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Abstract

The near-infrared luminescence of Ca6I3a(PO4)40:I\/ln5+ is demonstrated and explained. When excited into the broad
and strong absorption band that spans the 500-1000 nm spectral range, this phosphor provides an ultranarrow
(FWHM =5 nm) emission centered at 1140 nm that originates from a spin-forbidden [N 3A2 transition with a 37.5%
internal quantum efficiency and an excited-state lifetime of about 350 us. We derived the crystal field and Racah
parameters and calculated the appropriate Tanabe-Sugano diagram for this phosphor. We found that 'E emission
quenches due to the thermally-assisted cross-over with the T, state and that the relatively high Debye temperature of
783 K of CagBa(P0,4),0 facilitates efficient emission. Since CagBa(P0,4),40 also provides efficient yellow emission of the
Eu’" dopant, we calculated and explained its electronic band structure, the partial and total density of states, effective
Mulliken charges of all ions, elastic constants, Debye temperature, and vibrational spectra. Finally, we demonstrated
the application of phosphor in a luminescence intensity ratio thermometry and obtained a relative sensitivity of 1.92%

K~ and a temperature resolution of 0.2K in the range of physiological temperatures.

Introduction

Mn®" optical centers have the [Ar]3d?* electron config-
uration and always encounter a strong crystal field when
tetrahedrally coordinated in crystals. Their lower electronic
states have the A, <'E<!A; <3T, <3T, progression in
energy. The ground state (*A,) is orbitally non-degenerate
and the first excited state 'E has almost no nuclear dis-
placement with respect to the ?A, state and can be split by
the low-symmetry ligand field'. The 'E energy of
approximately 8000—9000 cm ' is strongly affected by a
nephelauxetic effect. At low temperatures, emission occurs
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solely from the spin-forbidden 'E — ®A, electronic transi-
tion of a genuine electric dipole origin. At these tempera-
tures, the emission from the spin-allowed >T,— 3A,
transition is almost negligible since the low energy orbital
of the 3T, state is localized more than 1000 cm ! above the
'E state, which results in its low population. Therefore,
Mn®" emissions appearing in the near infrared (NIR)
spectral range at wavelengths longer than 1100 nm and
have a narrow spectral band (FWHM < 10 nm) that can be
split into two bands with an energy difference of up to
300 cm . These emission bands are usually accompanied
by vibronic sidebands and have decay times of a few tens to
a few hundred microseconds.

The ultranarrow-band NIR luminescence of Mn®" is
especially favorable for NIR lasers® * and the development
of narrow-band NIR light sources for the selective iden-
tification of chemical analytes®. Recent research suggests
that Mn®" activated nanoparticles are excellent probes for
deep-tissue luminescence imaging and luminescence
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thermometry in the second biological transparency win-
dow (1000-1350 nm) and that they show high photo- and
chemical stabilities®”. One of their features, especially
favorable from the biomedical application perspective, is
that they exhibit broad and strong absorption bands from
the spin-allowed electronic transitions that span the
500-1000 nm range®'?, which facilitates their excitation
by the wavelength of the first optical biological window.
They have a higher quantum efficiency (QE) than Ag,S or
Ag,Se quantum dots, and do not contain toxic heavy
metals like InAs or PbS quantum dots, nor suffer from
photobleaching and photoblinking. In comparison to the
lanthanide activated NIR bioimaging nanoprobes, Mn>"
nanoparticles are brighter due to higher values of the d-d
absorption cross-section compared to the spin-forbidden
f-f absorptions in the NIR-excited lanthanides. All these
advantages of Mn®" indicate that it is an ion with a very
important and, so far, unexplored application potential
worth large-scale intensive research.

Emissions from Mn>" centers have been demonstrated
in a considerably smaller number of host materials com-
pared to Mn*" and Mn*" optical centers'?, To facilitate
Mn°" emission, the material needs to provide both the
tetrahedral environment for Mn®>" and a sufficiently large
energy bandgap compared to the Mn>" transitions’ ener-
gies. More importantly, the host material must provide the
stabilization of the Mn 5+ valence state, which imposes
more constraints on the materials’ structure and compo-
sition than the 24 and 4+ valance states. For these reasons,
the majority of Mn®" emitting host materials contain
electropositive ions such as alkaline earth metals and PO,>"
and VO,” groups (or SiO,*” group with a charge com-
pensation). The typical examples of such materials are
Mn®" activated LizPO,'°, Srs(VO4)sE*'®, Bas(PO4);ClY,
St5(PO,);CL"' 7', CayPOLCL"Y, CayVOLCT, St VO,CIMY,
Y,SiO5", and M,SiO, (M = Ba, Sr, Ca)*®.

Recently, Kim et al?!  have introduced the
CagBa(PO,),O:Mn°" as a new blue pigment that shows
coloration due to intense Mn>" absorption, but its lumi-
nescent properties have not been analyzed. Also recently,
the efficient yellow emission from Eu?" activated CagBa(-
PO,),O has been demonstrated®> %%, implying that
CagBa(PO,4)40O is an interesting host material for lumi-
nescent ions. Considering CagBa(PO,4),O structure and
composition, one can observe seven electropositive ions
(six Ca and one Ba) surrounding the rigidly connected PO,
tetrahedra. Thus, one may assume that the Mn®>" emission,
in this new host-activator combination, would be efficient
and of high energy due to the nephelauxetic effect. For this
reason, we prepared the CagBa(PQ4);0:Mn°" powder for
this research and observed the intense NIR emission under
the 650 nm excitation. The emission energy of 8772 cm
is among the highest energies detected for Mn>" activated
phosphors. Considering the potential use of CagBa(PO4),O
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for both yellow and NIR phosphors and the absence of data
on its electronic and vibrational properties, we calculated
and explained its electronic band structure, the partial and
total density of states (DOS), effective Mulliken charges of
all constituent ions, elastic constants, Debye temperature,
and vibrational spectra of undoped and Mn®" doped
material. Then, we proceeded with the detailed char-
acterization and analysis of CagBa(PO,),O:Mn°" lumi-
nescence that includes the measurements of material
absorption, excitation and emission spectra, emission
decays, concentration quenching, quantum yield, the
temperature dependence of emission band shift, band-
width and decay, and the calculation of the crystal field
parameters. This versatile characterization and analysis of
CagBa(PO,),O:Mn°* undoubtedly confirm the high
potential of this material in NIR applications.

Experimental

The conventional solid-state reaction was employed for
the preparation of CagBaP, 4,Mn4, 0,7 (x = 0.005, 0.0075,
0.0125, 0.01, 0.015, 0.02) powder samples. Stoichiometric
amounts of CaCO; (Alfa Aesar, 98%), BaCO; (Alfa Aesar,
99.8%), (NH4)H,PO, (Alfa Aesar, 98%), and MnO
(Aldrich, 99.99%) were thoroughly mixed in an agate
mortar for 1h with an appropriate amount of ethanol.
Mixtures of the raw materials were placed in alumina
crucibles and heated in an air atmosphere at 600 °C for
6 h, ground in an agate mortar, and further calcinated at
1280 °C for 10 h.

The crystal structure of powders was examined by
powder X-ray diffraction (PXRD) using the Rigaku
SmartLab instrument (Cu-Ka; » radiation; A = 0.1540 nm)
at room temperature. Data were recorded over the
6°—130° 20 range, with a 0.01° step size and 1 min/°
counting time. All PXRD data were analyzed by the
Rietveld method implemented in TOPAS Academic
software”?®, Raman scattering measurements were per-
formed using micro — Raman system TriVista 557
equipped with a triple monochromator and CCD detector
(monochromator configuration 900/900/1800 points per
millimeter) with 1.5 cm™ ! resolution. For excitation, Ar
laser line at 514.5 nm has an incident power of less than
60 mW to minimize the heating effect. Laser beam was
focused on the samples by means of microscopic lenses
with 100x magnification. Spectra were recorded in the
range of 100-1200 cm ™~ ". Measurements of diffuse reflec-
tance were performed on the Thermo Evolution
600 spectrometer equipped with an integrated sphere,
using BaSO, as a reference over the 220-1350 nm wave-
length range. The photoluminescence emission and
emission decays were measured using the FLS1000
Fluorescence spectrometer (Edinburgh Instruments;
0.1 nm spectral resolution) supplied with R5509-72 pho-
tomultiplier tube from Hamamatsu in nitrogen-flow



Dramicanin et al. Light: Science & Applications (2022)11:279

cooled housing for near-infrared range detection. For
measurements of the emission spectra and decays, the
668 nm laser diode excitation is used in the continuous
and pulsed mode, respectively. The temperature of the
sample was controlled using a THMS 600 heating-
cooling stage from Linkam (0.1 K temperature stability
and 0.1 K set point resolution). Emission decays at low
temperatures were recorded at 1136 nm for all samples.
The luminescence quantum efficiencies were measured
using FLS980 Fluorescence Spectrometer from Edin-
burgh Instruments equipped with 450 W Xenon lamp,
R5509-72 photomultiplier tube from Hamamatsu in
nitrogen-flow cooled housing for near-infrared range
detection, and calibrated integrating sphere for the direct
absolute efficiency reading. The Al,O3 powder was used
as a scattering reference. Thermometry was performed
using a custom-made Peltier-based heating stage in the
20-100°C range (0.02°C precision). An Ocean Insight
LSM-635A LED was used as the excitation source and is
controlled by the Ocean Insight LDC-1 single channel
driver and controller. The bifurcation optical Y cable was
used for measuring PL emission spectra by Ocean Insight
NIRQuest+ Spectrometers.

Results and discussion
The structure of CagBa(P0,),0 and CasBa(P04)4O:Mn5+
The starting model used for Rietveld refinement and
detailed structural analysis of the two key materials —
the CagBa(POy4) 40 host and the sample containing 0.5%
Mn — was the previously published crystal structure of
CagBa(PO,4),O determined from synchrotron powder
diffraction data®. Refined parameters included the zero-
point error, background polynomial terms, peak shape
function terms, unit cell parameters, an isotropic atomic
displacement parameter per atom type and atomic
fractional coordinates, using bond valence sum
restraints on the two P atoms. The key crystallographic
parameters are summarized in Table 1. CagBa(PO,4),0
and CagBa(PO,),0:0.5%Mn adopt monoclinic space
group C2/m, with one Ba, two Ca, two P and seven O
atoms in the asymmetric unit. Ba atoms are 12-coordi-
nate, the two crystallographically unique Ca atoms are
7- and 8-coordinate, while both unique P atoms adopt
tetrahedral coordination environments. Dopant Mn>"
ions replace P>* on these two sites, which lie on a mirror
plane (Wyckoff site 4m in space group C2/m). In
CagBa(PO,),0, the average cation-oxygen bond lengths
in the two tetrahedra are 1.534(13) and 1.529(15) A,
while bond angles range from 105.1(8) to 112.9(7)° and
105.3(7) to 112.8(9)°, with bond valence sums of 5.0(1)
for both P atoms. In CagBa(PO,),0:0.5%Mn, the coor-
dination environments remain similar, as expected given
a low doping level. Average bond lengths are 1.534(22)
and 1.504(27) A, while bond angles range from
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103.4(16) to 112.8(12)° and from 105.5(13) to 112.5(11)°,
with bond valence sums of 5.0(2) and 5.4(2) for P1 and
P2 sites, (see Tables 2 and 3), respectively. The final
Rietveld fits obtained are shown in Fig. 1a, b, while the
unit cell and the P atom environments are given in
Fig. 1c, d, respectively.

Electronic properties

A detailed calculation of the electronic properties of the
CagBa(PO4)4O was performed to verify if its electronic
structure is suitable to facilitate the Mn>" emission. The
electronic configurations for all chemical elements in
CagBa(PO,),0 were as follows: O — 2s*2p* P - 3s°3p°,
Ca - 3s%3p®4s? Ba - 55°5p°6s”. The following parameters
were used for the calculations: energy 107 %eV per atom;
maximal force 0.03eVA™!; maximal stress 0.05GPa;
maximal displacement 0.001 A. K-points set was 2 x 2 x 2
for geometry optimization and 3 x 3 x 3 for the DOS cal-
culations; the energy cut-off was 340 eV.

The structures obtained by geometry optimizations
using the generalized gradient approximation (GGA)
and the local density approximation (LDA) calculations
are shown in Table 1 and are in excellent agreement,
LDA especially, with the data obtained by Rietveld ana-
lysis of PXRD.

The band gaps in both GGA and LDA calculations,
Fig. 2a, are direct, equal to 4.365 eV (GGA) and 4.475 eV
(LDA) and have similar values to the reported bandgaps of
4.75eV for the Cay(PO,),O and 5.0eV for the
Ba,Ca(PO,),””*. Since the density-functional theory-
based calculations (DFT) always tend to underestimate
the true band gaps, the calculated values should be con-
sidered as lower band gap estimates.

The conduction band is due to the Ca 4s, 3d and Ba 6s
states, Fig. 2b. The top of the valence band is remarkably
flat, thus indicating extremely high effective masses of
holes. The valence band consists of two sub-bands,
which are separated by a narrow gap of about 0.5 eV. The
upper one — from about —4.2eV to 0eV is made pre-
dominantly by the oxygen 2p states. The lower one (from
—4.7 eV to about —7 eV) consists of the O 2p states and
P 3p states, highly hybridized with each other. The P 3s
states make another narrow band between —7.5 eV and
—8.5¢eV. The O 2s and P 3s states are spread between
—22eV and —17.5eV, making several clearly seen
maxima. The Ba 5s and 5p states are peaked at about
—26eV and —11 eV, respectively, whereas the Ca 3s and
3p states are localized deep in energy at about —38 eV
and —20 eV, respectively.

The considered crystal has a high degree of covalency
of chemical bonds, which can be assessed by calculating
effective Mulliken charges. Since there are two crystal-
lographically inequivalent P°" ions, two Ca®" ions and
seven O®" ions and since two types of calculations
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Table 1 Summary of structural data for CagBa(P0,4),0 and CagBa(P0,),0:Mn*>" (space group C2/m)

Exp. CagBa(PO,),0 Exp. CagBa(P0O,4)40:Mn
a, A 123006 (1) 122973 (2)
b, A 710472 (7) 7.10258 (1)
¢ A 11.71540 (9) 11.7125 (1)
B ° 1344619 (4) 1344552 (8)
v, A 73073 (1) 73022 (2)
Fractional atomic coordinates

X y z b'¢ y z

Ba 0 0 0 0 0 0
Cal 0.7196 (6) 0 03117 (8) 0719 (1) 0 0311 (1)
Ca2 0.0505 (4) 0.7665 (5) 06929 (4) 0.0505 (8) 0.766 (1) 06930 (7)
0 0 0 05 0 0 05
011 0399 (1) 0 0.5822 (5) 0394 (2 0 0.5822 (8)
012 0281 (1) —0.175 (1) 0.3367 (6) 0281 (2) —0.175 (2) 0.336 (1)
013 0.120 (1) 0 0.366 (1) 0.120 (2) 0 0.365 (2)
021 0289 (1) 0 0.106 (2) 0290 (3) 0 0.104 (3)
022 0242 (1) 0 —0.1373 (5) 0241 (3) 0 —0.1368 (7)
023 0462 (1) —0.179 (1) 0.114 (1) 0461 (2) —0.174 (2) 0.114 (1)
P1 02673 (6) 0 0.3999 (2) 0.266 (1) 0 0.3998 (2)
P2 03659 (8) 0 0.0469 (2) 0365 (1) 0 0.0469 (3)

Calculated

GGA LDA
a, A 124130 120755
b, A 7.1493 6.9658
¢ A 11.8311 11.4881
B ° 1343735 1344363
v, A 750489 689.983
Fractional atomic coordinates

X y z X y z

Ba X y z X y z
Cal 0 0 0 0 0 0
Ca2 0.71621 0 030969 0.71770 0 031126
0 0.05261 0.76649 069427 005232 0.76734 069366
011 0 0 05 0 0 05
012 0.39056 0 058173 0.39300 0 0.58450
013 0.28457 —0.17593 0.34032 0.28484 —0.17824 033934
021 0.11338 0 034744 0.11195 0 034779
022 029114 0 011117 0.29072 0 0.11278
023 0.24386 0 —0.13571 024374 0 -0.13726
P1 046648 —0.17433 0.11348 046930 —0.17679 0.11594
P2 0.26593 0 039888 0.26621 0 039890

(GGA/LDA) were run, we give the ranges, in which
these charges fall for all ions. They are —1.07-1.09 (in
units of proton charge) for the oxygen ions,
+2.25 4 2.34 for the phosphorus ions, +1.25 + 1.31 for
the calcium ions, and +1.39 + 1.47 for the barium ions.
The deviation from the formal charges is especially large

for the P and O ions, whereas the Ca and Ba effective
charges are closer to their formal ones. This is con-
sistent with the P-O bonds being more covalent than
the Ca—O and Ba-O ones.

With the calculated elastic constants, it is possible
to estimate the Debye temperature using the
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following equations:

h (3n Nap 1/3
= —| —— 1
O =% (4n M) Vm (1)
1/3

B3]

v, v
BHG \ﬁ o)
3p p

where 71 =6.626 x1073*].s is the Planck’s constant;
kg=1381x10"22JK™! is the Boltzmann constant;
N, =6.022 x 10 mol ! is the Avogadro’s number; p is
the crystal’s density; # is the number of atoms per one
formula unit (twenty eight in the case of CagBa(PO,4),0),
and M is the formula weight. The average, transverse and
longitudinal sound velocities are denoted by v,,, v, v,
correspondingly. The B (bulk modulus) and G (shear
modulus) values are calculated as the average values of the
corresponding Voigt and Reuss (denoted with the V and R

V) =

Table 2 P-0O bond lengths (A)

Undoped CagBa(P0,),0 Mn*>* doped
CagBa(P0O,),0

P1 P2 P1 P2

1.530 (5) 1.52 (3) 1.527 (8) 148 (6)

1.523 (13) 1.542 (5) 153 (2) 1.537 (7)

1.523 (13) 1.527 (12) 153 (2) 1.50 )

1.56 (2) 1.527 (12) 1.55 (4) 1.50 )

Avg: 1.534 (13) 1.529 (15) 1.534 (22) 1.504 (27)
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subscripts, respectively) values from Table 4. With these
equations and calculated elastic parameters, the Debye
temperature for CagBa(PO,),O was estimated to be 496 K
(GGA) and 551 K (LDA).

Vibrational spectra

For an undistorted tetrahedron (T4 symmetry), the four
fundamental vibrational modes (all Raman active) are
a; +e+26"%2%. The v,(a;) is the totally symmetric
stretching mode, v,(e) is bending deformation, and vs(t;)
and wvy(ty) vibrations are the two stretching t, modes.
With symmetry lowered from T4 to C several bands
appear for each vibrational mode. Raman scattering
spectra of the CagBa(PO,),O and CagBa(PO,),0:Mn°"
powders are shown in Fig. 3a, b, respectively. The fol-
lowing assignment is made for the CagBa(PO,4),0: v
(Cmfl) =123, 153, 183, 215.4, 262.5, and 294.7 are the
lattice modes; vi(a;)) (cm™')=944 and 985.3;
vy(e) =434.5 (cm™1); vs(ty) (cm™ ') = 1040.1, and 1074.2;
va(ty) (em™)=584.3 and 608.3. In Raman scattering
spectra of the CagBa(PO,),0:Mn°" powder, Fig. 3b,
additional vibrations from the MnO,>" ion are clearly
visible: vi(a;) (cm™) =807; vy(e) (cm™?) = 314.4; vs(t,)
(cm™ ") = 851.4; vy(ty) (cm ') =343.9, 356.2, and 368.5;
Vis vi/ vap v (cm ') =1128.5 and >1128.5. They agree
with the data reported by Gonzalez-Vilchez and Griffith*
for vibrational modes of the MnO,>~ molecular ion.

Photoluminescence properties

Figure 4a, b displays the absorption, color (inset in
Fig. 4a), and emission spectra of CagBa(PO,),0:0.5%Mn>"
powder. The observed absorption and emission, the blue
coloration of the Mn®" doped powder, and the character-
istic vibrational modes of MnO,”~ in the Raman scattering
spectrum of CagBa(PO,),0:Mn°* (Fig. 3b) all unambigu-
ously demonstrate the presence of Mn>" in the sample.

Table 3 O-P-O angles and their difference, §, to regular tetrahedron angle of 109.5°

Undoped CagBa(P0,),0

Mn>" doped CagBa(P0,),0

P1 8 [°] P2 S [°] Mn1 6 [] Mn2 6 [°]
109.8 (12) 03 112.8 (9) 33 110 (2) 0.5 111.9 (17) 24
107.9 (4) —-16 105.3 (7) —4.2 108.8 (8) —-0.7 105.5 (13) —4.0
107.9 (4) —-16 105.3 (7) —4.2 108.8 (8) —-0.7 105.5 (13) —4.0
105.1 (8) —44 109.1 (11) —-04 1034 (16) —6.1 109 (2) —05
1129 (7) 34 111.9 (6) 24 1128 (12) 33 1125 (11) 30
1129 (7) 34 111.9 (6) 24 1128 (12) 33 1125 (11) 30
Avg (6) —0.08 —0.12 Avg (0) —0.07 —042
Avg (abs(6)) 24 28 Avg (abs(6)) 24 28
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Fig. 1 The structure of CasBa(P04)4O:Mn5+. a Rietveld fits for CagBa(P04)40, Ry, = 5.31%. b Rietveld fit for Ca6Ba(PO4)4O:Mn5+, Rwp =859%. In
each case the blue curve represents the observed pattern, the red curve is the calculated pattern and the difference curves are shown in grey, while
blue tick marks represent the positions of the Bragg peaks. ¢ The crystal structure of CagBa(PO,),0, with the unit cell viewed along the b-axis;
d Geometries of two PO, tetrahedra with average P-O bond lengths in CagBa(PO.),O:Mn>*
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Table 4 Calculated elastic constants (in GPa) for
CaGBa(PO4)4O

GGA LDA
Ciy 127.8 162.1
G 1412 180.3
Cs3 149.1 186.3
Cua 29.7 424
Css 480 60.7
Ces 55.5 67.3
Gy 62.7 81.8
Gis 455 62.8
Gs 4.0 -20
Cos 389 564
Cos —47 -7
Css —52 —7.7
Cus 35 —38
By 79.2 1034
Bg 790 102.5
Gy 447 55.9
Gg 416 533

Figure 4a depicts the Kubelka—Munk transformation
of the CagBa(PO,),0:Mn°" powder diffuse reflection
measured between 220 and 1350 nm. The O*~ — Mn®"
charge-transfer band appears at around 301 nm
(33,222 cm ') as expected for the tetraoxo-coordinated
Mn°" ! and the peak at the lower wavelength (225 nm)
is associated with the intrinsic host absorption. The
strong absorption around 639 nm (15,649.5 cm ) s
associated with the 3A, — 3T, (3F) electronic transition,
which is electric dipole-allowed in an undistorted tetra-
hedral symmetry and is composed of three overlapping
components due to the removal of the orbital degeneracy
of the >T;(°F) state with the site symmetry lowering
from T,; to C,. The weak shoulder at about 943 nm
(10,604.5 cm ') corresponds to the symmetry forbidden
®A, - *T,(°F) transition (in T, site symmetry) and
becomes partially allowed with a symmetry lowering.
The electric dipole-allowed A, — 3T, (®P) transition that
corresponds to a two-electron jump is located at
approximately 369 nm (27,100 cm™ ') and is barely visible
due to the much more intense charge transfer band. The
spin-forbidden transitions to the singlet states 'A;('G) at
740nm (13,5135cm™') and 'E('D) at 1140nm
(8772 cm™ ') are weak, sharp, and only weakly depend on
the host materials properties. The transitions to Ty,
singlet states are difficult to observe in the spectrum
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since they are very weak and superimposed on the main
and stronger bands.

Emission spectra of CagBa(PO,);0:Mn°" powder
measured at —190 °C and 10 °C are shown in Fig. 4b with
blue and red lines, respectively, and are typical for
emissions from transitions of 3d* electronic configura-
tion in a tetrahedral environment as described by the
Tanabe-Sugano diagram, Fig. 4c. The spectra show
ultranarrow emission bands (FWHM =3 nm (20 cm™)
at —190°C; FWHM = 5 nm (35 cm™!) at 10°C) from the
'E 34, intraconfigurational transition (1140 nm), fol-
lowed by vibrational sidebands with progressions of
~320cm ™' ((vo(e)) and ~800 cm™! ((vy(a;)). This indi-
cates the coupling of the 'E excited state and the non-
totally symmetric v,(e) mode of MnO,%7, ie., a dynamic
Jahn-Teller effect.

The very small splitting of 'E emission band is due to
only weakly distorted MnO, tetrahedra (see Table 3)
and it is barely visible with our instrument resolution at
the emission spectrum measured at low temperatures
(—190 °C). The low-intensity broad emission band from
the 3T,(’F) > 3A, transition is centered at 1062 nm
(9416 cm™!) and can be resolved only spectral decon-
volution, Fig. 4d.

Temperature dependence of the 'E lifetime and
emission peak spectral position are shown in Fig. 4e, f,
respectively. The 'E level emission decays show lifetime
values of about 350 us at room temperature and 560 ps
at low temperatures. The temperature dependence of
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Fig. 4 Optical properties of the CagBa(P0O,4),0:Mn>" powder. a The Kubelka—Munk transformation of the CagBa(PO,),O:Mn>" diffuse reflectance
The inset shows photographs of the CagBa(PO,4),O (white) and CagBa(P0,),O:Mn°" (blue) powders. b Emission spectra measured at —190 °C and
10°C. ¢ Tanabe-Sugano diagram for 3d* electron configuration in tetrahedral coordination. d Emission spectrum of the CagBa(PO,),OMn> "
measured at room temperature (black line) and the fit to the Gaussian of the 3T, =3A, emission peak (red line) showing its maximum 1062 nm/
9416 cm™ . Spectra shown in logarithmic scale. e Temperature dependence of the excited state lifetime (symbols — experimental data, solid line — the
fit to Eq. (4)). The inset shows emission decay measured at 208 K. f Temperature dependence of the 'E emission peak spectral position (symbols —
experimental data, solid line - the fit to Eq. (5)). g The estimate of configurational diagram based on the spectroscopic data with calculated Stokes
shift (Esiokes) and Huang-Rhys parameter (S). h Photoluminescence internal quantum efficiency (QE) of CagBa(PO,),O:Mn>" powders for different
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lifetime, Fig. 4e, shows that a low-temperature lifetime
value is approximately the value of a radiative lifetime.
Considering that the excited state is separated in
energy from the ground state by 8772cm™’, almost
eight quanta of the highest vibrational frequencies of
the phosphor (=1100cm ') are needed to bridge the
gap. Thus, a multiphonon non-radiative relaxation is
not probable as the emission quenching mechanism.

The 'E emission deactivation through the crossing
with a charge transfer band is also not probable due to
very high energy difference. Therefore, we assume
that the thermal quenching of the 'E state population
takes place by a thermally activated cross-over via >T,
state, see Fig. 4g, similarly to Mn*" activated phos-
phors. The temperature dependence of the emission
lifetime, shown in Fig. 4e, can be described by the
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following equation®*~*":

Tro - tanh(hv/2kgT)
1+ (TR() : tanh(hu/ZkBT)/TNR) . exp(—AE/kBT)

(4)

where 7R0 =560+ 19 pus is the radiative lifetime at
T=0K, kz=0.69503476cm 'K™' is the Boltzmann
constant, v =448 +90cm ' is the average energy of
phonon coupled to the 'E—3A, transition, 1/7ng
=1527 +120ms ! is the nonradiative decay rate, AE
= 1631 + 200 cm ™! is the activation energy of the process
(the cross-over via the *T, state), and T represents the
temperature. The smaller the configuration coordinate
parabola offset between the ground state (A,) and
the T, state, the larger the cross-over energy AE
(activation energy of the process) needed to activate
the non-radiative de-excitation process. Thus, the
'E > 3A, emission of Mn>" activated phosphors, which
have large >T, energies and smaller Stokes shifts, will
start to quench at higher temperatures.

The shift of 'E emission band with energy is
shown in Fig. 4f. It can be described by the following
equatior1:36’37

T\ [T/0p 43
g (L) X 5
SE[em™'] =a (90> /0 ex—ldx (5)

where 6p =783+ 12K is the Debye temperature of the
host material, x = hiwp/kgT = Op/T, wp is Debye cut-off
frequency, and a=—650+17cm ' represents the
electron-phonon coupling coefficient. The relatively high
Debye temperature indicates a rigid structure which
favors efficient emissions from optical centers>®,

The concentration dependence of an internal quan-
tum efficiency (QE) is given in Fig. 4h. The largest value
of 37.5+2.0% is recorded for the 0.5% Mn>" doped
sample, after which the concentration quenching of
emission occurs. This is a relatively high value for an
NIR-emitting phosphor, and comparable to one
obtained in Bas(PO,),”. The log;o(QE/concentration)
vs logjo(concentration) plot has a —1.97 slope, which is
close to —2, which undoubtedly indicates that a mul-
tipolar electric dipole-dipole mechanism is responsible
for the concentration quenching of emission. The
linear dependence of CagBa(PO4),O:Mn°" emission
intensity on excitation power, Fig. 4i, is expected
for the typical downshifting photoluminescence emis-
sion process.

