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ABSTRACT: The ordered SiO2:Tb
3+ inverse opal heterostructure films are fabricated through polystyrene

spheres hetero-opal template using the convective self-assembly method to examine their potential for color
purification. Their optical properties and photoluminescence have been investigated and compared with
individual single inverse opals and reference (SiO2:Tb

3+ powder). The heterostructures are shown to
possess two broad photonic stop bands separated by an effective pass band, causing suppression of blue,
orange, and red emission bands corresponding to 5D4 →

7Fj; j = 6, 4, 3 transitions, respectively and an
enhancement of green emission (i.e., 5D4 →

7F5). Although the suppression of various emission occurs
because of its overlap with the photonic band gaps (PSBs), the enhancement of green radiation is observed
because of its location matching with the pass band region. The Commission International de l’Eclairage
(CIE) chromaticity coordinates of the emission spectrum of the heterostructure based on polystyrene
sphere of 390 and 500 nm diameter are x = 0.2936, y = 0.6512 and lie closest to those of standard green
color (wavelength 545 nm). In addition, a significant increase observed in luminescence lifetime for 5D4
level of terbium in inverse opal heterostructures vis-a-̀vis reference (SiO2:Tb

3+ powder) is attributed to the
change in the effective refractive index.
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1. INTRODUCTION

Photonic crystals (PhCs) have attracted attention over the past
decade because of their potential applications in waveguides,
single-photon generation, low-threshold lasers, solar cells,
photoelectrochemical water splitting, chemical and biosensors,
etc.1−7 Basically, their refractive index as well as dielectric
constant vary periodically with spacing in the range of optical
wavelengths. As a result, a forbidden/stop band is formed that
prohibits certain light frequencies to pass through.3,8 This feature
can be exploited to control the spontaneous emission of an
embedded light emitter in PhCs by manipulating the local
photonic density of state. Several studies have been undertaken
on the nature of spontaneous emission of semiconductor
quantum dots,9−11 organic dyes,12−14 and rare-earth ions15−20

containing PhCs. In recent years, immense interest has arisen in
(i) complex PhCs, produced by introduction of crystal defects
(such as point,8,21,22 line,23−25 or planar26,27) and (ii) photonic
crystal heterostructures28−30 (termed as PhCHs) because of
their potential in improving ultrahigh quality nanocavity and
light-harvesting efficiency besides developing quality optical
filters.31−34 A PhCH comprises two or more photonic crystals of
different lattice parameters and/or refractive index materials and
characterized by two or more photonic stop bands (PSBs).29

Furthermore, a pass band (PB) can exist in between the PSBs of
adjoining PhCs.33 The combination of PB and PSBs may tune
the spontaneous emission of embedded emitter (e.g., lanthanide
ions/dyes/quantum dots) at different wavelengths.35−37

PhCHs can be fabricated as opal heterostructures (OH) and
inverse opal heterostructures (IOH) but the later ones have

certain advantages, e.g., wide photonic stop band, significant
difference in refractive index, possibility of stop bands in all
directions with a high refractive index matrix, and uniform
distribution of infiltrated emitter species.38,39 Nevertheless, opal
heterostructures have been fabricated with embedded dye or
CdTe crystals to study spontaneous emission characteristics.35,40

For example, Beart et al.35 have observed emission enhancement
in pass band and suppression at stop bands region in a
fluorophore (disodium fluorescein molecules) infiltrated opal
heterostructure of silica spheres. Similarly, Gaponik et al.40 found
nonlinearity in emission in pass band region from CdTe
nanocrystals when placed in a silica sphere-based opal
heterostructure.
A few reports available on the fabrication of inverse opal

heterostructures include sequential vertical deposition,28 con-
vective self-assembly,41 and layer transfer approach method.42

