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The development of materials with a complete photonic band gap at visible wavelengths is believed to have
the potential to lead to new control over long-lived emissive excited states, single molecule lasers, and nearly
lossless nanoscale waveguides. In this work we move toward that goal with the synthesis of an inverse opal
thin film of TagNs produced through atomic layer deposition. The highly regular architecture achievable by
atomic layer deposition is combined with an unusually high refractive index and transparency in at least part
of the visible spectrum. The result is a material that represents the closest example to date of a photonic
crystal with a band gap at optical wavelengths.

Introduction approaches and synthetic variations have proved successful in

. . . . the synthesis of inverse op&sChemical vapor deposition has
Monodisperse colloidal particles have the ability to self- . PP :

. ; L been utilized to prepare carbéhsilicon 2% and germaniu{
organize from a suspension of the colloids into ordered face .

centered cubic (fcc) arrays. Colloidal crystals, akin to the inverse opals. . .
naturally occurring gem opal, diffract light at visible wave- Mqre recently we .h.ave established the fundamentals of using
lengths because of the submicrometer diameter of the componenfitomic layer deposition (ALD) as an excellent new route to
particles. However, more remarkable photonic properties arise NVerse opal morphologies with new versatility in the type of
from the inverse opal architectures that can be generated usingnaterials that can be usétiAtomic layer deposition is a film
these colloidal arrays as templafeEhe typical approach is to ~ 9rowth method characterized by alternate exposure of a tem-
infiltrate the void space between the spheres of a colloidal crystal Plating substrate to gaseous chemical spé€ighe self-limiting
with the precursor(s) of the new material and to later remove Nature of the alternating reactions ensures that the amount of
the original particled.This produces inverse opal architectures Material deposited at each exposure step is uniform and is
whose size and chemical composition are tunable by the sizelimited by the chemisorption of a monolayer coating on the
of the colloids and the infiltration precursor(s), respectively. Surface. As a result, ALD allows the deposition of films with
When the dielectric constant of the matrix surrounding the air €xact thickness and composition control as well as remarkable
spheres is above a threshold value, inverse opals have beeiniformity and conformality.
predicted theoretically and shown experimentally to be associ- The design of a photonic crystal with a complete photonic
ated with a complete photonic band gap. Light with band gap (PBG) requires both a well-defined architecture and
wavelengths within the photonic band gap is not allowed to a large difference in the refractive indexes of its component
propagate through the material and is reflected from any materials. The PBG opens up at wavelengths that are of the
direction by the photonic crystal. same order as the periodicity in dielectric of the inverse opal
A wide range of synthetic approaches have proved successfulsystem. This in turn is controlled by the diameter of the
in creating inverse opal morphologies. Either latex or silica templating particles. In order for a complete PBG to appear in
microspheres are typically used for the template because theyan fcc inverse opal crystal, the refractive index of the solid phase
are easy to prepare with narrow size distributions and with a must be in excess of 248The solid should also be nonabsorbing
wide range of precisely controlled submicrometer diameters. at the band gap frequencies in order to avoid complications
The two most common pioneering synthetic techniques usedarising from electronic transitions. Despite these strict require-
to generate inverse opal architectures were hydrolysis ef sol ments, the ease of self-assembly associated with colloidal arrays
gel precursors to yield inorganic oxide$* and polymerization has made this type of morphology the system of choice for the
of liquid monomers to yield several types of polymétst® preparation of nonlithographic photonic materials. The predicted
Monodisperse emulsions have also been used as templates tphotonic properties for this system were proved by Vlasov et
generate titania inverse opals that retain structural inte&¥it. al. by preparing a silicon inverse opal system displaying a
Other techniques, including electroless and electrochemical complete band gap.Silicon’s optical properties exceed the
deposition and nanocrystal infiltration, extended the possible optical requirements discussed above in the near-IR, making it
range of materials to both metafifd®2%.22and semiconductirtg a suitable solid for synthesizing a photonic crystal with a band
inverse opal structures. As interest in this field grows, more gap at those wavelengths.

