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Abstract: In this work, the mechanisms for creating a combined electronic–radiative local
state beneath the conduction band, consisting of intrinsic and activator electron–hole states,
are experimentally substantiated. In the first part of this work, the mechanisms of the
formation of intrinsic and activator electron–hole trapping centers are experimentally
demonstrated in all four matrices with activators. Intrinsic electronic states are localized on
activators and anions of the matrix, forming intrinsic and activator electronic states. The
hole component of the electron–hole pairs is localized near the activators. Thus, the energy
of intrinsic electronic excitations localized in the matrix in the form of combined electronic–
radiative states is observed at 3.06–3.1 eV and 2.92–2.95 eV. Radiative states are excited by
photon energies of ~4.5 eV and ~4.0 eV, resulting in recombination emissions at 3.06–3.1 eV
and 2.92–2.95 eV, as well as activator emissions at 2.06 eV for Mn2+, 2.5 eV for Tb3+, and
2.56 eV and 2.16 eV for Dy3+. Energy transfer from the matrix to emitters or activators
occurs during the decay of the combined radiative state. Upon heating, electrons localized
on anions and activators delocalize at temperatures of 200–350 K. The energy released
during the recombination of an electron with a hole near the activators is transferred to the
activators. This process facilitates energy transfer to activators in dosimeters and detectors.

Keywords: emission and excitation spectra; electron–hole; phosphates; recombination
emissions trapping centers; vacuum ultraviolet

1. Introduction
Emission bands at 2.17 eV, 2.08 eV, and 2.14 eV in Ca2P2O7 − Mn are excited by

photons with energies of 2.48 eV, 3.1 eV, 2.95 eV, and 3.44–3.65 eV. According to the authors
of [1,2], these excitation bands correspond to the forbidden intracenter transitions of Mn2+

ions in the matrix. It has been shown that the 1.93 eV emission is effectively excited by
the intracenter transitions of Mn2+ ions, as well as by photons with an energy of 5.98 eV,
which corresponds to charge transfer from the Ca5Mn(PO 4)7 matrix to Mn2+ activators,
O2−—Mn2+.

The authors of [3] discovered thermoluminescence in YPO4 activated with Ce3+, Ln3+

( Nd3+, Er3+, Ho3+, Dy3+
)

and associated the presence of an electron trapping center,

where an electron localization was Ln3+ + e− → Ln2+ , with the formation of electron
and hole trapping centers in this matrix.
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The formation of trapping centers in pure matrices and phosphors with activators
leads to energy transfer from the matrix to the activators.

The authors of [4,5] demonstrated that in the phosphor Ca3(PO 4)2 − Mn, emission
with an energy of 1.97 eV is associated with Mn2+ activators and is excited by intracenter
transitions of the Mn2+ ion, as well as by photons with an energy of 4.96 eV, due to charge
transfer from the excited anion PO3−

4 (O2−—Mn2+) to Mn2+ ions. As a result, activator
electron trapping centers Mn+ − PO2−

4 are formed.
The authors of [6–10] suggest that the appearance of a dosimetric TSL peak in irra-

diated CaSO4 − Dy phosphors is associated with the decomposition of the SO2−
4 anionic

complex into radicals SO−
4 , SO−

3 , SO−
2 , and O−

3 . During annealing, such electron–hole
trapping centers recombine, resulting in dosimetric TSL peaks.

In studies [11–29], it was experimentally shown that the sensitivity of dosimetric TSL
peaks in CaSO4 − Dy can be increased by introducing various activators, annealing the
matrix at high temperatures, etc.

A brief literature review shows that in many phosphates and sulfates, when excited
within the fundamental matrix region where free electrons and holes are created, trap-
ping centers form due to the localization of electrons and holes on activators or intrinsic
matrix defects.

There are studies where activators or intrinsic trapping centers are created at photon
energies insufficient to generate free electron–hole pairs. It is assumed that experimentally
observed trapping centers are formed as a result of charge transfer from an excited anion to
activators or neighboring anions. The mechanism of the process leading to the formation
of electron or hole trapping centers remains unexplained.

In this work, we substantiate the new model of energy transfer from the matrix to acti-
vators proposed in our previous studies [30,31]. We hypothesize that energy transfer from
the matrix to activators requires the creation of bound electron-radiative states involving
both the matrix and activators through the formation of activator and intrinsic trapping
centers. These radiative states accumulate the energy of the intrinsic matrix, which must
then be transferred to the activators.

In this study, we aim to show that the new energy transfer mechanism from the
matrix to activators is fundamental. For comparison, we selected four matrices of phos-
phates and sulfates with different activators: Ca2P2O7 − Mn, BaSO4 − Dy, Ca2P2O7 − Tb,
and Ca3(PO 4)2 − Mn.

2. Objects and Methods of Research
The Mn-doped Ca2P2O7 and Ca3(PO 4)2 were synthesized using a wet co-precipitation

method followed by annealing at 1200 ◦C. The phosphors were obtained based on a slightly
modified version of a previously described procedure [2,32].