But, the investigations were focused only in describing
techniques for preparation of the IOHs without embedding the
luminescent species. Obviously, the emission characteristics
could not be studied in them. Therefore, the current focus is to
report the tuning of spontaneous emission from embedded
lanthanide ions in inverse opal heterostructures fabricated by an
established convective self-assembly method.41 Lanthanide ions
exhibit unique properties such as sharp emission, large Stokes
shift, high resistance to optical blinking, and photobleaching
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besides distinctive ability of up-conversion and down-con-
version.43 As a consequence, they have found applications in
light emitting diodes (LEDs),44 security printing,45 solid state
displays,46 lasers,47 solar light harvesting,48 biolabels,49 optical
data storage,50 and bioimaging.51 Emission from lanthanide ions
arises due to inner shell 4f −4f transitions (being electric dipole
in nature but induced by crystal field effects) in narrow bands and
distinct long lifetime. Since the emission bandwidth of lanthanide
ions is usually narrow, its complete suppression can occur if lies
within the stop band region of PhC. The investigations
undertaken earlier focused on the modification of lanthanide
ions emission with PhCs possessing a single PSB.15,19,52,53 Note
that lanthanide ions exhibit several emissions (e.g., 488, 545, 580,
and 625 nm for Tb3+ species) and hence a single PSB cannot
possibly suppress (i) bands existing on both sides of a desired
emission (545 nm) and/or (ii) two or more distant bands
simultaneously.52,54,55 The present work addresses this issue and
deals with the spontaneous emission aspect of Tb3+ ion

embedded in silica IOH, exhibiting two PSBs with one PB in
between, vis-a-̀vis IOs using SiO2:Tb

3+ powder as reference. It is
demonstrated that the heterostructure suppresses the undesired
emissions but improves the green band and so can serve as a color
purifier. Further, the modified emissions have been examined in
terms of their CIE coordinates and lifetime of 5D4 state of
terbium ions to understand the changes induced by the local
environment.

2. EXPERIMENTAL SECTION
2.1. Preparation of Tb3+ Silica sol. Five milligrams of terbium

nitrate hexahydrate (Tb(NO3)3.6H2O, Aldrich, 99%) was first dissolved
in 0.75 mL of distilled water and mixed with 1.5 mL of
tetraethylorthosilicate (TEOS, Aldrich, 98%) and 3.9 mL of ethanol
(Merck).The pH of the mixture was adjusted to 0.5−0.7 by adding few
drops of HCl (35 wt %,Merck) and the mixture was continuously stirred
at room temperature for 24 h to obtain a clear Tb3+embedded silica sol.

2.2. Fabrication of SiO2:Tb
3+ Inverse Opal Structures.

SiO2:Tb
3+ inverse opal single film- and double film heterostructure

Figure 1. Schematic diagram for fabrication of SiO2:Tb
3+ single and hetero inverse opal structures (PS denotes polystyrene spheres).

Figure 2. Arrangements for angle-dependent measurements: (a) transmittance spectrum and (b) photoluminescence from SiO2:Tb
3+ inverse opal

structures.
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inverse opals were fabricated by convective self-assembly method after
optimization.41 The process is depicted schematically in Figure 1 and
involved three steps:
1. Preparation of SiO2:Tb

3+ Infiltrated Opal Film of Polystyrene
Spheres (PS). For this, a clean quartz substrate (size 5 mm × 10 mm × 2
mm) was treated with piranha solution (H2SO4/H2O2 = 3:1 v/v) at 80
°C for 2 h, washed with distilled water and dried. The substrate was then
placed vertically in a beaker, containing the mixture of 80 μL of aqueous
PS (390 nm) solution (10% by volume, procured from Bangs
Laboratories, Fishers, USA), 8 μL of terbium-embedded silica sol and
2 mL of distilled water, and held at 50 °C for 12 h to form a silica-
infiltrated PS opal film of 390 nm diameter. The opal films of other
polystyrene spheres (500 or 280 nm diameter) were prepared in the
same manner individually with a mixture of 60 μL (or 100 μL) of an
aqueous solution (10% V) of 500 nm (or 280 nm) PS, 6 μL (or 8 μL) of
terbium-embedded silica sol, and 2mL of distilled water in each case and
drying at 50 °C for 12 h.
(2). Fabrication of Heterostructure Opal. SiO2:Tb