. . Developing an inverse opal with a band gap at optical
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One of the very few solids that meets these optical requirements The colloidal crystals were prepared by an established vertical
is the rutile phase of titanian(~ 3). Synthetic efforts directed  deposition techniqué.3¢ A quartz slide was held vertically in
toward a titania inverse opal have failed to produce a photonic a 20 mL vial containing an ethanol suspension of 6.2% vol
crystal with a complete band gap, however, in part due to the % particles. As the ethanol evaporates and the meniscus sweeps
large size of the rutile crystallites and the inhomogeneity they down the substrate, capillary forces induce ordering of the
introducec®® In addition, even infiltration of the interstitial  particles into a close-packed arrangement. Films were typically
spaces of a colloidal array is often hard to achieve using sol grown at a rate of 56 mm/day. For this study we prepared
gel precursors. opal films with thickness ranging from 1.5 to 20n; most of

A new promising class of materials with refractive indexes the colloidal arrays had 0 layers of particles. This technique
of about 3 includes certain transition metal nitrides such as produces multilayered close-packed colloidal crystals that are
Zr3Na, HfsNg4, and TaNs. While considerable effort has gone  firmly attached to the substrate. As the films dry and tend to
into the development of the lower nitrides of zirconium, shrink, however, the large crystalline domains tend to crack.
hafnium, and tantalum, much less is known about their higher This generates a collection of irregularly shaped islands about
nitrides mentioned above. Zirconium mononitride has received 5—10 um in size. These islands are separated by a network of
attention because of its high melting point and hardness and itsdeep fractures perpendicular to the substrate that can be up to
chemical stability. It finds applications in hard and decorative 2 um wide.
coating materials, diffusion barrier materials, and thermally | the preparation of tantalum nitride by ALD, pentakis-
stable resistors. Nitride-rich ZN thin films have novel (dimethylamino)tantalum (Ta(N(C$b)s; PDMAT) and am-
applications such as a cryogenic thermistor and as insulatingmonia (NH;) were used as precursors at 280 (Figure 1).
films in a Josephson junctic HfN and TaN have been applied  T4,05 was deposited on colloidal silica substrates by alternating
as diffusion barriers because of their high conductivity, hardness, exposure to PDMAT vapor and water vapor at 28)(Figure
and melting point. While the metallic character of the lower 1) The reactor pressure was kept at 0.3 Torr by flowing high-
nitrides makes them ideal for the above uses, the nonabsorbingyyrity nitrogen gad” PDMAT was maintained at 96C to
properties of the semiconducting higher nitrides are of greater achieve the required vapor pressure, while water was kept at
interest for optical applications. For example, in the case of room temperature (25C). The sample was infiltrated with a
tantalum, oxynitride materials such as TaON are applied to the gose of Ta precursor (0#mol/cycle), followed by a dose of

detection of toxic metals and as gas sendbf3More recently,  ater (0.14 mmol/cycle). The dose of Ta precursor delivered
both TaON and TéNs have been shown to be high efficiency o the substrate per unit area (as estimated by adding the surface
photocatalysts for the oxidation of watér. area of reactor chamber and the internal surface area of colloidal

The fundamental interest in developing materials with a PBG substrate) was around 0.5 nmolfnThe exposure to the
in the visible range of the electromagnetic spectrum includes gntalum precursor was about®10? langmuirs, which should
the suppression of spontaneous emission and the possiblge syfficient to infiltrate a straight hole with a length-to-diameter
gch|evement of very long ||veq expltgd stgtes. .Technc.)logllgal ratio of about 36: 88 The exposure to the water vapor was larger,
impact has also been hypothesized in fields in which the inability 54 jt should not limit the aspect ratio into which the coating
of an excited species to decay radiatively enhances electron-cgp, infiltrate.
transfer processes such as photocatalysis. In addition, in the The overlayer of Tis-infiltrated colloidal crystals was

prelsen(I:e IOf line dgfe(r:]ts alobng tgq photonlé: c.ryst.al, smglg etched using an Unaxis inductively coupled plasma (ICP)

