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A chemical bath deposition (CBD) method has been developed to prepare three-
dimensionally-ordered macroporous films of CdS and TiO,, using colloidal crystals as
templates. A series of sequential, short infill/rinse/anneal steps are employed to effect complete
infiltration of SiO; (opal) thin films with CdS or TiO,. Removal of templates allows fabrication
of macroporous inverse replica structures that exhibit periodic modulation of dielectric
behaviour and have potential for use in photonic applications. A study of the photonic
properties of films indicates that the multi-step CBD method is a useful approach for
infiltration of opal interstices.
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1. Introduction

The fabrication of ordered macroporous materials (i.e. pore diameters greater than
50 nm) has become a rapidly growing field in recent years [1]. This development is due
to their wide range of potential applications including use as separation media [2, 3],
novel catalysts [4, 5] and more recently as photonic crystals [6-8]. Photonic crystals are
structures with three-dimensional periodicity generally on a length scale comparable to
that of electromagnetic radiation encompassing the IR-visible-UV region. Photonic
structures have potential for use in optical processing devices, such as miniature
waveguides, mirrors in optical circuits directing light photons, in general developing
analogs to conductors and insulators used to direct the passage of electrons in
conventional electronic circuits [6].

Many methods have been developed to fabricate macroporous structures, generally
described as either “top-down” or “bottom-up” approaches. The former include
micromachining methods, which require complicated and expensive apparatus.
The latter, which include “soft-chemical” approaches such as colloidal self-assembly
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and templating methods, have significant advantages for the experimentalist such as
lower capital costs and use of simple synthetic procedures. By these methods, colloidal
crystals are synthesised and used as inverse templates for the final structure; voids
between the colloidal particles comprising the crystal can be infiltrated by a second
phase using vapour or liquid infusion methods. Upon removal of the colloidal template,
by thermal or chemical methods, a porous periodic structure may be formed. A variety
of macroporous materials have been synthesised using this procedure, including
polymers [9, 10] semiconductors [5, 8] and metals [11-13].

Whilst the process of colloidal self-assembly and template construction has been well
developed, the infiltration process remains problematic and no general procedure
has gained widespread application. Vapour phase methods such as Atomic Layer
Deposition [14] have been shown to be effective but require specialised apparatus and
are not generally applicable. During infiltration, continuous formation of solid phase
tends to reduce and ultimately close porosity at the extremities of the structure,
impeding the inflow of reactive precursors and removal of reaction by-products.
Both processes compromise the efficacy and are common to all infiltration methods.
Solution infiltration methods include sol-gel processing [15-17], UV-induced
polymerization [10], particle infusion [18] and -electrodeposition [13, 19, 20].
The choice of infiltration method used is largely a function of the nature of both the
colloidal template and infill material. Factors such as the effects of dynamic change in
pore volume (i.e. pore size and contact angle will progressively decrease) and resultant
modulation of capillary forces, which draw the precursor through the porous solid as
reaction proceeds, are also important.

Aqueous solution deposition methods, such as chemical bath deposition (CBD) and
variants thereof, can provide economic and efficient approaches to thin film materials,
in particular metal oxides and chalcogenides. Many of these compounds are
semiconductors with large refractive indices and electronic bandgaps, a prerequisite
for photonic applications. In addition to issues mentioned previously, a further factor
that requires attention when producing porous compound semiconductors by solution
methods is the electrochemical properties of the solution and templates. As a result of
the influence of electrostatic forces and surface chemistry, a colloidal template covered
with a progressively growing semiconductor surface in contact with an electrolyte
solution will develop a surface charge, which in turn promotes the formation of a tightly
bound inner layer of opposite charge (Stern or Helmholtz layer). The inner layer
attracts a cloud of counterions and hence a so-called “diffuse double-layer” is
produced, whose magnitude is dependent mainly in the ionic strength of the solution.
Hence the local chemical environment is strongly perturbed which may lead to
modification of the growth kinetics.

