and length about 2-3 um. Metal chelate precursors, M(hfa),xH,O (M =Pd, Ni,
and Cu; hfa = hexafluoroacetylacetonate) were purchased from Aldrich Chemi-
cal Company and used as received. For palladium impregnation, 10 mg of
MWCNTs were loaded in a 3.47 mL high pressure stainless reactor along with
10-50 mg of Pd(hfa),-xH,O. The first valve, V1, was closed while valves V,, V3,
and V4 were opened and 3 atm of H, flowed through the reactor for 5 min to
expel the air inside. Valves V,, V3, and V, were then closed, and V; was opened
to purge the mixer with 80 atm of CO,. V; was closed again after CO, purging.
CO; and H, were mixed well by magnetic stirring. Valves V; and V3 were
opened, pumping CO, and H, mixture into the reactor, and then closed. After
30 min, the precursor was dissolved completely in CO,, and a uniform solution
was obtained. Then the reactor was heated gradually to 80-150 °C and the tem-
perature was maintained for about 5 min. After that, the reactor was cooled to
35°C, and vented slowly by opening V4. CO, flow was used to flush the reactor
twice to remove the possible unreacted species and by-products. The reactor
was then opened, and the recovered powders were subjected to TEM and EDS
analyses. The same procedure and conditions were also adopted for filling nick-
el and copper into MWCNTSs, except that the reactor was heated to a higher
temperature, i.e., 250 °C. High-resolution TEM analysis was carried out on a
Jeol JEM 2010 microscope with a routine point-to-point resolution of 0.194 nm.
The operating voltage on the microscope was 200 keV. All images were digitally
recorded with a slow scan charge coupled device (CCD) camera (image size
1024 x 1024 pixels) and image processing was carried out using a Digital Micro-
graph (Gatan). EDS analysis was carried out on an Oxford ISIS system at-
tached to the Jeol 2010 TEM.
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High-Energy Photonic Bandgap in Sb,S; Inverse
Opals by Sulfidation Processing**

By Beatriz H. Judrez, Marta Ibisate, José M. Palacios, and
Cefe Lopez*

Self-assembly colloidal crystal methods!'™! have lately at-
tracted great attention since macroporous silica or polysty-
rene spheres templates were found to show advantageous op-
tical properties for building three-dimensional (3D) photonic
crystals.*!

These systems present a periodic modulation of the dielec-
tric constant that result in a strong enhancement of its diffrac-
tive properties and the appearance of stop bands for light
propagation, called photonic bandgaps (PBG).[5’6] When such
a stop band remains unchanged in energy irrespective the di-
rection of light propagation, a full PBG is achieved. A full
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PBG is required for light waveguides with low-losses and
thresholdless lasers. Photolithography,”! holography,”® nano-
robotic manipulation,”’] and self-assembly!!! methods, com-
prise the chief options to manufacture photonic crystals.

One of the significant requirements to develop a full PBG
is the existence of a high dielectric function contrast in the
crystal. In this way, Soziier and coworkers!'”) proved the exis-
tence of a full PBG in face-center cubic (fcc) arrays of air
spheres immersed in a high dielectric constant medium
(em>8.4)." For this reason, 3D macroporous silica or poly-
styrene opals, are widely used as supports in order to fill the
interconnected cavities with materials possessing a high di-
electric function. Silica or polystyrene matrices can then be fi-
nally removed by means of chemical etching or thermal treat-
ment. In this case, the remaining structures are known as
inverse opals,“z’”] and consist of air spheres in a high dielec-
tric constant medium showing the negative replica of the ini-
tial fcc lattice. Porous silica matrices have been successfully
infiltrated by chemical bath deposition (CBD) and chemical
vapor deposition (CVD) methods. It is well known that syn-
thesis methods involving gas reactants lead to syntheses with
better materials quality: silicon™ and germanium[lﬁ] are two
very good examples. Due to the limitation imposed by the re-
quired high dielectric constant, there are very few materials
capable of showing a full PBG. In silicon and germanium in-
verse opals a full PBG is predicted in the near infrared (NIR)
range of the spectrum.

