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Tunable optical properties for hybrid inorganic-organic

[(T10,),,(T1-O-C¢H4-O-),],, superlattice thin films

Janne-Petteri Niemeld, Maarit Karppinen™®

Department of Chemistry, Aalto University, FI-00076 Aalto, Finland

A combined atomic layer deposition (ALD) and molecular layer deposition (MLD) process was
developed to fabricate inorganic-organic [(Ti10,),,(Ti-O-C¢Ha-O-),], thin films from TiCly, water
and hydroquinone (HQ) precursors, and in particular, superlattice structures where single-
molecular organic layers (k=1) are periodically sandwiched between thicker TiO, layers (m>1).
The incorporation of organic layers was found to systematically blue-shift the optical band gap of
Ti0, with decreasing superlattice period, and — most importantly — to sensitize the TiO, layers to
visible light over a considerable part of the visible range below 700 nm, a fact that could be of

substantial interest in photocatalysis and solar cell applications.
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Introduction

The conventional strategies for enhancing optical and electrical properties of inorganic materials
are typically based on small modifications in composition through e.g. extrinsic cation
substitutions or oxygen-content control. An attractive alternative approach to tune the materials’
properties is offered by assembly of inorganic-organic hybrid structures where not only can the
organic component be used to enhance the performance of the inorganic matrix, but also
completely new material properties can be expected as the distinct natures of the organic and

inorganic components are combined in a single material.'

Among the hybrid materials, inorganic-organic superlattices constitute a particularly interesting
material family, as the compositional synergies provided by the hybrid framework are combined
with the freedom to tune the dimensions of the inorganic and organic material domains in
nanoscale by controlling the superlattice period.* Thereby, enhanced control over the material
properties, including quantum effects, is enabled in hybrid superlattices. Synthesis of such
regular two-dimensional thin-film structures requires a very precise atomic-level control over the
chemistries that determine the inorganic-organic interface structures upon film growth. The
deposition processes should hence be based on self-saturating surface reactions. Moreover, the
deposition processes for the inorganic and organic component materials must be chemically
compatible and feasible simultaneously in a single deposition chamber. Employing molecular
layer deposition (MLD) in combination with atomic layer deposition (ALD) provides an ideal set

of techniques to meet these criteria for inorganic-organic superlattice thin-film fabrication.

The ALD technique is a chemical vapor deposition variant that relies on the condition of self-

terminating reactions on a substrate surface. Such condition is met by transporting the precursor
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vapors to the substrate one after another and purging the reactor chamber after each precursor
pulse with flowing inert gas. A sequence consisting of at least two precursor pulses and
subsequent purging for each precursor is called an ALD cycle. Ideally one ALD cycle deposits an
atomic monolayer of the target compound, and thus the film thickness is accurately controlled by
the total number of cycles. Thanks to the self-terminating surface reactions ALD provides an
enabling technique to uniformly and conformally deposit thin films on large-area substrates and
high-aspect-ratio three-dimensional nanostructures. Currently, synthesis of a wide variety of
compounds ranging from binary oxides, nitrides and sulfides to more complex ternary and doped

thin films can be realized with ALD.%”

Molecular layer deposition is a thin-film fabrication technique analogous to ALD but based on
purely organic precursors. Accordingly, in MLD deposition of molecular monolayers instead of
atomic monolayers is allowed for.'®!'" Molecular layer deposition can be used to fabricate thin
films of organic polymers, such as polyamides and polyimides.'*'*> Most interestingly, use of
metal precursors together with organic precursors enables hybrid inorganic-organic thin films to
be fabricated with combined ALD/MLD processes, *'> where the organic precursors can be, e.g.,

14,16

organic alcohols or carboxylic acids.'”'® Such combined ALD/MLD processes also allow for

19-21

fabrication of hybrid inorganic-organic materials in the form of nanolaminates and

superlattices’** in an elegant manner.

Titanium dioxide is an inorganic semiconductor well known for its photocalytic proper‘[ies25 and
widely used as a dye sensitized solar cell electrode material.® For such photoelectrochemical
applications, the wide 3.2 eV band gap of pure TiO, limits the full exploitation of the solar

spectrum, and hence, sensitization of TiO; to visible light plays a key role in search for enhanced
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device performance. In this respect, combining ALD fabricated TiO, layers with MLD fabricated
organic layers into hybrid structures provides an attractive way for tuning the optical properties
of TiO,. A good candidate for an MLD precursor to fabricate the hybrid films for this purpose is

hydroquinone (HQ), as it is rich in Jt-electrons that could potentially be active in interaction with

the inorganic layers, and moreover, it provides controllable growth with its rigid aromatic

backbone hindering unwanted double reactions with the surface during the film deposition."

