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ARTICLE INFO ABSTRACT

Keywords: The effect of thermal annealing on optical, electrical and structural properties of Tb and Eu co-doped ZnO films
ZnO films grown by magnetron sputtering on Si and Al,Os; substrates was investigated by X-ray diffraction, photo-
Rare-earth ions luminescence, micro-Raman and IR reflection methods. It is shown that incorporation of rare earth ions in ZnO is
Luminescence

accompanied by the formation of intrinsic defects. The as-deposited and annealed at 600 °C films demonstrate
Tb** emission and no Eu®* one. Higher intensity of Tb*>* photoluminescence in the films on Al,O5 substrate as
compared with that on Si is ascribed to higher content of Tb®* emitting centers. The model of these centers
including the substitutional Tb and interstitial oxygen is proposed. In the excitation spectra of Tb>* emission, no
features connected with light absorption in ZnO are observed. An annealing at 900 °C is found to result in the
formation of crystalline terbium oxide and silicate phases. In the photoluminescence spectra, the decrease of
Tb®* emission and the appearance of two sets of Eu>" related bands caused by energy transfer from Tb** to
Eu®* ions are found. This is ascribed to segregation of rare earth ions in the additional phases and the decrease

Energy transfer

of the distance between the ions.

1. Introduction

Zinc oxide (ZnO) is a promising material for semiconductor device
applications due to its unique electrical, optical and piezoelectric
properties [1, 2, 3]. Rare earth (RE)-doped ZnO exhibiting emission of
specific color is receiving great attention for potential applications in
light emitting diodes (LEDs), plasma displays and fluorescent lamps [4,
5, 6, 71. In particular, incorporation of Tb®>* ions into ZnO host allows
producing the sources of green emission [4,5], while Eu®* ions in ZnO
are used for obtaining the red one [6,7]. The specific emission of Tb and
Eu ions embedded into ZnO can be obtained by using both resonant
excitation of RE ions and the near-UV excitation. The latter is usually
ascribed to light absorption in ZnO followed by energy transfer from the
host to RE ions. However, different conclusions on the efficiency of
photoluminescence (PL) of RE ions under such indirect excitation as
well as on the mechanisms of energy transfer from ZnO to RE ions were
considered. Usually [8, 9, 10], resonant photoexcitation of RE ions re-
sults in larger PL intensities than excitation of the ZnO host. At the same
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time, in [11, 12] an indirect excitation of Eu-related emission was found
to be more efficient than the direct one. It was assumed that one of the
reasons of low efficiency of energy transfer from ZnO host to RE ions is
the short lifetime of exciton in ZnO and/or non-radiative energy dis-
sipation that depends on host crystallinity [13]. On the other hand, the
enhancement of the intensity of RE ion luminescence under non-re-
sonant excitation was supposed to be due to defect-mediated energy
transfer from ZnO to RE ions.

Several models of the energy transfer from ZnO host to RE ions were
proposed. One of them supposes the defect-mediated process including
levels of intrinsic radiative defects [14, 15, 16]. The second one as-
sumes that the electron hole pairs produced by the above bandgap
excitation of ZnO form free excitons which then recombine through the
UV near-band-edge emission or transfer their energy to RE ions [17]. In
another model, the generated free carriers are trapped by RE-related
impurity state and form a bound exciton which, when recombined,
excites 4f core levels through resonant or non-resonant Auger scattering
[17, 18].
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Fig. 1. XRD patterns of the as-deposited (AD) and annealed films of Tb, Eu co-doped ZnO on Si (a) and Al,O5 (b) substrates. The spectra are shifted in vertical

direction for clarity. The intensities are given in logarithmic scale.