The 3d electronic configuration of Mn®" in a tetrahedral
environment is described by the Tanabe—Sugano model for
3d® electronic configuration in octahedral symmetry*?, see
Fig. 4c. The crystal field and Racah parameters are calcu-
lated from the following equations using data from diffuse

(T) =
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. P 40,41
reflection and emission spectra®®*':

E(CA 3T 10604
Ay —°Tp) _ 10604.5 cm ™' = 1060 cm™!
10 10

(6)

Dg =

E(3A2 e 3T1> 7E(3A2 i 3T2)
X =

Dg (7)
15649.5 — 10604.5
_ — 4757
1060.45
2 — 10 10D
B=—2""" pyj—ssdem! "2 _195
15 (x—8) B
(8)
C= % . (E(3A2 — 1E) —10Dg — 8.5B + % /400Dg? + 40DgB + 49B2
= 2292 cm™!
9)
C/B =421 (10)

By comparing the obtained Dg, B and C parameters with
literature data, Table 5, one can observe that CagBa(PO,4),O
provides the smallest Dg and the largest B parameters
amongst all phosphate hosts, and that Liz;VO, is the only
host with a smaller Dg (considering available data).

By considering the obtained parameters and the config-
uration coordinate diagram, Fig. 4g, the relatively small
value of Huang—Rhys parameter S =0.53 is found for the
assumed coupling to the v;, vi/ vz, vp vibrational mode
with energy 7w = 1128.5 cm™ 1.

The Slater parameters are calculated from Racah para-
meters by the simple relations*>**:

F® = 49F, = 7(7B + C) = 42271cm ™!
C
FW — 441F, = 441 25 = 28877 cm™!

Table 5 Comparison of the Dq, B and C parameters (all in
cm ') for the tetrahedrally coordinated Mn®" ions in
different crystalline solids

Host material Dq B C Reference
LisPO, 1208 475 2556 9
Ca,PO,Cl 1162 455 2657 9

Y5Si0s 1133 550 2255 =
Srs(POL)5Cl 1100 500 2320 3

YAIO; 1100 485 2256 >
Sr1oVO4)sF> 1088 518 2321 >
CagBa(PO,),0 1060 544 2292 This work
LisVO, 1049 646 2006 >3
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Both values are considerably reduced from the free-ion
values of F?) = 91427cm ™! and F® = 56625 cm 1'%,

As it follows from the Tanabe—Sugano diagram for the
3d? configuration in the tetrahedral crystal field (Fig. 4c),
the energy separation between the ground state A, and
the first excited state 'E (in the strong crystal field) is
practically independent on the crystal field strength
(both states are parallel to each other). At the same
time, this energy interval is very close to the energy
interval between the F and 'D states of the free ion,
which is determined by the Racah parameters B and C,
which vary from host to host because of the covalent
effects. As a result, the nephelauxetic effect is dom-
inating in this case.

Application in luminescence thermometry

We have tested the performance of Mn’" activated
CagBa(POy,) 4O (the sample containing 0. 5% Mn since it
showed the best quantum efficiency) as a NIR lumines-
cent thermometer operating in the second biological
window and in the physiological temperature range.

As can be seen from Fig. 53, when temperature increases,
the broad emission peak from the >T, level in the 950 nm
to 1030 nm range also increases in intensity, while the
intensity of the narrow emission peak from the 'E level
around 1140 nm decreases with temperature. This occurs
due to thermalization between E and 3T, levels where the
energy difference between these two levels (AEr) is
bridged by thermally exited electrons. Consequently, a
simple Boltzmann-type relation for the luminescence
intensity ratio (LIR) between the two abovementioned
emission intensities applies***°:

LIR(T) = I[(( 11];2)) _B-exp <_ 25{) (13)

where B is a temperature-invariant constant and 7T
represents temperature. The fit of Eq. (13) (full line,
Fig. 5b) to experimental LIR data (diamond markers,
Fig. 5b) is almost perfect (R*=0.997) and provides an
energy difference AE7 of 1216 cm™! that agrees with the
energy difference obtained from spectroscopy (Fig. 4g).
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To experimentally determine the uncertainty in the
LIR (error budget), 50 emission spectra were acquired
at each temperature. Then, the measurement distribution
mean was used as the LIR value while a standard
deviation (o;z) was used as an uncertainty in LIR as
shown in the insert of Fig. 5b on the LIR value
distribution measured at 30 °C).

The absolute (S,) and relative (S,) sensitivities of the
thermometer were then calculated from the following
equations:

OLIR
oT

ALIR 1
S, [%K™] = 100% E)—TLTR’

(14)

Sa[K™'] =

and presented in Fig. 5c¢ (blue dots represent values
obtained at a temperature of 30°C). The relative
sensitivity value varies from 2.35%K ' to 1.26%K '
over the measurement range, being 1.92%K ' at 30 °C.
These are relatively high values®®, especially for lumi-
nescence thermometers operating in the second biolo-
gical transparency window (>1000nm). For example,
Gschwend et al.*” achieved a relative sensitivity of
0.43%K "' for an LIR thermometer based on Mn’"-
activated Baz(PO,),, while Shen et al.*® achieved a
relative sensitivity of 1.3%K ' for an LIR thermometer
based on Ag,S quantum dots.

The temperature resolution (uncertainty in measured
temperature, §7) is determined as a ratio between experi-
mentally obtained LIR uncertainty (ozz) and absolute
sensitivity (S,) for a given temperature, Fig. 5d:

_ orr(T)

T =5,

(15)

and it has an average value of 0.21 K. Finally, repeatability
of measurement (R,,) is quantified as*:

) max|LIR — LIR;|
LIR
where LIR is the average LIR measured at a certain

temperature over all LIR; acquired. Based on experimental
data, an R, value of 0.97 (97%) is obtained.

Ry = (16)

Conclusion

Because of its rigid structure, appropriate crystal sites
for doping, and sufficiently large energy band gap
to accommodate the energy levels of dopant ions,
CagBa(PO,),40 is an excellent host for Eu*", Sm*" and
Mn®" luminescence centers. In this host, Mn>" provides
ultranarrow emission in the near-infrared spectral range
at 1140 nm that can be easily excited over the broad
spectral range that spans 500-1000 nm covering the
entirety of the first biological transparency window and
making this material an excellent near-infrared phosphor
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and non-toxic blue/turquoise pigment. The phosphor has
an internal quantum efficiency of 37.5%, which is a high
value considering the quantum efficiencies of inorganic
NIR phosphors. The thermal quenching of the 'E emis-
sion takes place by a thermally activated cross-over via
the T, state with an activation energy of 1631 cm . The
optimal Mn®" doping concentration is 0.5%. For higher
doping concentrations, quantum efficiency decreases
due to non-radiative deexcitation caused by a dipole-
dipole electric interaction. Based on the available litera-
ture data, the CagBa(PO,)4;O:Mn°" phosphor provides
the smallest Dg and the largest B parameters amongst all
phosphate hosts. This material is one of the best single-
doped ratiometric luminescence thermometry sensors
for use in a second biological transparency window due
to the opposite temperature dependence of the 'E and
3T, emission intensities. It provides a relative sensitivity
of 1.92%K " and a temperature resolution of 0.2 K in the
range of physiological temperatures, with a measurement
repeatability of 97%. These findings, particularly the
high value of quantum efficiency and strong absorption,
tuneability of emission wavelength by changing the Mn®>"
environment, long emission decay times that allow for
time-gated measurements, and strong temperature sus-
ceptibility of emission, demonstrate the great potential of
Mn®*-activated phosphors for NIR applications. When
reduced to nano dimension, CagBa(PO,);O:Mn°" has
great potential for bioimaging and biothermal imaging
applications in the second biological transparency win-
dow. Future research will concentrate on the synthesis
and applications of CagBa(PO4),0:Mn>" nanoparticles.
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HIGHLIGHTS

e Mesoporous BiVO4 was synthetized using simple sonochemical route.

o Visible-light degradation of mordant blue 9 dye is very effective at pH = 13.

e The BiVO, powder stays stable after fours consecutive cycles.

ARTICLE INFO ABSTRACT

Keywords:

Solar light photocatalysis
Bismuth vanadate
Mordant blue 9

The research presented in this paper focuses on the influence of solution pH on the photocatalytic activity of
single-phase monoclinic BiVO4 nanopowder degrading highly toxic textile dye Mordant Blue 9 (MB9) under the
simulated solar irradiation. BiVO4 nanopowder was synthetized using a sonochemical route. The catalyst was
confirmed to be single-phase and have relatively high surface area with mesoporous nanoparticles with 50 nm in

diameter on average. Band gap was estimated to be 2.38 eV, proving high absorbance of the visible light.
Photodegradation was observed in different pH values (pH =1, 6, 8, 9, 11, 13) and the mechanism was proposed.
Influence of catalyst concentration and its reusability at pH = 13 are also reported, showing no activity loss after

four cycles.

1. Introduction

Dyes and their production are one of the greatest industrial polluters,
accounting for pollution of drinking water, soil and air [1]. Many dyes,
especially azo dyes, are used in textile, paper, leather, and cosmetic
industries [2]. For efficient practical use, some dyes are required to be
resistant to chemical and photolytic degradation, which makes the
wastewater a great problem, as natural biodegradation for many of them
is negligible. Some of the methods for water purification include mi-
crobial biotechnology [3], plant extract induced biodegradation [4],
zeolite [5] and active carbon adsorption [6]. One of the most promising
methods which has drawn great focus is photocatalysis, photo-
degradation in the presence of catalysts.

Titanium dioxide is the most frequently used photocatalyst but its
relatively wide band gap (about 3 eV) makes it photoactive only under
ultraviolet irradiation, thus the focus has moved to semiconductors with
lower band gap for better utilization of the visible spectrum of sunlight
[7,8].

Bismuth-based semiconductors, such as BiFeOs, BiOCl, BiWOsg,
BiOBr, BiVO4 have been studied for their excellent visible-light photo-
catalytic properties, chemical and thermal stability and non-toxicity [9].
Among them, Bismuth vanadate (BiVOy4) is a good candidate as its band
gap is at about 2.5 eV, making it a suitable photocatalyst in visible
spectrum. There are three main crystalline phases in BiVO4, which are
scheelite monoclinic, scheelite tetragonal and zircon tetragonal struc-
ture [10]. The scheelite monoclinic phase of BiVO4 has the best activity
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under visible light (Eg~2.4eV), much better than the other two types
(Eg~3.1eV) [11,12].

Recent studies regarding its synthesis and photocatalytic activity
have been conducted, but more there’s still room for further research
[12,13].

Along with photocatalyst concentration, irradiation time, and in-
tensity of light, pH value of the solution is an important factor that can
significantly influence photocatalysis, and should be taken into account
when describing activity of a catalyst.

In this work, single-phase monoclinic BiVO4 nanopowder was syn-
thesized using a modified ultrasound-assisted method previously pro-
posed by Zhou et al., and their structural, optical and photocatalytic
performance were investigated. Sonication is an effective way to erode
solid surfaces and facilitate interparticle collisions, as well as to reduce
agglomeration, leading to formation of greater surface area [14]. The
main idea of the work was to investigate the adsorption process and
photocatalytic degradation of naphthol azo dye Mordant Blue 9 (MB9)
using monoclinic BiVO4 powder at different pH values of aqueous so-
lution under simulated sunlight irradiation.

2. Experimental
2.1. Synthesis of BiVO4 powder

BiVO4 powder was synthesized following the synthesis proposed by
Zhou et al. [13]. 6 mmol of ammonium vanadate (NH4VO3, Merck, p.a.)
and 6 mmol of bismuth(IIl) nitrate pentahydrate (Bi(NO3)3 x 5H50,
Merck, p.a.) were added to 100 mL of distilled water and stirred for an
hour using magnetic stirrer. The mixture was exposed to ultrasound
irradiation using Bandelin SONOPULS Ultrasonic Homogenizer HD
2070 at 85 % of the sound power for another hour. The precipitate was
filtrated and washed using about 100 mL of distilled water and 50 mL of
absolute ethanol, and then left to dry at 80 °C overnight.

2.2. Characterization

Phase composition and crystal structure of BiVO4 powder were
analyzed by an X-ray diffractometer (XRD; PANalytical X’Pert PRO,
Almelo, The Netherlands) with CuKal radiation (1 = 1.5405980 A) and
goniometer range of PW3050/60 operating at standard Bragg-Brentano
configuration. Average crystallite size of the powder was determined
using Debye-Scherrer equation [15]:

KA
b= f cos 0 2
where D is the crystallite size (diameter for spherical particles), K is the
shape factor (0.9 for spherical particles), A is the wavelength of X-ray
diffractometer radiation, 0 is the Braggs angle in radians, and p is the full
width at half maximum of the peak in radians.

Powder morphology and microstructure were examined by scanning
electronic microscopy (SEM TESCAN Vega TS 5130 MM microscope),
and by transmission electron microscopy (TEM, JEm-2100, JEOL
microscope).

EDS analysis was conducted using scanning electronic microscopy
(SEM JEOL JSM-6610LV microscope) with a detector for EDS (Xplore 30
by Oxford Instruments).

Raman measurements were performed using commercial NTegra
Spectra system from NT-MDT. A linearly polarized semiconductor laser
operating at a wavelength of 532 nm was used. All the spectra were
obtained by setting the laser power to 2 mW within approximately 0.5 x
0.5 pm sized focus with exposure time of 600 s.

Band gap was determined using Shimadzu UV-2600 spectropho-
tometer equipped with an integrated sphere by recording UV-Vis diffuse
reflectance spectrum in 200-800 nm range. The reflectance spectrum
was measured relative to a reference sample of BaSOj4.
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The Brunauer-Emmett-Teller (BET) theory was used to examine the
adsorption ability of the powder. Powder specific surface area and pore
size distribution of the sample were determined by nitrogen adsorption-
desorption measurements using a Bel-Japan Minisorp II surface area &
pore size analyzer.

2.3. Photocatalytic activity test

The photocatalytic performance of BiVO4 samples at different values
of pH was evaluated by degradation of MB9 under the simulated Sun-
light irradiation (Osram Ultra-Vitalux 300W lamp). Dye information can
be found in Table 1.

Experiments were performed at 20 °C by adding 0.1 g of BiVO4 to 50
mL of aqueous solution of MB9 (p; = 10 mg/L). Suspensions were stirred
in the dark for 30 min to establish the adsorption-desorption equilibrium
between photocatalyst and MB9. Then, the solution was exposed to the
sunlight irradiation under constant stirring. At specific intervals of time,
UV-Vis absorption measurements of certain amount of dye solution
were carried out in the range of 200-600 nm. Decrease of absorption
peak at around 520 nm with irradiation time, indicates decoloration of
MB9 in the solution. This decrease is related to the photodegradation
efficiency (n), defined as:

n:(k%) x 100% M

0

where Ag and A; represent initial absorption and absorption after irra-
diation time t, respectively.

H3S04 and NaOH were used to set the pH value of each solution.
Concentration of the photocatalyst was also varied to observe how much
it influences the kinetics of the degradation. At pH = 13, photocatalytic
activity was tested using 0.1, 0.05, 0.025 and 0.0125 g of BiVO4 in 50 mL
of 10 mg/L aqueous solution of MB9.

To test reusability, photocatalyst was used in four consecutive cycles.
The catalyst was centrifuged, washed using deionized water and left to
dry while heated gently, prior to reuse for the next cycle. In each cycle,
0.1 g of BiVOy4, was added to 50 mL of MB9 solution (10 mg/L) at pH =
13, stirred for 30 min in the dark, and then radiated for 105 min.

3. Results and discussion
3.1. Characterization of the BiVO4 photocatalyst

The phase composition of synthesized BiVO4 powder was determined
using X-ray diffraction, and corresponding diffraction pattern is pre-
sented in Fig. 1. All the diffraction peaks can be assigned to the (space
group: 12/b) single phase scheelite monoclinic BiVO4 structure, ac-
cording to the JCPDS Card No:75-1866, with high crystallinity and
sharp diffraction peaks at 18°, 29° and 31° of 20. Characteristics of
scheelite monoclinic BiVO4 are presence of the peak at 15° of 20 and

Table 1
Physical characteristics and molecular structure of MB9.

Dye name Mordant Blue 9
C.I. name Mordant Blue 9
Class Single Azo
C.I. number 14855
A max 516 nm
Color red light navy blue
Molecular formula C16H9CIN,Nas0gSo
Molecular weight (g/mol) 502.82
Structural formula )
0O=S-ONa
O OH
NaO-S N
N
OH
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Fig. 1. XRD pattern of synthetized sample of BiVO,.

well splitting of peaks at 18°, 35°, 46° and 51°of 26. XRD spectrum of the
crystalline BiVO4 synthesized by ultrasound method revealed that the
that no peak at 15 of 20 can be observed, and the peaks at 18°, 35°, 46°
and 51° of 26 are not well split, suggesting that our sample has not well-
distorted scheelite monoclinic structure.

The average crystallite size calculated by Debye-Scherrer method
was approximately 50 nm in diameter.

3.2. Microstructure of the BiVO4 sample

The particle morphology was determined using scanning electron
microscopy (SEM). Fig. 2 shows that the sample is mostly made of pri-
mary crystallites with a tendency to agglomerate forming larger irreg-
ular sub-micron spheres.

The morphology of monoclinic BiVO4 was also investigated by TEM
(Fig. 3). Fig. 3 shows that the surface of monoclinic BiVOy4 consisted of a

| ISP SR |
DATE: 08/19/20 2um
Device: VEGA TS 5130MM

SEM MAG: 15.00 ks DET: SE Detector
Hv: 20.0 kv

VAC: HiVac

Vega ©@Tescan
Digital Microscopy Imaging

Fig. 2. SEM image of BiVO,4 sample.
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Fig. 3. TEM image of BiVO, sample.

lot of BiVO4 nanoparticles with the average diameter of 5 nm. Similar
morphology of BiVO4 was obtained in the work of Yin et al. [16].

The elemental composition of the BiVO4 sample was determined
using Energy Dispersive Spectroscopy (EDS) analysis. The ratio of bis-
muth, vanadium and oxygen, as well as the mappings of the elements are
presented in Fig. 4. The purity of the sample was confirmed by the
absence of peaks for other elements.

3.3. Adsorption of BiVOy

Adsorption of a material depends on its specific surface, which is an
important parameter for photocatalysis process. BET method is a reli-
able way to determine the specific surface area of a material. To deter-
mine the specific surface area and pore size distribution, nitrogen
adsorption-desorption isotherm was recorded. According to the IUPAC
classification [17] the nitrogen adsorption—desorption isotherm is
attributed to the type IVa, typical for mesoporous materials, and forms
type H3 of hysteresis loop, as shown in Fig. 5. The pore size distribution
was determined from the desorption branch of the isotherm, using the
BJH (Barrett— Joyner—Halenda) method and is shown in Fig. 6. It can be
observed that the BiVO4 sample has bimodal pore size distribution in the
mesoporous area with the first mode peak around 3 nm and the second

C

B Spectrum
At%

(o] 64.6
Bi 185
v 169

Powered by Tru-Q®

Fig. 4. Energy dispersive spectroscopy (EDS) analysis of BiVO, sample. The
EDS mapping of the sample shows bismuth (A), vanadium (B), and oxygen (C).
The EDS spectrum shows the component ratio in the BiVO4 sample (D).
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Fig. 6. Distribution of pore diameters of BiVO, sample.

one in the range of 7 nm. This type of hysteresis loop suggests slit-shaped
pores in the sample [18]. The obtained adsorption-desorption isotherm
aligns well with previous studies, all confirming H3 and H4 shapes that
suggest slit-shaped pores [19-21]. While it’'s been observed that
slip-shaped pores have lower adsorption rate than cylinder-shaped
pores, the main parameter for adsorption rate are pore size and sur-
face area [22].

Estimated BET surface area of BiVO4 nanopowder was 9 m?/g. The
obtained surface area is higher than 4.16 m?/g reported by Zhou et al.
for BiVO4 nanopowder prepared this way, and much higher than surface
of BiVO4 nanopowder obtained by solid-state reaction (SSR) — 0.26 m?/
g.

Before photocatalysis test, adsorption-desorption equilibrium of the
photocatalyst and the MB9 dye was established in solution in the dark
over 30 min, and it was shown for adsorption to be influenced by pH
value of the solution. The amount of adsorbed MB9 dye at equilibrium
per unit mass of BiVO4 was determined using the following equation
[23]:

(co—ce)V

qe= m

Where q. represents the adsorption capacity at equilibrium (mg/g), co
the starting concentration of MB9 (mg/L), c. the equilibrium concen-
tration of MB9 (mg/L), V the volume of the solution (L), and m the mass

Materials Chemistry and Physics 333 (2025) 130341

of BiVOy4 (g). The g values are provided in Table 2.

3.4. Raman spectral analysis

Relatively strong Raman bands at 125, 212, 334, 365 and 822 em™?
(Fig. 7) confirm highly ordered crystal structure and single phase sample
[24].

3.5. Band gap of the BiVO4 sample

The electronic structure ie., value of the band gap, and positions of
valence and conduction bands have a significant effect on its photo-
catalytic performance [25]. The electronic structure of monoclinic
BiVO4 has the hybridization of Bi 6s and O 2p orbitals of VB [26]. The
transition of electrons from Bi 6s to V 3d corresponds to visible light,
which is favorable for the photodegradation of organic pollutants under
the visible light irradiation [27]. The optical band gap (Eg) was calcu-
lated by transforming absorbance spectrum of the sample using Tauc’s
plots [26,28].

Intersection of the tangent line on the Tauc plot and the x-axis as
shown in Fig. 8 represents the value of Eg at 2.38 eV with direct tran-
sition, which aligns with values obtained by other researchers (2.3-2.5
eV) [29-31]. This band gap confirms that BiVO4 is an effective
visible-light photocatalyst in aqueous solutions, as required band gap
falls between 2 eV and 3.2 eV [32].

3.6. Photocatalytic degradation of MB9

Photodegradation of organic pollutants by semiconductors usually
occurred by the formation of reactive species such as hydroxyl radicals,
superoxide radicals, nitrate radicals, photo excited electrons, and holes
[30]. Due to photocatalytic effect both oxidative and reductive reactions

may occur:
Oxidative:
h™ + Hy0 - H" + «OH 5)
2h* 4+ 2Hy0 - 2 H" + Hy0, (6)
Hy05— 2 «OH )
Reductive:
e + 0z — ¢Oy (8)
03 + Hy0 + H™ - Hy05 + 0o 9
H,0, — 2 ¢OH (10$)

Electrons and holes used in these reactions are gained from photo-
induced excitation on the surface of the photocatalyst:

photocatalyst + hv — photocatalyst (h+ + e—) a1

Besides the value of band gap, the potentials of valence band maxima
(VBM) and conduction band minima (CBM) play significant roles in
redox reaction in the solution and formation of reactive species. To
determine VBM and CBM for BiVO4, we calculated their potentials
theoretically according to the electronegativity of the constituent atoms
[33].

Fermi energy can be found using equation:

Er=y —E. a2

Table 2
Adsorption capacity at equilibrium at different pH values of solution.

pH 1 6 8 9 11 13

q. (mg/g) 0.81 0.60 0.51 0.40 0.67 0.25
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Fig. 7. Raman spectrum of BiVO4 sample.

Eg=2.38 eV J
0.10

(ahv) (eV)

0.08 4

0.06

20 25 30
Energy (eV)

Absorbance (a.u.)

0.04 4

0.02 B

0.00 —
200 300

T T T

T T T T
400 500 600 700 800

Wavelength (nm)

Fig. 8. UV-Vis absorbance spectrum of BiVO4 sample. The inset shows corre-
sponding [ahv]? versus hv plot.

where y is the absolute electronegativity of the semiconductor, and E, is
the energy of a free electron in hydrogen scale (4.5 eV). The absolute
electronegativity is the geometric mean value of the absolute electro-
negativity of all constituent atoms, whose absolute electronegativity is
arithmetic mean of their first ionization energy and electron affinity.
The absolute electronegativity of BiVOy is therefore:

XBivo, = \6/)(31')(‘/)(?) =6.03eV 13)

and Eg is value is 1.53 eV. As Fermi energy value is usually exactly the
average of VBM and CBM, their values are g—g higher and lower than
Fermi energy. The determined values of VBM and CBM are 2.77 eV and
0.29 eV, respectively (Fig. 9). For oxidative reaction to happen, VBM
must be higher than the redox potential of the first step (2.38 eV vs.
normal hydrogen electrode). On the other hand, for reductive reaction,
CBM must be lower than redox potential of its first step (—0.16 eV vs.
normal hydrogen electrode). Based on the estimated values of band
energies it can be concluded that only conditions for oxidative path of
photocatalysis are met, as VBM is higher than 2.38 eV. Absorption of a
photon with energy greater than or equal to the band gap of material
(2.48 eV) excites an electron from the valence band to its conduction
band, i.e., creates an electron-hole pair, as shown in Fig. 9. The photo-
generated holes may decompose MB9 molecules directly or can react
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Fig. 9. Schematic view of the proposed mechanism for BiVO,4 photocatalytic
degradation of MB9.

with adsorbed water molecules or surface hydroxyl groups to generate
hydroxyl free radicals (-OH), which further decompose MB9 molecules.

3.7. Photocatalytic activity test

The pH value plays an important role in the reaction, as charge of the
dye molecules and catalyst, as well as the presence of reactive species all
depend on the pH value [34]. MB9 is an anionic dye with two hydroxyl
groups that can be deprotonated (pKa; = 6.7, pKap = 11.5) [35].
Accordingly, the molecule of the dye is not charged in aqueous solutions
with pH values under 6.7, and it’s negatively charged at higher pH
values as one hydroxyl group is deprotonated at pH between 6.7 and
another at pH over 11.5. BiVOy isoelectric point (IEP) ranges between
pH 2.3 and 3.74 making it positively charged at pH values lower than
the IEP, and negatively charged above [36-38]. The UV-Vis spectra of
the dye without BiVO4 at various pH values didn’t show significant
difference in different media, suggesting that the dye was stable in all
environments, as presented in Fig. 10.

Alkaline solution is expected to be suitable for the photodegradation
process as the expected oxidative path of photocatalysis requires hy-
droxide anions. Fig. 11 shows the rate of photodegradation in different
pH values of the solution. In acidic solution (pH = 1), the rate of pho-
tocatalysis is the slowest and has the lowest rate while the adsorption is
the highest. With rise of pH value of the solution, the photocatalysis

35 - - : . . . .
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3.0 4 —pH:G -
] ——pH=13
25 4
- ]
g 20 2|
©
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- : : - -
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Fig. 10. The UV-Vis spectra of MB9 dye at various pH values.
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Fig. 11. Concentration changes of MB9 during the photocatalysis at different
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efficiency and rate increase, as adsorption decreases. Relatively high
adsorption at pH = 1 can be explained by the fact that MB9 is neutral at
this pH value and its © electrons from aromatic rings can interact with
positively charged BiVO4 [39,40]. With the increase of pH value of
aqueous dye solution, adsorption rate is much lower (around 10 % for
pH values 6, 8 and 9) and negligible at pH = 11, which can be explained
by electrostatic repulsion, as both the MB9 molecules and BiVO4 are
negatively charged. It can be noticed that the degradation was the most
successful in alkaline environment, with photodegradation efficiency
reaching 90 % in about 80 min at pH = 13, with efficiency in more acidic
environment spanning between 10 % (pH = 1) and 20 % (pH = 11) in
the same timeframe. Alkaline pH favors the formation of ‘OH radicals
through oxidation of OH™ ions in aqueous solution, increasing the
effectiveness of photocatalytic process.

It has been noticed that upon irradiation at pH = 1 the dye con-
centration would increase at first, suggesting desorption, with concen-
tration decreasing afterwards, due to degradation. This can be assumed
to be the consequence of photoinduced desorption where light excites
adsorbate prompting it to leave the surface of the adsorbent [41-43].

The UV-Vis spectrum of photodegradation of the dye at pH = 13 is
presented in Fig. 12.

Influence of catalyst concentration was investigated by conducting
the same photocatalytic activity test as described above, at pH = 13 for

0.25 . -

——105 min

0.10

Absorbance

0.05

0.00 ; .
400 500 600

Wavelength (nm)

Fig. 12. The UV-Vis spectrum of MB9 dye during the photocatalyst degrada-
tion at pH = 13.
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0.05, 0.025 and 0.0125 g of BiVO4. As shown in Fig. 13, the activity
decreases with the concentration of catalyst, but still remains very
effective.