In this work, we report the successful fabrication of inorganic-organic [(Ti0;),,(Ti-O-C¢H4-O-
)i=1]» superlattice thin films deposited with an ALD/MLD technique in a wide range of
compositions. In order to fabricate the superlattice films, an ALD/MLD process for hybrid (Ti-O-
C¢H4-O-); thin films from TiCls and hydroquinone precursors was at first developed. X-ray
reflectivity and infrared spectroscopy were employed to verify the intended superlattice structures,
whereas UV-Vis spectroscopy provided the means for observing a gradual blue-shift of the band
gap in the TiO, layers with decreasing superlattice period and for verification of a sensitization of

the Ti0O; layers to visible light with the organic layers.

Results and discussion

Our ALD/MLD process from TiCly and HQ precursors, illustrated in Fig. 1(a), yielded smooth
and partially transparent hybrid (Ti-O-C¢Hs-O-); films of orange/red color in appearance. In
order to find the conditions required for self-limiting film growth, the precursor pulse lengths
were varied between 0.5-20 s for HQ and between 0.1-0.4 s for TiCly (Fig. 2). The resultant films
were analyzed for the thickness using the XRR data. The GPC values were calculated dividing
the film thicknesses by the total number of deposition cycles. Based on the film thickness vs.

pulse length data, for HQ exposure the surface reaction was found to reach completion after
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around 10 s whereas for TiCly exposure the surface reaction saturated for all the pulse lengths
studied. Thereby, 15 s pulse length with 30 s purge for HQ and 0.2 s pulse length with 4 s purge
were fixed for the following depositions. Hybrid films with various thicknesses were then
deposited corresponding to total cycle numbers of 100, 200 and 500. The film growth exhibited
linear behavior as a function of cycle number and a growth per cycle (GPC) value of 3.1 A/cycle
was determined from the slope of the linear fit to the film thickness vs. cycle number data. In the
ideal picture based on the expected bond lengths of vertically aligned Ti-O-C¢H4-O- chains
growth of around 10 A/cycle could be reached. Hence, the present ALD/MLD process probably
suffered from some non-idealities such as molecule tilting or double reactions of hydroquinone —
OH groups with the —CI groups of the surface. The GPC value is however in line with the
reported values for Ti-based ALD/MLD films with other organic precursors: for films from TiCl4
and glycerol growth per cycle values ranged between 2.1 A/cycle (210 °C) and 2.8 A/cycle (130

°C), whereas for films from TiCl and ethylene glycol the growth was 4.5 A/cycle (95-115 °C)

and 1.5 A/cycle (135 °C).%
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Figure 1. A schematic representation of the deposition process for one cycle (k=1) of (Ti-O-
C¢H4-O-); hybrid (a). A schematic representation of the superlattice film structure where single
cycles of (Ti-O-C¢Hy4-O-);=; hybrid are deposited, as illustrated in image (a), between
octahedrally coordinated TiO, layers to form [(TiO;),,(Ti-O-CsHy4-O-);=1], superlattices (b).
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Figure 2. Deposition characteristics as determined by X-ray reflectivity for hybrid inorganic-
organic (Ti-O-C¢Hy-O-); thin films from TiCly and hydroquinone (HQ) precursors. Growth per
cycle (GPC) values with varying pulse length for TiCly (a) and for hydroquinone (HQ) (b).
Thickness vs. number of TiCls/HQ cycles k (c).

The fabrication route developed for the hybrid (Ti-O-C¢Hs-O-); films was then combined with
the TiCly/H,O ALD process for TiO, in order to grow [(TiO,),(Ti-O-C¢Hs-O-)i=,], superlattice
structures with single molecular organic layers sandwiched between wider inorganic layer blocks
(Fig. 1(b)). The growth of the superlattice films depended systematically on the film composition
as is shown in Fig. 3. The GPC values were found to increase from around 0.40 A/cycle to 0.68
Alcycle as the k:m ratio increased from 1:400 to 1:4. Such increasing trend was expected as with
increasing k:m ratio more and more TiCly/HQ cycles with a high GPC value of 3.1 A/cycle

contribute to the overall GPC value. The systematic changes in the GPC values indicate that the
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deposition process for the hybrid (Ti-O-C¢Hy-O-); films was mixed in a controlled manner with

the process for the TiO; films by the present ALD/MLD technique.
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Figure 3. Growth per cycle values (GPC) for the [(Ti0,),,(Ti-O-C¢Hs-O-)i=1], superlattice films

as determined by X-ray reflectivity.

