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Abstract: Radioluminescence (RL) behaviour of erbium-doped yttria nanoparticles (Y,O5:Er’* NPs) which were produced by sol-gel method
was reported for future scintillator applications. NPs with dopant rates of 1at%, 5at%, 10at% and 20at% Er were produced and calcined at
800°C, and effect of increased calcination temperature (1100°C) on the RL behaviour was also reported. X-ray diffraction (XRD) results
showed that all phosphors had the cubic Y,0; bixbyite-type structure. The lattice parameters, crystallite sizes (CS), and lattice strain values
were calculated by Cohen-Wagner (C-W) and Williamson-Hall (W-H) methods, respectively. Additionally, the optimum solubility value of the
Er’" dopant ion in the Y,O; host lattice was calculated to be approximately 4at% according to Vegard’s law, which was experimentally ob-
tained from the 5at% Er’** ion containing solution. Both peak shifts in XRD patterns and X-ray photoelectron spectroscopy (XPS) analyses con-
firmed that Er*" dopant ions were successfully incorporated into the Y,O; host structure. High-resolution transmission electron microscopy
(HRTEM) results verified the average CS values and agglomerated NPs morphologies were revealed. Scanning electron microscopy (SEM)
results showed the neck formation between the particles due to increased calcination temperature. As a result of the RL measurements under a
Cu K, X-ray radiation (wavelength, A = 0.154 nm) source with 50 kV and 10 mA beam current, it was determined that the highest RL emis-
sion belonged to 5at% Er doped sample. In the RL emission spectrum, the emission peaks were observed in the wavelength ranges of 510-575
nm (*H, 12, *S3—"1;52; green emission) and 645-690 nm (*F,—"1;5; red emission). The emission peaks at 581, 583, 587, 593, 601, 611 and 632
nm wavelengths were also detected. It was found that both dopant rate and calcination temperature affected the RL emission intensity. The col-
or shifted from red to green with increasing calcination temperature which was attributed to the increased crystallinity and reduced crystal
defects.

Keywords: sol-gel; erbium-doped yttria phosphors; microstructural parameters; X-ray excitation; radioluminescence emission

1. Introduction

Phosphors convert different types of excitation energy
such as light, electricity, heat, X-ray, acoustic wave to visible
light, depending on their composition. The phosphors are
mainly composed of a host crystal and a small amount of ac-
tivator(s) or dopant [1-5]. Oxide host materials have attrac-
ted great interest as they have higher corrosion resistance,
high thermal stability, and low toxicity compared to the
sulphides, which render them environmentally friendly host
materials [3,6]. There are many oxide host materials such as
Y,0;, Lu,0;, Sc,0;, La,0s, Iny,0;, Gd,0s, and yttria-stabil-
ized zirconia (YSZ) [7-14]. Among these, Y,0s is an import-
ant host material for Er dopant element because of similarit-
ies between Y** and Er*' in ionic radii as well as the same
crystal structures of Er,O; and Y,0; [7,15]. Additionally, it
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has broad transmittance (230-8000 nm), high melting point
(2400°C), high refractive index (1.91), low phonon energy
(380 cm™), large band gap (5.8 €V), and high chemical sta-
bility [1,7,16-17]. Er doped Y,0; (Y,Os:Er’") powders can
be produced by a large variety of methods such as sol-gel
method [1], solvothermal [16], combustion technique [17],
hydrothermal method [18], emulsion liquid membrane sys-
tem [19], laser ablation [20], and spray pyrolysis [21]. They
have many application areas such as optical sensors [17], in-
frared to visible light converters [19], temperature-sensing
thermometry [22], biolabeling [23], solar cells [24], optical
heaters [25], lasers [26], and scintillators [27]. In addition to
the ionic radius similarities with rare earth ions, Y,0; has
very good radiation stability and is one of the most preferred
sesquioxide hosts for scintillator applications [28-29]. Scin-
tillators can be defined as phosphorus materials that allow the
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conversion of high energy ionizing radiation (e.g., X-rays)
into visible or UV light. The scintillators appear in many
areas such as medical imaging systems (X-ray radiography,
fluoroscopy, computed tomography gamma camera, positron
emission tomography), security control, well-logging, high-
energy physics, and astrophysics [30—33]. While the publica-
tions examining the cathodoluminescence (electrons as excit-
ation source) properties of Er-doped Y,O; scintillator
powders are limited [34-36], there is only one study reported
on the radioluminescence (RL, X-rays as excitation source)
properties [37]. Avram et al. [37] investigated the RL beha-
vior of 1at% Er doped Y,O; nanoparticles (NPs) under Mo
K, X-ray excitation. They also studied the effect of Li co-
doping and calcination temperature (1100°C) on the RL
emission intensity. Even though, their up-conversion emis-
sion intensities under 1533 nm excitation reportedly in-
creased with dopant rate, they indicated a decrease on RL
emission intensity. However, there is no comprehensive res-
ult on the relation of dopant rate/microstructural parameters
and RL emission of Er doped Y,0; NPs. Therefore, herein,
we report the first study on the effects of dopant rate, calcina-
tion temperature, and microstructural parameters on the RL
emission behavior of Y,0,:Er’" nanophosphors produced by
facile sol-gel method.

