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Abstract

(Tb, Eu)-co-doped ZnO films with about 3 at.% total doping rate were grown by
magnetron sputtering on Si substrate. Post annealing treatments were performed at 973-
1373 K in continuous nitrogen flow to investigate the transformation of microstructural and
optical characteristics by means of X-ray diffraction, transmission electron microscopy,
photoluminescence and electroluminescence. For annealing temperatures lower than 1073
K, segregation of Eu and Tb was observed mainly at the film/substrate junction. For
temperatures higher than 1173 K, additional phases appeared, namely, Zn,SiO4 and rare
earth silicates. For the highest temperature investigated (1373 K), only silica and rare earth
silicates remained in the film due to Zn evaporation. PL measurements indicated a very
intense Eu emission associated with the presence of rare earth silicate inclusions. Energy
transfer from Tb towards Eu was evidenced in this secondary phase. At last, based on these
results, an (Th, Eu)-co-doped Zn0O/Si electroluminescent structure was produced and showed
very promising results paving the way for very thin ZnO based light emitting diodes.

1. Introduction

ZnO is a well-known wide band-gap (3.3-3.4 eV) semiconductor suitable for many
applications in the optoelectronic industry such as optical sensors and light emitting diodes
(LEDs) but also in other emerging fields [1]. Indeed, its attractive physical properties
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combined with the fact that the ZnO growth is relatively simple at various scales using
different growth techniques (sol gel [a], MOCVD [b], PLD [c], MBE [d], ALD [e], sputtering
[10] methods for bulk and films and various chemical synthesis approaches where Zn salts
are combined with bases) make this material the object of many studies during last decades.
In addition, relevant doping can lead to interesting optical functionalities which are currently
achieved with more expensive and/or hazardous materials such as indium tin oxide [f] or
gallium nitride [g].

Rare earth (RE) doping is often linked to optical functionalities such as light emitting
diodes for lighting or associated to energy conversion (down conversion, down shifting or up
conversion) in photovoltaic structures. The photoluminescence (PL) effect is due to internal
d-f electronic transitions in the RE elements and when they are present in a transparent
matrix such as ZnO, optical properties may be exploitable. Among these lanthanides, much
attention is paid to terbium (Tb) and europium (Eu). Most of the time, these lanthanides
have predominantly a 3" valence state in ZnO. Tb ions can also have a 4" valence, but this
latter does not lead to a radiative recombination [2]. Eu ions can alse possess a 2" oxidation
state (EuO and EuSiOsz phases) upon high annealing temperature, leading to an UV broad
band emission [3]. Eu** has been found in ZnO, but its PL signature is inefficient by contrast
to that of the Eu** counterpart [4].

In previous works, Tb doped ZnO films revealed that an energy transfer from ZnO
host to Tb*" is possible and allows an optimal emission of Tb*" upon an annealing close to
873 K [4, 5]. Energy transfer from ZnO host to Eu®' is also possible via Zn; and Vz, defects [6]
and annealing treatment at temperatures close to 873 K is improving this RE emission as well
[7]. However, these energy transfers are often qualified in the literature as non-efficient [7,
8]. Very recently, a eemplete study of ZnO:Tb (3 at.%), Eu (<1 at.%)/Si and ZnO:Tb (3 at.%),
Eu (<1 at.%)/alumina films of about 800 nm thick and annealed at 1173 K has been
performed [9]. The authors demonstrated the formation of Tb oxide at the grain boundaries
between the ZnO columns (columnar growth) within the film and the formation of zinc
silicate and rare earth silicate at the bottom of the film in the case of the Si substrate. No
aluminate phase was observed in the annealed structure grown on the alumina substrate.
Two families of PL peaks were identified: a broader one coming from the Tb oxide inclusions
and sharper ones originating from the rare earth silicates. An energy transfer from Tb
towards Eu was also mentioned.

Regarding ZnO:Tb,Eu films, a study on anneal treatments up to 1373 K was carried
out revealing a very intense emission of Eu®*" upon the anneal treatment at the highest
temperature [10]. An explanation is given by an efficient energy transfer from Tb>" to Eu** in
a matrix of Willemite (Zn,SiO4). As mentioned in previous works performed on ZnO:RE
layers, upon annealing, most of the lanthanides tend to diffuse out of the ZnO matrix and
created secondary phases inside the film at high temperatures (from 1173 K) [11]. This
diffusion process occurs already for a few hundreds of degrees Celsius. But only a few
studies dealt with the behavior of Tb and Eu doped ZnO thin films (about 150 nm thick)
deposited on Si and submitted to extreme temperatures (up to 1373 K). The purpose of this
work is to bring more insight on the various phases formed in doped ZnO films upon post
anneal treatments and their associated luminescence properties. A complete study of the
evolution of microstructural and optical properties with the annealing temperature for (Tb,
Eu)-co-doped ZnO/Si junction will be presented. For the highest annealing temperature, an
extreme chemical composition variation and structure modification is induced in the film. X-
ray diffraction, transmission electron microscopy and energy dispersive X Ray spectroscopy



will be used for microstructural characterizations and photoluminescence measurements
will be analyzed to understand the origin of the observed emissions as well as their evolution
with the annealing temperature. A special attention will be focused on the microstructural
evolution of the film and their consequences in the PL response and in particular for the
highest annealing temperature where a new phase is obtained.

