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In this paper, the photo and cathodoluminescent properties of
HfO2 films optically activated with different atomic concen-
trations of Tb3þ and Eu3þ ions, deposited by the Pyrosol
technique, are reported. These films were deposited at temper-
atures from 400 to 600 8C, using chlorides as rawmaterials. The
surface morphologies of all deposited films were rough and
dense.X-ray diffraction analysis showed that thefilms deposited
at 600 8C were polycrystalline exhibiting the HfO2 monoclinic
phase. The tuning by the means of the excitation wavelength
generates photoluminescence spectra, for co-doped films, in
several emissions fromblue to yellow (includingwhite light) due

to the characteristic electronic transitions of Tb3þ (green),
Eu3þ(red) ionsand theviolet-blueemissionassociated to thehost
lattice (HfO2). According to the chromaticity diagram, the best
white light is reached for the sample S2 excited with 382 nm
(x¼ 0.3343, y¼ 0.3406). The cathodoluminescence emission
spectra for co-doped films showed emissions from green to red
(including yellow, orange and other intermediate emissions).
The averagedquantumefficiency values of the sample labeled as
S2 resulted between 47 and 78% depending on the excitation
wavelength. In addition, XPS, TEM, SEMand decay timeswere
performed to characterize these films.

� 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction The luminescent materials (phos-
phors) have played a key role in materials science, and
they are required in a broad range of applications, which
include: panel displays, scintillator devices, lasers, image
projection radiography, fluorescent lamps, etc. Typically,
the phosphors require a host lattice (generally a stable oxide)
and an activator ion (rare earth or transition metal ion).
Hafnium oxide (HfO2) is regarded as a material technologi-
cally important because it exhibits high mechanical, thermal
and chemical stabilities. The HfO2 is a potential candidate to
be used as a gas sensing, electrical insulator, in opto-
electronic devices and anti-reflective optical coatings [1–5].

The HfO2 films have a relatively high refractive index
(1.89); this material has high optical transmission between
80 and 90% in the visible region and a near-infrared of the
electromagnetic spectrum [6]. In addition, its high density
and high effective atomic number makes it attractive as a
scintillating material and due to its large band gap
(Eg¼ 5.68 eV) and low phonon frequency (200–650 cm�1),
HfO2 has been used as a host lattice for rare earth ions and
transition elements in the production of luminescent
materials [7–12]. The white light emitting phosphors are
very important due to the large number of applications: in the
outdoor, lighting with luminescent lamps increases the
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visibility, thus reducing the number of accidents, while in the
indoor lighting, the white luminescent lamps offer
comfort and low power consumption. These applications
require materials with high efficiency emitting in the three
primary colors: blue, green and red, to generate white light
emission [13–15]. Luminescent films, unlike those powdery
materials, have the advantages such as excellent adhesion to
the substrate, unchanged properties throughout the
covered area, superior thermal stability, and negligible optical
scattering with a smaller amount of material [16].
Currently, there are multiple and varied techniques for
the films deposition, some of them are: Ion Beam Assisted
Deposition [17], Pyrosol [18], Sputtering [19], Sol–Gel [20],
Atomic Layer Deposition [21], etc. Among them, the Pyrosol
process has proven to be a suitable technique to deposit thin,
thick films and powdery materials; it is a simple and not
expensive process that allows depositing films with different
compositions, especially oxides.Theprecursor solutions used
in the Pyrosol technique are derived from organic and
inorganic salts such as chlorides, nitrates, acetates, acetyla-
cetonates, etc., which are dissolved in deionized water,
alcohols or other organic solvents. This deposition technique
has some advantages such as low-priced, high rate deposition,
operation easiness and the ability to deposit on substrateswith
relatively large areas [18]. Various investigations associated
with the white light generation from metallic oxides host
lattices activated with Eu3þ and Tb3þ ions can be found
elsewhere [22–28]. To the best of our knowledge, there are
very scarce reports on white light emitting films based on
HfO2 co-doped with Eu3þþTb3þ ions.

