodine atom, or loss of the alcohol O-H stretch, thereby precluding
a displacement reaction and formation of an alkoxide. Instead, the alcohol
coordinates to the tin without loss of the hydroxyl proton, and formation of
the alcohol adduct shifts the (CH3)3SnI LMCT band to shorter wavelength
and the alcohol O-H vibration to lower energy. Formation of the ethanol
adduct, for example, shifts the ethanol O-H vibration from 3635 to
3350 cm�1.[35] Along with the Mossbauer data, which indicate the formation
of a five- or six-coordinate tin compound, the similarity of the spectral
changes found on addition of the alcohols with those occurring on adsorption
onto PVG point to the formation of a surface-bound adduct. Retention of the
SiO-H band indicates Sn does not replace the silanol hydrogen, but interacts
with the lone pairs on the silanol oxygen. Originally, the surface adduct was
thought to be five coordinate since the average silanol number of PVG, taken
to be 5 SiOHs=nm2, requires an unusually long Sn-O bond for six coordi-
nates.[35] As a result, the broadness of 3550 cm�1 band was attributed to a
range of interactions reflecting the local topology and=or the number of free
or associated silanols at the adsorption site. However, the recent AFM results
taken together with the DRIFT spectra of PVG suggest, as previously noted,
that the majority of the silanols present in PVG are associated.[48] Being asso-
ciated, the silanols are more closely spaced and could allow for the formation
of both five- and six-coordinate surface adducts, in which case, the broadness
of the SiO-H band may reflect the presence of both five- and six-coordinate
adducts on the glass surfaces. Whether due to local topology and=or coordi-
nation number, the key point is that the complex binds to the glass surface
and this changes the bonding in (CH3)3SnI, and, in turn, its reactivity.

A 254-nm photolysis of (CH3)3SnI in hexane leads to homolytic cleavage
of the Sn-I bond and quantitative formation of I2 and [(CH3)3Sn]2 with the
quantum efficiency of bond cleavage declining with increasing wavelength.[76]

The quantum yields of (CH3)3SnI disappearance in hexane decreases from
0.32� 0.05 at 254 nm to 0.11� 0.06 at 310 nm and � 10�3 at 350 nm. Com-
petitive absorption by the glass precludes equivalent measurements for the
adsorbed complex, but relative yields as a function of excitation wavelength
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clearly show that the quantum yield of reaction of the adsorbed complex
declines with increasing wavelength.[35] The products of reaction on the glass
surface, however, differ from those in hexane solution. A 254-nm photolysis
of the adsorbed complex leads to the immediate appearance of I2 and I�3,
whereas photolysis in hexane yields only I2.[35,76] Mossbauer spectra of the
photolyzed sample resolve into two absorptions: a singlet with an isomer shift
of 1.16 mm=s, which establishes [(CH3)3Sn]2 formation, and a doublet with an
isomer shift of 1.12 mm=s and a quadrupole splitting of 3.05 mm=s. The latter
is assigned to (CH3)3Sn-OSi, where -OSi represents coordination to the glass
matrix, since the isomer shift, 1.12 mm=s, and quadrupole splitting,
3.05 mm=s, fall with the range reported for trialkyltin alkoxides.[35,81] Despite
the structural changes that occur on adsorption, the wavelength dependence
of the reaction, decreasing efficiency with increasing wavelength, and the
lack of a dependence on O2 suggest that the photoreactivity of the adsorbed
complex initiates from the same excited state as that in hexane solution, i.e.,
the (CH3)3SnI LMCT state corresponding to a 5p(I)!s*Sn-I absorption at
234 nm in hexane and 230 nm on the glass.[82] Nevertheless, the reaction prod-
ucts are indicative of homolytic cleavage of the Sn-I bond rather than the
redox products expected from an LMCT state.

The isomer shift of (CH3)3SnI in hexane, 1.28 mm=s, shows that the Sn is
partially positive and therefore the Sn-I bond is polarized in the ground state,
Sndþ -Id� . The smaller isomer shift and larger quadrupole splitting for the
adsorbed complex indicates that adsorption further polarizes the Sn-I bond
making the tin more positive and the I more negative.[35] The largest
polarization of the Sn-I bond occurs on formation of the ethanol adduct,
(CH3)3SnI-OHC2H5. In fact, the polarization is so great the adduct reacts
spontaneously with I2 at room temperature to form a [(CH3)3Sn-OHC2H5

þ,
I3
�] ion pair.[35] Since the ground state is polarized in each medium, an

LMCT transition creates a more uniform charge distribution in the excited
state, and the more uniform charge distribution is thought to favor homolytic
cleavage of the (CH3)3Sn-I bond. This pictorial representation is consistent
with recent calculations on (CH3)3SnI, which show that the state populated
by the 5p(I)!s*Sn-I absorption is dissociative with respect to the Sn-I
coordinate, leading directly to radical products.[82] In hexane, the radicals
quantitatively couple to form [(CH3)3Sn]2 and I2.[76] The formation of
both products on the glass surface indicates the same reaction pathway
for the adsorbed complex. However, the immediate appearance of I3

� sug-
gests a fraction of the radical pairs undergo a secondary thermal
electron transfer leading to (CH3)3Sn-O-Si and HI on the more polar glass
surface,[83] and the HI reacts with the I2 formed photochemically to form
I3
�.[35] The fraction of the initially formed radical pairs that undergo

subsequent electron transfer is small, but from the point of view of pat-
terning a refractive index gradient it is this small fraction that does not de-
sorb from the glass during consolidation that changes the refractive index of
the glass.
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Unlike gradient indices created with Fe(CO)5, where 50%T shifts to the
red as the samples are consolidated, the transparency of the refractive index
gradients created by photolysis of (CH3)3SnI hardly changes during consoli-
dation of the glass. After photolysis, 50%T occurs in 350-nm region and
remains in that region throughout the consolidation of the glass.[40] Transpar-
ency in the 1400–1500-nm region is also � 80% relative to air and unaf-
fected by consolidation.[40] In spite of the lack of change in the absorption
spectra, Mossbauer reveals changes in the composition of the tin impregnate.
Heating to 650�C yields two absorptions (Figure 18). One exhibits an isomer

