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HfO, films codoped with Ce3* and several concentrations of Dy3* have been processed by the ultra-
sonic spray pyrolysis technique. Emissions from Dy3* ions centred at 480 and 575 nm associated with
the *Fgj, > SHispp and “4Fo;; — SHy3py transitions, respectively, have been observed upon UV excita-
tion via a non-radiative energy transfer from Ce3* to Dy3* ions. Such energy transfer via an electric
dipole-quadrupole interaction appears to be the most probable transfer mechanism. The efficiency of

this transfer increases up to 86 + 3% for the film with the highest Dy3* content (1.9+ 0.1 at.% as mea-
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sured from EDS). The possibility of achieving the coordinates of ideal white light with increasing the
concentration of dysprosium is demonstrated.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, the processing of white light emitting materials is
of relevant interest to the optoelectronic industry. Several devices
like plasma display panels [1], high brightness white light led
technology based lighting systems, upconversion lasers and fiber
amplifiers for optical communication [2] have been promoted
using the photoluminescence properties of rare earth and tran-
sition metal ion-doped phosphors. The white light generation
can be achieved by mixing of blue, green, yellow and red emis-
sions from phosphors containing rare earth and transition metal
ions [3]. Recently white light emission upon UV excitation was
reported in CeCl3/TbCl3/MnCl, doped hafnium oxide films through
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an efficient sensitization of Th3* and Mn2* ions by Ce3* ions [4].
White light emission has been also attained in Ca3Y,Si301, [5]
and Li;CaGeQy4 [6] phosphors and oxyfluoride glass ceramics [7,8]
codoped with Ce3* and Dy3* ions. In these materials white emis-
sion is originated from dysprosium through the mixture of its
blue (4Fg, — SHysp2) and yellow (*Fg), — 6Hys3)2) emissions, which
are significantly enhanced through an efficient Dy3* sensitization
by Ce3* ions excited at UV wavelengths. Ce3* ions exhibit broad
absorption bands in the UV, so that they can be easily excited by
AlGaN/GaN-based LEDs [4]. The intense broad absorption band of
Ce3* jons is a consequence of their 4f— 5d parity allowed elec-
tric dipole transitions, so that in co-doped materials such ions act
as good sensitizers, transferring a part of their excitation energy
to activator ions such as Tb3* [4,9-11], Mn2* [10-15] and Dy3*
[5-8,11].

The study of luminescent materials based on hafnium oxide
(HfO,) has attracted considerable attention, since it is a compound
with alot of possible technological applications because of its excel-
lent physical and chemical properties, such as its high melting point
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and high chemical stability. Its high dielectric constant and insulat-
ing properties [16] allow its application as a dielectric material with
relatively high refractive index and wide band gap, as well in the
field of optical coatings and metal-oxide semiconductor devices of
the next generation [17]. HfO, films have been used as sensors to
detect CO gas [18], and sensing characteristics to propane of these
films synthesized by the ultrasonic spray pyrolysis (USP) technique
were recently studied [19]. HfO, can also be used for protective
coatings due its thermal stability and hardness near to diamond
in its tetragonal phase [20]. The large energy gap and low phonon
frequencies of the HfO, [21] makes it appropriate as host material
to incorporate rare earth ions, such as Ce3* [22], Er3*[23], Tb3* [24]
and Eu3* [25], as well as Mn2*[26] and Sm3* [27] ions, which emit
within their own energy levels.

According to all these perspectives above mentioned and the
importance of finding efficient luminescent materials for the design
of phosphors as white light sources based on hafnium oxide, in this
investigation an exhaustive analysis of the blue-yellow photolumi-
nescence of HfO,:Ce3*:Dy3* films synthesized by the UPS technique
is presented. Moreover, this technique has demonstrated to be a
very efficient way to synthesize luminescent films [13,15].