This investigation reports on the synthesis and
characterization photo and cathodoluminescent of
hafnium oxide films co-doped with different concen-
trations of Tb3þ and Eu3þ ions, deposited by the Pyrosol
technique; the purpose is to establish conditions (in the
synthesis and optical excitation) to obtain white light
emission, using only two activator ions such as
Tb3þ (green), Eu3þ (red) and the intrinsic (violet-blue)
host lattice emission.

2 Experimental A 0.08M precursor solution of
hafnium chloride (HfCl4) (Alfa-Aesar, 99.9% purity)
dissolved in deionized water was used to deposit un-doped
hafnium oxide films. These films were deposited on Corning
7059 glass (for XRD, SEM and luminescence measure-
ments) and on silicon single-crystals substrates (for XPS
measurements) at temperatures of 400, 450, 500, 550, and
600 8C; in all cases the deposition times were 6min and the
carrier gas flow (dry and filtered air) was 10 litermin�1.
HfO2:Eu

3þ and HfO2:Tb
3þ

films were deposited as a
function of the doping concentrations; it was determined
that the relative concentrations of 10 at.% for Eu3þ ions and
5 at.% for Tb3þ ions were the best luminescent doping
conditions. In addition, these films were deposited as a
function of the substrate temperature; it was observed that
films deposited at 600 8C showed the highest emission
intensity. Co-doped films (with Tb3þ and Eu3þ ions) were

deposited from different combinations of two precursor
solutions (solution A and solution B). Solution A was
prepared by dissolving 0.08M of (HfCl4) in deionized water
and doped with europium chloride hexahydrate
(EuCl3.6H2O, Sigma Aldrich Chemical Co., 99.99%
purity), the europium concentration was 10 at.% with
respect to Hf content. Solution B was prepared similarly
to solution A; in this case the doping was reached with
terbium chloride hexahydrate (TbCl3.6H2O, Sigma–Aldrich
Chemical Co., 99.99% purity), here the terbium concentra-
tion was 5 at.%. Subsequently, these solutions (A and B)
were combined in volume (up to 100ml) to yield seven
different solutions, each one with different percentages of
the activator ions (these solutions were labeled as:
S1, S2 . . . S7). The different combinations of solutions A
and B are shown in the Table 1. For example, solution S1 is
constituted by 0ml of solution Aþ 100ml of solution B;
solution S2 is formed by 20ml of solution Aþ 80ml of
solution B; and so on. These solutions were used to deposit
the films studied in this investigation. The samples labeled
as Sn (n¼ 1, 2, 3, . . . 7) were synthesized from solutions Sn.
In all cases the substrate temperature was 600 8C. The
deposited films were characterized by X-Ray Diffraction
(XRD) with a D-5000 SIEMENS diffractometer using a
wavelength of 1.5406 Å, corresponding to the Ka emission
line of the copper (CuKa). The surface morphology was
analyzed by Scanning Electron Microscopy (SEM) in a
Cambridge-Leica, Stereoscan 440 microscope. High
resolution transmission electron microscopy (HRTEM)
was performed by means of a JEOL microscope model
JEM-ARM 200 CF. The chemical composition inside the
films was measured by X-ray Photoelectron Spectroscopy;
XPS analyses were performed in an UHV system Scanning
XPS microprobe PHI 5000 VersaProbe II, with a Al Ka
X-ray source (hn¼ 1486.6 eV) monochromatic and a MCD
analyzer. The XPS spectra were obtained at 458 to the
normal surface in the constant pass energy mode (CAE),
E0¼ 117.40 for survey surface. The photoluminescence
(PL), excitation and emission spectra and delay times
were obtained at room temperature, using an Edinburgh

Table 1 Precursor solutions used in the deposition of co-doped
hafnium oxide films with europium and terbium ions.