2. Experimental
2.1. Synthesis of Y,0;:Er** phosphors

The phosphors were produced by sol-gel method using
analytical grade, 99.99% purity, yttrium—nitrate—hexahy-
drate (Y(NO»);-6H,0), erbium—nitrate—pentahydrate
(Er(NO;);°5H,0), and citric acid as the starting materials.
The required amounts of Y(NO3);-6H,0 and Er(NOs);-5H,0
nitrate salts were dissolved in deionized water to produce
lat%, 5at%, 10at%, and 20at% Er doped Y,O; phosphor
powders. After the dissolution, 8 mL of citric acid (CsHgO,)
was added to 300 mL of solutions as the chelating agent. The
pH value was adjusted to approximately 1 for all solutions,
and NH,OH was gradually added to adjust the pH values to
7. The solutions were stirred in a magnetic stirrer for 2 h. The
filtered gels were dried at 85°C for 12 h. The dried powders
were calcined at 800 and 1100°C for 3 h in a muffle furnace.
The sample designations and synthesis parameters were giv-
en in Table 1.

2.2. Characterization studies

Differential thermal analysis (DTA) and thermogravimet-
ric analysis (TG) were conducted at a rate of 10°C/min in or-
der to determine the calcination temperatures of Er-doped
powders. The crystal structure and microstructural paramet-
ers of the calcined samples were evaluated by means of X-ray
diffraction technique (XRD) using Philips PW3710 X’Pert
Pro. A monochromatic Cu K, radiation was used for the
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Table 1. Sample designations and synthesis parameters

Designation Dopantrate /  Calcination Callcination
at% temperature / °C time / h
05Er 5 — —
Y-800°C-3h 0 800 3
01Er-800°C-3h 1 800 3
05Er-800°C-3h 5 800 3
10Er-800°C-3h 10 800 3
20Er-800°C-3h 20 800 3
05Er-1100°C-3h 5 1100 3

XRD analysis. The measurements were performed between
10° and 90°, 26 diffraction angles with 0.02° step size and 1
step/min scan rate parameters. The lattice parameters (LP)
were calculated from the XRD patterns by means of Cohen-
Wagner (C-W) method [1]. Furthermore, average crystallite
size (CS) values of the powders were calculated utilizing the
full width at half maximum (FWHM) values of the XRD
peaks by means of Williamson-Hall (W-H) method [1]. In
order to determine the instrumental broadening a Si calibra-
tion sample was used. The line broadening of the diffraction
peaks (8;;) was calculated by Eq. (1),
2 1/2