The efficiency of PL emission of rare earths in ZnO is usually low, but ZnO, being a
rather good conducting oxide, offers another perspective such as the electrical excitation of
RE doped ZnO-based junctions. Due to the presence of a significant amount of RE dopants at
the level of the junction upon moderate thermal treatments, ZnO:Tb,Eu/Si junction could be
an interesting structure for electroluminescence (EL). In this paper, a LED structure based on
Tb and Eu doped ZnO/Si materials is also considered to determine whether a 150 nm doped
ZnO film with only a few at.% doping grown on an Si substrate could be feasible. If this is the
case, in principle, by producing a stack of three layers respectively doped with different RE
elements providing red, green and blue emissions, a white LED structure could be achieved
and could pave the way to a cheap structure for lighting functionalities.

2. Experimental details

The films were elaborated by a bottom-up radio frequency magnetron sputtering
setup equipped with two separate targets and temperature controlled 2-inch wafer holders.
All the films were grown on (001) oriented Si substrates (2 inch wafers). Film deposition was
performed using argon plasma, a chamber vacuum pressure of 15 pbar, a power density
fixed at 1.95 W cm™ and a substrate temperature value of 373 K. The holder/target distance
was set at 7 cm. The target was composed of a pure 4 inch ZnO target on the top of which 4
Tb407 and 10 Eu,0; calibrated pellets were placed. Several preliminary experiments were
carried out in order to correlate the number of pellets with the corresponding doping rate
and the above mentioned configuration gave rise to 1.6 at.% and 1.3 at.% for Tb and Eu
concentrations, respectively. These last values were obtained by energy dispersive X Ray
(EDX) spectroscopy measurements in a JSM6400 JEOL scanning electron microscope for as
deposited films of about 1.5 um thick to make sure that the excited volume by the electron
beam came only from the film and not from the substrate. Except for this specific
measurement, all the films discussed in the photoluminescence study were 150 nm thick and
the film dedicated to the electroluminescence experiment was 65 nm thick.

Wafers were cut in regular squared pieces (about 1 cm x 1 cm) and annealing
treatments of the films were performed in a conventional furnace at T°, = 973-1373 K with a
step of 100 K during 1h in a continuous nitrogen flow. The samples were left in the furnace
for the cooling down to room temperature.

Microstructural investigations were conducted using X-ray diffraction and
transmission electron microscopy (TEM) techniques. X-ray diffraction diagrams were
acquired with a D8 Bruker Discover diffractometer, using a Cu (Ak1 = 1.5406 A) source, in
Bragg Brentano configuration (8-20). TEM observations in various modes were performed
with a double corrected (probe and imaging) JEOL ARM200F microscope equipped with a
cold FEG (Field Emission Gun) source operated at 200 kV. With this microscope, a point to
point resolution of the order of 1.0 A could be reached in high resolution mode (HRTEM). In
addition, it was equipped with a scanning system (STEM) which offered the possibility to
take chemical contrast images (resolution of 0.78 A) owing to a high angle annular dark field
(HAADF) detector as well as STEM EDX chemical mapping at a nanometer scale owing to a



CENTURIO JEOL EDX spectrometer. The thin foils for TEM observations were prepared by a
focused ion beam system (FEI HELIOS Nanolab 660) and prior to the thinning with a gallium
beam, the top surface of the film was protected with a thin carbon film (a few tens of nm
thick) and two platinum layers, one deposited electronically and the final one grown with
the ion beam (a few microns thick in total).

Regarding optical properties, three laser sources were chosen for photoluminescence
measurements. A laser diode at 266 nm, an argon laser at 488 nm and a frequency-doubled
Nd:YAG laser at 532 nm wavelength have been used. The power density values were 2.6 W
cm? and 50.9 W cm™ for the first two lasers, respectively. For the third one, the beam went
through the objective of a microscope with a x50 magnification. The beam diameter was
estimated at 0.87 um. The density power was close to 410 kW cm™. Such a power density
represents approximately a factor of 1.6 10° compared to the laser used for Aeycitation = 266
nm (2.6 W cm™). Considering this high power density, preliminary measurements for low
power densities were carried out by incrementing, using filters, from low power densities up
to 410 kW cm™. These latter measurements showed that there was no local annealing effect
of the beam on the excited part of the film. Finally, note that cathodoluminescence results
were also obtained, but the very low signal recorded did not permit to present and analyse
properly these data for all the annealing temperature values.

For electroluminescent experiments, electrical contacts were produced by the
Department of biomedical and electronic engineering at the University of Barcelona (MIND-
IN2UB). Top transparent and highly conductive contacts were composed of ZnO cylinders of
100 nm height and 0.5 mm diameter, deposited on the ZnO:Tb,Eu film via atomic-layer-
deposition (ALD) with a substrate temperature of 473 K. The bottom contact deposited on Si
was a 200 nm thick layer of Al. Current-voltage characteristic [/(V)] and electroluminescent
spectra were realized using an Agilent B1500A semiconductor device analyzer for (V)
measurements. Electroluminescence spectra of the device were acquired through the
microscope channel, in optical mode with a CCD camera.

3. Structural properties

3.1. X-ray diffraction characterization

Figure 1 shows XRD diagrams of ZnO:Tb (1.6 at.%), Eu (1.3 at.%) films for various
annealing temperatures (T°4) and focused on the peak position corresponding to the (0002)
planes of ZnO. The reference value for bulk ZnO is indicated. A significant difference (about
0.48°) is observed between the angular positions of the (0002) peak for the as-deposited film
and that of the reference. This shift means an increase of the c parameter of about 1.3 %. It
can be noted that the (0002) peak of the as-deposited film is relatively broad. For the films
annealed at 973 K and 1173 K, the angular deviations are about -0.07° and +0.08°,
respectively, revealing a variation in the ¢ parameter of about +0.19 % and -0.23 %,
respectively. For T°5 = 1273 K, the (0002) peak intensity falls down and disappears, in favor
of a rhombohedral structure with the parameters a = b = 13.95 A and ¢ = 9.32 A, consistent
with Willemite Zn,SiO; and the appearance of the corresponding (41-50) planes.
Interestingly, for the highest temperature (1373 K) the ZnO and Zn,SiO4 signatures have
disappeared.

