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ion from CaF2 and ZrO2 nanosized
dielectric particles doped with Er3+ ions

P. A. Ryabochkina, *a S. A. Khrushchalina,a I. A. Yurlov,a A. V. Egorysheva,b

A. V. Atanova,c V. O. Veselovac and V. M. Kyashkina

We studied the features of the appearance of broadband “white” emission in CaF2-x mol% ErF3 and

ZrO2-x mol% Er2O3 (x ¼ 0–25) nanosized dielectric particles upon their excitation by intense laser

radiation with lexc ¼ 1550 nm. Comparison of the results of this study with the results obtained

previously for other materials doped with Er3+ ions confirmed the thermal nature of the observed

emission and made it possible to identify the main factors affecting its occurrence. These include the

band gap of the material and the presence of defects in its structure. A method of applying the effect

in dermatology is proposed.
1. Introduction

Nanoscale materials have long attracted the interest of
researchers due to their unique properties, which oen differ
from the properties of bulk compounds of similar composi-
tions. A vivid example is the appearance of broadband “white”
emission (BBWE) in nanoscale dielectric materials when they
are excited by intense laser radiation.1–14 In most cases, this
emission was observed in compounds doped with rare-earth
(RE) ions upon excitation into the absorption band of these
ions. An analysis of these publications indicates that there are
different points of view on the nature of the observed
phenomenon and the processes responsible for it. If we gener-
alize the researchers' opinions regarding the physical nature of
this emission, we can conditionally divide them into two
groups. The rst group of researchers believes that the observed
emission is inherently thermal (blackbody).1,5,11–14 According to
the second group of opinions, it represents luminescence and is
not associated with sample heating.2,3 For example, the authors
of1,5 attribute the thermal nature to the BBWE observed when
the nanosized particles of Y2O3:Yb,Er are excited into the
absorption band of Yb3+ ions. At the same time, broadband
emission (BBE) in the visible spectral region, which arises upon
excitation of the 2F5/2 level of Yb3+ ions of LiYbP4O12:Er nano-
powders, is explained by charge transfer luminescence of Yb3+

ions.2,3

In our own studies,7 we demonstrated that the BBWE
arising in Y1�xErxPO4 (x ¼ 0–1) nanosized dielectric particles
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under laser excitation with lexc ¼ 970 nm, is thermal. Studies
of the features of similar phenomenon in Y(1�x)ErxVO4 and
La1�xPrxGa0.5Sb1.5O6 (x ¼ 0–1) nanopowders upon their exci-
tation into the absorption bands of Er3+ and Pr3+ ions8,9 also
conrmed its thermal nature. The appearance of BBE in the
visible spectral range in the compounds studied by us is
a result of their strong heating under the impact of intense
laser radiation. In our opinion, such a signicant heating of
the samples is resulted from the interaction of electrons in the
conduction band with phonons of the crystal lattice. The
transition of electrons to the conduction band is due to the
interaction of excited RE ions with each other and with defects
in the crystal structure, a signicant amount of which are
concentrated in the surface layers of nanoscale particles due to
uncompensated bonds in many atoms.

According to the mechanism we proposed, in addition to the
excitation power density and the concentration of RE ions, the
appearance of BBWE in various matrices7–9,14 should be signif-
icantly affected by their band gap (Eg), the RE ion absorption
value at the excitation wavelength, as well as the presence of
structure defects. To clarify proposed mechanism and to iden-
tify which of these parameters is dominant, it is necessary to
study the features of the BBWE appearance in various nanoscale
dielectric materials with RE ions, in which these parameters
differ signicantly.

The study of Y1�xErxPO4 and Y(1�x)ErxVO4 nanoparticles (x
¼ 0–1) with a close crystal structure but different band gap (Eg
¼ 8.6–9.2 eV (ref. 15 and 16) and 3.4–3.8 eV(ref. 17 and 18),
respectively) revealed differences in conditions necessary for
the BBWE appearance in them.8 For this reason, one of the
criteria for choosing compounds for the present study was the
value of their band gap, which should differ from values for
the materials we have already studied. The next criterion was
This journal is © The Royal Society of Chemistry 2020
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the presence of defects in the structure, which would be
conrmed experimentally.