In this method, calcium nitrate tetrahydrate (Ca(NO3)2 · 4H2O, Carl Roth, >99%),
manganese(II) nitrate tetrahydrate (Mn(NO3)2 · 4H2O, 98%, Alfa Aesar, Haverhill, MA,
USA), and diammonium hydrogen phosphate ((NH4)2HPO4, Carl Roth, >98%) served
as the starting materials. A 0.8 M solution of Ca2+ and Mn2+ nitrates was prepared by
dissolving the respective metal salts in deionized water, with Mn substitution set at 1 mol%
relative to Ca2+ ions. A separate solution of (NH4)2HPO4 with the same concentration was
prepared independently.

The phosphate solution was quickly added to the metal ion solution under continuous
stirring on a magnetic stirrer, which led to the formation of precipitates. These precipitates
were aged in the reaction mixture for 5 min while stirring and then filtered, rinsed with
deionized water, and dried in an oven at 50 ◦C for 10–12 h.
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The Ca3(PO 4)2 − Mn and Ca2P2O7 − Tb samples were synthesized using the
same method.

The obtained powders of Ca2P2O7 − Mn and Ca3(PO 4)2 − Mn were annealed for 5 h
at 1000 ◦C for synthesis, while the Ca2P2O7 − Tb sample was annealed for 5 h at 1000 ◦C.
For both Ca2P2O7 − Mn and Ca3(PO 4)2 − Mn a shorter annealing process was followed
at 1200 ◦C (10 min), while for the Ca2P2O7 − Tb sample the annealing temperature was
1100 ◦C (10 min) with a heating rate of 5 ◦C/min to reduce the evaporation of phosphate
species. After annealing, the furnace was allowed to cool down naturally.

During the synthesis of BaSO4 − Dy samples, 99.99% pure barium sulfate (Sigma-
Aldrich, St. Louis, MO, USA) and Dy2O3 (Sigma-Aldrich) were used following the slow
evaporation method. To prepare BaSO4 (0.8 mol%), 5 g of powder was measured, and a
calculated amount of Dy2O3 activator was added and mixed thoroughly. The activator
mass was determined using the following formula:

m1 = m2
M1n

M2(100 − n)

The mixed powder was dissolved in highly concentrated sulfuric acid, washed mul-
tiple times with double-distilled water, and subjected to slow evaporation at 60 ◦C until
dry. The resulting material was annealed in an argon atmosphere using an electric furnace
(SNOL, 8.2/1100, Lithuania) at 400 ◦C for 5 h, followed by slow cooling within the furnace.

Tablet-shaped samples were created for measurement purposes by compressing the
powder in a hydraulic press under 7–8 MPa [30].

3. Characterization
X-ray powder diffraction (XRD) analysis was conducted using Ni-filtered Cu-Kα

radiation on a Rigaku MiniFlex II diffractometer, operating in Bragg–Brentano geometry
(θ/2θ). Data were collected in the angle range of 2θ from 10 to 60◦, with a step size of 0.02◦

and a scanning rate of 1◦/min.
The morphology of the synthesized products was studied using a Hitachi SU-70 field

emission scanning electron microscope (Tokyo, Japan). Emission and excitation spectra
measurements in the spectral range from 6.2 eV to 12.4 eV (100–200 nm) were carried out
using a vacuum monochromator assembled according to the Seya–Namioka scheme with
a Solar M-266 recording monochromator (Solar LS, Minsk, Belarus) and a Hamamatsu
H11890-01 photomultiplier tube detector (Hamamatsu Photonics, Shizuoka Prefecture,
Japan). A hydrogen lamp is used for excitation in the VUV range of the spectrum. Cooling
to 15 K is provided by a closed-cycle helium cryostat.

For the measurement of emission spectra in the range of 1.5–6.2 eV, a Solar SM 2203
spectrofluorometer (Solar LS, Minsk, Belarus) was used. Low-temperature studies (77 K)
utilized a cryostat with a vacuum of 10−4 Pa, cooled by liquid nitrogen.

4. Experimental Results
The crystallinity and purity of the synthesized powders were evaluated by X-ray

diffraction analysis. The X-ray diffractograms of the Ca2P2O7 (a) sample doped with Mn
and Ca2P2 − Tb (c) after annealing are shown in Figure 1. The diffraction peaks correspond
to the standard pattern for Ca2P2O7 (PDF #073-0440) and for the Ca2P2 − Tb sample (PDF
#00-009-0345), confirming the successful formation of the target material.

X-ray structural analysis of Ca3(PO 4)2 − Mn and BaSO4 − Dy samples was conducted
at room temperature. The results of the XRD study are shown in Figure 1b,d. According to
the measurement results, the Ca3(PO 4)2 − Mn samples correspond to the standard card
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(PDF #96-151-7239), and for BaSO4 − Dy, a similarity was found with the standard (PDF
#96-100-0038), with no uncontrolled activators detected.
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Figure 1. XRD spectra of the samples.