A clear evidence of the energy transfer from ZnO host to RE ions
could be the presence in the PL excitation spectra (PLE) of RE ion of a
peak at about 370-380 nm corresponding to the free exciton absorption
in ZnO. However, different PL excitation spectra are given in different
works. In some cases, the excitation spectra showed this maximum
[14,17], while in other ones such a feature was not observed [19]. It
should be noted that in some reports [14,19] the peak corresponding to
band-to-band (exciton) transition in the PL excitation spectra was ob-
served when the defect-related band of ZnO overlapped with the
emission of RE ions of comparable intensity. In this case, the peak can
correspond to excitation of defect-related band. It should be noted also
that in the case of Eu®"-related emission, its resonant excitation via
7Fo-°Le transition overlaps with exciton absorption. Thus, the energy
transfer from ZnO to RE*>* ions remains questionable.

To enhance the emission of specific RE ion, the co-doping with
another RE ion that can transfer excitation energy is used. The co-
doping is also a strategy for producing multicolor emission appropriate
for achieving white light.

In general, the energy transfer among RE ions in solids occurs non-
radiatively via the electric dipole-dipole or electric dipole-quadrupole
interactions [20]. Specifically, it has been shown that Eu®" emission in
ZnO can be increased by co-doping with Tb owing to efficient resonant
energy transfer from Tb®* to Eu®* [19, 20, 21, 22].

Another important factor influencing the efficiency of luminescence
of trivalent RE ions in ZnO is a large difference in the ionic radius and in
the charge state of the RE and Zn?" ions that causes a difficult RE ion
incorporation into ZnO matrix. The excess charge can be compensated
by intrinsic defects or impurities. Specifically, the co-doping with Li
ions had been proposed to increase the solubility of trivalent RE ions in
ZnO host [7, 12, 23, 24]. In turn, lattice strain caused by incorporation
of RE ions can result in their segregation and formation of other oxide
phases more particularly upon anneal treatments.

The intensity of RE ion luminescence in ZnO thin films can also
depend on the substrate nature [11, 13, 25]. Specifically, the intensity
of Tb-related luminescence was found to be higher in the film on Al,O3
or SiO, substrates as compared with the film on Si [25]. It was supposed
that non-radiative energy dissipation on defects that depends on crys-
tallinity of the film is the main factor characterizing the dependence of
emission intensity on substrate type [11,13]. Alternatively, the ob-
served difference in the PL intensity of RE ions was assumed to be
caused by the difference in the density of points defects that enhance
the energy transfer from ZnO [11]. However, the different content of
emission centers as the reason of the difference in PL intensity was also
considered [25].

In this work, we focus on a study of the excitation mechanisms of Tb
and Eu-related emission, structure of emitting RE-related complexes as
well as on the effect of substrate material on RE-related luminescence
and film conductivity of (Tb,Eu) co-doped ZnO films deposited on si-
licon and sapphire substrates by RF magnetron sputtering.

2. Experimental details

The films doped with Tb (3 at%) and Eu (lower than 0.3 at%) were
deposited on Si (100) and c-cut Al,O3 substrates in one run. A bottom-
up RF magnetron sputtering of ZnO target topped simultaneously with
Tb40, and Eu,05; calibrated pellets was performed in an argon plasma.
The substrates’ temperature was 100 °C. More details about deposition
procedure can be found elsewhere [26, 27]. The thicknesses of the films
grown on Si and Al,O3; substrates were obtained by ellipsometry
method and found to be about 840 and 680 nm, respectively. The films
were post annealed at 600 and 900 °C in nitrogen flow during 1 h.

The structural, luminescence and electrical properties of the films
were studied by X-ray diffraction (XRD), micro-Raman, PL, PL excita-
tion (PLE) and IR reflection methods. The XRD data were collected
using X-ray diffractometer Philips X'Pert-MRD with the Cu Ka; radia-
tion (A = 0.15418 nm). The patterns were recorded in the Bragg-
Brentano (©-20) geometry. The micro-Raman and micro-PL spectra
were measured in a quasi-backscattering geometry using a triple Raman
spectrometer Horiba Jobin-Yvon T64000 integrated with Olympus BX-
41 microscope and air-cooled CCD detector. As excitation source, a
488.0 nm line of an Ar-Kr laser and a 325 nm line of He-Cd laser were
used. The PL and PLE spectra were recorded using a spectrofluorometer
FluoroLog-3 setup. The IR reflection spectra were measured using a
Bruker Vertex 70 V FTIR spectrometer equipped with a Globar source
and a deuterated triglycine sulfate (DLaTGS) detector with poly-
ethylene window. The spectral resolution and incidence angle was
1em™! and 13°, respectively. The IR spectrum of a gold mirror was
used as a reference.