FIGURE 18 Mossbauer spectrum of photodeposited tin after heating to (a) 650�C

and (b) 1100�C. Solid line represents computer fit of the data.
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shift of � 0.03 mm=s, and quadrupole splitting, 0.01 mm=s, relative to the
SnO2 source, indicating formation of an Sn(IV) oxide very similar to
SnO2.[40] The other exhibits an isomer shift, 2.80 mm=s, and quadrupole split-
ting, 1.28 mm=s, indicative of an Sn(II) oxide, SnO.[40,74,75] An intense band
at 486.2� 0.2 eV in the x-ray photoelectron spectra corroborates SnO2 forma-
tion, while a lower energy band at 485.4� 0.2 eV confirms concurrent SnO
formation.[40,84] Eventually all of the (CH3)3Sn-O-Si photoproduct converts
to SnO2, but at shorter times, the Sn(IV)=Sn(II) ratio, calculated from the
relative intensities of the two XPS absorptions, varies, increasing from
2.8� 0.3 after heating to 650�C to 12� 1.0 after heating in air to 900�C
and then declining to 3.8� 0.4 after heating the sample to 1100�C in
air.[40] The latter value agrees with a value of 3.5� 0.4 calculated from the
relative intensities of the Mossbauer absorptions. SIMS confirms that these
ratios are biased by Sn diffusion (Figure 19) with the amount of tin in the first
5 nm of the sample (relative to Si) increasing by 4.5� 0.4 upon heating from
650�C to 900�C. Since the Sn(IV)=Sn(II) ratio increases by the same amount,
4.3� 0.4, the increase in the ratio at 900� is attributed to the diffusion of tin
from the interior of the glass to the outer volumes of glass, where it reacts
with air to form principally SnO2. Regardless of the Sn(IV)=Sn(II) ratio, dif-
fusion increases the amount of tin in the outer 5 nm of the glass. However, the
total amount of Sn in the outer 5 nm of the glass declines on heating to
1100�C (Figure 19) suggesting that as much as 80% of the tin could be evap-
orating from the samples during sintering. The mechanism by which this
occurs is not known, but it is worthwhile to note that the temperature required
to consolidate PVG, 1200�C, exceeds the decomposition temperatures of
SnO, 700–950�C,and SnO2, 1127�C. If tin is being lost on consolidation, then
the amount of tin needed to produce a gradient index in the consolidated glass
is significantly smaller than currently thought since current data are based on
the initial (CH3)3SnI loading.

Photodeposition of tin produces changes in refractive index similar to
those obtained with Fe(CO)5, but in a number of cases, particularly with
higher loadings, 10�5� 10�4 mol of (CH3)3SnI=g of PVG, the glass becomes
opalescent, and small-angle x-ray scattering from samples heated to 1200�C
yields a scattering peak corresponding to a correlation length, 22.7 nm,
equivalent to the correlation length of the porous glass, 23� 1 nm.[40,46]

Unlike the results with Fe(CO)5, where PVG consolidates about particles
as large as the pore diameter, 10� 1 nm, the correlation length indicates
the glass containing tin is not consolidating even though it is heated above
the sintering temperature of the glass, 1105� 18�C.[47] Although Sn diffuses
into the outer volumes of the glass during heating, the lack of consolidation is
not due to the formation of larger SnO or SnO2 particles, about which the
glass can not consolidate. TEM analyses of the samples prepared with initial
(CH3)3SnI loading of 10�5� 10�4 mol=g, which correspond to fractional sur-
face coverages of 0.12 to 1.2%, fail to reveal any particles in the samples
after photolysis or in samples heated to 1200�C, indicating that the SnO

104 D. Sunil et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
1
6
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



and SnO2 are � 1-nm in diameter. Unlike Fe(CO)5, where the glass acts as
the template, heating leads to particle growth, and the glass consolidates
about Feo=Fe2O3 particles as large as the initial pore diameter, 10� l nm,
heating the photolyzed (CH3)3SnI impregnate samples fails to induce particle
growth or result in consolidation of the glass. More surprising, microscopic
examination of patterns created microlithographically with (CH3)3SnI and
then heated to 1200�C reveals structures in the exposed regions extending
2–4 mm above the glass surface. Tests with luminescent probes indicate these
structures and the underlying regions retain a high absorptivity in comparison
to the unexposed regions, implying the surface structure and the underlying

FIGURE 19 Cross sectional distribution of boron in PVG samples heated to (a)

650�C and (c) 1100�C, and in samples impregnated with (CH3)3SnI heated to (d)

650�C and (b) 1100�C.

Integrated Optics: A New Focus for Inorganic Chemistry 105

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
1
6
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



glass remain porous, whereas the surrounding regions consolidated to a non-
porous glass.

Effect of Tin Oxides on the Consolidation of Porous Vycor Glass

Densification of PVG initiates at 650�C with a sharp decline in surface
area occurring from 700 to 1050�C (Figure 6) as the surface structures (Fig-
ure 2) and the silica nodules (Figure 1) meld together. Considering the glass
transition temperature, 848� 20�C, and the sintering temperature,
1105� 18�C, heating to 1200�C should produce consolidation but fails to
do so in the presence of the photodeposited tin. Instead, heating creates a por-
ous structure extending 2–4 mm above the glass surface.[40] These structures
can be scrapped from the glass, and X-ray diffraction of the collected mate-
rial yields an intense peak at 2y¼ 28.3�C establishing that this material is
highly oriented, crystalline H3BO3.[40] Although acid leaching removes most
of the borate from PVG, some estimates suggest that as much as one-third of
the surface of the leached glass remains covered by borate.[57] H3BO3 forma-
tion only in the photolyzed regions of the glass suggests that the photodepos-
ited tin promotes the loss of boron from the glass matrix. The displaced boron
diffuses to the outer surfaces of the glass where it reacts with moisture to
form H3BO3 on the glass surface.