ﬁhkl = [(ﬂhkl)rzncasurcd - (B)instrumcmal (1)
the average crystallite sizes of the powders were calculated
by the following Williamson-Hall Eq. (2),

kA
Brcosl = ) +4esind 2)

where £ is a constant (0.89), A is the wavelength of the X-ray
source (0.154 nm), D is average crystallite size, (Biu)measured 1S
measured broadening of Akl diffraction peaks, (8)insrumenta 1S
corrected instrumental broadening, and ¢ is the lattice strain.
The dislocation density values, as a magnitude for crystal de-
fects, were obtained from the calculated CS values by apply-
ing Williamson-Smallman relation [38] (Eq. (3)):
1

== 3)
where D is crystallite size (nm) and ¢ is dislocation density
(nm™?). The doping levels were examined according to Ve-
gard’s law [39], as given in Eq. (4),

Aphosphor = (1 = X) @gr,0, + Xay,o, 4
where @phosphor 1S the lattice parameter of the Er doped yttria
powders; ag;,0, and ay,o, are the lattice parameters of the pure
Er,0; and Y,0; oxides having Ia-3 crystal structure; x is the
mole fraction of Y,0;. The lattice parameter value of un-
doped Y-800°C-3h, which was directly calculated from the
XRD data, was used as a reference. The lattice parameter
value of the 01Er-800°C-3h sample was used to estimate the
lattice parameter value of un-doped Er,O; crystals assuming
that full solid solution was achieved in the 1at% Er doped
sample. Raman spectrum was taken at room temperature us-
ing 632.81 nm laser so as to evidence the existence of Er

0
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dopant element. Morphology examinations were performed
with scanning electron microscopy (SEM) by TESCAM
MAIA3 XMU. In order to validate the nanostructure of the
NPs, transmission electron microscopy (TEM) was used with
an accelerating voltage of 200 kV by FEI TALOS F200S. X-
ray photoelectron spectroscopy (XPS) analysis was per-
formed to verify that the Er ions enter into Y,O; host lattice.
The radioluminescence (RL) studies were examined under a
Cu K, X-ray radiation (1 = 0.154 nm) source with 50 kV and
10 mA beam current, and radioluminescence emission spec-
tra were recorded in the range of 300-800 nm.

3. Results and discussion
3.1. DTA-TG analysis

The results of the DTA-TG analysis for 5at% Er doped
Y,0; sample is given in Fig. 1. The broad endothermic peak
around 110°C indicates the removal of water molecules. On
the other hand, the sharp exothermic peak at about 380°C is
due to the removal of organic compounds and crystallization
of Y,0; phase. There was not any other peak observed above
400°C. The weight loss finished at about 750°C. According
to the thermal analysis, the samples were calcined at the tem-
perature above 750°C which was 800°C.

100

05Er| 20
90 | 0
S s0f 2 2
# 140 2
S 70t )
8 160 3
E 60 | =
o 80 2
S 50¢ 1100 £
© =
40 + 1120 §
30 | "\ 1140

. . . . . 1160
0 100 200 300 400 500 600 700 800 900 1000

Temperature / °C
Fig.1. DTA-TG analysis of 05Er coded sample.

3.2. XRD analysis and microstructural parameters

The XRD patterns of the calcined samples are given in
Fig. 2. All samples had body-centered cubic Y,O; crystal
structure (space group Ia-3, JCPDS card No. 00-025-1200).

1985

Increasing dopant rate shifted the diffraction peaks to the
higher angles (inset in Fig. 2) indicating shrinkage of the
crystal. When the smaller Er*" ions (0.0881 nm) substituted
for relatively larger host Y** (0.0892 nm) [7,40] ions, the
crystal of the Y,0; host structure became smaller and the dif-
fraction peaks shifted to the higher angles.

01Er-800 °C-3 h
05Er-800 °C-3 h
10Er-800 °C-3 h
05Er-1100 °C-3 h

222)

(222)

(440)

21D

05Er-1100 °C-3 h

Intensity / a.u.

05Er-800 °C-3 h

10Er-800 °C-3 h

B

50
20/ (%)

Fig. 2. XRD patterns of Y,0;5:Er** phosphors. Inset shows the
magnified (222) diffraction peaks.

A__01Er-800 °C-3 h
60 70 80

40

20 30

The lattice parameters and crystallite sizes/lattice strains
of Y,05:Er’* phosphors were calculated from the XRD pat-
terns (Table 2) by W-H and C-W methods, respectively.