deposition solutions

sample
solution A
(Eu3þ:10 at.%), ml

solution B
(Tb3þ:5 at.%), ml

S1 0 100
S2 20 80
S3 40 60
S4 50 50
S5 60 40
S6 80 20
S7 100 0
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Instruments fluorescence spectrometer model FLS980
equipped with an integration sphere to quantum yield
(QY) measurements. The Cathodoluminescence (CL)
measurements were carried out in a Luminoscope model
ELM-2MCA, RELION Co, which consists of a stainless
steel vacuum chamber equipped with a cold cathode
electron gun attached to the above-mentioned spectrometer
by an optical fiber bundle. The thickness of the films was
approximately 6mm as measured by a Sloan Dektak IIA
profilometer. Finally, the color corresponding to the
luminescent emission of the films was evaluated by the
means of the CIE coordinates in the chromaticity diagrams.

3 Results and discussion Figure 1 shows the results
of analyses by XRD carried out on the HfO2 films at
different deposition temperatures. The diffraction patterns
of the films deposited at temperatures below 450 8C do not
exhibit well-defined peaks, indicating that these films
remain mainly amorphous. However, the diffractograms of
the films deposited at substrate temperatures higher than
450 8C, show a polycrystalline structure with diffraction
peaks corresponding to the HfO2 monoclinic phase (431017
JCPDS card). The peaks have been indexed in the figure,
where it is possible to see a (�111) preferential orientation.
The crystal size of the particles that constitute the film

deposited at 600 8C, was estimated from the two stronger
reflections (�111) and (111) using the Scherrer formula, the
averaged crystal size was 15 nm.

The chemical composition was determinated by X-ray
photoelectron spectroscopy. Table 2 shows the chemical
composition measurements obtained by XPS for co-doped
HfO2 films (deposited at 600 8C) with different proportions
of terbium and europium ions. This table shows relative
atomic percentages of oxygen, hafnium, europium, terbium
and carbon inside the layers, as a function of the percentages
of the precursor solutions used. From these XPS measure-
ments it is possible to observe that the obtained values for
oxygen are not far from the ideal theoretical value, yielding
an average value for these samples of 65.62 at.%.
Furthermore, hafnium also maintains acceptable behavior,
the average value was 31.02 at.%, very close to the ideal
stoichiometry of hafnium oxide. Also, an amount of carbon
in all samples was observed, reaching values around 1–2 at.
%. In addition, different quantities of Terbium and
Europium ions (1–2 at.%) were observed. The sample
labeled as S0 is that without rare earths ions doping. The
corresponding XPS spectra of four HfO2 samples are shown
in Fig. 2. Here, it is possible to observe typical XPS wide
survey spectra of samples S0 (a), S7 (b), S1 (c) and S2 (d).
These spectra show peaks belonging to: Hf (Hf 4f at 18 eV;
Hf 4d at 213 eV and Hf 4p at 380), O (O 1s at 530 eV and
OKLL at 976 eV), Eu (Eu 3d at 1124 and 1156 eV), Tb (Tb 3d
at 1242 and 1274 eV) and C (C 1s at 285 eV). The detected C
is related to the carbon adsorbed on the surface during the
exposure of the films to the ambient atmosphere [29]. The
Hf 4f7/2 peak at E¼ 18 eV indicates the formation of Hf–O
bonding and Hf4þ oxidation number within the HfO2 films,
this is in good agreement with the reported literature [30].

Figure 3 shows SEM micrographs of the surface
morphology for three HfO2 films deposited at 600 8C: a)
un-doped sample; b) co-doped (sample S2), c) co-doped
(sample S6), and d) a cross section of the un-doped sample.
In all of them, it is possible to observe continuous films with
rough surfaces, which can be an advantage for some
applications due to the large surface area provided by these
films. The surface microstructure of the un-doped layers
(Fig. 2a) exhibits clusters of spherical particles, which cover
the entire surface of the substrate. These spherical particles
are approximately 2mm in diameter. The microstructure of

Figure 1 XRD diffractograms of HfO2 films deposited at different
deposition temperatures.