3+-infiltrated opal
films of 390 and 500 nm polystyrene spheres were subsequently grown
similarly over 280 and 390 nm opal films, respectively, and held again at
50 °C for 12 h to obtain silica-infiltrated heterostructures.
(3). Development of Inverse Opal Heterostructure. SiO2:Tb

3+-
infiltrated opal films with 280, 390, and 500 nm diameter PS individually
and 280−390 and 390−500 nm heterostructure were heated at 600 °C
for 3 h to remove the polystyrene. This process yielded a set of five
samples of single- as well as hetero- inverse opal structure of air spheres
(termed as 280 IO, 390 IO, 500 IO, 280−390 IOH, and 390−500 IOH).
2.3. Characterization Techniques.Microstructure of each sample

was observed in a field emission scanning electron microscope (Carl
Zeiss NTS GmbH-SUPRA 40VP). Although a Varian Cary 5000 UV−
vis−NIR spectrophotometer was employed for measuring the optical
reflectance, Hitachi model U-3310 double beam UV−visible spec-
trophotometer was engaged to record the transmittance spectra.
Further, the photoluminescence (PL) and fluorescence lifetime data
were collected with a fluorimeter (Edinburgh instrument model FLS
920) using Xenon flash lamp (Xe900, 450 W) and micro flash lamp
(μF920, 60W), respectively. For obtaining the angular-dependent
optical transmission, PL, and lifetime data, we mounted the sample on a
goniometer head and rotated it manually to adjust the incident angle.
The arrangements used are shown schematically in Figure 2.

3. RESULTS AND DISCUSSION
Figure 3a−c shows the FESEM images of 280 IO, 390 IO, and
500 IO inverse opal structures. The ordered close packing of air
spheres is noticed in each case with hexagonal configuration (i.e.,
coordination six) and separation of 200, 273, and 358 nm,
respectively. The stacking of close-packed layers of hard spheres
is known to generate ordered (cubic, hexagonal, or both mixed)
structures with identical filling factors of ∼74%. On the basis of
evidence gathered through microscopic examination and
thermodynamic calculations, the cubic-close packed (c.c.p.)
structure is considered to be most stable.56,57 The distance
between the hard spheres in close packing should therefore be
just equal to their diameter. However, the above results invariably
show smaller distance than the diameter of the original
polystyrene spheres, e.g., the separation observed are 200, 273,
and 358 nm against sphere diameters of 280, 390, and 500 nm,
respectively. Obviously, there is shrinkage of ∼28−30% caused
perhaps by decomposition and removal of PS content and release
of adsorbed water from silica. The micrographs presented in
Figure 3a−c show air spheres as gray and regions containing
SiO2:Tb

3+as white and are similar to those reported in the
literature for c.c.p. structures. Figure 4a, b and Figure S1−S3
(Supporting Information) depict cross-sectional images of 280−
390 IOH and 390−500 IOH structures, respectively. The
interface between the two types of inverse opal in each case is
clearly visible.

The digital optical photograph of 280−390 IOH, 390−500
IOH, 280 IO, 390 IO and 500 IO shown in Figure 5a−e reveals
different colors (e.g., cyan/blue, cyan/red, blue, cyan, and red,
respectively) because of variation in their reflection behavior.
The color mixing at some places may arise because of orientation
difference of domains and/or peeling off effects in inverse opal
structures. It is evident that the method used gives good- quality
inverse opals with reasonable ordering extending to several
micrometers.
Figure 6a−c shows optical transmittance and diffuse

reflectance spectra of (280 IO, 390 IO, and 500 IO), 280−390

Figure 3. Field-emission scanning electron microscope (FESEM)
images (top view) of single inverse opal structures: (a) 280 IO, (b) 390
IO, and (c) 500 IO.
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IOH and 390−500 IOH at normal incident of light. The
minimum in the transmittance and corresponding peak in

