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R. Demoulin a, L. Khomenkova b,c, C. Labbé b, F. Gourbilleau b, C. Castro a, P. Pareige a, 
E. Talbot a,* 

a Groupe de Physique des Matériaux, Normandie Univ, UNIROUEN, INSA Rouen, CNRS, 76000, Rouen, France 
b CIMAP, Normandie Univ, ENSICAEN, UNICAEN, CEA, CNRS, 6 Boulevard Maréchal Juin, 14050, Caen Cedex 4, France 
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A B S T R A C T   

Luminescence and structural properties of Pr3+ doped HfSiOx thin layer elaborated by magnetron sputtering have 
been investigated as a function of the annealing temperature. The emission properties of Pr3+ ions were studied 
using photoluminescence (PL) and cathodoluminescence (CL) spectroscopies. Phase separation between amor-
phous SiO2 and crystallized HfO2 nano-grains occurring in the HfSiOx matrix has been investigated by atom 
probe tomography and transmission electron microscopy with particular consideration for the Pr distribution. 
Both PL and CL measurements evidenced a strong emission originating from Pr3+ ions in the visible range for an 
annealing temperature higher than 950◦C. At 950◦C, Pr3+ ions are clearly located in HfO2 nano-grains of cubic 
structure. Regarding PL, no significant changes are observed between 950◦C and 1050◦C. However, CL mea-
surements revealed new emission peaks in the infrared range after an annealing at 1050◦C, corresponding to the 
appearance of a new orthorhombic crystalline structure of HfO2 nano-grains in the thin layer. The CL signal 
evolution as a function of the annealing treatment is discussed in regard to the evolution of structural properties.   

1. Introduction 

Rare earth (RE) doping paved the way for the development of 
emerging materials in optoelectronics and photonics [1]. More pre-
cisely, the combination of a host matrix with a crystalline phase con-
stitutes a perfect environment for optically active ions in order to take 
the full advantage of their properties. In the past few years, a strong 
interest has been paid to the RE3+ (Er3+, Ce3+, Tb3+, …) doping of silica 
or silicon-rich silicon oxide host matrices due to their numerous appli-
cations in optic or telecommunication systems [1–4]. However, at high 
doping concentration, it has been shown that the low solubility of RE 
ions in silicon oxides conducts to the formation of RE-RE bonding 
leading to the prevalence of cross relaxation effect, or of chemical 
clusters in form of RE oxides or silicates [5–8]. In many cases, clustering 
of RE ions leads to the deterioration of their emission properties and 
limits their use for novel optical applications [6,8,9]. 

To replace the silicon oxide as host material for RE-doping, hafnium 
silicates (HfSiOx) appear as a material of choice and are used in the 
microelectronic field [10,11]. This interest is caused by their high 

dielectric constant (k ≈ 11–16), their large bandgap (6.5 eV), their high 
refractive index and the high interface quality with silicon. Moreover, 
compared to SiO2, HfSiOx matrices have lower phonon frequencies 
reducing the probability of non-radiative recombination, which makes 
these materials particularly attractive for the RE-doping. Besides, HfSiOx 
systems should present a crystal-like environment favourable to the 
emission properties of RE ions. In fact, it has been evidenced that in 
undoped as in doped HfSiOx matrices, an annealing treatment led to a 
phase separation between a SiO2 amorphous phase and a crystalline 
HfO2 phase [12–14]. Depending on the fabrication conditions (i.e. 
annealing treatment, dopant species, dopant concentration …), the HfO2 
phase can appear with monoclinic, tetragonal, cubic or orthorhombic 
crystal form [15,16]. In pure HfO2 thin films or nanoparticles, high 
degree of RE-doping leads to a transition from monoclinic to cubic 
structure due to formation of oxygen vacancies in the HfO2 phase to keep 
the electroneutrality of the crystal lattice [17–19]. Moreover, in some 
cases of RE-doped HfO2, a cubic to orthorhombic transition has been 
observed, generating new ferroelectric properties [20–22]. It is worth 
noting that the type of HfO2 crystalline phase affect RE PL spectrum, for 
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instance, for Eu3+ doped HfO2 nanoparticles, the emission properties of 
Eu3+ ions were found to be strongly dependent on the HfO2 crystalline 
nature [19]. 