The calculated lattice parameter values confirmed that Er**
ions incorporated into the Y,O; structure. As an example, the
C-W plots of 01Er-800°C-3h and 05Er-800°C-3h samples
are given in Fig. 3. The lattice parameter values of these
samples were 1.0612 nm and 1.0606 nm with the regression
coefficient values (R?) of 89.3% and 99.9%, respectively. In
order to determine the optimum solubility of Er'" ions in
Y,0; host, “Vegard’s law” was used. When the lattice para-
meter values of un-doped (Y-800°C-3h, 1.0614 nm) and
lat% Er'* doped (01Er-800°C-3h, 1.0612 nm) were con-
sidered, the lattice parameter of un-doped Er,O; crystal was
estimated to be 1.0414 nm which is close to the 5 h calcined
sample at 800°C (1.0548 nm) in the literature [7,41]. By us-
ing this value, the dopant rate was found to be 4at% when the
lattice parameter of 5at% Er samples was used, which is the
lowest lattice parameter obtained among the 800°C calcined
samples. Further increment of Er’* ions in the precursor solu-
tion (10at% and 20at%), decreased the dopant rate to 3at%,

Table 2. Lattice parameter, crystallite size, lattice strain, and dislocation density values of Y,0;3:Er** phosphors

Crystallite size, D / nm

Lattice strain, & Dislocation density, § / nm >

Designation Lattice parameter, a / nm
01Er-800°C-3h 1.0612
10Er-800°C-3h 1.0608
20Er-800°C-3h 1.0608
05Er-800°C-3h 1.0606
05Er-1100°C-3h 1.0601

20
17
18
15
44

—9.589 x 10°° 0.00250
—-6.765 x 107" 0.00346
-2.389 x 107 0.00308
—-7.519 x 107 0.00444
—2.894 x 107* 0.00051
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Fig. 3. C-W plots of (a) 01Er-800°C-3h and (b) 05Er-800°C-3h coded samples.
according to the Vegard’s law. This analysis suggested that 3h samples were 20 nm and 15 nm with the regression coef-
the maximum Er’* solubility was 4at% in our experiments for ficient values (R?) of 92.3% and 97.9%, respectively. It was
the 05SEr-800°C-3h sample. observed that dopant rate made the crystallite size of the
On the other hand, according to the W-H graphs (Fig. 4), phosphors smaller, indicating a positive correlation between

the crystallite size values of 01Er-800°C-3h and 05Er-800°C- crystallite size and lattice parameter (Fig. 5(a)).

0.00674 | @ m 0IEr-800°C-3h (b) m 05Er-800°C-3h
’ ' —— Linear fit 0.0082+ m —— Linear fit
0.00672 |
0.0080 |
S 0.00670 3
=} =}
Q DX
S =0.0078 |
=0.00668 | = y=-7.519 x 10 x + 0.0090
y=-9.589 x 10~x + 0.0068 R*=0.979
0.00666 *=0.923 0.0076 L
u
0.00664 "
: - : : : 0.0074 L— - - - -
1.0 1.2 1.4 1.6 1.8 2.0 1.0 1.2 1.4 1.6 1.8 2.0
4sinf 4sinf
Fig. 4. W-H plots of (a) 01Er-800°C-3h and (b) 05Er-800°C-3h coded samples.
— 4 - - -
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Fig. 5. (a) Crystallite size and lattice parameter and (b) lattice strain and dislocation density as a function of dopant rate.

If the calculated lattice strain and dislocation density val- ler crystallites were obtained with increasing dopant rate.
ues are considered (Fig. 5(b)), this trend could be attributed to Maximum lattice strain and dislocation density was observed
the increasing crystal imperfection with the doping, which in for the 05Er-800°C-3h sample, which was consistent with the
return limited the growth of the crystallite. Therefore, smal- XRD peak shifts and Vegard’s analyses. Further addition of
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Er’" ions into the solution (10at% and 20at%) increased the
crystallite size (Fig. 5(a)) and decreased the lattice strain, in
other words, decreased the dislocation density (Fig. 5(b)).
These results suggest that further addition of Er ions into the
solution beyond 5at%, affects Er incorporation into the Y,O;
lattice negatively, thus based on the above explanations, the
crystallite sizes were increased.