reflectance spectra represent the PSB position at 380, 505, and
660 nm for the 280 IO, 390 IO, and 500 IO, respectively. Notice
that in case of 280−390 IOH and 390−500 IOH, there are two
PSB positions in each, close to those found in the individual
inverse opals and displayed in Figure 6a. The nature of peak of
IOH in general depends on several factors, i.e., sample thickness,
interface effects, light incident side, scattering, wavelength-
dependent variation of reflectance, etc.33,58−60 In addition,
valleys visible at ∼450 and ∼595 nm in reflectance spectra
(Figure 6b, c) represent the pass bands of 280−390 IOH and
390−500 IOH, respectively.

Figure 4. Field-emission scanning electron microscope (FESEM)
images (cross-sectional) of inverse opal heterostructures: (a) 280−390
IOH and (b) 390−500 IOH. The blue dashed line indicates the interface
in inverse opal heterostructures.

Figure 5. Digital optical photographs of (a) 280−390 IOH, (b) 390−
500 IOH, (c) 280 IO, (d) 390 IO, and (e) 500 IO structures.

Figure 6. Optical transmittance (left) and diffuse reflectance (right)
spectra of (a) 280 IO, 390 IO, 500 IO and reference, (b) 280−390 IOH,
and (c) 390−500 IOH samples; Measurements undertaken at the
normal incidence (θ = 0°).
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Figure 7a,b shows the angle-dependent transmittance spectra
of 280−390 IOH and 390−500 IOH measured when the

incident beam makes an angle (θ = 0, 5, 10, 20, 25, and 30°) with
the sample normal. These indicate shift in PSB toward a shorter
wavelength with increase in the incident angle (θ). By taking
refraction into consideration the modified Bragg’s law governing
the interference phenomenon is written as61

θ λ− =n n2d sineff
2 2

(1)

where d is the spacing between close-packed planes, θ is the angle
between the incident light and normal to the sample plane, neff is
the effective refractive index, n is the order of diffraction, and λ is
the wavelength of incident radiation (or just the PSB position in
the transmission spectrum). For the first order diffraction, n = 1
and so λ should decrease with increase in “θ” for a particular d.
This is indeed observed above in Figure 7a, b and Figure S4
(Supporting Information). The two PSB positions observed in
each heterostructure correspond to spheres of different size
present in top and bottom portion of the inverse opals.
According to the eq 1, for n = 1, λ2 versus sin2 θ plot should

be a straight line with slope giving d and the intercept on the y-
axis determining neff. Figure 8a,b indeed depicts straight lines
with respective d and neff values as deduced specified therein.

The effective refractive index (neff) for an inverse opal structure
is defined as

ϕ ϕ= + −n n n (1 )eff sio air2 (2)

where nSiO2 = 1.455 and nair = 1 are the refractive indices of silica
and air, respectively and ϕ is the packing fraction of silica in the
inverse opal. For an ideal close-packed structure neff turns out to
be 1.12 as ϕ = 0.26. Notice that the values of neff obtained from
experimental data lie in the range of 1.12−1.18. The variation in
neff can be attributed to nonideal packing with slightly larger
filling factor (ϕ) of SiO2.The interplanar spacing d is related to
the sphere diameter in a close-packed structure or air sphere
separation (D) in an inverse opal structure as d = (2/3)1/2D.
Thus, D values can be determined using d obtained from the λ2

versus sin2θ plots (Figure 8a, b) and measured from FESEM
images (Figures 1 and 2) as well. The results are summarized in
Table 1 and reveal good correspondence in D values.

Figure 7. Angle-dependent transmittance spectra inverse opal
heterostructures: (a) 280−390 IOH and (b) 390−500 IOH.