Recently, we have crossed deep structural analyses with photo-
luminescence (PL) measurements of Pr3+-doped HfSiOx thin films in 
order to reveal the origin of Pr3+ emission [23]. An interesting point of 
Pr3+ ions is their capacity to produce simultaneously blue, green, red 
and near infrared emissions. In this work, we report the cath-
odoluminescence properties of Pr3+ doped HfSiOx thin films in both 
visible and infrared range as a function of their annealing treatments, 
and compare them with the PL and structural characteristics described 
recently in Ref 19. In this previous study, we have proposed the mech-
anism leading to the strong Pr3+ PL emission peak (487 nm) and 
demonstrated an effective energy transfer from oxygen vacancies to-
wards Pr3+ ions, being both located in cubic HfO2 nano-crystallites. 

2. Material and methods 

Pr3+-doped HfSiOx thin films were produced on p-type (100) Si wafer 
(2 inches in a diameter) by radio-frequency magnetron co-sputtering of a 
pure HfO2 target topped by calibrated 1 cm2 Si and Pr6O11 chips. The 
deposition was performed with a RF power density of 0.98 W.cm− 2 in 
pure Ar plasma. The Si substrate temperature was kept at 25◦C. After 
deposition, the wafer with the film was cut into smaller pieces (so-called 
as samples) that were annealed at a temperature Ta of 800◦C, 950◦C and 
1050◦C under N2 flow during 1 h. 

Photoluminescence measurements were performed using a Jobin 
Yvon fluorolog spectrometer with an excitation wavelength of 285 nm 
from a Xenon arc lamp. PL spectra were recorded at room temperature 
and corrected of the spectral response of the system. Cath-
odoluminescence (CL) spectra were acquired at room temperature on a 
HORIBA HCLUE system mounted on a JEOL 7900F scanning electron 
microscope. Spectra were recorded in scan mode, in a window of 6×4.3 
μm2, in UV–Vis range (300–1000 nm) and in IR range (1000–1500 nm) 
using 600 and 150-grooves grating, respectively. 

Chemical and structural characteristics of Pr3+-doped HfSiOx films 
were investigated by Atom Probe Tomography (APT) using a laser- 
assisted wide-angle tomographic atom probe (LAWATAP-Cameca) 

with a femtosecond UV pulsed laser (λ = 343 nm, P = 20 nJ) and a 
detector yield of 0.62. The experiments were performed in a vacuum 
chamber at 10− 10 mbar, at a temperature of 80 K. APT analyses are 
based on field evaporation effect produced in a tip-shaped sample with a 
curvature radius lower than 50 nm. Tip samples were prepared 
following the lift-out and annular milling process, using a dual beam 
Zeiss NVision 40 FIB-SEM. The APT data analyses were performed using 
the home built GPM3Dsoft software. 

Scanning transmission electron microscopy (STEM) and selected 
area diffraction (SAED), were performed on a field emission probe Cs 
aberration corrected JEOL-ARM200F operating at 200 kV. Cross-section 
TEM samples were prepared by mechanical polishing and ion argon 
milling procedures. Reference of the layer orientation has been taken on 
the Si (100) substrate oriented according the [011] zone axis. 

X-Ray diffraction (XRD) measurements were performed on a Philips 
Xpert MPD device with CuKα radiation at a fixed grazing angle incidence 
of 0.5◦. 

3. Results 

3.1. Luminescence properties 

Fig. 1(a–c) show the CL spectra of Pr3+-doped HfSiOx thin films in the 
UV–Vis range for the three different Ta. For each Ta, a signal corre-
sponding to the luminescence emission of Pr3+ ions due to intra-4f 
transitions is observed (Fig. 1(d)). The wavelength and the corre-
sponding transitions of each signal are reported in Table 1. The energy of 
excitation used during CL measurements should allow a direct excitation 
of RE3+ ions, however, an indirect excitation mechanism via host matrix 
defects may be also considered. 