3.8. Kinetics of the photocatalytic degradation

The kinetics of photocatalysis degradation of MB9 at different pH
values and at pH = 13 for different concentrations of the catalyst were
also investigated, and rate constants can be described as pseudo-first
order reaction, using Langmuir-Hinshelwood model following equation:

In (i) — _kt (14

Co

Where, ¢y and c are concentration of MB9 at the beginning of the re-
action and at time t, respectively, and k is the pseudo-first order reaction
rate constant. The k value can be obtained by plotting In(c/cg) vs. t
graph and finding the slope. Reaction rates for 0.1 g of BiVO4 at different
pH values can be found in Table 3, and for different concentrations of the
photocatalyst at pH = 13 in Fig. 14.

3.9. Reusability of the photocatalyst

Evaluating reusability of a catalyst is very important for its practical
application. As seen in Fig. 15, the degradation was almost absolute in
every cycle after the first one, showing the catalyst to be very effective.
Other studies of BiVO4 as a photocatalyst used for photodegradation of
rhodamine B [44] and methylene blue [45] have shown similar initial
rate of photodegradation with slow decrease over following cycles, also
indicating good reusability properties. Photodegradation rate of some
similar photocatalysts like BioO3 were shows to have greater decrease
over each consecutive cycle [46,47].

4. Conclusion

This paper presents the investigation of photocatalytic degradation
of toxic azo dye MB9 using BiVO4 nanopowder as a photocatalyst. The
sonochemical route of the nanopowder BiVO, synthesis was suitable to
obtain pure monoclinic mesoporous crystallites of the average crystallite
size of 50 nm in diameter. BET analysis confirmed that obtained BiVO4
nanopowder is mesoporous (with most pores of about 3 nm in diameter)
making it a good candidate for a solar light photocatalyst. The calculated
valence and conduction band energies (+2.77 eV and +0.29 eV,
respectively) have indicated oxidative photodegradation pathway, with
‘OH radicals generated in the process reacting with MB9. The

T = T b T ¥ T
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——m =0.025¢g
80+ —v—m=0.0125g|
s 604 -
S
o
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Fig. 13. Concentration change of MB9 during the photocatalysis for different
concentrations of BiVO,.
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Table 3
Pseudo-first order reaction rate constant of photocatalytic degradation at
different pH solutions.

pH 1 6 8 9 11 13
K 5.3 x 7.6 x 11.1 x 15.0 x 10.0 x 0.0256
1074 107* 107* 1074 1074
5.0 . . . . - T - I : I :
45 _
4.0 E
—~ 35 .
o
O ]
)
c 3.0+ -
. K, 51ps= 0.01154
: ] K, ,,s= 0.01615
k. _=0.01946
204 0.05 _
k,,= 0.0256
15 T T ¥ T z T . T ¥ T ¥
0 20 80 100 120
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Fig. 14. Kinetics of photocatalytic degradation of MB9 using different con-
centrations of BiVO,.

Photodegradation rate (%)

Cycle

Fig. 15. The rate of photodegradation of MB9 in four consecutive cycles.

photocatalytic degradation is most effective in alkaline conditions (pH
= 13), and has good reusability rate over four cycles, which is important
for its potential practical use. Simple and economic synthesis of the
BiVOy, and effective decoloration of the MB9 solution in about 90 min
proves the catalyst to have great potential for practical use.
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Atorvastatin calcium trihydrate

We present a comprehensive inelastic light scattering study of atorvastatin calcium trihydrate Form I across a
broad temperature range (100 K to 460 K), with a focus on the low-energy spectral region, providing key
insights into the crystal structure for the first time. The Raman spectra revealed significant temperature-
dependent changes, particularly at 420 K, where external vibrations at approximately 34 cm~!, 44 cm™!,
and 140 cm™! disappeared, indicating a structural phase transition. Strong fluctuations near this temperature

led to notable broadening in the linewidths of the 645 cm~! and 1650 cm~! modes. Additionally, a new mode
around 75 cm~! appeared at the phase transition, suggesting the presence of structural order in the anhydrous
phase before reaching the isotropic melt.

1. Introduction

The majority of a potential drug candidates do not accomplish to
become a drug product due to challenges related to stability, solubility,
and interactions with other drugs. These issues often stem from the di-
verse physicochemical, mechanical, and biopharmaceutical properties
exhibited by active pharmaceutical ingredients (APIs) and excipients in
various solid-state forms, such as crystalline (including polymorphs, hy-
drates, solvates, salts, and cocrystals), and amorphous forms. These can
influence the safety, quality, and efficacy of the drug. Many of the APIs
form multiple hydrates. Crystal hydrates form when water molecules
associate with solids and incorporate into a crystal lattice, leading to
distinct physicochemical and mechanical properties compared to the
anhydrous form. Dehydration commonly takes place during manufac-
turing, either by disrupting the original crystal lattice and forming a
new one for the anhydrous form, or by preserving the existing structure.
As bioavailability and ensuing biological activity depend on the exact
solid state form, identifying the crystalline phase of the API in solid
dosage forms is considered essential in the manufacturing process and
regulatory affairs [1].

Statins are among the most commonly prescribed medications glob-
ally. They have a significant role in preventing and managing car-
diovascular diseases in individuals with a high risk of cardiovascular
events by lowering cholesterol levels, stabilizing plaques, reducing
inflammation, improving endothelial function, and exerting antithrom-
botic effects [2-4]. In the Biopharmaceutical Classification System,
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statins fall under class II, indicating that they have poor solubility but
can effectively permeate biological membranes. Their bioavailability
varies significantly due to the effects of first-pass metabolism.

Atorvastatin calcium trihydrate (ACT), chemical name (SR, 6R)-2-
(4-fluorophenyl)-p, §-dihydroxy-5-(1-methyl-ethyl)-3-phenyl-4-[(phe-
nylamino)carbonyl]-1H-pyrrole-1-heptanoic acid, is a synthetic lipid-
lowering agent that competitively inhibits hepatic hydroxymethyl-
glutaryl coenzyme A (HMG-CoA) reductase. This enzyme catalyzes the
conversion of HMG-CoA to mevalonate, a critical step in cholesterol
synthesis. Originally marketed by Pfizer in Form I, it is considered
as the best seller drug of all time, even after its patent loss in 2011.
By increasing the number of low density lipoprotein (LDL) recep-
tors on hepatic cell surfaces, atorvastatin enhances the uptake and
breakdown of LDL, consequently reducing LDL production and the
number of LDL particles. This mechanism leads to lowered plasma
LDL-cholesterol, lipoprotein levels, and triglycerides. On the other
hand, it increases serum levels of high density lipoprotein (HDL), so-
called “good” cholesterol [5]. Similar to other statins, atorvastatin
may exhibit direct antineoplastic effect by potentially stopping cell
progression in the G1 phase of the cell cycle. Furthermore, atorvastatin
may sensitize tumor cells to cytostatic drugs [6-8]. Additionally, a
significant number of clinical trials showed a direct anti-inflammatory
effects of statins that are not mediated by their antihyperlipidemic
activity [9]. It has been shown that they reduce cardiovascluatory-
related morbidity and mortality irrespective of the lipid profile and
cardiac artery disease [10].
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Characterization of ACT crystal forms was performed by X-ray
powder diffraction (XRPD) as described in the filed patents that reg-
ulate production, while quantification in solid dosage forms depended
mostly on high-performance liquid chromatography, spectrophotomet-
ric methods, and electrophoresis [11]. Previous researches on ator-
vastatin were predominantly focused on thermal techniques, such as
differential scanning calorimetry, thermogravimetric analysis, and nu-
clear magnetic resonance [11-16]. Lately, Raman spectroscopy has
been applied to determine the APIs both in process samples and final
products [17]. Moreover, Raman spectroscopy has the potential to be
utilized as process analytical technology for monitoring manufacturing
processes [18,19]. Furthermore, progress has been made in applying
Raman spectroscopy for the quantitative analysis of ACT [17,20,21].
So far, the ACT solid-state characterization was extensively researched
using thermoanalytical techniques and XRPD [11-16]. Raman spec-
troscopy stands out as a highly specific and selective technique, capable
of identifying polymorphs and crystalline states with minimal to no
sample preparation. Its short analysis time, ease of use, and versatility
make it suitable for application at every stage of the manufacturing
process. The Raman spectra of ACT have been previously reported by
Christensen et al. [16], Skorda et al. [11], and Oprica et al. [22];
however, the temperature dependence of the low-energy spectral region
has not yet been explored. In this study, we present Raman scattering
measurements of ACT Form I over the temperature range of 100 K
to 460 K, focusing on the low-energy spectra (20 cm™! to 175 cm™1)
measured with high spectral resolution. These spectra, which predom-
inantly reflect intermolecular vibrations and crystal structure, show a
strong temperature-dependent evolution, directly revealing a structural
transition.

2. Experiment

ACT crystallizes in at least 12 different forms [12], with crystalline
Form I first identified in a U.S. patent Number 5969156 [23]. To
avoid uncontrollable alterations in crystal structure and properties that
may occur during sample preparation, all experiments in this study
were conducted using powdered samples, as obtained. The ACT Form
I reference standard used in this investigation had a purity of 99.27%
(Alkaloid DOO, Belgrade, Serbia).

2.1. X - ray powder diffraction analysis of atorvastatin calcium trihydrate

Structural analysis to confirm Form I of powder ACT was performed
with XRPD. The XRPD patterns were obtained using CuKe radiation (4
=1.5418 A) on a Rigaku Smartlab X-ray diffractometer. The measure-
ments were performed in the 20 range of 3°-50°, with a step size of
0.02° and a rate of 1.5°/min. The FullProf software package was used
to refine the XRPD pattern of the prepared sample by using the whole-
pattern decomposition procedure(Le Bail fitting) and calculate unit cell
parameters [24].

2.2. u-Raman spectroscopy

The Raman scattering measurements were performed using a TriV-
ista 557 Raman spectrometer (S&I Spectroscopy and Imaging GmbH,
Warstein, Germany), equipped with a Spec-10: 256E N, cooled CCD
detector and coupled to the OLYMPUS BX51 optical microscope in
a backscattering configuration. For this study, the spectrometer was
set up in a triple subtractive mode. The system features three stages,
each fitted with motorized turret and three gratings, allowing for quick
switching between different regimes and grating configurations. The
entrance slit and second intermediate slit were set to 100 pm, while
the first intermediate slit was set to the value that ensures the full
utilization of the CCD chip width. The Coherent Ar*/Krt laser was
used as the excitation source, providing multiple high-quality lines at
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Fig. 1. XRPD pattern of refined ACT structure. Black represent experimental results,
red solid lines are results from Le Bail fitting, black lines below XRPD pattern are peak
positions, and blue line represents differences between experimental and fitted data.

different wavelengths that could be easily switched to meet experimen-
tal needs. The laser lines were cleaned using a Semrock Narrowband
Clean-up filters. An Olympus LMPlanFI 50x/0.50 microscope objective
was used to focus the incident light onto the sample, with a laser
spot diameter of approximately 4 pm. To prevent sample damage and
avoid uncontrollable temperature-related effects, the laser power at the
sample plane was maintained at low levels, approximately 1 mW. The
acquisition time was set to 300 s.

For low-energy measurements, a 514.5 nm laser line and 1800/
1800/2400 grooves/mm gratings were used. For measurements
across a wider spectral range, a 647 nm laser line and 300/300/500
grooves/mm gratings were employed. These setups provided spectral
resolutions of approximately 2 cm~! and 13 cm™!, respectively. They
were optimized to balance laser line suppression, spectral resolution,
and spectral range according to the specific experimental requirements.

Temperature-dependent Raman scattering measurements were con-
ducted using a LINKAM THMS 600 heating/cooling stage, with the
sample mounted on a custom copper plate. The heating/cooling rate
was set to 5 K/min, followed by a 25 min thermalization period after
each temperature change. The sample chamber was purged with argon,
and continuous low-flow argon purging was maintained throughout
the experiment. All the Raman scattering spectra are corrected by the
corresponding Bose factor n(T).

3. Results and discussion

As previously mentioned, ACT may exist in several phases. The
crystal structure of ACT Form I has been previously solved and refined
using synchrotron X-ray powder diffraction data [23], and further opti-
mized using density functional theory techniques [12,14]. Temperature
dependent XRPD measurements were reported in Refs. [15,16].

To verify the room temperature crystal structure of the obtained
sample prior to the Raman scattering experiments, we performed XRPD
analysis. The resulting XRPD pattern corresponding to the refined struc-
ture is shown in Fig. 1. The black dots in Fig. 1 represent experimental
data, while the red solid line corresponds to the Le Bail fitting results.
The black lines below the XRPD pattern indicate peak positions, and the
blue line represents the difference between the experimental and fitted
results. The XRPD pattern shows an excellent match with previously
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Fig. 2. Temperature dependent Raman spectra of ACT measured with 300/300/500 grooves/mm gratings combination and 647 nm laser line of (a) low and (b) wide energy
spectral region. Black arrow indicates the disappearance of the 140 cm™! peak, while dashed lines serve as guides to the eye. Asterisks mark the peaks that show pronounced

discontinuities in their temperature evolution.

published data, with all observed peaks closely aligning with those
reported in the literature [12,14,23], including synchrotron data [25],
confirming that the analyzed sample corresponds to ACT Form I. The
obtained results show total number of 1312 reflections. ACT crystallizes
in P1 crystal group, with cell parameters a = 5.4497(2), b = 9.8976(4),
¢ = 30.2558(2), a = 76.8631(2), B = 99.0525(8), y = 4105.2850(3). This
undoubtedly show that our ACT sample crystallizes in Form I.

To further highlight the key structural features, the top-right corner
of Fig. 1 presents a zoomed-in section of the XRD pattern, displaying
26 values ranging from 20° to 30°, along with the corresponding Miller
indices. This region is crucial for the identification of ACT Form I, and
all indexed peaks match synchrotron measurements [23], providing
further confirmation of the structure.

Additionally, Form I ACT appears to have smaller particle sizes,
a more uniform particle size distribution, and greater stability than
previously reported more amorphous products. Moreover, Form I ACT
is purer and more stable than other amorphous forms [12]. These
results conclusively confirm that our ACT sample crystallizes in Form
L

In molecular crystals, two types of vibrations can generally be
distinguished: external vibrations, which occur between molecules,
and internal vibrations, which occur within molecules [26]. External
vibrations can be further classified based on the type of motion—either
as translations, representing the translational movement of molecules,
or librations, representing their rotational movement. They are, in
particular, strongly linked to the structural properties of molecular
compounds, offering valuable insights into structural phase transitions.

Intramolecular vibrations within a molecular crystal, compared to
those in an isolated molecule, may show slight shifts in energy and/or
changes in linewidth due to perturbations from the relatively weak
intermolecular interactions. In the similar manner structural changes
can also lead to variations in the energy and/or linewidth of these

vibrations. Moreover, when the number of molecules in the primitive
unit cell exceeds one, intramolecular vibrations may manifest as multi-
plets due to symmetry considerations and the typically weak nature of
intermolecular interactions [26,27].

The vibrational structure of ACT can be determined by correlat-
ing the translational, rotational and vibrational motions of a single
molecule to the corresponding site and crystal symmetries [26,27].
Given the very low symmetry of ACT Form I (P1), this straightfor-
wardly results in only three librational modes and 4744 symmetry
internal vibrations that are expected to be observed in the Raman
scattering experiment (I” point distribution). While intramolecular vi-
brations dominate the Raman spectra of ACT, intermolecular vibrations
are expected to be observed in the low-energy spectral region, below
175 cm~!. Moreover, given the low symmetry of ACT (P1), no de-
pendence of the Raman spectra on the polarization of the incident
and scattered light is anticipated. As a result, a crossed polarization
configuration was used in all light scattering experiments presented in
this study, and this aspect will not be discussed further.

The ACT Raman spectra, measured in the temperature range from
300 K to 460 K using a 647 nm laser line and 300/300/500 grooves/
mm gratings are shown in Fig. 2. It is noticeable that as the temperature
increases, Raman modes soften and broaden, driven by thermal expan-
sion and anharmonic effects [28,29]. In general, in the absence of phase
transitions (and coupling to other elementary excitations) the tempera-
ture evolution of linewidth is fully driven by anharmonic coupling. On
the other hand, the change in phonon frequency with temperature is
not entirely due to anharmonic coupling, but also thermal expansion.
Although thermal expansion itself occurs as a result of anharmonicity,
it affects the quasi-harmonic frequencies through the harmonic force
constant.

Closer inspection revealed discontinuities at 420 K in the tempera-
ture evolution of intensities and/or linewidths for the internal modes
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around 420 cm™!, 505 cm~!, 645 cm~!, 1110 em™!, and 1650 cm™!
(marked by asterisks in Fig. 2). These modes were previously as-
signed [22] to in-plane OCO rocking + out-of-plane benzene deforma-
tion, C-C-C deformation, O-H out-of-plane deformation, CH wagging
in the benzene ring + C-N-C stretching in the amide group + C-C-O
stretching, and G=0 stretching, respectively. Similar discontinuities may
also be present for other modes, but due to the overlapping of a larger
number of modes, finite spectral resolution, and/or low intensity, they
are not easily discernible.

The temperature evolution of the linewidths for the peaks at 645
cm~! and 1650 cm~! is shown in Fig. 3. Above 340 K, the 645 cm™!
peak begins to deviate from the expected anharmonic behavior, as
illustrated by the dashed lines. As evidenced by TGA and DSC re-
sults [15,16], this corresponds to the temperature range where the
stepwise loss of H-bonded water molecules occurs (highlighted in the
blue shaded area in Fig. 3). It should be noted that the exact temper-
atures of the dehydration process may vary between techniques due
to differences in water vapor pressure around the sample. While no
significant deviation is observed below 400 K for the 1650 cm~! peak,
both peaks exhibit strong, peak-like deviations in linewidth around
420 K. This is likely a result of strong fluctuations [29] indicating
the structural phase transition at this temperature. In general, while
selection rules based on symmetry determine whether a phonon mode
can couple to structural fluctuations, the coupling strength is reflected
in the phonon linewidth, which increases when phonons interact with
dynamic structural fluctuations.

More notable changes are observed in the low-energy spectral re-
gion (see Fig. 3(a)). While the peak at 140 cm™! completely disappears
at 420 K, the peaks at 110 cm™1, 117 cm~!, and 160 cm™1, although
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Fig. 4. Temperature dependent low-energy Raman spectra measured by
1800/1800/2400 grooves/mm gratings combination and 514.5 nm laser line
ensuring high suppression of the elastically scattered light. Black arrows indicate the
disappearing peaks, while the gray arrow marks the peak that appears at 420 K.

broadened, remain observable at higher temperatures. This suggests
that the 140 cm™! peak corresponds to external vibration (lattice
libration) specific to ACT Form I, as previously discussed. In contrast,
the peaks at 110 cm~!, 117 ecm™1, and 160 cm™! are internal in nature.
To elucidate temperature induced changes in the crystal structure of
ACT, we focus on the ultra-low energy region in wide temperature
range.

The ultra-low energy Raman spectra (20-300 cm~1) of ACT, mea-
sured over the temperature range of 100 K to 460 K using 1800,/1800/
2400 grooves/mm gratings with a 514.5 nm laser line, is presented in
Fig. 4. The sample was first cooled from room temperature to 100 K
and then gradually heated to 460 K. As expected, a large number of
peaks become clearly discernible at 100 K due to anharmonic effects,
as previously discussed. Upon heating, changes in the slope of the
spectra are observed in the region associated with the stepwise loss of
H-bonded water molecules in ACT [13,15,16]. This is not unexpected,
as small changes in the electronic structure can cause variations in the
spectral slope.

Closer inspection of the temperature evolution reveals the disap-
pearance of peaks at approximately 34 cm~! and 44 cm™, as indicated
by the black arrows in Fig. 4, in addition to the previously observed
peak at 140 cm~! shown in Fig. 2. These three peaks correspond to
external vibrations, consistent with earlier symmetry considerations.
Their disappearance at 420 K indicates a structural phase transition
and the breaking of crystal symmetry of Form I, as also suggested by the
behavior of the previously analyzed internal vibrational modes. In light
of the DSC and TGA results [15,16], this suggests that the Form I crystal
structure is preserved until the transition to the anhydrous phase,
consistent with second-harmonic generator and XRPD findings [15].

The most striking feature is the appearance of a new mode around
75 cm™!, indicated by a gray arrow in Fig. 4. The emergence of
this additional mode in the low-energy region at the phase transition
temperature suggests an intermolecular origin for this vibration. This
implies the presence of a certain, presumably one-dimensional, order
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up to 460 K, beyond which the isotropic melt is reached. This inter-
pretation is further supported by the 26~17° observation reported in
Ref. [15], where X-ray diffraction reveals a broad, diffuse-like signal
above the transformation temperature and just before the onset of the
isotropic melt. While Raman spectroscopy can detect this type of order,
the structural coherence might only extend across a few unit cells.
Employing advanced nanoscale-sensitive characterization techniques,
such as total X-ray scattering-based pair distribution function analysis,
could enable a more comprehensive characterization of this behavior
in future studies.

4. Conclusion

In this study, comprehensive temperature-dependent low-energy
Raman analyses of ACT were conducted, revealing complex vibrational
and structural changes induced by temperature. The previously re-
ported stepwise loss of hydrogen-bonded water molecules was also
detected in the low-energy Raman data. Moreover, the peak-like de-
viation from anharmonic behavior in the linewidths of the 645 cm™!
and 1650 cm~! modes serves as a clear fingerprint of strong structural
fluctuations at 420 K. At this temperature, three peaks, identified
as external vibrations, characteristic of the Form I crystal structure,
disappear, indicating the breaking of symmetry as the system enters the
anhydrous phase. The appearance of a new vibrational mode around
75 ecm~! at the phase transition temperature indicates the presence of
short-range order up to 460 K, beyond which the system transitions
into an isotropic melt. This interpretation aligns with previous X-ray
diffraction studies [Ref. [15]], where a broad, diffuse-like signal near
20~17° was observed above the transition temperature, just before the
isotropic phase fully develops. While Raman spectroscopy can detect
such structural order, the coherence may extend only over a few unit
cells. Future studies employing nanoscale-sensitive techniques, such as
total X-ray scattering-based pair distribution function analysis, could
provide a more detailed characterization of these structural fluctuations
and their role in phase transitions.
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ARTICLE INFO ABSTRACT

Keywords:

Semiconductors
Electron-phonon interactions
Light absorption and reflection

The interaction between electrons and phonons represents a notable phenomenon in the realm of condensed
matter physics, exerting a substantial influence on diverse electronic and optical characteristics of materials.
Within this context, an exhaustive investigation of the Raman and Far — Infrared reflectivity spectra of Cd;.
xFeyTe.ySey single crystals can yield valuable insights into the various impacts of Plasmon — phonon interactions
on the fundamental physics of II - IV semiconductors. Spectral analysis was executed employing a suitable fitting
procedure. In the analysis of Far — infrared spectra, a dielectric function incorporating the presence of Plasmon —
LO phonon interaction was employed. Three principal lines in the spectra, contingent upon the composition,
were discerned at approximately 140 cm™}, 170 cm™' and 200 cm™. 140 cm™! feature corresponds to the
longitudinal — transverse (LO — TO) splitting of the CdTe — like mode. The 170 cm™! feature is associated with
CdSe, while the 200 cm™! feature is linked to the local Fe mode. These features were elucidated within the
framework of the modified random - element - isodisplacement (MREI) mode. The calculated phonon fre-
quencies demonstrated a high level of agreement with experimentally determined values. Additionally, in all
samples, a surface layer characterized by a low concentration of free carriers (depleted region) was formed.
Consequently, a surface optical mode (SOP) was registered at approximately 150 em ™! in samples with a pre-
dominant CdTe component (y less that 15 %) and at around 190 cm ™! in samples with a majority CdSe content (y
greater than 95 %).

1. Introduction

Compounds made from group II-VI elements mixed with transition
metals are called dilute magnetic semiconductors (DMSs) because they
have both magnetic and semiconducting properties. While many studies
have focused on DMSs with manganese (Mn), researchers are now also
exploring those with iron (Fe) and other transition metals [1].

Iron, like manganese, can replace some of the metal atoms in the
crystal structure of these compounds. In this structure, each iron ion
(Fe?") is surrounded by four neighboring anions (negatively charged
atoms). Iron in this state has a specific electron arrangement (3 d%) that
results in magnetic behavior. This creates two energy levels due to the
crystal’s cubic symmetry — a lower energy ground state called Es and a
higher energy state called 5T, [2].

However, iron doesn’t dissolve well in cadmium telluride (CdTe),
and the crystal form known as zinc blende only forms when the iron

* Corresponding author.
E-mail address: jmitric@ipb.ac.rs (J. Mitric).

https://doi.org/10.1016/j.physb.2025.417392

content is less than 6 %. Cdj.xFexSe forms a different structure called
wurtzite. When the amount of iron is low, mixed crystals like Cd; xFey.
Te, ySey can still form the zinc blende structure, which helps make their
optical properties easier to understand.

Classical bulk solid-state physics can be broadly categorized into two
primary domains, one predominantly addressing electronic properties
and the other focusing on atomic dynamics. A sustained interest in op-
tical phonons in semiconducting alloys has persisted for many years [3].
The vibrational spectra of semiconducting alloys serve to illustrate
fundamental aspects of lattice vibrations and alloy physics [4].

The interaction between electrons and phonons is an important
process in condensed matter physics, and it influences many physical
phenomena [5,6]. The electron-phonon interaction significantly impacts
various electronic and optical properties of materials, including elec-
trical conductivity, thermal conductivity and superconductivity [7]. A
comprehensive understanding of electron-phonon interaction is
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imperative for predicting and optimizing material properties in tech-
nological applications. Substantial progress has been achieved in both
theoretical and experimental investigations of this interaction in recent
decades [8], yielding deeper insights into underlying mechanisms and
effects on material properties. This knowledge has paved the way for
developing new materials with tailored properties and optimized per-
formance across diverse applications [9-11].

In our previous studies, we explored plasmon-phonon interactions in
quaternary alloys, Cd; yMnyTe; ySey [12] and Hg; xMnyTe; ySey [13], as
well as the interaction of surface phonons with plasmons in thin films of
CdTe [14]. A model has been developed to determine the
long-wavelength optical phonons in quaternary mixed crystals of the
type Aj xBxCi.yDy, depending on their composition. However, as we’ll
see later, the phonon properties of Cd; xFexTe;.,Sey were described using
a model for three-component alloys of the type A;.4BxC, and the prop-
erties of iron (Fe) were treated as if it were an impurity. In this paper, we
extend our research to single crystals of Cd;.xFe Te;.ySey grown using
the Bridgman technique. We employed X-ray Diffraction, Raman Spec-
troscopy, and Far-infrared Spectroscopy as experimental methods. Our
goal was to thoroughly study phonon properties, including surface
phonons, as well as some aspects of electron-phonon interactions.

2. Samples and experiment

Single crystals of Cd;.yFeyTe;.ySey were grown using the Bridgman
technique employing chemically pure constituents. The Fe concentra-
tion (x) was determined with a precision of +0.005 through magnetic
susceptibility measurements at room temperature. Additionally, a more
precise determination of Fe content was carried out using an X-ray
microprobe. Both methodologies yielded identical results within the
margins of measurement error. The selenium content in the samples was
deduced from these data. Samples with varying compositions were
investigated (see Table 1). The results are confirmed using EDX analysis
(see Supplementary).

The selenium quantity in this solid solution varies widely, while the
added Fe concentration remains below 4 %. Therefore, it is justified to
consider this material, in one part of the discussion, as a doped ternary
solid solution, i.e. CdTe; ySey + Fe.

Structural characteristics of Cd;.xFeyTe;.yS samples were ascertained
using a Philips PW 1050 diffractometer equipped with a PW 1703
generator, operating at 40 kV x 20 mA. Ni-filtered Co Ko radiation of
0.1778897 nm was employed at room temperature. A 15-85° scanning
range was used over 2 h, with a scanning step of 0.05° and a scanning
time of 10 s per step.

As illustrated in Fig. 1, three groups of spectra are observed. The first
group comprises compositions with a low Se concentration. The dif-
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a deuterated triglycine sulfate (DTGS) pyroelectric detector.

Micro-Raman spectra were collected in the backscattering configu-
ration and analyzed using a Jobin Yvon T64000 spectrometer equipped
with a nitrogen — cooled charge — coupled device (CCD) detector. The
excitation source employed was the 514.5 nm (2.41 eV) line of an Ar —
ion laser, and a microscope lens with a magnification of 100 x was used
to focus the laser beam.

3. Results
3.1. Far - infrared spectroscopy

The far-infrared reflection spectra of Cd;.xFexTe; ySey single crystal
samples are presented in Fig. 2a-d, with experimental data depicted by
circles. Notably, three prominent lines at approximately 140 cm™}, 170
em™!, and 200 cm™! are discernible in the spectra. As we will observe
later, the feature near 140 cm ' corresponds to the longitudinal —
transverse (LO — TO) splitting of the CdTe — like mode. The feature near
170 em™! is associated with CdSe, while the peak at 200 cm™! is
attributed to Fe.