?C%% (\:/lécej basceor;Sgte E):o(r)l:?c:;-ofatiz dilrr];sgcr)itgf e%riftzgsp%?gnsereactive ion etcher. The process gas was chlorine at 40 sid cm

from an ex)éited species min and a pressure of 10 mTorr. The power of the ICP was
) 800 W and that of the RIE was 174 W. The samples were etched

e o et i Y1 or 2-5 min and maged to sssess the xtent of e eching
P gins. process. The following wet etch was performed by gently

our knowledge about infiltrating silica colloidal crystals by ALD ; . S .
. S . L - soaking the samples in-2% HF(aq) for 2 min, rinsing with
to the deposition of a high index of refraction nitride that is distilled water, and allowing the samples to air-dry.

nonabsorbing within a range of optical wavelengths. We ST ) .
TaOs was converted to Bals by a nitridation reaction carried

developed a two-step synthesis of an inverse opal ed,aa ¢ . o X )
semiconductor transparent in the red portion of the visible Outin areactor under flowing high-purity ammonia gas at about

spectrum and with a high enough index of refraction (about 3) 1 am and 800C for 2 h. Before heating the samples in the
to have the potential to show a PBG. reactor, ammonia flowed through the chamber for 1 h. The rate

of heating was 30C/min.

Experimental Section The samples were imaged at each stage of the process by

The silica particles were prepared by thélsgtomethod with scanning electron microscopy (SEM) using a Hitachi S4700.
the following modification$? Tetraethoxyorthosilicate (TEOS)  The need for a sputtered gold film was eliminated by mounting
was hydrolyzed by small amounts of water in an ethanolic the quartz slide on adhesive carbon tacks and/or copper tape
solution in the presence of ammonia. The reagents were mixeddirectly connecting the inverse opal structure to the aluminum
and stirred in a sealed plastic container for ati@als atroom mount. Optical images of the final inverse opal film were
temperature. The amount of water and ammonia present incollected using the 20 or 100x objectives of a Leica
solution regulates the rates of nucleation and growth for the microscope equipped with reflected illumination and a DC300
particles and ultimately affects their size. Incremental aliquots CCD. The film thickness and optical constants otQafilms
of TEOS and water were added to the reaction mixture to on flat substrates were monitored with a Filmtek 2000 reflec-
enhance the monodispersity of the population and increase thetcometer made by SCI, Inc. The wavelength-dependent index of
average diameter of the particles to the desired value of 429refraction and extinction coefficients of Jids were obtained
nm =+ 3%. Calculations of size and size distribution for the final using a Filmtek 3000 instrument by SCI, Inc. The wavelength
population were obtained by measuring the size of at least 100dependence of the index of refraction is estimated to have an
particles in transmission electron microscopy images. experimental error of about 5%, especially at wavelengths
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Figure 1. Reaction scheme for the deposition ob®aand TaNs by ALD. The silanol groups of the templating silica surface react with PDMAT,

the tantalum precursor, until the surface is saturated. After removal of unreacted PDMAT from the gas phase, a second precursor is allowed to react
with the surface to complete the first cycle. The use of water (top branch) yield@s, Wahile the use of ammonia (bottom branch) yieldsNza

in a similar fashion. In both cases dimethylamine is liberated from the surface at each step. While this approach produces@ filmevilfzen

water is employed, when ammonia is used the deposited film is a mixturesNg Bad TaN. A pure TaNs film may be prepared from a F@s

film by means of high-temperature nitridation with ammonia gas.

shorter than about 610 nm due to the onset of a nonvanishingof TagNs on flat substrates or inside colloidal crystals by ALD
extinction coefficient. The reflectance of thesNg inverse opals using PDMAT and ammonia produced a material whose
was measured using the same instrument andxadjective optoelectronic properties were not consistent with those of pure
to collect reflected light from a portion of the sample with a TaNs.** The material was black in color and conducted

diameter of about 2@m. electricity consistent with contamination by the metallic lower
The theoretical reflectance spectra were calculated usingnitride TaN. The presence of TaN was also confirmed by X-ray
Translight, software developed by Andrew L. Reynolti$he diffraction. Possible reasons for differences between the ALD

fits to the experimental reflectance were optimized starting from of oxide and nitride include the high stability of TaN and the
the geometric parameters measured by SEM and the wavelengthweaker nucleophilic nature of ammonia relative to the more
dependent index of refraction of Jds. The best fit to the reactive water molecules.