Compounds CaF2-x mol% ErF3 and ZrO2-x mol% Er2O3

(x ¼ 0–25) satisfy the proposed criteria, are characterized by
the same type of crystal structure, different band gap and have
a number of features. Compounds of the CaF2–ReF3 type
belong to the structural type of uorite with a cubic crystal
lattice and are wide-gap dielectrics with Eg ¼ 12 eV.19 A char-
acteristic feature of such materials is their tendency to form
clusters of RE ions at their concentrations of 0.1 at% and
higher.20,21 At high concentrations of RE ions, the percolation
effect is observed for these compounds,22,23 which consists in
the interaction of clusters with each other. It should also be
noted that in most studies, BBWE was detected in oxide
nanosized particles doped with RE under laser excita-
tion.1–9,11,13,14,24–26 To date, we have found only one such study
for uoride nanosized particles (for LiYbF4 compounds).26

However, studies on the occurrence of BBE in CaF2-x mol%
ReF3 compounds were not carried out.

ZrO2-M2O3 solid solutions (where M ¼ Y, RE ions) are also
cubic and are characterized by Eg ¼ 4.6–5.8 eV
(x ¼ 8–9.5 mol%).27–30 The features of these compounds are their
low thermal conductivity and the presence of defects in the
structure (oxygen vacancies) due to heterovalent substitution of
Zr4+ ions with Y3+ or Re3+ ions. BBE in the ZrO2–Y2O3–Yb2O3–

Tm2O3 (YSZ:Tm,Yb), ZrO2–Yb2O3 and Y3.93Yb0.07Zr3O12

compounds and the prospects for its practical application in
photovoltaics were reported in ref. 11, 12 and 31. However, the
physical mechanisms leading to the occurrence of this emission
are not presented in the above papers, except that the authors
of12,31 attribute its occurrence to multiphonon relaxation. A
deeper understanding of the physical processes causing the
described phenomenon will expand the scope of its application,
and will also be of fundamental importance.

Thus, summarizing the currently available experimental
facts about BBWE in nanoscale dielectric particles with RE ions
when they are excited by intense laser radiation into the
absorption bands of these ions, we can state the ambiguity of
views on the nature of its occurrence and the expediency of
further studies in this direction.

In accordance with this, the aim of this work was to study the
BBWE regularities in CaF2-xmol% ErF3 and ZrO2-xmol% Er2O3

nanoparticles upon their excitation by laser radiation with lexc

¼ 1550 nm. It was also interesting to conduct a comparative
analysis of the obtained results with results for Y1�xErxPO4 and
Y1�xErxVO4 (x ¼ 0–1) to clarify the appearance mechanism of
the BBWE in nanoscale dielectric particles with RE ions and to
identify the most important factors affecting its occurrence.
2. Experimental section

Nanosized CaF2-x mol% ErF3 (x ¼ 5, 10, 15, 25) crystalline
powders of uorite structure were obtained by chemical
coprecipitation according to the reaction:

1 � xCaCl2 + xErCl3 + 2 + xNH4F.
This journal is © The Royal Society of Chemistry 2020
As starting compounds for the preparation of samples, we
used CaCl2 (Aldrich, 99.9% purity), ErCl3$6H2O (Aldrich,
99.9% purity), NH4F (Vecton, 99.9% purity) and deionized
water. The mass of reagents was determined to the third
decimal place. 25 ml of an initial aqueous solution with
a concentration of 0.02 M containing calcium chloride ions
and an alloying impurity were slowly added dropwise to 25 ml
of 0.045 M aqueous solution of ammonium uoride. The
resulted mother solution was aged on a magnetic stirrer for 60
minutes. Aer that, the particles were centrifuged and washed
three times with deionized water. Aer the reaction and
washing, the product had a pink color, the intensity of which
increased with increasing concentration of the dopant. Aer
synthesis annealing was carried out in quartz crucibles in air
in a SNOL 6/12-B muffle furnace for 1 hour at a temperature of
650 �C. The choice of the maximum ErF3 concentration in
these types of compounds was limited by the formation of the
single-phase solid solution, since when the ReF3 content is
more than 25 mol%, the probability of the formation of an
impurity monoclinic phase along with the cubic one is
high.32,33

Nanosized crystals of ZrO2-x mol% Er2O3 (x ¼ 5, 10, 15, 25)
were synthesized under hydrothermal conditions according to
the procedure.34 As starting reactants were used
ZrO(NO3)2$xH2O (Sigma Aldrich, 99.99%) and Er(NO3)3$5H2O
(Acros Organic, 99.9%). All the reactants were analyzed to
determine the amount of crystallohydrate water molecules and
weighted up to the fourth decimal place. 27 ml of initial water
solution with concentration of 0.06 M containing ions of
zirconia and the dopant was precipitated with 23 ml of
ammonia solution. The resulting suspension was subjected to
hydrothermal treatment for 24 hours at a temperature of
200 �C. Aer the synthesis was complete the mother solution
was titrated to prove that no metal ions were le. Absence of
impurity phases in the samples proves that the expected
amount of dopant has indeed entered the lattice. Yield of the
reaction is quantities and the product is white in color. In
order to increase the size of the obtained nanoparticles, they
were additionally annealed in a muffle furnace at the rst stage
for 6 hours at a temperature of 800 �C and at the second stage
for 6 hours at a temperature of 1200 �C.