Figure 2 presents the emission spectra of Ca2P2O7 − Mn (a) [31], Ca3(PO 4)2 − Mn (b),
Ca2P2O7 − Tb (c) and BaSO4 − Dy (d) phosphors [30], irradiated with photons of energy
6.2 eV at 300 K (1) and 77 K (2). At 300 K, intracenter emissions from activators Mn2+

(2.06 eV), Dy3+ (2.16 and 2.56 eV), and Tb3+ (2.5 eV and 2.25 eV) appear in all phosphors.
From Figure 2a (curve 2), it is evident that new emission bands emerge after irradiation at
77 K for Ca2P2O7 − Mn at 3.06 eV and 2.92 eV, for BaSO4 − Dy at 3.1 eV and 2.95 eV, for
Ca2P2O7 − Tb at 3.1 eV and 2.95 eV, and for Ca3(PO 4)2 − Mn at 3.1 eV and 2.93 eV. It is
also noted that at 77 K, the intensity of the intracenter emissions decreases compared to
those irradiated at 300 K.

To determine the nature of the new long-wavelength recombination emission bands,
their excitation spectra were measured at 77 K for all four phosphors in the spectral range
from 3 eV to 6.5 eV.

In Figure 3, it is evident that the excitation spectra for the phosphors Ca2P2O7 − Mn
(a) for the bands at 3.06 eV and 2.92 eV after pre-irradiation of the phosphors are at 6.2 eV
both at 300 K and at 77 K. It can be seen that the excitation bands appear within the ranges
of 3.94–4.0 eV and 4.5–4.6 eV, as well as in a broad range from 5.5 eV to 6.2 eV. In a similar
manner, excitation spectra were measured for new long-wavelength recombination emission
bands for the phosphors BaSO4 − Dy (d), Ca3(PO 4)2 − Mn (b), and Ca2P2O7 − Tb (c).
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300 K; 2—at 77 K).

For 3.1 eV and 2.95 eV at 77 K and 300 K for BaSO4 − Dy.
From Figure 3d, it is evident that these recombination emission bands are excited

in the transparency region of the BaSO4 − Dy matrix at 3.9–4.0 eV and 4.5 eV–4.6 eV at
77 K. Excitation spectra were then measured for new recombination emission bands for the
phosphor Ca3(PO 4)2 − Mn for the emission band at 2.92 eV at 77 K (1), for 3.06 eV at 77 K
(2), and for the band at 3.06 eV at 300 K (3).

Excitation spectra were also measured for recombination emission bands for the band
at 3.1 eV at 77 K (1) and for 2.95 eV at 77 K (2) Ca2P2O7 − Tb. From Figure 3c, it can be
seen that the recombination emission bands are excited in the transparency region of the
Ca3(PO 4)2 − Mn and Ca2P2O7 − Tb phosphors at 3.9–4.0 eV and 4.5 eV and 4.6 eV at 77 K.
In the next stage, excitation spectra were measured for the activator band Mn2+, Tb3+, and
Dy3+ after pre-irradiation with photons of 6.2 eV energy, which created new recombination
emission bands at 3.1 and 2.95 eV, excited in the transparency region of the matrix at
3.95–4.0 eV and 4.5–4.6 eV.

From Figure 4a for Ca2P2O7 − Mn, it can be seen that the intracenter emission bands
at 2.06 eV for Mn2+ were excited by activator excitation at 3.5–3.6 eV. Additionally, Mn2+

was excited at 4.0 eV and 4.5 eV, where new recombination emissions at 2.92 eV and 3.06
eV were excited.
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Figure 3. Excitation spectra of pre-irradiated phosphor. Ca2P2O7 − Mn (a) 1—for the emission band
at 2.92 eV at 300 K; 2—for the emission band at 2.92 eV at 77 K; 3—for the emission band at 3.06 eV at
300 K; 4—for the emission band at 3.06 eV at 77 K. Ca3(PO 4)2 − Mn (b) 1—for the emission band
at 2.92 eV at 77 K; 2—for the emission band at 3.06 eV at 77 K; 3—for the emission band at 3.06 eV
at 300 K. Ca2P2O7 − Tb (c) 1—for the emission band at 3.1 eV at 77 K; 2—for the emission band at
2.93 eV at 77 K. BaSO4 − Dy (d) for the emission band at 2.95 eV at 300 K (curve 1), at 77 K (curve 2),
and for the band at 3.1 eV at 300 K (curve 3) and at 77 K (curve 4).

Also, from Figure 4d, in the measurements of the excitation spectrum of intracenter
emission at 2.16 eV and 2.56 eV of BaSO4 −Dy phosphors after pre-irradiation with photons
at 6.2 eV, electron–hole trapping centers were created.

From Figure 4d, it is evident in the excitation spectrum that the activator emissions
of Dy3+ at 2.56 eV and 2.16 eV are excited at 3.2 eV and 3.40–3.52 eV corresponding to
the activator intracenter excitation of Dy3+ ion, as well as at 3.9–4.0 eV and 4.5–4.6 eV
corresponding to the excitation of long-wavelength recombination emission at 3.1 eV and
2.95 eV.

