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Abstract
A multicolor tunable CaWO4:xDy

3+ nanophosphors have been synthesized via hydrothermal route. X-Ray Diffraction
and Fourier transform infrared confirm the formation of CaWO4:Dy

3+ nanophosphors. Transmission electron microscopy
image and selected area electron diffraction (SAED) reveal the formation of nanosize and crystalline CaWO4:Dy

3+.
Dependence of energy transfer rate from WO4

2− to the activator (Dy3+) is observed from the photoluminescence studies.
An enhancement of energy transfer efficiency from 36% to 90% is observed after annealing the as-prepared samples at
800 °C. The exchange type energy transfer mechanism is observed to be dominant in as-prepared samples while the
electric dipole-dipole interaction is dominant in annealed samples. Variation in energy transfer rate from the host to Dy3+

activator ions leads to the tuning of color emission from this nanophosphor. A near white light emission could be
achieved with 6 at.% Dy3+ doped CaWO4 annealed at 800 °C with x = 0.310 and y = 0.327.
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Introduction

Solid state lighting has gained a tremendous attention in
the past decade due to their high luminous efficiency, low
energy consumption, good reliability and longer lifetime
compared to other incandescent and fluorescent light
sources [1–4]. There are many ways of achieving white
light among which phosphor-converted white LEDs have
attracted many researchers due to their high efficiency and
low cost [5, 6]. Theoretically, the white light is produced
by mixing diodes emitting blue, green and red. However,
there are certain issues/challenges in this approach: (i)
difference in driving voltages of diode to diode and dif-
ferent light intensities of individual LED, (ii) Multiple
chips LED is subject to significant changes in color with
temperature, (iii) different operating lifetime of different
LEDs. Generally, the production of white light is adopted
by direct combination of a blue LED chip and yellow

phosphor, e.g. InGaN blue LED combined yttrium alumi-
num garnet (Y3Al5O12:Ce

3+), however, it has poor color
rendering index due to insufficient red component [1, 7].
On the other hand, a combination of UV LED with
ZnCdS:Ag (red), ZnS:Cu,Al (green) and ZnS:Ag (blue)
phosphors leads to very low luminescent efficiency due
to the strong reabsorption of the blue light by the red and
green phosphors [8, 9]. Therefore, many researches have
lately focused on the development of single phase white
light emitting phosphors for a better outcome such as
Sr2MgSi2O7:Dy3+; CaAl2O4:Dy3+, YPVO4:Dy3+/Sm3+,
CaZr4(PO4)6:Dy

3+, etc. are some of the examples of long
lasting white light emitting phosphors [1, 10–13].

Metal tungstate such as AWO4 (A = Ca, Cd, Zn) being
a self-activated luminescence material related to its tetra-
hedral WO4 groups with broad intense absorption band is
a promising material in many applications [14–18].
Among these, CaWO4 shows broad blue emission band
under UV excitation due to the presence of WO4

2−

groups associated with the charge transfer from the 2p
state of oxygen to empty 5d state of tungsten atom.
According to molecular orbital theory, the bands in the
excitation and emission spectra can be attributed to the
transitions from the 1A1 ground state to the high vibra-
tion level of 1B(1T2) and from the low vibration level of
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1B(1T2) to the 1A1 ground state within the WO4
2− ions

[19, 20]. On the other hand, doping with various rare
earth ions such as Eu3+, Sm3+, Dy3+, Tb3+ etc. in appro-
priate host materials have always proved to be the most
convenient way to enhance the luminescence property
[21, 22]. Rare earth ions doped with CaWO4 phosphors
are also widely studied due to the occurrence of strong
energy transfer (ET) to rare earth ions from broad ab-
sorption band originated from WO4

2− which leads to
high luminescent efficiency [3, 23–27]. Upon UV excita-
tion, Dy3+ exhibits blue and yellow emission correspond-
ing to 4F9/2 →