However, the existence of a limited number of transparent
materials in the visible light region possessing a high dielectric
constant decreases the chance of finding materials exhibiting
a full PBG in this spectral range. Sb,S; fulfils the optical re-
quirements to obtain a PBG in the visible or the NIR, de-
pending on its amorphous or crystalline nature.!'”’ The elec-
tronic gap of Sb,S; lies around 2.2 eV (564 nm) for
amorphous and 1.78 eV (697 nm) for crystalline Sb,S; thin
films.'®! The maximum values of the dielectric function are
10.9 and 14.4 for the amorphous and crystalline forms respec-
tively.[”] Therefore, Sb,S; inverse opals with a full PBG are a
very important target in photonic crystal research.

For the synthesis of these structures, a modified chemical
bath deposition (CBD) method has been employed showing
promising results.'”) Although the quality of the material ob-
tained by the wet method is very good, the control on the de-
gree of infiltration and the uniformity of the composite can
only be improved by substituting as many liquid phase precur-
sors as possible for similar ones entering the reaction in gas
phase. Here, we report on a two-reaction procedure in which
a gas phase is the trigger of the reaction to grow crystalline
Sb,S; in opals. This newly developed method includes the hy-
drolysis and condensation of an antimony alkoxide precursor
within the opal matrix, sulfidation of the hydrolyzed product
(antimony oxide, Sb,03), and finally chemical etching for sili-
ca removal. This method yields inverted samples of remark-
able quality with greatly improved optical properties. The wet
impregnation of a pure liquid precursor benefits the complete
opal infiltration (because of its liquid nature) and produces

320 © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim  0935-9648/03/0302-0320 $ 17.50+.50/0

the maximum amount of solid oxide after the hydrolysis reac-
tion (because of not being dissolved). During the second reac-
tion, the gas phase assures a better diffusion of the reactant
for the chemical conversion.

We present the reflectance response of crystalline Sb,S; in-
verse opals synthesized by using this method showing a broad
and flat peak centered at ca. 760 nm, with an 85 % reflectivity
that can be assigned to the full PBG. The full width at half
maximum of this peak when recorded from the (111) direc-
tion is 100 nm, which corresponds to 14 % width-to-center ra-
tio.

The sulfidation of the hydrolyzed precursor was performed
in an upflow fixed-bed quart reactor at atmospheric pressure
and 300 °C.

Thermodynamic data allows us to predict that the sulfida-
tion of Sb,O5 at the operating conditions used is highly fa-
vored (AG%;3=-31 Kcalmol™) through an exothermic reac-
tion (AHZ7;=-32 Kcalmol™). Silica, however, cannot be
affected by this sulfidation process. A variation of the operat-
ing conditions (temperature, flow rate of H,S as a reactant,
etc.) allows different rates of sulfide growth, leading to the
formation of both amorphous and well-crystallized Sb,Ss.

Incidentally, the spherical morphology of the beads and me-
chanical and sulfidation properties of Sb,O; silica composites
make them potentially suitable for the development of sor-
bents of H,S.12*21

The synthesis of crystalline Sb,S; inverse opals involves sev-
eral steps. In the first stage, it is necessary to obtain a Sb,O3
silica composite for further sulfidation. Porous silica was im-
pregnated with liquid antimony triethoxide, Sb(OEt);, under
vacuum conditions. This opal was then exposed to a moist at-
mosphere at room temperature, promoting the hydrolysis of
antimony triethoxide to antimony oxide Sb,O; through the
reaction:

2 Sb(OEt); +3 H,0 — Sb,05 + 6 EtOH 1)

Ethanol, as a hydrolysis product, was removed by vaporiza-
tion by heating up the samples to 100 °C. Three successive im-
pregnations of Sb(OEt)s, followed by further hydrolysis, pro-
vided an infilling degree of nearly 90 % of Sb,O3. Due to the
different molar volume of Sb,O5; and Sb,S;, an expansion is
expected after the conversion. The Sb,O; silica composites
were subsequently sulfidated in a fixed-bed reactor at atmo-
spheric pressure and 300 °C. The involved chemical reaction
is:

Sb203 +3 st(g) - Sb203 +3 HQO (2)

Scanning electron microscopy (SEM) images of the pre-
pared Sb,Oj-silica and Sb,S;-silica composites are shown in
Figures 1a and 1b, respectively. During impregnation, the lig-
uid alkoxide filled the interstitial cavities among silica
spheres. After hydrolysis and condensation, the deposited sol-
id Sb,O; fills these cavities, as can be seen in Figure 1a. The
presence of holes is due to the applied cleavage for sample
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Fig. 1. SEM images of a) Sb,Os-silica and b) Sb,S;-silica composites.

preparation, but it is worth mentioning that the interstitial fill-
ing is shown to be complete and homogenous. Figure 1b
shows the appearance of a sulfide-silica composite after sulfi-
dation of the oxide.

To obtain a full PBG photonic material, opal inversion is
subsequently required. This new structure is just the negative
replica of the original opal, as silica spheres are removed by
chemical etching. In this inverted opal, interconnected air
spheres embedded in a Sb,S; matrix provide enough contrast
in the dielectric function to open a full PBG. The method used
for silica removal is chemical treatment with a hydrofluoric
solution (1 wt.-% in concentration) for seven hours. Figure 2
shows the appearance of the inverted opal after chemical

Fig. 2. SEM image of a (111) facet of a Sb,S; inverted sample. The inset shows
a lower magnification image.

etching. A high degree of connectivity between voids and high
fidelity to the original opal is evidenced in large areas of the
sample. It is worth mentioning the remarkable quality of both
composites and inverted samples, as can be appreciated from
the SEM images.

The composition of the inverted opals was determined in an
SEM coupled to an energy dispersive X-ray (EDX) spectrom-
eter. The respective Sb and S concentrations were found using
a commercial Sb,S3 99.999 % purity as standard. The obtained
composition of the inverted opal was very close to that ex-
pected for the stoichiometric antimony sulfide Sb,Ss.

Adv. Mater. 2003, 15, No. 3, February 5
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Further assessment of the chemical nature and structure of
the compounds formed at the different stages of preparation
has been achieved by powder X-ray diffraction (XRD). To
minimize the detrimental effect derived from the presence of
amorphous silica in oxide-silica composites, bulk hydrolyzed
alkoxide was obtained by using identical operating conditions
to those used in the preparation of hydrolyzed opals. To study
the structural changes involved in the sulfidation of Sb,Os3,
bulk hydrolyzed precursor was sulfidated in the reactor to-
gether with Sb,Os-silica composite. Two different runs were
performed using reaction times of six and ten hours. Operat-
ing temperature, gas flow rate, and pressure were kept con-
stant for both experiments. The respective XRD patterns
were processed using Rietveld methods, allowing the refine-
ment of different structural parameters from the starting
structure, including lattice and peak shape parameters. In ad-
dition, this method allows quantitative analysis of the crystal-
line chemical species found. The application of this method
also reveals that the material lattice parameters underwent
relevant changes (not shown). The conversion of oxidic into
sulfided phase implies an increase in the molar volume that
can account for crack development if a complete filling of
voids in the preceding stage of preparation is achieved and de-
pending on the operating conditions used during the sulfida-
tion procedure. For this reason, incomplete infilling was used
in the preceding stage of preparation.

In the ten-hour sulfidation test, the XRD pattern reveals
that a 4 wt.-% of the oxide was present. However, the final in-
verted opal does not contain any traces of oxide, since Sb,O3
remnants are removed together with silica during chemical
etching with HF. Experiments to remove silica spheres in
Sb,03-silica composites before sulfidation processing failed.
The 1 wt.-% HF solution dissolved not only the silica, but also
the Sb,O5 in the voids.