The changes in tin and boron distribution during heating (Figure 19) sup-
port a tin-promoted loss of boron. The amount of tin relative to silicon in the
first 5 nm of PVG increases by 4.5 upon heating from 650�C to 900�C (Figure
19). Over the same temperature range, boron diffuses from the interior to
the exterior volumes of PVG where it increases the amount of boron by as
much as a factor of two in the first 200–500 nm of the glass (Figure 19). In
glasses containing 1.7� 10�5 mol of (CH3)3SnI=g and annealed under iden-
tical conditions, heating to 650�C increases the amount of boron in the outer
volumes of the glass, but the total amount of boron in the samples containing
tin is 30–40% less than that in samples without tin. Furthermore, heating to
1100�C significantly reduces the amount of boron in the outer volumes of
glasses containing the photodeposited tin relative to those volumes that do
not contain photodeposited tin, confirming that the photodeposition of tin pro-
motes boron loss (Figure 19). Whether the tin-promoted loss of boron is stoi-
chiometric or occurs by some other process is not known, but a tin-promoted
loss of boron will produce a tin distribution that is the inverse of the boron
distribution, i.e., regions high in tin will be low in boron. Traces of Zr,
which come from the refractory tank liner during the manufacture of PVG,
prevent quantitating the tin distribution, but x-ray fluorescence measure-
ments of the cross-sectional distribution of tin in PVG (Figure 20) show
the largest amount of tin adjacent to the outermost surfaces of the glass,
where SIMS measurements (Figure 19) indicate the largest depletion of
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boron. The details of the mechanism are not clear, but oxidation of the
photoproduct, (CH3)3Sn-OSi and the subsequent changes in the Sn(II)=
Sn(IV) ratio occur over the same temperature range as the change in boron
distribution within the glass, suggesting that oxidation of the tin and the boron
loss are coupled processes. Indeed, studies of a tin-doped SiO2-Al2O3-B2O3

system show that increasing the B2O3 content at the expense of the SiO2

content reduces the amount of Sn(IV) relative to the amount of Sn(II). In this
case, boron is thought to occupy tetrahedral sites coordinated to four matrix
oxygens, thereby decreasing the number of sites available to Sn(IV).[74] In
PVG, the opposite occurs with the photodeposited Sn(IV) apparently
displacing the boron from tetrahedral coordination sites in the glass. Since
the boron phase separates during cooling of the PVG melt and the boron
remaining in the acid-leached glass is on the surfaces of the silica nodules,
tin displacement of boron appears to yield a tin species on the surface
of the SiO2 nodule and bound to at least one silica oxygen. At ele-
vated temperatures, � 650�C, the displaced boron diffuses from the
outer volumes of the glass to the outer surface where it reacts with
moisture in the atmosphere to form crystalline H3BO3. In microlithography
experiments, H3BO3 does not appear as individual particles on the glass
surface, but as a micron-sized structure equivalent in size to the
region exposed to the UV light and extending 2–4 mm above the surface of
the glass.

FIGURE 20 X-ray fluorescence of tin in the photolyzed and unphotolyzed regions of

a PVG sample heated to 1200�C as a function of depth into the sample.
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X-ray fluorescence shows that tin is also present in the unexposed regions.
This tin arises from a fraction of the adsorbed precursor (CH3)3ISn-OHSI that
thermally decomposes on the glass surface either during heating and=or de-
sorption from the glass. Since SnO and SnO2 are the only tin species detected
in the heated and consolidated glass, thermal decomposition of (CH3)3ISn-
OHSI must also lead to SnO and SnO2. However, the amount of tin present
in the unexposed regions of the glass, i.e., the amount from the thermal
decomposition of (CH3)3SnI, is less than half that in the exposed regions.
Assuming that loss of boron is in some manner proportional to the amount
of tin present, then the larger amount of tin in the photolyzed region reduces
the boron content in the exposed regions more than that in the unexposed
regions. The viscosity and, in turn, rate of consolidation of the glass are pro-
portional to the amount of boron in the glass,[41,43,54] which, in turn, is pro-
portional to the amount of tin present. Regardless of the amount of tin
present, eventually all samples of PVG consolidate when heated at 1200�C
for a sufficiently long enough period of time. However, at shorter times,
the differences in tin content created photochemically, called the pattern con-
trast, changes the rates of consolidation sufficiently to open a time window
(Figure 21) that can be exploited to create regions of porosity within an other-
wise consolidated glass. Within the range of loadings examined in these
experiments, 4.2� 10�7 to 9� 10�5 mol of (CH3)3SnI=g of PVG, the largest
difference in the rate of consolidation occurs with an initial loading of
1.7� 10�5 mol of (CH3)3SnI=g of PVG. With this initial loading, SEM anal-
ysis of the cross-section of the porous regions created photochemically show
that the porosity extends 6–8 mm into the glass.[47] Further experiments are
needed to quantitate the amount of tin needed to optimize the differences
in the rates of glass consolidation since, as noted above, as much as 80%
of the tin could be evaporating from the samples during annealing, but
the results of these experiments clearly show that the photodeposition
of tin, in addition to creating a refractive index gradient, can be exploited
to pattern regions of porosity in a consolidated glass. Obviously, these
regions differ in composition from the remainder of the glass, but this dif-
ference does not appear to be sufficient to produce significant changes in
spectral and photophysical properties. The absorption and emission spectra
of Rhodamine 6G adsorbed into these regions, for example, are identical
to those of the dye adsorbed into the untreated glass and very similar to
the absorption and emission spectra of the dye in methanol solution
(Figure 22), indicating a microenvironment within these regions very
similar to that in untreated glass, or a hydroxylated solvent.[40] The ability
to pattern regions of porosity within an otherwise consolidated glass over-
comes one of the major drawbacks of using glass as a medium for inte-
grated optics. Glass is a refractory, and retaining porosity within an
otherwise consolidated glass opens the door to incorporating reagents net-
work that are unable to withstand the consolidation temperatures of glass
into an optical.
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Optical Structures

Waveguides

A waveguide is equivalent to an optical fiber except that it exists within a
substrate that usually serves two purposes: it is the cladding for the waveguide

FIGURE 21 (a) Absorbance of Rhodamine 6G adsorbed into PVG, and (b) BET sur-

face area of the PVG samples as functions of time the sample is heated at 1100�C.

Unimpregnated PVG (s ); PVG impregnated with 4.2� 10�6 mol of (CH3)3SnI=g

(*); PVG impregnated with 1.7� 10�5 mol of (CH3)3SnI=g (u); PVG impregnated

with 9.0� 10�5 mol of (CH3)3SnI=g (j).
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core and the support in which, or on which, other components of an optical
network are assembled.[24,85–92] Photodeposition of a metal and=or metal
oxide creates a region of higher refractive index that functions as the core
and guides the light within the substrate. In general, the refractive index of
the regions containing the photodeposited metal and=or metal oxide increases
with initial (CH3)3SnI or Fe(CO)5 loading. However, more recent studies of
the dependence of the refractive index on initial Fe(CO)5 loading (Figure 23)

FIGURE 22 Excitation (j) and emission (*) spectra of Rhodamine 6G in methanol

solution, and excitation (u) and emission (s ) spectra of Rhodamine 6G adsorbed

into porous regions created by the photodeposition of tin in PVG.
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show that an initial steep dependence on initial loading declines at higher
Fe(CO)5 loadings. Current experiments are fitting the Lorenz-Lorentz equa-
tion, Eq. 2, to this observed dependence in an attempt to determine the
relative contribution of density and polarizability to the observed change in
refractive index.[25,26] Identifying the principal contributor to the change in
refractive index allows the largest Dn per unit metal and=or metal oxide
deposited and most likely the highest optical performance since the latter
can decline with higher precursor loadings.

