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PECULIARITIES OF Eu®t
PHOTOLUMINESCENCE IN OPAL

PHOTONIC CRYSTAL FILMS
AND HETEROSTRUCTURES BASED ON THEM

Single opal films and heterostructures based on them grown by the method of vertically mov-
ing meniscus are characterized by the reflection spectroscopy technique and then impregnated
with the Bu(CH3 COO0)s x H2O salt. The suppression of the Bu®t ion emission in single opal
films is clearly detected within the photonic stop-band range. The weaker manifestation of this
effect in heterostructures is more likely due to interface defects causing both the appearance of
permitted states in the photonic stop band and the scattering of radiation in the direction of
observation. With the further impregnation of opal films with glycerol to reduce the dielectric
contrast from 1.85 to 1.13, the emission spectrum is mainly determined by the Eu*t coordina-
tion environment effects accompanied with the broadening of bands and the spectral intensity
redistribution.
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1. Introduction

The principles of controlling the emission and prop-
agation of light in artificial dielectric structures with
periodic and random variations of the permittivity on
the scale of hundreds of nanometers have been out-
lined in the works by Bykov [1], Yablonovitch [2], and
John [3]. Since then, such structures, called photonic
crystals (PhCs), have been intensively employed as
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the basis for creating all-optical circuits, nanopho-
tonic devices [4-6], sensors [7-9], lasers[10-12], anti-
reflection coatings [13], as well as for the molecu-
lar recognition [14] and photocatalytic applications
[15,16]. Their main feature is the possibility of form-
ing a specific frequency interval within which there
are no permitted states, and electromagnetic waves
cannot propagate throughout the PhC due to the
destructive interference. It may be realized either in
all spatial directions, photonic band gap (PhBG), or
in certain crystallographic ones, photonic stop band
(PhSB), depending on the dielectric contrast and the
structure lattice symmetry [17].

The most promising and suitable materials for cre-
ating 3D PhCs with PhBG or PhSB in the visi-
ble or near-infrared regions are artificial and inverse
opals. Artificial opals are porous matrices composed
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of sequential layers of close-packed particles with di-
ameters of hundreds of nanometers. Generally, sil-
ica (SiOg) particles are used [18], but other ones
made of polystyrene (PS) or polymethyl methacry-
late (PMMA) can also be exploited [19]. To vary the
dielectric contrast and to enlarge the functionality of
opal PhCs, the matrices are impregnated with mag-
netic clusters [20,21], active dielectrics [22-24], semi-
conductors [25-27],organic and laser-active materi-
als [28-30]. Inverse opals are fabricated by remov-
ing PS or PMMA spheres from impregnated matrices
[31,32]. For artificial opals, one should expect the for-
mation of PhSBs, while, for inverted opals, the PhBG
appearance is possible in the case of using a higher
refractive index filler.

Among different types of opal PhCs, film opals
stand out for wider technological abilities of vary-
ing their properties, lower defect concentration, and
shorter fabrication time [33, 34]. Their planar struc-
ture allows one to extend the fields of the PhCs appli-
cation to the deformation imaging [35], silicon photo-
voltaics [36], and anti-counterfeiting technology [37]
in addition to those already mentioned.

Nevertheless, one of the main existing challenges
remains the manipulation of the emission spectrum
through varying PhSB parameters and incorporating
preassigned defects. Heterostructures based on opal
films look very promising for this task. Being com-
posed of opal films with a small difference of parti-
cles’ sizes, they provide a flexible PhSB modification
[38—41], and the interface of two films itself is a de-
fect that can be controlled, as far as the film growth
is controlled [42,43].

Lanthanide rare-earth ions, due to their narrow
emission bands, are one of the most suitable candi-
dates for the incorporation into the opal matrix, since
their 4f-4f emission can be completely covered by the
PhSB. However, most of works devoted to this topic
consider the luminescence of lanthanides (Eu, Tb, Er,
Tm, Yb) in either bulk artificial opals with the single
PhSB [44-48] or inverse opals [49-51].