For ease of spectrum interpretation, Fig. 2b highlights a composition
with y = 0.03 but varying two concentrations of added Fe. In the spec-
trum with lower Fe concentration, phonon features of CdTe at around
140 cm ! and the structure at approximately 170 cm™! from CdSe are
clearly visible. For higher Fe concentration, in addition to the phonons
observed at lower Fe concentration, a distinct phonon at around 190
cm ! becomes evident. It is not challenging to conclude that this cor-
responds to a Fe impurity phonon. For higher selenium concentration
exceeding 10 %, as shown in Fig. 2c¢, this effect is less pronounced but
still noticeable and must be considered in the analysis. This holds true
for all spectra in Fig. 2a. As expected, for Fe concentrations of 3 % and 4
% (samples CFTS1 and CFTS2, respectively), a clearly pronounced im-
purity phonon of Fe is observed. However, for a satisfactory fit, this
phonon must also be taken into account for other compositions.

Fig. 2d depicts spectra from the CdSe side. For sample 13, i.e. 5 %
CdTe, modes originating from CdTe are clearly observed along with the
dominant structure attributed to CdSe. Due to the low concentration of
Fe, its phonon is weakly noticeable. Conversely, for sample 14, the sit-
uation is reversed. 2 % Fe distinctly contributes to the structure at
around 210 cm ™!, while CdTe modes are barely noticeable.

Subsequently, a more comprehensive examination of the Far —
infrared spectra of Cd;.xFeyTe;.ySey single crystal samples was con-
ducted using a fitting procedure. The lines in Fig. 2 were derived
employing a modified factored dielectric function model of coupled
Plasmon - two different LO phonon modes [15] (Eq. (1)):
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fractograms (Fig. 1a) confirm that the samples predominantly originate
from CdTe, which exhibits a cubic structure with space group F43m. On
the opposite side of the composition, for y greater than 0.95, as ex-
pected, CdSe is evident and absolutely dominant, possessing the same
symmetry (Fig. 1c). For certain compositions samples consist both of
CdTe and CdSe (Fig. 1b). Fe concentration was below 5 % in all samples,
therefore it is not seen on presented diffractograms.

Far-infrared reflection spectra were acquired in the wavenumber
range up to 350 em™! using an A BOMEM DA-8 FTIR spectrometer with
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The parameters w;; and yy; in the first numerator represent the eigen-
frequencies and damping coefficients of the longitudinal Plasmon —
phonon (LP + LO) waves, arising from the interaction of the initial
modes. Correspondingly, the parameters in the first denominator char-
acterize similar aspects of the transverse (TO) vibrations. The y;, value
signifies the damping coefficient of the LP mode in the limit of zero
frequencies, while ¢, denotes the contribution of excitations at high
frequencies relative to the spectrum interval of interest. e, is treated as
an adjustable parameter to align calculated frequencies with
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Table 1
Composition of prepared samples.
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spectra. This approach directly yields TO frequencies and coupled
Plasmon - LO modes. The frequencies of initial plasmons (0p) and LO
phonons (wrp) are obtained as described in Ref. [4]:

Sample x [%] y [%] wp W03

Wp = 2
CFTS1 3 0 W W2
CFTS2 4 0.5
CFTS3 1 1 1., 2 2 2
CFTs4 1 3 w1012 =35 (0] + 0 + 0 — 0f) +
CFTS5 2 3 1

2 2 2 2\2 2 2 2 2 2 2 2 2 2

gg:? f ? jE\/<4(wl1 + 0, + 0 — 03)" — R}, — VRl — R} + V3] + wa))
CFTS8 810 ¥em 3 10 3)
CFTS9 3.5-10 ¥em 3 10
CFTS10 1 10 For illustration, in Fig. 3, an example of Plasmon - two different
gg:g z 12 phonon interactions is provided for the composition y = 0.03. Experi-
CFTS13 6 .10 8em—3 95 mental results are depicted by data points (o for w1, wj2, and w3, and *
CFTS14 2 99.8 for wro1 and wro2), obtained using the dielectric function (1). The po-

experimental values, following standard practice [16-18]. The second
term in Eq. (1) accounts for uncoupled crystal modes, where wy ok and
ook are the longitudinal and transverse frequencies, respectively, and
yLok and yrok are the corresponding damping coefficients. The third
term represents the multi — phonon band, previously observed in CdTe —
based alloys [19].

Dashed lines in Fig. 2 were generated for the case p = 2, considering
the existence of two uncoupled modes. The oscillator indexed p = 1 in
Eq. (1), representing the structure at about 200 cm’l, is identified as one
of the lattice vibration modes of Cd;.xFexTe;.ySey associated with Fe
impurities. The oscillator indexed p = 2, accounting for the structure at
about 100 ecm™, is identified as a defect phonon [18], appearing as a
very weak structure that can practically be omitted from the fit. A
discrepancy between theoretical spectra and experimental data in the
wavenumber range from 140 to 170 cm™! was observed, prompting the
utilization of the dielectric function (1) with p = 3. In Cd;.xFe,Te;.ySey
mixed crystals, as in some other semiconductors [18], a surface layer
with a low concentration of free carriers (depleted region) may form.
Consequently, surface phonons from this layer become visible. If the
light penetration depth exceeds the surface layer thickness, both surface
and bulk modes of the mixed crystal can be observed in reflection
spectra. The oscillator indexed p = 3 in Eq. (1) describes the structure at
about 150 ecm ™, primarily originating from CdTe for x less than 0.15,
while for compositions with x greater than 0.95, this mode is around
185 cm™!, associated with CdSe. The excellent agreement between
experimental data and theoretical spectra (full line) supports this
interpretation.

Based on this analysis, it is evident that the dielectric function (1)
with p = 3 and Plasmon - two - phonon interaction fully describes the IR

sitions of the uncoupled LO phonons (marked with @) and plasma fre-
quencies are determined based on Egs. (2) and (3). Solid lines,
representing coupled mode positions, are defined as solutions of the real
part of Eq. (4) (Re{es = 0}):
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Where ¢ is the dielectric function that accounts for the uncoupled
phonons corresponding to the TO — modes, overlaid by a Drude part that
considers the contribution from free carriers [20]. This procedure is
carried out for each composition. From the figure, it is evident that the
plasmon — two - phonon interaction is relatively weak, and the differ-
ence between the frequencies of coupled phonons and the initial LO
phonon is only a few centimeters inverse. The results of this analysis are
presented in Fig. 5, alongside the results of Raman measurements.

3.2. Raman Spectroscopy

The nonpolarized Raman spectra of Cd; _xFeyTe; _ySey in the spectral
range from 90 to 500 cm ™! at room temperature are depicted in Fig. 4.
The experimental results are represented by a thin black line.

Firstly, concerning phonons at approximately 123 and 141 cm™
observed in Fig. 4a—d, it is known from the literature [21] that these
modes originate from individual Te atom or TeO,, which is consistently
formed on the sample surface. Additionally, TeO5 is much thinner than
the penetration depth of the laser light, thus not significantly impacting
the accuracy of the Raman spectrum. In the literature [22,23], these
phonons, along with the phonon at around 100 cm™}, are associated
with the spectra of pure Te without delving into the detailed nature of
their formation. A more detailed analysis of the phonon formation
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Fig. 1. XRD patterns for selected samples. Fig. 1a shows group of samples that have low Se concentration and dominant CdTe structure (CFTS1), Fig. 1b shows
certain samples which consist both of CdTe and CdSe (CFTS5) and Fig. 1c represent samples on the opposite side of the composition, for y greater than 0.95 and

dominant CdSe structure (CFTS8).
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Fig. 2. Far — infrared reflection spectra of Cd;.,Fe,Te; ,Se, samples. Fig. 2a and c represent all CFTS samples with lower and higher Se concentration, respectively.
Fig. 2b highlights compositions with y = 0.03, but with varying concentrations of added Fe (CFTS 4 with lower and CFTS5 with higer Fe concentration). This holds
true for Fig. 2d as well, where CFTS 13 has lower and CFTS14 higher Fe concentrations.

mechanism can be found in Ref. [24] and the references cited therein. In
brief, these phonons are associated with the position of Te atoms and are
not IR-active (depending on the symmetry of the local environment).
Their position can vary by several cm ™! depending on the surrounding
environment of the Te atoms and the degree of oxidation. As a result,
they can only be partially removed by polishing the sample. However,
this is not the primary focus of this paper. Moreover, similar to the IR
measurements, on almost all samples with y less than 15 %, two multi —
phonon bands are observed at around 270 and 330 cm™!. For samples on
the CdSe side, these multi-phonon ranges shift to approximately 350 and
405 cm™, respectively, with their positions following changes in the
phonon positions from which they originate. For instance, the
multi-phonon at 405 em ! corresponds to 2X ®pocdses as will be dis-
cussed later.

Full lines represent the results of deconvolution. Raman spectra are
commonly analyzed using Lorentzian functions or a convolution of

Lorentzian and Gaussian curves [25,26]. In our analysis, we consider all
lines to be of the Lorentzian type. This indicates that all spectral lines are
symmetric and that no Fano resonance was observed in the
electron-phonon interaction [24], most likely due to the low concen-
tration of free carriers.

Utilizing the results of IR measurements, a minimum of 11 lines are
considered for deconvolution of Raman spectra. Besides two lines
describing multi — phonon processes, three lines are included for TeOq
phonons (at around 100, 123, and 141 cm™ ). The position of the TO
phonon of CdTe is approximately 140 cm ™}, and it is obscured by one of
these phonons, hence not considered separately. The deconvolution
results, considering the LO phonon of CdTe, TO/LO pairs of CdSe, and
the impurity phonon Fe, are shown on all spectra with dashed lines. As
observed in Fig. 2, there is a clear discrepancy between the experimental
and theoretical spectra at around 150 cm™!. Therefore, the solid line is
obtained when a surface phonon is added to the analysis, indicated by
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Fig. 3. Plasmon - two different phonon interaction for the composition y =
0.03. Experimental results are depicted by data points (o for w;, i, and w3,
and * for wro; and wrpy), obtained using the dielectric function (1). The posi-
tions of the uncoupled LO phonons (marked with @) and plasma frequencies are
determined based on Egs. (2) and (3). Solid lines, representing coupled mode
positions, are defined as solutions of the real part of Eq. (4) (Re{es = 0}).

the dark red line. This way, the experimental spectrum is fully repro-
duced. The results of this analysis are presented in Fig. 5.

4. Discussion
4.1. Phonon properties

In principle, the analysis of phonon properties in our Cd;_xFe Te;.
_ySey samples can be approached in two ways. Firstly, we can treat this
solid solution as a four-component system and use our model for the
analysis of phonon properties of such alloys [27]. However, here we
encounter the problem of the required parameters for the model.
Namely, we have samples covering a wide range of y, i.e. added CdSe.
On the other hand, we have compositions with a maximum of 4 % Fe.
Additionally, unreliable data are available in the literature for the bi-
nary, cubic structures of FeTe and FeSe. This implies that we would have
to assume many parameters, potentially compromising the validity of
such an analysis.

An alternative approach takes into account the fact that the Fe
concentration is low. In this case, the phonon properties of the ternary
alloy CdTe;.4Sey are analyzed first, and then the influence of Fe as an
impurity is considered. This conclusion is also supported by the XRD
analysis.

In general, we adopted the notation from Ref. [28], which classifies
the phonon behavior in AB; 4Cy-type alloys into three categories:

a) Two-mode behavior: each TO-LO mode pair of the end members
(AB and AC) splits into separate impurity

b) One-mode behavior: each TO and LO mode of one end member
(AB) shifts continuously to the corresponding TO and LO mode of the
other end member (AC)

c) Intermediate one-/two-mode behavior: the LO-mode frequency
shifts continuously from AB to AC, while the other modes behave
according to the two-mode scenario.

Based on this framework, we chose the second approach. We had
previously analyzed the phonon properties of CdTe;—ySey [26] and
applied a modified Genzel model [28] in our analysis.

Therefore, we opted for the second approach. Briefly, to study the
phonon mode behavior for the ternary compounds CdTe;.,Sey [29], we
used a model based on the Genzel model [28]. This model has provided
good results in previous studies [30,31] for describing phonon behavior
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in ternary mixed crystals. In the AB;Cy type of mixed crystals, the
crystal lattice comprises two sublattices, one filled by A atoms only and
the other filled by B and C atoms randomly distributed. The local electric
field (Ejoc) was taken into account, and a connection between micro-
scopic and macroscopic parameters was established using the
Born-Huang procedure. The dependence of the force constant between
first neighbors on concentration (y) was neglected, but second -
neighbor force constants were involved. The solid lines in Fig. 5 were
obtained using this model.

The experimental values for the TO and LO modes obtained from IR
measurements are marked with open symbols, while the results from
Raman measurements are represented by solid symbols. Parameters for
the end compositions, i.e. CdTe and CdSe, were chosen to achieve the
best match between experimental results and the applied model. These
values are very close to the results from the literature [10,30,31]. The
agreement between experimental and theoretical results is very good,
considering the approximations on which these models are based. As
expected, the results in Fig. 5 suggest that the phonons in CdTe;.ySey
exhibit the two — mode behavior.

We labeled the structure at about mg = 200 cm ™ in Figs. 2 and 4 as a
local Fe mode. It is known that if the semiconductor is doped with im-
purities that take the place of a heavier atom and are lighter than it (in
our case, Fe takes the place of Cd in CdTe), then two new modes appear.
These are the local mode, which appears above the optical band, and the
gap mode, located between the acoustic and optical bands of the host
material [32].

The impurity mode can appear due to the electron — phonon inter-
action [33]. Additionally, it occurs due to the difference in the masses of
the original ion and the impurity that comes in its place, known as the
isotope effect [34].

If only the (quasi) isotope effect is taken into account, the position of
the local mode can be estimated in the simplest way, which is described
in detail in Ref. [35]:

@y Mcq

=\ )

@10 cdre mg,

In this way, for CdTe, the value for oy = 232.6 cm ! was determined.
The experimentally obtained value for g for sample 1, i.e. CdTe without
added Se, is 184 cm ™. This means that the registered electron — phonon
interaction has a significant contribution to the position of the local Fe
phonon. Additionally, a change in the force constant in the vicinity of Fe
could also influence the position of the local Fe phonon. The dashed line
in Fig. 5 represents a guide for the eyes obtained by translating the LO
phonon of CdSe. The trend observed for sample 1 is continued for the
other samples, with the separation of the local mode calculated relative
to the LO phonon of CdSe. This indicates that Fe has entered the lattice of
CdTe.ySey.

Table 2 presents the results of multiphonon processes obtained by
fitting the Raman spectra shown in Fig. 4. The main characteristics of
these lines are their relatively low intensity and a full width at half
maximum of approximately 40 cm ™. Both factors affect the accuracy of
determining the phonon positions. Nevertheless, it can be concluded
that the phonons observed around 270 cm ™! and 330 cm ™, detected for
all compositions with y < 0.15, correspond to 2 x oo, CdTe and 2 x
L0, CdTe, respectively. On the other end of the composition range, i.e.,
for y > 0.95, the multiphonon at approximately 410 cm ™! corresponds
to 2 X wo, CdSe, while the multiphonon at 350 cm™! may represent
either the sum of TO and LO phonons of CdSe or a double surface
phonon. Due to the broadening of this phonon line, it is possible that
both processes contribute.

4.2. Surface optical phonons

Surface optical (SO) phonons share conceptual similarities with bulk
phonons, but their atomic amplitudes are confined to the near — surface
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Fig. 4. a) The nonpolarized Raman spectra of Cd; _,FesTe;_ySey in the spectral range from 90 to 500 cm™! at room temperature (representative samples) b) Raman
spectra of composition with y = 0.03 but varying two concentrations of added Fe c) Raman spectra of Cd;_,Fe,Te;.ySey for higher Se concentration, exceeding 10 % d)

Depicted Raman spectra from the CdSe side.

region of the material. The amplitudes of these phonons decay expo-
nentially as one moves away from the sample surface. Two main types of
SO phonon modes are generally recognized based on penetration depths:
macroscopic and microscopic. Macroscopic SO modes include optical
and acoustic SO phonon frequencies [36]. Acoustic SO modes in
isotropic elastic media propagate along the surface or interface, with
displacements in the sagittal plane defined by the normal to the surface
and the direction of propagation [37]. These modes exhibit exponential
decay into the bulk, with the penetration depth proportional to the
wavelength in the long — wave limit. In contrast to an acoustic mode, the
Fuchs-Kliewer phonon is associated with a macroscopic electric field
[36]. The frequency of a Fuchs-Kliewer phonon can be determined by
solving the Laplace equation for the electrostatic potential of an ionic
crystal under appropriate electromagnetic boundary conditions. The
frequency is then found to lie between the frequencies of the transverse

optical (TO) and longitudinal optical (LO) bulk phonons.

The dispersion of surface optical modes at the interface between a
semiconductor and a dielectric material can be calculated, taking into
account the geometrical constraint and the dielectric properties of the
surrounding medium. This is done by imposing the condition:

e(w)+en=0 (6)

Here, ¢(w) is the dielectric function of the semiconductor, and ¢y, is the
dielectric constant of the medium. The frequency of the surface optical
(SO) phonon for an infinite semiconductor flat surface [35] is given by:

&o JF Em
Esop =WTO\| T
€+ Em

where g and &, are the static and high - frequency dielectric constants,
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Fig. 5. Phonon mode behavior for the ternary compounds CdTe;.,Sey, based on
the Genzel model. LO phonon of CdTe, TO/LO pairs of CdSe, and the impurity
phonon Fe, are shown on all spectra with dashed lines. The solid line is obtained
when a surface phonon is added to the analysis, indicated by the dark red line.
The experimental values for the TO and LO modes obtained from IR measure-
ments are marked with open symbols, while the results from Raman measure-
ments are represented by solid symbols.

Table 2

Multiphonon processes obtained by fitting Raman spectra shown in Fig. 4.
Sample 2X0TOCdTe 2X®00cdTe 2XWr0Cdse 2X®0L0cdTe
CFTS1 270 330 - -
CFTS2 275 320 - -
CFTS3 265,5 350 - -
CFTS4 268 325 - -
CFTS5 275 335 - -
CFTS6 275 335 - -
CFTS7 270 330 - -
CFTS8 265 335 - -
CFTS9 274 340 - -
CFTS10 275 340 - -
CFTS11 270 335 - -
CFTS12 255 340 - -
CFTS13 - - 350 410
CFTS14 - - 335 414

respectively. wro is the transverse optical (TO) mode frequency at zone
center, and &, is the dielectric constant of the medium (g, = 1 in our
case). The values for oo and e, are obtained from our experiment,
while the value for g is taken from the literature [38-41].

Thus, for the surface optical phonon (SOP) of CdTe, a value of 153
em s obtained, while on the CdSe side, it is 185 cm~ L. These values
closely match the experimentally presented results in Fig. 5.

What sets this material apart from similar ones is the fact that the
surface optical phonon is registered in a region where the concentration
of free carriers is very low. An open question remains regarding whether
the penetration depth of SOP is equal to the size of the region with low
carrier concentration.

5. Conclusion

In this paper, our investigation into Cd;.xFeyTe;.ySey single crystals
through Far — infrared and Raman spectroscopy has provided valuable
insights into the Plasmon — phonon interaction and surface optical
modes. Far — infrared reflection spectra revealed distinct phonon fea-
tures associated with CdTe, CdSe and Fe impurities. The fitting pro-
cedure, employing a modified factored dielectric function model,
successfully described the spectra, highlighting the importance of a
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surface layer with low carrier concentration. The dielectric function
with Plasmon - two - phonon interaction (p = 3) accurately captured the
coupled modes, providing TO frequencies and coupled Plasmon — LO
modes. The Raman spectra, spanning from 90 to 500 cm !, showcased
TeO, — related phonons and multi — phonon bands, and the deconvo-
lution process revealed a surface phonon at around 150 em™!. Our
comprehensive analysis considered a two — mode behavior for phonons,
aligning with the Genzel model, which proved effective in describing the
experimental results. The local Fe mode, arising due to impurities,
exhibited significant contributions from electron — phonon interaction
and isotope effect. Additionally, the study of surface optical phonons
elucidated frequencies of 153 cm™! for CdTe and 185 cm ™! for CdSe,
contributing a unique aspect to the material. The open question
regarding the penetration depth of SOP in the region with low carrier
concentration remains intriguing and warrants further exploration.
Overall, our findings enhance the understanding of the intricate phonon
properties in Cd;.xFe Te;.ySey, setting the stage for future advancements
in the exploration of similar semiconductor materials.
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ARTICLE INFO ABSTRACT

Keywords: In this paper two methods of preparation of yttrium orthovanadate nanopowders were presented: Solid State
s“’f‘fce optical phonon Reaction (top — down approach) and Solution Combustion Synthesis (bottom — up approach). For starting
ﬁ“m structural characterization, X — Ray Powder Diffraction (XPRD) and Field Emission Scanning Electron Microscopy
onon (FESEM) were used. We report the change in reflection spectra in europium doped YVO4 nanopowders with
Yttrium orthovanadate X . . . . . .
Europium comparison to its bulk analog. In UV-Vis reflection spectra we consider the change in values of band gap in these

Infrared spectroscopy structures, after resizing it from bulk to nanomaterial. In Far — Infrared (FIR) reflection spectra, we registered the
w existence of Surface Optical Phonon (SOP) and different multi — phonon processes which alter the reflection
spectra of bulk YVOy. The influence of Eu ions is reflected through multi — phonon processes that occur and are
connected with energy transfer from YVO4 lattice to Eu ions. All IR spectra were modeled using classical
oscillator model with Drude part added which takes into account the free carrier contribution. Since our samples
are distinctively inhomogeneous materials, we use Effective Medium theory in Maxwell Garnett approximation

Vis spectroscopy

to model its effective dieletric function.

1. Introduction

Semiconducting nanomaterials, especially nanophosphors have
attracted great attention of researchers, due to their wide spectrum of
applications in industry, technology as well as in fundamental science.
When made in nanorange, phosphor materials exibit enhanced optical
properties as against their bulk counterparts, due to quantum size effects
and increased surface — to — volume ratio. Yttrium orthovanadate is a
widely used red phosphor with many applications in just recent years —
in solar cells [1], cancer treatment [2], biotechnology [3], optical im-
aging [4] etc.

For nanopowders, a valuable tool in the investigation of the struc-
tural and optical changes in a material made due to resizing the bulk
crystal on nanoscale is the optical spectroscopy - in this case specifically
far — infrared and UV - VIS spectroscopy. When excited by UV light,
photoluminescence quantum yield of the europium emission in yttrium
orthovanadate crystal, goes up to 70% [5]. In YVO4Eu®" structure UV
radiation excites the vanadate group, which has the ability of efficient
excitation transfer to the europium ions (Fig. 1).

When irradiated with UV radiation, three major steps occur in the

* Corresponding author.
E-mail address: jmitric@ipb.ac.rs (J. Mitri¢).

https://doi.org/10.1016/j.physe.2021.114923

excitation and emission process in YVO4:Eut structure. First step is the
absorption of UV light by (VO4)> groups. Then, thermal activated en-
ergy, which comes from the UV excitation source, migrates through the
vanadate sub — lattice, inducing the transfer of excited energy to euro-
pium ions. In the end, strong red (°Dg - 7F5) and orange (°Dg - "F1)
emission due to de — excitation process of excited europium ions occur
[6].

One of the important properties of semiconductors is their band gap.
Studying the band gap of semiconductors is important for interpreting
their structural and optical properties and it is of a great importance
examining its expansion in order to understand their properties. Appli-
cation of semiconductors is in large level determined by their band gap
width. Bulk semiconductors are usually very limited in their application
due to their small and indirect band gap. Bulk crystal is set up of a large
number of atoms and molecules, with a number of adjacent energy
levels, which form bulk electronic bands. With the reduction of particle
size to a nano level, where every particle is made up out of a small
number of atoms or molecules, the number of overlapping orbitals de-
creases, and the eventually width of the band gap of a nanomaterial gets
narrower when compared to bulk crystal (this means that there will be
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Fig. 1. Energy levels and energy transfer model of Eu®* ion and (VO,)* tet-
rahedron in YVO4.

an increase of energy between valence and conduction band). This is the
reason why nanomaterials have wider band gap compared to their bulk
counterparts. The larger the band gap (i.e. forbidden region), the greater
the restriction of the electron movement will be. This is well known as
the quantum size effect. As a consequence of size reduction, there is a shift
of absorption spectrum of nanomaterials towards the lower wave-
lengths, known as a blue shift.

In bulk crystals, bulk longitudinal (w.) and transversal (w10) optical
phonon frequency occur. In crystals with relatively small dimensions, a
new frequency appears — Surface Optical Phonon (SOP) frequency
(wsop) which is located between the w;o and w1o frequency. That means
that due to effects of dimension, in addition to the modes of infinity
lattice, surface modes will be manifested. And in the case of crystals with
extremely low dimensions, only the surface mode perseveres.

Different types of interactions with electromagnetic radiation takes
an important place in semiconductors. On one side, we have investi-
gated electron — phonon interaction in ceramic nanopowders [7]; sur-
face optical phonon — plasmon in thin films [8]. Besides that, we have
studied damping influence on interaction appearance [9], plasmon —
impurity local phonons [10], as well as plasmon — different phonons
interactions [11].

A special attention should be given to the choice of method for
nanopowder preparation, because nanostructured samples with good
crystallization and homogenous particle size exhibit extraordinary
properties different from their bulk analogs. At the same time, a very
important thing for their application in industry and technology is
finding a fast, cheap and reproducible technique for obtaining fine
nanophosphors.

In this paper two types of methods were presented. One, the top —
down approach, Solid State Reaction Method (SSR), (which implies
extensive milling), which is a classical ceramic method and the other,
bottom - up approach, Solution Combustion Synthesis (SCS). Top down
approaches have advantages like large scale production and deposition
over a large substrate; also, with these techniques, chemical purifica-
tions are not required. Disadvantages of top — down methods are varied
particles shapes or geometry, different impurities (stresses, defects and
imperfections); also, one must be very careful not to have broad size
distribution of particles. Bottom — up approaches, on the other hand,

Physica E: Low-dimensional Systems and Nanostructures 134 (2021) 114923

offer ultra — fine nanoparticles, with controlled deposition and narrow
size distribution. Unlike the previous techniques, bottom - up ap-
proaches do not offer large scale production so easily, and require
chemical purification. Therefore, we have chosen one technique from
both approaches so they can be compared. In this paper we offer two
simple, fast, cheap and yet reproducible techniques for yttrium ortho-
vanadate nanopowder preparation.

1.1. Bulk crystal of YVO4

Yttrium orthovanadate crystal has a zircon - type of structure, and
crystalizes in 141. Space group, I4;/amd shown in Fig. 2. In this struc-
tural type, Y ions occupy 4a crystallographic (Wyckoff) site with co-
ordinates [[0,3/4,1/8]].

V ions occupy 4b crystallographic site, and coordinates
[[0,1/4,3/81]; while O ions occupy 16h crystallographic site, with co-
ordinates [[0,y,z]].

This structure belongs to 4/mmm Laue class, where fourfold axis is a
unique symmetry operation and has an expressed anisotropy of physical
properties. V ions are in tetrahedral surrounding of O ions, while the
surrounding of Y ions is made of oxygen coordination sphere with eight
O ions which form a highly distorted cube.

From a group — theory analysis [12] it is known for this type of
symmetry with two chemical formulas in the primitive cell (I4;/amd —
D}”gl) to have following modes in the center of the Brillouin zone at the I'
point: I'(k = 0) = 2Ayg+ 5E;+ 4By + 1Bog+ 4Az + 5E,+ 1Az +
1A1, + 1By, + 2Byy,. E, and Ay, modes show dipole moments oriented
perpendicular and along the c directions, respectively; and four out of
five E, modes are infrared active.

Infrared reflection spectrum of bulk YVO4 can be found in the liter-
ature [13]. In the measured reflectivity spectra, two sharp features at the
lowest frequency can be found, and they correspond to the unscreened
infrared — active optical phonon modes. This spectrum is characterized
with four peaks of which three are easily seen, while the fourth is a
shoulder of the second reflectivity band, and it is more evident at lower
temperatures. Since bulk YVO4 has no metallic contribution (i.e. free
carrier contribution), the Lyddane — Sachs Teller (LST) relation (Lorenz
oscillator model) can be an optimal model to analyze reflection spectra
and to model an appropriate dieletric function of a material.

In this paper we report the change in reflection spectra of europium

Fig. 2. Crystal structure of YVO4.
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doped YVO4 nanpowders with comparison to its bulk analog. In UV - VIS
reflection spectra we consider the change in values of a band gap of
europium doped YVO4 when it is resized from bulk to nanomaterial. In
IR reflection spectra we carry out phonon investigation in order to
explain the change in optical properties of investigated nanopowders.
We show the existence of surface optical phonon (SOP) and different
phonon processes which alter the reflection spectra of bulk YVOy4. Full
characterization of materials is made with X — Ray Powder Diffraction
(XRPD) and Field Emission Scanning Electron Microscopy (FESEM).