The morphology of the synthesized CaF2-x mol% ErF3 and
ZrO2-x mol% Er2O3 particles was studied by scanning electron
microscopy (SEM) on a three-beam Carl Zeiss NVision 40
workstation with the function of local energy dispersive X-ray
analysis (EDX) and a transmission electron microscope (TEM)
(Carl Zeiss Libra 200 MC).

X-ray diffraction was used for the phase analysis of the
samples. It was carried out using an Empyrean PANalytical
B.V. diffractometer (CuKa radiation, l ¼ 1.5414 �A) with
a vertical goniometer and a PIXcel 3D detector (for CaF2-
x mol% ErF3) and a Bruker D8 Advance diffractometer (CuKa
radiation, Ni-lter and LYNXEYE detector, for ZrO2-x mol%
Er2O3). Phases were identied using database of International
Centre for Diffraction Data (ICDD). Coherent scattering
domain size was calculated with the help of Sherrer formula.
RSC Adv., 2020, 10, 26288–26297 | 26289
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Fig. 1 XRD patterns of ZrO2-x mol% Er2O3 (PDF-01-072-2742 – cubic phase;55 PDF-01-088-1007 – tetragonal phase56) (a) and CaF2-x mol%
ErF3 (PDF-01-071-4110 – cubic phase57) (b) (x ¼ 5–25) concentration series.

Table 1 Lattice parameters (a, c), unit cell volume (V) and the micro-
strain values (3) of ZrO2-x mol% Er2O3 and CaF2-x mol% ErF3
compositions

x, mol%

ZrO2-x mol% Er2O3 CaF2-x mol% ErF3

a, �A c, �A V, �A3 a, �A V, �A3

5 3.609 5.171 67.35 5.464 163.13
10 3.617 5.167 67.61 5.47 163.67
15 5.13 135.01 5.485 165.02
25 5.14 135.79 5.493 165.7
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The lattice parameters were calculated using Topas R soware
(Bruker AXS, Karlsruhe, Germany) and HighScore Plus
(PANalytical).
Fig. 2 Particle size distribution for samples of ZrO2-x mol% Er2O3 (a) x ¼
before (c) and after (d) annealing at a temperature of 1200 �C.

26290 | RSC Adv., 2020, 10, 26288–26297
To record the diffuse reectance spectra, suspensions
consisting of nanopowders and silicate glue were applied to
one side of the glass slides, the second side of the glass was
covered with several layers of white paper. Diffuse reectance
spectra were measured with a 150 mm integrating sphere,
which is an accessory to the Lambda 950 PerkinElmer
spectrophotometer.

Spectral-luminescent studies were performed using an
automated setup based on the MDR-23 monochromator. An Er-
6.0 ber erbium laser with lexc ¼ 1550 nm was used as an
excitation source. An FEU-79 photomultiplier was used as
a radiation detector.

Images showing the color dynamics of the emission from the
samples were obtained by extracting frames from a video (25
5; (b) x ¼ 25 pre-annealing. TEM-images of ZrO2-xmol% Er2O3 (x ¼ 5)

This journal is © The Royal Society of Chemistry 2020
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frames per second) recorded using a Sony Nex F3K digital
camera.

All measurements were carried out at room temperature.
Fig. 4 SEM-images of CaF2-xmol% ErF3 (a) x¼ 5; (b) x¼ 10; (c) x¼ 15;
(d) x ¼ 25.
3. Results and discussion

X-ray phase analysis of the CaF2-x mol% ErF3 and ZrO2-x mol%
Er2O3 (x ¼ 5–25) concentration series conrmed (Fig. 1) that
both types of synthesized nanoparticles are single-phase and
correspond to the structural type of cubic uorite (sp. gr. Fm3m)
with the exception of the ZrO2-x mol% Er2O3 x ¼ 5, 10 which
had tetragonal structure (sp. gr. P42/nmc).10 Structural analysis
of ZrO2-x mol% Er2O3 showed that lattice parameter monoto-
nously increases as concentration of erbium grows (Table 1).
The nonlinearity of the concentration–parameter relation is
caused by the heterovalent nature of the substitution and
vacancies formation induced by the presence of dopant ions.