The ZnO average grain size of the films, calculated using the Scherrer equation
following the [0002] axis, increases with T°s from 21 nm for the as-deposited film, up to 23
nm for the 973 K annealed film and 40 nm for 1173 K.
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Figure 1. XRD patterns focused on the (0002) peak of ZnO recorded with Bragg-Brentano
configuration (9-28) of the ZnO:Th,Eu films versus T°,.

Figures 2(a) and 2(b) are XRD diagrams of the same annealed ZnO:Tb,Eu films for the
angular ranges from 21° up to 33° and from 39° up to 60°, respectively. For T°y= 1173 K, new
peaks appear which are consistent with the above mentioned zinc silicate phase (Zn,SiO,).
Another secondary phase is also detected by the presence of other peaks at 20 = 21.82° ;
29.00°; 31.82°;32.98°;39.90° ; 44.48° ; 48.72° ; 51.39° and 56.47°. These peaks are in good
agreement with a rare earth silicate namely Th,Eu,Si,O,, in agreement with an apatite
related phase. For the highest annealing temperature T°s = 1373 K, very sharp and intense
peaks associated to this so called apatite related phase dominate the patterns whereas the
peaks assigned to the Zn,SiO4 phase have disappeared. More details on this phase are given
in the next section.
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Figure 2. XRD patterns of the ZnO:Tb,Eu films for various T°, values and for the angular
ranges from 20.5° to 33.5° (a) and from 36° to 60° (b).

TEM observations have been carried to confirm these previous results at a nanoscale
and to bring more details on the identification and localization of the RE silicate phase whose
growth is generated upon thermal treatments from 1173 K.



3.2. Transmission electron microscopy observations

(Tb, Eu)-co-doped ZnO films, annealed at 973 K, 1273 K and 1373 K have been
observed by TEM. Figure 3 summarizes some TEM images for the film annealed at 973 K. (a)
and (b) images are bright field and high resolution (HR) TEM images, respectively. The Tb and
Eu co-doped films have a typical columnar structure of wurtzite ZnO as shown in figure 3(a)
by the elongated vertical Bragg and dark contrasts are observed. The HRTEM image is
focused on the bottom part of the film, where two amorphous sublayers of a few nanometer
thick with very different contrasts. The layer with the brighter contrast (about 3 nm thick) on
the top of the substrate is a silica layer. The other thinner layer with a darker contrast
located on top of the silica is enriched with Tb and Eu as demonstrated by the EDX chemical
analysis. Figure 3(c) is a chemical profile of Tb and Eu following the line indicated in Figure
3(b). It clearly shows the RE enrichment over a thickness of about 4 nm at the bottom of the
film just above the silica layer on the top of the Si substrate. Figure 3(d) shows an image
taken in STEM HAADF mode with chemical contrasts. The uniform contrast across all the film
except the bottom part suggests a uniform distribution of the species but chemical maps
give more insight. At last, the two last illustrations in figures 3(e) and 3(f) are chemicals maps
for Tb and Eu elements for the whole film confirming the segregation of the RE elements
mainly at the bottom of the film over a thickness of about 3-4 nm.

This RE-enriched layer contains up to 5 at.% of Tb and 3 at.% of Eu. It results from the
post-annealing diffusion of RE ions at the film/substrate interface. This diffusion creates a RE
depleted zone, adjacent to the diffusion layer at the bottom of the film [figures 3(e-f)]. In the
lower part of the film, diffusion forces linked to the potential well of the junction and/or the
field of the space charge region of the junction stimulates the segregation of dopants
towards the substrate during annealing [9]. Moreover, the lower part of the film close to the
substrate has a lower grain size than the upper part of the film favoring REs diffusion [12].
The lower presence of RE in the rest of the film (upper part) seems homogeneous according
to the homogeneous contrast of the Tb and Eu maps.

(c) ebx profile
54
a2 ) !
w® 44 Film Tb )
5 3l Poor :
> - . | .
ZnO:Tb,Eu B zonein | !
£, rare | Lo
2 earth Silica = substrate
8 i
!
!

8 20
Depth (nm)

Poorer
zonein Eu

———— 50 nm MGLT ———50 nm

Figure 3. (a) Conventional TEM image and (b) high-resolution TEM image, of the ZnO:Tb,Eu,
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film annealed at 973 K. (c) Chemical profile of Tb and Eu following the orange line in (b). (d)
STEM HAADF image and EDX chemical maps for the Tb (e) and Eu (f) elements.

