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Cold blue phosphors based on dysprosium-doped aluminum oxide
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ALO;:Dy*" oxides with different color luminescence were synthesized using precursor technology. The phase
composition and crystal structure of the obtained materials were established by X-ray powder diffraction analysis.
The excitation and emission spectra, decay curves, thermal quenching of luminescence were studied. Under
UV-excitation, the phosphors exhibit blue, purplish blue, and white emission depending on the dysprosium
concentration and the annealing temperature of the Al;_yDyy(OH)(HCOO), precursor in air.
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1. Introduction

Luminescent materials with colored and white emission
are being intensively studied due to the real prospect of
use in the manufacture of light-emitting diodes, liquid-
crystal and plasma displays, lighting fixtures, radiation
dose meters etc., [1]. The great importance for the
development of modern optical and digital technology is
the creation of phosphors, which make it possible to
adjust the color characteristics of emission and provide
the required color scheme. One of the most frequently
used methods for setting the radiation color is based
on rational choice of luminescent hosts and impurity
ions with overlapping emission spectra. In recent times,
materials emitting blue or pale-blue light have become
greatly important in the context of production of white-
luminescence phosphors. Thus, a combination of blue
luminescence of InGaN and yellow one of YAG: Ce*" made
it possible, for the first time, to produce a commercial
white light-emitting diode (WLED) [2]. Sources of blue
emission, in addition to InGaN, can be, for instance,
ZnS [3], AWO4; (A=Ca, Sr, Ba) [4] and NaYF4 [5]
doped with Tm3*t ions, as well as BaMgAl(O;7 doped
with Eu* ions [6,7]. However, significant drawbacks of
the described [2-7] luminescent materials were revealed
during their operation. For instance, InGaN/YAG :Ce*
is characterized by a separation of the blue and yellow
spectral ranges, as well as unsatisfactory color rendering
due to absence of the red spectrum component. Blue
ZnS:Tm?** phosphors are noted for a high light output, but
are chemically unstable and apt to thermal quenching of
luminescence at relatively low operating temperatures [3].
Thulium (III) doping of tungstates AWO,4 makes it possible
to obtain blue emission under UV-excitation (D, — 3F,4
electronic transition in the Tm3* ion), but due to small
absorption it is very weak in the visible spectrum range [4].
Efficiency of luminescence of Tm** ions in a NaYF, host
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can be increased by energy transfer from other ions, e.g.,
Ce3*, Eu?t or Dy** [5]. Despite the high intensity of
blue luminescence, BaMgAl;(O17 :Eu?t is apt to oxidative
breakdown during operation, which is related to the
oxidation of Eu?* ions to Eu’*, gradually leading to a
decrease of its luminescent characteristics [8]. Moreover, the
excitation spectrum demonstrate that BaMgAhoOn:Eu2+
has strong absorption in the short-wave and medium-wave
UV-range and much lower absorption in the long-wave
range, which is absolutely unsuitable for light-emitting diode
manufacture. Pale-blue luminescence hosts are known,
e.g., NaCaBO; and GdsSi3O1;N, activated by cerium (III)
ions [9,10]. The substitution of expensive europium by
relatively cheap cerium is commercially efficient, but the
presence of cerium in luminescent materials, as in the case
of Eu?* [6,7], requires particular synthesis conditions that
prevent transition of Ce3* into Ce*'. Taking this into
account, a vital task is the search for and development
of new cheaper phosphors of the blue spectrum with
good emission characteristics and stable in the operation
conditions, synthesis of which is based on simple process so-
lutions. In the previous papers [11-13] we have showed that
the nanodispersed aluminum oxide obtained by heat treat-
ment of the basic aluminum formiate (AI(OH)(HCOO),)
is characterized by blue emission with the maximum of
about 450nm, which originates due to the presence of
intrinsic defects and/or carbon impurity. The nanodispersed
oxides AL,O;3:Ln (Ln=Eu**/Tb*") with a dopant content
of 2.5mol% were synthesized by thermolysis of precursors
Aly_xLny(OH)(HCOO); in the air at 700°C [14]. The cal-
culated color coordinates demonstrate that the luminescence
color of these compounds is close to white [15]. The ionic
radius of the Dy>* ion is less than the radii of Eu’* and
Tb** ions (Dy3*(VI) 0912A) [16], while in the range
of 400—760nm it can demonstrate blue, yellow and red
luminescence, related to *Fo» — ®Hysja, *Fojn — °Hizpo,
“Fg/» — ®Hyy, ff-transitions. It is known that an electric
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dipole transition *Fg/, — ®Hy3,, is particularly sensitive to
the environment of the dysprosium ion in a host in contrast
to the magnetic dipole transition “Fg/ — ®Hjs/2 [17]. When
a Dy*" ion takes up low-symmetrical positions in a host,
the yellow emission is more dominating as compared to
blue emission. On the contrary, blue emission will prevail
when Dy3* ions are in high-symmetrical sites. All these
structural features eventually affect the total color emission
of phosphors. The study of the emission of Al,O3:Dy3*
has already been presented in some papers [18-22], but
none of them informs of the contribution of the aluminum
oxide host to luminescence in the visible range. The
publications mainly concern the selection of an optimal
activator content in the «-Al,O3 host, which does not
cause concentration quenching of luminescence. This paper
presents the structural, optical and luminescent charac-
teristics of Al,O3:Dy*" powders obtained by annealing
of precursor in the air, as well as establishes the influ-
ence of dysprosium concentration and the heat treatment
conditions for the Al;_xDyx(OH)(HCOO), precursor on
luminophore emission color of phosphors. The possibility
of dosed substitution of aluminum by lanthanide in the
precursor, and, respectively, in the synthesized aluminum
oxide is an important advantage of the used precursor
technology.