The calcination temperature had an effect on the peak shift
similar to the Er substitute. When the calcination temperat-
ure was increased to 1100°C for the 5at% Er doped sample,
the XRD peaks were shifted to the higher diffraction angles
more notably (inset in Fig. 2). The lattice parameter and crys-
tallite size of the 05-1100°C-3h sample were calculated to be
1.0601 nm and 44 nm, respectively. This result suggests that
Er'* incorporation into the Y,0, lattice was induced with in-
creased crystallite size which can be attributed to reduced
dislocation density (Table 2).

3.3. TEM and SEM analyses

The TEM image of 05-800°C-3h sample reveals the pres-
ence of aggregated nearly spherical NPs (Fig. 6(a)). The ag-
gregated NP sizes were found to be ranging from 10 to 20 nm
which supports the average CS calculated by W-H analyses
(15 nm). The high resolution TEM (HRTEM) image (Fig.
6(c)) reveals a highly crystalline structure. The lattice fringe
(d) was determined from HRTEM image and indexed to d
= 0.265 nm of the cubic Y,0; phase. Utilizing the d value, the
lattice parameter calculated from (400) diffraction peak and
found to be around 1.06 nm. The scanning electron micro-
graphs of 05-1100°C-3h sample are given in Figs. 6(d)—6(e).
Partly sintered porous ceramic structure was clearly ob-

= ¥

served in Fig. 6(d). The neck formation between the particles
was visible, indicating that sintering mechanisms were activ-
ated due to increased calcination temperature (Fig. 6(¢)).

3.4. X-ray photoelectron spectroscopy (XPS) analysis

Wide scan XPS spectrum of the 05Er-1100°C-3h sample
is given in Fig. 7. In order to compensate the surface charge
effects on the insulating sample, all binding energies were
corrected with C 1s reference peak at 284.80 eV. The peak
positions are listed in Table 3.

The signals at 169.41 and 179.81 eV binding energy were
of Er 4d and Er 4d;, level, respectively. Thus, the incorpora-
tion of Er’* ion into the Y,O; host structure was confirmed by
XPS analysis. Except for the elements given in the table, any
impurities (particularly Eu) were not found in the sample.

3.5. Single photon counters results

Single photon counters studies of the phosphor powders
were performed with Cu K, X-ray radiation exposure with
50 kV and 10 mA beam current to determine the optimum
dopant rate. Emission intensity—bin number plots are given in
Fig. 8. It was observed that 1at% Er doped sample had the
lowest emission counts whereas 5at% Er doped sample ex-
hibited the highest emission intensity. The emission intensity
values decreased for the 10at% and 20at% Er samples. In
fact, 20at% Er sample exhibited slightly lower emission than
that of the 10at% Er sample which suggests that the observed
dopant rate of the 10at% Er sample is probably higher than
the 20at% Er sample. These results clearly showed that 5at%
Er doped sample had the highest Er incorporation, as also
demonstrated by the XRD, C-W and Vegard’s analyses. In

"d“,,(,, =0.265nm

1

Fig. 6. (a—c) TEM images of 05-800°C-3h coded sample and (d, ¢) SEM images of 05-1100°C-3h coded sample.
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Fig. 7.  XPS survey spectrum of 05Er-1100°C-3h coded
sample..
Table 3. Peak positions of elements

Element  Peak position/eV  Corrected peak position / eV

Cls 285.42 284.80

Ols 532.33 531.71

Y 3d 157.22 156.60

Er4d 170.03 169.41

Er 4d;), 180.43 179.81

consideration of the results, the 5at% doped Y,O; sample
having highest sensitivity to the X-ray radiation was further
studied.