The sample annealed at 800◦ evidenced four broad CL bands (Fig. 1 
(a)). The first one, centred at 493 nm and with a wide spectral spread 
(468–519 nm), can be associated with the 3P0 → 3H4 transition. This 
peak is the most intense one in all our CL spectra and presents its 
maximum, in terms of intensity, after an annealing at 1050◦. The second 
band, in the 520–575 nm range, with one peak located at 540 nm is 
attributed to the 3P0 → 3H5 transition. The third band is broad being 
detected in the 595–675 nm spectral range. This CL band has two peaks 

Fig. 1. CL spectra of Pr3+-doped HfSiOx thin films annealed at (a) 800◦C, (b) 950◦C and (c) 1050◦C in UV–Visible range. Spectra were recorded using a probe current 
of 1.85 nA with an acceleration voltage of 15 kV. (d) Schematic presentation of intra-4f transitions of Pr3+ ions. 
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at ~625 and 650 nm that can be due to 3P0 → 3H6 and 3P0 → 3F2 
transitions, respectively. The last group is composed of three peaks 
located at 694, 717 and 736 nm and related to 3P1 → 3F4, 3P0 → 3F3 and 
3P0 → 3F4 transitions, respectively. It is worth noting that the major part 
of CL emission of Pr3+ ions emanates from the de-excitation of the 3P0 
state. This kind of emission has already been evidenced in other host 
matrices such as ZnO–SiO2 or ZrO2, in which only the intensity of 
emission resulting from these transitions seems to vary [24–26]. 

Strong differences appear between the spectrum recorded for the 
film annealed at 800◦ and those treated at higher temperatures. First, if 
some of the CL bands are located in same spectral ranges, the peaks 
become to be sharper when Ta increases. This effect can be linked to the 
effect of spin-orbit and crystal field interactions on the energy levels of 
Pr3+ ions caused by a change of their local environment, allowing 
clearer separation of the electronic transitions. Hence, it can be ascribed 
to the crystallization of the HfO2 phase upon heat treatment that is 
usually observed in this type of materials. The broad CL band, attributed 
to the 3P0 → 3H4, is centred at 495 nm at 800◦C. It tends to split into two 
contributions peaking at 487 and 503 nm at 950◦C and 1050◦C. Second, 
the probability of these electronic transitions seems to be influenced by 
the annealing treatment. In fact, at 950◦C, a decrease of the integrated 
CL intensity is observed before an increase for the highest Ta. A phase 
separation is expected to occur in HfSiOx matrices towards the formation 
of two phases SiO2 and HfO2, when Ta reaches values higher than 900◦C 
[12–14]. Thus, in a first step a preferential diffusion of Pr3+ ions in the 
HfO2 phase (evidenced further in section 3.2) may reduce Pr–Pr length 
and consequently increases the non-radiative recombination rate due to 
the cross relaxation effect [1], or a partial crystallization of the HfO2 
phase can also favored the non-radiative recombination via host matrix 
defects. In a second step, when Ta reaches 1050◦C, the observed increase 
of CL intensity can be the result of a rearrangement of Pr3+ ions in the 
host matrix or/and a change of Pr3+ local environment as well as a 
recovering of the non-radiative defects. 

The PL spectra measured on Pr3+-doped HfSiOx thin films annealed 
at 800◦C, 950◦C and 1050◦C are presented in Fig. 2. Unlike the CL re-
sults reported above for the layer annealed at 800◦C, the corresponding 
PL spectrum exhibits only a very weak signal at 493 nm which may 
originates from the 3P0 → 3H4 transition of Pr3+ ions. The broad PL band 
observed between 350 and 650 nm was already present in the PL 
spectrum of undoped sample and was attributed to the response of host 
material defects under the UV excitation wavelength [27,28]. As Pr3+

ions do not present an absorption band at 285 nm, the excitation energy 
used here does not allow a direct excitation of Pr3+ ions. At higher 
temperatures, the appearance of an intense PL signal attributed to the 
luminescence of Pr3+ ions (Fig. 2(b and c)) shows that the PL of 
Pr3+-doped HfSiOx films may be due to an indirect excitation mecha-
nism. According to CL measurements, optically active Pr3+ ions are 
present in all annealed films whatever Ta. Then, the absence of sharp 