6H15/2 and 4F9/2 →
6H13/2 transitions at

wavelengths (450–500) nm and (550–600) nm. There
are reports on the tuning of emission color by doping
Dy3+ into various host material due to their high energy
transfer efficiency [1, 3, 24, 28]. Recently, luminescence
studies on CaWO4 doped with Dy3+ prepared via various
techniques are reported, but only a few have reported on
achieving high quantum efficiency and realization of
white light in the visible region [25, 29–32]. So far there
are limited reports on luminescence studies of singly doped
CaWO4:xDy

3+ synthesized via hydrothermal route.
In this paper, we report the invest igat ion on

photoluminescence and energy transfer mechanism in
Dy3+ doped CaWO4 nanophosphors prepared by hydro-
thermal method [33]. From the investigation, it has re-
vealed the dominant dipole-dipole mechanism of energy
transfer from WO4

2− to the excited states of Dy3+ ions. It
is also further established the enhancement in the energy
transfer efficiency with post heat treatment of the samples.
On subsequent doping of Dy3+ into CaWO4, there is a
remarkable tuning of emission color due to the controlled
energy transfer from WO4

2− to Dy3+ ions which further
leads to the emission of near white light emission.

Experimental

Synthesis

All the samples were synthesized using the hydrothermal tech-
nique. The starting materials: calcium nitrate tetrahydrate
(Ca(NO3)2∙4H2O, ≥ 99%), sodium tungstate dihydrate
(Na2WO4∙2H2O, ≥ 99%) and polyvinylpyrrolidone (PVP-
40,000) were purchased from Sigma-Aldrich and dysprosium
nitrate pentahydrate (Dy(NO3)3∙5H2O, 99.9%) was purchased
from Alfa Aesar. All the chemicals were used without any
further purification. Typically, to synthesize CaWO4 doped
with Dy3+ (3 at.%), 500 mg of Ca(NO3)2∙4H2O and 29 mg
of Dy(NO3)3∙5H2Owere dissolved in 20mL de-ionizedwater.
To this, 5 mL polyvinylpyrrolidone (PVP) solution (5%) was
added and stirred well. Later, 720 mg of Na2WO4∙2H2O was
added and stirred until the whole solution gets fully dissolved.
The final solution was maintained at pH = 6 using NaOH.
Then the entire solution was transferred to a Teflon-lined
stainless steel autoclave and heated at 180 °C for 15 h. The
white precipitates so formed were collected and washed with
de-ionized water and ethanol several times. The precipitates
were dried at 50 °C overnight in air. Remaining samples were
prepared by following the same procedure. All the as-prepared
samples were annealed at 800 °C for 6 h in air. A schematic
representation of the synthesis process is shown in Fig. 1.

Characterization

The structural characterization was carried out using Bruker,
D8Advance X-ray diffractometer. FT-IR spectroscopy studies
were carried out using Shimadzu (model 8400S). Transmission
electron microscopy (TEM) images were recorded using
JEOL 2000FX. The steady state luminescence and decay

Fig. 1 A schematic representation of the synthesis of CaWO4:Dy
3+
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lifetime were measured with Horiba make FluoroMax-4CP
Spectrofluorometer equipped with 150 W xenon lamp and
25 W μsec flash lamp as excitation sources.

Results and Discussion

XRD, FTIR and TEM Studies

The XRD patterns of as-prepared and 800 °C annealed bare
CaWO4 sample are shown in Fig. 2a. Figure 2b shows the
XRD patterns of as prepared CaWO4 doped Dy3+ (1, 5 and
7 at.%) samples. From the patterns, the observed diffraction
peaks are corresponding to the tetragonal phase with the
scheelite structure of CaWO4 (JCPDS# 41–1431) with space
group I41/a. No additional peaks were detected, suggesting the
lattice site substitution of Ca2+ sites by Dy3+ ions. This possi-
bility of lattice substitution may be understood from the view-
point of nearly equal ionic radii of Ca2+ (r = 1.12 Å) and Dy3+

(r = 1.03 Å) for the system of CN = 8 in spite of their charge
difference. From Scherrer relation [34], d = kλ/βCosθ, where
d is the average crystallite size, λ is the X-ray wavelength, θ is
the diffraction angle and β is the full-width half maximum of
the observed peaks, the average crystallite size is found to be ~
12–20 nm. Figure 2c illustrates the XRD patterns of CaWO4

doped Dy3+ (0, 1, 5 and 7 at.%) samples annealed at 800 °C.
The patterns show more defined and sharper due to more
crystallinity after heat treatment and the average crystallite
size is found to be 16–24 nm.