3. Results and discussion
3.1. XRD study

The XRD patterns of the as-deposited (AD) films on Si and Al,O3
substrates (Fig. 1(a) and (b), respectively) contain the peaks at
20~31.8°, ~34° and ~72° caused by reflections from (100), (002) and
(004) planes of hexagonal ZnO, respectively [28]. As expected, the
highest intensity of the peak at ~34° testifies to the predominant
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growth orientation of ZnO grains along the c-axis.

The (002) peak position is shifted to lower angles compared to the
(002) peak of relaxed bulk ZnO (34.44°) and is found at 33.4° and
34.26° for the films on Al,O3; and Si substrates, respectively. This tes-
tifies to the presence of tensile stress along c-axis, being the most pro-
nounced in the case of oxide substrate. The coherent domain size d,
estimated from XRD data using Scherrer formula, was found to be
~34 nm for the as-deposited films on both type of substrates.

The annealing results in the shift of (002) peak position to higher
angles showing tensile stress relaxation. At the same time, the coherent
domain size does not change significantly. Besides, additional peaks at
21.8 and 28.7° appear in the XRD patterns of the films annealed at
900 °C (Fig. 1). The first peak is observed for the film on Si substrate
only and coincides with reflection from (300) planes of Zn,SiO,4. The
second one is found for both films and its position is close to (222)
reflection of Tb,05 as well as to (111) reflection of TbO,. These results
show that whatever the substrate type, the conventional thermal an-
nealing at 900 °C of Tb, Eu co-doped ZnO films stimulates out-diffusion
of RE ions from ZnO grains and segregation with subsequent formation
of crystalline terbium oxide phase.

3.2. Raman scattering study

The non-resonance micro-Raman spectra of ZnO films grown on
Al,O; and Si substrates demonstrate E,°%, E,"®" and qA(E),(LO)
phonon modes that are overlapped with the signals from the corre-
sponding substrates (Fig. 2). In the spectra of as-deposited films, the
E,"&" peak has low intensity and is shifted to the low energy side as
compared to the peak position in relaxed undoped ZnO (wo = 437,0
cm™1). The E,"#" mode is associated with oxygen-atom vibrations and
its frequency is highly sensitive to applied stress. The low energy shift of
the E,M8" peak testifies to the presence of biaxial tensile stress in the
plane of substrate that can be induced by the: (i) lattice mismatch be-
tween the ZnO film and the Si substrate; ii) both the impurity atoms and
intrinsic defects formed due to doping. The weak intensity and large
FWHM of E,"8" phonon band suggest low crystal quality and high level
of structural defects. The appearance of gA(E);(LO) mode at
581.8cm ™! also testifies to the formation of intrinsic defects in the
oxygen sub-lattice of ZnO [29, 30]. Generally, the A;"° mode is weak
because of two opposing contributions from the Frohlich interaction
and the deformation potential [31]. However, the breakdown of
translational symmetry due to structural disorder caused by a random
incorporation of the dopant will lead to alloy potential fluctuations. As
a result, the spatial correlation function of the phonon becomes finite
and phonons with large q vectors can participate in Raman scattering,
resulting in an enhancement and broadening of the A;"° mode [32].
Doping of ZnO changes the ratio of these contributions resulting in the
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increase of qA(E)1(LO) mode intensity.

Note also, that the peak position of E;°" mode caused by zinc-atom
vibrations is shifted to lower frequencies as compared to the corre-
sponding peak position in relaxed undoped ZnO (w = 101 ecm ™) [33].
This argues to RE ion incorporation onto Zn®* site as substitutional
atom. The tensile stress, the shift of E,°" mode and prominent
qA(E);(LO) peak caused by defect formation are the evidence of RE ion
incorporation into ZnO. It agrees with the results of other authors
showing that RE doping creates disorder and stimulates intrinsic defect
formation in ZnO lattice [34, 35].