Pr3+ PL signal at 800◦C could be due to (i) the location of Pr3+ in an 
amorphous HfSiOx host matrix presenting a high rate of non-radiative 
defects and/or (ii) negligible amount of radiative defect centres in the 
host matrix acting as sensitizers for Pr3+ ions. 

The electronic transitions appearing on the 950◦C and 1050◦C PL 
spectra are indexed also in Table 2. It is worth noting that the number of 
PL peaks detected is smaller than that of CL ones. However, all of these 
peaks were already observed on CL spectra. As for CL measurements, the 
highest intensity corresponds to the electronic transition 3P0 → 3H4 at 
487 nm. If the transitions observed at 950◦C and 1050◦C are the same, 
the integrated intensity of the PL signal increases and the shape of the PL 
spectra varies slightly. For instance, for Ta = 1050◦C, the second 
contribution of 3P0 → 3H4 transition at 503 nm, tends to split in three 
different peaks. Contrary to this, both peaks of the 3P0 → 3H6 transition, 
detected at 613 and 623 nm, combine in one single peak observed at 
619 nm. 

These findings can be explained by the influence of the crystal field 
surrounding Pr3+ ions. In addition to the decomposition of the HfSiOx 
matrix, a Ta increase leads to an evolution of the crystalline form of the 
HfO2 phase, and this can result in a slight modification of the indirect 
excitation mechanism of Pr3+ ions. In fact, it has been proved that a 
change of the crystalline environment of Pr3+ ions can significantly in-
fluence their PL properties [29]. It is worth noting that these 

Table 1 
Electronic transitions observed on CL spectra for different annealing 
temperatures.  

Transition Wavelength (nm)  

HfSiOx:Pr - 800◦ HfSiOx:Pr - 950◦C HfSiOx:Pr - 1050◦C 
3P0 → 3H4 493 487–503 487–503 
3P0 → 3H5 540 533–549 533–549 
3P2 → 3F2 Not detected 563 563 
3P0 → 3H6 624 613–623 613–623 
3P0 → 3F2 650 640 - 650 - 666 640 - 650 - 666 
3P1 → 3F4 694 Not detected 692 
3P0 → 3F3 717 717 717 
3P0 → 3F4 736 738–754 738–754 
3P0 → 1G4 Not detected Not detected 877 to 911 
1D2 → 3F2 Not detected Not detected 977 
1D2 → 3F3 Not detected Not detected 1064 
1D2 → 3F4 Not detected Not detected 1127 
1G4 → 3H5 Not detected Not detected 1344  

Fig. 2. PL spectra of Pr3+ doped HfSiOx thin films annealed at (a) 800◦C, (b) 
950◦C and (c) 1050◦C in UV–Vis range. The excitation wavelength is 285 nm. 

Table 2 
Electronic transitions observed on PL spectra as a function of the annealing 
temperature.  

Transition Wavelength (nm)  

HfSiOx:Pr - 800◦C HfSiOx:Pr - 950◦C HfSiOx:Pr - 1050◦C 
3P0 → 3H4 493 487–503 487–503 
3P0 → 3H5 Not detected 533 533 
3P0 → 3H6 Not detected 613–623 619 
3P0 → 3F2 Not detected 640–666 640 - 650 - 666  
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modifications are not observed in CL spectra, in which Pr3+ ions emis-
sion remains the same in the UV–Visible range. This difference is 
explained by the higher excitation energy used for CL measurements, 
Pr3+ ions emission changes resulting from the indirect mechanism may 
be screened by the direct excitation of Pr3+ ions. 