A successive CBD method has been successfully used to prepare macroporous CdS
[21] and Sb>S5 [22] films. The colloidal crystal template is immersed first in a solution
containing the metal cation, rinsed, then immersed in a solution containing the desired
anion, and again rinsed. The process is then repeated for as many times as needed to
infill the interstices of the opal. Upon removal of template, highly ordered macroporous
films can be obtained. This method is usually called successive ion-layer adsorption and
reaction (SILAR). The reaction mechanism is different to conventional CBD methods
and in general film growth is slow and tedious. The variety of products is also limited
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as compared to conventional CBD methods, which have been studied for almost 150
years and by which a vast array of different semiconductors films have been
prepared [23]. We have previously described the growth of metal sulfide films (CdS
[24-26], ZnS [27, 28] and In,S; [29]) and metal oxides (ZnO [30-34]) from basic and
acidic solution. To the best of our knowledge, there have been no reports on the
preparation of macroporous films using the conventional CBD method.

In this paper we demonstrate a new strategy by which conventional single-bath CBD
can be used to fully infill the interstices of opals. We describe a universal strategy to
infiltrate macroporous colloidal templates, formed from monodispersed polystyrene
(PS) and SiO, colloids, with TiO, or CdS by solution deposition methods. Moreover,
due to the similarity of solution deposition methods, this strategy has universal
applicability for preparation of macroporous films by single-bath CBD methods and
other chemical solution methods.

2. Experimental

2.1. Preparation of colloidal crystal template layers

Polystyrene (PS) latex beads (mean particle size 460 nm) were obtained commercially
(Sigma-Aldrich) and employed without further treatment. Monodisperse silica (SiO»)
colloids were synthesized following a procedure adapted from Stober [35]. The
morphology and polydispersity of the particles was determined by TEM; silica spheres
with diameter 435.5nm (£11.5nm) and 523.5nm (4+11.3nm) were made and used in
this work. Templates of comparable film thickness values (PS ~4200nm and silica
~4300 nm) were formed on F-doped tin oxide (FTO) coated glass. A standard cleaning
procedure was employed to obtain pristine surfaces for subsequent template
formation [27]. Films of polystyrene microspheres were deposited on FTO glass by a
vertical convective self-assembly method [36]. Silica colloidal crystal templates were
assembled using a method previously [37].

2.2. Solution infiltration of colloidal crystal templates

A procedure described elsewhere for TiO, deposition was adapted for use in the present
study [38]. A Mettler Toledo MA 235 pH/ion analyser and InLab 413 electrode were
used to record solution pH. Templates were immersed vertically in a solution containing
(NH4),TiFs (0.1 moldm™?) and H;BO; (0.2moldm ) and maintained at 35°C for
a period of 2 h. Templates were subsequently removed from the infiltration bath, rinsed
with deionized water and dried at room temperature. A similar procedure was
employed for CdS infiltration but using baths containing CdCl, (0.0109 moldm ™),
thiourea (0.0146 mol dm ), ammonia (5.028 mol dm ) and NaOH (0.0235 mol dm>).
After drying, the films were sintered for 0.5h (TiO,, 300°C; CdS 200°C) to densify and
improve the crystallinity of as-deposited films. The cycle of infiltration-rinse-sintering
was repeated 4 times, a procedure that assured complete infiltration. A final annealing
step (TiO,, 450°C; CdS 300°C, for 2 h) was found to improve film quality. Sintering and
annealing were conducted under static conditions in air using a heating rate of
1°Cmin~"'. Removal of silica templates was achieved by immersion of films in freshly
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prepared aqueous NaOH solutions (~20% w/v) for 16h at 80°C. Elimination of PS
templates occurs during sintering.

2.3. Characterisation studies

X-ray diffraction studies were performed using secondary graphite monochromated
Cu Ka radiation (40kV) on either a Philips X’Pert Materials Diffractometer (APD) or
Bruker AXS DS diffractometer. Scanning electron microscopy (SEM) on carbon-
coated films was performed using a Philips Excel 30 FEG SEM instrument. TEM
electron microscopy and energy dispersive X-ray analysis (EDAX) were accomplished
using a Philips CM200 (200kV) microscope. TEM specimens were mounted on a
carbon-coated copper TEM grid. Electronic absorption spectra were obtained using a
Varian Cary 5000 UV-vis-NIR instrument.

3. Results and discussion

In preliminary work, a comparison of PS and SiO, colloidal templates was made in
order to determine to most promising route towards reproducible films. Both systems
have been employed previously for the fabrication of negative-replica macroporous
films. However, small changes in reported synthetic procedures and the novel nature
of the subsequent CBD infiltration approach made it necessary to firmly establish the
merits and drawbacks of both systems. In general, PS has the advantage over SiO, of
easier removal, by thermal or chemical methods, to yield the inverted template
structure. However, SiO, structures are more robust and sintering of PS templates
frequently results in significant shrinkage of the inverted framework, producing a large
density of cracks and other defects in the macroporous network.