The aim of this work is to investigate the influ-
ence of the photonic stop band on the Eu3™ emis-
sion spectrum in opal films and heterostructures
based on them, as well as the coordination envi-
ronment effect, when opal films being additionally
impregnated with glycerol to decrease the dielectric
contrast. For this reason, europium-containing salt,
Eu(CH3C00)3xH50, is embedded both in single
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opal films and heterostructures derived from opal
films of silica particles with close diameters. The
choice of a material is due to its high luminescence
efficiency and convenient impregnation technique.

2. Samples Fabrication
and Experimental Technique

2.1. Samples fabrication

Monodisperse spherical silica particles (SPs) were
synthesized using the modified Stober—Fink—Bohn
(SFB) method by tetraethyl orthosilicate (TEOS) hy-
drolysis in ethanol-water solution in the presence of
ammonia hydroxide [52]. The reaction solutions con-
tained 9-17 M of H>O, 1-2 M of NH3, 10-13 M
of C2H5OH, and 0.14-0.24 M of SngH2004. The-
reupon, SPs were deposited on a glass substrate us-
ing the method of vertically moving meniscus. The
movement of the meniscus was provided by the slow
evaporation of a colloidal suspension. The films ob-
tained in such a way were assumed to have the fcc
lattice, formed by SPs, with the lattice direction [111]
perpendicular to the film growth surface [53,54]. The
film growth process was carried out under the isother-
mal conditions at 25 °C with the subsequent anneal-
ing at 100 °C for 6 hours to increase the mechanical
stability.

For the further formation of the PhC heterostruc-
ture, SPs of another diameter were prepared by the
multistage SFB method [55]. In this respect, the por-
tion of the above-mentioned suspension was diluted in
water—ethano—ammonium mixed solvent of the same
compound and an additional quantity of TEOS. The
second film of opal heterostructure was crystalized on
the first one acting like a substrate using the method
mentioned above. Upon the crystallization, both het-
erostructures and single films were annealed at 450 °C
for 3 hours in order to remove physically adsorbed wa-
ter and organic residues from the opal structure [56].

The infiltration of obtained samples was carried
out in a saturated aqueous solution of europium (IIT)
acetate monohydrate salt, Eu(CH3COO)3; x HoO
(Sigma-Aldrich, 99.9%), under the action of capillary
forces with the subsequent drying at room tempera-
ture. As shown by our previous electron microscopic
studies [57], this procedure results in the deposition
of the salt in a polycrystalline state on the surface of
silica particles. To examine the luminescence under
low dielectric contrast conditions, single opal films
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with the salt were additionally impregnated with an
aqueous glycerol solution.

2.2. Experimental technique

Reflection spectra of both a single film and the two-
film heterostructure were measured at different angles
0 with respect to a normal to the growth surface, the
[111] direction (Fig. 1, a). All the spectra were ob-
tained within the 420-650 nm interval. Reflectance
coefficients were derived from the corresponding spec-
tra by dividing them by the emission spectrum of an
incandescent lamp used for the sample illumination.

Unpolarized photoluminescence (PL) spectra of the
Eu(CH3COO0)5x HyO salt both in an optical cell
and in pores of opal-based structures were measured
within the 575-625 nm spectral interval. Excitation
was performed by a continuous radiation both in
the °Lg <"F; transition band overlapped with the
°Lg +Fg one (a 410 nm semiconductor laser) and
in the hypersensitive °D; <« 'F; transition band (a
532 nm diode pumped solid-state laser). Both for-
ward and backward scattering geometries were used
for these measurements. In the forward scattering ge-
ometry, the salt in the bottom film (film 1) was firstly
excited, and PL spectra were taken from the opposite
side of the single film or top film of the heterostruc-
ture (film 2) at the angles 6§ = 0°, 40 °, and 50° with
respect to the [111] direction (Fig. 1, b).

All the spectra were analyzed by using a modified
laser spectrometer based on a double monochroma-
tor DFS-12 with a photon counting system. The laser
beam spot diameter on the sample surface was no
more than 1.5 pm, and an error in the angle set-
ting did not exceed 1.50. The spectral resolution was
0.5 cm~!, and an accuracy in defining a spectral po-
sition was 1.0 cm~!.

3. Results and Discussion

3.1. Optical characterization
of opal films and heterostructures

The angular dependences of the reflectance spectra of
both the film 1, which served as the bottom film in a
further heterostructure, and two-film heterostructure
are presented in Fig. 2.