Figure 4(a) is a cross-sectional view (bright field TEM image) of the ZnO:Th,Eu film
annealed at 1273 K, along the [110] direction of the Si substrate. One can observe the
presence of a mostly crystallized phase at the bottom part of the film as evidenced by the
darker Bragg contrasts in some regions and covering the whole film. Furthermore, the
chemical maps in figures 4(c-g) show that this region of the film is composed of Zn, O and Si
elements and it contains very few RE ions (0.6 at.% and 0.8 at.% for Tb and Eu, respectively).
The presence of Si within the whole film (with about 16.0 at.%) is confirmed by figure 4(e).
The formed phase in this bottom region has been identified by the analysis of various Fast
Fourier Transformed (FFT) of high resolution TEM images as being Zn,Si0; with a
rhomboedral structure, the space group R-3 and the following lattice parameters a = b =
13.95 A and ¢ = 9.32 A. This result is in agreement with the XRD data. In the upper part of the
film, large grains of about 100 nm size with a darker contrast are easily visible. The chemical
analysis of the inclusions reveals a high content of Eu (7.3 at.%) and Tb (12.2 at.%), as well as
Si and O but a low content of Zn (figures 4(c-g)). The darker contrast is explained by the
Bragg contrast (due to a crystalline phase) but also by a significant presence of RE (high Z
value) in these inclusions.

(a)

Tb and Eu rich grains " 62.0at.%
55.0at.%

12.2at.%

o
16.0at.% 0.63t.%

Substrate

Figure 4. (a) Bright field TEM Image of the ZnO:Tb,Eu film for T°,= 1273 K. (c-g) Chemical
maps of Zn (c), O (d), Si (e), Tb (f) and Eu (g), corresponding to the STEM HAADF image in
figure (b).

A typical bright field TEM image of the Tb and Eu silicate phase is presented in figure
5(a), showing two Tb and Eu rich grains (grains 1 and 2). Figure 5(b) is an HRTEM image of a
region of grain 1. From different zone axes and their corresponding FFTs, as presented in
figure 5(c) obtained from the high-resolution image of grain 1, a microstructural description can
be made with a hexagonal apatite parent structure for the ThsEu,Si,O,, phase, in agreement with the
XRD data. Taking EDX data into account, the Tbj;;Eu;3Sii600620 Stoichiometry can be
proposed for these inclusions.
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Figure 5. (a) Bright field TEM image of the ZnO:Tb,Eu film annealed at 1273 K showing two
grains of a Tb and Eu rich phase localized at the upper part of the film. (b) HRTEM Image of
grain 1, identified in figure 5(a). (c) Fast Fourier Transform of grain 1.

A similar observation has been realized for the film annealed at 1373 K. In the TEM
image in figure 6(a), the region of the film observed is composed of a grain with well-defined
facets with an hexagonal shape, covering the entire thickness of the film (about 140 nm).
Around this grain, an amorphous phase with a bright contrast is present. The data from the
EDX maps shown in figures 6(d) and 6(e) give the following stoichiometry: Si; 30,, which is
close to silica for the amorphous phase with an additional 0.7 at.% of Zn, 1.1 at.% of Tb and
1.3 at.% of Eu. Moreover, crystallized Zn,SiO,4 is also formed in the film (not visible in the
presented region), in small proportion compared to the film annealed at 1273 K. As for the
film annealed at 1273 K, the chemical analysis shows within the faceted grain, a significant
amount of Tb of 11.0 at.% and Eu of 8.6 at.% as well as Si and O with 18.5 at.% and 61.0
at.%, respectively. These results reveal the evaporation of Zn upon extreme anneal
treatment.

(e). C))

0.7at.% 0_9 at%. 58.0at.% g1 0at.%

Tb and Eu rich

phase

Figure 6. (a) Bright field TEM image for the ZnO:Tb,Eu film for T°4= 1373 K. (c-g) Chemical
maps of Zn (c), O (d), Si (e), Tb (f) and Eu (g), corresponding to the STEM HAADF image in
figure (b).

Similarly to the previous annealing temperature, the TbhEu,Si Oy phase is identified
from the FFT in figure 7(c) obtained from the high-resolution image of a part of the grain
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shown in figure 7(b). Again, these data are consistent with an hexagonal structure
crystallizing with the following cell parameters a = b = 9.4 A and ¢ = 6.9 A close to an apatite-
type structure. The phase stoichiometry is in favor of a Tb and Eu silicate with the following
chemical formula : Tbi;oEugeSiiss0610. Note that a distortion of this hexagonal lattice is
detected with the variation of the RE content (at 1373 K) as reported in a previous work on
RE disilicate RE;Si,0; depending on the nature of the RE [13]. A more detailed study is in
progress focused on the evolution of the RE silicates with the annealing temperature in
these ZnO:Th,Eu films and will be published in a forthcoming paper.

By comparison, the stoichiometry of the grains formed in the film annealed at T°;=
1273 K is relatively close to Tbi; ;Eu73Si160062,0- With the raise of T°s from 1273 K to 1373 K,
the stoichiometry of this phase leads to a value of the [Tb]/[Eu] ratio which evolves from
1.67 down to 1.28. This latter value is close to 1.23 corresponding to the value of this ratio
for the as-deposited film with an homogeneous distribution of the REs in the film. We
conclude that for the extreme T°, value, the [Tb]/[Eu] ratio for the inclusions approaches the
initial ratio.

(a) 1373 K | (b) : - (c) Th,Eu,Si,0,,

Rich Tb and Eu

Transmitted .

phase i : be < biisl - (1040)

/< 8.1A

(01-10)
8.1A
(-1100)
8.1A

Figure 7. (a) HRTEM image of the ZnO:Tb,Eu film for T°y= 1373 K. (b) HRTEM Image from the
squared region in red of the grain in figure (a). (c) Fast Fourier Transform associated to the
grain in figure (b).