Table 2 Relative atomic percentages of the elements present inside the HfO2: Eu
þ3þTbþ3

films, as measured by X-ray Photoelectron
spectroscopy (XPS).

co-doped samples deposited at 600 8C

element (at.%) S0 S1 S2 S3 S4 S5 S6 S7

oxygen 67.29 67.92 65.43 64.87 65.58 65.86 64.95 65.83
carbon 1.77 1.24 1.25 1.15 1.39 1.84 1.81 1.69
hafnium 30.94 30.84 33.32 33.98 33.03 32.30 33.24 32.48
terbium 0.0 1.51 1.35 1.16 1.08 0.84 0.66 0.0
europium 0.0 0.0 0.88 1.13 1.26 1.48 1.96 2.15
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the co-doped films, sample S2, with high Tb3þions content
(Fig. 2b) clearly show the formation of island of spherical
particles as well as a branch shaped microstructure. The
microstructure of the co-doped films, with high Eu3þions
content, sample S6, (Fig. 2c) shows an intermediate state
between un-doped films and the co-doped films with high
Tb3þ ions content. In general, some changes on the surface
microstructure of the co-doped layers are observed with the
incorporation of rare earths ions (Eu3þ and Tb3þ). Fig. 2d)
shows a cross section of the un-doped sample; here it is
possible to observe that the films are formed by a solid base
of approximately 2mm and on this base clusters or heaps of
spherical particles; as a consequence the films exhibit high
roughness.

A high resolution transmission electron microscopy
image (HRTEM), taken in HfO2 films deposited on Si
substrate at 600 8C, is observed in Fig. 4. This polycrystal-
line film consists of nanograins, which exhibit atomic
fringes corresponding to low index lattice planes of hafnium
oxide structure. The HfO2 grains have an irregular
morphology with diameters ranging from 5 to 15 nm.
These values coincide approximately with those estimated
by the Scherrer formula.

Figure 5a shows PL emission spectrum of HfO2 films
doped with Tb3þ ions, which were synthesized at 600 8C and
excited with 266 nm. The bands centered at 490, 543, 590,
and 623 nm, correspond to transitions from the excited state
5D4 toward 7F6,

7F5,
7F4 and 7F3 levels, respectively; the

most intense band is centered at 543 nm. Figure 5b exhibits
the PL excitation spectrum of the same HfO2:Tb

3þ
films,

which was monitored with an emission wavelength at
543 nm. Here, it is possible to observe a spectrum with a
broad band from 240 to 310 nm centered at 266 nm, which is
attributed to the 4f8–4f75d1 transition of Tb3þ ions, and the
small peaks with the position from 320 to 400 nm belong to
the transitions between energy levels of the 4f8 configura-
tion of Tb3þions [31, 32]. Figure 5c shows the dependence
of the emission intensity of the band centered at 543 nm for
HfO2:Tb

3þ
films as a function of the doping concentration;

these films were deposited at 600 8C and excited with a
wavelength of 266 nm; such emission intensity increases
depending on the concentration of Tb3þ ions, which reach
its maximum emission intensity for 5 at.%; at higher
concentrations than 5 at.%, the emission intensity decreases,
very probably due to the concentration quenching
phenomena.

Figure 6a shows the photoluminescence emission
spectrum for HfO2:Eu

3þ
films, deposited at 600 8C and

Figure 3 SEM Micrographs of three differ-
ent HfO2 films deposited at 600 8C; a) un-
doped sample; b) co-doped sample S2; c) co-
doped sample S6 and d) cross section view of
the un-doped sample.