reflectance spectra are were obtained with an index of refraction  Therefore, a two-step synthetic approach was selected which

of 2.9, air holes of 411 nm diameter, and a shell thickness of first involved ALD of Ta&Os followed by a nitridation reaction
43 nm. These parameters are within the experimental error ofto yield pure, transparent Tds. The overall inverse opal

the average measured values. synthesis (shown schematically in Figure 2) thus encompassed
the infiltration of the colloidal crystal with T:8s followed by
Results etching to remove the templating particles. The final step was

In the nitride selection process, three nitrides were consid- the conversion of the B®s inverse opal to the final Bl
ered: HEN4, ZrsN4, and TaNs. Of these, HiN, was discarded photonic crystal.
because its refractive index is the lowest of the three with a  The optoelectronic quality of the s that could be prepared
value of approximately 2.8. While @¥, has a value oh ~ by this method was tested on films deposited on flat substrates
3.2, its chemical resistance to the hydrofluoric acid required to that had undergone the same chemical transformations as the
dissolve the templating silica particles is unsatisfactory. Gaseousones employed in the preparation of the photonic crystal. Flat
HF liberated from a dilute aqueous solution of hydrofluoric acid films of Ta,0s on a quartz substrate were converted tgNisa
is enough to destroy a thin film of the solid. By contrast;N& and the wavelength-dependent index of refraction and extinction
also withn ~ 3.2, was etched by aqueous HF much more slowly coefficient were calculated from reflectance and transmission
in preliminary experiments. B85 is a semiconductor that is ~measurements. As can be seen in Figure 3, in the region of the
virtually nonabsorbing at visible lengths longer than about 580 Visible spectrum where Fhis is transparent{580-750 nm),
nm. This makes the material suitable for development of an the index of refraction is in excess of the value of 2.8 required
inverse opal photonic crystal with a band gap in the red portion to observe a PBG.
of the visible spectrum. The chemical resistances of both sNg and TaOs to

A schematic of the mechanism for the self-limiting surface hydrofluoric acid were tested to ensure that their etching rates
reactions associated with the ALD process is presented in Figurewere slow enough to allow for the dissolution of the silica
1. In the first step, the templating surface is saturated by the particles without compromising the 3@s inverse opal archi-
tantalum precursor PDMAT. Water or ammonia gas may be tecture. Even though the initial selection of3lNg was based
used as a precursor in the second step of each cycle to yieldon its resistance to etching by HF, ;g appears to be even
TaOs or TaNs, respectively. On the basis of the known more inert in this respect. Flat films of 7@s were deposited
mechanism for similar precursors, PDMAT is believed to on silicon wafers and etched for variable amounts of time with
decompose via exchange reactions that liberate dimethylaminel0% aqueous HF. The measured etch rates were 4 nm/min for
at each stef® While high-quality TaOs films may be deposited  TagNs and 0.5 nm/min for T#Ds; the latter etch rate is more
in this fashion, preliminary experiments on the direct deposition than 1 order of magnitude slower than that of silica. In addition,
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sides the cracks separating the different islands of the colloidal
crystal (Figure 4aj® In order to access the silica particles and
dissolve them using hydrofluoric acid, it is useful to remove
enough of this overlayer from the top surface to expose the
first monolayer of particles and facilitate the access to the inner
network by the wet etching agent. This was achieved by con-
trolling the conditions of a reactive ion etching (RIE) process
in order to expose the first layer of particles only. Even under
conditions where the overlayer is only partially removed (as
shown in Figure 4b), RIE results in the removal of the first few
layers of particles deep into the crystal, most likely as a result
of the enhanced etching rate of silica relative teQzaunder
these conditions. The colloidal particles buried deeper inside
the crystal were dissolved by soaking the samplei2% aque-
ST S EE) ous HF for 2 min. This treatment also results in the removal of
any residual overlayer that survived the RIE step (Figure 4c).
The nitridation of TaOs inverse opals was carried out by