From Figure 4b for Ca3(PO 4)2 − Mn and Figure 4c for Ca2P2O7 − Tb, it is visible that
the intracenter excitations of Mn2+ and Tb3+ activators at 77 K are mainly excited in the
spectral range of 3.9–4.0 eV and 4.5–4.6 eV, where their intrinsic recombination emissions
at 3.06 eV and 2.92 eV for Ca3(PO 4)2 − Mn and 3.1 eV and 2.95 eV for Ca2P2O7 − Tb
are excited.

It is significant that the activator emissions are excited in the spectral range of
3.9–4.0 eV and 4.5–4.6 eV, where the main recombination emissions at 2.95 eV and 3.1 eV
are excited.
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Figure 4. Excitation spectra of intracenter emission. Ca2P2O7 − Mn (a) emission for the 2.06 eV band
(1—at 300 K; 2—at 77 K). Ca3(PO 4)2 − Mn (b) emission for the 2.06 eV band (1—at 300 K; 2—at 77 K).
Ca2P2O7 − Tb (c) for the 2.5 eV emission band (curves 1, 2) at 300 K and 77 K. BaSO4 − Dy (d) for
the emission bands at 2.56 eV (curves 1, 2) and 2.16 eV (curves 3, 4) at 77 K and 300 K.

Figure 5 shows the emissions of phosphors Ca2P2O7 − Mn (a), Ca3(PO 4)2 − Mn (b),
Ca2P2O7 − Tb (c), and BaSO4 − Dy (d) with induced defects or electron–hole trapping
centers when excited by photons with energy of 3.95–4.0 eV (curves 3, 4) and 4.5–4.6 eV
(curves 1, 2) at 77 K and 300 K for BaSO4 − Dy. From Figure 5d, it is visible that at 77 K,
intense recombination emissions occur at 2.95 eV and 3.1 eV (curve 4, 2) for BaSO4. The
experimental results indicate that recombination emissions are indeed excited at photon
energies of 3.9–4.0 eV and 4.5–4.6 eV. This implies that the energies corresponding to the
emission-producing transitions between the ground and excited local states at 3.1 eV and
2.95 eV are 3.9–4.0 eV and 4.5–4.6 eV, respectively. In Figure 4, we demonstrated that in
phosphors with induced defects, recombination emissions at 2.95 eV and 3.1 eV, as well
as activator emissions of Dy3+, are excited similarly at these energies of 3.9–4.0 eV and
4.5–4.6 eV. Thus, we presume that upon excitation with 6.2 eV energy, the resulting electron–
hole pairs are trapped by SO2−

4 anions and Dy3+ activators to form SO2−
4 + e− → SO3−

4
and Dy3+ + e− → Dy2+ , creating electron trapping centers SO3−

4 and Dy2+. These elec-
tron centers are complementary to localized SO−

4 holes above the valence band, forming
intrinsic and activator trapping centers SO3−

4 − SO−
4 and Dy2+ − SO−

4 spaced apart by
energies of 3.9–4.0 eV and 4.5–4.6 eV in the transparency region of the phosphor matrix.

In Figure 5a–c, similar experimental data were obtained for the phosphors Ca2P2O7 −
Mn, Ca3(PO 4)2 − Mn and Ca2P2O7 − Tb.



Crystals 2025, 15, 15 8 of 15

Crystals 2025, 15, x FOR PEER REVIEW  8  of  16 
 

 

Figure 5 shows the emissions of phosphors  𝐶𝑎ଶ𝑃ଶ𝑂 െ𝑀𝑛  (a),  𝐶𝑎ଷሺ𝑃𝑂ସሻଶ െ 𝑀𝑛  (b), 
𝐶𝑎ଶ𝑃ଶ𝑂 െ 𝑇𝑏  (c), and  𝐵𝑎𝑆𝑂ସ െ 𝐷𝑦  (d) with  induced defects or  electron–hole  trapping 

centers when excited by photons with energy of 3.95–4.0 eV (curves 3, 4) and 4.5–4.6 eV 

(curves 1, 2) at 77 K and 300 K for 𝐵𝑎𝑆𝑂ସ െ 𝐷𝑦. From Figure 5d, it is visible that at 77 K, 
intense recombination emissions occur at 2.95 eV and 3.1 eV (curve 4, 2) for 𝐵𝑎𝑆𝑂ସ. The 
experimental results indicate that recombination emissions are indeed excited at photon 

energies of 3.9–4.0 eV and 4.5–4.6 eV. This implies that the energies corresponding to the 

emission‐producing transitions between the ground and excited local states at 3.1 eV and 

2.95 eV are 3.9–4.0 eV and 4.5–4.6 eV, respectively. In Figure 4, we demonstrated that in 

phosphors with induced defects, recombination emissions at 2.95 eV and 3.1 eV, as well 

as activator emissions of 𝐷𝑦ଷା, are excited similarly at these energies of 3.9–4.0 eV and 