2. Experimental procedure

To obtain  dysprosium-doped aluminum  oxide
ALO;:Dy**, a precursor synthesis procedure was
developed, which includes the preparation of the oxide by
heating of the Al;_xDyx(OH)(HCOO), precursor in air.
Al;_xDyyx(OH)(HCOO), with x = 0.005, 0.01, 0.02 and
0.025 was synthesized by the following reaction:

(2 — 2x)A1(NO3)3 + 2xDy(NO3)3 + 19HCOOH

= 2Al, 4Dy, (OH)(HCOO);,+ 3N;+ 15CO,+ 16H,0.

(1)

Analytically pure aluminum nitrate AI(NO;); - 9H,O,
dysprosium nitrate Dy(NOj3); - 6H,O and formic acid
(99.7% HCOOH) were used as reagents, distilled water
was used as a solvent. Aluminum nitrate and dysprosium
nitrate, taken in stoichiometric amounts according to the
chemical formula Al;_xDyy(OH)(HCOO),, were dissolved
in diluted formic acid (20%) at room temperature. The
solution was evaporated at 60°C to dry residue in the
form of white powder, and ground in a porcelain mortar.
To obtain oxides, Al;_xDyx(OH)(HCOO), precursors were
heated at 700, 900 and 1100°C in air for 2 hours. X-ray
powder diffraction (XRPD) analysis of the synthesized
samples was performed using a STADI-P (STOE) diffrac-
tometer equipped with a linear position-sensitive detector.
Recording X-ray patterns was performed in CuK; radiation
in the 260 ranges from 5 to 120° with the step of 0.02°.
Polycrystalline silicon (a = 5.43075(5) A) was used as an
external standard. The phases were identified using the
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PDF2 database (ICDD, 2016). The crystal structures of
compounds were clarified by the method of full-profile
Rietveld analysis using the GSAS software package [23,24].
The Raman spectrum was recorded at room tempera-
ture using a confocal Raman microscope Renishaw InVia
Reflex (4 =532nm, P =5mW). Thermal analysis was
performed on Netzsch STA 449 F3 Jupiter thermoanalyzer
in air at the heating rate of 10°/min. Excitation and
emission spectra, decay curves were recorded using a
Varian Cary Eclipse fluorimeter (Xe lamp). Lumines-
cence spectra in the temperature range of 25 to 150°C
were recorded using a temperature cell holder GS-21525
(Specac Ltd).

3. Experimental results and discussion

As has been shown by the example of
Al;_xDyy(OH)(HCOO), with the dysprosium content

of 2mol/% (x =0.02), the precursors, synthesized
by the reaction (1) are structurally identical to
aluminum  hydroxoformiate ~ Al(OH)(HCOO), [25].