Since opal is a structure with a permittivity mod-
ulation on the scale of hundreds of nanometers, its
reflectance in the visible region is originated from the
light Bragg diffraction, the first-order diffraction on
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Fig. 1. Reflection (a) and photoluminescence (b) measure-
ment schemes. The Bragg diffraction diagram, corresponding
to the Laue equation ki, + Gpr; = kout, determines the re-
flection peak parameters for the wavevectors of incoming ki,
and outgoing kout beams in opal, and corresponding reciprocal
lattice vector Gpg; (a). Photoluminescence is detected on the
opposite side of the sample (on the external side of the top film
2) at 6 = 0°, 40°, and 50°, when bottom film 1 being excited
on the glass substrate side at a = 15° to the [111] direction (b)
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Fig. 2. The film 1 (1—38) and two-film heterostructure (4, 5)
reflectance spectra measured at 6 = 40° (1, 4), 50° (2, 5), and
60° (8). The dashed curves, 4a and 5a, represent the extracted
reflectance spectra of the top film (film 2) at § = 40° and 50°,
respectively, with considering light scattering at the interface
(o = 0.78). Solid lines in the inset are linear approximations of
the angular dependence of the reflectance maximum position

the (111) planes, in our case. As the Laue equation
suggests (Fig. 1, a), the angular dependence of the
reflectance maximum position \,, is determined by
the interplanar (111) spacing dqi11 and the effective
refraction index neg (neg = 1.27) as follows:

Am = 2d111 (ngﬂ - sin29)1/2.
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Fig. 8. Photoluminescence spectrum of Eu(CH3C0OO)3x H2O salt in an optical cell. The inset shows the

deconvolution by the Gauss functions. Dotted and dashed curves are components related to the (I) and (II)
Eu3T site symmetries, respectively. Solid curve is the sum of deconvolution components, cross marks represent

the original spectrum

By applying a linear approximation with zero in-
tercept to the experimental data {ngﬁ — sin20,)\$n}
(the inset in Fig. 2), the mean SP diameter D can be
calculated through D = (3/2)'/2dy1;, D1 = 356 nm
in film 1. The value of the relative reflectance band-
width, not exceeding 10%, indicates a low dispersion
of particle diameters within several nanometers in
this film.

As shown by curves 4, 5 in Fig. 2, the reflectance
of two-film heterostructure is significantly lower than
that of the single film. This may be firstly due to
the increase in light scattering at the interface of the
two films, which reduces the contribution of the bot-
tom film (film 1) to the total reflection spectrum. In
first approach, the heterostructure reflectance spec-
trum R(A, 6) can be represented by a sum of spectra
of film 2, Ro(A,6), and film 1, with considering the
previous reflection in film 2 and scattering on the in-
terface between films, R (A, 0)[1—0o] [1—Ra(\, 6)]. By
assuming the scattering coefficient o to be wavelength
independent within the spectral interval under study,
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we can extract Ra(A,6) and estimate the mean SP
diameter in film 2 as Dy = 362 nm, according to the
procedure described above (the inset in Fig. 2). The
low-pronounced profile of the reflectance band of film
2 (curves 4a, 5a in Fig. 2) is most likely originated
from its small thickness and the large number of
structural defects, leading to permitted optical states
within the PhSB range [58|. The latter is derived from
the spectra of films as a bandwidth at the half of the
reflectance maximum.

3.2. Interpretation
Of the E’LL(CH3 COO)3 X Hy O
photoluminescence spectrum

Before examining the PhSB impact on the emission
of europium ions in opal structures, we consider the
original Eu(CH3COO0)3 x H,O spectrum presented
herein on the wavenumber scale for a more convenient
analysis of the Stark effect and the contribution of lig-
and vibrations. As can be seen from Fig. 3, it consists
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Deconvolution component parameters