4.5–4.6 eV. Thus, we presume that upon excitation with 6.2 eV energy, the resulting elec‐

tron–hole pairs  are  trapped by  𝑆𝑂ସଶିanions and  𝐷𝑦ଷା   activators  to  form  𝑆𝑂ସଶି  𝑒ି →
𝑆𝑂ସ

ଷି  and 𝐷𝑦ଷା  𝑒ି → 𝐷𝑦ଶା, creating electron trapping centers  𝑆𝑂ସ
ଷି  and 𝐷𝑦ଶା. These 

electron centers are complementary to localized  𝑆𝑂ସି  holes above the valence band, form‐
ing  intrinsic and activator  trapping centers  𝑆𝑂ସ

ଷି െ 𝑆𝑂ସି  and 𝐷𝑦ଶା െ 𝑆𝑂ସି  spaced apart 
by energies of 3.9–4.0 eV and 4.5–4.6 eV in the transparency region of the phosphor matrix. 

   
(a)  (b) 

   
(c)  (d) 

Figure 5. Emission spectra of the phosphor.  𝐶𝑎ଶ𝑃ଶ𝑂 െ 𝑀𝑛  (a) when excited by photons with ener‐

gies of 3.95–4.0 eV at 300 K and 77 K (curves 1, 2).  𝐶𝑎ଷሺ𝑃𝑂ସሻଶ െ 𝑀𝑛  (b) when excited by photons 

with an energy of 3.9–4.0 eV at 300 K (curves 1) and 77 K (curves 2).  𝐶𝑎ଶ𝑃ଶ𝑂 െ 𝑇𝑏  (c) when excited 

by photons with an energy of 3.9 eV: 1—at 300 K; 3—at 77 K; and 4.4 eV: 2—at 300 K.   𝐵𝑎𝑆𝑂ସ െ 𝐷𝑦 

(d) when excited by photons with an energy of 3.95–4.0 eV (curves 3, 4) and 4.5–4.6 eV at 300 K and 

77 K, respectively (curves 1, 2). 

Figure 5. Emission spectra of the phosphor. Ca2P2O7 − Mn (a) when excited by photons with energies
of 3.95–4.0 eV at 300 K and 77 K (curves 1, 2). Ca3(PO 4)2 − Mn (b) when excited by photons with
an energy of 3.9–4.0 eV at 300 K (curves 1) and 77 K (curves 2). Ca2P2O7 − Tb (c) when excited by
photons with an energy of 3.9 eV: 1—at 300 K; 3—at 77 K; and 4.4 eV: 2—at 300 K. BaSO4 − Dy (d)
when excited by photons with an energy of 3.95–4.0 eV (curves 3, 4) and 4.5–4.6 eV at 300 K and 77 K,
respectively (curves 1, 2).

When these phosphors with induced trapping centers are excited by photons with
energies of 4.0 eV and 4.5 eV, recombination emissions occur at 3.1 eV and 2.95 eV. We
demonstrated these recombination emissions in Figure 3, excited by photon energies of
4.0 and 4.5 eV. Figure 4a–d show that intracenter emissions from activators Mn2+, Dy3+,
and Tb3+ are also excited by photon energies of 4.0 eV and 4.5 eV. Thus, experimental
evidence shows that intrinsic recombination emissions at ~3.1 eV and ~2.95 eV are excited
simultaneously with activator emissions from Mn2+, Dy3+, and Tb3+ at photon energies
of 4.0 eV and 4.5 eV.

Figure 6a shows the excitation spectrum of the emission of Ca2P2O7 − Mn for the
bands at 2.0 eV and 2.1 eV at 300 K and 15 K. Figure 6a demonstrates that the emission
of Mn2+ is excited at photon energies of 7.85 eV, which represents the bandgap of the
Ca2P2O7 − Mn phosphor.

To conclusively determine the nature of the new recombination luminescent states at
2.92–2.95 eV and 3.1–3.15 eV, which are excited in the transparency region of the phosphor
matrix at 3.9–4.0 eV and 4.5–4.6 eV, their excitation spectra were investigated in the vacuum
ultraviolet region from 4 eV to 12 eV at temperatures from 15 K to 300 K.
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(3—at 300 K; 4—at 15 K).  𝐶𝑎ଶ𝑃ଶ𝑂 െ𝑀𝑛  (b) for the emission band at 2.0 eV: 1—at 300 K; 

2—at 15 K; for the emission band at 2.1 eV: 3—at 300 K; 4—at 15 K; and for the emission 

band at 2.95 eV: 5—at 15 K.    𝐵𝑎𝑆𝑂ସ െ 𝐷𝑦  (с) in the VUV region for emission bands: 1—

2.16 eV; 2—2.56 eV; 3—3.1 eV. 