2. Experimental

Films of HfO, doped with only Dy>* ions, and doubly doped with Ce3* and Dy3*
ions were prepared using a low-cost process known as ultrasonic spray pyroly-
sis technique. In this technique, raw materials are mixed in a solvent, and then
sprayed on a heated surface, where the constituents react to form a chemical com-
pound. The detailed preparation of the spray solution is described elsewhere [10,13].
Hf0,:Ce3*, HfO,:Dy3* and Hf0O,:Ce3*:Dy3* films were deposited onto Corning 7059
glass slides used as substrates. The films were prepared using a spray solution of
hafnium dichlororide oxide octahydrate (Aldrich Chemical Co, 99.99 +%) dissolved
in deionised water (18 M2 cm~1). Cerium chloride heptahydrate and dysprosium
chloride hexahydrate (Aldrich Chemical Co, 99.99 +%) were added as doping mate-
rials. The molar ratio of the spraying solution was 0.07. The substrate temperature
during deposition was set at 300 °C. The carrier gas flow (filtered air) was 12 1min-!.
A 6 min deposition time was adjusted in order to obtain similar thicknesses for all
the films studied. In the cerium or dysprosium singly doped films the CeCl3 or DyCl3
concentration in the spraying solution was 3 at.%. In the co-doped films the CeCl;
concentration in the spraying solution was fixed at 3 at.%, varying only the DyCl; con-
centration (1.5, 3, 6 and 9 at.%). The crystalline structure of the films was analysed by
X-ray diffractometry (XRD) using a 1.540 A (Cu Kat) Siemens D5000 diffractometer,
which was operated at 30 keV. The chemical composition of the films was measured
using energy dispersive spectroscopy (EDS) with a Leica Cambridge Electron Micro-
scope model Stereoscan 440 equipped with a beryllium window X-ray detector.

Photoluminescence and phosphorescence measurements were carried out
using a Horiba Jobin-Yvon Fluorolog 3-22 spectrofluorometer.

The decay curves of the Ce3* and Dy3* emissions were recorded with 355 nm
excitation of a pulsed YAG:Nd laser. A fiber optic probe was employed to collect the
emission. The emitted light was dispersed by means of a half-meter monochromator
equipped with a 150 lines/mm grating, and finally detected by a GaAs photomulti-
plier. The signal detected by the photomultiplier was then averaged and recorded by
adigital oscilloscope. The very short decay times of the Ce3* emission were obtained
from the decay curves using a deconvolution procedure, which takes into account
the shape and duration (about 8 ns) of the excitation pulse.

All the measurements were performed at room temperature.

3. Results and discussion
3.1. EDS and XRD measurements

The chemical composition of the studied films was deter-
mined by EDS. The values measured by EDS are listed in Table 1,
which shows the relative atomic percentages of oxygen, chlo-
rine, hafnium, cerium and dysprosium present in the films as
a function of the CeCl3 and DyCl;3 contents in the spraying
solution. The studied films: HfO,:CeCl3(3 at.%), HfO,:DyCl3(3 at.%),
HfO,:CeCl3(3 at.%):DyCl3(1.5 at.%), HfO,:CeCl3(3 at.%):DyCl3(3 at.%),
HfO,:CeCl3(3 at.%):DyCl3(6at.%) and Hf0,:CeCl3(3 at.%):DyCl3
(9 at.%) will be referred to hereafter in terms of their Dy3* con-
centration measured by EDS as HOC, HODO0.6, HOCDO0.5, HOCD1.1,
HOCD1.5 and HOCD1.9, respectively.
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Fig. 1. Emission spectrum of the HODO.6 film excited at 349 nm and recorded with
a delay time of 0.01 ms.

X-ray diffraction patterns recorded for the films deposited at
300°C exhibited a very broad band, and therefore they can be con-
sidered as predominantly amorphous.

An incorporation of chlorine ions might to be induced by the
Ce3* and/or Dy3* ion substitution into Hf** cations in order to pre-
serve the electrical neutrality in the trivalent ion doped HfO, film
[22].