The diffraction pattern of Alg9sDyo.02(OH)(HCOO),
(Fig. 1) was indexed in a monoclinic system (space
group C2) with the unit cell parameters: a = 8.900(2) A,
b=9.9553)A, ¢=10.262(2)A, B =106.41(1)°, V =
= 872.2(4) A3,

The formation of dysprosium-substituted hydroxo-
formiate Al;_xDyyx(OH)(HCOO), with a structure of
AI(OH)(HCOO), is confirmed by Raman-spectroscopy
data (Fig. 2) [13,14,25]. The frequency of 1068 cm™!
is responsible for out-of-plane bending vibrations of the
C—H bond. Stretching vibrations of C—H bonds are
recorded at 2922, 2937, 2978, and 3015c¢cm~!. The line
at 784cm™! corresponds to scissor vibrations of COO—.
The frequencies of 1653 and 1552cm™! (v,s (COO-)),
1412 and 1392cm~! (v (COO—-)) belong to asymmetric
and symmetric stretching vibrations of the carboxylate-ion,
respectively. The low-intensity line at 3489 cm~! is related
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Figure 1. X-ray powder diffraction patterns of

Alg.98Dyo.02(OH) (HCOO),.
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to stretching vibrations of O—H bonds of metal-coordinated
hydroxide-ions. Lines below 500 cm™! refer to stretching vi-
brations of Al(Dy)—O bonds.

Thermogravimetric analysis was performed for the
Alp.99Dyo01 (OH)(HCOO), precursor (Fig. 3). The pre-
cursor decomposes when heated to 700°C in two main
stages with the total weight loss of 61.44%, which corre-
sponds to the weight loss (61.33%) upon the formation of
oxide (Alp.99Dyp.01)203. The small weight loss (~ 6%),
observed at the first stage (up to 291°C), is caused by
water removal due to thermally-stimulated decomposition
of OH-groups and formation of a hypothetical phase
(A10.99Dy(),()1)20(HCOO)4, similar to Ale(HCOO)4 [26].
The second decomposition stage is characterized by a
narrow temperature interval (~ 300—350°C) and a greater
weight loss (~ 55.5%), related to the decomposition of the
organic component (Aly.99Dyo 01)20(HCOO)4 and release
of gaseous products. The slight weight loss (~ 0.5%),
observed on the TG curve, in the temperature interval of
~ 350—-500°C is probably due to the removal of elemental
carbon that forms precursor thermolysis of precursor [11].

In order to synthesize (Al;_xDyx)2O3 samples, the
Al _xDy,(OH)(HCOO); precursors with x = 0.005, 0.01,
0.02 and 0.025 were heated at 700, 900 and 1100°C
in air, with holding for 2h at each temperature. Ac-
cording to the XRPD data, the oxide samples obtained
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Figure 2. Raman spectrum of Al ogDyo.02(OH) (HCOO)s.

r 291°C

DSC, mW/mg

. _ 337G .
100 200 300 400 500 600 700
T,°C

[*))
S S
T T T T T T T T T

Figure 3. TG and DSC curves for Aly.99Dyo.01 (OH)(HCOO),.
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Figure 4. X-ray powder diffraction patterns of y-(Al;_xDyx),0s:
x = 0.005 (1), 0.01 (2) and 0.02 (3).

by heating of precursor at 700°C are X-ray amorphous.
Figure 4 demonstrates the diffraction patterns for the
samples (Al;_xDyy)203 (x =0.005, 0.01 and 0.02), ob-
tained at 900°C, which have p-Al,O3 structure (space
group |4;/amd, #141) (Table 1). The sample with
X = 0.025, in addition to p-(Al;_xDyx)203 (98.5 mass%),
has a small contents of impurity phases of DyAlOs
(0.6 mass%) and Dy3AlsO1, (0.9 mass%). The sam-
ples obtained by precursor annealing at the temperature
of 1100°C are also mixed-phase.  For instance, the
sample with X = 0.005, in addition to a phase with the
y-Al,O3 structure, contains an a-modification of Al,O3
(10.1 mass%), whereas the sample with x = 0.02 also
comprises small amounts of DyAlOs (1.1 mass%). Thus,
the annealing of Al;_xDyx(OH)(HCOO), precursors, with
0.005 < x <£0.02 at the temperature of 900°C results in
the formation of solid solutions (Alj_yxDyx)203 the y-Al,03
structure. Upon heating to 1100°C, the oxide with the
y-Al,O3 structure partially transforms into an oxide with
the a-Al,O3 structure. We have shown earlier that, as a
result of AI(OH)(HCOO), heating in air, y-Al,O; forms
already at 750°C, while its transformation into a-Al,O3

Table 1. Lattice parameters for (Ali_xDyx)203, obtained by
heating of Al;_yDyx(OH)(HCOO), precursors 900°C in air

X 0.005 0.01 0.02
a, A 5.594(2) 5.636(2) 5.642(2)
c, A 7.912(3) 7.962(3) 7.978(3)

v, A 247.6(1) 252.9(1) 253.9(1)
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begins at 950°C [11]. Consequently, doping with Dy** ions
significantly affects the structure of the aluminum oxide
host, causing an increase in the temperature of phase
transition y — « [14]. Aluminum atoms in the y-AlOs
oxide with the spinel structure [y5/3)Al1(1/3)032 (O = Al
vacancies) are in an octahedral and tetrahedral environ-
ment [26]. In the structure of defective spinel y-Al,O3,
cation vacancies occupy octahedral sites [27-29]. Dy** ions
do not have a coordination number lower than six, therefore
they can substitute aluminum (AIP*(VI) 0.535A [16]) only
in octahedral sites in y-Al,O3 [14].