It was apparent that both PS and SiO, colloidal systems were successful for the
preparation of well-ordered, macroporous template layers on substrates. Micrographs
obtained from both systems are shown in figure 1. The close-packed arrangement of the
colloidal crystals is clearly evident. Subsequently the efficiency of CBD infiltration
processes for both template systems was assessed. Primary issues of concern included:
what effect the infilling process had on the resilience of the template; the extent of pore
filling and what were the chemical processes involved. It was apparent from early results
that SiO, templates grown on substrates were more robust to the chemical infill
processing and were thus superior to PS templates, which detached from substrates with
extended infiltration time. Moreover, complete infiltration could be routinely obtained
using SiO, templates.

The effectiveness of infiltration observed using SiO, templates could be rationalised
in terms of advantageous surface chemistry. The pH of point of zero charge (pHy,.) [39]
is an important factor that determines the initial interface behaviour of oxide materials
in aqueous electrolytes. The hydroxylated siliceous surface is highly hydrophilic and
provides a high concentration of available sorption sites for nucleation and growth
processes in aqueous solution, in marked contrast to PS templates for which infiltration
was markedly poorer. The results are shown in figure 2. After infiltration for 8 hours,
in the PS case, the voids are not fully filled and the TiO, framework is dispersed and
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Figure 1. SEM images of colloidal crystal templates (scalebar = 1um). (a, b) Top view and cross section of
the 460 nm PS; (c, d) top view and cross section of the 435.5nm SiO,.

AceV, SpofiMaan
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Figure 2. SEM images of composite films after infiltration and growth (8 h) of TiO, in porous templates
(a) Polystyrene and (b) SiO, colloids. Removal of templates shown in (c) polystyrene and (d) SiO, leads to
formation of macroporous films. Scalebar =1 pm (4 pm for b).
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not interconnected. After removing the template, only the initial monolayer on the
substrate is remains intact. However for SiO, based templates, the voids are fully filled
and the TiO, framework is complete and interconnected. Removal of the support
templates reveals formation of multilayer TiO, macroporous films.

At solution pH ~12 and ~4.5 for CBD-CdS and CBD-TiO» respectively, the surface
hydroxyl groups on silica template particles (pH,,.~2) will tend to be deprotonated
and therefore receptive to absorption of cationic species. Values for the pHy,,. of TiO,
(~6) and CdS (~12) imply that in the initial stages of infiltration, growth in both CBD
systems will proceed via sorption of cationic species on deprotonated surface silanol
groups. Furthermore we can assume the metathesis of surface “Cd-OH” to CdS in the
presence of in-situ generated S>~ is efficient; we have previously shown identical baths
deposit good quality films of CdS when formally supersaturated in hydroxy-cadmium
species in solution [40].

The pattern of results suggests that infiltration by CBD methods is optimised by
minimising homogeneous nucleation and growth processes. While complete infiltration
of interconnected cavities within macroporous SiO, templates is often obtained, more
reproducible results are obtained by using a series of short infill-rinse steps. Formation
of colloidal material in deposition baths and surface sorption may ultimately lead to
premature pore closure at the extremities of the colloidal crystal and thus compromise
the infiltration process, as shown in figure 3. Thus effective infiltration can be realised
by adjustment the deposition parameters to promote heterogeneous but minimise
homogeneous nucleation and growth.

Upon establishment of a (few) monolayer(s) of infill material on colloidal template
surfaces throughout the macroporous structure, further growth and infilling of pores
relies upon controlled growth of material within increasingly restricted Kkinetic
environments. However, we have reasoned that two enabling factors will assist the
solution deposition process; firstly, capillary forces will tend to increase at contracting
pore necks at the periphery of voids with time and secondly, the CBD method employs
low viscosity aqueous solutions and thus benefits from better mass transport than
sol-gel methods [41] for which large concentration gradients, due to localised depletion
of reagents, are likely to retard growth processes in pores. In similar environments and
using CBD methods, local supersaturation (a prerequisite for nucleation) is likely to be
maintained at a moderate level, appropriate for heterogeneous growth but below that
for which homogeneous processes may operate. The surface charge density is also

AccV SpolMacn Dot w0
50040 2.0 40000x: SE 10.1 Lei Zhou

Figure 3. SEM images of SiO, templates after infiltration by TiO,. (a) Two infill-rinse-sinter circles; (b)
single step infiltration (4 h) and rinse-sinter steps. Scalebar =1 pm.
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expected to rise in regions where there is larger surface curvature; the significance of the
phenomenon is difficult to factor but does not appear to negate our simple approach.