Concerning the CL spectra measured in the near infrared range, Fig. 3 
(a and b) evidence that the emission of Pr3+ ions in this range is only 
visible, with a low intensity, for the thin film annealed at 1050◦C. On 
Fig. 3(a), numerous CL sharp peaks are detected from 870 to 960 nm. 
These peaks could be attributed to 3P0 → 1G4, and 1D2 → 3F2 electronic 
transitions of Pr3+ ions. Three other CL peaks can be observed on Fig. 3 
(b), two at 1064 and 1127 nm, which may be attributed to the 1D2 → 3F3 
and 1D2 → 3F4 transitions and a last one at 1344 nm that may correspond 
to the 1G4 → 3H5 transition. More, the high resolution of these infrared 
CL peaks highlights the crystalline nature of Pr3+ ions environment. As 
this CL signal is only detected at 1050◦, this should be linked to a change 
of the crystalline nature of the HfO2 phase during the thermal treatment. 

The influence of the acceleration voltage of the electron beam on CL 
signal of Pr3+-doped HfSiOx annealed at 1050◦C is represented in Fig. 4. 
The increase of the acceleration voltage from 4 kV to 30 kV does not 
affect the overall appearance of the signal and all CL peaks due to 
electronic transitions of Pr3+ observed at 4 kV also appear at 30 kV with 
similar ratio. In other materials, as in Pr-doped ZrO2 thin film, an in-
crease of the acceleration voltage results in a significant change of the 
intensity ratio between the CL bands located at 500 nm and 615 nm 
[25]. As it is shown on the inset of Fig. 4, the integrated intensity of our 
film is affected by this acceleration voltage. In fact, the signal intensity 
reaches a maximum between 15 and 20 kV and tends to decrease at 
higher voltage. Increasing the acceleration voltage from 4 kV to 30 kV 
means that the CL signal will be measured at greater depth. As the region 
of interest consists in a thin film of few hundreds of nanometres, the 
stable CL intensity measured between 15 and 20 kV evidences that the 
Pr3+-doped HfSiOx is homogenous on the entire depth of the sample. 
Then, the lower intensities measured for lower or higher acceleration 
voltage show that, in these conditions, the electron beam reaches a 
smaller part of the thin film. 

3.2. Matrix decomposition 

Structural characteristics of these three Pr3+-doped HfSiOx thin 
layers have been deeply investigated by crossing different analysis 
methods as Atom Probe Tomography (APT), Transmission Electronic 

Microscopy (TEM) and X-ray diffraction (XRD) [23,28]. Fig. 5(a–c) 
display the atomic distributions of Si, Hf and Pr atoms observed in the 
case of a thin layer annealed at 950◦C. In all cases, the atomic distri-
butions are clearly inhomogeneous showing that at high annealing 
temperature, doped HfSiOx matrix separates in two distinct phases. This 
can be confirmed by the STEM HAADF analyses performed on the same 
sample, showed in Fig. 5(d). In the STEM HAADF picture, the signal 
intensity is nearly proportional to Z2. It evidenced the presence of two 
phases differentiate by two distinct contrasts. Dark contrasted one can 
be associated to the silicon-based phase and bright contrasted one to the 
hafnium-based phase evidenced by APT (Fig. 5(a and b)). Crossing both 
TEM and APT analyses, it was evidenced that these phases could be 
defined as SiO2 and HfO2 [23]. In fact, while concentrations measured 
on APT analysis in the Si-based phase confirmed the presence of the SiO2 
phase, EELS (electron energy loss spectroscopy) signals detected at the 
O–K edge in both Si and Hf-based phases clearly characterize the SiO2 
and HfO2 nature of the different phases [23]. Then, the presence of Si 

Fig. 3. CL spectra of Pr3+-doped HfSiOx thin films annealed at 800◦C, 950◦C and 1050◦C in near IR range. Spectra were recorded using an acceleration voltage of 15 
kV with (a) a probe current of 1.85 nA and (b) a probe current of 9.47 nA, by consequence measurements of intensities may differ between (a) and (b). 