To minimize losses due to absorption by the impregnate and scattering
from the irregular surfaces of the consolidated xerogels, the optical perfor-
mance measurements described here were obtained for structures created
by photolysis of (CH3)3SnI adsorbed onto polished PVG. The structures
are composed of SnO2 photopatterned in PVG and consolidated at 1200�C.
Although exhibiting 50%T in the 350–400 nm region, the transmissivity of

FIGURE 23 Change in the refractive index of PVG, Dn, as a function of initial

Fe(CO)5 loading.
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these waveguides at 632 nm declines with increasing path length
(Figure 24), yielding a loss coefficient of 0.6 dB=cm.[24] Since SnO2 is trans-
parent at 632 nm, the decline in transmissivity is attributed to light scattering,
but not scattering from individual SnO2 particles, since the individual SnO2

particles are � 1 nm in diameter in the consolidated glass and much smaller
than the measuring wavelength, 632-nm. Rather, losses are thought to arise
from other sources. First, the data in Figure 24 were obtained prior to under-
standing the effect of tin on PVG consolidation (see above). Particularly with
the longer waveguides, some of the losses may arise from scattering due to
incomplete consolidation of the PVG matrix. Other sources of loss may be
lateral losses and=or scattering losses at the cladding-core interfaces. Optical
microscopy reveals irregular interfaces, with the irregularity considerably less
than the width of the core. Nevertheless, this irregularity will contribute to
scattering losses and lower transmissivity. Further experiments are needed
to establish the causes of these losses, but even with an improvement in trans-
missivity, when compared to loss coefficients of currently available optical
fibers, which can be as low as 2� 10�5 dB=cm, the data clearly emphasize
the point that these photodeposition techniques are best suited to the creation
of high density systems composed of small elements in close proximity, i.e.,
integrated optics. In fact, the error in transmissivity (Figure 24) shows that
reproducibility of these photodeposition techniques declines with increasing
size.

FIGURE 24 Transmission of 632-nm light through an SnO2 waveguide photopat-

terned in PVG and consolidated at 1200�C as a function of waveguide length.
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Waveguide bends

Waveguide bends are an integral component of all but the simplest optical
circuits, and, as a result, a crucial component of circuit design.[93] Usually, the
minimum allowable radius of curvature is dictated by radiation losses rather
than the limits of the fabrication technique, and this appears to be the case
with these photodeposition techniques. Although any angle can be created,
power losses quickly increase with increasing angle. The relative power
transmitted through photodeposited tin oxide waveguides connected through
a 2.54 cm radius of curvature illustrates the loss as the angle between the
input and output portions of the guide increases (Figure 25). Power losses
in these bends are thought to reflect the irregularity of the interface between
the photodeposited core and the surrounding glass cladding as described
above for the straight waveguides. The more irregular the interface, the more
likely the guided light encounters an interface, particularly in a bend, at less
than critical angle and is lost. Since the metal oxide is initially deposited in
the pores of the glass and the glass is then consolidated, the irregularity of the
interface may arise from the random pore structure and is, therefore, a con-
sequence of the morphology of the substrate in which the deposition occurs.

FIGURE 25 Transmission of 632-nm light through a curved SnO2 waveguide photo-

patterned in PVG and consolidated at 1200�C as a function of the angle of curvature.
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Consequently, improvements in power transmission in this type of structure
may require tailoring the morphology of the porous glass as opposed to chang-
ing the photoactive precursor, or the photodeposition techniques.

Optical Couplers

‘‘Y’’ and ‘‘star’’ couplers distribute power from an incoming waveguide
into two or more branches (Figure 26). Like bends, these ‘‘optical couplers’’
are key components of more complex optical circuits.[94,95] A photodeposited
Y coupler consisting of a 40-mm-wide input waveguide branching into two
20-mm-wide output waveguides distributes light among both legs. The ratio
of power transmitted through the right branch, PR, relative to that transmitted
through both branches, PR þ PL, declines as the angle between the branches
increases (Figure 5). Care was taken to maximize the power transmitted
through both branches, but in these short path length structures, the output
power distribution is very dependent on the details of launching the light into
the input waveguide. Small changes in the introduction of the light into the
input leg produce large changes in the power distribution among the output
legs.

The problem is more apparent in star couplers where input power is dis-
tributed among more output guides.[94,95] For example, power distribution
amongst the seven output guides of 1:7 star coupler composed of a
40-micron-wide input waveguide and seven 10-micron output waveguides
is visually apparent. Because of the design, three branches of increasing
angle on either side of a central guide, the majority of power continues
through the central output waveguide. As with a Y coupler, the power

FIGURE 26 Relative ratio of 632-nm light transmitted distributed among a ‘‘Y’’

branch as a function of branching angle.
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distributed among the branches declines as the angle between the branching
waveguides and the input waveguide increases. As a result, the power distri-
buted to outermost branches is even more susceptible to how the light is
launched into the input guide. Depositing a scattering center at the junction
of the waveguides, and improving the transmissivity of the individual wave-
guides, will improve the distribution of light among the output guides. In
spite of the current limitations, these prototype structures clearly illustrate
the advantages of these photodeposition techniques with respect to design
flexibility at smaller dimensions, better device reproducibility, and higher
power transmission than can be realized by fusing, tapering, lapping, or gluing
optical fibers.

An extension of the Y optical coupler is the Mach-Zehnder interferom-
eter, which consists of two Y couplers aligned horizontally with the
branching legs connected with straight waveguides. Mach-Zehnder interfer-
ometers as small as 100 mm from branch point to branch point have been
photodeposited in PVG. As found with the Y couplers, the distribution
of the incoming light between the two legs of the interferometer is very
dependent on how the light is launched into the input waveguide, making
it difficult to achieve a uniform distribution of the light among the two
branches. Nevertheless, it is obvious that the majority of the optical losses
are due to scatter of the incoming light at the initial branch point.