Crystallinity of the thin-film samples deposited on glass substrates was then studied with GIXRD
(Fig. 4). The diffraction peaks of the purely inorganic ALD film were readily indexed to 101, 103,
004, 112, 200, 105 and 211 reflections of the anatase crystal structure of TiO,. For the 1:400
sample the intensity of the peaks reduced notably, implying that the introduction of the organic
molecules into the structure hindered the crystallization of TiO,. For k:m > 1:400 no reflections

were detected which indicated the formation of amorphous superlattices.
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Figure 4. Grazing incidence X-ray diffraction patterns for the [(Ti0,),,(Ti-O-CsHs-O-)i=1],

superlattice films.

The XRR technique was employed to verify the targeted superlattice structures as illustrated in
Fig. 5 for the 1:400, 1:200 and 1:100 samples. From around € = 0.1° until the critical angle
around 0.25°, the reflected intensity experienced a plateau of maximum intensity corresponding
to the total reflection of the primary beam. After the critical angle the intensity rapidly decreased
followed by an onset of periodic oscillations of the reflected intensity. The small fringes
correspond to the interference minima and maxima of reflected beam from the film-air and film-
substrate interfaces and hence depend on the film thickness. In addition to the small fringes, the
reflected intensity also showed periodically repeated interference maxima with higher intensity.
These higher maxima stemmed from constructive interference from the periodically positioned
organic layers. The angular difference of the maxima relates to the spatial separation of the
successive organic layers, that is, the superlattice period. Hence obtained superlattice periods
multiplied by the number of their repetitions corresponded well with the measured film
thicknesses. The number of the small and large fringes relative to each other carries information

on the total number of the superlattice period repetitions #n. Ideally, n-2 gives the number of small
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fringes found between the successive large fringes. For the 1:400 and 1:200 samples this was
found to hold as » obtained from the reflection patterns matched the corresponding experimental
deposition parameter. The angular separation of the reflection maxima is directly proportional to
the number of repetitions of the superlattice period and hence, in the 6 range with measurable
intensities, superlattice structures for k:m ratios larger than 1:100 could not be detected. The
observation of the higher intensity maxima in the XRR patterns proves that the organic molecules
were periodically deposited between the TiO, layers and verifies that superlattice structures with

precise interface control were synthesized in a predicted manner.
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Figure 5. X-ray reflectivity patterns for the [(Ti0;),,(Ti-O-CsH4-O-)4=1],, films with k:m ratios of
1:400, 1:200 and 1:100. Angular spacing of the small fringes relates to total film thickness,

whereas that of the large ones carry information on the superlattice period ».

In order to study the chemical state of the films, they were measured for their absorbance of mid-
infrared radiation in the wave number range of 400-4000 cm™. The transmittance spectra of the
[(Ti02)m(Ti-O-C¢Hy-O-)i], films at normal angle of incidence obtained via FTIR technique are
presented in Fig. 6. The most pronounced feature in the FTIR spectra was the very clear

absorption peak at around 1486 cm™ corresponding to the C=C stretching in the aromatic rings
rption p p g g



Dalton Transactions Page 10 of 22

from the HQ precursor. Together with a weak aromatic ring signal at 1589 cm™, this implied that
the aromatic rings were delivered to the film structure intact. The presence of a broad C-O
stretching signal at around 1196 cm’ indicated that the aromatic rings readily bonded via oxygen
atoms to the TiO, matrix. The presence of the TiO, layers was witnessed as Ti-O absorption was
found to peak between 400 and 500 cm™ with increasing intensity for decreasing k:m. A weak
signal at around 833 cm™ corresponded to the C-H bend of para-substituted aromatic rings,
whereas the presence of a small peak at 886 cm™ could stem from 1,2,4-trisubstituted aromatic
rings as an indication of some unexpected side reactions. Very small peaks were seen at 441 and
494 c¢m™, particularly for the m=0 hybrid, probably due to Ti-Cl bond absorptions. This implied
that during the film growth some Cl-groups from TiCly may have not reacted, which is likely due
to steric hindrance of precursor molecules. Moreover, the peak intensities were found to depend

in an expected manner on the k:m ratio, as a further proof of a well-controlled synthesis.