The coherent scattering domain size (CSD) for all ZrO2-
x mol% Er2O3 samples was estimated before annealing with
the help of Sherrer formula. It can be noted that the CSD
slowly decreases from 9 nm at 5 mol% to 5 nm at 25 mol% with
dopant concentration increasing. This data is in agreement
with the particle size distribution that is based on TEM photos
(Fig. 2). SEM data (Fig. 3) shows that aer the annealing the
average particle size for ZrO2-x mol% Er2O3 (x ¼ 5, 10, 25)
corresponds to the range 100–200 nm and practically does not
change in the selected range of Er2O3 concentrations. Particles
with x ¼ 15 have large sizes (�300 nm), which, apparently, is
associated with annealing conditions. The particles consist of
separate blocks average size of which was evaluated based on
the CSD and turned out to be around 60–70 nm independently
of erbium concentration. The microstrain values (3) ranged
from 2 to 6 � 10�4.

Structural analysis of CaF2-x mol% ErF3 also showed lattice
parameter increasing with rise of erbium content (Table 1).
Average CSD size was around 90 nm and the microstrain values
(3) ranged from 1 to 5 � 10�4 independently of erbium
concentration. Analysis of the SEM-images of CaF2-xmol% ErF3
samples (x¼ 5, 10, 15, 25) showed that the average nanoparticle
size is about 200 nm and does not depend on the value of x
(Fig. 4) with the exception of sample with x ¼ 15 which average
Fig. 3 SEM images of ZrO2-xmol% Er2O3 (a) x¼ 5; (b) x¼ 10 (c) x¼ 15;
(d) x ¼ 25.

This journal is © The Royal Society of Chemistry 2020
particle size is smaller and equal to about 100 nm. Since in
synthesis method the dropping of the chloride solution was
carried out manually, a certain deviation of the particle sizes
from the average is normal.

Thus, CaF2-x mol% ErF3 and ZrO2-x mol% Er2O3 solid
solutions are characterized by close values of the average
particle size.

Excitation of CaF2-xmol%ErF3 samples (x¼ 5–25) to the 4I13/2
level of Er3+ ions by continuous laser radiation with
lexc ¼ 1550 nm and power density J ¼ 0.15 kW cm�2 led to
upconversion luminescence of Er3+ ions due to transitions from
excited levels of 2H11/2,

4S3/2,
4F9/2,

4I9/2 on the ground state 4I15/2
of these ions. A similar luminescence was observed for samples
with x ¼ 5–15 with an increase in J to 1.93 kW cm�2 (Fig. 5). In
this case, the luminescence intensity ratio for the 2H11/2 /

4I15/2,
4S3/2 / 4I15/2 (500–570 nm) transitions and the 4F9/2 / 4I15/2
transition (630–700 nm) increases with increasing erbium
content in the sample (x ¼ 5–10). At x ¼ 15, the relative line
intensity decreases in the region of 500–570 nm, and a broad
Fig. 5 Emission spectra of CaF2-x mol% ErF3 (x ¼ 5–25), lexc ¼
1550 nm, J ¼ 1.93 kW cm�2. Photo on inset shows the trace of sample
melting (x ¼ 5) after arising BBE, scale bar corresponds to 2 mm.

RSC Adv., 2020, 10, 26288–26297 | 26291
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Fig. 6 Temporal dynamics of the emission color for a CaF2-25 mol%
ErF3 sample, lexc ¼ 1550 nm, J ¼ 1.93 kW cm�2. The numbers in the
figure indicate the time (in seconds) after turning on the laser.
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band is observed in the in the region of 600–900 nm, which is not
related to the luminescence of Er3+ ions. For the CaF2-25 mol%
ErF3 sample, BBE arises against the background of upconversion
luminescence of Er3+ ions, and its relative intensity is lower than
the intensity of the luminescence band of the 4F9/2 / 4I15/2
transition of Er3+ ions. The corresponding emission spectra of
CaF2-xmol% ErF3 samples (x¼ 5–25) upon laser excitation with J
¼ 1.93 kW cm�2 are presented in Fig. 5. For greater clarity, the
spectra are presented without adjusting for the spectral sensi-
tivity of the setup.

Since the morphology and particle sizes of CaF2-xmol% ErF3
with x ¼ 25, 10, and 5 are practically the same (Fig. 4), the main
factor determining the differences in the emission spectra of
these samples under identical excitation conditions (Fig. 5) is
Fig. 7 Emission spectra of ZrO2-xmol% Er2O3 (x¼ 5, 10, 15, 25), lexc ¼ 15
melting (x¼ 5) after arising BBE, scale bar corresponds to 2mm. Intensity
(b).