flowing ammonia gas over the films at 80C in analogy to

mal several reports of the nitridation of 3@ to yield TaNs.42-4°
Saats At the end of this step the inverse opal changed in color from
T ] pale yellow to bright orange, in accordance with the known
F 1.1 % absorbance spectrum of 3\ (Figure 3)*! In consideration of
i the slower etch rate of B@s relative to TaNs discussed earlier,

the choice was made to dissolve the silica particles before the
) ) ) o nitridation to avoid damage to the final nitride inverse opal by
Figure 2. Scheme of TaNs inverse opal preparation. A thin-film — hyqroflyoric acid. This approach has the added benefit of

colloidal crystal (a) is infiltrated with T#s using ALD. The resulting e . . . g
filled structure shows an undulated overlayer (b). The overlayer and facilitating the diffusion of ammonia gas within the porous

the top monolayers of particles are removed by RIE (c). The rest of architecture of the crystal during the nitridation step.

e. TayN; inverse opal

the particles are eliminated with aqueous HF resulting in.©Jmverse The colloidal crystals used in this study were prepared from
opal (d). This architecture is converted to the finajNinverse opal silica particles with an average diameter of 429 nm. The inverse
(e) crystal by means of a high-temperature nitridation reaction in opal films have air holes with a slightly smaller diameter of
ammonia gas. 411 nm, produced as a consequence of particle shrinkage
3.3 0.4 associated with the elevated temperatures in the ALD chaffber.
Most of the crystal is aligned with the (111) planes parallel to
\ the substrate (Figure 4d,e), although smaller domains with (100)
3.2 . . h
orientation are also present (Figure 4f). ThesNa shell
\ il thickness was approximately 43 nm, in perfect agreement with
g 31 § other inverse opals prepared by gas-phase techniques. No
E = measurable changes in the architectural parameters are apparent
Bl 0.2 g from the SEM micrographs upon conversion of the,Ja
H 8 inverse opal to TéNs.
Eay § Figure 5 shows typical images collected from the sample
i using an optical microscope in reflection. Different areas of the
i samples appear different in color and brightness: a good fraction
&4 = of the film is red/brown in color as shown in Figure 5a, while
many other portions of the film are much brighter and white to
2.7 . . . 0 yellow in color as shown in Figure 5b. The gaps associated
8001 || /9905|600 | 680 ||| 200 #o0. | :600 with drying that separate the different islands of the original
M s lomig i (nim) colloidal crystal are clearly visible in both instances.

Figur_e_3. Wavelength-dependent index of refraction ar_1d extinction Reflectance spectra of the brighter areas of the photonic
coefficient for TaNs. At wavelengths longer than approximately 600 ' crysta| (similar to the ones shown in Figure 5b) are shown in
pen;rég'izr:n ?etgﬂﬁé'ds ttéagsgsrr\?: tab#jtnsglégés the high value of index of Figure 6 ar_ld are presented with calculated re_flectan_ce spectra.

The quantitative knowledge of the geometric details of the
inverse opal architecture and of the optical constant gN§a
allow for a theoretical calculation of the wavelength-dependent
reflectance for the sample along any given direction for the
lattice. The calculated reflectance spectra along the (111) and
(100) directions are included in Figure 6a and Figure 6b,
respectively.

exposure of Tg0s to HF results in no chemical changes that
prevent its later conversion to s with optical constants equal

to the ones mentioned above (Figure 3). In contrast, HF etching
in the case of TaNs appears to be associated with a small
decrease of its index of refraction as well as the film thickness,
likely as a result of oxidation.

