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Polycrystalline Ta;0s inverse opal (I0) photonic crystal powders were synthesized using PMMA colloidal crystals
as sacrificial templates. We prepared TazOs IO powders with vibrant structural colors at UV-vis wavelengths.
The photonic bandgaps (PBGs) in the TaOs IO powders red-shifted as a function of both the macropore diameter
and the refractive index of the medium filling the macropores. Owing to their polycrystalline structure, the TazOs
10 powders exposed PBGs for various FCC facets, making investigation of their optical properties significantly
more complex than TayOs IO thin films that preferentially expose only (111) planes as studied previously. Due to

the overlap of the PBGs from different FCC facets and the defects that cause light scattering, much of the typical
angle-dependent structural color observed in IO thin films was lost in the Ta;Os IO powders. This study offers
new insights into the optical properties of IO powders.

1. Introduction

Tantalum-based semiconductors have many advantages, including
tunable electronic band gaps, high refractive indices, high dielectric
constants, and good stability, thus finding applications as photo-
catalysts, scintillators, phosphors, gas sensors, and capacitors [1-5]. In
most of these applications, semiconductor materials with a large surface
area are advantageous. Toward enhancing the surface area of
tantalum-based semiconductors, while also looking to improve the light
absorption efficiency by harnessing “slow photon” phenomena, re-
searchers are now seeking to use colloidal crystal templating approaches
to engineer large-surface-area inverse opal (I0) photonic crystal (PhC)
materials (comprising face-centered cubic (FCC) arrays of macropores in
a semiconducting dielectric matrix).

The concept of PhCs was first introduced in 1987 by Yablonovich
et al. [6-8]. A PhC is a material with a periodically-modulated refractive
index that can be prepared in 1D, 2D, or 3D forms. Such a periodic
structure enables the formation of photonic bandgaps (PBGs) that
inhibit light propagation at specific wavelengths, leading to the
diffraction of light over a narrow range of wavelengths [9,10]. The PBG
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position depends on the periodicity and average refractive index of the
PhC, and the angle of incidence. The optical properties of most PhCs can
be described using the modified Bragg’s law equation that considers
both light refraction and diffraction in the PhC. When the periodicity in
a PhC is approximately a few hundred nanometers (i.e., around half the
wavelength of visible light), PBGs will emerge at visible wavelengths,
giving rise to a visible structural color (i.e., color that originates from the
diffraction of light, rather than a pigment-based color arising from
electronic transitions). At the edges of the PBGs, light propagates with a
significantly reduced group velocity, creating “slow photons” that can
be harnessed to improve photocatalysis or suppress spontaneous emis-
sion in semiconductors [11-13]. Further, the iridescence or
angle-dependent colors of PhCs make them desirable as colorants [10,
14,15]. Furthermore, the existence of photonic band gaps (PBGs) in opal
and inverse opals allows the creation of optical sensors, since the PBG
frequencies are sensitive to the refractive index of the surrounding
medium.

Colloidal crystal templating is a cost-effective method for fabricating
semiconductor PhCs. This method involves the crystallization of
submicron-sized monodisperse polymethyl methacrylate (PMMA) or
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Table 1

Conditions used for the synthesis of PMMA colloids of different diameters.
Batch  Volume Volume Mass Temperature Dpyma

MMA (mL) Milli-Q initiator cQ (nm)
(mL) ®

(A) 30 400 0.3750 80 221
(B) 80 400 0.3750 80 297
) 100 400 0.3750 80 341
(D) 100 400 0.3750 75 380
(E) 100 350 0.1875 70 401

polystyrene (PS) colloids on a FCC lattice to form a colloidal crystal
template that is 74 % solid by volume. The interstitial voids in the
template are then filled with a semiconductor precursor solution. After
careful drying and calcination in the temperature range of ~500-600 °C
to remove the polymer template, a semiconductor IO is obtained with a
solid volume fraction <26 % [16,17]. This approach allows for the
synthesis of a diverse array of semiconducting IO materials (simply by
changing the precursor used during the infiltration step) and offers good
control over the surface area, macroporosity, and PBG positions in 10
replicas [18,19].