Fig. 4. CL spectra of Pr3+-doped HfSiOx thin films annealed at 1050◦C 
measured for different acceleration voltages. Spectra were recorded using a 
probe current of 1.85 nA. The inset corresponds to the evolution of the inte-
grated intensity of the Pr3+ signal as a function of the acceleration voltage. 
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atoms in the HfO2 phase on the 3-D mapping (as shown by the sur-
rounded area on Fig. 5(a and b)) was attributed to the common local 
magnification effect occurring during the atom probe analysis [30]. 
Concerning the dopants, the concentration of Pr3+ ions in the APT 
sample can be estimated at about 2.5 at.%. Moreover, these Pr3+ ions are 
only located in the HfO2 phase, where the Pr3+ concentration can reach 
values from 4 to 5 at.%. Both characteristics, phase separation and 
location of dopants, are in accordance with conclusions made in the 
literature on RE ions such as Er3+ or Nd3+ incorporated in HfSiOx 
matrices [31,32]. It is worth noting that similar atomic distributions 
have been observed on the thin films annealed at 800◦C and 1050◦C (see 
supplementary material, Fig. S1) [23]. Indeed, according to atomic 
distributions, no differences can be evidenced depending on the 
annealing treatment at mentionned temperatures. Moreover, contrary to 
the RE incorporation in pure silicon oxide matrix, no Si clustering 
and/or formation of Si nanoparticles, RE-silicate or RE-oxides have been 
noticed in the HfSiOx analysed volumes. Then, with this dopant con-
centration, the Pr3+ doping does not seem to affect the decomposition of 
the host matrix. 

3.3. Crystallization of HfO2 

Fig. 6 represents the XRD diffractogram of Pr3+-doped HfSiOx thin 
layer as a function of annealing temperature. It can be seen that the 
HfSiOx film remains totally amorphous until 950◦. However, at 950◦C, 
four intense diffraction peaks are observed at 2θ = 30.3◦ 35◦, 50.3◦ and 
60◦. These peaks can respectively be attributed to the (111), (200), 
(220) and (311) lattice planes of HfO2 that crystallizes in the cubic 
fluorite type structure with a space group Fm3m (JCPDS: n◦ 53–0550). 
The stabilization of the cubic form of HfO2 (c-HfO2) due to the intro-
duction of RE3+ ions is a well-known effect and has already been 
highlighted throughout the doping of pure HfO2 thin layers or nano-
particles [17–19,33]. It must be mentioned that, at 1050◦C, new 
diffraction peaks of weak intensity are detected on the XRD 

Fig. 5. Three dimensional mappings of (a) Si-, (b) Hf- and (c) Pr-atomic distributions obtained on Pr3+-doped HfSiOx thin layer annealed at 950◦C. The surrounded 
area shows a part of the HfO2 phase. It evidences an important artificial inclusion of Si atoms in the HfO2 phase due to field effect during the APT analysis [30]. (d) 
STEM HAADF picture of Pr3+-doped HfSiOx film annealed at 950◦C. 

Fig. 6. XRD diffractogram of Pr3+-doped HfSiOx thin layers as a function of the 
annealing temperature. Reference pattern correspond to cubic (Fm3m, JCPDS: n◦

53–0550), orthorhombic (Pca21 , JCPDS: n◦ 83–0808) and monoclinic HfO2 
(P21/c, JCPDS: n◦ 43–1017). 
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diffractogram at 2θ = 24◦, 38◦, 43.5◦, 53.4◦ and 55.3◦. These peaks show 
the presence of a new crystalline form of HfO2, and may be respectively 
attributed to the (110), (201), (121), (221) and (310) lattice planes of 
the orthorhombic form of HfO2 (o-HfO2) with the space group Pca21 

(JCPDS: n◦ 83–0808). Comparing the reference diffraction pattern of 
c-HfO2 and o-HfO2, other characteristic signals of o-HfO2 should be 
confused with c-HfO2 signals because of the broadening of the diffrac-
tion peaks. Only an increase of the intensity of the peak at 30◦ is 
observed and may be due to the (111) lattice plane of the o-HfO2 which 
is superimposed with the most intense peak of c-HfO2. 