The Raman spectra of the annealed films show the decrease of
qA(E)1(LO) mode intensity indicating the decrease of intrinsic defect
content (Fig. 2). Besides, the Ezhigh mode increases in intensity and
shifts to high energy side, which is in favor of the improvement of
crystal structure and relaxation of stress under annealing. These
changes in Raman spectra can be ascribed to impurity segregation.

low

3.3. PL and PLE study

The PL spectra of the AD films excited with a 325 nm light show the
ZnO exciton band (peaked at ~380 nm) and defect related one, as well
as the Tb3*-related PL bands centered at 490, 545 and 586 nm corre-
sponding to 4f transitions. However, Eu>*-related emission is not de-
tected most probably due to low Eu content (Fig. 3). The intensity of
ZnO exciton and defect-related PL is higher in the film on Si substrate.
At the same time, Tb-related emission is more efficient in the film
grown on Al,O3 that is consistent with the higher intensity of
qA(E);(LO) mode. Therefore, it can be concluded that the formation of
optically active Tb®* -related centers is accompanied by the formation
of intrinsic defects in oxygen sub-lattice.

The annealing changes the exciton band intensities of both films in
different ways. For the films deposited on Si substrate, a monotonic
decrease of the exciton PL intensity is observed, while the films grown
on Al,O3; demonstrate an intensity increase after annealing at 600 °C
and a decrease after annealing at 900 °C. The intensity of defect-related
PL band also changes in different ways in the films on different sub-
strates. In the films on Si substrate, it decreases after annealing at
600 °C and increases after annealing at 900 °C, while in the films grown
on Al,O3, it evolves only slightly. The non-monotonic behavior of the
intensity of exciton and defect-related PL of ZnO can be caused by the
variation of the number of the centers of radiative and non-radiative
recombination. The latter, in particular, can be caused by the im-
provement of crystalline structure due to impurity segregation.

An annealing results in the decrease of the intensity of Tb-related
emission for both types of films. For the film on Al,O3 substrate, this
effect is more appreciable. This behavior of Tb** PL emission can be
ascribed to Tb segregation, which is in agreement with Raman
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scattering data showing the decrease of qA(E);(LO) Raman mode in-
tensity in the annealed films (Fig. 4).

As it was mentioned above, the intensity of Tb-related emission of
AD films depends on the substrate nature. Figs. 3 and 4 show that the
dependencies of PL band and qA(E);(LO) mode intensity versus the
annealing temperature are also different for the two substrates. This can
be caused by a redistribution of recombination flow between the dif-
ferent recombination channels, including recombination through ex-
citon, non-radiative and radiative intrinsic defects and impurities.

To elucidate the reason of higher Tb®>* PL intensity in the film on
Al,O3 substrate, the spectra of both types of films annealed at 600 °C
were analyzed. As Fig. 3 shows, the intensities of exciton and defect-
related bands are higher in the film on Al,O5 substrate, but the intensity
of Tb-related emission is also higher. Therefore, more efficient Tb®* PL
in this film cannot be explained by the lower content of non-radiative or
radiative intrinsic defects. Thus, we can suppose that the higher in-
tensity of Tb-related emission in the film grown on Al,O3 substrate is
due to higher number of optically active Tb** centers in this film.

The analysis of the PL spectra of the films annealed at 900°C re-
vealed another peak at 611 nm (Fig. 5, a). This spectral position agrees
with 5Dy —"F, transition of Eu* ions. This PL band is also well ob-
served in the spectra measured under 275 nm light excitation corre-
sponding to 4f’5d"' —’D; transition of Tb>* ions (Fig. 5 b,c).