105

100

951

90

85

80

75 N‘IO__/———’V/\/-/\'\/\J
70 M\\
65k Hybrid (m=0) A

60

Transmittance (arb. units)

886

119
833
I 444:94

55

8
3

50 " " " " s s s
4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm'1)

Figure 6. Fourier transform infrared spectra for the [(TiO;),,(Ti-O-CsHy4-O-);=1], thin films for
k:m in the range of 1:400-1:4 and for (m=0) hybrid.

Electron and mass densities were estimated for the present films from the XRR patterns. The

critical angle 0. of the reflection curve essentially depends on the mean electron density in the

10
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material p, = (62m)/(A%r,), where 1 is the x-ray wavelength and 7, the classical electron
radius.”® If one assumes elemental composition for the material can mean mass density then be
estimated from p,, = (p,A)/(N4Z), where A is average molar mass, N, the Avogadro constant
and Z the average atomic number.”® As seen in Fig. 7(a) the critical angle of the reflectivity
curves showed a clear reducing trend with increasing k:m ratio. This is explained by reduction in
overall electron density as is reasonable for increasing organic content (Fig. 7(b)). The estimated
mass density values obtained assuming stoichiometry of [(TiO;),(Ti-O-CsH4-O-),] reduced in
line with electron density for increasing fraction of organic content and the control over the k:m
ratio enabled precise control over the material’s density from 3.6 g/cm® for pure TiO, to 1.6
g/em’ for the m=0 hybrid (Fig. 7(c)). The value 3.6 g/cm’ obtained for the present pure TiO, thin
film approaches the density of bulk anatase” 3.84 g/cm’. This is in line with the previously
reported values 3.39-3.76 g/cm’ for ALD-fabricated TiO, films®® and is in agreement with our
XRD data that confirmed growth of anatase phase TiO,. The value 1.6 g/cm?® for the m=0 hybrid
indicates a dramatic decrease in density compared to the purely inorganic films and compares
well with the values of around 1.5-2.0 g/cm’ reported previously for similar types of hybrid
films'***?!?7_ Such changes in the density values for the present films indicate modification of
mechanical properties typically searched for hybrid inorganic-organic films, e.g., for flexible

applications.

11
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Figure 7. X-ray reflectivity patterns for the [(Ti0O,),,(Ti-O-CsH4-O-);=1], films around the critical
angle (a). Mean electron densities p, as determined from the critical angles (b) and mass densities

pm obtained further assuming elemental composition of (Ti0O,),,(Ti-O-C¢H4-O-) for the films (c¢).

The optical characteristics of the films were studied by means of spectrophotometry in the UV-
vis range of light at normal angle of incidence. In Figs. 8(a) and 8(b) results are shown for film
transmittance T and absorbance A = 1 — (R + T), where R is reflectance, as a function of the
photon wave length. Two evident absorption features were seen in the measured wave length
range: a sharp increase in absorbance at around 390 nm and a broad maximum at around 400 nm.
The first feature around 390 nm was ascribed to fundamental absorption related to electron
excitation over the TiO, band gap (Figs. 8(c) and 8(d)). The band gaps of the [(TiO,),(Ti-O-
CsHy4-O-)], samples were estimated from (ahv)'? vs. hy plots for indirect-gap and amorphous
semiconductors, where a is the absorption coefficient and 4v is the photon energy, by
extrapolating the linear region of strong absorption to the energy axis (Fig. 8(c)). The absorption
coefficient was estimated from the transmittance and reflectance data. The obtained band gap
estimate for the pure TiO; film of 3.25 eV is in accord with the literature value of 3.2 eV for
anatase TiO,.>' The TiO, band gap was found to blue-shift in the superlattice films with
decreasing superlattice period with an onset between periods of 1:20 (0.96 nm) and 1:40 (1.9 nm)

12
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finally reaching 3.75 eV for the m=0 hybrid. The blue-shift is probably due to quantum
confinement of electrons with decreasing TiO, domain size in analogy to nanocrystalline
materials in which a decrease in grain size leads to an increase in the band gap.32 The present
threshold TiO, domain size (< 2 nm) for onset for confinement effects is in line with the reported
threshold for TiO, nanoparticles (< 3 nm).* The 0.5 ¢V increase in the band gap between the

pure TiO, and hybrid films is in line with the results of Abdulagatov et al.*® and Yoon et al.**
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Figure 8. UV-vis (a) transmittance and (b) absorbance for selected [(TiO;),,(Ti-O-CsHy-O-)i=1]n

172

films. (c) Illustrative (ahv) '~ vs. hv plots, where a is the absorption coefficient and 4v the photon

energy, and (d) energy gap values E,.