In recent years, there have been many reports on the use of IO ar-
chitectures to improve photocatalysis or light emission by phosphors,
though most of these studies were performed on thin films [20-23].
Most researchers avoided the use of PhC powders because their PBG
positions are less well-defined than those in thin films, i.e., the PBG
positions depend on the FCC plane and angle of incidence with respect to
the surface normal. Waterhouse et al. extensively studied the optical
properties of I0 metal oxide thin films [24-28], including a recent
comprehensive study on the optical properties of TayOs IO films and
their use in optical sensors [28]. However, optical studies on Ta;0s IO
powders are limited [29-31], though there have been some studies on
the optical properties of TiO3, SiO3, ZrO5, and NiO IO powders, and their
structural colors have been reported [15,32,33]. In many applications
involving tantalum-based semiconductors, such as photocatalysis and
solar cells, the preferred method to use these semiconductors is in a
powdered form owing to the ease of processability and ability to maxi-
mize light exposure. This motivated us to perform a detailed study on
the optical properties of TasO5 IO powders.

In this study, Tay0s I0 powders with different macropore diameters
were successfully synthesized using the PMMA colloidal crystal tem-
plating method. By impregnating PMMA colloidal crystal templates with
a tantalum (V) precursor under reduced pressure, we prepared vibrantly
colored polycrystalline Ta;Os IO powders. The effects of the macropore
diameter (D), angle of incidence, and refractive index of the medium
filling the macropores on the PBG positions and structural colors of the
various TagOs IO powders were systematically investigated. To the best
of our knowledge, this is one of the most comprehensive investigations
on the optical properties of TasO5 IO powders reported to date.

2. Experimental
2.1. Materials

Methyl methacrylate (MMA, >98.0 % purity) and 2,2-azobis (2-
methylpropionamidine)dihydrochloride (AAPH) were purchased from
FUJIFILM Wako Pure Chemical Co., Ltd. Tantalum pentachloride (TaCls,
99.9 % purity) was purchased from Kojundo Chemical Co., Ltd. Ethanol
(99.5 % purity), methanol (99.8 % purity), 2-propanol (99.7 % purity),
toluene (99.5 % purity), and tetraethoxysilane (95 % purity) were
purchased from Kanto Chemical Co., Ltd.

2.2. Synthesis of PMMA colloidal suspension and colloidal crystal
templates

Suspensions of monodisperse PMMA colloids were synthesized
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through the surfactant-free emulsion polymerization of the MMA
monomer [1,24-28]. The inhibitor in the MMA monomer was first
removed via vacuum distillation. Milli-Q water and MMA monomer
were added to a four-necked round-bottomed flask fitted with a reflux
condenser, a mechanical stirrer, an N inlet valve, and a thermometer.
The emulsion was heated to 70, 75, or 80 °C in N3 atmosphere under
vigorous stirring, whereupon the azo initiator was added, and the re-
action was allowed to continue for 3 h. The diameters of the PMMA
colloids were controlled by varying the amount of MMA monomer and
the reaction temperature used in the colloid synthesis (Table 1).

2.3. Synthesis of polycrystalline Taz05 IO powders

The PMMA colloidal suspensions were centrifuged at 1500 rpm for
24 h, after which the supernatant was discarded. The PMMA colloidal
crystals were then carefully dried at 50 °C and used to synthesize Tay0s
10 powders. To prepare the TazOs IO powder, 20 wt % TaCls/ethanol
solution was used as the tantalum-containing precursor. The infiltration
of the PMMA colloidal crystals with the tantalum-containing precursor
was performed under reduced pressure via drop infiltration or immer-
sion impregnation method under reduced pressure.