Figure 3a shows XRD pattern with well-defined reflections
assigned to cubic Sb,O; senarmonite. The presence of a broad
peak centered at 20=28° suggests the partial presence of
amorphous Sb,O3. The powder XRD pattern for the sulfi-
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Fig. 3. XRD diffractograms from hydrolyzed Sb(OEt);: cubic senarmonite
Sb,05 (a), and from the latter after sulfidation: Sb,S; (b).
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dated compound is shown in Figure 3b. Narrow reflections
show the crystalline nature of this sample comprised 96 wt.-%
Sb,S; and 4 wt.-% Sb,0s5.

Optical reflectance spectra were obtained in several stages
of sample preparation to track the filling degree of voids in
bare opal. Since the position of the Bragg peak is a function
of the dielectric constants of both the silica and the medium
occupying the voids, material infiltration entails a shift of the
diffraction peak.””

Plots in Figure 4 show the reflectance spectra for a bare
opal before and after the first precursor condensation. Using
a dielectric constant of 4.4 for the oxide, an estimate of the de-
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Fig. 4. Reflectance spectrum from a Sb,Os-silica composite. The shift in the
first stop band is used to assess the degree of infiltration.

gree of infilling can be made. In this case, after the first con-
densation cycle, 65 % of the pore volume was filled with
Sb,0s.

Optical properties for sulfide composite and inverted opal
were also monitored with the support of band structure calcu-
lations.**! Figure 5 shows theoretical calculations and experi-
mental reflectance spectrum for a 100 % Sb,S; infilled opal.
Sb,S; silica composite shows a broad and well-defined peak at
low energy corresponding to the first stop band opened
around the L point of the reciprocal lattice, the Bragg reflec-
tion peak. Again, from the position of this peak it is possible
to assess the degree of infilling, because this peak shifts to
higher wavelengths and broadens as the Sb,O3 becomes sulfi-
dated. This fact is a consequence of the increase in the dielec-
tric constants ratio as the oxide is replaced by sulfide as sulfi-
dation proceeds.

Two extra peaks appear at higher energies that are in good
agreement with theoretical calculations.

Figure 6 shows the band structure and the reflectance spec-
trum for the inverse structure made of crystalline Sb,S;. Clear
correspondence can be established between the experimental
peaks and gaps in the calculated bands. The marked region
corresponds to the predicted full PBG in the inverted opal.
This broad and well-defined peak is centered at 760 nm. The
shape and high absolute reflectivity (85 %) of this peak con-
firms the quality of the sample. To assure the existence of the
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Fig. 6. Reflectance spectra from crystalline Sb,S; inverse opal made of 410 nm
sphere diameter and the band structure for a crystalline Sb,S; inverted opal.

full PBG, a detailed study in other crystallographic directions
is required, which will be the subject of future work.

In summary, large Sb,S; inverse opals have been prepared
by hydrolysis of an ethoxy precursor and sulfidation followed
by chemical etching. The optical characterization confirms the
extraordinary photonic behavior of this material. A wide and
well-defined peak in the reflectance spectrum in the range
700-800 nm defines the existence of the most energetic full
PBG described in the literature. The homogeneity and degree
of infiltration of the samples improve on the antimony trisul-
fide inverse opals prepared by CBD methods.
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Experimental

Opals shown in this work have been prepared following a method described
previously [1,24]. This sol-gel method provides size-controlled spheres for
further sedimentation by gravity. The sediments are sintered (thermal annealing
at 950°C for 3 h) to control the lattice parameter (a), and to strengthen the
structures for consequent infillings. The usual size of the opal bits used for infil-
tration is 5-9 mm? in surface area by 0.5 mm thickness. The sphere diameter is
410 nm and, accordingly, the lattice parameter a =580 nm.