3.3. Summary of the microstructural properties

The results demonstrate the diffusion of Tb and Eu and their segregation in an
amorphous layer of a few nanometers thick at the film/substrate interface just above the
native silica layer for T°x = 973 K. The formations of zinc silicate (Zn,SiO4) and apatite related
(TbxEu,Si,Oy) inclusions are observed from T°, = 1173 K. These phases resulting from the
diffusion of Si in the film supplant the main ZnO phase at lower T°4 values. For T°y > 1173 K,
the TbyEu,Si,Oy phase becomes dominant within the film with grain sizes of a few hundred
nanometers, while Zn,SiO4 tends to disappear in favor of silica and zinc evaporates almost
completely from the film during annealing at the highest annealing temperature [14].

4. Photoluminescence properties

In this part, the PL properties of the films of ZnO:Th,Eu are studied for different laser
excitations and different T°5 values. A particular attention is paid to the emission of the Tb
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and Eu-based phases as well as to the interaction between these two dopants.

Although the positions of the Tb and Eu energy levels may fluctuate slightly from one matrix
to another, an energy diagram is recalled in figure 8, for the trivalent ions of Th*" and Eu** in
a LaClz matrix [15]. The energy bands of ZnO are also specified. The three laser excitation
wavelengths (532 nm, 488 nm and 266 nm) used are also displayed by colored arrows in
order to highlight possible resonant levels with these excitations.
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Figure 8. Energy diagram of Eu** and Tb3+(in LaCl3), with the 532 nm (green), 488 nm (blue)
and 266 nm (purple) excitations [16]. The energy diagram of ZnO defects is also presented for
comparison [17, 18].

Regarding the possible Eu** positions in ZnO, some authors showed that Eu®" can replace
Zn>" ions in the ZnO matrix and it is possible to excite Eu' via the Zn; defects [19]. Other
authors evoked the position of Eu' in an interstitial position in the ZnO matrix [20, 21]. In
addition, the large difference in ionic radius between Zn?* (0.74 A) and Eu** (0.91 A) makes a
substitution of Euz, difficult [22]. As far as Tb®" is concerned, the same types of positions
(substitution of Zn [23, 24], interstitial site, and grain boundaries) and activations as for Eu
are reported, via ZnO defects such as Zn; [25] or surface defects [22]. Indeed, Tb3 has an
ionic radius close to 0.92 A, close to that of Eu®*, and much larger than that of Zn** (0.74 A).
Thus, as for Eu®*, the introduction of Tb® in ZnO is possible, but subject to an instability
which explains the phenomena of diffusion and segregation of these REs outside the
structure of ZnO during heat treatments.
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4.1. Laser excitation above the ZnO conduction band

The PL measurements of the ZnO:Tb (1.6 at.%), Eu (1.3 at.%) films as a function of the
T°A are presented in figure 9, for a 266 nm excitation wavelength. Figure 9(a) shows the PL
response for all T°4 in the spectral range from 360 to 460 nm, whereas figures 9(b) and 9(c)
display PL spectra in the 450 up to 750 nm spectral range for low (973, 1073 and 1173 K) and
high T°A (1273 and 1373 K) values, respectively.
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Figure 9. PL spectra of ZnO:Th (1.6 at.%), Eu (1.3 at.%) film for a laser excitation at 266 nm,
in the spectral range (a) from 360 to 460 nm and (b) from 460 to 750 nm for the lower
annealing temperatures and (c) for all T°4.
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Indirect excitation of RE via ZnO defects :

For an excitation upwards of the ZnO gap, figure 9(a) shows the presence of the
excitonic peak emission for T°, = 1173 K (high intensity) and 1273 K (weak intensity). For the
lowest T°, values, no emission is observed. For the highest T°, value at 1273 K and more
clearly at 1373 K, the exciton peak collapses. As demonstrated in the previous section, the
ZnO:Th,Eu film reacts with the Si substrate to form zinc silicate (Zn,SiO4) and also Thb,Eu
silicate (ThxEu,Si,Oy). It is therefore not surprising to see a drop of the excitonic emission of
ZnO. For T°5 = 1373 K (black curve), a wide band is visible from 380 nm to 460 nm, and even
until 550 nm in figure 9(c). This latter cannot be associated with ZnO defects at such a T°
value since ZnO structure has totally disappeared. This broad emission band could come
from the divalent ion Eu** and its associated levels 4f°5d for which the emission wavelength
is very sensitive to the crystal field [26, 27]. This emission of Eu** could also have its origin in
the formation of a metastable silicate of the EuSiO; type.

The PL intensity in the spectral range from 550 to 750 nm, corresponding to the
defects in ZnO [figure 9(b)], is very low but observable for the film annealed at 1173 K. The
main PL intensity peaks at 545 nm and 620 nm are those originating from the Tb3 and Eu®*
ions, respectively (see figure 8). In this spectral range, the PL intensity is dominated by the
Tb*" emission for the as-deposited and 973 K annealed films [figure 9(b)] while it mainly
comes from the Eu®" ions for the highest annealing temperature [figure 9(c)].

This tipping of the PL intensity with high thermal budgets is explained as follows. The
annealing generates the formation of the TbyEu,Si,O,, phase and its presence seems to be at
the origin of this high intensity of PL of Eu®* ions. However, it is possible that zinc silicate
(Zn,Si04) with Tb and Eu doping to the extent of 1 at.% for each RE, contributes in some
extent to the emission of Tb*" and Eu®* [28]. However, the volume occupied by this phase
tends to decrease drastically with the evaporation of Zn. At T°, = 1373 K, this phase is almost
completely replaced by a silica phase with about 1 at.% of Tb and 1 at.% Eu doping [29], as
noticed from XRD and TEM data, while the emission of Eu®* remains dominant with an
increase of about 20 % (from T°s = 1273 K to 1373 K). The TbyEu,Si,O,, phase whose grain
size has increased with T°, [figures 4(a) and 6(a)] seems to be the main reason of this PL
intensity evolution of Eu**.