Figure 2 XPS survey spectra of samples: S0 (a), S7 (b), S1 (c),
and S2 (d).
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excited with 262 nm. Typical emissions of Eu3þ ions are
observed and located at 578, 592, 613, 654, and 703 nm,
which correspond to transitions: 5D0! 7F0,

5D0! 7F1,
5D0! 7F2,

5D0! 7F3, and 5D0! 7F4, respectively; the
most intense band is located at 613 nm. Figure 6b exhibits
the excitation spectrum of HfO2:Eu

3þ
films, synthesized at

600 8C and monitored at 613 nm, in which a broad band
centered at 262 nm is the most intense, this band is attributed
to a charge transfer from the p orbitals of the O2� ions to f
orbitals of Eu3þ ions. Also, the typical absorption bands of
the Eu3þ ions can be observed, which are located at 361,
380, 395, 414, and 466 nm, these correspond to the
electronic transitions from the ground state 7F0 to the
excited states 5D4,

5G4,
5L6,

5D3, and
5D4, respectively [6].

The dependence of the PL emission intensity of the HfO2:

Eu3þ films (intensities of the band centered at 613 nm) as a
function of the doping concentration is shown in Fig. 6c;
synthesis of these films was carried out at 600 8C and excited
with 262 nm. It is observed that the PL emission intensity
increases when the Eu3þ ions concentration is raised. The
maximum emission intensity is reached for 10 at.% of Eu3þ

ions (in the start solution), after this value the PL emission
intensity decreases, surely due to the quenching concentra-
tion effect.

Three PL excitation spectra for the sample deposited
from the solution labeled as S2 are displayed in Fig. 7. This
film shows the best luminescent characteristics to reach the
white light emission. Curve (a) corresponds to host lattice
as monitored at 420 nm; curve (b) is associated to Tb3þ ions
as monitored at 543 nm and curve (c) is for Eu3þ ions as
monitored at 613 nm. In this case, it is possible to observe
that the excitation spectra for Eu3þ and Tb3þ ions show

Figure 4 High resolution transmission electron microscopy
image (HRTEM) from HfO2 films deposited on Si substrate at
600 8C.

Figure 5 a) PL Emission spectrum of HfO2: Tb3þ films
synthesized at 600 8C. b) Excitation spectrum of HfO2: Tb3þ

films synthesized at 600 8C. c) Emission intensity dependence of
HfO2: Tb

3þ
films as a function of the doping concentration.

Figure 6 a) PL Emission spectrum of HfO2: Eu
3þ

films deposited
at 600 8C. b) Excitation spectrum of HfO2: Eu

3þ
films synthesized

at 600 8C. c) Behavior in PL emission intensity of HfO2: Eu
3þ

films
depending on the doping concentration.

Figure 7 Excitation spectra of the layer S2, exciting the host
lattice (lem¼ 420 nm), exciting the Eu3þ ions (lem¼ 613 nm) and
exciting the Tb3þ ions (lem¼ 543 nm), synthesized at 600 8C. The
inset shows the emission spectrum for the un-doped sample
(lex¼ 382 nm).
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prominent and broad bands centered approximately at 271
and 282 nm, respectively; these bands are similar to those
showed in Figs. 5b and 6b, even though the presence of both
impurities (Eu3þþTb3þ ions) into the host lattice causes
some small differences in the excitation spectra. In addition,
the host lattice (HfO2) exhibits an irregular broad band in the
region from 300 to 400 nm. From these spectra, it is possible
to see that Eu3þ and Tb3þ ions can be excited with
wavelengths from 235 to 400 nm while the host lattice is
excited only in the region from 300 to 400 nm. This suggests
that the excitation with wavelengths from 300 to 400 nm
could simultaneously excite the three primary colors: red
(from Eu3þ ions), green (from Tb3þ ions) and blue (from
host lattice) to generate white light. Inset of the Fig. 7 shows
the PL emission spectrum for un-doped HfO2 films; the
excitation wavelength was 382 nm. In this case, a broad
band is observed; this band exhibits a maximum at about
420 nm (violet-blue region). It has been reported that HfO2

emits violet-blue light, which is attributed to defects such as
oxygen deficiencies [33, 34].