3.6. Radioluminescence (RL) measurements

RL measurements of 05Er-800°C-3h and 05Er-1100°C-
3h samples were given in Fig. 9. The high energy X-ray ex-
citation resulted in emissions from the sample within a high
wavelength range. It was seen that emission peaks were in
the range of 510-575 nm and 645-690 nm belonging to
Hy1n, *S3—"T;5» (green emission) and “Fop—"T;5, (red emis-
sion) transitions of Er ion, respectively [37,42]. The emis-
sion peaks within 515-534 nm and 645-690 nm appeared for
the sample calcined at higher calcination temperature
(1100°C). Moreover, the emission from this sample became
more intense within the wavelength range of 535-575 nm, as
observed in Avram et al’s work [37]. Also, there is no
change observed in the emission intensity of the peaks
between 578 and 640 nm with increased calcination temper-
ature. However, in contrast to Avram et al. [37], we ob-
served a strong peak at 611 nm in the emission band between
578—-640 nm, not affected by increased crystallinity, support-
ing the idea of the emission band originated from the Y,O;
host or some energy levels of Er ion [42—43]. Benefiting the
color space values, the color temperature values of 05Er-
800°C-3h and 05Er-1100°C-3h samples were determined to
be 2882 K and 3506 K, respectively [1,44]. It was observed
that the emission color shifted from red to green as the cal-
cination temperature increasing. Together with the crystallite
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size/dislocation density relation explained in the Section 3.2,
it could be concluded that the amount of Er*" ions on the de-
fective sites such as surfaces, crystallite boundaries, O* va-
cant sites etc., was reduced with increased crystallite size (15
to 44 nm), and this promoted Er’* incorporation into the ideal
Y?*" sites (C,, Cy). Thus, defect induced luminescence
quenching was minimized in the 05Er-1100°C-3h sample
and emission intensities from Er centers were increased.
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Fig. 8. Emission intensity—bin number plots of Y,O5:Er’* nan-
ophosphors calcined at 800°C for 3 h.
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Fig. 9. RL spectra of 0SEr-800°C-3h and 0SEr-1100°C-3h
coded samples. Inset shows magnified *H;;;, ‘S35, trans-
ition peaks (green emission).

4. Conclusion

The erbium-doped yttria nanophosphors were produced
by means of facile sol-gel method. The samples had body-
centered Y,0; cubic crystal structure (space group la-3). The
peak shifts in the XRD patterns and the Er 4d XPS peak veri-
fied the incorporation of Er’* to the Y,O; host structure. By
applying the Vegard’s law, the optimum solubility of Er*
ions in the Y,0; lattice was found to be 4at%. According to
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the W-H analyses, the dopant rate was found to decrease the
CS of the phosphors, which were between 15 and 20 nm for
the samples calcined at 800°C for 3 h. Agglomerated nearly
spherical nanoparticle structure was revealed by HRTEM
analysis which confirms the average CS values obtained via
W-H analysis. On the other hand, increasing calcination tem-
perature (1100°C) enlarged the crystallites (44 nm). Due to
the increased calcination temperature, the sintering mechan-
isms were activated and the neck formation between the
particles was clearly seen in the SEM analysis. According to
the RL emission experiments, the lowest emission was ob-
tained for the 1at% Er doped sample, whereas 5at% Er doped
Y,0; sample exhibited the highest RL emission intensity,
which confirms the maximum solubility was obtained for this
sample. The RL emission peaks within 510-575 nm corres-
ponding to the 2H,, *S;,—"15» (green emission) transitions
and within 645-690 nm corresponding to the *Fop—"T1sp (red
emission) transitions from Er centers were observed. Addi-
tionally, there were peaks between 578—640 nm emission
band (peaking at 611 nm) which were possibly originated
from the host Y,0; or Er ion. The color temperatures of
05Er-800°C-3h and 05Er-1100°C-3h samples were found to
be 2882 K and 3506 K, respectively. The color of the emis-
sion shifted from red to green with increasing crystallite size
which was due to the incorporation of Er’* ions into the ideal
Y*" sites with increased crystalize size. These results show
that 5at% Er-doped Y,O; phosphors are promising materials
for scintillator applications.
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