In our previous papers, we have already shown that the
heat treatment method for the Al(OH)(HCOO), precursor
considerably affects the emission characteristics of
oxides [11-14]. Aluminum oxide, obtained by thermolysis
of the AI(OH)(HCOO), precursor in air, demonstrates
blue luminescence with the maximum of ~ 450 nm, which
appears due to intrinsic defects of the aluminum oxide
and/or precursor carbon residue. Figure 5 shows the
excitation spectrum of y-(Alp.995sDyo.005)203 under Decay
572nm wavelength. The narrow lines refer to electronic
transitions from the ground level ®H;s/ to higher energy
levels of the Dy*" ion: 4Fs;; (295nm), SPs;, (325nm),
6P7/2 (3501’11’11), 6P5/2 (365 nm), 4113/2 (3861111’1), 4F7/2
(426nm) and “*l;s;» (457nm), respectively. The most
intensive line is observed at 350 nm and corresponds to
the ®H;s/2 — ®P7/» transition. The emission spectra for all
the obtained samples upon UV-excitation (1 = 350nm)
consist of wide bands with the maximum in the blue region
of the spectrum; these bands are superposition of the
emission lines associated with intrinsic defects of the host
and f—f transitions in Dy*" ions (Fig. 5). The spectrum
shows the superposition luminescence lines that refer to
f—ftransitions in Dy*" ion: *Gyi;p — ®Hiysjn (445nm),
4115/2 — 6H15/2 (458 nm), 4F9/2 — 6H15/2 (477 nm),
4F9/2 — 6H13/2 (572 nm), 4F9/2 — 6H11/2 (681 nm),
“Fo/2 — SHoj +5F112  (699nm), *Fo/2 — SHy/2 +° Fo)n
(764 nm). One can note a considerable change
in luminescence intensity depending on dysprosium
concentration and annealing temperature of precursor
(Fig. 5). As the precursor annealing temperature
increases, emission intensity decreases and quenching of
luminescence of the aluminum oxide host is observed.
A similar dependence of luminescence intensity on
annealing temperature of precursor was observed for the
products of the thermolysis of Al(OH)(HCOO), obtained
in air and in helium and is related to structural changes
in the aluminum oxide host [11]. Dysprosium doping of
aluminum oxide also suppresses the blue luminescence.
However, if we trace the change in intensity of the lines
that refer to dysprosium ion transitions, we can note that
luminescence quenching is observed only for the sample
obtained by thermolysis of the Al 9gDyo.02(OH)(HCOO),
precursor at 1100°C. As dysprosium concentration
increases, distance between activator ions becomes smaller,
leading to a higher probability of nonradiative energy
transfer. The aluminum oxide sample obtained at 1100°C
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contains impurity phases (a-Al,O3 and DyAlO;) which
may also affect the luminescence quenching. For the
other samples, the line intensities, referred to transitions
4F9/2 — 6H13/2 (572 nm), 4F9/2 — 6H11/2 (681 nm),
*Fgj» — ®Hoya + °F112  (699nm), *Fo/» — SHy/n + SFo)n
(764nm) do not strongly depend on dysprosium
concentration. There is also no Shift of the intensity
maxima towards a longer or shorter wavelengths with a
change in Dy>* ion concentration is also absent.
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Figure 5.  Excitation spectrum (4 =573nm (orange) and
emission spectra (A = 350nm) for the products of the thermol-
ysis of Al;_xDyx(OH)(HCOO), precursors at various annealing
temperatures in air: X = 0.005 at 700°C (black), x = 0.005
at 900°C (red), x =0.005 at 1100°C (darkblue), x = 0.02
at 700°C (blue), x =0.02 at 900°C (pink) and x = 0.02 at
1100°C (grey).
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Figure 6. Decay curves for the products of the thermol-
ysis of Al;_xDyx(OH)(HCOO), precursors at X = 0.005 (a),
x =0.01 (b) and x = 0.02 (c), measured at Aex = 350nm and
Aem = 479 nm.
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Figure 7.