In Fig. 8 the PL emission spectra of the films referred to
as S1 to S7 can be observed, which contain different ratios
of Tb3þ/Eu3þ according to Table 1. These samples were
synthesized at 600 8C and excited with 382 nm (see Fig. 11).
The emission spectrum of the sample S1 (which only
contains Tb3þ ions) shows the typical PL emissions for
Tb3þ ions, and the most intense band is centered at 547 nm.
In addition, a wide band between 400 and 480 nm is
observed, centered about 425 nm, which can be attributed to
the host lattice emissions. In the sample labeled as S7, which
contains only Eu3þ ions, the PL emission spectrum shows
the own emission of Eu3þ ions and also the emission of the
host lattice can be observed, with lower intensity than for
sample S1. The PL emission spectrum of sample S2,
maintains a more balanced relationship in the intensities of
the major bands of Tb3þ and Eu3þ ions. Nevertheless, the
band corresponding to the main emission of Tb3þ ions is

more intense, and centered 547 nm. In this spectrum, the
host lattice emission is less intense than for all other spectra.
The above is reversed for the spectrum of sample S3,
because now the most intense band is centered at 615 nm,
which corresponds to the transition 5D0! 7F2 of Eu

3þ ions.
It continues to increase in intensity until sample S7, while
the band centered at 547 nm, corresponding to the transition
5D4! 7F5 of the Tb3þ ions, decreases.

Figure 9 shows the CIE chromaticity diagram for PL
emission spectra presented in Fig. 8. The chromaticity
coordinates corresponding to each point on the CIE diagram
can be seen in the inserted table. The sample labeled as S1,
has chromaticity coordinates (0.2201, 0.2548) correspond-
ing to blue-green emission, this sample contains only
terbium ions, and the notable blue contribution comes from
the host lattice emission. Sample S2 shows white emission
with chromaticity coordinates (0.3350, 0.3423), which are
very close to perfect white emission. All other samples
showed points, in chromaticity diagram, corresponding to
reddish emissions.

PL emission spectra for HfO2:Tb
3þþEu3þsamples

labeled as S2 are shown in Fig. 10, which were obtained by
varying the excitation wavelength from 366 to 390 nm, in
order to achieve the best tuning of three basic colors to
produce a white emission. All spectra are similar, except for
the broad band in 400–450 nm region. This broad band is
attributed to emission from the host lattice, as mentioned
above, which becomes more intense as the excitation
wavelength increases.

Figure 8 PL emission spectra for HfO2: Tb
3þþEu3þ films with

different contents of Tb3þ and Eu3þ ions; synthesized at 600 8C.

Figure 9 CIE Chromaticity Diagram for PL emission spectra of
HfO2:Tb

3þþEu3þ films with different contents of the Tb3þ and
Eu3þ ions, lex¼ 382 nm.
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Figure 11 shows CIE chromaticity diagram for PL
spectra of sample S2 (Fig. 10). The CIE coordinates are
represented by points labeled as a, b, c, d, e, f, and g,
corresponding to the wavelength with which they were
excited, 366, 370, 374, 378, 382, and 386 nm, respectively.
The chromaticity diagram exhibits that as this sample was
excited from 366 until 386 nm, different emissions were
obtained from warm white to cold white. First, exciting with
366 nm, a yellow emission or warm white was obtained. As
the excitation wavelength was increased, the color was
approaching to the perfect white (0.3333, 0.3333) through

different tones of yellow, until the excitation wavelength of
382 nm where the sample emits a white light (very close to
ideal), with chromaticity coordinates (0.3343, 0.3406). In
this case, de Color Temperature was 5385K as calculated by
the McCamy formula [35]. If the excitation wavelength
increases, the host lattice is better excited, such that now
blue or cold white emission is obtained (points: f and g). As
a consequence, 382 nm wavelength was selected to excite
the co-doped samples with different Tb/Eu ratios.