3.2. Photoluminescence of HfO»:Dy3*

The emission spectrum recorded for the HODO.6 film excited
at 349 nm, into the *Ms,,5P;, absorption band of Dy**, exhibits
several bands associated with transitions from the 4Fg, level to the
®H1s/2, 6Hy3p2 and SHyq, multiplets, which are centred at 480 nm
(blue), 575 nm (yellow) and 663 nm (red), respectively (Fig. 1). This
emission spectrum was recorded with a delay time of 0.01 ms,
so that the intrinsic emission of the HfO, host is substantially
eliminated. Major contribution to intense, bright, yellow emis-
sion comes from the 4F9/2 — 6H13/2 transition. No emissions from
the “My5/2 5P7)> levels is observed, which suggests that Dy3* ions
depopulate nonradiatively from these levels to the 4F9/2 emitting
level. This level is separated from the next lower lying level (°F; 2)
by about 7200 cm~!, which makes the multiphonon relaxation neg-
ligible. It appears that only radiative transitions and relaxation by
non-radiative energy transfer could be depopulating the 4F9/2 level.

The excitation spectrum of the HODO.6 film monitored at
575nm, into the 4Fg;, —6Hy3, emission transition, consists of
Dy3* excitation bands corresponding to transitions from the
®H1s5/2(4f%) ground state to higher energy states of the 4f% con-
figuration (Fig. 2), which are centred at 324nm (®Hys;2 — “L1gp2),
350nm (6H15/2 — 4M]5/2,6P7/2), 364 nm (6H15/2 — 41]]/2), 385nm
(°Hisj2 = *Ky772,"M1gp2.21/2,% 11372, 4F7p2), 424 nm (CHysp — 4Gyyp2),
450 nm (6H15/2 — 41]5/2) and 467 nm (6H15/2 i 4F9/2).

The decay curve of the (4Fg; — SHy33) yellow emission of Dy3*
in the HODO.6 film was recorded at 575 nm with Ce3* excitation
at 355 nm. It is non-exponential, so that its average decay time t,y
was obtained through the expression:

B [ tIt)de
G

where [(t) is the emission intensity at time t. The 7,, value obtained
for the Dy3* yellow emission was 22 1 ws, see Fig. 3.

(1)

av
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Table 1
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Atomic percent content of oxygen, chlorine, hafnium, cerium and dysprosium in the CeCl; and DyCl; doped HfO, films as measured by EDS.

Film Solution content (at.%) Chemical composition (at.%)

CeCls DyCls 0% Cl- Hf 4 Ce3* Dy3*
HOC 3 - 60.8 + 0.6 10.5 + 0.3 280+ 03 0.7 £ 0.1 -
HODO0.6 - 3 60.9 + 0.5 102 £ 0.3 283 +£03 - 0.6 £ 0.1
HOCDO.5 3 1.5 62.8 £ 0.3 10.0 £ 0.2 25.8 £0.2 09+ 0.1 0.5 +£0.1
HOCD1.1 3 3.0 62.0 £ 0.2 9.6 £ 0.1 264 £ 0.1 09 +£0.1 1.1+0.1
HOCD1.5 3 6.0 59.8 + 1.0 10.8 £ 0.3 27.0 £ 0.3 0.9 + 0.1 1.5+03
HOCD1.9 3 9.0 61.3 £ 0.3 11.8 £ 0.3 242 £0.2 0.8 £0.1 1.9+ 0.1

3.3. Photoluminescence of Hf0»:Ce3*:Dy3*

Fig. 4(a) shows emission spectra of the HOC, HOCDO0.5, HOCD1.1,
HOCD1.5 and HOCD1.9 films excited with 280 nm wavelength,
within the Ce3* 4f— 5d absorption transition. All these spectra,
which have been recorded in the same experimental conditions
for comparison, exhibit the blue broad band associated with the
5d! — 4f! transition of Ce3* ions [22]. The emission spectra of the
cerium and dysprosium codoped films exhibit, in addition to the
Ce3* emission band, the 4Fq/; — 6H;s;, and #Fgp — ®Hy3pp emis-
sions of Dy3*, The addition of Dy3* ions in the Ce3* doped film causes
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Fig. 2. Excitation spectrum of the HODO.6 film monitored at 575 nm.