Peak position FWHM, Component fraction with respect
(the site type), cm~1! cm~t to the integral intensity of the transition band
Transition
Optical cell Optical cell Single film hetg:gsﬁgéure
5Dy —»"F1 16947 (II) 38 0.16 0.09 0.16
16914 (I) 29 0.24 0.23 0.23
16888 (II) 35 0.17 0.15 0.18
16860 (I) 31 0.27 0.41 0.26
16827 (II) 36 0.16 0.12 0.17
5Dy =7F, 16309 (11) 21 0.08 0.05 0.05
16291 (II) 17 0.07 0.05 0.10
16272 (II) 22 0.12 0.11 0.15
16250 (II) 21 0.09 0.08 0.14
16234 (II) 21 0.07 0.07 0.07
16206 (I) 29 0.22 0.27 0.23
16184 (I) 29 0.08 0.08 0.07
16162 (I) 39 0.27 0.29 0.19

of three bands centered at 17250 cm™!, 16900 cm ™!,
and 16200 cm™!, corresponding to the °Dy —"F,
°Dy —7F4, and °Dy —"F, transitions in the Eu?t
spectrum, respectively [59]. As far as the "Fy and
°Dy levels are non-degenerated, the observation of
two Dy —7Fg emission lines, split by 12 cm™!, sug-
gests that Eu?t ions occupy two non-equivalent sites,
labeled (I) and (II), in the host complex.

The presence of two different Eut sites is also
proved by the Stark splitting pattern of the °Dy —"F;
and °Dy —7F, transitions, since the number of the
emission lines observed for the corresponding spectral
regions, at least four and six, respectively (Fig. 3),
is obviously greater than the maximum number of
crystal-field components predicted for the lowest Cy
symmetry site — three and five [59].

The spectral decomposition performed with the
smallest possible number of the Gauss line profiles,
considering the equidistant arrangement of the Stark
splitting components for each transition, shows the
best coincidence for such sets of components as 1, 2,
3 for site (I) and 1, 3, 5 for site (II) (the inset in Fig. 3
and Table). The assignment of the sets to site (I) or
(IT) is based on the intensities of the spectral compo-
nents, i.e., more intense lines are associated with site
(I) and less intense with site (II).

According to the symmetry analysis and the num-
ber of spectral components obtained in each set, site

ISSN 2071-0194. Ukr. J. Phys. 2023. Vol. 68, No. 12

(I) can be attributed to the C5/Cj5, point group sym-
metry. Meanwhile, the observed splitting pattern of
Eu?t (II) restricts the feasible point symmetry groups
to the following options: C7, Cs, Cy or Cs,. Howe-
ver, since such type of complexes (Eu acetate hy-
drates) is typically characterized by the presence of
europium sites with specifically C; point group sym-
metry [60,61], it is suggested that the Eu™ site (II)
has also C7 point group symmetry in our case.

3.3. Photonic stop band
and coordination environment effects

The PL spectrum of Eu(CH3CO0)3; x H,O salt in
pores of both opal film and heterostructure at 6 = 0°,
far from the stop band region, does not undergo
fundamental changes compared to the original salt
spectrum, except for a slight redistribution of the
spectral intensity (curves I, 4 and 7 in Fig. 4, and
Table). With constant, within an accuracy of detec-
tion, peak positions and slightly varying half-widths
of lines, this redistribution could be explained by the
different numbers of Eu®* ions occupying either (I)
or (II) site within the excited volume.

In the case of single opal film (film 1), the emission
inhibition effect is clearly detected. The PL intensity
in the °Dy —7F; transition region becomes 1.6 times
higher than the intensity in the °Dy —7F5 transition
region, which falls in the PhSB region at § = 40°
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Fig. 4. Photoluminescence spectra of Eu(CHzCOO)3 xH2O salt in pores of the single opal film (a)
and two-film heterostructure (b) measured at different 0 relative to the direction [111] and normalized
by the intensity value at 617.3 nm. The horizontal bars represent the PhSB region in bottom (film
1) and top (film 2) opal films in the heterostructure. Curve 7 is the original spectrum of the salt
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Fig. 5. Photoluminescence spectra of Eu(CH3COO)3 xH20
salt in pores of the single opal film with the SP diameter D =
= 301 nm before (1) and after (2) the additional impregnation
with an aqueous glycerol solution. Both spectra are normal-
ized by the intensity value at 617.3 nm. The horizontal bar
represents the PhSB interval in opal before the additional im-
pregnation
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(curve 2 and bar in the middle of Fig. 4, a). With
the following PhSB shift toward the shorter wave-
lengths at increasing the angle €, the emission in
the region of the °Dy —7F( and °Dy —"F; transi-
tions is suppressed, while the relative PL intensity of
®Dy —7Fy transition raises (curve & and bar at the
top of Fig. 4, a).