Figure 8. λ2 versus sin2θ plots for inverse opal layers in (a) 280−3900
IOH and (b) 390−500 IOH showing straight lines allowing deduction
of d and, in turn, D (=√(3/2)d) from the slope and neff using
intersection at ordinate.
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Figure 9a−e depicts the photoluminescence spectra of 280 IO,
390 IO, 500 IO, 280−390 IOH, and 390−500 IOH along with
that of reference (SiO2:Tb

3+ gel powder) in each as recorded
with a detector held at 20° from the sample normal (Figure 2b).
The 390−500 IOH shows different colors (Figure 5b) in various
parts, indicating nonuniformity of the heterostructure. This is
happening because of peeling of the top layer at some places
during the processing steps. Nevertheless, photoluminescence
measurements have been made carefully by focusing the light on
the portion of heterostructure only. All these show four sharp
emission bands at 486, 545, 584, and 620 nm corresponding to
5D4 →

7Fj (j = 6, 5, 4, 3) transitions of Tb3+ species, respectively
(Table 2). To visualize the relative change in the emission,

background correction is made in each spectrum and normal-
ization undertaken with the total intensity. Whereas the blue
emission band at 486 nm is reduced in 390 IO (Figure 9b), the
yellow and red emission peaks at 584 and 620 nm, respectively,
get suppressed in 500 IOwith respect to the reference; the reason
being overlap of emission band(s) with the PSB of respective
inverse opal structures. Further, enhancement of emission peak is
observed at 584 and 620 nm in 390 IO and at 486 nm in 500 IO
vis-a-vis reference (Figure 9b, c). In the case of 390−500 IOH
(Figure 9e), the two PSBs of the heterostructure overlap with the
above three emission bands at 486, 584, and 620 nm
simultaneously. The overall effect is that the emission peaks
are suppressed reasonably at 584 and 620 nm and marginally at
486 nm. The functions of top layer are (i) suppression of both
584 and 620 nm emissions because of its broad PSB and (ii)
reflection of these very emissions from Tb3+ ions present in the
bottom layer. On the other hand, top and bottom inverse opals
induce opposite changes (i.e., enhancement and suppression,
respectively) in the 486 nm emission and leads eventually to

Table 1. Comparison of Pore Diameter (D) Observed from
FESEM and Optical Properties: Photonic Stop Band (PSB),
Interplanar Spacing (d111), Air Sphere Diameter (Doptical,
DSEM), and Percentage Shrinkage of PS Diameter of Various
Inverse Opal (IO) and Inverse Opal Hetero (IOH) Structures

sample

PSB
position
(nm)

d111
(nm)

Doptical = √(3/2)d111
(nm)

DSEM
(nm)

shrinkage
(%)

280−390
IOH:

280 bottom
layer

384 166 204 209 24.5

390 top layer 500 215 263 268 31.2
390−500
IOH:

390 bottom
layer

502 224 274 278 28.8

500 top layer 664 292 357 362 27.6
280 IO 380 200 28.6
390 IO 505 273 29.9
500 IO 660 358 28.4

Figure 9. Photoluminescence spectra of SiO2:Tb
3+ inverse opal structures along with reference: (a) 280 IO, (b) 390 IO, (c) 500 IO, (d) 280−390 IOH,

and (e) 390−500 IOH samples; and (f) CIE coordinates of Tb3+ emission in all the sample. Excitation wavelength 230 nm, emission spectra measured at
θ = 20° (Figure 2b).

Table 2. Relative Integrated Intensity of Various Emissions
from the Infiltrated SiO2:Tb

3+ Ions in Various Inverse Opal
(IO) and Inverse Opal Hetero (IOH) Structures

relative intensity of Tb3+ ion emission corresponding to
5D4→

7Fi (j = 6, 5, 4, 3) transitions

samples

5D4→
7F6

(486 nm)

5D4→
7F5

(545 nm)

5D4→
7F4

(584 nm)

5D4→
7F3

(620 nm)

reference
sample

19.4 61.5 10.3 8.8

390−500 IOH 18.1 69.0 7.1 4.8
280−390 IOH 16.2 62.3 10.8 9.6
500 IO 24.8 62.5 7.6 5.0
390 IO 12.4 61.8 12.2 13.5
280 IO 19.8 62.0 9.9 8.3
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somewhat less suppression vis-a-̀vis reference. The marked
enhancement of Tb3+ green emission at 545 nm is arising due to
matching with the pass band of the inverse opal heterostructure
itself (Table 2). Figure 10 depicts the modifications in Tb3+ ion
emission in 390−500 IOH vis-a-̀vis reference induced by PSB
and PB effects schematically.