2. Sample preparation and characterization methods

Nanopowders prepared by SCS were obtained using stoichiometric
quantities of starting chemicals Y(NO3);-6H,0, NH4VO3, NH;NO3 and
Y(NOs)5-6H20 , purchased from ABCR with the purity of 99.99%. Urea
was purchased from Sigma — Aldrich. Eu®* concentration was 1%. 4.8 g
of NH4;NOs; and 3.003 g of urea, (NH>),CO which were used as an
organic fuels were added to a dry mixture of 0.357 g Eu(NO3)5- 6H-0,
4,676 g of NH4VO3 and 15.32 g of Y(NOs3)5-6H20. Then, mixture was
combusted with the flame burner at ~500°C. Then, the solid solution
starts to act like cloud - shape mixture which then was annealed in air
atmosphere at 1200°C for 2 h. The annealing of material offers full
crystallinity. This sample was labeled as YVS.

Solid state reaction procedure was performed using stoichiometric
quantities of starting chemicals, then powdered and baked on 900°C for
5 h. Starting chemicals, Y505, Y203 and EuyO3 with purity of 99.99%
were purchased from ABCR. Concentration of Eu ions was 1%. This
sample was labeled as YVC. Both samples, YVS and YVC, were made in a
series of 5 samples, and every measurement is an average of these 5
samples.

These two simple, but yet reproducible and efficient methods pro-
vide two morphologically different samples. In this way methods can be
compared and analyzed.

Structural characteristics of yttrium orthovanadate nanopowders
were obtained using Philips PW 1050 diffractometer equipped with a
PW 1703 generator, 40 kV x 20 mA, using Ni filtered Co Ka radiation of
0.1778897 nm, at room temperature. 15-85° range was used during 2 h,
with a scanning step of 0.05° and 10s scanning time per step.

Morphologies of prepared samples were examined by Field Emission
Scanning Electron Microscopy using FEI Scios 2 with an acceleration
voltage between cathode and anode 15 kV.

All UV-Vis reflectance spectra were recorded in the wavelength
range of 200-1200 nm on the Shimadzu UV - 2600 spectrophotometer
equipped with an integrated sphere. The reflectance spectra were
measured relative to a reference sample of BaSOj4.

The infrared reflectivity measurements were performed at room
temperature. BOMEM DA - 8 Fourier — transform infrared spectrometer
was used. A Hyper beamsplitter and DTGS (deuterated triglycine sulfate)
pyroelectric detector were used to cover the wave number region
80-650 cm ™. Spectra were collected with 2 cm™! resolution with 500
interferometer scans added for each spectrum.

2.1. X - ray powder diffraction

Results for YVC and YVS are shown in Fig. 3. The diffractograms
confirm that both samples are monophased and that they crystallized in
zircon - type of structure. All reflections are in good agreement with
JCPDS card 17-0341. Also, all samples show no other reflections other
than ones who originate from YVOy structure. Since Eu>" concentration
in these samples is 2%, one cannot be identified by XRD. Crystallite sizes
are 53 nm and 58 nm for YVC and YVS, respectively. Crystallite sizes
were determined using Debye Scherrer formula. This formula gives
value of average crystallite size, and from our calculations the deviation
is around 5 nm. To reduce this error, series of every sample were made
(5 from each) to reduce the influence of chemical modification and other
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Fig. 3. XRD patterns of europium doped yttrium — orthovanadate nanopowder
prepared by Solid State Reaction Method (YVC) and Solution Combustion
Synthesis (YVS).

processing conditions). Even though Debye Scherrer is a rough method
for determining crystallite size and one could use other methods for
determining this value, like Williamson — Hall analysis which could in
some way reduce this problem, this would suggest to rely on some other
assumptions which could add up to an error. Crystallite size for sample
YVC is smaller than one obtained in YVC. This was expected because of
method of preparation. YVC was prepared using Solid State Reaction
Method, which includes rather aggressive milling, and therefore results
in smaller crystallite size than sample YVC, which was obtained with
Solution Combustion Synthesis.

2.2. Field emission scanning electron microscopy

FESEM photographs are shown in Figs. 4 and 5, for YVS and YVC
respectively; with 10 000 x and 35 000x magnification. Particle sizes
are 2 m and 3 ym, for YVC and YVS, respectively. These values are much
larger than the ones obtained with XRD. Reason for this is crystallite
agglomeration. Regardless of agglomeration, trend in crystallite size
between two methods of preparation remains the same as in crystallite
sizes determined by XRD. One more thing must be noticed, and that is
difference in crystallinity between samples. As can be seen from Figs. 4
and 5, sample YVC is more crystalline than YVS, which has more of a
cloud - shape structure. This was marked with yellow rectangles in
Figs. 4 and 5. On a larger scale, both samples consist of clearly defined
and separated grains which can be seen on right hand side of Figs. 4 and
5.

3. Results and discussion
3.1. UV - VIS spectroscopy

In this section we investigated optical UV-Vis reflection spectra of
europium — doped yttrium orthovanadate nanopowders. Special atten-
tion was given to obtaining band gap values. Band gap values were
obtained using Tauc plot [14]. It is important to have information about
band gap values, because band structure is responsible for the wide
range of electrical characteristics. Tauc, Davis and Mott [15] have
proposed an expression:

ahy:A(hz/ng)]/" (@D
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Fig. 5. (a) FESEM photographs of europium doped yttrium — orthovanadate nanopowder prepared by Solid State Reaction Method (YVC).

where « is the absorption coefficient (which is a property of a material; it
defines the amount of light absorbed by it); h is the Planck’s constant
and hv is the photon energy. A represents transition probability constant
(which depends on the effective mass of the charge carriers in the ma-
terial) and Ej is the band gap. Number n defines the nature of transition.
If transition is direct, n equals 1/2 and 3/2, for the allowed and
forbidden transitions, respectively. In the case of indirect transitions, n is
2 for allowed and 3 for forbidden transitions. In our case n is 3/2.

Then, the obtained diffuse reflectance spectra are converted to
Kubelka — Munk function [16]:

(1-R)?

a="p— @

where R is a reflectance value. Using Egs. (1) and (2), we obtain (ahv)l/ n

vs. hu plot. By extrapolating the linear portion of mentioned dependence

to the energy axes at the (ahv)'/™ = 0 value, the band gap value is
obtrained - the intercept of the plot with x — axe gives the value of band
gap. The results obtained with UV - VIS spectroscopy, UV — VIS reflec-
tance and diffuse reflectance Kubelka — Munk spectra for YVS and YVC
are presented in Figs. 6 and 7 respectively.

From Table 1 values of calculated band gap for europium doped
yttrium orthovanadate nanopowders prepared by two methods, as well
as literature data for bulk YVO4 were presented. With regard to section 2
where it was explained how band gap values increases with decreasing
grain size, we got matching results. Namely, we got two values of band
gap for samples made with two methods, YVC and YVS: 3, 55 eV and
3,17 eV, respectively. Since crystallite size of YVC (53 nm) is smaller
than in YVS (58 nm), it is expected that the band gap value will be
greater for YVC, due to quantum size effect described earlier. Both Eg
values for nanophosphors are greater that the Eg4 value for bulk crystal
YVOy4, which is expected. With this we conclude that Solid State Reac-
tion Method provides samples with higher band gap values that samples
prepared by Solution Combustion Synthesis.

When under the UV-Vis radiation, three major steps occur in YVOg4:

Eu®*: 1. absorbance of radiation by (VO4)> groups; 2. transfer of the
excited energy to Eu®" ions which migrated through vanadate sub-
lattice; and 3. red emission induced by de - excitation process of excited
Eu®" ions. This was represented in Fig. 1.

Peak at around 272 nm originates from absorption of (VO4)* groups
[17]. According to the literature, this peak is an attribution to charge
transfer from oxygen ligands to the central vanadium atom in (VO4)*
group. In that way, UV-Vis spectra from Figs. 6a and 7a prove there is an
energy transfer between (VO4)3' and Eu®" ions. Peak at 343 nm origi-
nates from (VO4)3' in the lattice [18]. Peak at 272 in YVS is clearly seen.
On the other hand, in YVC sample, splitting of 272 mode is obvious. The
mode split because reflectance values cannot go below zero values; and
increase in intensity of reflectance compared to YVS is caused by multi —
phonon processes which seem to be more dominant in YVC rather than
in YVS.

In one of our previous papers [19] it is shown how Eu ions exchange
with of Y ions, and without any significant disturbance of symmetry take
place in YVOy structure. Clearly, Eu ions have more influence in YVC
sample, which has more crystallinity and smaller crystallite size, and are
more efficiently distributed throughout the YVC sample. More evidence
on multi — phonon processes which are present in YVC will be shown
more clearly using Infrared Spectroscopy.

Results like this also confirm that these materials are suitable for
many optical devices. Following our previous research [20] these
phosphors represent an excellent hosts for optical excitation and emis-
sion of europium. Also, since the samples were made using two different
techniques on different temperatures (500 and 900 °C), a certain evi-
dence of thermal stability on emission quantum yield and lifetime was
shown which is in good agreement with the literature [21].

3.2. Infrared spectroscopy

Subject of this paper are distinctively inhomogeneous materials.
They are built out of embedded components in a matrix, and every one
of them has its own macroscopic properties. A macroscopic property can
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Fig. 6. (a) UV - VIS reflectance spectra of europium doped yttrium — ortho-
vanadate nanopowder prepared by Solid State Reaction (YVC). (b) Kubelka —
Munk plot for europium — doped yttrium - orthovanadate nanopowder pre-
pared by Solid State Reaction (YVS).

be attributed to every component of this material, as well as to a matrix.
For example, this can be a dielectric permittivity. A medium where
dielectric permittivity of every component and its surrounding (matrix)
can be substituted with one value of dielectric permittivity, an effective
dielectric permittivity, is called an effective medium, and theory which
describes this is known as Effective Medium Theory. In other words,
within this model, a heterogeneous system can be seen, from a bigger
scale, as a homogeneous system, with its own properties which are often
called effective properties, with one important fact: on a scale compa-
rable with the dimensions of the system constituents, the system cannot
be regarded as a homogeneous medium. Theory of effective medium has
several approximations [22], of which two are most common: Maxwell
Garnet and Brugemann approximation. The first one implies that
constitutive parts of one medium are very well separated out of matrix
they’ve been embedded in, and that there is no electrostatic interactions
between them. On the other hand, Brugemann approximation describes
systems where constitutive parts cannot be separated out of their
surroundings.

When visible light, 4, interacts with a material described above,
where its nanoparticles have characteristic size d, and dielectric function
€2, which are randomly distributed in a matrix with a dielectric constant
€1, in the limit 2>>d, the heterogeneous composite can be treated as a
homogenous, and this system can be described with Effective Medium
Theory. Since the samples we investigate are well defined, spherical and
separated nano grains (as seen in Figs. 4 and 5), we use Maxwell Garnet
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Fig. 7. (a) UV - VIS reflectance spectra of europium doped yttrium — ortho-
vanadate nanopowder prepared by Solution Combustion Synthesis (YVC). (b)
Kubelka — Munk plot for europium — doped yttrium — orthovanadate nano-
powder prepared by Solution Combustion Synthesis.

Table 1
Band gap values for YVC, YVS and literature data for bulk YVO4 bulk crystal.

YVC YVS

YVO, bulk (literature) [22]

3.56 eV 3.16 eV 2.85eV

model for the present case. Following postulates of this approximation,
for the effective permittivity of so called homogeneous medium we get
[23]:

51(82—51)

=6 +3
4 ¥ & +2¢

€]

where ¢, is a dielectric permittivity of nanoparticles located randomly in
a homogeneous environment with dielectric permittivity &1, which is, in
our case, air; and occupy a volume fraction f (so called filling factor).

For modeling dielectric permittivity of above described nano-
particles, we have used a classical oscillator model with Drude part
added (second addition in Eq. (3)) which takes into account the free
carrier contribution [24].:

n 2 2 : 2
& (a)) =¢s < Wi — O + 1Y o0 7 @p > 4

2 2 P
o OFp — 0 iy o —it!)

where ¢, is a bound charge contribution (assumed to be constant),
transverse and longitudinal frequencies are noted with wro and wro, 1o
and y;, are their damping coefficients, wp is plasma frequency and free
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carrier relaxation time is marked by 7.

Calculated spectra were obtained by a fitting procedure using a
previously described model which is represented with solid lines in
Figs. 8 and 9. Using the least — square fitting procedure of the experi-
mental (Regp) and theoretical (Ry) reflectivity, at q arbitrarily taken
points, the parameter adjustment was carried out, automatically.

)

Minimalization of § was carried out until it met the conditions of
commonly accepted experimental error of less than 3%.

Theoretical model in Figs. 8c and 9, show excellent match with the
experimental results, for YVS and YVC samples, respectively. In Table 2,
best fitting parameters are presented. In Eq. (4), transversal optical

0.5

0.4

0.3

0.2

0.0

200 400 600 800 1000 1200
Wavelength [nm]

Fig. 8. Infrared reflection spectra of YVO, nanopowders prepared by Solution
Combustion Synthesis (sample YVS). Experimental spectra are presented by
open circles, while solid red lines are calculated spectra obtained by a fitting
procedure based on the model given by Egs. (3) and (4). Spectrum (a) shows
fitting procedure without taking into account SOP phonons, (b) spectrum
without taking into account multiphonon processes and (c) IR reflection spec-
trum of YVS when SOP phonons and multiphonon process were considered.
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Fig. 9. Infrared reflection spectra of YVO4 nanopowders prepared by Solid
State Reaction (sample YVC). Experimental spectra are presented by open cir-
cles, while solid red lines are calculated spectra obtained by a fitting procedure
based on the model given by Egs. (3) and (4).

Table 2
Best fitted parameters of IR reflection spectra for YV, YVC and YVC; bulk liter-
ature data and their assignments.

YVC YVS Bulk YVO4 Assignment
[em™1] [em™'] (Literature data)
[em™'] [13]
€00 1.8 2.25 4.0
F 0.79 0.93 1
I'p 85 200
op 100 89 Plasmon frequency
which plays role of .
®T03 212 198 195 E, mode, IR active
®Lo3 214 219 220
®T104 234 259 263 E, mod, IR active
Oros 292 300 309
®105 321 311 309 E, mod, IR active
@ros 323 337 311
®T06 397 - Multiphonon processes
@106 393 -
@107 400 470
o7 645 650
®T08 450.5 452
®L08 452 454
®10o 730.2 -
®Lo9 731 -
®T1010 759 794 780 SOP formation. E,
mod, IR active
®LosoP 863 890 SOP phonon
®ro010 887 935 930
®T011 1020 - Multiphonon processes
oon1 1021 -

®1012 1093.5 -
®Lo12 1096 -
®71013 1116 -
®Lo13 1117.5 -

frequency, wto, was precieved as the characteristic frequency for a given
material. As regards to spectra from Fig. 8a and 8b, they show the
procedure, step by step, in order to get the best fit presented in Fig. 8c.
Model used in Fig. 8a did not take into account the existence of SOP.
Actually, this model suits the bulk structure of YVO4 the best, when
there’s no SOP [25]. After we took this into account, we notice that,
when bulk YVO4 was resized to nanoscale, wide mode on the highest
frequencies in bulk spectrum of YVO4 [13] split into two modes. Since
this was modeled with dielectric function which takes into account the
existence of SOP, we conclude that the reason for splitting this wide
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mode is occurrence of SOP mode in these structures. After including SOP
modes into reflection spectra of nanostructures, we still have slight
differences between experimental and theoretical results (Fig. 8b) at
frequency between two sharp modes at lowest, and one wide mode at
highest frequencies.

Reasons for this slight difference presented in Fig. 8b are different
multi — phonon processes, with frequencies obtained in Table 2. After we
took this into account, we got excellent match of theoretical and
experimental results, shown in Fig. 8c.

From this we conclude that influence in reflection IR spectra in
majority comes from SOP mode and not from multi — phonons. Still,
when we compare two spectra from 8c and 9, we do see differences,
which originate from different contributors to reflection IR spectra. In
sample made with Solution Combustion Synthesis (YVS), the contribu-
tion of SOP is greater than in samples made with Solid State Reaction
(YVQ). Yet, in sample YVC, influence of multi — phonon contributors is
greater than in YVS which is also shown in UV-Vis measurements. We
see that from Table 2, for the wavenumbers greater than 1020 em ™,
where we modeled multi - phonon modes for YVC and not for YVS,
because of the greater influence of SOP in this sample which completely
covered possible multi — phonon processes in YVS. From all of this, we
can say that, when we compare to nanopowders prepared with two
different methods, one can say that for YVS, influence of SOP mode
dominates, and for sample YVC, multi — phonon modes dominate over
SOP modes.

Now, let us discuss the results obtained in Table 2. In Eq. (3) we have
defined the parameter called filling factor. It is a parameter which de-
scribes the volume fraction occupied by the nanoparticle (or nano-
particle aggregates) in the surrounding medium. In Table 2, filling
factors of prepared nanopowders, YVC and YVS, together with value for
bulk crystal YVO4 are presented. Intensity and shape change of SOP
modes presented in Figs. 8 and 9 (described with Eq. (4)) are notably
affected by variation of filling factor, f.

In our case, position of SOP modes maxima directly follows the
change in filling factor. Position of SOP modes frequencies are obtained
from Eq. (6) [26], and the results are presented in Fig. 10.

Wsop = max (Im < - L) ) (6)
Eeff

In bulk crystal YVO4 [13], at room temperature, four modes in
infrared reflection spectra have been detected at 195, 263, 311 and 780
cm . These modes are separated into internal (motions of the tetra-
hedral VO4) and external (translations and rotations of the VO, tetra-
hedron). All of these modes, as expected, are shifted after resizing bulk
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Fig. 10. Surface Optical Phonon mode position vs. filling factor.
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to nanomaterial to 212, 234, 323 and 759 cm ! for YVC, and to 198,
259, 337 and 794 cm ™! for YVS, respectively. Appearance of new pho-
nons is due to break — down of the selection rules, as a consequence of
resizing of the bulk crystal to nanostructure. Some modes occur due to
appearance of surface optical phonon mode and some due to multi —
phonon processes (one is, as we said, more dominant in YVS and other in
YVC) in addition to modes which occur owing to Eu ion and its inter-
action with YVOy lattice. All of the modes are represented and assigned
in Table 2.

Based on these results, it is clear that filling factor of prepared
nanopowders depends on method of preparation, but yet it has a linear
dependence of occurred surface optical phonon frequency. Also, SOP
mode has the role of the LO phonon which we have also showed in our
earlier works in different nanostructures [8].

Vibrational spectroscopy of nanostructures for discovering surface
optical phonons represents an extremely active and exciting field with
many possibilities for scientific and technological development. This
arising new phenomena offer not only new perspective for material
characterization, but also a fundamental understanding of processes at
nanoscale. Better understanding of phonon properties of phosphors
shown in this paper leads to wide application of these nanostructured
materials for nanophosphor coatings [27], biomedical application [28],
luminescence efficiency [29] etc. Also, discovery of surface phonons in
these materials offer great use in heteronanostructures [30] to enhance
the photoluminescence properties.

On the other side, multiphonon processes have been investigated for
the first time in this nanostructured orthovanadate. Understanding
multiphonon processes and charge transfers within a phosphor structure
leads to its better application in self — assembled quantum dots [31] and
different luminescent materials [32].

4. Conclusion

In this paper we showed two methods of preparation of yttrium
orthovanadate nanopowders, Solution Combustion Synthesis and Solid
State Reaction Method. Samples prepared by Solution Combustion
Synthesis offer slightly bigger crystallite size, and therefore smaller
width of band gap compared to samples prepared by Solid State Reac-
tion Method, which provides samples with band gap up to 3.56 eV which
was obtained using UV-Vis spectroscopy. Splitting of 272 nm mode from
UV-Vis spectra for sample made by Solid State Reaction Method gives an
indication of more dominant multi — phonon modes in this sample rather
than in one made by Solid Combustion Synthesis. This was caused by
doping and transfer of excited energy which migrates through vanadate
sublattice to Eu ions; and after causes red emission induced by de —
excitation process of excited Eu ions. For modeling Infrared Reflection
spectra of both samples, Effective Medium Theory in Maxwell Garnett
approximation was used and classical oscillator model, with Drude part
added which takes into account concentration of free carriers. We
showed that in both samples characteristic frequency of Surface Optical
Phonon occurs as a consequence of resizing bulk crystal to nano scale.
Also, that SOP has greater influence in sample prepared by Solution
Combustion Synthesis, while in sample prepared by Solid State Reaction
Method multi — phonon modes are more dominant and cover SOP
modes. This was a confirmation of previous UV-Vis results. Since change
in intensity and shape of SOP modes depends on variation of filling
factor, we have considered the values of filling factor and its dependence
on SOP mode position and came to a conclusion that SOP frequency has
a linear dependence on filling factor, where SOP mode plays a role of LO
phonon. All results obtained, show not only occurrence of nanoscale
phenomena - surface optical phonon and multiphonon processes in
YVO4:Eu®* nanostructures, but its potential use in wide fields of science
and technology.
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Abstract: Thin copper selenide films were synthesized on polyamide sheets using the successive
ionic layer adsorption and reaction (SILAR) method at three different temperatures. It was found that
elevating the temperature of the solution led to the creation of copper selenide films with different
features. X-ray diffraction characterization revealed that all films crystallized into a cubic Cuy_4Se,
but with different crystallinity parameters. With elevating the temperature, grain size increased
(6.61-14.33 and 15.81 for 40, 60 and 80 °C, respectively), while dislocation density and the strain
decreased. Surface topology was investigated with Scanning Electron Microscopy and Atomic Force
Microscopy, which revealed that the grains combined into agglomerates of up to 100 nm (80 °C) to
1 um (40 °C). The value of the direct band gap of the copper selenide thin films, obtained with UV /VIS
spectroscopy, varied in the range of 2.28-1.98 eV. The formation of Cu,_,Se was confirmed by Raman
analysis; the most prominent Raman peak is located at 260 cm™!, which is attributed to binary copper
selenides. The thin Cuy_,Se films deposited on polyamide showed p-type conductivity, and the
electrical resistivity varied in the range of 20-50 (). Our results suggest that elevated temperatures
prevent large agglomeration, leading to higher resistance behavior.

Keywords: copper selenide; polyamide; SILAR method

1. Introduction

Copper selenide can be formed in various stoichiometric compositions, such as CuSe,
CuySe, CuSe;, CuzSep, CuySes, CusSey, CuszSes, and non-stoichiometric compositions
Cuy_4Se [1-3]. The stoichiometric composition of copper selenide strongly influenced
its crystalline structure and electronic behavior—it alters its electronic, chemical, and
thermal properties [4,5]. Copper-deficient Cuy_,Se is an intrinsic p-type semiconductor
with direct bandgap energies in the range of 2.0 to 2.4 eV, the work function of 4.17 eV,
and high photo-electrochemical conversion efficiency (~14.6%) [3,5-8]. These features of
Cuy_«Se can be used as Shottky diodes [9], self-repairable electrodes [10], and photovoltaic
devices [8]. Furthermore, the Cu,_,Se columnar superstructures are used as low-cost and
highly efficient counter electrodes in quantum dot sensitized solar cells [11,12].

Several decades ago, due to concerns about homeland security, medical and environ-
mental monitoring as well as food safety, a large interest was shown in the development of
gas sensors for detecting volatile and toxic gases. Cuy_,Se exhibits good sensitivity and
short response and recovery times to Hg?* [13], and organic gases such as ethanol and
acetone [14].
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Many works have been reported on the formation of Cuy_Se on substrates, such as
glass [1,6,15], and fluorine-doped tin oxide [8,11,12,16].

Flexible electronics is a growing field that is promising to develop various new com-
mercial products such as displays, solar cells, flexible photovoltaics, and biomedical sensors
due to their lightweight and low cost [17-21]. Flexible polymer substrates possess unique
features such as low cost, low thickness, low mass, and excellent mechanical deformability.
They can remain in the environmental, chemical, and thermal environments required for
the construction of electronic circuits while maintaining their mechanical flexibility [22,23].
Recently, ferroelectric semiconductors have been increasingly studied [24,25].

When Cu;_4Se is deposited on a flexible transparent polymer substrate (polyvinylchlo-
ride, polyvinyl alcohol), the possibility of using thin flexible polymer substrates appears in
the fabrication of flexible optoelectronic devices [26]. Cuy_,Se films on polyester sheets
can be used as a transparent electrode for inorganic and organic hybrid light emitters, as a
possible replacement for indium tin oxide or fluorine-doped tin oxide [7].

This work reports the preparation and characterization of electrically conductive cop-
per selenide onto polyamide 6 (PA) sheets. Polyamide 6 was chosen as a cheap, chemically
stable, and flexible substrate. Flexibility is the ability of the material to be bent without
mechanical failures such as fracture and plastic deformation. One of the few mechanical
parameters that describe the deformation of a material is Young’s modulus, which charac-
terizes the resistance of a material to elastic deformation. Young’s moduli of polyamide
6 are lower than those of other polymers. For example, polyimide and polyethylene
terephthalate have a Young’s modulus of 4 GPa and 3 GPa, respectively, while the Young’s
modulus of polyamide 6 is 2.4 GPa [17,27,28]. As a semihydrophilic flexible polymer,
PA is capable of adsorbing molecules or ions of various electrolytes from nonaqueous
and aqueous solutions [29,30]. Unlike glass and fluorine-doped tin oxide substrates, on
which copper selenide builds a thin film, polymer allows the material to partially diffuse in
it, so the final product is a conductive composite (PA with copper selenide nanocrystals
embedded in it).

Cuy_,Se films can be prepared by chemical bath deposition [1,7,31], combined elec-
trochemical followed by chemical bath deposition [8], sonochemical synthesis [32], ion
beam sputtering deposition [33], electrochemical [12], successive ionic layer adsorption
and reaction [15,34], and other methods.

Here, copper selenide nanocrystals were formed on the surface as well as inside the
polyamide using the simple and versatile successive ionic layer adsorption and reaction
(SILAR) method. The method used differs from other chemical methods, as it does not
require specialized equipment or conditions; it is quite inexpensive and simple, convenient
for large area deposition, and it can be used at room temperature [34]. As a low-temperature
process, it also avoids oxidation [35]. The SILAR method consists of two stages: first, copper
ions are adsorbed on the polyamide surface from a precursor solution containing copper
ions; second, copper selenide thin films are formed by treating the layer formed in the
first stage with a solution containing selenium ions. To the best of our knowledge, the
copper selenide/PA composite by employing the SILAR method has never been obtained
before. We suggest that slightly elevated solution temperatures could facilitate crystalline
formation in the polymer matrix and therefore improve the optical and electric properties
of the as-obtained composites. Combined with the natural abundance of material and the
low cost of composite production, the copper selenide/PA composite could be a possibility
for printable electronics on flexible substrates or in sensors in the future.

Structural characterization of the composites was performed with the help of X-
ray diffraction, Scanning electron microscopy combined with Energy-dispersive X-ray
spectroscopy, and Raman Spectroscopy, while the optical properties were characterized with
UV/VIS spectroscopy. The surface morphology of the films was investigated with Atomic
Force Microscopy. The conductivity of the composites was checked with a multimeter.
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2. Materials and Methods
2.1. Materials and Film Preparation

The reactive solutions were made with just pure analytical reagents and purified water.
All reagents were obtained from Sigma-Aldrich and used as received. Only freshly prepared
solutions were used for experiments and were not de-aerated during the experiments.

Thin copper selenide films were deposited on a PA sheet (PA 6, Tecamid 6, density
1.13g/ cm 3, thickness 500 um, surface resistance ~1 kQ)/m?), which was obtained from
Ensinger GmbH (Germany). Before the experiments, the PA films were boiled in distilled
water for 2 h to remove the remaining unpolymerized monomer residues. Then, they were
dried with filter paper and incubated over anhydrous CaCl, for 24 h.

The copper sulfate solution (CuSO,) was used as the cationic solution and the freshly
prepared sodium selenosulfate solution (Na;SeSO3) was used as the anionic solution for
the deposition of a thin film of copper selenide on PA using the SILAR method.

To prepare the Nay;SeSOj3 solution, selenium powder (99% purity) and anhydrous
sodium sulfite were dissolved in distilled water for 8 h at 80 °C with constant stirring. It
was kept for 24 h in a sealed container, to allow undissolved selenium to settle. A clear
solution was obtained after it was filtered [34].

In one SILAR cycle, the substrate was immersed separately in solutions of anionic and
cationic precursors. The substrate was washed with an ion exchange solution (distilled
water) to avoid a homogeneous deposition between each immersion.

Thin copper selenide films on polyamide substrate were grown by repeating these
cycles 30 times at different temperatures (40 °C, 60 °C, and 80 °C). The proposed reaction
mechanism of the obtained film could be found in [34].