Figure 10(a) connects the integrated PL intensities of Tb*>* and Eu®** from 475 to 750
nm with the structural evolution of the matrix containing the emitting REs, with respect to
T°a. In figure 10(b), only the intensities at 545 nm (Tb*>*) and 620 nm (Eu®*) are plotted as a
function of T°s. Note that for T°s = 1173 K, the PL signatures of the ZnO defects appear. We
have subtracted these signals to keep only the integrated PL intensity of the REs.
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Figure 10. (a) Plot of integrated PL from 475 to 750 nm and (b) emission intensities at 545
nm and 620 nm versus T°4 based on the PL spectra in figures 9(b and c) for an excitation at
266 nm.

The plot in figure 10(a) shows a slight decrease in the integrated intensity from 373 K
to 1073 K followed by a sudden and abrupt increase from 1073 K to 1373 K. Figure 10(b)
discriminates the evolution of the two PL peak intensities of Tb and Eu : the intensity of the
main emission peak of Th>* (545 nm) decreases with T°s and the main emission peak of Eu**
(620 nm) increases suddenly for T°s > 1173 K. Note that the *D4-'F5 transition of Tb** can also
contribute to the intensity of the peak at 620 nm but in a much lesser extent.

FromT°y =373 Kto 1073 K :

The visible emission is governed by the signal from Tb** and more particularly, for the

as-deposited film and with the increase of T°4 until 1073 K this intensity decreases (figure
10(b)). It does not appear any Eu>* emission for such T°s values. The ZnO matrix is not
conducive to an excitation of Eu*" [4, 30].
For the lowest T°, values down to 1073 K (blue field in figure 10(a)), the REs are mainly
located within the host matrix. A homogeneous RE distribution, in particular for the as-
deposited film would favor the emission of Tb>*. At low T°,, the Tb>" could be more excited
via the ZnO defects than in the case of Eu**. On the other hand, with the increase of T°,, the
REs tend to diffuse from the ZnO matrix via the grain boundaries first and then towards the
film/substrate interface [31]. The PL intensity of Tb>" tends to decrease with the annealing
temperature, probably in relation with the RE diffusion phenomena observed in TEM at the
bottom part of the film until T°, = 1073 K (from 373 K to 1073 K) leading to a quenching of
the PL intensity of Tb*". This qguenching is possibly induced by resonant non-radiative energy
transfers [32] between Tbh®" ions due to their proximity. They excite each other and increase
the probabilities of non-radiative recombinations due to the segregation of the species in an
amorphous environment. An oxidation of Tbh* to Tb* can also be considered as mentioned
by some authors [2]. These 4" valence ions are known in the literature to not lead to a
radiative emission and could be responsible for the disappearance of the luminescence of
Tb*" linked to its wide and strong absorption band in the visible region.

T°,=1173K:
We note for T°y = 1173 K that the emission of the main peak of Tb>* is observable at
545 nm. However, another peak around 620 nm of the same intensity is also observed
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[figure 9(b)] which is normally a less intense peak for Th*". This difference in intensity may be
due to a change in the environment around Tb** favoring both the emissions of the 5D4—7F5
and >Dg4-F3 transitions of Tb>*. But it is more likely that this emission is associated with the
°Do-'F, transition of Eu** at 620 nm which is the main peak intensity of Eu®**. This last
hypothesis is supported by shorter distances between REs by diffusion of Tb®>" and Eu®'
towards the interfaces with the increase of T°4 which leads to an activation of Eu®* by an
energy transfer from Tb>* to Eu* [33]. More importantly, it is most probable that the silicate
phase described in the structural properties sections and containing relatively high amount
of REs (TbyEu,Si,Oy) starts to form and leads to the emission of the REs in a favorable crystal
field. The atomic arrangement in the lattice imposes certain specific distances between Tb
and Eu which are most probably in favor of an energy transfer from Tb towards Eu.

T3 >1173K:

For T°» = 1273 K and 1373 K, the disappearance of ZnO and the increasing presence
of the TbyEu,Si,O,, phase are clearly demonstrated. In this phase, Tb and Eu are in relatively
large quantities and the proximity of these two REs (with precise and periodic distances in
the oxyapatite lattice) within the crystallized inclusions leads to an emission of Eu®* about 10
times more intense than its Th*' counterpart. This configuration suggests an efficient energy
transfer from Tb®" to the benefit of Eu®* within these TbyEu,Si,Oy crystallites.

Direct or indirect excitation of RE :

Unfortunately, the low RE emissions in ZnO (T°s < 1073 K) do not allow PLE
measurements to successfully determine and confirm the origin of the RE excitation.
Therefore, it is difficult to determine whether there is a dominant indirect excitation of RE
via ZnO host matrix (via ZnO defects) or a direct excitation of RE upon optical stimulation.
Cathodoluminescence experiments (not shown) did not permit either to discriminate an
excitation process, because of the high energy excitation. However, we can notice that a
direct excitation of Tb®" and Eu®" at 266 nm is possible, as we can see it in the energy
diagram of Tb*" and Eu®* in LaCls (figure 8) and according to the work of Pavitra et al. [34].
The absorption of Tb>* occurs at the 4f-5d band. For Eu ions, an absorption band also exists
in blue/UV linked to Eu** which can lead to a broad emission bands between 250 and 550
nm. Another sharper absorption band between 200 nm and 350 nm is associated with the
charge transfer from 0% to Eu®*, which can cause emission of Eu®". Energy transfers between
the bands of Eu?* to those of Eu*"-0% are also possible [26].