Fig. 7(a and b) represent the Selected Area Electronic Diffraction 
(SAED) patterns from both films annealed at 950◦ and 1050◦C. At 950◦C, 
four diffraction rings are clearly identified. The corresponding dhkl 
spacing are 2.89 Å, 2.51 Å, 1.76 Å and 1.49 Å and are respectively 
attributed to (111), (200), (220) and (311) lattice planes of c-HfO2. At 
1050◦C, the same diffraction rings dominate SAED pattern, however, in 
agreement with the XRD measurements, new diffraction marks appear. 
Their dhkl spacing are 3.7 Å and 2.07 Å and correspond respectively to 
the (110) and (121) lattice planes of o-HfO2. The low intensities of the 
characteristic signals of o-HfO2, in XRD diffractogram as in SAED pat-
terns, evidence that at 1050◦C, the o-HfO2 constitutes only a low content 
of the crystallized part of the thin film. More, a closer observation by 
high-resolution STEM (Fig. 7(c and d)) evidences the nano- 
crystallization of the HfO2 phase. In these STEM pictures, the size of 

nanograins seems to vary from 4 to 6 nm, which correspond to the size 
observed on APT analyses [23]. In both cases, the measurement of the 
interplanar spacing confirms the co-existence of c-HfO2 (Fig. 7(c)) and 
o-HfO2 (Fig. 7(d)) nanograins in the film annealed at 1050◦C. 

Finally, from a pure structural point of view, the evolution of the 
microstructure of Pr3+-doped HfSiOx matrix with the annealing tem-
perature may be described in the following way: (i) host material sep-
arates in two phases, SiO2 and HfO2, and Pr3+ ions segregate in the HfO2 
phase, (ii) nano-grains of HfO2 crystallize in the cubic form, (iii) a cubic 
to orthorhombic transition of HfO2 nano-grains occurs. 

4. Discussion 

In our previous study, we clearly evidenced a link between PL 
properties and the crystallization of HfO2 nano-grains in the thin layer 
[23]. The origin of the Pr3+ photoluminescence may be due to an energy 
transfer between defects states of HfO2 created by the presence of oxy-
gen vacancies in cubic RE3+-doped HfO2 and Pr3+ ions. In fact, as shown 
in Fig. 2, the PL signal of Pr3+ ions is only detected in the samples 
annealed at 950◦C and 1050◦C, which corresponds to the temperature 
stimulating the crystallization of the HfO2 phase in these samples. It is 
worth noting that this PL signal seems to be influenced by the annealing 
temperature even for temperature higher than 950◦C. For instance, 
some differences are observed on the peaks intensity ratio as well as on 

Fig. 7. (a–b) SAED patterns measured on samples annealed at 950◦C and 1050◦C, respectively. (c–d) High-resolution STEM images obtained on Pr3+-doped HfSiOx 
film annealed at 1050◦C. 
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the shape of these peaks (Fig. 2(b and c)). However, from a structural 
point of view, the analyses detailed above did not allow to highlight 
significant changes of the film structure to completely understand the PL 
evolution at high temperature. Another interesting way to bring infor-
mation on the film structure may consist in studying the CL response of 
the sample. In fact, the CL signal detected in this kind of material seems 
to be also correlated to the crystallization of HfO2 nano-grains. Unlike PL 
signal, due to the higher energy of the excitation source used for the CL 
measurements, a CL signal is observed at lower annealing temperature 
in an amorphous material (Fig. 1). This result clearly shows the presence 
of Pr in their 3+ valence state. Then, at each Ta, this CL signal should be 
generated not only by a direct excitation of these ions but also partly by 
an indirect excitation mechanism via host matrix defects. In these 
spectra, the crystallization of HfO2 nano-grains in the host material is 
characterised by a general enhancement of the CL peaks resolution 
observed at 950◦C and 1050◦C. The CL peaks observed at both of these 
temperatures are very similar in the visible range and originate mainly 
from the de-excitation of the 3P0 state of Pr3+ ions. However, in the 
sample annealed at 1050◦C, significant changes can be evidenced in the 
infrared range (Fig. 3) with the appearance of CL emission originating 
from the de-excitation of 1D2 and 1G4 energy level of Pr3+ ions. This 
observation is attributed to a modification of the Pr3+ ions environment. 
As shown by APT analyses, the presence of such new CL peaks at 1050◦C 
is not linked to the clustering of Pr atoms in form of RE-oxides or -sili-
cates. Then, the origin of these highly resolved infrared CL peaks may be 
explained in part by a change of the crystalline environment around Pr3+