26292 | RSC Adv., 2020, 10, 26288–26297
the concentration of RE ions in them. The difference in the
particle sizes of the sample with x ¼ 15 did not lead to signi-
cant differences in its emission spectra from the spectra of
samples with x ¼ 10 and 5. Analysis of emission spectra for
samples with x ¼ 5–25 can reveal small changes in the ratio of
peak intensity for the main emission band (4F9/2 to 4I15/2). As
mentioned in the introduction, the formation of RE ion clusters
is characteristic of this type of compounds. In samples with
different contents of RE ions, the cluster structure will have
some differences, which, in turn, can lead to observed differ-
ences in spectra.

It should be noted that the buildup time of BBE in CaF2-
x mol% ErF3 (x ¼ 25) to a maximum intensity is more than 9
seconds (Fig. 6), which signicantly exceeds the buildup time
(0.2 s) for ErPO4 nanoparticles.8 In this case, at the initial stages
aer switching on the excitation source, a red glow was
observed, which is characteristic of the luminescence of Er3+

ions due to the 4F9/2 /
4I15/2 transition. A similar character of

buildup was noted earlier in ref. 5 and by us in ref. 7 and 8.
Aer correcting the BBE spectrum of the CaF2-25 mol% ErF3

sample for instrumental response, the color temperature Tc of
this emission was estimated using the method described in ref.
35 and was about 1800 K. It should be noted that regions with
traces of melting were observed on the surface of the CaF2-
25 mol% ErF3 sample aer exposure to laser radiation with J ¼
1.93 kW cm�2. This indicates local heating of CaF2-25 mol%
ErF3 particles to the melting temperature (1691 K36). In CaF2-
x mol% ErF3 (x ¼ 1–15) samples, no traces of melting were
found aer a same irradiation.

The study of the spectral and luminescent characteristics of
ZrO2-x mol% Er2O3 (x ¼ 5–25) compounds revealed a number
differences from the characteristics of CaF2-xmol% ErF3 (x¼ 1–
25) under identical excitation conditions. Fig. 5 shows the
emission spectra of ZrO2-x mol% Er2O3 (x ¼ 5–25), recorded
upon excitation to the 4I13/2 level of Er

3+ ions by laser radiation
with lexc ¼ 1550 nm and J ¼ 0.89 kW cm�2.
50 nm, J¼ 0.89 kW cm�2 (a). Photo on inset shows the trace of sample
of broadband radiation versus the pump power for ZrO2-25mol% Er2O3

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Emission spectra of CaF2-25 mol% ErF3 (J ¼ 1.93 kW cm�2),
ZrO2-25 mol% Er2O3 (J ¼ 0.89 kW cm�2), Y0.75Er0.25PO4

(J ¼ 1.39 kW cm�2),8 Y0.75Er0.25VO4 (J ¼ 0.52 kW cm�2)8 (lexc ¼ 1550
nm), and the TRSH-2850 tungsten lamp.
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Fig. 7(a) demonstrates that, at the indicated J, upconversion
luminescence of Er3+ ions is observed for samples with x ¼ 5,
10, and intense BBE is observed for samples with x¼ 15, 25. The
dip in the 600–650 nm region of the emission spectra of ZrO2-
x mol% Er2O3 (x ¼ 15, 25) is associated with the features of the
recording system, and the dips in the ranges of 500–550, 650–
700 and 780–820 nm is due to the reabsorption of radiation by
Er3+ ions. As J increases to 1.1 kW cm�2, BBE is already detected
in all ZrO2-x mol% Er2O3 (x ¼ 5, 10, 15, 25) samples. The I(P)
dependence for BBE in all samples is nonlinear and the slope is
5.8–6.2, as for the previously studied ErPO4 powders.8 As an
illustration, this dependence is presented for the ZrO2-25 mol%
Er2O3 sample in Fig. 7(b). As in the case of uoride particles, the
morphology and particle sizes of ZrO2-x mol% Er2O3 with x ¼
25, 10, and 5 do not differ signicantly (Fig. 3), which allows us
to relate the differences in the behavior of the emission spectra
of these samples (under identical excitation conditions) with
different RE ions content in them. As noted in the manuscript,
the particle size of the sample with x ¼ 15 is slightly different
from the rest of the samples, however, its spectral-luminescent
properties are close to the properties of the sample with x ¼ 25
(Fig. 7).