To conclusively determine the nature of the new recombination luminescent states at 

2.92–2.95 eV and 3.1–3.15 eV, which are excited in the transparency region of the phosphor 

Figure 6. Emission and excitation spectra of the samples. Ca2P2O7 (a) phosphor when excited by
photons of 8.26 eV (1—at 300 K; 2—at 15 K) and when excited by photons of 7.75 eV (3—at 300 K;
4—at 15 K). Ca2P2O7 − Mn (b) for the emission band at 2.0 eV: 1—at 300 K; 2—at 15 K; for the
emission band at 2.1 eV: 3—at 300 K; 4—at 15 K; and for the emission band at 2.95 eV: 5—at 15 K.
BaSO4 − Dy (c) in the VUV region for emission bands: 1—2.16 eV; 2—2.56 eV; 3—3.1 eV.

Figure 6c presents the excitation spectrum of the intracenter emission at 2.56 eV and
2.16 eV at 15 K in the BaSO4 − Dy (c) powder. From the figure, it is evident that the
intracenter emissions at 2.56 eV and 2.16 eV are excited at photon energies around 8 eV.
According to the authors’ [33] hypothesis, in the spectral region of 8–8.4 eV, it corresponds
to the excitation of the anionic complex SO2−

4 in rare-earth metal sulfates. These values
correspond to the bandgap of alkaline earth metal sulfates.

From Figure 6a, it is evident that when the phosphor Ca2P2O7 − Mn is excited with
photon energies of 8.26 eV and 7.75 eV at 300 K, intracenter emissions of the Mn2+ ion
are observed (curves 1 and 3). At a reduced temperature of 15 K, the intensity of the
2.06 eV emission decreases by 2–2.5 times, and new emission bands at 2.92 eV and 3.06 eV
appear (curves 2 and 4, Figure 6a). This pattern of emission is consistent with observations
made during UV irradiation with a photon energy of 6.2 eV at 77 K for the phosphor
Ca2P2O7 − Mn.

Intracenter excitation of Dy3+ ions in the phosphor BaSO4 − Dy at these photon
energies indicates the creation of electron–hole pairs upon excitation of the anionic complex.

A key finding from these experiments is the excitation of new recombination emissions
at 3.1 eV in the phosphors Ca2P2O7 − Mn and BaSO4 − Dy (Figure 6b,c), in the energy
spectral interval from 6 eV to 9 eV. The experimental result indicates that in these phosphors,
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upon excitation with photons from 5.5 to 6 eV, electron transfer occurs from the excited
anion SO2−

4 − (P 2O7)
4− to Dy3+ and the neighboring ion SO2−

4 , resulting in charge transfer

from oxygen (O2− − Dy3+
)

to the activators (O2− − SO2−
4 ) to the neighboring ion, creating

electron trapping centers Dy2+, SO3−
4 , Mn+, and (P2O7)

3−. The efficiency of electron
trapping centers Dy2+ and SO3−

4 gradually increases up to the creation of free electron–hole
pairs at 8.4–9 eV, in the phosphors Ca2P2O7 − Mn and BaSO4 − Dy (Figure 6a–c curve 3).

In the next phase, the temperature dependence of the recombination emissions at 3.1 and
2.95 eV and the activator emissions Mn2+, Dy3+, and Tb3+ were measured in four phosphors.

By measuring the temperature dependence of recombination emissions at 3.1 eV and
2.95 eV in BaSO4 − Dy, it can be demonstrated that their decay is associated with intrinsic
recombination emission (Figure 7d) occurring in the system SO−3

4 —SO−
4 , as well as with

the restored activator emissions related to the decay of Dy2+—SO−
4 : Dy2+ → Dy3+ + e− ;

e− + SO−
4 → hv . From Figure 7d, it is visible that the recombination emissions at 3.1 eV

and 2.95 eV radiatively decay in the temperature intervals of 150–200 K and 250–300 K
(curves 1 and 2).
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Emission of Dy3+ is asymmetrically restored in these processes (curve 3) in the tem-
perature range of 200–205 K and 330 K–370 K during the ionization of Dy2+ → Dy3+ + e−,
restoring the Dy3+ ion and increasing its concentration (Figure 7d, curve 3). The ionized
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e− recombines with the SO−
4 hole, emitting hv, which is transferred to the Dy3+ activators,

and the emission at 2.16 eV is observed.
Figure 7d shows that the recombination emissions at 3.1 eV and 2.95 eV, in the tempera-

ture range of 200–300 K, which quickly decay radiatively in BaSO4 − Dy (Figure 7d, curves
1,2). The same figure also shows the temperature dependence of intracenter emission of
Dy3+ at 2.56 eV and 2.16 eV: from 100 K to 200 K, the intensity remains unchanged, but
in the range of 230–300 K, the emissions of Dy3+ intensify, because in this temperature
range the activator electronic states of Dy2+ decay. Thus, for Dy2+ → Dy3+ + e− , the
electron recombines with a hole localized above the valence band near the Dy3+ activator,
transferring the energy of the recombination process to the Dy3+ activator, resulting in the
intensification of Dy3+ emission.