ions. Considering SAED pattern (Fig. 7(a and b)) and XRD investigations 
(Fig. 6), it is clear that the annealing at high temperature (Ta ≥ 950◦C) 
leads to the formation of c-HfO2. It must be noted that in these 
Pr3+-doped HfSiOx films, the c-HfO2 can be stabilized with a low Pr3+

doping level (~ 2.5 at.%), which correspond to an introduction of 4–5 
at.% of Pr3+ ions in the c-HfO2 nanograins. By comparison, the amount 
of RE3+ ions required to stabilize the c-HfO2 in pure HfO2 thin film is 
significantly higher, typically more than 10 at.%, and, by consequence, 
tend to negatively affect the luminescence properties of RE3+ ions in 
these matrices [17,18]. At 1050◦C, both technics evidenced clearly the 
presence of a new o-HfO2 phase. It is known that depending on the 
dopant concentration and/or annealing conditions, a change of cris-
tallinity of the HfO2 phase can be observed. In fact, some studies have 
reported a possible phase transition from cubic/tetragonal to monoclinic 
[34–36] or orthorhombic [21,22] structure of HfO2, however, the con-
ditions leading to one or the other transition remain misunderstood. In 
the Pr3+-doped HfSiOx thin film, the formation of a new o-HfO2 phase 
leads to a redistribution of Pr3+ ions between c-HfO2 and o-HfO2 phases 
[23]. Thus, the formation of this new HfO2 polymorph may produce 
sufficient symmetry changes around Pr3+ ions to modify their emission 
properties. In fact, it is known that Pr3+ ions emission properties are 
easily influenced by the surrounding crystal field [29]. In the present 
case, the introduction of Pr3+ ions in o-HfO2 bring slight changes on Pr3+

emission in visible range. Besides, it may allow generating new transfer 
path between host matrix and Pr3+ ions and/or new relaxation channels 
between energy levels of Pr3+ ions, inducing the possibility to observe 
radiative de-excitations from 1D2 and 1G4 energy levels in the infrared 
range. 

5. Conclusion 

The structural and optical properties of Pr3+-doped HfSiOx thin layer 
elaborated by magnetron sputtering were investigated using APT, TEM 
and XRD experiments as well as PL and CL spectroscopies. It has been 
shown that the thermal treatment led to a phase separation of the host 
matrix that is decomposed in two parts, amorphous SiO2 and crystallized 
HfO2 nano-grains. For this latter, the crystallization occurs in the cubic 
form at 950◦C and in the same time a strong PL emission of Pr3+ ions is 
observed in the visible range, originating from the 3P0 energy level. It is 
worth noting that the structure and the PL emission observed at 950◦

and 1050◦C are very similar and only slight changes are noted on PL 
peaks shape. In this case, the use of CL spectroscopy evidenced signifi-
cant changes between these two samples, marked by the appearance of a 
new CL emission in the infrared range at 1050◦C, originating from 1D2 
and 1G4 energy levels of Pr3+ ions. The presence of this particular 
emission at high annealing temperature may confirm a modification of 
the local crystalline environment of Pr3+ ions as evidenced by XRD and 
TEM studies. Finally, the appearance of the infrared CL emission should 
be linked to the formation of o-HfO2 and the redistribution of Pr3+ ions 
between both HfO2 polymorphs, c-HfO2 and o-HfO2. 
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Formal analysis, Writing – review & editing, Fabrice Gourbilleau: 
Conceptualization, Methodology, Resources, Writing – review & editing. 
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