Drop infiltration method: PMMA colloidal crystal template pieces
were transferred to a Buchner funnel. Under vacuum, the Ta precursor
solution was added dropwise to the PMMA colloidal crystal templates
through a plastic pipette. Excess precursor solution was removed via
vacuum filtration.

Immersion impregnation method: The PMMA colloidal crystal
template was immersed in the Ta precursor solution in a screw-capped
bottle, which was then placed under vacuum for 1 h. Finally, any
excess precursor solution was removed via vacuum filtration.

The infiltrated PMMA/TaCls (or, more precisely, PMMA/Ta(OEt)s)
composite powders obtained using the drop infiltration and immersion
impregnation methods were then dried at room temperature for 24 h,
resulting in the formation of PMMA/Ta50s5 powders. Next, the PMMA/
Tap05 powders were heated from room temperature to 300 °C at 2 °C/
min and held at 300 °C for 2 h, and then heated from 300 °C to 550 °C at
2 °C/min and held at 550 °C for 3 h. This process resulted in the com-
plete removal of the PMMA templates and the formation of three-
dimensionally macroporous TayOs powders. A SiO, I0 was also pre-
pared for reference purposes using a method described in Ref. [27].

2.4. Characterization

The surface morphologies of the PMMA colloidal crystals and Taz0s5
I0 powders were examined using a Hitachi S-4700 field-emission
scanning electron microscope (FE-SEM). Before the analysis, the sam-
ples were sputter-coated with Pt/Pd to prevent specimen charging
during imaging. The phase identification of the powdered samples was
performed using X-ray diffraction (XRD). A fully automated horizontal
multi-purpose X-ray diffractometer (Rigaku Smart Lab) with a CuKa
radiation X-ray source (1.5418 A) was used to collect the XRD data. The
tube voltage, tube current, scan step, scanning speed, and 26 range were
set to 45 kV, 100 mA, 0.020°, 24° min~', and 5-80°, respectively.
Diffuse reflectance (DR) measurements were performed using a double-
beam spectrophotometer (JASCO V-670) equipped with a light focusing
unit. The powder samples were mounted between two quartz glass
plates for the measurements. Absolute reflectance measurements were
performed to examine the angular dependence of the PBGs in the sam-
ples (JASCO ARSN-917). The angle of incidence was varied from 10° to
60°. Images showing the structural colors of the samples were acquired
using an iPhone SE3 and a Keyence digital microscope VH-S30 F/B with
a VH-5500 attachment. Thermal analyses were performed on a Shi-
madzu thermogravimetric analyzer (TGA) (TGA-50/50H) at a heating
rate of 10 °C/min in air or nitrogen atmosphere.
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Fig. 1. SEM images of the PMMA colloidal crystal templates prepared from the five batches of PMMA colloids (scale bar 2 pm). The insets show the digital images of

the corresponding PMMA colloidal crystals.
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Fig. 2. SEM images of Ta;Os IO powders with different macropore diameters. The insets show digital images of the corresponding Ta;Os IO powders.

3. Results and discussion

Fig. 1 shows the SEM images of the PMMA colloidal crystal templates
prepared using five different batches of PMMA colloids. Table 1 lists the
synthesis conditions of the PMMA colloids and their diameters estimated
from the SEM images using the ImageJ software. The PMMA colloidal
diameter (Dpyya) Was controlled by changing the reaction temperature
and the MMA monomer volume. The PMMA colloid diameter increased

with increasing MMA monomer volume and decreasing reaction tem-
perature during the surfactant-free emulsion polymerization. The
colloid diameters of the PMMA batches (A), (B), (C), (D), and (E) were
221, 297, 341, 380, and 401 nm, respectively. The all-colloidal crystal
templates prepared using the five batches of PMMA colloids exhibited
opalescence, suggesting colloidal size uniformity and crystallization in
the FCC lattice. Smaller-diameter PMMA batches, such as (A) and (B),
showed very strong opalescence, suggesting the emergence of PBGs
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Fig. 3. XRD pattern of the Ta,Os (B) IO powder (upper) and the reference
pattern of Ta;Os (PDF card-01-081-8067, lower).

along the [111] direction at visible wavelengths. For the larger batches
of colloids, i.e., (C) to (E), the [111] PBGs were outside the visible region
(in the near-IR); however, owing to the angle dependence of the PBGs off
the PMMA colloidal crystals, some visible color was evident at the
grazing angles.