At the end of the TgOs infiltration process, all the surfaces
of the colloidal crystal are coated with the deposited solid. This
means that, in addition to infiltrating the internal surface area  The exact photonic properties of inverse opal system depend
of the crystal, an overlayer of a few tens of nanometers of solid subtly on a combination of its geometric parameters (e.g., the
Ta0s is frequently observed on the top surface and along the diameter of the air spheres and the thickness of the shells of

Discussion
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Figure 4. SEM images of sample at each stage of the synthesis. (a) The colloidal array at the end eDthafifmation by ALD. The undulated

top surface results from the conformal growth of an overlayer. A gap separating two islands in the sample is also visible. (b) The overlayer and
templating particles in the top monolayers are removed by RIE. (c) Dilute HF completes the removal of the overlayer and dissolves the remaining
templating particles. The T@s inverse opal structure can be converted teNEdd) with no change in structure. The final crystal has a predominant

(111) orientation (d and e) with a smaller proportion of domains that are (100) oriented (f).

solid surrounding them) and of the optical constants of the solid
material that forms the inverse opal. Because their propagation
through the crystal is not allowed, complete reflectance is
predicted for photons with wavelengths within the PBG of the
photonic crystal lattice. While the exact width and position of
the band gaps along different lattice directions vary, a complete
PBG result occurs for these systems from the overlap of band
gaps along all lattice directions. Because the vast majority of
the domains in our thin-film colloidal array are oriented with
their (111) planes parallel to the substrate, however, this is the
most easily accessed direction for spectroscopic measurements.
As discussed earlier, a high index of refraction is a key factor
for a PBG to open up. Therefore, this is generally a parameter
that is fixed (hopefully at a maximum value) by choosing an
appropriate nonabsorbing material §Ng in our case). Con-
versely, many of the geometric parameters of the inverse opal
architecture can be tuned in such a way that the width of the
PBG is maximized and its exact center position is selected to
fall within a certain range. For example, in the case ofNza
and its optical constants (Figure 3), it can be calculated that
along the (111) direction the maximum band gap width will
occur for a system of air spheres with a diameter of about 400
nm. Therefore, because the templating silica particles experience
shrinkage when heated in the ALD chamber, a colloidal array __
was prepared from particles of about 430 nm average diameter. PO '
As we mentioned, the photonic properties of an inverse opal _. e = ¥ A e . .

L . . Figure 5. Optical images of (a) darker and (b) brighter portions of
fare very Sen_s't've to its architecture as well a_s ‘?‘ny structural the sample. The gaps separating the islands of the films are visible in
inhomogeneity or defects. Because most deviations from the poth instances. The areas of the films that appear bright yellow/white
ideal arrangement in the final architecture are transferred fromin color, i.e., region (b), are associated with photonic properties
the colloidal crystal template, it is useful to discuss the matching the theoretical reflectance spectra calculated for this system.



Ti3Ns Inverse Opals as Photonic Structures

J. Phys. Chem. B, Vol. 109, No. 9, 2005769

100 A1) 1 P from an ideal architecture. The surface of the overlayer appears
90 l ‘ as periodic undulations due to the replication of the surface
80 I features by the conformal growth of the solid (Figure #a).
8 70 I Utilizing the absolute minimum number of cycles required to
g B 1 fully infiltrate the internal surface of the colloidal crystal may
< o0 i ) P J minimize the thickness of this overlayer and facilitate its removal
c i A by wet etching techniques alone. On the other hand, the
o VUL elimination of the overlayer is straightforward using RIE
fg (! techniques.
0 , i While the rate of etching of B®s by HF is much slower
100 than that of silica, a certain degree of inhomogeneity in the
g0 111001 I b architectures may be introduced by the removal of the silica
80 spheres. The need for the hydrofluoric acid solution to diffuse
g 70 i through the tortuous network left behind by the dissolving
g 60 | particles may result in only a partial etching of the colloids in
8 5 N the layers of the array closest to the substrate. Conversely,
E 40 A harsher etching conditions may be associated with excessive
&= i | etching of the inner surface of each 08 shell, resulting in
i i 1 | thinner shells of the material close to the top of the film relative
i i THH— to the ones closer to the substrate. In addition, the incomplete
= Kl removal of the overlayer by RIE may result in thicker shells
5 e ?('}0 5 for the portions of the film still protected by the overlayer at

the beginning of the wet etching process. Figure 4e supports
Wanvelength (nm) this idea as it shows thicker shells on the right-hand side of the