By employing a series of sequential, short infill/rinse/anneal steps, the formation of
precipitous materials (common for CBD processes with extended reaction times) is
minimised, removal of any deleterious reaction products ensured and the crystallinity
and integrity of the macroporous structure enhanced. The evolution of the inverse
replica structure as a function of infill cycles is represented in figure 4. The efficiency of
the infiltration process is clearly demonstrated, growth appears to occur in a conformal
manner and evidently, the pore channels at extremities of the porous colloidal crystal
remain open throughout the procedure. Complete infiltration and surface planarisation
is obtained after four infill-rinse-sinter processes. Removal of the SiO, template yields
thin film macroporous structures showing good long-range periodicity over a large area
(figure 5). We are currently optimising the thermal processing conditions in order to
minimise the formation of structural defects such as cracks, which compromise the
isotropic long-range order in the film.

Delaminated material was investigated by TEM in order to probe the internal
structure of films. Further evidence for long-range order in the macroporous CdS and

Figure 4. Evolution of the inverse replica structure of CdS as a function of infill-rinse-sinter cycles. SEM
images (top view and cross section) of template layers after single (a, b), three (c, d) and four (e, f) cycles.
Scalebar =0.5um (a, e); 1 pm (b, ¢); 2um (d, f).



11:20 15 January 2011

Downl oaded At:

228 L. Zhou et al.

TiO, inverse replica films was obtained; the close-packed arrangement of pores in the
inverse replica structure is clearly represented in figure 6. Images collected by HR-TEM
and SAED methods indicated the infill material was hexagonal phase CdS (JCPDS
02-0563) and polycrystalline anatase (JCPDS 86-1156) comprising grains of diameter
ca. 4-7nm. Moreover, no signals for Si were detected in EDX of TiO, macroporous
films, consistent with efficient removal of template material. The crystallinity and phase
identity were confirmed by XRD measurements, representative diffractograms are
given in figure 7.

Electronic spectra of macroporous films provide good evidence for photonic
behaviour. A characteristic property of photonic crystals is the appearance of stop-
bands for light propagation due to coherent Bragg scattering, usually termed a photonic
bandgap (PBG). Photonic materials require large and periodic refractive index contrast
(i.e. ny/n; where n; and n, refer to the small and large components of refractive index in
the structure), identical for all light directions. In addition, negligible absorption of light
photons in the vis-NIR region is required for a full PBG in a material with practical
applications. As the absorption edge is proportional to the fourth power of the
refractive index (RI) for semiconductors, choice of suitable materials with sufficiently
large RI and electronic bandgap is restricted.

A photonic stop-band occurs when the refractive index contrast is incomplete and
leads to production of a pseudo-PBG (i.e. optical stop-bands restricted to specific
crystal directions) rather than full PBG. In the present work, useful information was

AogV Spot'Maan AccV SpotMaan Det WD — 1 g
'00‘30 30190)( Sl 500 kV 2.0 30000x SE 18.2 LeiZhou i
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Figure 5. SEM images of delaminated macroporous films formed on FTO glass. (a) Top view and (b) cross
section of macroporous TiO; films (template comprising 523.5 nm SiO; spheres) and (c) low mag. (x11K) and
(d) high mag. (x30K) cross section of macroporous CdS films (template comprising 435.5 nm SiO, spheres).
Scalebar =1 pm (a, b, d); 2pum (c).



11:20 15 January 2011

Downl oaded At:

High efficiency solution infiltration routes to thin films with photonic properties 229

Figure 6. TEM images of macroporous CdS films. (a) low resolution image; (b) high resolution image, scale
bar is 20nm; (c) SAED pattern of area shown in (b): TEM images of macroporous TiO, films; (d) low
resolution image; (e) high resolution image, scale bar is 20 nm; (f) SAED pattern of area shown in (e).