Fig. 2 shows the SEM and digital images of the Ta;Os IO powders
prepared using five batches of PMMA colloidal crystals. The TasOs IO
macropore diameters were measured from the SEM images using the
ImageJ software. The macropore diameters of TayOs IO (A), (B), (C),
(D), and (E) powders were 174, 239, 277, 304, and 324 nm, respectively.
These macropore diameters were approximately 80 % of the corre-
sponding colloid diameters in the PMMA colloidal crystal templates,
suggesting substantial shrinkage of the FCC lattice during IO formation.
However, the TayOs IO powders showed ordered arrays of inter-
connected macropores, confirming a successful templating procedure.

Fig. 3 shows the XRD pattern of TayOs IO. The sample was amor-
phous or possibly nanocrystalline, with very small TayOs crystallites.
This was expected as the Ta;Os/PMMA composite was calcined at a
relatively low temperature (550 °C) to remove the PMMA template. The
general profile shape of the XRD pattern closely matched the reference
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pattern for TayOs (PDF card-01-081-8067), implying the possible pres-
ence of very small TapOs crystallites (approximately 1 nm in size) and
severe line broadening of the XRD peaks.

Fig. 4 shows the diffuse reflectance spectra, digital microscopic im-
ages, and images of TayOs (B) IO prepared using the drop infiltration and
immersion impregnation methods under reduced pressure. The TayOs
(B) IO powder synthesized using the drop infiltration method had a
white color (characteristic of TasOs itself) and almost no structural
color. Some light-blue regions can be observed in the digital microscopic
image (Fig. 4(b)). Conversely, the TayOs (B) I0 powder prepared using
template impregnation under reduced pressure exhibited a strong blue
structural color in both the digital microscopic and optical images (Fig. 4
(c)). The diffuse reflection spectra in Fig. 4(a) show the PBGs of each
sample superimposed on a sloping background (black dotted line). A
weak PBG peak at 420 nm can be observed in the spectrum of the sample
prepared using the drop infiltration method (green line), whereas an
intense PBG peak at 440 nm can be observed in the spectrum of the
sample prepared using the impregnation method (blue line). Although
both the samples were synthesized using the same PMMA template, the
PBG positions differed because of the variations in the solid volume
fraction of the TayOs IOs. The drop infiltration method resulted in poor
wetting and infiltration of the template, producing a more disordered
structure with a low TayOs solid volume fraction. In comparison,
impregnation under reduced pressure led to a uniform filling of the
PMMA colloidal templates with the Ta (V) precursor because air had
already been expelled from the interstitial void spaces. Therefore, the
impregnation method resulted in TazOs IO powders with larger mac-
ropores (because lattice shrinkage was reduced during the calcination
step) and higher solid volume fractions. Consequently, the PBG in the
Tap0s5 (B) IO prepared using the impregnation method under vacuum
appeared at longer wavelengths and was more intense than that
observed in the TayOs (B) IO prepared using the drop infiltration
method. In addition, the background (black dotted lines) in the sample
prepared using the impregnation method was less pronounced, which
enhanced the structural color of the sample. The optical properties of the
Tay0s 10s are discussed in detail below.