Microlense Arrays

Photodeposition is ideally suited to the creation of microlense arrays,
which are expected to have applications in digital optics.[96] The optical prop-
erties of the array can be varied by the Dn produced and design parameters
such as lens shape and spacing. Figure 27 illustrates an array of 50 mm2

square microlenses created photolithographically by the photodeposition of
tin oxide in PVG. While photodeposition offers a number of advantages, it
also presents challenges that must be incorporated into the element design
and their creation by these photochemical techniques. Specifically, the initial
deposition affects subsequent deposition and therefore the optical perfor-
mance of the deposited structure. This is readily apparent in a 30� magnified
side view (Figure 28) of an array of 100-mm diameter microlenses photo-
deposited on the end of a 2.5-mm diameter PVG rod. The rod is cut along
the rod axis perpendicular to the face onto which the lenses are photodepos-
ited. The darker regions pointing into the body of the rod are the regions of
higher refractive index created by the photodeposition of tin. The excitation
light was parallel to the long axis of the rod and the intention was to create
parallel regions of higher refractive index down the core of the rod. Instead,
the initially created change in refractive index focuses the subsequent light,
thereby limiting the subsequent excitation to regions defined by the initially
deposited 100-mm diameter lens and its initial focal length, which in this par-
ticular sample is 0.66� 0.14 mm. The long line down the center of the rod is
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FIGURE 27 Optical micrograph of an array of 50� 50mm photodeposited SnO2

microlenses in consolidated PVG.
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not due to photochemical deposition, but a difference in glass density arising
from the acid-leaching process. Larger lens structures, such as a Fresnel lens
consisting of a concentric circles of higher refractive index, are less suscep-
tible to the nonlinearities of the photodeposition. As expected, the finer the
dimensions of the structure deposited, the more the deposition becomes sus-
ceptible to nonlinearities arising from either changes in the refractive index
induced during the course of the photodeposition, or, as described below, pre-
cursor diffusion during photodeposition. The latter is particularly evident in
the photodeposition of a Bragg grating.

Bragg Gratings

Bragg gratings consist of micron-spaced, parallel regions of differing
refractive index and=or transparency that function as line apertures
diffracting white light into its component colors. The deposition of these
structures was carried out to establish ‘‘proof of concept,’’ but also to use
the structure itself to determine the resolution that can be achieved with these
photodeposition techniques, the factors that affect pattern resolution, and the
affect of consolidation on pattern resolution.[97–99]

FIGURE 28 Optical micrograph of the side view of 30� 30 mm SnO2 lenses photo-

deposited on the end of a PVG rod and consolidated at 1200�C. Rod cut along its

length perpendicular to the face on which the lenses are photodeposited.
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Although gratings of equivalent resolution, i.e., the number of lines=mm,
are accessible in both PVG and the xerogels, this discussion focuses on grat-
ings deposited in PVG via 488-nm photolysis of Fe(CO)5 since the polished
surfaces of these glasses minimize differences due to surface scattering.
Nevertheless, PVG is a porous material and an immediate concern was scat-
tering by pore-glass interfaces throughout the PVG samples. Measurements
of the cross-sectional intensity distribution of a laser beam before and after
passing through PVG, however, show that scattering due to the pore structure
of PVG does not limit resolution, at least on a length scale of � 10 mm.[96] On
this length scale, resolution is also independent of the method of deposition.
Gratings deposited by either laser writing, photolithography, or holography
consist of a series of well-defined exposed regions, which appear as dark lines
in the optical micrographs (Figure 29), separated by well-defined unexposed
regions. Each diffracts white light into its component colors and exhibit a
number of diffraction orders when an He-Ne laser is passed through the grat-
ing. Nevertheless, optical performance depends on the method of deposition.

Lithography and holography yield uniform gratings where optical perfor-
mance is independent of the position on the grating where diffraction is mea-
sured.[99] Gratings deposited by laser writing, which involves moving the
sample back and forth across a focused laser beam in micron-sized steps,
however, are less uniform with optical performance dependent on the posi-
tion on the grating where diffraction is measured. In fact, the difference is
visually apparent as a difference in the contrast between the exposed and
unexposed regions with the contrast much larger in the initially deposited
regions and smaller in the regions deposited later on. This difference in pat-
tern contrast translates into significant differences in optical performance. For
example, more than two higher-order maxima are visible on either side of the
He-Ne fundamental when the laser beam is passed through the initially
deposited region, but higher-order maxima are not visible when the beam
is passed through regions deposited later on. The change in optical perfor-
mance is attributed to Fe(CO)5 diffusion occurring during the laser writing
process.[97] Time-resolved experiments establish that, as Fe(CO)5 in the out-
ermost volumes of PVG is photochemically consumed, unreacted complex
rapidly diffuses into the depleted regions.[33] Diffusion is rapid, and during
photolysis results in changes in iron distribution spanning hundreds of
microns.[13] Since the quantum yield of Fe(CO)5 decomposition is essentially
unity, Fdec¼ 0.96� 0.05,[33] and the excitation intensity used in the laser
writing procedure, ca. 104 W=cm2, is high, the concentration gradient created
by photolysis draws unreacted Fe(CO)5 into the exposed region, thereby
reducing the amount of complex in the next region to be exposed a few
microns away. Individually, the decrease in the amount of Fe(CO)5 in the
next volume to be exposed is small, but in depositing the thousands of lines
needed to create a 2.5-cm� 2.5-cm grating, the cumulative effect is substan-
tial and most pronounced in the last regions of the gratings to be deposited
where the contrast between the exposed and unexposed regions is smallest.
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Since diffraction depends on the difference in optical density and refractive
index between the exposed and unexposed regions, the reduction in pattern
contrast due to precursor diffusion reduces the number of diffraction orders
observed and their relative intensity. Reducing the excitation intensity by a
factor of two does not reduce the differences in optical performance in the

FIGURE 29 Bragg gratings photodeposited by (a) laser writing, (b) holographically

and (c) photolithographically.
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different regions, implying that this is an inherent limitation of a repetitive
deposition procedure using a volatile, weakly adsorbed precursor. Exposing
the entire sample simultaneously, photolithographic and holographic deposi-
tion are not subject to this constraint.[99] In fact, diffusion of the unreacted
precursor during photolysis occurs at all locations, thereby improving optical
performance by improving pattern contrast uniformly across the entire sam-
ple. Because of the differences in pattern contrast, however, comparisons
between gratings created photolithographically or holographically and those
created by laser writing are limited to measurements in the first regions cre-
ated by laser writing.