2.2. Characterization of Copper Selenide Films

X-ray diffraction (XRD) measurements were performed using a Philips PW 1050 diffrac-
tometer equipped with a PW 1730 generator, 40 kV x 20 mA, using Ni filtered Co K«
radiation of 0.1778897 nm at room temperature. Measurements were carried out in the
2 h range of 10 to 70° with a scanning step of 0.05° and a scan time of 10 s per step. The
experimental values of d (lattice spacing) for copper selenide are determined using the
Bragg relation [36]. The average grain size (D) was calculated based on the full width
at the half-maximum intensity (FWHM) of the main reflections by applying Scherrer’s
formula [37,38]. Furthermore, to have more information on the number of defects in the
films, the dislocation density (8) [34] and the strain (¢) values were calculated [39].

Scanning electron microscopy (SEM) was performed using a Raith GMBH e-Line
instrument equipped with a field emission gun operating at 10 kV accelerating voltage,
magnification: 20,000 k. A secondary electron signal was used for imaging. Energy-
dispersive X-ray spectroscopy (EDX) imaging was performed using QUANTAX EDS with
an X-Flash Detector 3001 and ESPRIT software.

The UV/VIS absorbance and diffusion reflectance spectra were recorded in the wave-
length range of 200-800 nm on a Shimadzu UV-2600 spectrophotometer equipped with an
integrated sphere. The diffuse reflectance and absorbance spectra were measured relative
to a reference sample of BaSOj. The optical band gap from the diffuse reflectance measure-
ments was calculated using the Tauc plot [40,41]. The acquired diffuse reflectance spectra
are converted to Kubelka—Munk function [42]. The optical band gap was estimated by
extrapolating the linear portion of a plot of (¢hv)? versus hv to & = 0. Using this function, a
plot of («hv)? against hv is obtained.

Raman measurements were performed using TriVista 557 micro-Raman system in
backscattering configuration, equipped with a nitrogen-cooled CCD detector. The 514.5 nm
line of Ar*/Kr* ion laser was used as the excitation source. The measurements were
performed with low laser power to prevent a local overheating of the sample.

The surface morphology of copper selenide samples was investigated by atomic force
microscopy (AFM). AFM imaging was performed using the NTEGRA Prima system from
NT MDT. AFM measurements were performed at room temperature and under ambient
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conditions. The AFM topography and phase images were acquired simultaneously using
NSGO1 probes with a typical resonant frequency of 150 kHz and a 10 nm curvature radius
of the tip apex.

The constant current resistivity of the copper selenide films was measured using a
multimeter MS8205F (Mastech, Shenzhen, China) with special electrodes. The electrodes
were produced from two nickel-plated copper plates with a 1 cm spacing and the dielectric
material between them.

3. Results
3.1. XRD Characterization of Copper Selenide Thin Films

The crystal structures and orientations of the thin copper selenide films on the PA
substrate were investigated by X-ray diffraction patterns and are shown in Figure 1. The
XRD results revealed that all films have a polycrystalline structure.

(001c)

(002/2024)

(111)

Intensity (arb.units)

ol N o
T ]
WMW\"‘W PA
I ' | ¥ | P I g | ! I ’
10 20 30 40 50 60 70
26 (%)

Figure 1. XRD patterns of the initial PA and copper selenide thin films.

Semicrystalline peaks of polyamide were observed between 9° and 30° (in 20). These
peaks, according to JCPDS 12-923, appear at 20.3° and 23.8° with the corresponding d-
spacing of 4.36 and 3.74, respectively. They are attributed to the (100x) and (001«) crystal
planes, respectively, showing the presence of a dominant crystalline x-phase [28,43,44].
Two reflections were also observed at around 26 = 9.6° (020y) and 28.8° (002/202«). XRD
analysis showed that the temperature of the solutions of anionic and cationic precursors
used in the experiment influenced the composition of the obtained thin films. The X-ray
peaks on diffractograms are more intense when the solutions” temperature is higher. The
peaks at 28° and 45° are absent in the spectrum of pure PA and they correspond to planes
(111) and (220) of a cubic phase of Cu,_,Se Berzelianite (JCPDS 6-680). It is common
Cuy_,Se phase [12,15]. The experimental values of the Miller indices d, 26 and (hkl) of PA
and copper selenide thin films are given in Table 1.
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Table 1. Values of the Miller indices d, 20 and (/kl) of PA and copper selenide thin films.
Temperature
Miller Indices (hkl) PA 40°C 60 °C 80°C
(20) d(A) (20) d(A) (20) d (&) (20) d (&)
(020vy) 9.6 9.21 9.65 9.16 10.2 8.67 9.6 9.21
PA (100) 20.35 4.36 20.3 4.37 20.95 4.24 20.25 4.38
(001x) 23.8 3.74 24 3.70 24.3 3.66 23.75 3.74
Cuy_4Se (111) - - 27.15 3.28 27.7 3.22 27.1 3.28
PA (002/202cx) 28.75 3.10 28.8 3.10 294 3.04 28.75 3.10
Cuy_4Se (220) - - 44.95 2.02 45.5 1.99 44.8 2.02

Changes in the intensities and full width at half maximum (FWHM) values of these
peaks were observed with the use of different temperatures of solutions. The intensities
of the diffraction peak increased slightly with changing temperature of the solution tem-
perature from 40 to 80 °C. The structural parameters for the (220) peak such as FWHM (f),
grain size (D), dislocation density (), and strain (¢) for all films were evaluated by XRD
patterns and presented in Table 2. As shown, grain size increases, while dislocation density
and strain decrease with the change in the deposition temperature.

Table 2. Grain size (D), dislocation density (J), strain (¢) and full width at half maximum (FWHM, B)
values of copper selenide thin films.

Temperature 26 (°) B () D (nm) 51073 (nm~2) £1073 (nm—2)
40 °C 44.95 1.30 6.61 22.89 13.72
60 °C 45.5 0.60 14.33 4.86 6.25
80°C 448 0.54 15.81 4.00 5.76

These changes can be attributed to the improvement in film crystallization and to the
inductive lattice matching, which has a strong impact on structural parameters. The higher
values of D, and the smaller §, 6 and ¢ values indicate better crystallization of thin films.
Regarding the values of D, f, and 4, the best results were obtained for the film made at
80 °C, suggesting that a higher temperature facilitates the crystallization of the film.

3.2. Scanning Electron Microscopy and Energy Dispersive X-ray Analysis

Scanning electron microscopy was used to evaluate the changes in surface morphology
of the copper selenide layer on the PA substrate, with the changes in synthesis parameters.
The SEM micrographs of the samples are presented on the left-hand side of Figure 2, with a
magnification of 20,000 k. The images clearly show that the polymer is well-covered with
copper selenide thin films.

Copper selenide grains grow in irregular shapes and sizes. By changing temperature,
it could be seen that when the temperature increases, the copper selenide film becomes
denser, coated with tightly packed spherical grains that, in turn, were combined into
agglomerates of 100 nm to 1 um. Micrographs show a compact structure composed of
single types of small, densely packed microcrystals. The thin copper selenide films on
surface of PA are well dispersed, relatively uniform, and consist of randomly oriented
particles. Such morphological forms can produce a very rough surface with high porosity,
which leads to increased catalytic activity.
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Figure 2. SEM micrographs and EDX spectra of copper selenide/PA thin films.

The elemental analysis of the copper selenide thin films was performed using an
EDX micro-analytic unit attached with scanning electron microscopy and shown on the
right-hand side of Figure 2. The presence of emission lines in the investigated energy
range indicates that copper selenide films were successfully deposited on the polyamide
substrates and the expected elements (selenium and copper) were detected. The element
analysis revealed the presence of Cu and Se with the average atomic percentages shown
on the right side of Figure 2. All films show a higher atomic presence of Cu than Se,
which confirms the presence of Cuy_4Se. The Cu/Se ratio measured by EDX analysis was
1.52-1.78, which is in good agreement with the XRD results.
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3.3. Measurements of Electrical Resistivity

The resistance of thin films of copper selenide formed on PA plotted in Figure 3 is
measured from the close contact up to the 1 cm distance of electrodes, and it includes the
contact resistance of the electrode contacts. On the contrary, the pure PA substrate shows
no electrical conductivity—the material is a pure insulator.
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Figure 3. Resistance vs. distance graph for copper selenide films on PA. The results are the averaged
values of 4 measurements, and error bars are indicated as the pink area.

At a distance of 1 cm between the electrodes, the resistances of films obtained at 40 °C,
60 °C and 80 °C are 270 ), 124 () and 49 ), while the values for the close contact between
the electrodes were obtained to be 50 (2, 26 (3 and 20 (), respectfully. The corresponding
slopes are 16, 11, and 2.6, which implies that the electrical properties of the film improve
with elevating the temperature. Compared to XRD results, the sample obtained at 80 °C
has the best crystallinity, which is directly connected with higher conductivity (i.e., lower
resistivity). As it can be seen in the graph, the error bar values are minimal for the sample
obtained at 80 °C, and they increase with decreasing the temperature.

3.4. Optical Analysis of Copper Selenide Thin Films

The absorbance and diffuse reflectance spectra of thin films of copper selenide on
PA in the wavelength range of 200-800 nm are presented in Figure 4. An increase in the
absorbance of the copper selenide films is observed with the increased temperature of
solutions, as well as the opposite effect of the reflectance.

The determination of band gaps in semiconductors is significant for obtaining basic
solid-state physics.

In this study, we used the Tauc plot for the determination of the optical band gap
from diffuse reflectance measurements [40—42]. The experimental values of energy gaps for
copper selenide thin films are determined to be 2.28 eV for the sample obtained at 80 °C,
2.14 eV for the sample at 60 °C, and 1.98 eV for the sample obtained at 40 °C (Figure 5).
This is in good agreement with the values of the reported data [3,5,6].

The obtained band gap values are also consistent with AFM data, according to the
rule—the smaller particle size, the bigger the band gap.
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Figure 4. Diffuse reflectance and absorbance spectra of copper selenide/PA thin films.

3.5. Raman Analysis of Copper Selenide Thin Films

Raman spectroscopy is a useful spectroscopic technique for detecting the vibration
energy levels of compounds and for further confirming the crystal structure.

Consequently, further clarity on the crystalline phase of the copper selenide thin films
was explored by Raman analysis. As shown in Figure 6, the typical Raman spectra of
three copper selenide film samples (deposited at different temperatures) exhibit similar
peak positions.
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The only strong peak, observed at 260 cm ™!, can be assigned to the Se-Se stretching
vibration in Cu,_,Se and is consistent with the previous reports [11,45], while the peak at
187 cm~! corresponds to the Cu-Se vibration [46]. The peak at 520 cm ™! is the first overtone
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of the intensive peak at 260 cm~!. Raman analysis confirms the composition of the copper
selenide/PA films. There are no modes of elemental selenium or copper. The background
at the beginning of the spectra comes from PA.

3.6. AFM Analysis of Copper Selenide Thin Films

Atomic force microscopy is a very suitable method for visualizing the surface mor-
phology and quantitative analysis of surface roughness. 2D and 3D images, as well as
histograms of 5 x 5 um areas of copper selenide/PA films, are presented in Figure 7. The
height and surface morphology of the copper selenide thin films formed on PA depend
on the temperature of the solutions of anionic and cationic precursors used in the experi-
ment: the microstructure of the thin film changes according to the deposition temperature.
The surface image shows that the surface of the film is rough with particles gathered into
agglomerates. The typical parameters of the quantitative analysis of AFM images are
presented in Table 3. With an increase in the precursor solution temperature, the surface
roughness decreases and the film becomes more compact and dense. Average roughness is
~194 nm at a precursor solution temperature of 40 °C and decreases to ~16 nm and ~13 nm
in case of the temperature of 60 °C and 80 °C. As can be seen, a thin film of copper selenide
deposited at 80 °C temperature solution has greater uniformity and homogeneity than
other films.

4s s0
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Figure 7. 2D and 3D AFM images and histograms of copper selenide/PA films.
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Table 3. Surface roughness parameters of copper selenide thin films.

Temperature
Parameters
40 °C 60 °C 80°C
Maximum height of peaks, hnax, nm 1048.41 117.32 123.16
Average height, hiean, Nm 565.57 65.64 49.99
Average Roughness, R,, nm 194.62 16.24 13.32
RMS Roughness, Rq, nm 227.76 19.90 17.21
Surface skewness, Ry 0.42 —0.13 0.58

4. Conclusions

Cuy_4Se thin films can be deposited on a flexible polyamide substrate by using the
SILAR method, while by adjusting the temperature of precursor solutions we can affect
and tune the optical, structural, and electrical properties of as obtained films. XRD analysis
revealed that Cuy_,Se exists in the cubic crystal structure. The band gap energy of Cuy_Se
films was found to be in the order of 1.98-2.28 eV. Raman analysis confirmed the formation
of the Cu,_,Se phase (260 cm~!) without any elemental selenium or copper phase. A thin
film of copper selenide deposited at 80 °C temperature solution has greater uniformity and
homogeneity than other films, the largest grain size, but with the smallest agglomerates,
the largest band gap value, and the best conductivity.
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Abstract

Advances in additive manufacturing have accelerated the development of 3D-printed
dental resin composites. These materials contain a higher proportion of organic matrix and
less filler than light-cured representatives, which may affect their behavior in the oral envi-
ronment. This study aimed to evaluate the biological and chemical properties of 3D-printed
dental resin composites before and after artificial aging, and to compare them with the light-
cured representative. Specimens from a light-cured composite (Omnichroma—OMCR) and
two 3D-printed composites (GT Temp PRINT—GTPR; SprintRay CROWN—SPRY) were
subjected to aging treatments: unaged (T0) or thermocycled for 5000 (T1) and 10,000 cycles
(T2). Biological evaluation was performed using MTT assay and Live/Dead cell fluores-
cence microscopy using human gingival fibroblasts, whereas Raman spectroscopy analysed
materials’ structural changes. Materials exhibited good biocompatibility (>70% cell viabil-
ity), with OMCR displaying greater variability. OMCR was more susceptible to chemical
degradation under thermal stresses than both 3D-printed materials. Tested 3D-printed
composites can provide comparable or even superior biological and chemical properties
compared to light-cured representative, likely due to optimized resin formulations and
post-curing protocols that improve polymer network organization and reduce residual
monomer release. These findings support the potential of tested 3D-printed composites for
manufacturing dental restorations.

Keywords: 3D-printed dental resin composites; biocompatibility; chemical stability; ther-
mocycling
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1. Introduction

The emergence of three-dimensional (3D)-printed resins in restorative dentistry has
significantly transformed clinical workflows, allowing for faster, more streamlined proce-
dures and the fabrication of highly esthetic and functionally reliable indirect restorations.
These materials, specifically developed for additive manufacturing, provide notable ad-
vantages in terms of customization, precision, and production efficiency. However, their
unique composition, characterized by a higher proportion of resin matrix and lower filler
content, raises certain concerns regarding biocompatibility, particularly related to the poten-
tial release of residual monomers. Maintaining the biocompatibility of dental materials is
essential for preserving tissue integrity, supporting fibroblast activity, and ensuring patient
safety [1]. Residual monomers released from composite restorations may diffuse through
dentinal tubules toward the pulp or leach into the oral cavity [2]. When present in the oral
environment, these compounds may enter systemic circulation through saliva or blood and
exert systemic cytotoxicicity [3,4]. In addition, exposure to intraoral conditions, including
fluctuations in pH, temperature, and moisture, induces physicochemical alterations in the
resin, which may further affect its biological performance and compromise the long-term
stability of restorations [5].

Although manufacturers rarely disclose detailed information about the resin matrix
composition, filler morphology, or photoinitiator system, 3D-printed dental resin com-
posites typically contain methacrylate-based monomers such as urethane dimethacrylate
(UDMA), tetraethylene glycol dimethacrylate (TEGDMA), and 2-hydroxyethyl methacry-
late (HEMA) [6]. These monomers have been shown to induce cytotoxic effects on human
gingival cells [7,8], highlighting the importance of assessing the biological safety of these
materials. The extent of monomer elution depends not only on the material’s chemical
formulation but also on printing parameters, post-curing procedures, and the type of
additive manufacturing technology employed [9]. Currently, stereolithography (SLA) and
digital light processing (DLP) are the two dominant 3D printing techniques in dentistry [10].
SLA cures the resin point-by-point using a focused ultraviolet (UV) laser, whereas DLP
polymerizes entire layers simultaneously using a digital projector [11] and has become the
preferred 3D printing method for dental applications owing to its enhanced fabrication
efficiency. Regardless of the printing method, achieving a high degree of polymerization is
crucial to minimize the release of leachable components, including residual monomers and
photoinitiators [12], which are primarily responsible for the cytotoxicity of resin materials.
However, polymerization never reaches complete conversion, since some methacrylate
double bonds (C=C) remain unreacted [13]. The final chemical integrity of polymerized
resins is influenced by the filler-to-matrix ratio, resin formulation, and curing efficiency [5].
Studies have shown that nano-filled composites and materials with lower filler content
exhibit altered polymerization kinetics and reduced structural stability [14]. This is particu-
larly relevant for 3D-printed materials, which typically feature a lower filler load. Therefore,
evaluating the chemical structure and molecular stability of such materials is fundamental
for validating their clinical performance.

Although several in vitro studies have demonstrated acceptable mechanical perfor-
mance of 3D-printed dental resin composites [15-18], data concerning their biocompatibility
and chemical stability remain scarce, especially after exposure to simulated aging condi-
tions. Therefore, the present study aimed to evaluate the biological and chemical properties
of 3D-printed dental resin composites intended for temporary and permanent fixed dental
prostheses (FDPs) before and after artificial aging, and to compare them with the light-
cured representative. The null hypotheses were that: 1. There would be no significant
differences in cell viability among tested materials before and after aging. 2. There would
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be no significant differences in chemical integrity among the tested materials before and
after aging.

2. Materials and Methods
2.1. Specimen Preparation

A total of 126 disc-shaped specimens (5 mm in diameter, 2 mm in thickness) were
prepared from three dental resin composite materials (Table 1), with 42 per each material
(n = 42) (Figure 1). The total specimen size was calculated using G*Power 3.1.9.7 software
(Heinrich Heine University, Diisseldorf, Germany) according to the F test and “ANOVA:
fixed effects, main effects, and interactions” considering large effect size 0.4, « 0.05, power
0.95, numerator df 4, and 9 groups (3 materials x 3 aging treatments).

Table 1. Materials used in the study.

Fabrication Code Matrix Filler Filler Load Manufacturer
. . Tokuyama
. Light-cured dental UDMA, Spherical o ’
Omnichroma = 2. composite  OMER TEGDMA Si0,-ZrO, fillers /0 Wh % ?le;;’ﬁ
3D-pr1nted deptal UDMA Silica . GC Europe,
resin composite GTPR (MMA free) nanoparticles ~20 wt. % Leuven,
for temporary FDPs p Belgium
. UDMA, .
3D—Pr1nted deptal TEGDMA, Ceramic . SprintRay,
resin composite SPRY . >50 wt. %  Los Angeles,
other nanoparticles
for permanent FDPs . CA, USA
dimethacrylates

3D—three-dimensional; UDMA—urethane dimethacrylate; TEGDMA—tetraethylene glycol dimethacrylate;
MMA—methyl methacrylate; FDP—fixed dental prostheses.

Materials Aging treatments Analyses
Y )
OMCR T0
- - /- - : A
(n=42) (n=14) Cell viability / Live/Dead
cell fluorescent
—— — r microscopy
GTPR T1 . (n=9) y,
(n=42) (n=14) Lr D
— —
Raman spectroscopy
) ) (n=05)
SPRY T2 \ y
(n=42) (n=14)
— —

Figure 1. Number of specimens used in the study. OMCR—Omnichroma; GTPR—GC Temp PRINT;
SPRY—SprintRay CROWN; T0—unaged; T1—aged for 5000 thermal cycles; T2—aged for 10,000
thermal cycles.

Specimens of tested light-cured composite (Omnichroma, Tokuyama, Tokyo, Japan)
(OMCR) were fabricated following a standardized conventional procedure. The material
was inserted into a silicone mold (5 mm x 2 mm), covered with a Mylar strip (SS White,
Philadelphia, PA, USA) and a microscope glass slide, then gently pressed to obtain a smooth
surface and eliminate voids. Polymerization was carried out through the Mylar strip and
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glass for 20 s using a curing unit (Bluephase Style, Ivoclar Vivadent, Schaan, Liechtenstein)
with an intensity of 1000 mW / cm?.

Specimens of 3D-printed composite for temporary (GC Temp PRINT, GC Europe, Leu-
ven, Belgium) (GTPR) and permanent FDPs (SprintRay CROWN, SprintRay, Los Angeles,
CA, USA) (SPRY) were designed to match required dimensions using software (Exocad 3.0,
Darmstadt, Germany), exported as standard tessellation language (STL), and processed
in another software (AccuWare V3.2.0.60, Shining 3D, Hangzhou, China). Printing was
performed on a DLP printer (AccuFab-L4D, Shining 3D) under the following parameters:
90° build orientation, 50 um layer thickness, and 405 nm wavelength. To prevent cross-
contamination, a dedicated resin tray was used for each material. All 3D-printed specimens
exhibited a solid internal structure that remained unchanged during the entire experimental
procedure. After printing, the specimens were cleaned in 90% isopropyl alcohol using a
cleaning system (FH-WA-01, Formlabs, Somerville, MA, USA) for 20 min, air-dried, and
post-cured in a UV unit (FabCure 2, Shining 3D) for 30 min, following the manufacturers’
recommendations. Support structures were removed after curing.

All specimens were subsequently polished with silicon carbide abrasive papers (grits
600-1200, Buehler, Lake Bluff, IL, USA) under continuous water cooling for 20 s per side to
ensure a uniform surface before further analyses. Final dimensions were confirmed using a
digital caliper (Lukas Tools, Vogel, Kevelaer, Germany).

Before aging, all specimens were stored in distilled water at 37 °C for 24 h to stabi-
lize the cross-linked polymer matrix and to remove residual unreacted monomers that
could influence subsequent testing, in compliance with International Organization for
Standardization (ISO) 7405:2025 [19] and previous research [20].

2.2. Aging Protocol

The specimens were randomly assigned to three independent aging treatments (1 = 14)
(Figure 1). In the first treatment, the specimens were unaged (T0). The specimens of the
other two subgroups were subjected to thermocycling using a dedicated device (Thermo
Cycler THE 1200, SD Mechatronik, Feldkirchen-Westerham, Germany). The procedure was
adapted from the previously described protocol [21] and involved alternating immersion
in cold (5 °C) and hot (55 °C) water baths, with a dwell time of 60 s in each bath and a
transfer interval of 10 s between them, through 5000 (T1) and 10,000 cycles (T2) cycles. To
minimize microbial growth, the specimens were rinsed with distilled water and placed in
freshly prepared solutions every three days during the aging period.

2.3. Cell Viability
2.3.1. Cell Culture

Evaluation of biological properties was carried out using primary human gingival
fibroblast (HGF) cultures derived from three healthy donors (aged 18-22 years) who under-
went surgical extraction of impacted mandibular third molars. The study was conducted
in accordance with the Declaration of Helsinki, and approved by the Institutional Ethics
Committee. Informed consent was obtained from all participants involved in the study.

HGFs were isolated using the explant technique [22]. Gingival tissue samples (approx-
imately 3 mm?) obtained during surgery were immediately transferred to the cell culture
laboratory in sterile containers. Samples were washed twice with phosphate-buffered
saline (PBS) containing 1% antibiotic-antimycotic solution, finely sectioned with a sterile
scalpel, and placed in T25 culture flasks. Cells were cultured in complete growth medium
consisting of high-glucose Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, Thermo
Fisher Scientific, Waltham, MA, USA), supplemented with 10% heat-inactivated fetal bovine
serum and 1% antibiotic-antimycotic solution. Cultures were incubated at 37 °C in a hu-
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midified atmosphere containing 5% CO,. The culture medium was renewed every 48-72 h,
and cells were subcultured at approximately 80% confluence using 0.05% TrypLE (Gibco,
Thermo Fisher Scientific) for 7 min at 37 °C. Cells from passages 3 and 4 were employed
in all assays to ensure experimental reproducibility and minimize inter-donor variability.
To confirm cell identity and purity, characterization of the isolated HGFs was performed
using flow cytometry [23].

2.3.2. Preparation of the Eluates

Within each group, nine specimens were designated for cell viability testing (n = 9)
(Figure 1). Prior to testing, specimens were cleaned in an ultrasonic bath (US20, JSP,
Chiyoda-ku, Tokyo, Japan) using 98% isopropanol for 2 min, followed by air dry-
ing under sterile conditions. Conditioned media were prepared in accordance with
ISO 10993-12:2021 [24]. The surface area-to-volume ratio was standardized at 2.2 cm?
per 0.73 mL of complete growth medium. Specimens were incubated in complete growth
medium at 37 °C in a humidified atmosphere containing 5% CO, for 24 h to allow the
leaching of potential cytotoxic components. The resulting eluates were collected and used
for subsequent cell viability assays.

2.3.3. MTT Assay

HGFs were seeded in 96-well plates at a density of 10,000 cells/well in 100 pL of
complete growth medium and incubated for 24 h at 37 °C in a humidified atmosphere
containing 5% CO; to allow the formation of a semi-confluent monolayer. After reaching
semi-confluency, the growth medium was replaced with the previously prepared compos-
ite eluates, and the cells were incubated for 24 h, 48 h, and 72 h, in accordance with ISO
10993-5:2021 [25] and previous research [26]. Before assessing cell viability, cell culture su-
pernatants were collected at each time point and stored at —80 °C for subsequent analyses.

A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma-Aldrich,
St. Louis, MO, USA) at a concentration of 5 mg/mL in DMEM (Gibco, Thermo Fisher
Scientific) was used for determination of cell viability. MTT solution was added to each
well and incubated for 4 h at 37 °C. The resulting formazan crystals were solubilized by
adding 100 pL of dimethyl sulfoxide (Sigma-Aldrich), and absorbance was measured at
570 nm using a microplate reader (RT-2100C, Rayto, Guangming, Shenzhen, China). All
experiments were performed in technical triplicate and independently repeated three times.

Cell viability (%) was calculated relative to the control (cells cultured in complete
growth medium only, set as 100%) using the following formula:

Lo o (ODsample - ODblank)
Cell viability (%) = (ODpc — ODyrot) x 100
an

where OD represents the optical density, ODgample corresponds to the absorbance of the test
sample, ODy,,,x indicates the background absorbance, and ODpc refers to the absorbance
of the control.

The cytotoxic response to the tested resins was classified according to ISO 10993-
12:2021 [24] as follows: non-cytotoxic (>90% survival), slightly cytotoxic (60-90% survival),
moderately cytotoxic (30-60% survival), and severely cytotoxic (<30% survival).

2.4. Live/Dead Cell Fluorescent Microscopy

HGFs were seeded in 24-well plates at a density of 1 x 10% cells/well and cultured
in complete growth medium under standard conditions (37 °C, 5% CO;). After 24 h
of initial incubation, the medium was replaced with the previously prepared materials
specimens’ eluates, followed by additional 24 h incubation. Cell viability was evaluated
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using the Live/Dead cell imaging kit (488/570) (Cat. No. R37601, Invitrogen, Thermo
Fisher Scientific), according to the manufacturer’s instructions. Briefly, the culture medium
was removed, cells were rinsed with PBS, and then incubated in 2 x staining solution for
15 min at room temperature. Fluorescence imaging was performed using a microscope
(Axiovert 5, Zeiss, Oberkochen, Germany) equipped with an LD A-Plan 20 /0.35 objective
lens and Fluorescein Isothiocyanate (FITC)/Tetramethylrhodamine Isothiocyanate (TRITC)
filter sets to visualize live (green fluorescence) and dead (red fluorescence) cells. Cells
cultivated in complete growth medium served as the positive control, whilst cells exposed
to 96% ethanol for 5 min were designated as the negative control.

2.5. Raman Spectroscopy

To evaluate the initial chemical integrity of the tested materials and to monitor possible
structural changes following artificial aging, Raman spectroscopy was performed on the
surfaces of five specimens per each group (1 = 5) (Figure 1). Measurements were carried out
using a commercial NTegra Spectra system (NT-MDT, Moscow, Russia) equipped with a
confocal optical microscope. A diode-pumped solid-state laser operating at 532 nm served
as the excitation source. The laser power at the sample surface was set to 2 mW and focused
within an area of approximately 0.5 x 0.5 um?. Spectra were collected with an exposure
time of 360 s per measurement, covering a spectral range of 400-1800 cm ™! with a spectral
resolution of 2-4 cm~!. Prior to each measurement, the spectrometer was calibrated using
the first-order silicon band at 520.7 cm~!. All spectra were recorded in an unpolarized
configuration to minimize orientation-dependent spectral variations.

2.6. Statistical Analysis

Cell viability data were analysed using statistical software (SPSS 22.0, Chicago, IL,
USA). The normality of data distribution was confirmed using the Kolmogorov-Smirnov
test. Comparisons among materials within the same aging treatment, as well as compar-
isons among independent aging treatments within the same material, were performed
using one-way analysis of variance (ANOVA), followed by Tukey’s post hoc test. Data
were presented as mean =+ standard deviation (SD). All p values of <0.05 were considered
statistically significant.