Fig. 5 shows the digital images of the Ta;Os5 (A)—(E) IO powders
synthesized using the impregnation method. In air, TapOs IO powders
mainly appeared (A) white, (B) blue, (C) green, (D) green-yellow, and
(E) yellow. TayOs (A) IO appeared white, which is typical of tantalum
(V) oxide, suggesting that the PBGs in this sample were in the UV region
because of the small macropore diameter of the sample. In the Tay0s5
(B)—(E) IO samples, the macropore diameters were sufficiently large to
yield PBGs in the visible region, with the PBG position red-shifting with
increasing macropore size (hence, the color changed from blue for Taz05
(B) IO to yellow-red for TasOs (E) I0). The PBGs red-shifted upon filling
the macropores in the IO powders with ethanol (refractive index: 1.36),

Fig. 4. Optical characterization of Ta;Os (B) IO: (a) UV-Vis spectrum of Ta,Os (B) IO prepared using different synthesis methods, (b) Digital microscopic images of
Ta,0s (B) 10 synthesized using the drop infiltration method, (c) Digital microscopic image of Ta;Os (B) IO synthesized using the immersion impregnation method.

The insets in (b) and (c) show the digital images of each sample.
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Fig. 5. Digital images of Ta,Os (A)-(E) IO powder samples under white light-irradiation in air (top) and ethanol (bottom).

causing the powders to change their color. When immersed in ethanol,
the Taz0s (A)—(E) IOs appeared blue, green-yellow, red, white, and
white, respectively. In this case, the PBGs in the Taz0s (D) and TaOs (E)
powders red-shifted to the near-infrared region. The strong structural
colors of the samples immersed in air and ethanol confirmed the suc-
cessful synthesis of good-quality TazOs IO PhC powders [34].

Fig. 6(a)-(e) show the diffuse reflection spectra of the TayOs IO
powders synthesized using the immersion impregnation method under
reduced pressure. The insets in Fig. 6 show the optical images of the
Tap0s5 IO powders. The reflectance spectra were collected in air (green
line) and ethanol (blue line) for each sample. It is important to introduce
the modified Bragg equation, which is commonly used to describe the
optical properties of IOPhCs (see Equation (3)).

2di (nm,g)2 — (sin 6)* (€D

Amax =
where Amqy is the PBG position (in nm), dpy is the interplanar spacing (in
nm) between the planes with Miller indices hkl, m is the order of
diffraction, ngy, is the average refractive index of the IO, and 6 is the
incidence angle (in degrees) with respect to the surface normal of the hkl
planes. For a particular set of FCC planes, the relationship between the
interlayer spacing dpy and macropore diameter (D) in the IOs can be
written as follows:

g — VY o)

(h2 + k2 +I2)

where D is the macropore diameter (nm) of the IO. Considering a first-
order diffraction (m = 1) and combining Equations (1) and (2), we
obtain Equation (3):
2v2D
Amax = L (nuvg)2 - (SiTl 6)2 3
(R + k2 + 1)

Ng, for an IOPhC can be expressed as follows:
Navg = Gioiialsotia + (1 — Poiia) Mvoid €]

where ¢4 is the solid volume fraction of the 10, nyyq is the refractive
index of the solid material (refractive index of TasOs is 2.1), and n,,;q is
the refractive index of the material in the macropores (e.g., refractive
indices of air and ethanol are 1.000 and 1.361, respectively).

The diffuse reflectance spectra of the TazOs IO powders collected in
air and ethanol revealed peaks that could be readily assigned to
diffraction on the (111), (220), and (311) planes (Fig. 6). Table 2 sum-
marizes the positions of these peaks for the different Ta305 IO powders.
For all the samples, the (111) peak was observed at the longest wave-
length, whereas the (220) and (311) peaks were observed at progres-
sively shorter wavelengths, as predicted by Equations (1) and (3).
According to Equation (3), the PBG ratio 4(220)/4111) should be 3%/
(8)!/2 = 0.612, while the PBG ratio A311)/4a111) should be (3)Y/2/(11)1/2
= 0.522, which perfectly matches the observed experimental ratios for
each Tay0s IO powder immersed in both air and ethanol (Table 3). For
many of the TayOs IO powders in air, the (220) and (311) peaks were
below 300 nm and thus outside the range of the spectrometer used in
this study (hence not observed). It should also be noted that Ta;Os has
an electronic band gap of 3.8-4.0 eV. Therefore, it has a strong ab-
sorption below approximately 325 nm, making it difficult to observe the
PBGs at such low wavelengths.