At last, the TbyEu,Si,O,, phase seems to create a favorable path for absorption at 266 nm and
the transfer of this energy to the energy states of Tb>*, Eu®" and possibly Eu** in a lesser
extent, for which the emissions are observed [35].

4.2. Laser excitations below the ZnO conduction band

To further investigate the RE excitation process, a 532 nm excitation source was also
used to characterize the PL emission of the films and more specifically the emission of Eu*"
with the variation of T°4. Indeed, according to the energy diagram of Tb>* and Eu*" in figure
8, it appears at a first glance that for an excitation wavelength of 532 nm, only the transition
from the fundamental level 'Fq of the Eu®* to the °D; level can be directly excited [36].

The result of the PL measurements for the ZnO:Tb,Eu films as a function of T°, are presented
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in figure 11. The spectral range detection is limited by our experimental system from 570 nm
to 850 nm.
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Figure 11. PL spectra from 570 nm to 730 nm (a) and from 730 nm to 850 nm (b) of
ZnO:Tb,Eu films annealed at various T°, for a laser excitation at 532 nm.

We can observe the unique emission of Eu** due to the direct excitation at 532 nm.
Th*" is unlikely playing a role in the emission of the PL spectra in figures 11(a, b). Surprisingly,
the emission of Eu®" increases overall with T°, and reaches a maximum at 1073 K. For higher
T°a values, its intensity decreases gradually and seems to remain stable for T°4 = 1273 K and
1373 K with a better signature (sharper peaks) of the Eu** emission.

The Eu®* ions present in ZnO for the values of T°s < 1173 K are therefore optically
active even in the as-deposited film. Because of the diffusion and segregation processes,
Eu®* jons are mostly present at the bottom of the film in solid solution without forming
secondary phases and a small amount is still present in the matrix. All Eu®>" ions contribute to
the signal and the rising in the emission intensity of Eu®* with T°4 is most probably induced
by the improvement of the crystalline quality of the ZnO matrix which reduces the non-
radiative recombination mechanisms by the passivation of defects.

Beyond, for T°4 = 1173 K, 1273 K and 1373 K, the overall PL intensity saturates and
decreases slightly. This decrease in intensity could be due to the lower volume of the REs
rich inclusions compared to the whole volume of the film. Furthermore, for these annealing
temperatures, the peaks are better defined revealing the different contributions of the sub-
energy levels of the same multiplet. The observation of this fine structure of the emission is
rarely achievable at room temperature, since the difference between these energy levels is
less than the thermal energy, kgT = 25 meV. The power density of 410 kW.cm™ and the
relatively high emission intensity may explain the observation of these peaks. Observing a
change in the shape of these narrow peaks as a function of T°), seems to indicate a
modification of the local environment around the Eu®* and particularly, a different and
better crystallized environment. Indeed, the environment of these ions went from a ZnO
matrix (in the grains and/or at grain boundaries) for the lowest T°4 values, to a silicate matrix
such as the TbyEu,Si,O,, phase offering better conditions for the emission of RE elements.

4.3. Highlight of an energy transfer from Tb>" to Eu®*

This part comes back on the energy transfer mechanism between Tb*" and Eu®" in the
Tb«Eu,Si,0 phase in order to highlight it in more detail. Indeed, from an excitation at 488
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nm (with a power density of 50.9 W.cm™), it is possible to excite Tb** from the fundamental
level 7F6 to the 5D4 excited level only. The Eu®" excitation seems to be unlikely in this
configuration [37].

PL measurements using an excitation at 488 nm have been performed for the
ZnO:Th,Eu film annealed at 1373 K. The PL spectrum of this sample is presented in figure 12.
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Figure 12. PL spectrum of the ZnO:Tb,Eu film annealed at 1373 K for a laser excitation at 488
nm.

Despite the direct excitation of Tb**, no signal associated with this RE is recorded
between 500 and 750 nm, not even the main emission of Tb®>" which is usually located
around 544 nm, as it can be observed in figure 9(b). On the other hand, a strong emission of
Eu* is observed. It is centered mainly at about 620 nm and 700 nm. It occurs from the °D,-
’F,4 (585 nm) and °D,-Fs (544 nm) transitions of Tb** to the "Fo-"Dg (580 nm) and "Fo-"D1 (535
nm) transitions of Eu** [10, 38]. Such a total energy transfer, apparently very efficient in the
ThyEu,Si,Oy phase from Tb** to Eu®* was similarly observed (not shown) in a film containing
4.4 times more Th** than Eu®".

4.4. Summary of the PL properties

In ZnO the RE ions PL emissions are globally weak caused by a low solubility of RE
elements in this matrix [39]. The Tb3" emission is the only RE emission observed in ZnO but it
decreases when increasing T°4 with the out-diffusion from ZnO grains. From T°, = 1173 K, the
TbyEu,Si,Oy phase is forming, giving rise to a dominant Eu®" PL emission. The energy transfer
from Tb>* to Eu®*" was confirmed by direct excitation of Tb>* at 488 nm showing an efficient
and total energy transfer from Tb* to Eu®* in the TbyEu,Si,O phase by contrast in ZnO
matrix.