Figure 3 depicts the FTIR spectra of 1 at.% Dy3+ doped
CaWO4 as-prepared sample. The band at 3381 cm−1 is
assigned to the stretching vibration of O-H groups which cor-
responds to the water molecules physically absorbed on the

surface of the sample. A small absorption peak at 2964 cm−1 is
due to the asymmetric CH2 stretching vibration [35]. The
peaks at 1664 and 1290 cm−1 are the characteristic vibrations
of C=O and C-N of PVP [36]. The band at 1456 cm−1 arises
from the N-O vibration as a contribution from the remains of
NO3

− starting materials. The two absorption bands at 852 and
439 cm−1 belongs to the O-W-O stretching and W-O bending
vibrations of WO4 tetrahedron [26].

The structure and morphology of the synthesized nanoparti-
cles were studied by TEM. As shown in Fig. 4a the particles are
nearly spherical in shape. The average grain size of the nano-
particles so obtained from TEM ranges between 30 and 40 nm
which is somewhat larger than that calculated from XRD peaks
due to the agglomeration of the nanoparticles. Size distribution
plot also reveals with a maximum number of particles in the
range between 30 and 40 nm (Fig. 4d). The high-resolution
TEM image of CaWO4 is shown in Fig. 4b. The inset image
shows themagnified image of the interplanar spacing of ~ 3.2Å
between the parallel planes corresponding to (112) planes. The
selected area electron diffraction image in Fig. 4c shows the
crystalline nature of CaWO4 nanoparticles.

Photoluminescence (PL) Studies

Excitation spectra of as-prepared (ASP) samples of
CaWO4:xDy

3+ (x = 0, 1, 3, 5, 6, 7 and 8 at.%) are displayed in
Fig. 5a. Emission wavelength was monitored at 415 nm for bare
CaWO4 and 573 nm for all the Dy3+ doped CaWO4 samples.
All the spectra show a broad absorption band at around 255 nm
in the range of 225–285 nm This band is attributed to
the charge-transfer (CT) transition, 1A1→

1T1 originated
from oxygen ligand 2p orbital to the empty central tungsten
5d orbital in the WO4

2− complex. While the Dy – O CT band
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[37] is not observed distinctly, this may be due to the overlapped
absorption region with W – O CT band. Similarly, annealed
samples also show the presence of CT band in all the samples
(Fig. 5b). The presence of these CT bands indicates the exis-
tence of energy transfer between WO4

2− groups to the excited
states of Dy3+ ions. In addition to the broad peak, many sharp
absorption peaks are also observed in all the Dy3+ doped sam-
ples in the longer wavelength range. These peaks arise from the
electronic transitions within f-shell of Dy3+ which correspond to
6H15/2→

6P3/2 (325 nm), 6H15/2→
6P7/2 (352 nm), 6H15/

2→
4I11/2 (366 nm), 6H15/2→

4M19/2 +
4M21/2 (387 nm) and

6H15/2→
4G11/2 (449/453 nm) [38, 39]. It can be noted that there

is an enhancement in the f-f transitions absorption peaks after
annealing the samples compared to as-prepared samples as
shown in Fig. 6 (discussed later).