Fixed-Flow Reactor: SbyOj3-silica composites were placed in the bottom bed
of an upflow fixed-bed quartz reactor at atmospheric pressure. The gas flow rate
was kept constant at 34 mLmin"'. The composition of the reactant gas from cyl-
inders controlled by mass flow controllers was 20 vol.-% H,S in N,.

Operating temperature and reaction time were the variables affecting the
sulfide growth. Temperatures around 280-300 °C are considered optimal for the
sulfidation. Samples cracks are apparent as the operating temperature rises up
to 550 °C (melting point of Sb,S;). Sulfidation times of 10 h resulted in almost
complete oxide conversion (96 %).

Band structure calculations were carried out by using the MIT package soft-
ware. In this program, the fully vectorial Maxwell equations are solved for
plane-wave propagation in a periodic dielectric medium. The system is charac-
terized by the dielectric functions of the voids and backbone, the crystalline
structure, and the value of the lattice parameter.

Optical Characterization: The measurements were performed with a Fourier
transform infrared spectrometer (FTIR), IFS 66S from Bruker with a IRScope
II microscope attached. A 36 X Cassegrain objective was used to focus and col-
lect the light. The incident and collected light cover external angles from 15° to
30° from normal incidence with respect to (111) family of planes.

The X-ray powder diffraction (XRD) study was carried out in a Siemens
5000 diffractometer using Cu Ko radiation.

The reference sample is the commercial product from Aldrich, Antimony tri-
sulfide 99 %-+.
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MATERIALS

Hydrogen-Assisted Thermal Evaporation
Synthesis of ZnS Nanoribbons on a Large Scale**

By Yang Jiang, Xiang-Min Meng, Ji Liu, Zhi-Yuan Xie,
Chun-Sing Lee, and Shuit-Tong Lee*

Zinc sulfide, an important semiconductor compound of the
IIB-VI groups, has a wide bandgap energy of 3.7 eV at 300 K.
It has been used as base material for cathode-ray tube lumi-
nescent materials, !l as efficient phosphors in flat-panel dis-
plays, in thin-film electroluminescent devices, and infrared
(IR) windows.”! Besides these applications there also have
been some interests in the new mechano-optic applications,
because ZnS doped with some metal cations is a promising
material to emit intense light upon stress, a phenomenon
known as triboluminescence.’! In recent years, nanocrystal-
line ZnS has been reported to have some characteristics dif-
ferent from the bulk crystal,w which may extend its applica-
tion range. Therefore, much attention has been focused on the
synthesis of ZnS nanoparticles and films, and the exploration
of their novel properties.” By comparison, one-dimen-
sional ZnS nanomaterials, such as nanowires, nanorods, and
whiskers, can be expected to exhibit special optical and elec-
trical properties. Several approaches, e.g., liquid-crystal tem-
plate,[“] irradiation,m] and solvothermal™® are available to
obtain one-dimensional nanocrystalline ZnS.

More recently, a new distinct one-dimensional nanostruc-
ture with a rectangular cross section, called a nanoribbon!'¥
or nanobelt,”! has been synthesized in semiconductor sili-
con" and oxides!"™ directly by thermal evaporation at high
temperature. Other efforts have been carried out to synthe-
size these ribbon-like nanostructures. Semiconducting SnO,
nanoribbons have been obtained by oxidizing elemental
Sn.'1 A quasi one-dimensional metal Zn nanostructure was
obtained by thermal decomposition and deposition.'”) The
synthesis of nanoribbons or nanobelts, particularly of the free-
standing silicon nanoribbons, is intriguing, but appears to fol-
low the oxide-assisted growth.'*l The ribbon-like nanostruc-
tures have been expected to represent important building
blocks for nanodevices and offer exciting opportunities for
both fundamental research and technological applications.

In this communication, we introduce a convenient hydro-
gen-assisted thermal evaporation method to synthesize nano-
ribbons of the semiconductor ZnS. The synthetic reaction was
carried out in a quartz tube furnace using high-purity Ar pre-
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