The PLE spectra of Tb-related luminescence in the AD and 600 °C
annealed films demonstrate a shoulder at ~300 nm (Fig. 3) which can
be ascribed to 4f’5 d'—°D; transitions of Tb>* ions [36]. At the same
time, the features connected with light absorption in ZnO host were not
observed. However, in the PLE spectra of the films annealed at 900 °C

(Fig. 3), the additional maximum at about 370 nm is found and it can be
ascribed to exciton absorption in ZnO. This maximum appears when Tb-
related emission decreases and become comparable or lower in in-
tensity than the defect-related band. Therefore, it could be apparently
connected with excitation of defects related band. In fact, this feature is
more pronounced in the PLE spectrum of the film on Si substrate
(Fig. 3,a) where the intensity of defect-related band is higher.

This allows supposing that Tb®* ions are not excited through energy
transfer from ZnO host when 325 nm light is used. On the other hand,
the PLE spectra taken at 545nm give the evidence on the large
broadening of RE-related absorption band that can be caused by local
crystal field surrounded Tb®* ions. In this case, the 325 nm light could
stimulate the 4f”5 d'—°D; transitions of Tb®>* ions. Such effect of the
local field can be achieved for Tb®* ions situated in distorted ZnO
matrix as well as in the Tb-rich phases.

The quenching of Tb-related PL emission in the film grown on
sapphire substrate upon its annealing can be caused by the decrease of
Tb content in ZnO columns due to Tb segregation in Tb-rich phases.
Besides, lower PL efficiency of Tb®* ions situated in Tb-rich phase
compared to that in ZnO columns can be governed by a concentration
quenching effect.

The PL spectra of the AD and 600 °C annealed films recorded under
excitation by 488 nm light demonstrate the Tb-related bands only,
while the PL spectra of the films annealed at 900 °C show the additional
set of PL bands caused by 5D0—>7Fj transition of Eu®" ions (Fig. 6,
Table 1). Since 488 nm light corresponds to resonant excitation of Th®™*
ions, the appearance of Eu®*-related bands is obviously explained by an
energy transfer from Tb®* to Eu®" ions.
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It is interesting that the shape of Eu®* PL spectra depends on the
substrate nature. In the case of Si substrate, they consist of several
bands of different widths in the ranges of 580-630 and 646-660 nm.
Some of the bands are very narrow (centered at 580.4, 587.7, 592.2,
610.0, 611.3, 629.2, 655.5nm), while the others (peaked at 578.0,
585.6, 592.4, 597.0, 615.2, 622.6, 626.3, 653.3, 704.7 nm) have es-
sentially larger widths. At the same time, for the film deposited on
Al,O3, only the narrow lines are detected in PL spectra.

A comparison of the PL spectra excited by 488 and 325nm light
(Figs. 5 and 6) of the films annealed at 900 °C shows that only the most
intense narrow line at 611.3 nm caused by *Dy—’F, transitions of Eu®*
ion is observed under UV excitation. Moreover, this line in the PL
spectrum recorded under 325 nm laser excitation (insert in Fig. 6) de-
monstrates the same spectral position and close halfwidth as in the
spectrum under 488 nm laser excitation.

3.4. IR reflection study

The specular IR reflection (R(v)) spectra of the films investigated are
shown in Fig. 7 within the 100-1000 cm ~ ! spectral range. The variation
of the maximal R(v) with annealing temperature in the film on Si
substrate is caused by the presence of plasmon-phonon interaction be-
tween the film and substrate observed in the range of residual rays
inherent to ZnO material (Fig. 7a). It should be noted that the variation
of the sample orientation in the respect of polarized illumination af-
fected negligibly the R(v) spectral shape, which confirmed the or-
ientation E) 17 of (Tb,Eu) co-doped ZnO films. The peak position of the
R(v) maximum for the films grown on Si substrate is observed at
v =411-412cm™" that corresponds to the frequency of ZnO TO
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| L
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i (@)
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Table 1
Overview of the Eu®* transitions observed in the PL spectra of the films an-
nealed at 900 °C.