Figure 7 shows the emission spectra of (a) as-prepared and
(b) 800 °C annealed Dy3+ doped CaWO4 nanocrystals under
252 nm excitation. All the samples demonstrate the presence
of a broad blue emission band ranging from 320 to 560 nm

Fig. 4 a TEM image b HRTEM image and c SAED pattern and d size distribution of CaWO4:Dy
3+ (3 at.%) nanophosphor

Fig. 3 FTIR spectra of 1 at.% Dy3+ doped CaWO4 as-prepared sample
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with maximum intensity centred at around 430 nm which is
due to radiative transitions within the CT of WO4

2− groups.
Additionally, in both the cases emission peaks related to the f-f

transitions are also observed. These transitions are located at
477/486, 573 and 661 nm corresponding to 4F9/2→

6H15/2,
4F9/2→

6H13/2 and 4F9/2→
6H11/2 transitions of Dy3+ ions

[1, 38]. The spectra in Fig. 7 show the decrease in the broad
WO4

2− emission band with the increment in the Dy3+ concen-
tration in CaWO4:xDy

3+ nanoparticles. This indicates the
transfer of energy from WO4

2− group to Dy3+ ions.
Emission peaks at 477 and 486 nm are associated with parity
allowed magnetic dipole transitions. While the peak at 573
(4F9/2→

6H13/2) nm is attributed to the electric dipole transi-
tion of Dy3+ which is hypersensitive to the surrounding of the
Dy3+ ions. In all the cases, electric dipole transitions are dom-
inant over the magnetic dipole transitions. This phenomenon
can be understood from the symmetry point of view of Ca –O
octahedral. When the Dy3+ occupies the Ca2+ site in the host
lattice CaWO4 in the scheelite structure having space group
C4h with S4 point symmetry with no inversion center leads to
the hypersensitive electric dipole transition. Though there is
charge difference between Ca2+ and Dy3+, near similar ionic
radii of (in CN 8) Ca2+ (r = 1.12 Å) and Dy3+ (r = 1.03 Å),
substitution of Ca2+ lattice sites by Dy3+ occurred. During the

Fig. 7 PL emission spectra of (a) as-prepared and (b) 800 °C annealed
CaWO4:xDy

3+ (x = 0, 1, 3, 5, 6, 7 and 8 at.%) samples at under 252 nm
excitation

Fig. 5 Normalized (at WO4
2− absoprtion) PL excitation spectra of (a) as-

prepared and (b) 800 °C annealed CaWO4:xDy
3+ (x = 0, 1, 3, 5, 6, 7 and

8 at.%) samples, monitored at 573 nm emission wavelength

Fig. 6 Comparative PL excitation spectra of as-prepared and 800 °C
annealed CaWO4:Dy

3+ (6 at.%) nanophosphors monitored at 573 nm
emission wavelength (normalized at WO4

2− absorption)
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substitution, 2 lattice sites of Ca2+ are replaced by 2 Dy3+ ions
with the creation of a vacancy site at Ca2+ site for the require-
ment of charge compensation (i.e., 3Ca2+→ 2Dy3++□ (vacan-
cy)) [32, 40]. This further adds to more asymmetric environ-
ment around Dy3+ surroundings. Thus, it might again have led
to more deviation from actual S4 site symmetry [41]. A careful
comparison of as-prepared and annealed samples reveals the
enhancement of f-f transitions emission with the substantial
reduction in the luminescence intensity of the broadband
emission due to WO4

2− groups after the samples annealed
800 °C. This may be understood due to the enhancement in
the energy transfer processes fromWO4

2− groups to activators
in the annealed samples. On the other hand, upon annealing
occupation of Ca2+ lattice by Dy3+ ions increase thereby en-
hances the occurrence of resonance energy transfer. This may
also be correlated to the increase asymmetric ratio which is
defined by the ratio of emission intensity due to the electric
dipole transition (4F9/2→

6H13/2) to that of the magnetic di-
pole transition (4F9/2→

6H15/2). On the other hand, annealing
helps to the removal of -OH groups and organic capping
agents (polyvinylpyrrolidone) adsorbed on the particle surface
which can act as quenching sites for non-radiative pathways.
This removal can reduce such unwanted processes. Thus, lu-
minescence is enhanced after annealing (Fig. 8).