Pattern resolution is independent of the deposition technique.[99] Whether
created by laser writing, holography, or photolithography, line patterns with
line spacings of 50, 20, and 10 mm appear as sharp, well-defined exposed
and unexposed regions (Figure 29). Each diffracts white light into its compo-
nent’s colors with dispersion of the resolved colors increasing as the line spac-
ing decreases. Consolidation reduces sample volume by 30–35%, but it
occurs without loss of pattern resolution. The decline in line spacing on con-
solidation, 13%, agrees with that calculated assuming isotropic consolida-
tion, 12.8%, which supports the current picture of PVG as a porous
material with a random pore structure uniformly dispersed throughout the
glass.[99] Consequently, the decline in a specific dimension can be calculated
from the initial dimensions of the sample and the total reduction in sample
volume. In other words, the change in the dimension relevant to optical per-
formance, i.e., the line spacing, or the decline in sample dimension perpendic-
ular to the photodeposited lines that occurs on consolidation becomes a
design parameter to improve optical performance. Although consolidation
does not affect pattern resolution, line spacing or the number of lines that
can be photodeposited=mm cannot be increased indefinitely. In both photo-
lithographic and holographic deposition, pattern resolution declines rapidly
with line spacings of � 5 mm. Differences in refractive index or optical den-
sity are visible through an optical microscope and the photodeposited images
continue to diffract light, but the exposed and unexposed regions are less well
defined with the distinction between the two regions becoming blurred.[99]

Unlike photolithography, where line spacing and line width are defined by
the mask, in the laser writing procedure, line spacing is controlled by the
computer-stepping motor, whereas line width is defined by the excitation
wavelength, 488 nm, or ca. 0.5 mm. Some deviation is to be expected due
to the uncertainty of focusing the excitation onto the irregular surface of
PVG (Figure 1). Nevertheless, in all laser writing experiments, attempts to
reduce line width and=or line spacing below 5 mm led to a loss of image reso-
lution equivalent to that found in the photolithographic and holographic
deposition experiments. Loss of pattern resolution at the same dimension,
regardless of method of deposition, suggests that scattering of the excitation
by the irregularities of the glass surface, and=or the pore structure limits the
resolution that can be achieved by these deposition procedures. Since the
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dimensions of the irregularities on the surface of the SiO2 nodules (Figure 2),
ca. 26 nm, are smaller than the excitation wavelength, 488 nm, the principal
source of the scattering is thought to be the SiO2 nodules defining the pore
structure. As illustrated in Figure 30, these nodules scatter the incoming exci-
tation not only at the outermost glass-air interface, but also at the other air-
SiO2 interfaces defined by the internal pore structure. Resolution within these
porous glass matrices, therefore, is thought to be a function of, and limited
by, the morphology of the glass matrix in which the deposition occurs.
Experiments testing these ideas and exploring alternative approaches to over-
come this limitation are in progress, but scattering by and within the matrix
differentiates photopatterning in porous glass from that in a homogeneous
medium such as a polymer. Except for the scattering at the polymer-air inter-
face, the polymer is a homogeneous material with an optical uniformity on
the length scale of the excitation light wavelength. Scattering does not occur
within the bulk, and the chromaphores are uniformly distributed throughout
the polymer. Other factors limit the resolution in a polymer, but, in general,
the homogeneity of the polymer matrix allows images of smaller dimensions
than those accessible in porous glass. Consequently, Bragg gratings photo-
deposited in a polymer more closely approach the line spacings found in

FIGURE 30 Scattering of the photolyzing light by the SiO2 nodules making up PVG

and the base-catalyzed xerogels.
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conventional grooved gratings. For example, a Bausch & Lomb grooved grat-
ing blazed at 500 nm has 1300 lines=mm corresponding to a line spacing of
about 0.8 mm. While scattering may limit the resolution accessible in a porous
glass matrix and therefore the grating’s dispersion, gratings created by photo-
deposition in a porous glass and then consolidated to a nonporous glass pos-
sess a thermal stability unmatched by gratings produced by any other
technique, or in any other medium, including conventional grooved gratings.
Consolidation improves optical performance by decreasing line spacing and
increasing dispersion, but it also encapsulates the grating within the glass. As
the SiO2 nodules broaden and meld together at higher temperature, a 5-nm-
thick layer of glass forms over the photodeposited image thereby protecting it
from the surroundings.[13,99] Isolated from the exterior environment by this 5-
nm layer of glass, the encapsulated grating are unaffected by oxidizing or
reducing atmospheres, organic solvents, and UV and high incident laser
powers.[99]

While accessible resolution and, therefore, grating dispersion are indepen-
dent of the deposition technique, optical performance depends on the deposi-
tion method. Specifically, the holographically deposited gratings yield a
larger number of diffraction orders with higher relative intensities and more
symmetric intensity profiles than those obtained with gratings created by
either photolithography or laser writing. Typically, four to five diffraction
orders are visible with the holographic gratings, whereas those prepared by
the other procedures failed to show more than one or two higher orders.
The intensity profiles of each diffraction order obtained with holographic
gratings parallel that of the fundamental, and the relative intensity of the first-
order maxima are typically 45–50% of the fundamental, whereas the first-
order maxima with an equivalent laser-written grating is � 10% the intensity
of the fundamental.[97–99] With gratings consisting of 5-mm-wide lines
spaced about 10 mm apart, the relative intensities of the maxima observed
with the holographic grating are four to five times those obtained from the
photolithographic or laser-written gratings.[99] Also, the holographic gratings
failed to show the ghost images found with the laser-written gratings.[99]

Photodeposition in porous glass has yet to achieve number of lines=mm
available in scribed gratings, but is readily adaptable to creating gratings or
optical components in unique places. For example, Bragg gratings have been
created holographically and by laser writing on the side of a 180-mm diameter
optical fiber composed of a solid 80–100-mm diameter core with a 40–50-mm-
thick porous cladding. The porous cladding was impregnated with Fe(CO)5

and the regions of higher refractive index created by moving the impregnated
fiber across the focused 488-nm laser beam. The regions of higher refractive
index, which contain iron oxide with no evidence of elemental iron, appear as
parallel lines across the width of the fiber (Figure 31). Because of the curved
surface of the fiber, however, the resolution defined by the micropositioner
and the focus of the excitation exists only along a line on the fiber surface
parallel to the fiber axis. Consequently, resolution declines as the surface,
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because of its curvature, either moves closer to, or away from the focal point
of the excitation. Nevertheless, optical micrographs (Figure 31) reveal well-
defined, 4� 1-mm-wide, parallel regions of higher refractive index separated
by 6� 1-mm-wide, undoped regions on the side of the fiber. Although the line
width is slightly smaller than that found in PVG, where resolution declines at
dimensions below 5 mm, deposition in the porous cladding of the fiber was
expected to be similar to that in PVG, where photodeposition creates the grat-
ing within the PVG matrix and consolidation encapsulates the image under a
5-nm layer of SiO2. After heating the fiber to 600�C, however, atomic force
microscopy (Figure 32) reveals that the grating consists of 2–4-mm-high
ridges on the cladding surface. In fact, the grating produced on the fiber
resembles a conventional grooved grating, where the regions containing the
photodeposited iron oxide appear as raised ridges and the unexposed regions
as intervening troughs. AFM also yields a somewhat larger line width, ca.
8–10 mm, but it is not clear whether this reflects the loss of focus due to
the curvature of the fiber. In other words, it is not known whether the
AFM is examining the grating along the focal line, or slightly off the focal
line where the size of the excitation beam changes as a result of the curvature
of the fiber, thereby reducing resolution. Furthermore, since the ridges shown