The second feature with the 400 nm maximum red-shifted the absorption edge of the samples
close to 700 nm extending over a considerable part of the visible range in agreement with
orange/red color of the samples. The feature was absent for the pure TiO; film and increased in
magnitude for increasing (Ti-O-C¢Hs-O-) content in the [(TiO,),,(Ti-O-C¢Hs-O-)i], hybrid films.
The absorbance of pure hydroquinone peaks slightly below 300 nm,** and hence can not explain
the broad feature. The fact that the intensity of the feature appeared to depend rather on the

amount kxn of the (Ti-O-C¢Hs-O-) layers than on the superlattice period indicated that the

13
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absorption was not inherent to the superlattice structure; instead it appeared to stem from the
local (Ti-O-C¢H4-O-) environment. Absorption features similar to the present have been observed
for TiO, nanotube surfaces modified with hydroquinone®® and for TiO, nanoparticle surfaces
modified with several enediol ligands.*® In both the material systems binding over inorganic-
organic interface was essentially characterized by Ti-O-C linkages as is for the present samples. It
was shown through electron paramagnetic studies that enediol ligands form charge transfer
complexes with TiO, nanoparticles®® and supported via computational studies in the case of
catechol modifiers that excitation takes place from a molecular orbital of the aromatic ring to an
orbital delocalized on a titanium atom in TiO, lattice.’” Taken the similarity between the
inorganic-organic interface structures between the present [(Ti0O;),(Ti-O-CsH4-O-);],, thin films
and the hybrid systems of Refs. 35-37 it is probable that the observed red-shift for our hybrid thin
films is due to excitations from molecular orbitals of the aromatic rings to orbitals delocalized on
titanium atoms in TiO,. Such visible range absorption appears to be unique to the present films
among the ALD/MLD hybrids, and particularly, it is in notable contrast to high visible range
transmittance reported for films from Diethylzinc and HQ* or from TiCl; and EG/GL*®
precursors. As ALD/MLD particularly excels in conformal depositions on 3D large surface area
nanostructured electrodes, the ability to create functional inorganic-organic interfaces with light
absorbing organic units together with charge transfer to the TiO, body, by a route such as the
present, could be promising for solar cell applications. Moreover, hybrid films with TiO, surface
termination and absorption properties as reported here might show improved photocalytic

properties with activity extended to the visible range of light.

Experimental

Fabrication of the thin films was carried out in a Picosun R-100 ALD reactor using N as a carrier

14
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gas for the precursors and as a purging gas. Borosilicate glass and silicon were used as substrates
and the deposition temperature was set at 210 °C for all the depositions. To reach the precursor
vapor pressures required for efficient precursor transport to the substrate, HQ was heated up to
120 °C, whereas TiCly and H,O could be kept at room temperature. Hybrid (Ti-O-C¢Hy4-O-); thin
films were grown from TiCls and HQ precursors with varying the total number of deposition
cycles, k£ (Fig. 1(a)). After optimizing the process for self-saturating surface reactions, each
TiCls/HQ cycle to deposit a monolayer of the hybrid film was fixed to the following pulsing
sequence: TiCl4(0.25)/N2(4s)/HQ(15s)/N,(30s). Hybrid [(TiO;),,(Ti-O-CsH4-O-)s=1], superlattice
structures were then fabricated by mixing the deposition process for hybrid (Ti-O-CgHs-O-);
films with the TiCls/H,O ALD process for TiO, (Fig. 1(b)). To deposit one ALD cycle of TiO,,
the precursors were pulsed in the following manner: TiCly(0.28)/Nx(4s)/H,0(0.15)/Nx(4s).”” In
the mixed process, at first a TiO, layer was deposited via m TiCly/H,O cycles, then a single cycle
(k=1) of (T1-O-C¢H4-O-);=; hybrid was grown on top of the TiO, layer. These two steps were
then repeated » times in order to fabricate thin films with superlattice structures. Hence, the k:m
ratio was effectively used to control the superlattice period and n was the number of superlattice
period repetitions. In terms of m, k and n, the total number of deposition cycles was obtained as

(m+k)xn. A wide range of compositions was studied varying the k:m ratio between 1:400 and 1:4.