Energy Transfer Mechanism

The energy transfer efficiency (ηT) from host to activator in
ASP and 800 °C annealed CaWO4:Dy

3+ upon 252 nm exci-
tation can be calculated by the following equation [7],

ηT ¼ 1−IS=IS0 ð1Þ
where ηT is the energy transfer efficiency, IS and IS0 are the
luminescence intensities of the host in the presence and

absence of an activator (Dy3+) respectively. Figure 9 shows
the plot of the energy transfer efficiency and the concentration
of the Dy3+ ions for both the ASP and 800 °C annealed
CaWO4:xDy

3+ (x = 0, 1, 3, 5, 6, 7 and 8 at. %). In both the
cases, the energy transfer efficiencies increase with the in-
crease of Dy3+ ion concentration. This could be due to the
increase in the availability of randomly distributed Dy3+ ions
in the host matrix (CaWO4) with the increase of concentration.
It is also observed that the efficiency of energy transfer from
the host to the activator for annealed sample is much higher as
compared to that of ASP sample. Energy transfer efficiency
could be achieved up to a maximum value of 36% and 90%
respectively, in ASP and 800 °C annealed samples.

The energy transfer process or concentration quenching
mechanism can be defined as of two different interactions:
exchange and multipolar interactions [25, 42–44]. Based on
Dexter’s energy transfer theory and Reisfeld’s approximation,
the following relationship can be used to investigate the mode
of interaction(s) [45],

I=x∼ βxθ=3
� �−1

or log I=xð Þ ¼ c− θ=3ð Þlogx ð2Þ

where I is the emission intensity, x is the concentration of Dy3+

ions, θ represents the interaction types, β and c are constants for a
particular host under the same excitation parameters. The values
of θ are 3, 6, 8, and 10, corresponding to the exchange coupling,
electric dipole-dipole, dipole-quadrupole and quadrupole-
quadrupole interactions, respectively. The relation between
log(I/x) and logx along with linearly fitted plots are shown in
Fig. 10. From the figure, it is observed that both ASP and 800 °C
annealed samples follow a linear relationship with slopes −1.21
and − 2.09 respectively. Therefore, θ valueswere calculated to be
3.63 and 6.27. So, it may be concluded that, in ASP samples

Fig. 9 Dependence of energy transfer efficiency (ηT) on doped Dy3+

concentration in as-prepared and 800 °C annealed CaWO4:xDy
3+ (x = 0,

1, 3, 5, 6, 7 and 8 at.%) nanophosphors under 252 nm excitation

Fig. 8 Comparative emission intensity (573 nm emission) of as-prepared
and 800 °C annealed CaWO4:xDy

3+ (x = 1, 3, 5, 6, 7 and 8 at.%)
nanophosphors under 252 nm excitation
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exchange coupling (as θ = 3.63 which is closer to theoretical
value 3 than 6) is mainly responsible for energy transfer mech-
anism in Dy3+ doped CaWO4 as-prepared samples. However, in
800 °C annealed samples the dominant mechanism for the ener-
gy transfer to Dy3+ ions in CaWO4 nanophosphors is due to the
electric dipole-dipole interaction (as θ = 6.27 which is very close
to theoretical value 6 of dipole-dipole interaction).

Decay Lifetime Study

The PL decay curves of the 4F9/2→
6H13/2 transition monitored

at 573 nm emission for the ASP and 800 °C annealed
CaWO4:xDy

3+ (x = 1, 3, 5, 6, 7 and 8 at. %) nanophosphors
under excitation at 252 nm wavelength are displayed in
Fig. 11. The decay curves can be well fitted by a mono-
exponential decay equation as given by the expression [38, 46],

I tð Þ ¼ I0exp −t=τð Þ ð3Þ

Fig. 11 PL decay curves of (a) as-prepared and (b) 800 °C annealed
CaWO4:xDy

3+ (x = 1, 3, 5, 6, 7 and 8 at.%) nanophosphors monitored
at 252 nm excitation and 573 nm emission