The suppression of emission in IOHs and IOs can be
understood by confinement of photon within PhCs due to Bragg
diffraction.62 Alternatively, it amounts to reduction in the
number of optical modes available for photon propagation at
frequencies lying within the PSB.63 The enhancement of
emission is linked to local density of states (or the number of
available optical modes) determined by the environment around
the emitter. Because the total number of states is conserved, their
redistribution leads to suppression within and enhancement
outside the PSB in PhCs. Thus, an increase in local density of
states will speed up the emission process and shows enhance-
ment.64 In other words, because the rate of relaxation through
one of the transition is reduced due to energy overlap with the
PSB, the electrons prefer other transition(s) existing outside the
stop band. Since the pass band region lies in between PSBs in
inverse opal heterostructure local density of states is expected to
be high leading to enhancement in the emission withinin that
range. Gaponik et al.40 have studied the luminescent character-
istics of opal heterostructure by incorporating CdTe nanocrystals
in the bottom layer only. Accordingly, the passband between the
two PSBs causes nonlinearity with no enhancement in emission
due to interface effects. On the other hand, Baert et al.35

introduced dye in both top and bottom layers of the hetero-opal
and found emission enhancement in pass band region and
suppression on its right side. The present finding in Tb3+-
embedded 390−500 IOH is consistent with that of Baert et al.35

and amounts to green color purification vis-a-̀vis single inverse

opal and reference sample. The study related to 390−500 IOH
with Tb3+ in the bottom layer alone is under progress and
expected to reveal the role of the top layer as well as the emitter in
understanding the observed enhancement of green emission
better.
To justify the occurrence of the above emission modifications

(suppression as well as enhancement) in 390−500 IOH because
of two PSBs and a passband, the nature of 280−390 IOH has also
been investigated. Figure 9d depicts the emission spectra of 280−
390 IOHwith PSBs at∼377 and∼484 nm and a pass band at 430
nm. In 280−390 IOH, photonic stop band at 484 nm overlaps
with blue emission (486 nm) and causes suppression. On the
other hand, the PSB at 377 nm lies outside the range of Tb3+

emission and hence shows no effect. To reveal the respective
changes in the terbium green emission, the CIE chromaticity
coordinates of all the inverse opal samples have been deduced
and presented in Figure 9f. Notice that the CIE chromaticity
coordinates of 390−500 IOH are much closer to those of
CIE1931 green color (x = 0.2738, y = 0.7174)65 in comparison to
280 IO, 390 IO, 500 IO, 280−390 IOH, and SiO2:Tb

3+ gel power
(See Table 3). Figure 11 shows the angle-dependent emission

spectra of 390−500 IOH in the range θ = 20−50°. It reveals the
suppression of 545 nm green emission at θ = 40° because of the
overlap with the PSB of the top inverse opal layer. Also, 486 nm
blue emission is enhanced as it lies within the pass band region.
With further increase in θ to 50°, PSB of the top layer shifts

Figure 10. Schematic representation of Tb3+ ion emission modifications
in 390−500 IOH inverse opal heterostructure vis-a-̀vis reference
induced by PSB and PB effects at θ = 20°.