The (111) PBGs of the TayOs (A)-(E) IO powders in air (n = 1.00)
were observed at 328, 451, 510, 565, and 595 nm, demonstrating a
progressive redshift with increasing macropore diameter in the IOs.
Upon immersion in ethanol (n = 1.36), the average refractive index of
the Tap0s5 IO powder increased, with the corresponding (111) PBGs now
being observed at 455, 610, 675, 750, and 775 nm. Further, for many of
the samples, the (220) and (311) peaks red-shifted to the 300-800 nm
region after immersion in ethanol because of the corresponding increase
in the nayg value of the PhC. Fig. 6(f) shows that the (111) PBGs in air and
both the (111) and (220) PBGs in ethanol red-shifted linearly with the
macropore diameter in the TayOs IO powders. The modified Bragg’s
equation (Equation (3)) predicts that the PBG position for a particular
FCC plane should increase linearly with the macropore diameter (D) in
the inverse opals and also the average refractive index (nayg, which will
increase on filling the inverse opals with ethanol) when 6 = 0°.

The optical data strongly support the hypothesis that the PMMA
colloidal crystals and TapOs IO replicas have an FCC structure with an
ABC packing arrangement rather than a hexagonal close-packed (HCP)
structure with an ABA packing arrangement [35-37].

Fig. 7(a) and (b) show the UV-Vis diffuse reflectance spectra of the
Ta0s5 (B) I0 and Tay05 (C) 10 powders in air (n = 1.00) and in different
organic solvents, including methanol (n = 1.329), ethanol (n = 1.361),
2-propanol (n = 1.377), and toluene (n = 1.496). As expected, the PBGs
progressively red-shifted with the increase in the refractive index of the



T. Maekawa et al.

(a)]

3 3

a1 :

£ (LD £ (111)

300 400 wi(::engmc(o:m ' 700 800 300 400 wi(: I'nqmﬁ(iom) 700 800
(c) |

! i (220)

(111) (111)

300 400 500 600 700 800 300 400 500 600 700 800

Wavelength (nm) Wavelength (nm)
(e)
1|20 : G
: I : (220) t
(111 0 an
300 460 w:.;"ngmﬁ(o:m : 700 800 300 400 wf:: nI"gmii((:‘()m) 700 800

Open Ceramics 20 (2024) 100688

—
o
—

g g
2 2
E &
iR 3 | (220)
£ £
z | z
(111)
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
(d)
-
3 i
H e |
; REY
3 3
: ;
z z ]
(111) (220) (111
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
() :

« (111) PBG in ethanol

e (111) PBG in air I S N

* (220) PBG in ethanol e

PBG wavelength position (nm)

Macropore diameter (nm)

Fig. 6. (a—e): UV-Vis diffuse reflectance spectra of Ta;Os IO powders in air (green line) and ethanol (blue line), (f) linear relationship between the PBG position and
macropore diameters for the (111) and (220) PBGs in air and ethanol. (a) Ta;Os (A) 10, (b) Tay0s (B) 10, (c) Ta;Os (C) 10, (d) Ta,0s (D) 10, and (e) TayOs (E) IO.

Table 2
PBG position of Tay0s (A)-(E) I0 samples immersed in air and ethanol.