The buildup character of BBWE in ZrO2-xmol% Er2O3 (x¼ 5,
10, 15, 25) compounds is also similar to that observed in
Y0.95(1�x)Yb0.95xEr0.05PO4, Y0.95(1�x)Yb0.95xEr0.05PO4$0.8H2O
nanopowders and is described in ref. 7 and 24. As an illustra-
tion, Fig. 8 shows the temporal dynamics of the emission color
of the ZrO2-5 mol% Er2O3 sample, the numbers in the gure
indicate the time (in seconds) aer the laser was turned on.

It can be seen that, at the initial moment aer switching on
the excitation source with J ¼ 1.1 kW cm�2, up-conversion
luminescence of Er3+ ions is observed in nanoscale crystalline
powders ZrO2-5 mol% Er2O3. BBE in these compounds appears
0.23 s aer switching on the excitation source, and reaches
a maximum intensity in 3.6 s, which is almost three times faster
than in CaF2-25 mol% ErF3.
Fig. 8 Temporal dynamics of the emission color for a ZrO2-5 mol%
Er2O3 sample, lexc ¼ 1550 nm, J ¼ 1.1 kW cm�2. The numbers indicate
the time (in seconds) after the laser was turned on.

This journal is © The Royal Society of Chemistry 2020
Aer correction the BBE spectra of the ZrO2-x mol%
Er2O3 (x ¼ 5, 10, 15, 25) concentration series for J equal to 0.89,
1.45, 1.93 kW cm�2, we estimated the emission color tempera-
tures Tc, which corresponded to the range of 2200–2720 K.

A comparison of BBE spectra of ZrO2-x mol% Er2O3 and the
spectrum of the tungsten lamp (color temperature of 2850 K)
revealed similarity of their forms. As an illustration, Fig. 9
shows the emission spectra of CaF2-25 mol% ErF3, ZrO2-
25 mol% Er2O3 samples and the TRSH-2850 tungsten lamp, as
well as the spectra of Y0.75Er0.25PO4 and Y0.75Er0.25VO4 (ref. 8)
particles without correction for instrumental response.

As noted above, in ref. 7 and 8 we presented an occurrence
mechanism of blackbody emission in nanoscale orthophos-
phate and orthovanadate dielectric particles doped with RE
ions. This mechanism includes a number of processes (Fig. 10).
When nanoparticles are excited by laser radiation with a high
Fig. 10 Scheme of the processes leading to the appearance of
thermal emission in nanoscale ZrO2-x mol% Er2O3 and CaF2-x mol%
ErF3 crystals under laser excitation (lexc ¼ 1550 nm).
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Fig. 11 Diffuse reflection spectra of CaF2-25 mol% ErF3, ZrO2-
25 mol% Er2O3, Y0.75Er0.25PO4, Y0.75Er0.25VO4.
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power density to the absorption band of the RE ions, nonlinear
interaction of these ions occurs and leads to population of their
high energy levels (1). Further, ions excited to high energy levels
interact with defects in the crystal structure (2), for example,
with surface defects. Then, the electrons pass from the energy
levels of defects into the conduction band and their interaction
with the lattice phonons (3) results to the nanoparticle heating,
which, in turn, leads to the BBWE appearance. An analysis of
the characteristics of this emission for the ZrO2-x mol% Er2O3

and CaF2-xmol% ErF3 particles studied in this work allows us to
conclude that the our proposed mechanism is also applicable to
these particles.

Now we analyze the effect of some physical characteristics
and geometric factors of CaF2-25 mol% ErF3, ZrO2-25 mol%
Er2O3, Y0.75Er0.25PO4,8 Y0.75Er0.25VO4 (ref. 8) nanoparticles on
the conditions of the BBE appearance in them and its
characteristics.

Since BBWE is observed in dielectric particles doped with RE
ions when they are excited by laser radiation of a certain
intensity in the absorption bands of these ions, the conditions
for its occurrence may depend on the absorption and scattering
coefficients of the radiation at an excitation wavelength.
However, evaluative studies using diffuse optical spectroscopy
revealed that there are no cardinal differences at the excitation
wavelength in the absorption spectra of CaF2-25 mol% ErF3,
ZrO2-25 mol% Er2O3, Y0.75Er0.25PO4, Y0.75Er0.25VO4 samples. As
conrmation, Fig. 11 shows the diffuse reection spectra of
these samples converted using the Kubelka–Munk formula.37
Table 2 Parameters of BBE in different studied matrices

Compound Eg, eV Jth

CaF2-25 mol% ErF3 12 (ref. 19) 1.
Y0.75Er0.25PO4 8.6–9.2 (ref. 15 and 16) 1.
ZrO2-25 mol% Er2O3 4.6–4.7,28,29 5.49–5.8 (ref. 27 and 30) 0.
Y0.75Er0.25VO4 3.4–3.8 (ref. 17 and 18) 0.