Table 3. CIE Coordinate of 280IO, 390 IO, 500 IO, 280−390
HIO 390−500 HIO, and Reference Silica Samples; CIE
Coordinates Are Compared with CIE (1931) Green
Coordinate

CIE chromaticity coordinate

sample x y

green (CIE1931) [65] 0.2738 0.7174
reference sample 0.3214 0.6146
390−500IOH 0.2936 0.6512
280−390 IOH 0.3301 0.6023
500 IO 0.2975 0.6059
390 IO 0.3512 0.6025
280IO 0.3150 0.6134

Figure 11. Angle-dependent photoluminescence spectra of Tb3+ in
390−500 IOH. Excitation wavelength 230 nm.
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toward a lower wavelength, and so the suppression of 545 nm
green emission ceases.
To understand the nature of total SER in 5D4 excited state, the

lifetime measurements have been made as described in Section
2.3 for all the samples. Figure 12a shows the decay curves in 280

IO, 390 IO, 500 IO, 280−390 IOH, 390−500 IOH, and the
reference, obtained with a detector held at 20° from the sample
normal. These are fitted using the expression

∑= + τ−I t A B e( )
i

i
t/ i

(3)

where τi (i = 1, 2, 3···) is the characteristic lifetime, Bi is the pre-
exponential factor called weighted amplitude, and A is an
additional parameter. The chi square (χ2) of different fittings is
found to lie in the range 1.6−1.9. The average luminescence
lifetime has been deduced from the relation66

τ
τ τ τ
τ τ τ

=
+ +
+ +

B B B
B B B
1 1

2
2 2

2
3 3

2

1 1 2 2 3 3 (4)

The deduced values of τ are ∼4.6, 4.4, 4.5, 4.3, 4.3, and 2 ms for
280 IO, 390 IO, 500 IO, 280−390 IOH, 390−500 IOH, and
reference, respectively (Figure 12a). The sensitivity of the
lifetime measurement is high and lies in the microsecond range.

Further, the standard deviation in lifetime values has been around
±0.15 ms. That means, the lifetime difference in various samples
appears to be real and possibly arising due to minor variation in
the filling fraction of silica (i.e., changes in effective refractive
index) considering the low lifetime value displayed by the
reference and the discussion that follows now. Obviously, the
lifetime (τ) increased to (2−2.3) times in all the inverse opal
structures vis-a-̀vis the reference. Such an increase in
luminescence lifetime is observed earlier too in lanthanide ions
embedded inverse opals and attributed to either variation in the
refractive index15,53,67 or PSB effect.19,63,68 However, the lifetime
data of various single- and hetero- inverse opals presented above
reveal enhancement to almost the same level despite of
noticeable differences in the PSB position. Hence, the origin of
enhanced lifetime observed here for Tb3+ green emission lies
with refractive index itself and not the PSB effect. The luminesce
lifetime (τ) of lanthanide ions present in a medium is related to
the effective refractive index as69

τ
λ

≈
+⎡⎣ ⎤⎦f n n(ed) ( 2)

0
2

1
3 eff

2 2

eff (5)

where λ0 is the wavelength of light in vacuum and f (ed) is
oscillator strength of electric dipole transition, and neff is the
effective refractive index of the material, given by eq 2. Note that
the values of refractive index of all IO and IOH samples are∼1.13
(much smaller than 1.455 of the reference) because silica- to air-
volume fraction remains nearly the same. As a consequence, eq 5
gives luminescence lifetime of Tb3+ ions in IO and IOH as about
2-times of the reference, if f (ed) is considered as constant, and
close to the experimental values.
Figure 12b shows the lifetime data of Tb3+ green light emitted

at 545 nm as a function of angle (θ), the detector is making with
the sample normal (Figure 2b).It is interesting that the lifetime of
various IO and IOH samples remain essentially the same at
different angle (θ), lie within in the standard deviation. The
present finding is consistent with the report of Wang et al.,15 who
studied the luminescent dynamics and angle-resolved emission
spectra of Eu3+ ion containing poly methyl methacrylate
(PMMA) opal photonic crystals and simulated the total density
of states (DOS) numerically. Accordingly, in low dielectric PhC,
the total density of states remain essentially the same despite of
distinguished angular distribution of local density of states. As a
consequence, the total emission spontaneous rate (SER) of all
the Eu3+ 5D0−7FJ transitions taken together turns out to be
constant and independent of PSB position. Further, SER value is
determined by the effective refractive index of the photonic
crystal itself. But, SER of a specific transition (e.g., 5D0−7F2) is
spatially distributed, suppressed or enhanced in certain directions
depending on the increase or reduce of the optical modes. Thus,
the luminescence lifetime provides information about all the
5D0-