Transition  Peak position of narrow PL Peak position of wide PL lines,

lines, nm nm

1 °Dy—"F, 580.4 578.0

2 °Dy—’F, 5877, 585.6,

592.2 592.4,

597.0

3 °D—"F,  610.0, 615.2,

611.3, 622.6,

629.2 626.3

4 °Dp—"F; 6555 653.3

5 °Do—’F, 703.2,

704.7,

706.2

phonon. The shape of the R(v) spectra and appearance of several fea-
tures for the films grown on Al,O3 substrate (Fig. 7b) is determined by
the overlapping of the ranges of residual rays of ZnO and Al,O3 [25].

The R(v) spectra were simulated in the range of residual rays of ZnO
and corresponding substrates using the approach described in earlier
works [25,37-39,40] operating with a half-infinite substrate/film/air
structure.

The model of dielectric permittivity with additive contribution of
active optical phonons (vr) and plasmons (v,) in the ZnO film and Si
substrate was considered [37-40]:

(b)

(Tb,Eu)-ZnO/ALO,
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Wavelength (nm)

Fig. 6. Micro-PL spectra of the AD, 600° and 900 °C annealed films grown on Si (a) and Al,O3 (b) substrates excited with 488 nm laser line. The insert in (a) shows the
micro-PL spectra of the (Tb, Eu)-ZnO/Si film annealed at 900 °C recorded under excitation with 488 nm and 325 nm laser lines in the 600-635 nm range.
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Fig. 7. Experimental specular IR reflection spectra of the films grown on Si (a) and Al,O3 (b) substrates measured before and after annealing at 600 and 900 °C

(symbols). The solid lines represent the fitting of experimental data.

(V) = g;j(v) + ig; (V) = e + [Emj(vfj - v%j)]/[szj -2 - ivyjj]

— e/ (v + iy, e8]

where vy, v are the frequencies of LO and TO phonons in the film and
substrate; yg is the damping coefficient of optical phonons in the film
and substrate; y,; and vy, are the damping coefficient and plasmon re-
sonance frequency in the film, respectively. For ZnO film, a single-os-
cillator model for the orientation E LT was taken into account.

For Al,O3 substrate, the dielectric permittivity was considered as

4 2
Agivy;
e(v) = €o + Z A&l

oyf—vi + vy, %)

where ¢.. is the high frequency dielectric constant of Al,O5 for ELT
orientation; Ag; is the strength of ith-oscillator; vy; is the frequency of
TO vibration of ith-oscillator; v is the damping constant of ith-oscil-
lator.

To simulate IR spectra of the samples, the parameters of ZnO, Si and
Al,O3 refereed in Refs. [37-40] were used. The best fitting of experi-
mental data was obtained using the parameters presented in Table 2
along with the calculated concentration (ny) and mobility (u) of free
carriers as well as the conductivity (o) of the films.

4. Discussion
4.1. The model of Tb-related emission centers

The revealed correlations between the intensity of Tb-related PL and
some other optical and electrical characteristics allow proposing the
model of Tb-related emission centers. Firstly, the shift of the E,'°" peak
position shows that Tb incorporates into ZnO in substitutional position.
Secondly, the PL intensity in as-deposited films correlates with the in-
tensity of the qA(E);(LO) mode. The latter testifies to the generation of
defects in the oxygen sublattice. In turn, the decrease of Tb-related PL
intensity under annealing correlates with the decrease of qA(E);(LO)
mode intensity (Figs. 2 and 4). Therefore, it can be supposed that Tb-
related emission center includes the substitutional defect Tbz, and de-
fect in oxygen sublattice. The latter can arise to compensate excess
charge of Tb®* ions. Similarly, the increase of Tb-related emission
caused by Li co-doping of ZnO was explained by compensation of excess
charge of Tb3; by Liz, acceptor [7,12,23,24]. In our case, this com-
pensating acceptor defect in oxygen sublattice could be interstitial
oxygen (O;). Thus, Tb-related emission center can be considered rather
as the complex including Tbz, and O; than as only Tbz, in regular lat-
tice. It should be noted the complexes of RE ions with oxygen (namely,
clusters YbOg that are not alligned with ZnO matrix) were also pro-
posed to be responsible for Yb-related emission in ZnO doped with Yb