CL emission spectra for the series of HfO2:Tb
3þþEu3þ

samples with different concentrations of Tb3þ and Eu3þ

ions, according to Table 1, are presented in Fig. 12. The
sample labeled as S1exhibits, as in the PL emissions, the
typical emissions of Tb3þ ions; in the same way the sample
labeled as S7 shows typical emissions from Eu3þ ions. In the
sample S6 the band centered at 547 nm (Tb3þ ion transition)
appears with very low intensity which is enhanced as the
content of Tb3þ ions is increased in the other samples, while
the emission at 615 nm (Eu3þ ion transition) decreases. A
notable difference with respect to the PL emission spectra is
observed; since none of the spectra of this figure show the
violet-blue broad band attributed to HfO2 host lattice. More
investigation is in course to elucidate this point.

The CIE chromaticity diagram for CL emission spectra
of the HfO2:Tb

3þþEu3þsamples with different concen-
trations of Tb3þ and Eu3þ ions is presented in Fig. 13. In the
table (inset) the corresponding chromaticity coordinates can
be observed. It is clear that sample S7, which only has Eu3þ

ions, shows a red emission purer than other samples, and as
Tb3þ ions are incorporated there is a trend approaching to
yellow emissions; therefore, the samples labeled as S6, S5,
S4 exhibited red-orange emissions, but the sample S3
indicates a yellow emission due to the higher Tb3þ ions
content. The sample labeled as S2 shows a yellow-green
emission, while sample S1 exhibits a green emission
typical of Tb3þ ions. Finally, is possible to mention that all

Figure 12 CL emission spectra for HfO2:Tb
3þþEu3þ films as a

function of the different contents of Tb3þ and Eu3þ ions;
synthesized at 600 8C.

Figure 10 PL emission spectra for the sample S2 as a function of
the excitation wavelength.

Figure 11 CIE chromaticity diagram for sample S2 as a function
of the excitation wavelength.
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the emissions obtained by CL are between red and green
because the host lattice was not excited by the accelerated
electrons.

Life-time measurements of sample S2 were performed
by excitation with 382 nm monitoring the emissions at 420,
543, and 613 nm. Figure 14 shows the decay profiles

associated with Tb3þ ions (543 nm), Eu3þ ions (613 nm) and
HfO2 (420 nm) of sample S2.

The decay curves for transitions of Tb3þ ions and Eu3þ

ions were fitted with a double-exponential function as

I ¼ Aþ B1exp �t=t1ð Þ þ B2exp �t=t2ð Þ;

here, I is the intensity and A (background), B1, B2, and t1, t2
are the fitting parameters. The decay curve for the transition
of the host lattice (HfO2) at 420 nm was fitted with a triple-
exponential function as

I ¼ Aþ B1exp �t=t1ð Þ þ B2exp �t=t2ð Þ
þ B3exp �t=t3ð Þ;

where once again, I is the intensity and A (background), B1,
B2, B3 and t1, t2, t3 are the fitting parameters [6]. The
average decay times, tav, were calculated using these
parameters and the following equation:

tav ¼ SBi tið Þ2
h i

= SBi tið Þ½ �:

The average decay times calculated from these fits were
0.97, 1.23, and 0.57ms for Tb3þ ions, Eu3þ ions, and HfO2,
respectively. The average decay times for Tb3þ and Eu3þ

ions are similar to those obtained in other investigations
[6, 36].

Photographs on HfO2:Tb
3þþEu3þsamples can be seen

in Fig. 15. Photograph a) shows the samples labeled as S1 to
S7, which were excited by a wavelength of 254 nm provided
by a UV lamp. Mainly green, yellow, orange and red

Figure 13 CIE Chromaticity diagram for CL emission spectra of
the HfO2:Tb

3þþEu3þ films with different amounts of Tb3þ and
Eu3þ ions.