26294 | RSC Adv., 2020, 10, 26288–26297
The next feature of nanoparticles, which can affect their
spectral and luminescent properties, is a high surface to volume
ratio.38 This feature leads to an increase in the fraction of near-
surface RE ions with an environment different from the envi-
ronment of ions inside the particle. However, for our studied
particle size range, such an effect will be insignicant.39 As
noted above, the average particle sizes of CaF2-25 mol% ErF3 are
200 nm, ZrO2-25 mol% Er2O3 are 100–200 nm, and the particle
sizes of Y0.75Er0.25PO4 and Y0.75Er0.25VO4 correspond to ranges
20–50 and 40–100 nm.8

In ref. 8, we also suggested that the material band gap (Eg)
affects the appearance of thermal emission. The band gap
affects the number of transitions that an electron must undergo
in order to get into the conduction band. In order to be at the
high energy level corresponding to the energy level of the
structural defect, the electron will need to overcome a larger
number of transitions in a compound with large Eg than in
a compound with a smaller Eg. For clarity, Table 2 shows the
band gap values (Eg) and melting temperatures (Tm) of the
materials, the threshold power density of the exciting radiation
(Jthr), as well as BBE color temperatures (Tc). The threshold
power density of the exciting radiation (Jthr) was estimated from
the I(P) dependence.

The table shows that the smallest Jthr value corresponds to
Y0.75Er0.25VO4 with the narrowest band gap. As noted in ref. 8,
with a further increase in J, the BBE arising in these materials
became unstable. This fact, apparently, is associated with the
particle recrystallization as a result of signicant heating in the
region of BBE occurence. With increasing Eg, the value of J also
increases.

Excitation of compounds with RE ions can lead not only to
luminescence of these ions, but also to nonradiative relaxation
processes, which will lead to additional heating of the samples.
As noted in the introduction, some authors12,31 attribute the
occurrence of thermal “white” emission precisely to these
processes. In our case, when erbium-containing nanoparticles
are excited to the 4I13/2 level of Er3+ ions, the probability of
nonradiative relaxation from this level to the 4I15/2 ground state
is close to zero, since the energy gap between these levels
(6500 cm�1) is several times higher than vibrational quantum n

(Table 2). Excitation of Er3+ ions to the 4I13/2 level also leads to
population of higher levels, the probability of nonradiative
relaxation from which is nonzero. In ref. 8, we directly excited to
one of these levels (2H11/2), but no BBE was observed. This
allowed us to conclude that nonradiative relaxation does not
play a major role in its appearance. If nonradiative relaxation
from excited levels of RE ions played a signicant role in
r, kW cm�2 Tc, K Tm, K n, cm�1

93 1800 1691 (ref. 36) 443 (ref. 40)
39 (ref. 8) 2400 (ref. 8) 2173 (ref. 41) 1061 (ref. 42)
89 2200 2973 (ref. 43) 625 (ref. 44)
52 (ref. 8) 1800 (ref. 8) 2083 (ref. 45) 891 (ref. 20)

This journal is © The Royal Society of Chemistry 2020
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increasing the temperature of the samples, then thermal
emission would be most pronounced for compounds with
a large value of n and would be less pronounced for materials
with small n. However, as follows from Table 2, despite the fact
that n values for ZrO2-25 mol% Er2O3 and Y0.75Er0.25PO4 are two
times different, the BBWE color temperatures in these
compounds are close. Apparently, the presence of defects in the
crystal structure, in particular, oxygen vacancies, is a more
important factor affecting the conditions for the appearance of
BBE in ZrO2-x mol% Er2O3 nanopowders.

The inuence of defects on the conditions for the appear-
ance of thermal emission is clearly seen in the analysis of its
features in ZrO2-25 mol% Er2O3 nanoparticles. Fig. 7 shows that
the BBWE in ZrO2-25 mol% Er2O3 has the highest relative
intensity, while in CaF2-25 mol% ErF3, Y1�xErxPO4, Y(1�x)ErxVO4