Table 1 Luminescence decay lifetime of the as-prepared and 800 °C
annealed CaWO4:xDy

3+ (x = 1, 3, 5, 6, 7 and 8 at.%) nanophosphors
under 252 nm excitation

Dy3+ concentration (at.%) Decay lifetime (ms)

ASP Annealed

1 0.506 0.708

3 0.539 0.638

5 0.368 0.588

6 0.339 0.555

7 0.361 0.545

8 0.342 0.531

Fig. 10 Plot of log(I/x) versus logx for 4F9/2→
6H13/2 transition of x at.%

Dy3+ ions in CaWO4 nanophosphors

Fig. 12 CIE chromaticity diagram of the as-prepared and 800 °C
annealed CaWO4:xDy

3+ (x = 0, 1, 3, 5, 6, 7 and 8 at.%) nanophosphors
excited at 252 nm
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where I is the luminescence intensity at t, I0 is the initial intensity
at t = 0, and τ is the decay lifetime. The calculated lifetime values
of the ASP and annealed CaWO4:xDy

3+ are given in Table 1. It
is found that in both the cases the decay lifetime values decrease
with the increase of Dy3+ concentration. This may be due to the
increase in the non-radiative decay rates. Such phenomena have
been reported earlier by us [38].

CIE Chromaticity Study

The Commission Internationale d I’Eclairage (CIE) [47] chro-
maticity diagrams with positions of the respective chromatic-
ity coordinates of the corresponding PL spectra of ASP and
800 °C annealed CaWO4:xDy

3+ (x = 0, 1, 3, 5, 6, 7 and 8 at.
%) nanophosphors upon UV excitation at 252 nm are shown
in Fig. 12. The calculated CIE coordinates (x, y) so obtained
for both the ASP and annealed samples are also presented in
Table 2. It is observed that the chromaticity coordinates of
CaWO4:xDy

3+ vary with different Dy3+ ion concentrations.
The blue line (a) and the red line (b) in Fig. 12, depicted the
chromaticity coordinates of the ASP and 800 °C annealed
CaWO4:xDy

3+ nanophosphors. Also, doping concentrations
(at.%) are indicated in the figure for annealed samples. Upon
252 nm excitation the emission colors of all ASP samples are
located at the blue region approaching towards white which is
due to the decrease in the WO4

2− emission contribution with
the increase of Dy3+. On the other hand, on annealing the
samples at 800 °C, emission colors can be tuned from blue
to yellowish green. Interestingly, near white light emission
could be achieved with 6 at.% Dy3+ doped CaWO4 nanopar-
ticles annealed at 800 °C with x = 0.310 and y = 0.327. These
tuning effects are possible due to the variation of energy trans-
fer from the host to Dy3+ activator ions due to the combined
admixture of WO4

2− and Dy3+ emissions. As a result, by con-
trolling the doping concentration of the activator ions and by
annealing the sample, emission color can be tuned and white
light can be produced.

Conclusions

We have successfully synthesized CaWO4:xDy
3+ (0, 1, 3, 5, 6,

7 and 8 at. %) nanophosphors via hydrothermal route. From
the photoluminescence investigation, it is established that the
rate of energy transfer from WO4

2− to the activator (Dy3+)
depends on the concentration and annealing. It is further ob-
served that the energy transfer efficiency is increased from
36% to 90% after annealing the as-prepared samples at
800 °C. The energy transfer mechanism from host to activa-
tors is dominated by exchange type in as-prepared samples,
while electric dipole-dipole interaction mechanism is domi-
nant in annealed samples. It is also observed that the variation
in energy transfer rates from the host to Dy3+ activator ions
leads to the tuning of color emission from this nanophosphor.
A near white light emission could be achieved with 6 at.%
Dy3+ doped CaWO4 nanoparticles annealed at 800 °C with
x = 0.310 and y = 0.327.
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