1.0000

0.1000

0.0100

0.0010

Intensity (arb. units)

0.0001

I
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Time (ps)

Fig.3. Decay time curve of Dy3* emission (Aem =575 nm) for the HODO.6 film excited
at 355 nm.

a strong decrease of the cerium overall emission, and moreover, as
the Dy3* content is increased, a quenching of the Ce3* emission
intensity correlates with an increasing of the Dy3* emission inten-
sity and it reaches a maximum for the HOCD1.1 film (see Fig. 4(b),
which shows the normalized spectra to the Ce3* emission band).
These facts represent evidence that energy transfer from Ce3* to
Dy3* ions occurs through a nonradiative process. For the film with
the highest content of Dy3* (HOCD1.9) the Dy3* emission is concen-
tration quenched. Moreover, as the Dy3* concentrationis increased,
the Ce3* emission peak is blue shifted by 14 nm from 389 nm for the
HOCDO.5 film to 375 nm for the HOCD1.9 film. This blue shift can be
attributed to the Ce3* split ground state, into their 2Fs, and 2F7
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Fig.4. Emission spectra of HfO, singly doped with Ce** ions and codoped with Ce3*
and Dy3* ions after 280 nm excitation (a) under the same experimental conditions
and (b) normalized to the Ce3* emission band.
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Fig. 5. Excitation spectrum of the HOCDO.5 film monitored at 575 nm.
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Fig.6. Overlap region of Dy3* absorption (excitation) transitions (solid line) and Ce?*
emission (dashed line). The Dy3* excitation spectrum was taken from that recorded
for the HODO.6 film (Fig. 2).

components, so that the energy transfer through the 5d! — 2F7/2
low-energy emission component might be even more efficient than
that through the 5d! — 2F5/2 high-energy emission component as
the Dy3* content is increased.

The excitation spectrum monitored at 575nm (inside the
4Fgj — SHy32 emission transition of Dy3*) exhibits, in addi-
tion to the (°Hys — *Ki7/2,*Migp2.2112,113/2.*F72, ®His2 > 4Gy 2
5Hys/2 — 41152 and SHys;; — 4Fg)2) Dy3* absorption (excitation)
transitions, a broad band in the 260-380 nm region, which is sim-
ilar to the 4f— 5d Ce3* absorption (excitation) band observed in
the excitation spectrum of a HfO, film doped with 1.9 at.% of Ce3*
[22]. This excitation spectrum is shown in Fig. 5 for the HOCDO0.5
film. The presence of the Ce3* band in the Dy3* excitation spec-
trum suggests an energy transfer from Ce3* to Dy3* ions, which
is expected to occur considering that the Ce3* emission overlaps
the ®Hys;, — 4L1gp2, ®Hys/2 — *Mys52,5P7 2, ®Hys o — 4112, S Hysp —>
4Ky712, M19p2.21/2: 4113122 F72, ®His2 = 4Gy1j2, ®Hys2 — 4145 and
Hys/2 — 4Fq)2 absorption (excitation) transitions of Dy3* (Fig. 6).

Lifetime measurements of the Ce3* emission in the HfO,
films Ce3* doped singly (HOC) and Ce3*/Dy3* codoped (HOCDO.5,
HOCD1.1, HOCD1.5 and HOCD1.9) were performed monitoring at
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Fig. 7. Decay curves of (a) Ce3* emission (Aem=440nm) and (b) Dy3* emission
(Aem =575 nm) for the HOCO.5, HCD1.1, HCD1.5, HCD1.9 films excited at 355 nm.

440 nm with Ce3* excitation at 355 nm. Fig. 7(a) shows the Ce3*
emission decay time curves recorded for the Ce3* and Dy3* codoped
films. Such decay time curves appear to be non-exponential due to
the energy transfer from Ce3* to Dy3* jons. In the HOCDO.5 film the
Ce3* emission decay time value, once deconvoluted from the laser
excitation pulse profile, resulted to be around 8.0 & 0.5 ns involving
ashortening of the Ce3* emission decay time with respect to the one
(around 11.6 4 0.5 ns) measured for the HOC film or that (14 ns [15])
previously measured for a Hf0,:Ce3*(1.9 at.%) film. From Fig. 7(a)
it can also be noticed that the Ce3* emission decay is steeper with
increasing of Dy3* content. Considering that the laser excitation
pulse has atemporal width of about 8 ns, then the decay time curves
of the Ce3* emission in the films with higher Dy3* concentration
(HOCD1.1,HOCD1.5 and HOCD1.9) might well be shorter than 8 ns.
Anyway, the increase in the Ce3* emission decay rate on co-doping
with dysprosium can be attributed to nonradiative energy transfer
from Ce3* to Dy3* ions.