Sample  Dra0s PBG in air (nm) PBG in ethanol (nm)
(nm)

(A) 174 (111): 328 (111): 455

(B) 234 (111): 451 (111): 610, (220): 375

) 277 (111): 510 (111): 675, (220): 410

D) 304 (111): 565 (111): 750, (220): 462, (311):

395

(E) 324 (111): 595, (220): (111): 775, (220): 475, (311):

365 400

fluids filling the macropores. Fig. 7(c) reveals a linear relationship be-
tween the (111) and (220) PBGs and the refractive index of the medium
filling the macropores, demonstrating that the polycrystalline Ta;0s IO
powders can be applied for the refractive index sensing of solvents.
Fig. 8(a) shows the diffuse reflectance spectra and digital images of
the TapOs (B) IO samples prepared by heating the PMMA (B)/TaOs
composites in air or nitrogen atmosphere. The (111) PBG position
appeared at 450 nm in both the samples, resulting in a blue color.
However, the removal of the PMMA template in a nitrogen atmosphere
significantly enhanced the blue structural color of the sample. Under

Table 3
PBG positions and PBG ratios with respect to the (111) facets for TayOs 10
powders in ethanol.

Sample PBG for Tay0s 10 filled with ethanol (nm) A(220) A1)
Aa11) A

(A) (111): 455 - -

(B) (111): 610 0.614 -
(220): 375

© (111): 675 0.607 -
(220): 410

(D) (111): 750 0.616 0.526
(220): 462
(311): 395

(E) (111): 775 0.613 0.516
(220): 475
(311): 400

such conditions, a PMMA template will not fully burn out as carbon
dioxide but instead leave a thin carbon residue that accentuates the
structural color [15]. The same accentuation of the structural color by
dark pigments is often observed in the natural world, such as in the
iridescent feathers of many birds, where melanosomes either directly
give rise to or enhance the structural color. Fig. 8(b) and (c) show the
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Fig. 8. (a) Diffuse reflectance spectra of Ta;Os (B) 10 prepared by heating in air (green line) or in a nitrogen atmosphere (orange line). TGA curves for PMMA colloids
under heating in (b) air, or (c) Na.

TGA curves of the PMMA colloids heated in air or a nitrogen atmo-
sphere. When heated in air, all the PMMA was removed as carbon di-
oxide, leaving no residue behind. Upon heating under Ny, PMMA

decomposed to form small hydrocarbons, leaving a carbon residue (~1
% of the initial mass of the PMMA). Hence, the TaOs (B) IO prepared in
N, atmosphere appeared darker with a more vivid structural color than
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(d) Ta205 (E) 10.
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Fig. 10. Tay0s (A)-(E) IO powder colors at different incidence angles: (a) Schematic of the digital image capture geometry, (b) Digital images of different Ta;0s IO

samples in response to changes in the incidence angle.
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Fig. 11. Optical characterization of SiO, (E) IO powder: (a) Digital images of SiO, (E) IO at two different incidence angles, and (b) absolute reflectance spectra of

SiO, (E) IO at different incidence angles.

the sample synthesized by calcination in air.

Angle-dependent color changes or iridescence are characteristic
features of PhCs that are often used to distinguish PhC-generated color
from pigment-based colors. Fig. 9 shows the absolute reflectance spectra
of various TapOs IO powders at different incidence angles. With the

change in the incidence angle from 10° to 60°, the (111) PBG position in
each sample remained largely unaffected. Fig. 10 shows the colors of the
Tay0s5 10 samples at different incidence angles. As shown in Fig. 10(a),
the incidence angle changed from 0 to 30°, and images of the powders
were captured at both angles. Fig. 10(b) shows the digital images of the
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Fig. 12. SEM images (at different magnifications) of (a, b) Ta;Os (E) IO, and (c, d) SiO» (E) IO.

Taz0s5 (A)—(E) I0 powders, exhibiting their structural color. Consistent
with the absolute reflection measurements, the color of the samples
hardly changed with the incidence angle.

In contrast, the SiO2 IO powder prepared using batch (E) PMMA
colloids showed a distinct change in the color with the incidence angle
(Fig. 11). The sample color showed a marked blue shift with increasing
incident angle, while the (111) PBG moved to progressively shorter
wavelengths as the incident angle increased from 10° to 30° (as pre-
dicted by Equation (3)).