Further increases in temperature lead to an increase in the intensity of Dy3+ emission.
A similar temperature dependence is shown in Figure 7a. Similar energy transfer pro-

cesses occur from the matrix to the emitter Mn2+. During irradiation, a combined electron-
emitting state consisting of intrinsic and activator trapping centers Mn+ − (P 2O7)

3− and
(P 2O7)

5− − (P 2O7)
3− forms, from whose decay recombination emissions at 3.1 eV and

2.95 eV arise (curves 1 and 2 in Figure 7a). In the temperature range of 250–350 K, these
emissions decay radiatively in a similar mechanism as shown in Figure 7d, flaring up in
the temperature range of 250–300 K and then decreasing to a minimum value.

The activator electronic components of the combined state Mn+ − (P 2O7)
3− decay

in a similar manner Mn+ → Mn2+ + e− , and the electron recombines with the hole
(P 2O7)

3− → hv . Above the temperature of 370 K, the ionization of Mn+ → Mn2+ + e−

is observed, transferring the energy of the recombination process to Mn2+. In the range
of 370–450 K, an increase in the intensity of Mn2+ emission is observed. In the other
two phosphates, the temperature dependence of the decay of combined states and the
restoration of activator emissions during their ionization occur similarly (Figure 7b,c).

Figure 8 shows a model of the energy state of trapping centers in the band diagram.
The diagram illustrates the upper part of the valence band and the conduction band. The
left side of the figure shows the formation of electron–hole trapping centers. Electrons
created are trapped by activators Dy3+ + e− → Dy2+, forming electron trapping centers
(Figure 8a). The hole SO−

4 is trapped by the ground state of Dy3+ located above the valence
band. The middle part shows a schematic of the fundamental and low-energy excited states
of the Dy3+ activator.
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The left part of the diagram shows the charge transfer from the excited state of the
anion SO2−

4 to the Dy3+ ion and the neighboring anion SO2−
4 + e−. This results in the forma-

tion of the electron trapping center Dy2+ and SO3−
4 by the reactions Dy3+ + e− → Dy2+

and SO2−
4 + e− → SO3−

4 .
Figure 8b is a similar band diagram model for Ca2P2O7 − Mn.
In this work, we investigated the mechanism of energy transfer from intrinsic electronic

excitations to activators in the phosphors Ca2P2O7 − Mn, BaSO4 − Dy, Ca2P2O7—Tb, and
Ca3(PO 4)2 − Mn.

5. Discussion
Based on the obtained experimental data, the mechanism of energy transfer of elec-

tronic excitations, arising during external irradiation in oxyanion phosphors, to emitters,
i.e., activators, is discussed. The process of energy transfer from the matrix to the emitters
occurs in stages: first, the energy from external irradiation must be accumulated in the
phosphors. In our previous works [34], the accumulation of electronic excitation energy in
the form of the formation of intrinsic and activator trapping centers, such as SO3−

4 − SO−
4

and Mn+ − SO−
4 , was studied in irradiated CaSO4 − Mn and BaSO4 − Mn phosphors.

It was proposed that trapping centers are formed under irradiation with photons
whose energy exceeds the bandgap, leading to the creation of electron–hole pairs. The
generated electrons are trapped by anionic complexes SO2−

4 and activators Mn2+, while
the holes are localized in the form of the SO−

4 radical above the valence band.
In this study, we demonstrated in several phosphors that the accumulation of elec-

tronic excitation energy resulting from external irradiation is stored in the form of new
formations—combined electronic-emission states. These combined electronic-emission
states consist of both intrinsic and activator electron–hole trapping centers. The formation
of combined electronic-emission states and their decay through recombination emissions
occur as stepwise processes.

We experimentally demonstrated that under photon irradiation with energies of 5.9–
6.2 eV at room temperature, activator emissions were observed in phosphors such as
Ca2P2O7 − Mn, BaSO4 − Dy, Ca2P2O7 − Tb, and Ca3(PO 4)2 − Mn. The emissions were
detected at 2.06 eV for Mn2+, 2.16 and 2.56 eV for Dy3+, and 2.5 and 2.25 eV for Tb3+. At
low temperatures (15–77 K), new recombination emissions appeared in all four irradiated
phosphors in the spectral ranges of 2.91–2.95 eV and 3.1–3.15 eV with high efficiency.

Measurements of the excitation spectra of these new formations in the spectral intervals
of 2.91–2.95 eV and 3.1–3.15 eV in all four phosphors revealed that these recombination
emissions are excited by photons with energies of 3.9–4.0 eV and 4.5–4.6 eV. As a result,
localized electronic and hole states separated by 3.9–4.0 eV and 4.5–4.6 eV were observed
within the transparency region of the matrix. When these phosphors with trapping centers
were excited by photons with energies of 3.9–4.0 eV and 4.5–4.6 eV at low temperatures,
emissions of combined states at 2.91–2.95 eV and 3.1–3.15 eV were observed. These energies
(3.9–4.0 eV and 4.5–4.6 eV) correspond to the excitation spectra of the combined electronic-
emission states.