3. Results
3.1. Cell Viability

The results of the cell viability assay are presented in Figures 2 and 3.

Regarding the comparison among materials within the same aging treatment (Figure 2),
at TO, all tested materials exhibited cell viability above the biocompatibility threshold of
70%. OMCR showed the lowest viability among the tested materials, significantly lower
than the control after 24 h (p < 0.05). GTPR and SPRY demonstrated slightly higher viability,
but without statistically significant differences compared to OMCR (p > 0.05). Similar trends
were observed after 48 h, with no significant differences among the materials (p > 0.05),
although all values remained significantly lower than those of the control (p < 0.05). After
72 h, OMCR again showed the lowest viability and was the only material with significantly
lower viability compared to the control (p < 0.05).

At T1, after 24 h, OMCR and GTPR exhibited significantly lower viability than the
control (p < 0.05), while SPRY showed no significant difference (p > 0.05). After 48 h,
viability increased in all materials, with no significant differences compared to the control
(p > 0.05). This trend continued after 72 h, where all materials showed further increases in
viability, exceeding control values, though differences remained non-significant (p > 0.05).
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Figure 2. Cell viability (%) (mean + standard deviation (SD)) of the tested materials (comparison
among materials within the same aging treatment). OMCR—Omnichroma; GTPR—GC Temp PRINT;
SPRY—SprintRay CROWN; T0—unaged; T1—aged for 5000 thermal cycles; T2—aged for 10,000 ther-
mal cycles; Dotted lines—70% cell viability; Bars that do not share the same letter differ significantly
from each other (p < 0.05; Tukey’s post hoc test).

At T2, across all time points (24 h, 48 h, and 72 h), cell viability in all materials was
significantly lower than in the control (p < 0.05), except between OMCR and control after
72 h (p > 0.05). Statistically significant differences were observed between OMCR and
GTPR after 24 h, and between OMCR and SPRY after 72 h (p < 0.05).

Regarding the comparison among independent aging treatments within the same
material (Figure 3), OMCR exhibited significantly lower cell viability at T0 and T1 compared
to T2 after 24 h (p < 0.05), and at TO and T2 compared to T1 after 72 h (p < 0.05). No other
comparisons within OMCR showed statistically significant differences (p > 0.05).

For GTPR, significant differences were observed only after 72 h, where cell viability
at T1 was significantly higher than TO and T2 (p < 0.05). All other comparisons were not
statistically significant (p > 0.05).

In the SPRY, cell viability was significantly higher at T1 compared to both TO and T2
after 48 hand 72 h (p < 0.05).

3.2. Live/Dead Cell Fluorescent Microscopy

Representative micrographs of fluorescent live/dead staining of HGFs incubated
for 24 h with eluates from unaged tested materials’ specimens are presented in Figure 4.
Micrographs of all tested materials showed extensive green fluorescence, indicating a
high proportion of viable cells. The staining pattern closely resembled that of the positive
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Figure 3. Cell viability (%) (mean =+ standard deviation (SD)) of the tested materials (comparison
among aging treatments within the same material). OMCR—Omnichroma; GTPR—GC Temp PRINT;
SPRY—SprintRay CROWN; T0—unaged; T1—aged for 5000 thermal cycles; T2—aged for 10,000 ther-
mal cycles; Dotted lines—70% cell viability; Bars that do not share the same letter differ significantly
from each other (p < 0.05; Tukey’s post hoc test).

3.3. Raman Spectroscopy

Raman spectra of the tested materials’ specimens are presented in Figure 5.

Raman spectra revealed distinct differences in the response of the investigated compos-
ites to thermal aging. Representative OMCR spectra demonstrated a progressive reduction
in band intensity, particularly in the C-H stretching region (2880-3068 cm '), accompanied
by broadening of the carbonyl peak around ~1716 cm ™!, suggesting high sensitivity to
thermal aging. All major band assignments of OMCR samples are presented in Table 2.

Representative GTPR spectra initially exhibited increased intensity of characteristic
bands after 5000 cycles, notably the C-H stretching doublet at 2929 and 2954 cm ™!, as well
as the aromatic and carbonyl peaks near ~1003 and ~1711 cm ™. Following 10,000 cycles,
a partial reduction in intensity was observed in the carbonyl region, suggesting minor
structural changes. All major band assignments of OMCR samples are presented in Table 3.
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Figure 4. Live/Dead cell fluorescent microscopy analysis of human gingival fibroblasts (HGF)

treated with tested materials’ specimen eluates. Representative micrographs were recorded at x20
magnification. OMCR—Omnichroma; GTPR—GC Temp PRINT; SPRY—SprintRay CROWN.
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Figure 5. Raman spectra of the tested materials’ specimens. OMCR—Omnichroma; GTPR—GC Temp
PRINT. SPRY—SprintRay CROWN. Each spectrum is consisting of three curves: red—T0 (unaged
specimens), blue—T1 (specimens aged for 5000 thermal cycles), and black—T2 (specimens aged for
10,000 thermal cycles).
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Table 2. Raman bands assignations of Omnichroma (OMCR) specimens.

Raman Active Band [cm~1] Assignment Reference
1285 Asymmetric C-C-O stretching [27]
1605 C=C stretching [28]
1716 C=0 stretching [29]
2880 Symmetric CH, /CHj stretching [13,30]
2929 Asymmetric CH, /CH3 stretching [28]
3066 =C-H stretching [29]

Table 3. Raman bands assignations of GC Temp PRINT (GTPR) specimens.

Raman Active Band [cm~1] Assignment Reference
~470 Si-O-5i bending [31]
606 Si-O/ring deformation [13]
878 C-O-C stretching [29]
974 C-O-C stretching [29]
1114 C-O stretching of ester linkages [28]
1285 Asymmetric C-C-O stretching [32]
1399 CH,; scissoring/CH3 deformation [13]
1450 CH,; scissoring/CH3 deformation [13]
1605 C=C stretching [28]
1637 C=C stretching [28]
1712 C=0 stretching [30]
2929 CH,/CHj3 asymmetric stretching [30]
2954 CH,/CHj3 asymmetric stretching [30]

Figure 5 also depicts representative spectra of SPRY specimens before and after ther-
mocycling, with key band assignments summarized in Table 4. The control spectrum
displayed well-defined and intense bands across all major modes. Even after thermocy-
cling, the C-H stretching and carbonyl bands remained sharp and prominent, with only
minor intensity variations. Distinct aromatic (~1003 cm 1) and carbonyl (~1711 cm 1)
peaks were consistently observed, indicating that SPRY maintained its chemical structure
with negligible changes following aging.

Table 4. Raman bands assignations of SprintRay CROWN (SPRY) specimens.

Raman Active Band [cm~1] Assignment Reference

238 Zr-0O stretching [31]
395 Mixed metal-oxygen [31]
517 5i-O [13]
606 Si-O [13]
639 Si-O [13]
667 5i-O [13]
737 5i-O [13]
802 C-O-C vibration [29]
915 C-O-C vibration [29]
942 C-O-C vibration [29]
1003 Aromatic ring breathing [30]
1035 C-O stretching [28]
1114 C-O stretching [28]
1183 Asymmetric C-C-O stretching [32]
1223 Asymmetric C-C-O stretching [32]
1301 Asymmetric C-C-O stretching [32]
1399 CH,/CH3 deformation [3

0]
1449 CH,/CH3 deformation [30]
1578 C=C stretching [28]
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Table 4. Cont.
Raman Active Band [cm~1] Assignment Reference
1608 C=C stretching [28]
1635 C=C stretching [28]
1711 C=0 stretching [13]
2880 CH,/CHj asymmetric stretching [30]
3065 =C-H stretching [29]

4. Discussion

This study investigated the biological and chemical properties of light-cured and
3D-printed dental resin composites before and after artificial aging. Biological evaluation
integrated cell viability of HGFs obtained through MTT assay and Live/Dead cell flu-
orescence microscopy to qualitatively validate the biocompatibility findings for eluates
derived from unaged specimens. Chemical integrity, molecular and structural changes in
the tested materials were analysed using Raman spectroscopy. This technique provided
detailed insights into molecular vibrations, polymer chain organization, and bond stability
within the resin matrix, making it a valuable tool for detecting structural rearrangements,
degradation, and post-curing reactions [33]. The combination of biological and chemical
assessment methods enabled a more comprehensive understanding of material perfor-
mance after simulated aging. HGFs were selected as the cell model due to their high
metabolic activity, anatomical proximity to restorative margins, prolonged exposure to
dental materials, and key role in extracellular matrix remodeling and soft tissue repair.
These features make HGFs among the first cells to interact with substances released from
restorative materials, establishing them as a relevant and widely accepted in vitro model
for assessing the biological response to dental resin composites [34]. In addition to HGFs,
other cell types have been utilized in similar investigations, including human gingival
keratinocytes [35], dental pulp stem cells [36], human leukocytes [37], as well as various
fibroblast lineages [38,39]. The experimental timeline in this study was designed to assess
the acute cellular response, with cell viability monitored daily for up to 72 h. Analyses were
performed before (T0) and after thermocycling (T1 and T2). Thermocycling was employed
as an in vitro aging procedure to simulate thermal fluctuations in the oral environment,
ranging from 5 °C to 55 °C, thus reproducing clinical exposure to hot and cold stimuli [40].
The process was achieved through 5000 cycles to simulate six months (T1), and 10,000 cycles
to simulate one year of clinical service (T2), according to previous studies [41,42]. Although
thermocycling was conducted to more closely approximate intraoral conditions, some
authors have argued that the applied temperature range may be excessively broad and not
entirely representative of real clinical circumstances [21]. Conversely, accelerated aging
protocols involving intensified environmental stressors are often used to estimate material
longevity, as they provide insights into degradation kinetics under controlled conditions
and allow extrapolation of the time required for the material to reach its failure point [40].
Additionally, thermally induced fatigue within polymer networks can cause several detri-
mental effects, including water sorption, polymer swelling, matrix breakdown, leaching of
residual monomers, and molecular rearrangements. These phenomena may substantially
impair biological behavior and chemical stability of the dental resin composites [43,44].

With regard to the cell viability, at TO, all tested materials demonstrated lower cell
viability compared with the control, however, the values remained above the critical 70%
threshold, indicating slightly cytotoxic behavior and, therefore, acceptable biocompatibility.
Light-cured OMCR exhibited the lowest viability values at TO after each 24 h, suggesting
potential early-stage cytotoxic effects. Nevertheless, this was followed by recovery in
later aging stages, particularly at T1, after 48 h and 72 h, reflecting the dynamic nature of
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material-cell interactions. These findings are consistent with previous research [45], where
it was also observed an initial decline in cell viability for OMCR, followed by subsequent
stabilization. This behavior may be associated with incomplete monomer-to-polymer con-
version and ongoing in situ polymerization, resulting in a higher initial release of residual
monomers. Among the 3D-printed composites, at TO, GTPR exhibited lower cell viability
compared to SPRY, likely due to the synergistic effect of filler reinforcement and optimized
post-curing parameters. However, both materials showed progressive improvement at T1,
indicating increased biological stability. This pattern may be attributed to the early release
of unreacted monomers, followed by continued post-curing polymerization and reduced
leaching during storage, which collectively diminished cytotoxic effects. Similar results
were reported in recent study [46], in which this phenomenon was linked to decreased
monomer mobility within the polymer network over time, thereby limiting further release
of residual compounds. At T1, the tested materials’ biological response stabilized, partic-
ularly after 48 h and 72 h. It seems that after 5000 cycles, the polymer matrix acted as a
protective barrier, mitigating structural fatigue and minimizing the release of unreacted
monomers. Interestingly, OMCR, that previously demonstrated significantly lower cell
viability compared to control at TO after each period, showed notable improvement follow-
ing aging, even surpassing control value after 72 h. This observation is consistent with the
findings of the previous research [44], which reported a progressive increase in the degree
of conversion (DC) during the first 4000 thermal cycles of a commercial dental composite.
The observed fluctuations in cell viability in OMCR, reflected by higher standard deviations
at specific time points, may result from inherent biological variability or subtle differences
in experimental conditions. Such variability highlights the necessity of incorporating mul-
tiple observation intervals and complementary analytical methods when evaluating the
biological performance of dental materials. Following 10,000 thermal cycles (T2), all tested
materials showed lower cell viability compared to control after each 24 h, 48 h, and 72 h
periods; however, values remained above the established biocompatibility threshold. The
reason for decreased cell viability at T2 might be the fact that repeated thermal expansion
and contraction likely induced internal stresses and fatigue within the polymer matrix,
leading to microstructural defects [47] that contributed to the delayed release of residual
monomers from dental composites [48]. Among the 3D-printed composites, at T2, after
48 h and 72 h, GTPR exhibited slightly higher cell viability than SPRY for the first time,
although the difference was not significant.

Live/Dead cell fluorescent micrographs confirmed good cell viability among all ma-
terials, with predominantly green-fluorescent viable cells observed in cultures exposed
to eluates from all tested materials. The cell morphology and density were comparable
to those of the positive control, indicating that the released substances did not induce
cytotoxic effects or morphological alterations in HGFs. In contrast, the negative control
displayed exclusively red-fluorescent, non-viable cells, thereby confirming the reliability
and sensitivity of the assay. These results collectively demonstrate that tested materials
exhibit favorable short-term biocompatibility profiles.

Considering all aforementioned, the first null hypothesis that no significant differences
would be found in cell viability among tested materials before and after aging was rejected.

With regard to the evaluation of tested materials’ chemical integrity using Raman spec-
troscopy analysis, OMCR exhibited the greatest susceptibility to thermal stress, character-
ized by a gradual decrease in C-H stretching intensity and broadening of the carbonyl band
that represent spectroscopic features commonly associated with polymer chain scission,
oxidation, and weakened filler-matrix coupling [49-51]. These structural modifications
indicate that OMCR may be more prone to degradation when subjected to clinically rele-
vant temperature variations. In contrast, GTPR initially responded to 5000 thermocycles
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with an increase in C-H vibrational intensity, suggesting thermally activated secondary
curing of residual double bonds. This phenomenon aligns with the transient improvement
in cell viability observed at earlier intervals. The persistence of distinct C-H and C-O peaks
indicates the formation of a denser and more cross-linked polymer network with restricted
chain mobility [52]. However, prolonged exposure to thermal cycling (10,000 cycles) led to
broadening of the carbonyl region and partial reduction of C=C bands, signifying the onset
of hydrolytic degradation processes [53,54]. SPRY demonstrated higher structural stability,
maintaining intense and sharp vibrational bands corresponding to aromatic and carbonyl
groups, which remained largely unchanged after thermocycling. These results underscore
the superior molecular integrity under simulated intraoral conditions of SPRY [55,56].

Considering all aforementioned, the second null hypothesis that no significant dif-
ferences in chemical integrity among the tested materials before and after aging was
also rejected.

The obtained findings suggest that properly processed 3D-printed composites can
achieve comparable and even superior biological and chemical properties than conven-
tional light-cured materials. Although the complete composition of the 3D-printed dental
resin composites is mostly not disclosed, these materials usually contain common organic
components such as UDMA and TEGDMA, whereas they differ mainly in filler type,
content, and distribution. These variations, together with differences in polymerization
mode, likely account for the distinct biological and chemical behavior of 3D-printed den-
tal resin composites observed in the literature. In accordance with this statement, in the
present study, despite the higher organic matrix fraction and lower filler content compared
to light-cured representative, tested 3D-printed composites did not exhibit substantial
degradation or monomer release. This stability may be attributed to a more homogeneous
filler dispersion, which reduced the effective volume of the resin matrix and limited the
proportion of unpolymerized monomers [57,58], as also seen in previous studies [59,60].
Furthermore, strict compliance with optimized post-curing protocols has been shown to
markedly increase the degree of monomer conversion, enhance chemical stability, and
minimize cytotoxic responses in gingival fibroblasts, ensuring cytotoxicity remains well
below clinically relevant thresholds [46,61].

This study has several limitations that should be acknowledged. First, only one light-
cured composite and two 3D-printed composites were evaluated. Therefore, the findings
cannot be generalized to all restorative materials produced using these technologies but
instead reflect the behavior of the selected products under the specific experimental con-
ditions applied. Future investigations should include a wider spectrum of materials to
better capture the variability associated with resin chemistry, filler composition, and manu-
facturing protocols. Likewise, the experiments were conducted under in vitro conditions
using HGFs as a single-cell model. Although HGFs are relevant and widely accepted
for assessing soft tissue responses, the absence of other biological factors, such as saliva,
enzymes, oral microbiota, and immune components, limits direct extrapolation of the
findings to the complex in vivo environment. Furthermore, the biological assessment was
restricted to viability-based assays (MTT and Live/Dead staining), without inclusion of
complementary endpoints such as oxidative stress generation, inflammatory cytokine
release, or apoptotic signaling. Incorporating such analyses in future studies would pro-
vide a more comprehensive understanding of the cellular responses elicited by different
materials. Moreover, the artificial aging simulation was limited to thermocycling at 5000
and 10,000 cycles, corresponding approximately to six months and one year of clinical
function, respectively. While this approach is suitable for materials primarily designed for
temporary restorations, extended aging protocols are required to evaluate the long-term
durability of definitive restorative materials. Mechanical properties, including flexural
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strength, surface hardness, and wear resistance, were not examined, although these pa-
rameters are critical for predicting clinical performance under hydrothermal stress. Finally,
chemical characterization relied exclusively on Raman spectroscopy. While Raman analysis
provided valuable molecular-level insights into polymer network changes and degrada-
tion mechanisms, it cannot identify the degree of monomer conversion and leaching of
unreacted components that may affect materials” behavior. Therefore, additional analytical
techniques, such as Fourier-transform infrared spectroscopy (FTIR), scanning electron
microscopy with energy-dispersive X-ray spectroscopy (SEM/EDS), or X-ray photoelectron
spectroscopy (XPS), would offer a more detailed characterization of surface morphology,
elemental composition, and chemical bonding. Likewise, introducing the quantitative
measurements of residual or released monomers in eluates may provide further insight into
material stability and potential cytotoxic effects. Nevertheless, the findings of this study
might be useful for clinical practice. The demonstrated favorable biocompatibility and
chemical stability of 3D-printed dental resin composites indicate that these materials can
be safely employed for provisional restorations and potentially for definitive restorations
when processed under optimized post-curing protocols. Moreover, clinicians are advised
to strictly adhere to manufacturer-recommended post-curing procedures to maximize
polymer network conversion and minimize residual monomer release, thereby enhancing
long-term performance and ensuring patient safety. However, future clinical studies are
essential to confirm these findings.

5. Conclusions
Within the limitations of this study, the following conclusions can be drawn:

1. All tested materials demonstrated cell viability levels consistently above the estab-
lished biocompatibility threshold. Tested light-cured composite showed the greatest
variability in its biocompatibility profile, whereas the 3D printed composites exhibited
a more stable biological response across all evaluation stages.

2. The light-cured composite displayed greater susceptibility to chemical degradation
under thermal stress compared to both tested 3D-printed composites.

3. When properly processed, 3D-printed composites can offer comparable or even supe-
rior biocompatibility and chemical integrity compared to the light-cured composite.
This is likely due to optimized resin formulations and post-curing protocols that
promote improved polymer network organization and reduce residual monomer
release, supporting their potential for clinical application in provisional and, possibly,
definitive restorative procedures.
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Abbreviations

The following abbreviations are used in this manuscript:

3D Three-dimensional
DC Degree of conversion
DLP Digital light processing
DMEM Dulbecco’s Modified Eagle Medium
FDP Fixed dental prostheses
FITC Fluorescein Isothiocyanate
FTIR Fourier-transform infrared spectroscopy
GTPR GC Temp PRINT
HEMA 2-hydroxyethyl methacrylate
HGF Human gingival fibroblast
1SO International Organization for Standardization
MMA Methyl methacrylate
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
OD Optical density
OMCR Omnichroma
PBS Phosphate-buffered saline
SEM/EDS  Scanning electron microscopy with energy-dispersive X-ray spectroscopy
SLA Stereolithography
SPRY SprintRay CROWN
TEGDMA  Tetraethylene glycol dimethacrylate
TRITC Tetramethylrhodamine Isothiocyanate
UDMA Urethane dimethacrylate
uv Ultraviolet
XPS X-ray photoelectron spectroscopy
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The effect of laser (532 nm line of Verdi G) heating during the Raman measurements, on partial decomposition of Bi;,Si0,q
single crystal, was addressed in this study. The degree of decomposition directly depends on the power density and duration
of the laser treatment, which are registered by the phonon Raman spectra. After laser treatment, AFM measurements register
additional small spherical islands on the surface. Analysis performed on irradiated and unirradiated samples showed
significant changes in transmission spectra, X-ray diffraction (XRD) pattern, Verdet constant, magneto-optical property,
and absorption coefficient. The material obtained after laser irradiation can be described as specific nanocomposite
consisting of bismuth oxide and silicon oxide-based nano-objects (dimensions below 15nm in diameter), which are

arranged in a matrix of Bi;,SiO,.

1. Introduction

Sillenite crystals belong to the Bi;;MO,, group (where
M =Si, Ge, and Ti) compounds, that have a body-centered
cubic crystalline structure with the space group 123 [1].
Crystal Bi;,5i0, has parameters a =1.01067 nm, Z =2 (two
identical motives in the unit cell). The density functional
theory calculations presented bandgap energy of Bi;SiO,g as
3.43 eV [2]. Experimentally determined values are lower [3].
These optically active crystals can exhibit many strong effects
such as magneto-optical, photo-induced, and electro-optical
effects. Also, they possess numerous interesting properties,
such as high values of piezo-electric, dielectric and elasto-
optic constants, as well as high dark electric resistance [1].
These crystals, usually as bulk crystals, have widespread
applications as active elements in many devices, such us
optical limiting, holography, spatial light modulation, op-
tical phase conjugation, optical memories fiber optic sensors,
and Pockels cells [4-6].

Lasers have great applications in material processing [7]
and their role is only getting more expanded. The surface of
a single crystal can be lasering treated [8] whereby a thin
surface layer of the material is transformed when it interacts
with the laser beam. This process is strictly controlled with
the laser beam wavelength and power, its duty cycle, and
repetition rate. The final result of how material is modified
depends on a sample, since all materials have unique
properties that dictate how they will interact with the laser
radiation [9, 10].

Raman spectroscopy is an established technique to
measure local material properties [11]. As such, it is very
suitable for research related to the surface of the sample.
However, since it uses a laser for excitation, structural
changes may occur on the surface of the sample caused by
local heating. In some cases, these modifications can lead to
the decomposition of the sample, which results in a changed
Raman signal [12, 13]. Changes in the spectrum can be in the
position and half-width of phonon lines on the spectrum of
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the starting material, as well as lead to the appearance of new
lines caused by permanent modifications in the sample
[14, 15].

In our previous paper [16], we registered the de-
composition of Bi;,S10,, (BSO) single crystal due to fem-
tosecond laser irradiation. By far-infrared spectroscopy and
AFM measurements, the existence of bismuth oxide nano-
objects on the surface of the sample was registered. XRD
could not register these changes. Also, it was not possible to
establish control parameters between the formed nano-
objects and the conditions of the experiment because the
sample was treated in advance. Also, for the same reason, it
was not possible to determine the exact phase composition
of nano-objects.

The aim of this work is to continue the investigation of
the influence of locally induced heating, with an increase in
the power density of the semiconductor laser during Raman
measurements, on the Bi;,SiO,, single crystal. In this way,
direct results related to the current state of Bi;,SiO,, de-
composition will be provided, as well as parameters that can
control that process. Complementary techniques such as X-
ray diffraction (XRD), atomic force microscopy (AFM), UV-
Vis transmission, and magneto-optical measurements will
be used in the characterization of the obtained materials.

2. Materials and Methods

The Czochralski technique was applied to grow Bi;,5iO,
single crystal, which is described in more detail in Ref. [16].
In short, MSR 2 crystal puller controlled by a Eurotherm was
used. A platinum crucible was used to contain the melt,
which was placed in an alumina vessel on zircon-oxide wool.
Crystal growth was occurred in an air. Bi,O; and SiO, were
used for the synthesis of crystals. Starting materials were
mixed in 6:1 stoichiometric ratio. Optimal pull rate was
chosen in the range 5-6 mm/h. Equations of the melt hy-
drodynamics were used to calculate the critical crystal di-
ameter, d.=10mm, and critical rotation, w.=20rpm. The
crucible was not rotating during crystal growth. The crystal
boule was cooled at ~50°C/h down to a room temperature,
after the crystal growth. Crystals grew in [111] direction,
without core being observed. Finally, crystals were cut and
polished.

Polished crystal samples were treated using Verdi G
optical pumped semiconductor laser with a 532 nm wave-
length with different irradiation times during Raman
experiment.

Atomic Force Microscopy (AFM) was used to determine
topography of the samples with NTEGRA prima from NT-
MDT.

The X-ray diffraction (XRD) data was measured using an
X-ray diffractometer (XRD) Rigaku Ultima IV, Japan. The
PDXL2 v2.0.3.0 software, with reference to the diffraction
patterns available in the International Center for Diffraction
Data (ICDD) [17], was used for phase identification and data
analysis.

The UV-Vis transmission spectra were collected in the
200-900 nm range using a Perkin-Elmer Lambda 4B UV-Vis
spectrophotometer.
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Raman spectra of prepared samples were obtained using
backscattering configuration of Jobin Yvon T64000 spec-
trometer equipped with nitrogen cooled CCD detector. The
spectra were recorded in the spectral range 80-650 cm ™" at
room temperature using a 532nm Verdi G optical pumped
semiconductor laser line.

Parameters such as Faraday rotation, bulk absorption,
and optical activity were measured at 632.8 nm using a He-
Ne laser. This was obtained by an orthogonal polarization
detection polarimetric method [18].

3. Results

3.1. Raman Spectroscopy. Raman spectra of Bi;,5i0,0 (BSO)
single crystal, nanocrystalline powders, and thin films have
been measured and analyzed in the past [19-22]. Identifi-
cation of the observed peaks was performed on the basic of
the factor group analysis for the SiO, tetrahedra, OBi; and
Bi;O, structural fragments. The Raman spectrum of the our
Bi;,Si0, single crystal is shown in Figure 1(a). The spec-
trum was recorded with a laser power density of 0.1 mW/
pm? and the measurement time of 55, which did not cause
structural changes in the sample. The spectrum of Bi;»SiO5
exhibits intense modes at about 87, 97, 104, 128, 144, 167,
176, 204, 269, 322, and 536 cm ™. As expected, our spectrum
from Figure 1(a) is identical to the literature data [19-22].
Raman spectra of a Bi;,SiO,, single crystal recorded
consecutively at different laser powers (0.5-2 mW/ymz) and
the recording time of each measurement of 30, at the same
place on the sample are shown in Figure 1(b). The intensity
of the peaks registered in Figure 1(a) increases with in-
creasing laser power. In addition, starting with the laser
power of 0.7 mW/um? additional structures were seen on the
spectra at about 122, 235, 456, and 487 cm L. They are
significantly weaker than already registered phonons, but
their intensity also increases with increasing laser power. The
result was checked with the same laser power, but with
a measurement times of 1s and 60s. Raman spectra of
Bi;,Si0, single crystal recorded at laser power density of
1.5mW/um? and different recording times at different lo-
cations on the sample are shown in Figure 1(c). A very short
1 s measurement excites a spectrum similar to that in Fig-
ure 1(a). An increase in recording time leads to the same
effect registered in Figure 1(b). To explain the registered
effect, it was necessary to do additional experiments.

3.2. AFM. Figure 2 shows the results of AFM measurements
of the Bi;,Si0O, single crystal and the same sample after the
Raman measurements (shown in Figure 1(c)). In Figure 2(a),
we can clearly see that the surface of the untreated sample is
quite smooth with no visible cracks, and only traces of
mechanical polishing can be seen. Figures 2(b) and 2(c)
show the surface of the sample after laser treatment of
1.5mW/um?, according to the procedure described in
Section 3.1, with two different time lengths of each mea-
surement (30s and 60s), respectively. Nano-objects, small
white dots in the images, with a diameter of about 11 nm
(Figure 2(b)) and 15 nm (Figure 2(c)) were observed on both

3SUSD 17 SLOWIWOD dAIER.D 3ed!jdde au Aq pousenob aJe sajo1Le YO (88N JO s3I 104 Akeud173UUO AS|1A UO (SUORIPUOD-pUe-SWLBY WO A3 1M Afe.d 1 PUT|UO//STNY) SUOIIPUOD Pue SWLS L 8U1 835 *[9202/€0/.T] uo Aigiauliuo Ao|IM ‘(ou | eAnge ) aanopesy AQ 8T006YS/EZ0Z/SSTT OT/I0p/W0d /3| 1M Aleiq 1 puluo//sdiy WOy papeojumoq ‘T ‘€202 ‘69T6



Journal of Spectroscopy

87 Untreated BSO
269 0,1 mW/pm?5s

A\
A}
AN}

536
322

144

Intensity (Arb. Un.)