Lifetime measurements of the 4Fg;; — 6H;3, yellow emission
of Dy3* were carried out with Ce3* excitation at 355 nm. The decay
time curve of this emission is non-exponential, so that its aver-
age decay time 1,y was obtained through Eq. (1). The 7,y value
decreases with increasing the Dy3* concentration from 22+ 1 s
(HOCDO.5 film) to 13 £ 1 s (HOCD1.9 film), see Fig. 7(b). The life-
time value measured for the HOCDO.5 film is the same as the one
measured for the Dy3* singly doped film (HODO0.6), so that the same
decay times are obtained for the Dy3* yellow emission under direct
excitation and through Ce3* ions. This fact suggests the absence of
Ce3* « Dy3* back energy transfer as expected from the vanishing
overlap between Dy3* emissions and Ce3* absorptions.
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From the very short and long lifetimes measured for the Ce3*
and Dy3* emissions, respectively, it is expected that the energy
transfer from Ce3* to Dy3* ions could occur through an electric
dipole-quadrupole (d-q) interaction mechanism.

Assuming an electric d-q interaction mechanism, the transfer
rbat? W?q between sensitizer (Ce3*)and activator (Dy3*)ions is given

y [28]:

3R cHfuAdQ
T 4mntTOfRS,

dq 2, (2)
where 2= f [Fs(E)F4(E)/E*|dE is the spectral overlap integral
between the normalised line-shape functions of the Ce3* emission
Fs(E) and Dy3* absorption F;(E), with E being the average energy of
the overlapping transition. The meaning of the remaining symbols
in Eq. (2) has been described elsewhere [9,15]. The Dy3* integrated
absorption coefficient Q, (~1.2 x 1072> eV m?) was estimated fol-
lowing the same procedure as that employed previously [9,12-15].
In the wavelength region of Ce3* emission (330-540 nm) the f; elec-
tric dipole oscillator strength of the Dy3* is very low (2.5 x 10~6
[29]), since the Dy3* transition is more or less forbidden as an elec-
tric dipole transition by the parity selection rule. The f; electric
quadrupole oscillator strength was estimated from its relation with
fa [28], fg = (a/ka)zfd, as the Dy3* absorption transitions are quite
weak to be recorded. Using a~ 1A (radius of the Dy3*) and ADy
~ 3800 A (wavelength of the absorbed light by the dysprosium in
the cerium emission), and considering that the forbidden electric
dipole transitions are weaker than the allowed ones by a factor
of 104 to 10-3, then the ratio fq/fy is 10-2 to 10~3 for the Dy3*.
The Rs, sensitizer-activator average interaction distance was esti-
mated from the contents of Ce3* and Dy3* measured by EDS (see
Table 2) assuming a random ion distribution. Using n=2.0, and the
values estimated for f;/f3, Qa, Rsa=(13.7+0.3-17.1+£0.8 A)and 2
(=6.9 x 103 eV—2), it is found that the Ce3* — Dy3* energy trans-
fer rate increases from 4 x 106 — 107 s~! in the HOCDO.5 film up
to 2 x 107 —108s~! in the HOCD1.9 film (see Table 2). Thus, the
transfer rate in the film with the lowest Dy3* content (HOCDO.5)
is smaller than the rate of Ce3* radiative emission (1/12 =1 x
10%s—1), but in the films with higher Dy3* content the transfer rate
becomes comparable or higher than the Ce3* intrinsic decay rate.

For sake of comparison the transfer rate for an electric
dipole-dipole (d-d) interaction mechanism, Wy4, was estimated
from its relation with the Wy, rate [14]. The W4 rate increases from
1x10%s~1 in the HOCDO.5 film up to 3 x 10°s~! in the HOCD1.9
film, see Table 2, so that such rates are quite smaller than the Ce3*
radiative emission rate. Therefore, the Ce3* — Dy3* energy transfer
through an electric d-q interaction mechanism appears to be more
probable than that via an electric d-d interaction mechanism.