The difference in the optical responses of the polycrystalline TaOs
I0 and SiO; IO powders on changing the incidence angle can be

(a)

Directional reflection

Photonic crystal with long-range periodicity (like SiO,)

explained as follows. Amorphous SiO; has a low refractive index (n =
1.45). As result PBGs in SiO5 IOs tend to be quite narrow and well-
separated at all incidence angles. Ta;Os has a much higher refractive
index of 2.1, which results in a significantly wider PBGs along the (111),
(220), and (311) directions compared with silica-based 10s [7]. Gener-
ally, for a particular FCC plane, e.g. FCC (111) plane, the
full-width-at-half-maximum of the PBG peak in reflectance spectra de-
pends on a number of factors, including the solid volume fraction in the
inverse opals (FWHM increases as the solid volume fraction decreases)
as well as the refractive index of the materials in the walls of the inverse
opals (FWHM increases as the refractive index of the solid material in

(b)

Diffuse reflection

J9&

Photonic crystal with short-range periodicity (like Ta,O5)

Fig. 13. Schematics of the inverse opal photonic crystals with (a) long-range order and angle-dependent color and (b) shorter-range order and minimal angle-

dependent color.
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the walls increases). In the case of TayOs IOs, the large FWHM of each
PBG peak increases the likelihood of an overlap of PBGs for different
crystal planes with the change in the incidence angle (i.e., as the (111)
PBG blueshifts with increasing angle with respect to the [111] direction,
the PBGs on the other FCC planes like (220) and (311) may redshift as
the incidence angle correspondingly decreases with respect to the sur-
face normal of these planes, increasing the likelihood of overlapping
PBGs). The overlapping of the PBGs on different planes at specific angles
could mask the usual blueshift of the PBGs observed on particular planes
with increasing incidence angle. A second factor that may have pre-
vented an evident color change with the incidence angle in the Ta;O5 IO
powders was the size of the exposed crystalline domains [1,38-41]. For
the SiO5 IO powder, the powder particles exhibited large domains with
the same crystallographic orientation (Fig. 12), with much fewer defects
than those observed in the Ta;Os IO powders. Accordingly, stronger
diffraction could occur on specific FCC planes, such as the dominant
(111) planes, with the scattering caused by defects minimized. In the
case of the TayOs 10 powders, the crystalline domains were much
smaller, and the planes had more defects. Accordingly, the orientation of
the various planes in the powdered samples was significantly more
statistically random, along with more light scattering caused by defects,
leading to more diffuse reflectance and broader PBGs which effectively
eliminated the typically-seen angular PBG dependence (Fig. 13). In
short, at all incidence angles, the types and abundance of planes exposed
by the TayO5 I0s were the same. Hence, no change in the color was
observed with the viewing angle (i.e., angle effects were averaged out).

This study demonstrated that the angle dependence of the PBG po-
sition in polycrystalline I0 powders can be very different from that
observed in thin films with specific orientations (i.e., (111) planes par-
allel to the underlying substrate, as is typically studied in the PhC field).
The short-range periodicities of TazO5 IOPhCs are not ideal from an
optical-quality perspective. Nevertheless, many applications require
materials that do not change color over a wide range of viewing angles,
such as pigment applications and photocatalysis [42-45].

4. Conclusions

Polycrystalline Ta20s I0 powders with varying macropore diameters
and PBGs at UV and visible wavelengths were successfully fabricated
using the colloidal crystal templating method. Filling the interstitial
voids in PMMA colloidal crystal templates using a vacuum-assisted im-
mersion impregnation method was found to be beneficial for producing
brightly colored TazOs IOPhCs. The PBGs in the TayOs IO powders red-
shifted with the macropore diameter in the IOs and also with increasing
refractive index of the medium filling the macropores, in accordance
with the modified Bragg’s equation. Similar to other IO materials con-
taining a highly dielectric material in the walls (such as TiO3) and sur-
face defects, the polycrystalline TazOs I0 powders did not show a
significant change in color with the viewing angle under white-light
irradiation.
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