The absence of noticeable changes in the PL spec-
trum of the salt in heterostructure at non-zero an-
gles of observation may be attributed to the follow-
ing reasons. According to the measurement scheme
(Fig. 1, b), the PL spectrum in heterostructure is
formed by the successive action of PhSB in films 1
and 2 in the given direction. In the case of 8 = 40°,
this means that photons with energies, corresponding
to the °Dy —7F5 transition, could not already leave
film 1 in this direction of observation. At the same
time, such photons could easily escape from film 1 in
other directions. After the scattering at the interface,
they are quite free to propagate in the direction of
observation (# = 40°) in film 2, since its PhSB is in
another spectral interval, and the corresponding op-
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tical states are permitted (the middle of Fig. 4, ). In
the case of § = 50°, the emission at the °Dg —"Fq
transition does not experience a suppression in film
2, getting there from film 7 due to the scattering at
the interface, but the Dy —7F; and °Dy —7F5 tran-
sitions are in the spectral interval of the PhSB of film
2, and the corresponding photons could hardly es-
cape from film 2 in the given direction. However, the
PhSB effect is weaker than in the single film 7 and
manifested by a slight increase in the PL intensities
in the regions of the °Dy —7Fy and °Dy —7F; tran-
sitions, the latter being at the PhSB edge (the top of
Fig. 4, b). This is rather caused by the more disor-
dered structure of film 2, as mentioned above in the
discussion of the reflectance spectra. During the for-
mation of the upper film, silica particles with a larger
diameter are deposited on the surface of film 1, filling
all possible positions, including vacancies, and being
in a tight contact with the smaller diameter particles
in the lower film. This gives rise to a disorder in the
structure of the upper film, as it continues to grow,
which leads, in turn, to the permitted states in the
PhSB, as considered earlier in one-dimensional PhCs
[62]. Moreover, the structural irregularities at the in-
terface cause the permitted states in the PhSB of film
1 as well. It allows photons with appropriate energies
to leave the lower film in the direction of observa-
tion. Thus, the impact of the PhSB of film 7 becomes
less pronounced due to the nearby particles of the
upper film, acting as point defects in the structure.

Finally, we consider the influence of the additional
impregnation of opal-Eu(CH3COO); x HoO sample
with an aqueous solution of glycerol (85%). This pro-
cedure can be exploited to increase the selectivity of
the optical system by narrowing the PhSB region. Ho-
wever, the substance, with which the opal is addition-
ally impregnated, may have a significant effect on the
emission properties of the source inside the opal.

As can be seen from Fig. 5, the Eu* emission spec-
trum in the initial opal-Eu(CH3COO)3 x HoO sam-
ple is almost completely overlapped by the PhSB re-
gion. The impregnation results in decreasing the di-
electric contrast from 1.85 to 1.13 and, consequently,
in shifting the PhSB center position to the longer
wavelengths (from 603 nm to 633 nm) with its nar-
rowing (from 41 nm to 24 nm). This means that, for
the shorter wavelength, the PhSB edge is 621 nm, and
the PhSB effect on the emission spectrum should not
be expected.

ISSN 2071-0194. Ukr. J. Phys. 2023. Vol. 68, No. 12

The essential broadening of emission lines together
with the spectral intensity redistribution (especially
for the "Dy —7F; transition region) observed in the
spectrum (curve 2 in Fig. 5) can be explained by the
impact of the impregnant on the surroundings of eu-
ropium ions. As the °Dy —7F; transition is a mag-
netic dipole transition, reflecting the splitting of the
"F1 level by the crystal field, the redistribution may
be indicative of a lowered symmetry in the Eu* envi-
ronment and a change in its polarizability. The broad-
ening, in turn, reveals the disordering of the ligands
around europium ions.