Treated BSO, 30 s

A\
\
\

Intensity (Arb. Un.)

100 200 300 400 500 600
Wavenumber (cm™)

T T T T T
100 200 300 400 500 600

Wavenumber (cm™)
— 2mW (um?) — 1 mW (um?)
— L8 mW (um?) — 0.7 mW (um?)
— L,5mW (um?) — 0.5mW (um?)
— 1,2mW (um?)

()

Intensity (Arb. Un.)

Treated BSO, 1.5 mW/um? Jﬁ

T T T
100 200 300

T
400 500 600

‘Wavenumber (cm™)

— 60s
— 30s
— 1s

FIGURE 1: (a) Raman spectrum of the Bi;,Si0, single crystal. (b) Raman spectra of Bi;,SiO, single crystal recorded consecutively at
different laser powers at the same location on the sample. (c) Raman spectra of Bi;,SiO, single crystal recorded with laser power of 1.5 mW/
pm® and different recording times at different locations on the sample.

images. In Figure 2(c) we see that the density of nano-objects
is significantly higher than that registered in Figure 2(b).

3.3. XRD Measurements. The XRD patterns of prepared BSO
single crystal and BSO laser treated (1.5 mW/um?, 605s) are
presented in Figure 3. From the XRD pattern of untreated
BSO single crystal (the bottom spectrum) it is clearly seen
that all peaks correspond to Bi;,SiO,g. Results show that
only selenite (Bi;,S10,0) phase is present, which corresponds
to the JCPDF Card No. 37-0485. When compared to laser
treated BSO single crystal (upper spectrum), except silenite

peaks are observed. These peaks correspond to: Bi O,
(JCPDF Card No. 01-074-2352), Bi,O3 (00-057-0400, 00-
051-1161, and 01-079-6679), and SiO, (01-071-5334) phases.
All additional phases are marked with different symbols in
Figure 3.

XRD results clearly and unequivocally show the influ-
ence of locally induced heating with laser power on
Bi;,Si0, single crystal as the separation of new phases in the
form of different Bi O, Bi,O3, and SiO,. These results ex-
plain the appearance of additional structures seen on the
Raman spectra whose intensity increases with increasing
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(a) (b)

FIGURE 2: AFM results of: untreated Bi;,SiO, single crystal (a); laser treated Bi;,Si0,y sample P=1.5 mW/ymZ: 30s (b); and 60s (c).
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FIGURE 3: X-ray diffraction results of untreated and laser treated BSO single crystal, peaks of Bi;,S10,, phase marked with hkl, *Bi,O,
(JCPDF Card No. 01-074-2352), #SiO, (01-071-5334), OBi,O; (00-057-0400), ®Bi,O; (00-051-1161), and ®Bi,O; (01-079-6679).

laser power and measurement time. The appearances of  3.4. UV-Vis Spectroscopy. In Figure 4(a) the results of
secondary phases also explain the phenomenon of additional ~ transmission measurements of BSO samples in the UV-VIS
small white dots (nano-objects) in the AFM images of laser-  region are presented. It is noticeable that for the laser-treated
treated samples. sample in the area of wavelength above 550nm, the
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FIGURE 4: (a) UV-Vis transmittance spectra of Bi;,Si0, single crystal treated by laser power. Kubelka-Munk analysis for laser untreated (b)

and treated (c) sample.

transmittance was reduced by about 5%. To determine the
value of the energy gap eg, we using the well-known
Kubelka-Munk theory (see for example, [3] and the liter-
ature cited there). The results of the analysis are shown in
Figures 4(b) and 4(c).

For the untreated BSO single crystal, an energy gap value of
2.57 eV was obtained. This energy is lower than accepted band
gap energy of BSO [3]. This smaller energy was associated with
defect centers, as analyzed in [23-25]. A value of 2.47 eV was
obtained for the laser-treated sample. Such a simple model
cannot provide a complete picture of the modifications made
in the sample, but it can indicate a macroscopic change, i.e.
a parameter that is in some way its consequence.

3.5. Optical Activity, Faraday Rotation, and Bulk Absorption.
Optical activity and Faraday rotation were measured by the
free space setup described in [26]. It was noted that sig-
nificant light scattering in the sample causes cross-talk of the

two channels for the orthogonal polarizations detection.
Therefore, birefringent crystal was replaced with a Wollaston
prism decoupling the channels but also spoiling evenness of
channels losses and forcing the use of two photodiodes. Two
channels gain that include optoelectronic conversion effi-
ciencies were equalized by transimpedance resistors.
Background light influence was eliminated using an
optical chopper and lock-in amplifier. Laser’s polarization
instability was converted to light irradiation fluctuations by
polarizing prism mounted after the laser. A/E normalization
method used is insensitive to light irradiation fluctuations
but introduces another problem. It was also noted that
treated BSO induces more depolarization of light compared
to untreated one. This is partially the consequence of nano-
objects at the surface of the treated BSO. Contribution of
depolarized light is canceled in the subtraction but not in the
sum leading to reduced result for Optical activity and
Faraday rotation. It is possible to compensate this effect but
only for particular crystal orientation. Instead of that we
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averaged the results for tree different crystal orientations.
Results are presented in Table 1 having in mind scattering
while measuring the absorption coeflicient lens was used
after crystal to focus the light on photodiode. Verdet con-
stant was divided by absorption coeflicient to obtain the
magneto-optical quality of sample.

4. Discussion

As far as we know, [18] preparation technique which was
used ensured maximum quality samples in the limits cor-
responding to the starting components purity. In the case of
Bi;,GeO, [27], the positive effect of laser radiation on
optical characteristics was registered only in materials ob-
tained from starting materials of lower quality. With quality
single crystals, it was not possible to improve the optical
parameters in this way. This is also the case with Bi;,SiO,,
which we treated with a laser, i.e. we have a change of several
percentages at maximum laser power.

We can interpret the additional structures from
Figures 1(b) and 1(c) as follows. Figure 2 clearly shows nano-
objects with dimensions of about 15nm with very narrow
dimensional distributions. It is easy to connect these nano-
objects with the new phases from Figure 3, registered for the
treated sample. These new phases show their characteristics
on Raman spectra as well. First, four polymorphic phases of
bismuth-oxide are known: the one stable at the room
temperature, orthorhombic a-Bi,O;, and three high-
—temperature ones: -, §-, and y-Bi,O; [28-30]. Since new
structures are visible even at relatively low laser powers, as
well as on XRD at room temperature, we can conclude that
only the orthorhombic a-Bi,O; phase is present. In this way,
we easily connect the additional structures in the Raman
spectra at around 122cm™' and 456 cm™' with this phase
[31]. XRD also registered the Bi,O; phase. This phase has
a phonon at 118 cm ™" [32], so the presence of the influence
of this phase on the phonon registered at 122cm™" in our
experiment is not excluded. The situation is much clearer for
the phonon at 486 cm™". This phonon is associated with Bi-O
stretching vibrations in distorted linked BiOg units in the
previously registered Bi,;O; phase [33, 34].

On the other hand, the diversity of SiO,-based phases is
even greater [35]. However, we think that in our case, SiO,
clusters have T; symmetry and corresponding Raman modes
at 235cm” . Also, experimentally at 463.6cm™" and theo-
retically at 461 cm™', there is a SiO, phonon of the same
symmetry. Therefore, the origin of the phonon at 456 cm™
cannot be accurately determined, i.e. due to the weak in-
tensity of the experimental result, it is difficult to separate the
influence of this phonon from that of a-Bi,O5. This result is
in agreement with Ref. [19, 20].

In this way, it is clearly shown that laser heating during
the Raman experiment produces nano-objects consisting of
bismuth oxide and silicon oxide arranged in a matrix of
Bi;,5i0, single crystal. This structure by its composition
can be classified as a nanocomposite because the dispersed
phase is in the nanometric size, with the specificity that the
nano-object is formed from the same material, or its parts,
such as a matrix.
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TaBLE 1: Optical properties of Bi;,SiO, single crystal.

Untreated BSO Treated BSO

Optical rotatory power (rad/mm) 0.37 0.36
Verdet constant (rad/Tm) 61 58
Absorption coefficient (cm™) 1.03 1.05
Magneto optical quality (rad/T) 0.59 0.55

Our results presented in this paper can be interpreted in
at least two ways. First, it can be said that the made mod-
ification did not lead to the improvement of the charac-
teristics of the observed material. That is true in principle.
But this is practically expected, because the starting material,
BSO single crystal, was obtained from ultrapure compo-
nents, which led to the exceptional optical quality of the
sample, as it was the case with the Bi;;GeO, crystal [18, 27].

However, the modification made led to a partial, but
almost controlled, decomposition of the base material. A
stable structure was created, which gives the prospect of
using nano-objects in robust electronics. Namely, due to
their extremely small sizes, nanomaterials (one, two, or three
dimensions of less than 100 nm) cannot be used in large
scale, particularly as long-bearing materials in engineering
applications. For this it has long been a desire to develop
bulk composites incorporating these nanomaterials (for
example, nanocomposites) to harness their extraordinary
properties in bulk applicable materials. Initial ideas and
principles are given in [36]. The most important fact is that
the characteristics of the nanomaterials are fundamentally
different in comparison with the bulk materials [37]. In our
opinion, this way of obtaining specific nanocomposites
deserves attention.

In addition, in this paper, it is once again shown, this
time directly, that during Raman measurement of complex
structures and materials, the used laser power should be
taken into account. It is very useful to measure Raman
spectra with high laser powers. The spectrum is more in-
tense, and the lines are more pronounced. The same applies
to the duration of the measurement. However, in those cases,
partial decomposition of the observed material or structure
may occur, which results in the existence of lines on the
spectrum do not belong to the original material, but they are
the result of local and partial decomposition. Such results
lead to wrong conclusions.

5. Conclusion

High-quality single crystal Bi;,5i0,, with parameters E of
2.57 eV, Verdet constant of 61 rad/Tm, and magneto-optical
quality of 0.59 rad/T growth by the Czochralski technique.
We used 532nm line of Verdi G optical pumped semi-
conductor laser, during the Raman experiment, to modify
the surface on a Bi;,SiO,q single crystal. By measuring
phonon spectra with Raman spectroscopy, starting from the
laser power density of 0.7 mW/um?, and irradiation time
greater than 1s, we have registered new structures at about
122, 235, 456, and 478 cm™'. AFM measurements confirm
that the Bi;,SiO,q crystal has decomposed on the surface,
and newly formed bismuth oxide and silicon oxide-based
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nano-objects in the Bi;,SiO,y matrix was found. This de-
composition of Bi;,SiO, single crystal led to small changes
in the electrical and magneto-optical characteristics of the
base material. This structure by its composition can be
classified as a nanocomposite because the dispersed phase is
in the nanometric size, with the specificity that the nano-
objects are formed from the same material or its parts, such
as a matrix.
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We present new aspects of erbium or ytterbium doped pure gadolinium oxide (Gd:03:Er’*/Yb>") as
a suitable candidate for drug delivery and magnetic resonance (MR) applications. The samples were pre-
pared using the conventional sol—gel synthesis technique. The structural studies revealed that the prepared
sample was monophased and crystallizes in a cubic structure. FTIR measurements confirmed the creation
of Gd205:Er’*/Yb>" phosphor. SEM micrographs clearly indicated that the particles crystallized in uniform
shape, exhibiting nano-rod formation, with the particle size ranging from 55 to 5 nm. TEM images revealed
that Er** and Yb** co-doped Gd,O3 nanoparticles were the collection of the nano-rods 2—4 nm thick and
18-20 nm long. Also, photoluminescence analysis of the phosphor samples for variable concentrations of
doping ions was presented. When doped with Er’**/Yb*", nano-rod Gd,Oj3 emits intense green emission and
some red emission peaks, under a 980-nm near-infrared laser. Our study shows that as-prepared samples
may be useful for optical imaging systems and that nano-rod formation may be used as a major host carrier
for drug delivery.

Keywords: rare earth activated phosphors, X-ray diffraction, Fourier transform infrarved, scanning
electron microscope, photoluminescence, magnetic resonance.
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cmpyxmype. Hzamepenus c nomowppio HUK-Dypve-cnekmpockonuu noomeepounu cozoanue nomurogopa
Gd203:Er*/YD*". COM-uzobpasicenus noxazanu, umo uyacmuyvl 0OHOPOOHOU HOPMbI, HAHOCMEDIHCHU
¢ pazmepom yacmuy om 55 00 5 um. Coenacno IIDM-uzobpasicenusm, nanowacmuyvl Gd>03, coemecmno ne-
aupoeannvie Er**t u Yb**, npeocmasnsiom coboii cosoxynnocme nanocmepoicreii monuwunoii 2—4 um u onu-
Hotl 18—20 wm. I[Ipedcmasnen ananus ghomonomunecyeHyuyu 00pasyos JIOMUHOPOPo8 s NEPEMEHHBIX KOH-
yenmpayuil necupyiowux uonos. Ipu necuposanuu Er**/Yb>" nanocmepacenv Gd>Os uznyuaem unmencus-
Hoe 3eneHoe U3NyueHue U HeCKONIbKO NUKO8 KPACHO20 UNYYeHUs NoO Oeticmeuem UiyyeHus aazepa oaudicHe-
20 UK-ouanaszoua c onunoii eonuvt 980 um. Ilpucomosnenuvie obpasyvt mocym Ovimv NONE3HbL 01 CUCHEM
ONMUYECKOU 8U3VATUAYUU, CHOPMUPOBAHHBIE HAHOCMEPICHU MO2YH UCHOIb308AMbCS 8 Kauecmee OCHOG-
HO20 HOcumens 015 00CMASKU J1eKapCma.

Knrwouesvle cnosa: akmusuposanuvie peoKo3eMenbHbIMU INeMEHMAMU JTIOMUHOPOPbI, PEHMSEHOBCKAs
ougpparyus, UK-Dypve-cnexmpockonust, cKaHupylowjas 31eKmpoHHAs MUKPOCKONUs, homonomunecyen-
Yus, MAZHUMHBLI PE3OHAHC.

Introduction. Up-conversion (UC) luminescence materials are widely used in many fields, such as bi-
omedical imaging, solid-state lighting, security encoding and temperature sensors [1, 2]. Some rare earth
ions, containing Er’*, Ho**, Tm*", and Eu®", have been widely used in UC phenomenon research [3-5]. The
Er** ion is one of the most commonly used ions for UC luminescence; owing to its energy levels, *Iy and
11112 can be easily populated by near-infrared laser diodes. During recent years, plenty of results have report-
ed the UC luminescence of the Er**/Yb*" co-doped phosphors. For a 980-nm laser, Yb** ion has high absorp-
tion efficiency and the luminescence efficiency of the Er’* ion can be increased through the energy transfer
from Yb** to Er**. However, doping with the Yb*>" ion is not enough to enhance the luminescence efficiency
of the Er’" ion. Some research groups reported that adding an appropriate Li" ion to the rare earth ion-doped
system can enhance UC luminescence efficiency [6, 7]. For the UC phenomenon, host materials with lower
phonon energy contribute to enhancing the emission efficiency of the activation ion. The lower phonon en-
ergy helps to reduce nonradiative losses, thereby increasing luminescence efficiency [8]. As an excellent ma-
trix, Gd,Os has low phonon frequency (phonon cut off ~600 cm™!), and great chemical and thermal stability [7].
Gd»O3 materials can be synthesized with different rare earth ions for UC emission [8]. Rare earth-doped ma-
terials based on Gd>O3 can be used as fluorescence and magnetic resonance imaging (MRI) labels.

The nanotechnology may be capable of increasing the percentage of the early diagnosis of cancer,
through enhanced imaging [9, 10]. Nanotechnology has great potential in increasing the potency and selec-
tivity of chemical, biological and physical approaches aimed at eliciting cancer cell deaths, although mini-
mizing the collateral toxicity to the nonmalignant cells [11]. For a variety of diseases including cancer,
Wang et al. [12] discussed photodynamic therapy (PDT) as a major non-invasive treatment modality. PDT is
based on up-conversion of the nanoparticles (UCNPs) and has received ample attention in recent years. Be-
low near-infrared (NIR) light excitation, UCNPs are capable of emitting higher energy visible light, which
can then easily activate the surrounding photo-sensitizer molecules aiming to produce singlet oxygen. This
singlet oxygen then ultimately kills cancer cells.

Until prepared materials were discovered recently, europium-based yttrium oxide (Y20;:Eu’*"), a red
phosphor, was broadly used in numerous optical display-related applications. At the present time, it has
evolved to become a prime focus of research amongst numerous groups owing to its exceptional optical
damage threshold, low toxicity, vacuum-ultraviolet transparency, strong luminescence intensity, high chemi-
cal stability and high quantum yield [13-15]. Numerous techniques have been tested and conveyed for the
synthesis of Y>203:Eu** phosphor, which includes chemical vapour deposition [16], solid-state reactions and
techniques [17], sol-gel routes [18], microwave heating [19], auto-combustion [20] and hydrothermal tech-
niques [21]. Yet, only a small number of reports exist to date about the synthesis techniques of the size-
controlled, Y,O3:Eu*" nanophosphor, less than ~10 nm in size [18, 22]. This is a well-known fact that the
morphology and size of the host particles affect the characteristics of the as-prepared phosphors very inten-
sively and plays a vital role in biological applications such as bio-labelling [23]. The size of the biological
labelling materials that exceeds 10 nm has a significant impact on carriage over the vascular-endothelium or
nuclear-envelope, flow by means of urine and intracellular tracking [24, 25]. According to Feng et al., UC of
nanophosphors can create visibly or near-infrared emissions under continuous wave NIR stimulation [26]. In
this present study, we proposed the up-conversion of the luminescent behaviour of Er’*/Yb®" activated
Gd»O3 phosphor for biomedical applications.
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Experimental. Gd>Os phosphors doped with different concentrations of Er**/Yb** ions (0.1-2.5 mol. %)
were prepared by using the sol-gel synthesis route. Highly purified citric acid, [Yb (NOs)s - SHO],
[Er(NO3)s - SH20] and [Gd(NO3)3 - 6H,0], were primarily taken without further purification as starting ma-
terials. At first, all the initial materials were primarily weighed using a 150-mL glass beaker and dissolved in
10 mL of deionized water. Then, the as-prepared metal citrate complex was carefully stirred together using a
magnetic stirrer. After 1 h of stirring at 500 rpm, the basic translucent aqueous solutions were achieved.
Then, these translucent solutions were again dried in an oven at 110°C until uniformly dried gels were creat-
ed. The brown flakes were treated by heating these dry gels at 400°C for about 120 min. To get the final
product, the brown flakes were again calcined in a muffle furnace at a temperature of about 1000°C for
180 min in an air atmosphere.

The X-ray diffraction (XRD) patterns of the samples were captured using a RIGAKUM-MiniFlex-II dif-
fractometer functioning with Bragg—Brentano focusing geometry. Cuky, radiation (A = 1.54060 A) had been
used as an X-ray source. These instruments were generally operated at a high voltage of 40 kV and a low op-
erating current of 30 mA. The XRD patterns were noted with a scan rate of about 5°/min within a range of
10-70°. Perkin Elmer-Spectrum 100 Fourier Transform Infrared (FTIR) Spectrometer was used to measure
different bands within the produced phosphor and analyse functional groups, if any, as well as the bending
and stretching of bonds in the fingerprint region. A scanning electron microscope (S-3400, Hitachi, Japan),
was used to examine the morphology of these samples. The TEM instrument used in this research work was
the JEOL/JEM 2100 Model. The spectro-fluorophotometer instruments (RF-5301PC-SHIMADZU) were
used to record the excitation spectrum and photoluminescence (PL) emission of the samples under a 980-nm
laser excitation wavelength.

Results and discussion. XRD studies. The X-ray diffraction patterns of Er’*/Yb*"-activated Gd,Os
phosphors are presented in Fig. 1, for an optimized concentration (2.0 mol.%) of Er**/Yb**. The sample is
monophased and crystallizes in a cubic structure in the 199th space group, I 21 3. All peaks are assigned ac-
cording to the literature with no further evidence of any impurities. Figure 2 represents the crystal structure of
Gd0;:Er**/Yb*" phosphor. Debye—Scherrer’s formula was used to determine crystallite size [27, 28]:

D=0.9\/BcosH, (1)

where D is particle size, the symbol B is the full width of the peak at half maximum, the A is the wavelength
of the X-ray diffraction source, and 6 is the angle of the diffraction.

1
10 20
Fig. 1. XRD patterns of GdO3:Er**/Yb*" (2.0 mol.%) phosphor. Fig. 2. Crystal structure of

Gd,03:Er**/Yb*" phosphor.

FTIR studies. The FTIR spectrum of the Gd,O3:Er**/Yb*" (2.0 mol.%) sample is presented in Fig. 3.
This transmittance spectrum exhibits very strong peaks at 552 and 457 cm™'. These are characteristic modes
of gadolinium and oxide (Gd-O) vibrations. The various peaks at 801 and 1381 cm™' arise because of doping
ions, and its vibrations with oxygen ions. The peak at 801 cm™! corresponds to the Er-O vibration, whereas
the peak at 1381 cm™! describes the ytterbium and oxide (Yb-O) vibration. Altogether, these observed peaks
confirm the formation of GdyOs:Er’**/Yb** phosphor and are presented in Table 1. Also, the peak at
~3434 cm! is allotted to the intermolecular H-bonding of H,O. These prepared specimens may have ab-
sorbed some of the moisture from the laboratory or atmosphere.



462

AHHOTALIMU AHTJIOSI3bIYHBIX CTATEMN

Transmittance, %
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Fig. 3. FTIR spectrum of Gd>O3:Er**/Yb** (2.0 mol.%) phosphor.

TABLE 1. Assigned IR Modes of Gd»03:Er**/Yb*" (2.0 mol.%) Phosphor

Experimentally obtained IR mode, cm™!

Assignation

457
552
801
1384
3434

Gd-O vibration

Gd-O vibration

Er—O vibration

Yb-O vibration
intermolecular H-bonding in H,O

SEM and TEM analysis. The scanning electron microscopy (SEM) micrographs of Gd,O3:Er’*/Yb**
(2.0 mol.%) sample are presented in Fig. 4 with different magnifications (50, 5, and 1 um). Micrographs
clearly indicate that the particles are crystallized in uniform shape, showing nano-rod formation, with the
particle size ranging from 55 to 5 nm. This gradient in particle size is expected as these samples are known
for their agglomeration [29]. Figure 5 represents the transmission electron microscopy (TEM) images of
Gd,O3:Er**/Yb** (2.0 mol.%) phosphor with different sizes. The formation of nano-rods is also confirmed by
high-resolution TEM images presented in Figs. 5a,b. The TEM images revealed that Er** and Yb*" co-doped
Gd,03 nanoparticles are the collection of nanorods 2—4 nm thick and 18-20 nm long. The synthesized sam-
ples show nano-rod shapes, along with no other critical differences in the morphology. This pattern is fairly

comparable with the results obtained by SEM analysis.

a

X500  50pm 12 51 SEI

20kN

X3,500

S5pm

200V X10,000 fpm

Fig. 4. SEM micrographs of Gd,O3:Er*"/Yb*" (2.0 mol.%) phosphor
with different magnifications (a) 50 pm, (b) 5 um, and (¢) 1 um.

12 51 SEI
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100 nm

Fig. 5. TEM images of Gd»O3:Er**/Yb*" (2.0 mol.%) phosphor: a—€??.

Photoluminescence spectroscopy. The photoluminescence excitation spectrum of GdyOs:Er’*/Yb**
(2.0 mol.%) phosphor is presented in Fig. 6a with a 980-nm excitation laser line and corresponding up-
conversion emission spectra at room temperature shown in Fig. 6b. All spectra display characteristic emis-
sion peaks from erbium (Er**) in the host cubic Gd20;. Herein, Er’* behaves as an activator, whereas Yb**
behaves as a sensitizer. Conferring to the energy levels of erbium (Er’") ions, the detected peaks, 555 and
523 nm are in the green region and are allocated to their transitions *S32—*I15» and >Hy1,—*I15 of Er** cor-
respondingly. With the intention to understand the UC emission band’s UC mechanisms, the up-conversion
intensity (/) of the various transitions is studied as a function of the pump power. In the case of the
Er**/Yb**-doped phosphor, the phenomenon deals with UC luminescence behaviour. Photon UC is a process
in which the sequential absorption of two or more photons leads to the emission of light at a shorter wave-
length than the excitation wavelength. It is an anti-Stokes-type emission. An example is the conversion of in-
frared light to visible light. UC can take place in both organic and inorganic materials, through a number of
different mechanisms. There are three basic mechanisms for photon UC in inorganic materials and at least
two distinct mechanisms in organic materials. In inorganic materials photon up-conversion occurs through
energy transfer UC (ETU), excited-state absorption (ESA), and photon avalanche (PA). Such processes can
be observed in materials with very different sizes and structures, including optical fibres, bulk crystals or na-
noparticles, as long as they contain any of the active ions mentioned above. Organic molecules can up-
convert photons through sensitized triplet—triplet annihilation and energy pooling [30-34].

In the UC process, the UC intensity is directly proportional to n™" power of the entire pump power,
where symbol # is the number of pumped photons absorbed per the up-converted photons produced. The plot
of UC intensity against pump photons shows a straight line, which is displayed in Fig. 6¢, with a slope n. Be-
low 980-nm excitation, the slope values attained are 1.29/0.02 and 1.37/0.03 for 555 nm (*S}12—"*I155) emis-
sion correspondingly. These outcomes show that a two-photon process is accountable for the green UC. The
activator concentration is increased more as the emission intensity begins to drop (Fig. 6d). The extensive
increase in ion-to-ion interactions causes the shortest distance amongst interacting activators as the rise in
concentration causes concentration quenching. The spectral profile of the fluorescent light as a major func-
tion of different activator concentrations is observed. The outcomes clearly show the CIE chromaticity coor-
dinates of complete emission of transformed light, resulting in various colours in the complete emission of
light.
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Fig. 6. (a) PL excitation spectrum of Gd,O3:Er**/Yb*" (2.0 mol.%) phosphor below 980 nm laser excitation

wavelength. (b) PL emission spectra of Gd,Os:Er**/Yb*" phosphor below 980 nm laser excitation.

(c) The up-conversion emission intensities depend on the excitation power of Er’'/Yb**-doped Gd»0;

phosphor. (d) Concentration quenching (cross-relaxation phenomenon) of Gd,Os:Er**/Yb*" phosphor
below 980-nm laser excitation.
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Fig. 7. Energy transfer mechanism for up-conversion behaviour of Gd,O3:Er**/Yb** phosphor.
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Several well-known mechanisms can be used to populate the excited states for UC: 980 nm laser excita-
tion, energy transfer (ET) excited state absorption, non-radiative mechanism (phonon) and radiative mecha-
nism emission [35-37]. The photon avalanches are judged to be a probable mechanism of UC for the reason
that no inflection points are detected in the power study (Fig. 7). Figure 7 presents an energy level diagram
of erbium and ytterbium (Er**/Yb*") ions in addition to the possible UC mechanisms corresponding to the re-
lated green emissions for 980-nm excitation. Again, using the spectral energy distribution of the
Gd203:Er**/Yb*" samples, the CIE co-ordinates are determined using the spectrophotometric technique
(Fig. 8) and x = 0.28 and y = 0.48 are the CIE colour coordinates for the Er**/Yb** (2.0 mol. %)-doped sam-
ple (these coordinates are quite near to the green light emission). As a result, this phosphor has good colour
tenability, when exposed to green light. The produced phosphor could be useful in the application of green
light-emitting diodes.

CIEy
09 r
08
0.7 ¢
0.6 [
0.5 7F
04 f
03}
02}

0.1}

0.1 02 03 04 0.5 06 0.7 0.8 09 CIEx

Fig. 8. CIE coordinates 1931 for Gd»O3:Er**/Yb*" (2.0 mol.%) phosphor.

Conclusions. Gd,O3:Er**/Yb>" phosphors were prepared, along with various concentrations of the do-
pant ions. These samples were mainly characterized using different techniques, for instance, XRD, FTIR,
SEM, TEM, and PL. XRD patterns showed that Gd,O3:Er**/Yb*" phosphors crystallize in cubic structure.
FTIR measurements confirmed the creation of the Gd203:Er’*/Yb** phosphor. SEM and TEM measurements
showed the formation of nano-rods. PL measurements showed excitation and emission characteristics of as-
prepared phosphor for possible magnetic resonance and drug delivery applications. The CIE colour coordi-
nates (x = 0.28 and y = 0.48) for the Er**/Yb*" (2.0 mol. %) doped sample were quite near to the green light
emission. As a result, this phosphor had good colour tenability, when exposed to green light. The produced
phosphor could be useful in the application of green light-emitting diodes. The up-conversion behaviour of
phosphor showed drug delivery abilities and hence could be suitable and potentially used for MRI and other
supplementary uses such as fluorescent imaging.
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