Figure 6. Theoretically calculated (black) and experimentally measured image, as evidenced by smaller channels connecting each air
(gray) reflectance spectra of the brightest areas from thisliaverse hole to its nearest neighbors.

opal. (a) The spectra associated with the prevalent (111) orientation . . .
show the characteristic two-peak pattern corresponding to the two | he last step of the photonic crystal synthesis, the conversion

photonic band gaps predicted by calculation. (b) The single peak along Of the TaOs inverse opal to the Bhls inverse opal, does not
the (100) direction at about 600 nm overlaps with the primary gap appear to compromise the integrity of the architecture or affect
along the (111) direction and determines the position of the PBG for ijts morphology in any measurable way, despite the high temp-
this system. eratures used (Figure 4). This result is in agreement with very
) ] i . recent results on the nitridation of @ particles to TaNs
template’s imperfections. When grown by the vertical deposition showing that, while no change in the size of the particles is
technique utilized here, thin-film colloidal arrays achieve the ggggciated with the transformation, the final;Na particles
highest density of particles along the substrate and tend to formdisplay some porosit§f Our data do not directly indicate the
with the (111) planes parallel to it. Occasional small domains emergence of porosity within the s shells of the final pho-
with (100) orientation appear as square lattice domains (Figuretonic crystal. The presence of pores would, however, result in
4f) surrounded by the prevalent hexagonal lattice (Figure 4d.e). 5 Jower than expected refractive index for the nitride material,
Observation of the hexagonal lattice of the top surface reveals\yhich may be an explanation of why the best fit to the reflec-
that the array tends to be a single crystal although line defectstance spectra is achieved with the slightly low value of 2.9.
tend to separate domains of tens to hundreds of micrometers o o5t yseful characterization of the photonic properties
that may be slightly out of registri.More importantly, as the ¢ yhe final inverse opal comes from the optical imaging and
colloidal array dries from the alcohol suspension that forms it yhe yefiectance spectra of different areas of its surface. The
and is subsequently heated in the ALD chamber, the film cracks ytica| images reveal areas of the film with different colors and
giving rise to islands 520 um wide separated by abougan brightness as a consequence of different reflectance spectra
gaps: associated with different portions of the surface. Portions of
The following steps of the synthesis make smaller contribu- the film with low reflectance that are red to brown in color,
tions to the imperfection of the s inverse opal. A highly  such as the area shown in Figure 5a, indicate that at these
conformal film of the solid is formed on the surface of all |ocations the inverse opal architecture is too irregular to display
particles making up the array because of the self-limiting nature a PBG. This is likely due to inhomogeneity in the structure of
of the ALD reactions. Earlier results show that the thickness of the films due to the etching process such as the ones discussed
the shells is the same whether the shells are near the top surfacabove. More specifically, we believe this to be the consequence
of the film or deeper and closer to the substfdténdeed, of the presence of a decreasing gradient of thickness from the
infiltration of the colloidal array by ALD produces very regular  substrate to the top surface of the film of thesNlashells due
architectures that are optimal for a photonic crystal. In the courseto increased etching of the inner surfaces of theOapherical
of the ALD cycles as the film thickness increases, a small shells. The high sensitivity of the wavelength of the PBG to
portion of the empty space becomes inaccessible to the gaseousmall variations in shell thickness would result in a superposition
precursors, resulting in small tetrahedral pores between eachof slightly overlapping PBGs associated with different layers
set of four spheres. In fact, this architecture, which is best of the films, ultimately resulting in loss of the reflectance
described as a close-packed arrangement of hollow shells, hagproperties for this imperfect photonic crystal. By the same token,
been predicted to result in an enhanced photonic crystal with athis result suggests that, under conditions where the HF
wider PBG relative to a fully infiltrated structure lacking these treatment can be more carefully controlled, etching itself is a
small tetrahedral poré/sThe overlayer observed on the top viable way to tune the position of the PBG by altering the
surface of the film represents the only undesirable deviation geometric parameters of the lattice in the course the synthesis.
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The presence of bright portions of the film, such as the one can be optimized for the production of an inverse opal photonic
shown in Figure 5b, is an indication that our approach is crystal based on B&ls with a PBG in the visible.
successful in preparing quality photonic crystals even in the
absence of controlled etching conditions. The reflected luminos- Conclusions
ity of these areas corresponds to the reflectance spectra shown ) ) ] )
in Figure 6a and Figure 6b showing the expected features for N this work we describe the synthesis of an inverse opal
domains with (111) and (100) orientation, respectively, as thln-fllm collql_dal cry;tal of Ta_N5 and report on its photonic
observed by SEM (Figure 4d,f). The theoretical reflectance propernes. Silica partlg:le colloidal arrays are u;ed as templates
spectra expected for an fcc inverse opal depend on the incident” & two-step synthesis based on their infiltration withJa