4. Conclusions

The original emission spectrum of the Eu (III) acetate
monohydrate, Eu(CH3COO0)3 x H2O, used for test-
ing the photonic crystal effects, can be well described
by assuming the existence of two types of EuT sites
with the C5/Cs, and C; point group symmetries. The
Stark splitting of the "F; and "F5 levels for each of
these sites is 54 ecm™! and 22 cm™!, 60 cm~! and
19 em™!, respectively. The emission spectrum of the
salt embedded into opal pores, measured far from the
PhSB region, reveals no essential modification, except
for some intensity redistribution caused by a variation
in concentrations of the different Eu?* sites.

The weak suppression of the luminescence radia-
tion in the heterostructure of two opal films with sim-
ilar silica particle diameters can be explained by the
following reasons. First, this is the weakening of the
contribution to the luminescence from the lower film
due to the diffuse scattering on the structure of the
interface and the structure of the front film. Second,
the formation of the upper film occurred on the pro-
file of the lower one, which led to an increase in the
concentration of defects in the upper film and, ac-
cordingly, the permitted photonic states in the band
gap. Finally, considering the first two factors with the
used excitation geometry, the contribution to the lu-
minescence is due to the upper film, the band gap
of which is filled with permitted states and does not
significantly affect the luminescence intensity of eu-
ropium ions.

The additional impregnation of the opal film —
Eu(CH3C00)3 x H2O sample with an aqueous solu-
tion of glycerol (85%) results in the essential broaden-
ing of emission lines and the spectral intensity redis-
tribution. Both effects are attributed to the changes
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in the Eu®t coordination environment after the im-
pregnation. The suggestion is that the ligands are dis-
ordered, and the polarizability of the medium sur-
rounding europium ions in the pores of the film opal
is changed.
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OCOBJIMBOCTI ®OTOJIFOMIHECIEHIIIT
Eudt V ®OTOHHO-KPUCTAJITYHUX OITAJIOBUX
IJIIBKAX TA TETEPOCTPYKTYPAX HA IX OCHOBI

OpHonaposi omajoBi IUIIBKUA Ta TeTEPOCTPYKTYPHU, OTPUMAa-
Hi 3a JOIOMOIOI0O METOAY PYXOMOIO MEHICKa, Oyiam oxapakTe-
pPU30BaHi METO/IAMH ONTHUYHOI CIIEKTPOCKOII] 3 MOJAJIBIION 1X

794

indinsrpanieo ciuno Eu(CH3COO)s3- H2O. B ognomaposux
MJIiBKaX YiTKO CIOCTEPIra€ThbCs MPUTHIYEHHsI BUIIPOMiHIOBAH-
us iomis Eut B o6macri, mo Bigmosimae doromniit crom-30mHi.
MeHIn BupaXXeHuil IPOAB IBOrO ePeKTy y IeTepOCTPYKTypax,
WMOBIpHO, 3yMOBJIeHIH fgedpekTamMu Ha MeXKi iHTepdeiicy aBox
ILUIIBOK, IO IPUBOAATH SIK [0 IIOSBU JO3BOJIEHUX CTaHIB y do-
TOHHIN CTON-30HI, TaK i JO PO3CifOBaHHS BUIPOMIHIOBAaHHS Yy
HaIpAMKY crnocrepexkennsd. [licas indinbrpanii mriBok riime-
PUHOM JJIsl 3HU>KEHHsI J1ieJIEKTPUIHOrO0 KOHTpacTy Bix 1,85 mo
1,13, cnekTp BUIPOMIHIOBaHHSI, FOJIOBHUM YHHOM, BU3HAYAE-
ThCsl BIJIMBOM KOOpAMHALIHOro orodenus ionis Eudt, mo Bu-
SBJISIETHCS Y PO3IINPEHHI CMYT JIIOMiHICIIEHIIIT Ta epepo3moii
CIEKTPAJIbHOI IHTEHCUBHOCTI BUIIPOMIHIOBAHHS.

Katwwoeti cao6a: CHHTE3 MOHOIUCIEPCHUX JACTUHOK KPEM-
He3eMy, OIlajIoBa ILIiBKa, (POTOHHA CTOI-30HA, OIIAJIOBA I'€TePO-
CTPYKTYpa, IPUTHIYE€HHST BUIIPOMIiHIOBAHHSI.
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