FIGURE 31 Bragg grating photodeposited in the cladding of a 180-mm diameter op-

tical fiber.
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in Figure 32 are not observed on PVG, it is not clear whether the grating is on
the surface of the fiber or extends into the cladding of the fiber analogous to
those photodeposited in PVG. Measurements of the distribution of iron in
PVG show that Fe(CO)5 uniformly impregnates PVG to a depth of
� 1600 mm (Figure 14).[13] Photolysis increases the amount of iron in the first
300 mm, and consolidation creates a 5-nm layer of essentially pure SiO2 glass
over a distribution of iron extending 200–300 mm into the glass. Since the
cladding of these fibers is also porous, and these depths exceed the thickness
of the cladding, 40–50 mm, it is quite possible that grating, i.e., the regions
of differing optical density and refractive index, are not just limited to the outer
surfaces, but extend into the cladding. Comparisons of the spatial distribution
of the light transmitted through the fiber before and after deposition of the grat-
ing, however, indicate that photodeposition of the grating does not compromise
the integrity of the core. Therefore, the grating shown in Figure 31 is either lim-
ited to the surface of the cladding or extends into the cladding, although at
present the depth the grating extends into the cladding is not known.

Interest in establishing the position of the grating relative to the core arises
from the surprising result that the grating can be used to insert and remove
light from the core of the fiber. For example, no light emanates from the

FIGURE 32 AFM of Bragg grating photodeposited on optical fiber with the lighter

color indicating image height.
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end of the fiber when 632-nm laser light impinges onto the side of the fiber.
When the light is directed onto the photodeposited grating, however, 632-nm
light emanates from the end of the fiber. Furthermore, light introduced into
the fiber core at the end of the fiber is not scattered from the fiber except
at the photodeposited grating. If the grating is placed at a bend in the fiber,
the amount of light exiting the core becomes a function of the bend in the
fiber, and can be varied by small movements of the fiber. Initial measure-
ments yield a coupling efficiency, i.e., the ratio of power emanating from
the end of the fiber relative to the power incident on the grating, of � 1%,
but this is a lower limit uncorrected for scattering loses at the air-grating
interface or transmission losses through the fiber. Nevertheless, the results
establish proof of concept and show that a grating photodeposited into the
cladding of the fiber can be used to introduce and remove light from the fiber
core without compromising the integrity of the core.

Active Optical Structures

All optical networks consist of active and passive elements with the pas-
sive elements guiding the light to active elements that modulate the fre-
quency, phase, or coherence of the photons passing through the device.
While the above demonstrates feasibility with respect to creating passive
structures via photodeposition in porous glass, the incorporation of active
materials into these optical networks and addressing these materials either
electrically, magnetically, or optically is equally important.[2,100,101] The abil-
ity to retain porosity in an otherwise consolidated glass, as discovered in the
photodeposition of tin in PVG,[40] allows porous regions to be patterned in
the glass that can be impregnated with different optical reagents.

An alternative approach is to transfer established technologies to porous
glass. One of these, which is widely used to assemble electro-optic devices,
is the use of glass coated with highly transparent, electrically conductive,
indium-tin oxide, called ITO or Nesa glass.[102–107] Attempts to deposit
conductive ITO coatings on porous glasses, however, led to loss of porosity
as the metal aggregated in the pores.[47] This not only reduces the porosity
and surface area of PVG, but also dramatically increased scattering, thereby
reducing transmissivity. A procedure developed in this laboratory, however,
patterns electrically conductive, transparent ITO films on PVG without a sig-
nificant reduction in surface area of the glass or its porosity.[108] An Sn=In
film with an atomic ratio, 0.08, cast onto PVG and heated to 650�C, for exam-
ple, has a surface area of 158� 10 m2=g, which is only slightly less than
the surface area of the underlying PVG, 184� 10 m2=g.[108] SEM suggests
the ITO coating extends ca. 3 mm into the pore structure of the glass. Since
this occurs with little change in surface area, to a first approximation, the
morphology of the coated glass is similar to that of the uncoated glass.
Furthermore, when the pore structure is filled with an electro-optic material,
the depth of the conductive film into the pore structure of the glass creates a
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path length, albeit short, but nevertheless much longer than that accessible in
structures assembled by layering the reagent onto the ITO film on a nonpor-
ous glass. In the latter case, the voltage drop, and therefore the effective opti-
cal path length of the electro-optic effect, is limited to a few monolayers of
the active reagent on the ITO surface. The electro-optic effect achieved in a
PVG sample appears to extend much further through the sample. Figure 33
shows the spectral changes achieved in a PVG sample with ITO coated onto
each face of the glass and impregnated with electro-optic reagent DR-1, 4-[N-
(2-hydroxyethyl)-N-ethyl]-amino-40-nitrobenzene. The application of 1.5 kV
through the contacts attached to each ITO-coated face shifts the broad absorp-
tion of DR-1 to longer wavelength and reduces the absorption in the 375–
525-nm region (Figure 33). The spectral changes are similar to the response

FIGURE 33 (a) Absorption spectrum of DR-1 adsorbed onto ITO-coated PVG, and

(b) the difference spectrum after the application of 1.5 kV.
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achieved during corona poling a DR-1–doped polymer film with an applied
voltage of 4 kV. In the later case, the spectral changes are attributed to a field-
induced molecular ordering of the dye.[109] The similarity of the spectral
changes in PVG suggests a similar ordering within the pores of the glass with
the application of a field. The spectral change is reversible when the electric
field is shut off, although the recovery is slow in PVG, requiring a couple of
hours to recover ca. 90% of the initial spectrum.