angle of the light with the respect to the lattice places of the PY atomic layer deposition and the conversion ofGsto the
crystal. The finite overlap of wavelengths for which total final TagNs inverse opal structure by a nitridation reaction. The

reflectance is measured irrespective of direction corresponds toSi2€ Of the features of the inverse opal and the PBG associated
the complete PBG. with |t'can be controlleq by the size of the templating colloids,
The spectrum shown in Figure 6a reveals the presence Ofthe_ thickness of the solid depos_lted by ALD, and the_ extent to
which features are etched with HF. The photonic crystal
f)repared by this method displays a preponderance of domains
with (111) lattice planes parallel to the substrate and a minority
that have (100) orientation. The drying cracks of the samples
diminish our ability to measure the complete reflectance

intense one at about 700 nm. As is shown by a theoretical
calculation of the reflectance spectra also in Figure 6a, the
expected reflectance for the (111) direction of this photonic

crystal does include two band gaps of different widths c.entered associated with a full PBG. However, the patterns of the

aTOU“d the same wavelengths as those observ_ed experlme_m"’“Iymeasured reflectance spectra are in excellent agreement with
Figure 6b shows the same type of data but dls_plays_the Slnglecalculations based on the structural parameters and the optical
reflectance peak associated with the (100) orientation of the constants for this material, indicating that our proposed method

!attui)e, alsodln acct())rd ngothe theorgtlpalhcalculancl)n. Th'?‘ Eeik is suitable for the development of the first reported material
is observed at about nm, and it thus overlaps with the | ..." PRG at optical wavelengths.

primary peak of the (111) direction marking the position of the The development of photonic materials is regarded as a
potential three-dimensional PBG of this crystal. In the case of P P o 9 .
the (111) direction, the wavelength of the primary peak at 605 powerful approach to control the emission and propagation of
S ’ . - . light. The route to a PBG at visible wavelengths presented here
nm is in better agreement with the theoretical calculation than . - - ) )
the narrower secondary peak at longer wavelength. Similarly is optimized for thin-film samples and relies on techniques that
oor agreement has been observed by other résea?chersare common in the semiconductor industry. Because the full
gu estgi]n that it mav simolv be a conse u)(lance of im erfections]phomnic effect in these systems is achieved with just a few
99 g y simply q P layers?” miniaturization of the crystal could minimize the films’

associated with the model used fo_r th_e calculations. In_surveylng shrinkage cracks and other defects while maintaining the desired
the surface of sample, the transmission spectra showing the two

. : o properties. This suggests that our approach may represent an
fhe;nki’hf’s(‘gggt%dn‘g'the:f S(ligrﬂ'rrﬁclt,'fovsge;?s?rnrgfﬁggmmgﬂimportant innovation in controlling the flow of visible light with
for certain areas topshow 2 superbosition of the two types of great potential to lead toward applications such as bright LEDs

. . ) _.and low-threshold lasers.
spectra as a consequence of interspersion of small domains with
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