Based on experimental results, it is proposed that in the irradiated sulfates and
phosphates Ca2P2O7 − Mn, BaSO4 − Dy, Ca2P2O7 − Tb, and Ca3(PO 4)2 − Mn, intrin-
sic and activator electron trapping centers are formed, such as SO3−

4 − SO−
4 , Dy2+ −

SO−
4 , (P2O7)

5− − (P2O7)
3−, Mn+ − (P2O7)

3−, Tb2+ − (P2O7)
3−, (PO4)

5− − (PO4)
3−,

and Mn+ − (PO4)
3−.

The intrinsic and activator trapping centers are formed through the localiza-
tion of electrons on intrinsic anions (P2O7)

4−, (PO4)
3− and SO2−

4 and on activators
Mn2+, Dy3+, and Tb3+, according to the following reactions: (P2O7)

4− + e− → (P2O7)
5− ,
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(PO4)
3− + e− → (PO4)

4− , SO2−
4 + e− → SO3−

4 , Mn2+ + e− → Mn+ , Dy3+ + e− → Dy2+ ,
and Tb3+ + e− → Tb2+ . It was experimentally shown that the intrinsic trapping centers
(P2O7)

5− − (P2O7)
3−, (PO4)

4− − (PO4)
3−, and SO3−

4 − SO−
4 and the activator centers

Mn+ − (P2O7)
3−, Mn+ − (PO4)

3−, Tb3+ − (P2O7)
3−, and Dy3+ − (P2O7)

3− are localized
within the transparency region of the matrix and are excited by photons with energies of
3.9–4.0 eV and 4.5–4.6 eV.

Measurements of the excitation spectrum of activator emissions and emissions from
combined states in the vacuum ultraviolet region of the spectrum revealed that the ex-
citation spectrum of activator emissions corresponds to the bandgap of the phosphors,
where electron–hole pairs in the matrix are generated. The excitation spectrum of combined
emission at 3.1 eV showed that emissions are generated in the spectral range from 4.4 eV to
7.8 eV as a result of charge transfer from excited anions to activators and intrinsic anions.
Beyond this energy range (7.8–10 eV), combined electronic-emission states are formed due
to the trapping of free electrons by activators and anions.

The study of the creation spectrum for combined electronic-emission states at 3.1 eV
over a wide spectral range demonstrated that in the photon energy region from 4.4 eV
to 6.2 eV, the efficiency of forming electron trapping centers is an order of magnitude
lower than in the vacuum ultraviolet region (7.8–10 eV), where free electron–hole pairs
are generated. The experimental results confirm that the formation of activator electron
trapping centers such as Mn+ and Dy2+ constitutes a structural component of the combined
electronic-emission states.

One of the key findings is the excitation of all activators in the phosphors with trapping
centers at photon energies of 3.9–4.0 eV and 4.5–4.6 eV, where combined electronic-emission
states are excited. This indicates that activators such as Mn2+, Tb3+, and Dy3+ in phos-
phate and sulfate matrices are excited through intracenter absorption within the matrix
and also contribute to the excitation spectra of localized combined emission states, which
differ in intracenter excitation energies. Thus, activators are excited within the combined
emission states (4.0 eV and 4.5 eV).

The temperature dependence measurements of combined states showed that in
the temperature range of 200 K to 350 K, the intensity of recombination emissions at
2.92–2.95 eV and 3.06–3.15 eV decreases to a minimum, while activator emissions from
Mn2+, Tb3+, and Dy3+ are restored, significantly increasing in intensity.

It is suggested that the increase in activator emission intensity is associated with
the restoration of the charge states during ionization of the electron trapping centers,
according to the following reactions: Mn+ − e− → Mn2+ , Tb2+ − e− → Tb3+ , and
Dy2+ − e− → Dy3+ .

Electrons ionized from activator electron trapping centers recombine with holes lo-
calized near the activators, and the energy generated in this process is transferred to the
activators. The excited activators emit corresponding intracenter emissions.

Thus, it is proposed that in combined states, the energy of intrinsic matrix excitation
accumulates, and during the decay process, the energy released in the matrix recombination
process is transferred to the activators.

6. Conclusions
In all phosphors, combined electronic-emission states are formed from the electronic-

emission states of intrinsic and activator trapping centers during ultraviolet excitation with
photon energies of 6.2–10 eV at temperatures of 15–77 K.

Measurements of the excitation spectra for combined emission states at 3.06–3.1 eV
and 2.92–2.95 eV, as well as activator emissions from Mn2+, Tb3+, and Dy3+ in the four
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irradiated phosphors, showed that they are simultaneously excited by photon energies of
3.9–4.0 eV and 4.5–4.6 eV.

Photon energies of 3.9–4.0 eV and 4.5–4.6 eV, which simultaneously excite intrinsic
recombination emissions at 3.06–3.1 eV and 2.92–2.95 eV, constitute the excitation spectra
of the combined states in the phosphors.

Thermal excitation of all phosphors up to 250–300 K leads to the decay of the new
combined emission states due to the ionization of intrinsic and activator electron trapping
centers. The energy generated during the recombination of electrons, formed through ion-
ization, with holes localized in the ground state of activators, is transferred to the emitters.
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