The electrical and optical properties of the films depend on the tin:indium
ratio (Figure 34) and the annealing temperature (Figure 35). Decomposition
of the In and Sn precursors occurs at 560�C and heating an Sn=In film with
a 0.08 atomic ratio to 600�C reduces its resistance to 1 kO=square. The

FIGURE 34 Variation of the resistance of the ITO coating on PVG as a function of

the Sn:In ratio.
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reduction in resistance occurs with a concurrent crystallization of the ITO
(Figure 36), yielding a coating composed of ca. 20-nm diameter particles.
Dispersed on the SiO2 nodules, the coated sample retains the morphology
of the underlying PVG (Figure 1) with the film reducing the surface area
by no more than 14%. Although the ITO appears to be composed of 20-nm
diameter crystals, these crystals are in electrical contact so that the film is
electrically conductive with a resistance of 0.1O=cm. The resistivity of films
cast on PVG is larger than ITO films cast on nonporous glass, yet the resis-
tance and optical transparency of the coated porous glass are sufficient for
many practical applications. In the 400 to 1200 nm region, for example, the
coated glass retains an optical transmittance of 85% relative to untreated
PVG (Figure 37). The absorptions at 1400 and 1900 nm, which are present
in the spectrum of PVG and the coated samples, are overtones of the intense
SiO-H vibrations of the free and associated silanols.[47] The appearance of
overtone vibrations in the coated samples suggests incomplete coverage of
the PVG by the ITO films. However, non-uniformities are not apparent in
the ITO films and are not detectable in samples impregnated with DR-1.

FIGURE 35 Variation of ITO resistance as a function of annealing temperature. 0.08

Sn:In ratio.
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The spectral changes obtained when 1.5 kV is applied to the sample
containing DR-1 appear very uniform across each face of the sample,
and spectra recorded at different locations on the sample agree within
experimental error, suggesting that the ITO films deposited on PVG, at least
from the optical applications point of view, are relatively uniform.
Since the ITO extends ca. 10 mm into the pore structure, the overtones are
attributed to the uncoated interior portions of the glass. The ITO cast onto
PVG can also be patterned (Figure 38) currently with a resolution on the
order of 50 mm.[47]

FIGURE 36 X-ray diffraction patterns of ITO coated on PVG after heating to (a)

300�C, (b) 400�C, (c) 500�C, and (d) 600�C.
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SUMMARY

Photodeposition of metals and=or metal oxides in porous glass and porous
xerogels followed by thermal consolidation to a nonporous glass is a promis-
ing approach to integrated optics in glass. As illustrated, passive structures
that, depending on shape, guide, focus and defract light. Nevertheless, a num-
ber of fundamental questions must be resolved to optimize optical perfor-
mance. Dn, for example, is a function of the change in the density and
polarizability (Eq. 2) induced by the deposition of the metal and=or metal
oxide. However, it is not clear whether Dn achieved depends equally on
both, or predominantly on one or the other. Is it better to use a precursor
that produces the largest density change, or one that produces the largest
change in polarization, or both? The metals described in this summary were

FIGURE 37 Transparency relative to air of (a) PVG and (b) ITO-coated PVG.
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chosen for their photochemical activity, volatility, band gap, or behavior in
SiO2 matrices with no consideration of either product density or polarizabil-
ity. Other metals, including Ti and Pb, have been examined and, although
each produces a change in refractive index, each is subject to foibles that
either limit use or optical performance of the photodeposited structure.
Hence, a rich, wide experimental vista exists in which to correlate photo-
deposition and optical performance of the deposited material.

Regardless of the specific precursor, the changes in refractive index
described above were achieved with relatively low precursor loadings,
� 10�4 mol=g, suggesting that deposition does not significantly change the
density of the glass. It must be noted, however, that diffusion of both iron
and tin within the glass during photolysis challenges this assumption. Never-
theless, at this point, the low precursor loadings used suggest the changes in
refractive index arise principally from a change in the polarizability of the
volume of glass containing the metal and=metal oxide. Equation 2 refers to
isotropic, homogeneous media, yet the gradient indices produced with iron,
whether due to a change in density, polarizability, or both, are neither homo-
geneous nor isotropic. Rather, they consist of a distribution of 10� 1-nm diam-
eter particles with an average spacing of 22� 1 nm. Can this be treated as
an average since the size of the particles and their average spacing is less than
the wavelength of the visible or near-IR light transmitted through the gradient
index structure?

FIGURE 38 ITO pattern on PVG. Width of the horizontal ITO lines is ca. 100mm.
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The various structures created by the photodeposition of metals and metal
oxides possess high transparency (� 85% vs. air) in the 1300–1500-nm
region, where optical transmission is expected to occur. Nevertheless, trans-
parency at shorter wavelengths is desirable to provide the widest experimen-
tal latitude in devising structures capable of modifying the frequency, phase,
and=or coherence of photons passing through the circuit. Beyond the band
gap of the metal or metal oxide used to achieve a refractive index change,
however, it is not clear what controls the transparency of these nanometer
diameter particles in these SiO2 matrices. The correlation between Fe-
Fe2O3 particle size and the onset of absorption found in PVG, attributed to
a ‘‘quantum dot’’ effect, fails to extend to nearly identical spectral changes
found in the xerogels, where particle growth does not occur during the
subsequent heating and consolidation. The iron oxide, principally Fe2O3, is
� 1-nm in diameter after photolysis and remains � 1-nm in diameter in
the consolidated xerogel, although 50%T shifts to the red. Further work is
needed to understand what controls not only the transparency, but also the
physical properties of metal and metal oxide particles formed in porous
matrices and in the consolidated glasses. At least with iron in these matrices,
the magnetic properties correlate with particle size, but the optical properties
do not.

Whether porous glasses and=or xerogels satisfy all the criteria of an ‘‘opti-
cal silicon’’ remains to be established, but the photodeposition of metal and
metal oxides in glass, particularly in regard to the development of integrated
optics, offers a wide experimental vista and new challenges for inorganic chem-
ists. Merging the advances occurring in nanotechnology with the porosity and
transparency of these materials, the ability to pattern transparent, electrically
conductive coatings, and the ability to retain porosity within an otherwise
consolidated optical network will dramatically increase the ability to innovate
complex circuitry. Glass-based hybrids incorporating materials that respond
to optical, electric, and magnetic stimuli not only provide routes to specific
devices, but fundamental insights into the physical and chemical properties
of nanometer metal and=or metal oxide particles in inorganic oxide matrices.
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