(x ¼ 0.25) it has a background character. Moreover, the
considered emission appeared in ZrO2-x mol% Er2O3 even at
low x values (5, 10), which was not observed for other samples in
the available range of J. As noted in the introduction, hetero-
valent substitution of Zr4+ ions by Er3+ ions leads to the
appearance of oxygen vacancies in ZrO2–M2O3, structural
defects, which are characterized by energy levels near the
conduction band.27–30,46,47 According to studies, the energy levels
of oxygen vacancy is located at 2.5–2.6 eV (19 600–20 300 cm�1),
3.3–3.8 eV (�25 800–29 700 cm�1) and 4–5 eV (�31 200–
39 000 cm�1).27,28,47 X-ray phase analysis of the ZrO2-x mol%
Er2O3 (x ¼ 5–25) concentration series conrmed (Fig. 1) that
synthesized nanoparticles are single-phase and correspond to
the structural types which are typical for ZrO2–M2O3

compounds with similar RE content. Consequently, the
synthesized compound will possess typical features for this
structure, in particular, it will be characterized by the presence
of defects. The presence of a signicant number of such defects
ZrO2-25 mol% Er2O3 and their interaction with Er3+ ions excited
to high energy levels will greatly contribute to the appearance of
electrons in the conduction band.

It should be noted that an important role in the population
of the upper energy levels of Er3+ ions is played by the reso-
nances in the energy level system, as well as the interaction
probability of ions with each other. This probability increases
with decreasing distance between ions and with increasing their
concentration. In addition, the interaction processes will
proceed more intensively with an increase in the excitation
power density. The effective interaction of Er3+ ions in all
samples studied both in this work and earlier8 is evidenced by
the presence of upconversion luminescence of these ions. Also,
a clear dependence of the BBWE occurrence on the RE ions
content is observed for all the studied samples. This is due to
the fact that, at low concentrations of these ions, the processes
of interaction between them and with defects are not intense
enough to transfer a signicant number of electrons into the
conduction band. In CaF2-x mol% ErF3 compounds, the
described interaction will bemore effective due to the clustering
of RE ions.21,22 Nevertheless, according to the results presented
above, the process of the appearance of BBWE in these
compounds is less pronounced in comparison with other
This journal is © The Royal Society of Chemistry 2020
compounds. This fact is an additional conrmation that the
value of Eg is a signicant factor.

To summarize, we can list the main factors affecting the
conditions for the BBE appearance in dielectric nanoparticles
doped with RE ions when they are excited by intense laser
radiation. These include the band gap of the material and the
presence of defects in its crystal structure. Also, one cannot
exclude the effect of the RE ions absorption at the excitation
wavelength.

The obtained results are not only of fundamental impor-
tance, but can also be used in practice, for example, in derma-
tology, to remove skin neoplasms. Currently, infrared (IR) lasers
are the most common in this area, and their radiation is
delivered to the tissue via optical ber, which allows both
contactless and contact effects on biological tissue to be real-
ized.48–54 To increase the thermal effect during contact exposure
and increase the efficiency of the procedure, “blackening” of the
ber end face is proposed.51 Such a modication does not
provide for the reuse of ber and increases the cost of the
procedure. Coating the biological tissue with ZrO2-x mol%
Er2O3 nanoparticles, which are bioinert, can act as an alterna-
tive way of enhancing the thermal effect of the contactless IR
irradiation. This method will also allow the use of radiation
sources with a relatively low power (�1–2 W), which will posi-
tively affect the cost of the procedure.
4. Conclusion

In this work, we studied the features of broadband “white”
emission in CaF2-x mol% ErF3 and ZrO2-x mol% Er2O3 nano-
particles upon their excitation by laser radiation with lexc ¼
1550 nm. In CaF2-x mol% ErF3 nanoparticles, this emission
arose at an erbium concentration of 25 mol% and an excitation
power density J equal to 1.93 kW cm�2 and had a background
character with respect to the luminescence bands of Er3+ ions
due to 2H11/2,

4S3/2,
4F9/2,

4I9/2 transitions to the ground state
4I15/2 of these ions. In ZrO2-xmol% Er2O3 nanoparticles (15, 25),
the indicated emission was observed at a lower value of J (0.89
kW cm�2), and when J increased to 1.1 kW cm�2, it also
appeared in samples with x ¼ 5, 10.

Comparison of the results obtained in this study with those
obtained earlier for erbium-containing particles of orthophos-
phates and orthovanadates,8 conrmed the nature and the
mechanism of the appearance of “white” emission that we
proposed. We have revealed the dependence of the threshold
excitation power density necessary for its appearance on the
band gap of thematerial and found that this parameter is one of
the dominant ones. Also, by the example of ZrO2-x mol% Er2O3

nanoparticles, it was demonstrated that the presence of crystal
structure defects is the next key factor contributing to the
appearance of thermal emission.
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