The structure of the grown thin films was studied with X-ray scattering techniques using a
PANanalytical X'Pert Pro MPD diffractometer, with Cu K, radiation, as the instrument. For
determination of the film crystallinity the diffractometer was operated at low angle of incidence,
i.e., grazing incidence X-ray diffraction (GIXRD) geometry was used. Film thicknesses were
determined by means of X-ray reflectivity (XRR) and the growth per cycle values calculated

dividing the measured thicknesses by the total number of deposition cycles. In particular, the

15
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XRR technique was used to observe the characteristic reflection patterns for the superlattice films.
Furthermore, estimates for film densities were calculated from the critical angles 6. of the XRR

curves.

The chemical state of the films was determined employing a Fourier transform infrared (FTIR)
Nicolet magma 750 spectrometer. The samples deposited on silicon substrates were used for the
IR measurements and were scanned for their IR response in the wave number range of 400-4000
cm” in transmission mode. The spectrum of a bare substrate was subtracted from the sample data

to obtain the actual spectra for the thin films.

The samples were characterized for their normal transmittance and reflectance in the UV-Vis
wave length range 200-1100 nm with Hitachi U-2000 spectrophotometer. The measured
reflectance spectra were referenced against a spectrum for an aluminum mirror. Absorbance of
the films was deduced from the transmittance and reflectance data and the band gaps were

estimated from the plots of square root of absorption coefficient vs. photon energy.

Conclusions

In this work we deposited hybrid inorganic-organic (Ti-O-C¢Hy-O-); thin films from TiCly and
HQ precursors with a combined ALD/MLD technique. The film growth proceeded via self-
saturated surface reactions in a linear fashion with respect to the number of deposition cycles
yielding an average film growth of 3.1 A/cycle at 210 °C. Thin films having [(TiO;),(Ti-O-CsH4-
O-)i=1]» superlattice structures with a composition in the range of 1:4<k:m<1:400 were fabricated
by mixing the process developed for hybrid (Ti-O-C¢Hs-O-); films with the ALD process for

Ti0; from TiCls and H,O. A proof of successful fabrication of the targeted superlattice structures

16



Page 17 of 22 Dalton Transactions

was seen in the characteristic XRR patterns that stemmed from periodically arranged well-
defined inorganic-organic interfaces. It was determined from the FTIR spectra that the benzene
rings from the HQ precursor molecules were delivered to the superlattice structure intact and that
they bonded via oxygen atoms to the TiO, layers. The deposition of the organic layers between
the TiO, layers was found to inhibit film crystallization in a way that the 1:400 sample showed
weakly crystalline character and otherwise our ALD/MLD process yielded amorphous
superlattice films. The density of the films was systematically reduced with increasing organic
content from 3.6 g/em’ for pure TiO, to 1.6 g/em’ for the m=0 hybrid, indicating improved
mechanical properties highly interesting for flexible applications. Probable indication of quantum
confinement of electrons in the TiO, layers was seen as the optical band gap of the superlattices
blue-shifted with decreasing superlattice period up to 3.75 eV for m=0 hybrid from 3.25 eV for
purely inorganic TiO, film. The addition of the organic layers sensitized the TiO, layers to visible
light in a way that absorption started from around 700 nm. Such a sensitization of TiO, to visible
light by the present method appears interesting for photocatalysis and solar cell applications

particularly when conformal coating of nanostructured electrodes is required.
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A combined atomic/molecular layer deposition (ALD/MLD) process can be used to fabricate
inorganic-organic [(Ti0O,),(Ti-O-CsH4-O-)], superlattice structures where single organic layers are
periodically sandwiched between thicker (m>1) TiO, layers. The incorporation of organic layers
provides us with a means to systematically control the optical properties of TiO; thin films, a fact
that could be of substantial interest in photocatalysis and solar cell applications.

( _ Suneflaqice  n=A XRR: superlattice \

reflections

Organic
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