Figure 14 Life-time measurements of sample S2 performed by
excitation with 382 nm monitoring the emissions at 420, 543, and
613 nm.

Figure 15 Photographs of a) HfO2:Tb
3þþEu3þ films labeled S1,

S2, S3, S4, S5, S6, and S7, excited with 254 nm provided by a UV
lamp; b) HfO2:Tb

3þþEu3þ film S2, excited with 382 nm provided
by the fluorescence spectrometer.
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emissions are observed because the excitation wavelength
(254 nm) does not excite significantly to the host lattice
(HfO2), therefore the violet-blue contribution is not
observed. Picture b) shows the white light emission from
a co-doped HfO2: Tb

3þþEu3þsample labeled as S2, which
was excited with 382 nm provided by the fluorescence
spectrometer cited in the experimental details.

PL absolute quantum efficiency (QE) of the sample
labeled as S2 was measured (five times); the averaged value
obtained was 47%, when it was excited with 382 nm and
78% if the sample is excited with 280 nm. The QE values
were calculated by the following equation [37]:

h QEð Þ ¼
R
LemissionR

Eblanc �
R
Esample

where Lemission is the emission spectrum of the studied
sample, Esample is the spectrum of the light used for exciting
the sample and Eblanc is the spectrum of the excitation light
without the sample in the integration sphere. The values
obtained in this material (HfO2: Tb

3þþEu3þ) for quantum
efficiency are high and are suitable for various applications,
for example in white LEDs excited with near UV
radiation [37]:

4 Conclusions In this contribution, un-doped (HfO2)
and co-doped (HfO2: Tb

3þþEu3þ) films were successfully
synthesized by the means of Pyrosol process. The deposition
temperature was an important parameter to improve the
crystalline structure of these layers; at low temperature
(400–450 8C) these films were non-crystalline, while films
deposited at higher temperatures (500–600 8C) showed the
polycrystalline structure of the HfO2 monoclinic phase. The
best quality of crystalline structure was reached at 600 8C,
this substrate temperature is relatively low compared to
those used in the synthesis of powdery samples. The crystal
size of the layers deposited at 600 8C was about 5–15 nm (as
measured by HRTEM), which are similar to those estimated
by the Scherrer formula. The SEMmicrographs showed that
the films deposited at highest substrate temperature are
continuous and rough, crowned by clusters of spherical
particles; these characteristics allow to the luminescent
layers have a greater interaction surface area with the
excitation radiation. The chemical composition was
determinated by XPS, and it was observed that the ratio
Hf/O is close to the ideal stoichiometry of the HfO2. In
addition, the delay times of the sample S2 were obtained,
and the average delay times for Tb3þ and Eu3þ ions are
similar to those reported in other investigations. Also,
quantum efficiency (QE) of the sample labeled as S2 was
measured; the averaged value obtained was 47%, when
excited with 382 nm, and 78%, if the sample is excited with
280 nm. The quantum efficiency values for the studied
material in this research are considerably high and are
appropriate for many applications, such as white LEDs
excited with near UV radiation. The methodology used in

the preparation of the precursor solutions allowed to
synthesize films activated with different concentrations of
trivalent Tb3þ and Eu3þ ions; these samples exhibited a
strong intensity photo and cathodoluminescent and various
emissions (“colors”) could be easily obtained by tuning the
excitation wavelength and the ratio Tb3þ/Eu3þ. As a
consequence, red, orange, yellow, green, violet-blue, and
notably, white light emissions were generated using only
two activators (Tb3þ and Eu3þ). The white light obtained
from sample S2 excited with 382 nm, could be proposed for
lighting devices excited with laser diodes (LEDs), now
commercially available (360–410 nm); therefore, this
material shows a great advantage because it avoids the
use of mercury lamps as an excitation source.
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