(@)

(b)

‘ ‘ SnO2 (JCPDS 77-0449)

| 1 e 1| .
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Ll | . 1] e .
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Figure 7. XRD patterns obtained for macroporous (a) CdS films and (b) TiO, on FTO glass.

gained by assessing the shift in the stop-band as a function of degree of infiltration of
SiO, colloidal template layers (435.5 nm diameter). Increase in the dielectric contrast
results in a bathochromic shift of the stop-band position. Measurements were
conducted in transmission mode, where stops-bands appear as a dip in the recorded
spectrum. Results appeared to confirm complete infiltration was obtained after four
infill cycles.
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Representative transmission spectra are shown in figure 8. Simple treatment of data
provided clear evidence that using CBD infiltration methods, macroporous CdS and
TiO, thin films on FTO supports, which behave as inverse opals, can be fabricated.
It has been previously shown for identical close-packed synthetic opals that the
principle feature observed in optical spectra is associated with Bragg reflection from the
(111) planes. The position of the stop-band is given by equation (1) [42]

o) 0.5
il = 2<§> D(n? — sin” 9)"> (1)

where Aqq; is the wavelength of the stop-band (nm), D is the diameter of the colloidal
spheres (nm), 0 is the incidence angle and n, is the effective refractive index of the film.
In the linear approach [43], the square of effective refractive index can be determined
as follows:

(1) During the infiltration process, air within templates is gradually replaced by
CdS with increasing infilling cycles. The film is composed of air, CdS and SiO,.

n; = (0.26 — /)n%, + 0.74ng, + /ggs ()

(2) Upon removal of the templates, SiO, is substituted by air and an inverse replica
film of CdS with air voids is formed.

ng = _f)niir +fn%:ds (3)

where nyi; = 1, ngijo, = 1.45 and ncqs =2.6; f'is the CdS filling fraction relative to the
total volume of the opal and lies between 0 (opal template) and 0.26 (fully infiltrated
opal). This parameter is used to estimate the extent of semiconductor infiltration.

— tomplate &

—infiltrate x2 g :

------ infiltrate x4 * removal of template;
c |+ + CdSreplica .
§e)
7]
0
=
0
=
©
I_

I , I ’ | . I ’ 1
900 1000 1100 1200 1300 1400
A/nm

Figure 8. UV-vis-NIR spectra of films as a function of infilling-sintering cycles. Upon removal of the
template, a CdS inverse-opal replica is produced.
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Table 1. Bragg peak position as a function of CdS infiltration cycles in
macroporous silica for a sample comprising 435.5 nm diameter spheres.

Number of infiltrations Peak position A (nm) Filling fraction f
Template alone® 968 0

Two cycles 1178 0.17

Four cycles 1310 0.28
Final inverse opal® 1115 0.27

#Predicted Aqy; (ideal f.c.c. structure, f=0) is 957 nm.
®Predicted A1y (f=0.26; complete infiltration) = 1122 nm.

Table 1 shows the relationship between measured A;;; for normal incidence (6 =0) and
the CdS filling fraction, f, calculated through equations (1)—~(3) for the samples at
different stages. It is very clear that after four short infill/rinse/anneal circles, the voids
are fully filled by the CdS, and the inverse CdS replica grown in templates is entirely
retained without damage after removal of the templates. The apparent overfilling
(f> 0.26) derives from the presence of a surface layer in regions of the film probed via
the spectrometer, which would tend to increase nNefpectives A111 (nm) and thereby the
calculated f value.

In summary we have employed simple low temperature CBD methods to achieve
complete infiltration of SiO; opal thin films with CdS and TiO,. The effectiveness of the
approach is rationalised in terms of promotion of heterogencous, rather than
homogeneous, nucleation and growth processes under conditions of low solution
viscosity and moderate supersaturation. Removal of templates allows fabrication of
highly crystalline, robust, macroporous inverse replica structures. Preliminary optical
studies of films indicate that periodic modulation of dielectric behaviour is obtained,
with potential use for photonic applications. Moreover, because of the similarity to
conventional CBD methods, this strategy can be widely used to produce macroporous
films composed of other sulfides and oxides which have been successfully deposited on
glass by conventional CBD methods, without substantial modification. This approach
also has potential for fabrication of more complex structures, e.g. multilayer
macroporous films composed of different semiconductors.

4. Conclusions

We have employed simple CBD methods to effect complete infiltration of SiO, opal
thin films with CdS and TiO,. Removal of templates allows fabrication of macroporous
inverse replica structures that exhibit periodic modulation of dielectric behaviour.
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