7FJ transitions rather than that of any specific one because of
the excited state being 5D0 itself for them all.
In the present case, the total SER of 5D4-

7FJ transitions of Tb
3+

ion is conserved and no change occurs with the angle (θ). As a
consequence, the luminescent lifetime of 5D4 excited state of
SiO2:Tb

3+ IO and IOH samples remains the same at all angles
(θ) with no bearing on the local density of states. The reason
being the correspondence of luminescent lifetime with the total
SER (∑ 5D4−7FJ) of all transitions and not with any individual
one. In fact, all the emissions are occurring from 5D4 level of Tb

3+

ions.

Figure 12. (a) Photoluminescence decay curves of 545 nm emission
corresponding to 5D4 →

7F5 transition of Tb3+ ions from 280 IO, 390
IO, 500 IO, 280−390 IOH, 390−500 IOH, and reference. Excitation
wavelength 230 nm, emission spectra measured at θ = 20° (Figure 2b).
(b) Effective luminescence lifetime for 545 nm emission of Tb3+ ion at
various observation angles in 280 IO, 390 IO, 500 IO, 280−390 IOH,
390−500 IOH, and reference.
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4. CONCLUSIONS
Tb3+ embedded silica inverse opal heterostructures (IOHs) can
be fabricated successfully using an improved convective self-
assembly method via polystyrene spheres (diameter 280, 390,
and 500 nm) hetero-opal template in SiO2:Tb

3+ matrix. The two
photonic stop bands appearing at 484 and 610 nm in 390−500
IOH cause suppression of Tb3+ ion blue, orange and red emission
bands corresponding to 5D4 →

7Fj; j = 6, 4, 3 transitions. The
enhancement of green emission band at∼545 nm results because
of the pass band effect. The CIE chromaticity coordinates of
modified emission of 390−500 IOH deduced as x = 0.2936, y =
0.6512 are closest to those of green color (545 nm). The lifetime
values of Tb3+ ions emission at 545 nm in various inverse opal
heterostructures are ∼2.4 time larger to that of reference sample.
The marked improvement in lifetime is attributed to changes in
effective refractive index. This correlation is corroborated by the
angle dependence lifetime measurements data as well.

■ ASSOCIATED CONTENT
*S Supporting Information
FESEM images of Silica infiltrated PS hetero opal templates,
inverse opal heterostructure (280−390 IOH and 390−500 IOH)
at various magnifications, and plot of PSB position with incident
angle. The Supporting Information is available free of charge on
the ACS Publications website at DOI: 10.1021/acsami.5b01615.

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: srisiva@iitk.ac.in. Tel.: +91-512-2597697. Fax: +91-
512-2597664.
*E-mail: jk@iitk.ac.in. Tel.: +91-512-2597107.
Notes
The authors declare no competing financial interest.

■ REFERENCES
(1) Lin, S.-Y.; Chow, E.; Hietala, V.; Villeneuve, P. R.; Joannopoulos, J.
D. Experimental Demonstration of Guiding and Bending of Electro-
magnetic Waves in a Photonic Crystal. Science 1998, 282, 274−276.
(2) Santori, C.; Fattal, D.; Vuckovic, J.; Solomon, G. S.; Yamamoto, Y.
Indistinguishable Photons from a Single-Photon Device. Nature 2002,
419, 594−597.
(3) Yablonovitch, E. Inhibited Spontaneous Emission in Solid-State
Physics and Electronics. Phys. Rev. Lett. 1987, 58, 2059−2062.
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