Luminescence spectra (Adex = 350nm) for the products of the thermolysis of Alg.g9sDyo.00s(OH)(HCOO),, measured

at different heating temperatures (a); temperature dependences of integral luminescence intensity (the insert) and values of color

coordinates (X, y) (b, ¢c).

The decay curves (Fig. 6) for p-(Al;_xDyx)203; with
x = 0.005, 0.01 and 0.02 were recorded under excitation
at 350nm by monitoring the emission at 479nm and
can be approximated by a double exponential function.
The calculated average lifetimes for p-(Al;_xDyx),03 are
equal to 0.6ms (x =0.005), 0.52ms (x =0.01) and
0.51ms (x =0.02), and are close to the values obtained
for different dysprosium-doped compounds [30-32]. The
double exponential profile of decay curves, as well as
lifetime decrease with dysprosium concentration can be
explained both by energy transfer from the aluminum
host to Dy** ions, processes of cross-relaxation between
neighboring Dy** ions and by inhomogeneous distribution
of luminescent centers in the aluminum host [30,31].

The parameters under excitation at 350nm by moni-
toring the emission at 479 nm characterizing the emission
color of the studied compounds were calculated from
the luminescence spectra under 350 nm excitation and are
given in Table 2. Chromaticity coordinates (X,Y) for the
phosphor obtained by heating of Al 9sDyg.02(OH)(HCOO),
precursor at 1100°C, are (0.24, 0.22) and are located on

the diagram suggested by K.L. Kelly in the white color
region [15]. Sample color purity, calculated according to the
chromaticity coordinates of a white color source and the
dominant wavelength (1 = 443 nm [33]), varies from ~ 60
to ~ 40% (Table 2).

A significant change in emission of phosphor with
temperature rise casts doubts on its technological prospects,
therefore estimation of thermal stability is one of the
mandatory characteristics in the study of new emitting
materials. The maintaining of sufficient emission effi-
ciency at temperatures above 150°C [34] is acceptable
for compounds considered for use in the visible spectral
range. Accordingly, the temperature (thermal quenching
temperature — Tsge,), at which a compound demonstrates
half of its emission intensity registered at room temperature,
is a threshold value that determines the future prospects
of phosphor. The luminescence spectra (dex = 350nm)
for the p-(Aly.995Dy0.005)203 compound, measured in a
wide temperature range, are given in Fig. 7. Gradual
sample heating to 150°C is accompanied with a decrease
in intensity of emission lines in the blue spectral range,
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Table 2. Color coordinates (X, y) for the products of the
thermolysis of Al;_xDyx(OH)(HCOO), precursors at various
temperatures in air

X T,°C| X y | Emission color | Color purity, %
700 | 0.19 | 0.17 blue 59.31
0.005 | 900 | 0.19 | 0.17 blue 59.31
1100 | 020 | 0.18 blue 55.37
700 | 0.20 | 0.17 | purplish blue 57.51
0.02 900 | 0.23 | 0.18 | purplish blue 50.29
1100 | 0.24 | 0.22 white 39.65

which are related to intrinsic defects of the aluminum oxide
host, while intensity of emission line in the long-wave range
corresponding to f—f transitions in dysprosium ions remains
almost unchanged. When powder is heated to 150°C, lumi-
nescence intensity is 68% of the initial value. The calculated
dependence | /Igr = f(T), showed in the insert for Fig. 7 is
described by a modified Arrhenius equation [35], and makes
it possible to accurately determine the thermal quenching
temperature. The compound demonstrates a high thermal
stability of emission: the calculated value of Tsqe, is 245°C,
while chromaticity coordinates remain unchanged in the
whole recorded temperature range (Fig. 7).

4. Conclusion

Phosphors based on dysprosium-doped aluminum oxide
A1LO; :Dy** have been obtained by thermal decomposition
of Al;_xDyy(OH)(HCOO), precursors in air. Analysis
of the structural data shows that oxides p-(Alj_xDyx)203
(x =0.005, 0.01, 0.02) form during thermolysis of pre-
cursors only at the temperature of 900°C. The broad
and intensive luminescence of synthesized samples in the
visible range with maxima in the blue region is due to
the overlapping of the emission lines caused by internal
defects of the Al,O3 host and f—f transitions in the Dy3+
ion. the Dy** ion. According to the color coordinates, the
synthesized oxides have different color emission depending
on dysprosium concentration and annealing temperature of
precursor. Given the high thermal stability of emission,
AL O3 :Dy** oxides become very attractive compounds for
use as cold-light phosphors.
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