5. Light emitting diode
Considering the results presented above, a LED device has been achieved from the

Zn0:Tb,Eu/Si(n) structure annealed at 973 K. Indeed, for this T°4 value, the best compromise
between the quality of ZnO and the whole film structure is reached. The presence of a
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significant amount of REs at the ZnO/Si junction and just above the thin silica layer is
potentially favorable for an emitting source via electrical excitation. For higher T°,, the
relatively important volume of resistive silica and the inhomogeneous distribution of
Tb«Eu,Si,0y inclusions in the film make difficult the elaboration of a LED device.

(a) (b)

Reverse bias voltage

V>0 Forward bias voltage

|Current| (A)

Voltage (V)
Figure 13. LED device based on the ZnO:Tb,Eu/Si(n) heterojunction annealed at 973 K in
forward bias voltage (a) and the corresponding I(V) diode behavior (b).

The ZnO:Th,Eu layer used for the LED structure has a thickness of 65 nm. Al and ZnO
materials have been used to obtain ohmic contacts on Si and ZnO:RE, respectively. The
forward bias voltage is defined as shown in the diagram in figure 13(a). A typical diode
behavior is observed for this device in figure 13(b).

108 T (°DF) Accumulation :
— Eu®*: 5DUJF1 (SD‘*-TF (°D.-'F.) 1mA
s 107 D, F, D 7 ——500 uA
S e AR 200 A
s 10 ——100 pA
= 10°
g
s 10°
-

£ L.
o 10
e
10

10’

v ] v I v ] ' ] ¥ | v ] o ]
400 500 600 700 800 900 10001100
Wavelength (nm)

Figure 14. Electroluminescence spectrum of the ZnO:Tb,Eu/Si(n) junction annealed at 973 K.

In figure 14 are recorded with success quite intense electroluminescence spectra of Th3*
and Eu** obtained for various current values from 100 MA up to 1 mA in forward bias voltage.
Eu®" emission is the most intense suggesting an energy transfer between the REs. RE
excitation mechanism has been developed and discussed in a recently published paper [40].

6. Conclusion
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150 nm thick ZnO films with Tb (1.6 at%) and Eu (1.3 at%) codoping rates have been
produced successfully by radiofrequency magnetron sputtering on (100) oriented Si
substrates and the effects of post annealing treatment at extreme temperatures have been
studied. The temperature induced an out-diffusion of RE from matrix, an accumulation of RE
at the film/substrate interface is observed. The temperature and the RE out-diffusion
participate to an improvement of the crystalline quality (rises of the crystallized volume and
c parameter shift closer to reference) of the ZnO matrix was observed between the as-
deposited films and those annealed for T°x < 973 K. Regarding the photoluminescence
properties, a weak emission of RE in ZnO has been noticed. It is explained by a difficult stable
insertion of Tb and Eu into the ZnO matrix, due to their ionic diameters greater than Zn**,
Therefore, they diffuse more easily at grain boundaries and at the film interfaces upon
thermal treatments. For such low T°4 values, only Tb>" is able to emit (for an excitation at
266 nm) but a phenomenon of quenching quickly appears when it diffuses and segregates at
the bottom of the film without formation of secondary phases. The oxidation state from Tb**
to Tb* leading to non-radiative recombinations may be the cause but further XPS
measurements are necessary to confirm this assumption. Eu®* is optically active by direct
excitation at 532 nm.

For higher T°5 values up to 1373 K, the Si substrate reacts with the RE doped ZnO
films, zinc silicate (Zn,SiO4) and TbyEu,Si,O,, apatite related inclusions of a few hundreds of
nanometers were identified by XRD and TEM observations. Zinc silicate tends to decrease in
volume with increasing temperature as the zinc evaporates, leaving only RE silicate and silica
in the film. A more detailed structural study is in progress to determine more precisely the
observed (TbyEu,Si,Oy) structure. ThyEu,Si,O,, phase is considered as the main emitting
phase of our films. The PL spectrum is dominated by the Eu®* signal. The presence of Eu* is
also observed in PL (excitation at 266 nm) for T°s = 1373 K, as well as a weak Tb3" emission
(excitation at 266 nm). Contrary to what was mentioned in previous works [10], it is most
probable that zinc silicate doped with Tb and/or Eu plays a minor role in this emission
because the RE contents in this phase is low (<1 at.%) and furthermore, this phase mostly
disappears at 1373 K, with the concomitant Zn evaporation. A direct laser excitation of Eu®*
at 532 nm, induced the higher exeitatioremission intensity for TL>*Eutin the TbyEu,Si,Oy
phase. And for a direct excitation at 488 nm of Tb*", a total energy transfer to Eu*" is attested
in the TbyEu,Si,O,, phase. The TbyEu,Si,O,, phase obtained for the highest T°5 is thus very
interesting in terms of emission intensity for Thb*" and Eu®* and for the efficient energy
transfer from Tb>" to Eu®'. Therefore, this phase would be of considerable interest for an
electroluminescent device. Unfortunately, in our case, the quality of the film is deteriorated
upon high post annealing temperatures (presence of Tbh,Eu,Si,Oy inclusion embedded in a
silica matrix) such that these films seem compromised for good conducting abilities. On the
basis of these results, it would be necessary to deposit an homogeneous film of this phase
while eliminating the formation of cavities and silica, electrically insulating. Finally, the films
annealed at 973 K present a good compromise for electroluminescence applications. Indeed,
for this temperature, we have a good structural quality of the matrix combined with a
moderate diffusion of REs at the film/substrate interface. We have clearly shown that the
presence of a relatively high concentrations of REs at the junction interface between n-type
ZnO:RE and doped Si (without formation of secondary phases) can give rise to interesting
excitation phenomena by injections of carriers.
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