The 1 energy transfer efficiency from Ce3* to Dy3* ions can be
estimated from the emission intensities of the Ce3* in the presence
(Is) and absence (12) of the Dy3* through the following relation [9]:

I

n=1- ITS" 3)
N

Thus, the efficiency of Ce3* — Dy3* energy transfer was esti-

mated using Eq. (3) and the cerium emission spectra shown
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in Fig. 4(a). Such efficiency increases from 29+1% (HOCDO.5
film) up to 86+3% (HOCD1.9 film), see Fig. 8 and Table 2. This
efficiency tends to saturate at Dy3* concentrations of around
1.9at.%. The very low energy transfer efficiency measured for the

Table 2
Rs, average Ce®*-Dy* interaction distances, Wyq and Wyq rates and 7 efficiencies of Ce3* — Dy>* energy transfer in the HOCDO0.5, HOCD1.1, HOCD1.5 and HOCD1.9 films.
Film Rsa (A) Waa(s™) Wagq (s71) 1(%)
HOCDO.5 17.1 £ 0.8 1x10° 4% 106-107 29 +1
31452
HOCD1.1 152 £ 0.5 1x10° 1x107-108 68 +2
HOCD1.5 142 £ 0.8 2x10° 2 x107-108 82+2
HOCD1.9 13.7 £ 03 3x10° 2 x107-108 86 +3

2 Energy transfer efficiency obtained from decay time measurements.
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HOCDO.5 film is in agreement with a Ce3* — Dy3* energy trans-
fer (Wyq =4 x 106 — 107) less probable than the Ce3* intrinsic decay
(1/79=1x 108s71).

The transfer efficiency can also be obtained from data of the
Ce3* emission decay time in the presence (7¢ce) and absence of the
activators (72,) through the expression [9]:

Tce
=1-—. 4
n 0, (4)

In the case of the HOCDO.5 film for which the Ce3* emission
decay time could be measured with our experimental set-up, there
is a good agreement between energy transfer efficiencies obtained
from decay time data (n=31+5) and that determined from emis-
sion spectra. This good agreement suggests that Ce3* — Dy3* energy
transfer through a radiative mechanism can be neglected, since
radiative energy transfer does not cause any reduction in the sen-
sitizer decay time [30].

The global emission generated by the HOCDO0.5, HOCD1.1,
HOCD1.5 and HOCD1.9 films (excited at 280 nm) was characterized
by its chromaticity coordinates in a CIE diagram (Fig. 9), resulting in
purplish blue light with chromaticity coordinates of (0.184, 0.153),
(0.202,0.170),(0.223,0.198) and (0.231, 0.211), respectively. Thus,
the global emission of the investigated films points in the direction
of achieving the coordinates of ideal white light (0.333, 0.333) with
increasing the concentration of dysprosium.

4. Conclusions

Blue-yellow emitting HfO,:Ce3*:Dy3* films excited with UV
radiation can be deposited at 300 °C by the ultrasonic spray pyrol-
ysis technique. The blue emission is due to the Ce3* (5d! — 4f!)
and Dy3* (#Fgp — ®Hys)2) transitions and the yellow emission is
associated with the 4Fg, — ®H;3/, de-excitation of Dy3* ions. The
addition of DyCl3 in the HfO,:CeCl3 film leads to a non-radiative
energy transfer from Ce3* to Dy3* under Ce3* excitation at 280 nm.
The non-radiative character of this transfer is inferred from both a
decrease of the Ce3* overall emission and an increase in the decay
rate of the Ce3* emission, when the film is codoped with cerium
and dysprosium. From spectroscopic data is inferred that Ce3* to
Dy3* energy transfer via an electric dipole-quadrupole interaction
appears to be the most probable transfer mechanism. The efficiency
of this transfer is enhanced up to 86 +3% for the film with the
highest Dy3* content (HOCD1.9). The possibility of achieving the
coordinates of ideal white light with increasing the concentration
of dysprosium is demonstrated.
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