Table 2
Parameters of the films extracted by the fitting of specular IR spectra.
Sample Parameters
Vp, cm ™! Yp, cm ™! yp cm ™! ng,em 3 Conductivity o, Mobility g, cm?/(V-s)
Q -1 . -1
cm
(Tb,Eu)-ZnO on Si substrate AD 1150 880 18 1.52 x 10" 619 25.4
T, = 600 °C 1200 800 3 1.65 x 10" 742 28.0
Ta = 900 °C 750 650 32 6.50 x 10'® 580 56
(Tb,Eu)-ZnO on Al,05 substrate AD 250 350 25 7.19 x 10" 73 64
Tx = 600 °C 380 2300 25 1.66 x 108 26 10
Tx = 900 °C 950 2650 25 1.04 x 10 - 8
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[41].

The appearance of defects in oxygen sublattice apparently occurs
via formation of a pair of defects including O; acting as acceptor and
oxygen vacancy (Vo). The latter is known to be a deep donor in ZnO
[42] that does not ionized at room temperature. Therefore, incorpora-
tion of Tb®>* ion into ZnO lattice should result in the decrease of free
carrier concentration due to acceptor O; formation. The higher the
concentration of Tb-related emission centers, the lower the free carrier
concentration.

This assumption is confirmed by the estimate of free electron con-
centration ng in the films obtained from IR reflection data. The results
of simulation show that concentration of free electrons in the as-de-
posited film grown on Si substrate is higher than in the film deposited
on Al,03 (mp~10"°cm™2 in the case of Si substrate against
no~10'cm ™2 in the case of Al,O3). This is in agreement with the
higher intensity of Tb-related emission in the AD film on Al,O3 sub-
strate (Fig. 4a, Table 2).

Thermal treatment does not change significantly the n, value in the
film grown on Si substrate (Table 2). However, an annealing of the film
on Al,O3 substrate causes the increase of the ng value. Finally, for the
film annealed at 900 °C, it reaches the same n, value as it was de-
termined for the AD film on Si substrate. The increase of the ny, upon
annealing correlates with the decrease of Tb®* -related PL intensity. The
latter is apparently caused by RE ions segregation from ZnO host
(Fig. 4a and c). As a consequence, this results in the annihilation of the
0;-Vo defects and the increase of free carrier concentration.

The results of the PL and electrical investigations are consistent
qualitatively with the proposed model of Tb-related emission centers.
Some quantitative inconsistencies can be due to errors in the estimate.
For example, the XRD data show that annealing at 900 °C stimulates
formation of zinc silicate dielectric layer at the (Tb, Eu)-ZnO/Si inter-
face. This layer causes the decrease of specular IR reflection intensity
that affects the ny estimation in the film and can result in under-
estimated n, values.

4.2. Tb**-Eu®* energy transfer

Since the Eu®*-related emission is not observed in the PL spectra of
the AD and annealed at 600 °C films, we can conclude that the energy
transfer from Tb®* to Eu®" is not efficient in ZnO host. The reason can
be the low Eu concentration in the film because in such case Eu dopant
can be present predominantly in +2 charge state of Eugz, defects [43].
The Eu®" -related emission appears only upon annealing at 900 °C when
additional phases are generated. The XRD study shows that one of these
phases is terbium oxide that is formed in the films on both types of
substrate (Fig. 1). Another one is the Zn,SiO,4 observed in the film on Si
substrate only (Fig. 1).

Because the formation of Tb oxide phase is a common feature for the
films on the substrates of both types, the narrow Eu>*-related emission
bands can be ascribed to the Eu®* ions situated in the crystallized Th
oxide. It is apparent that in this phase, the distance between Tb®>* and
Eu®" ions is short since it is determined by the lattice constant. Thus,
energy transfer, including Dexter mechanism requiring a distance close
to 1 nm, can occur. Taking into account + 4 charge state of terbium in
TbO, and +3 in Tb,0s3, the phase in which the energy transfer from
Tb®* and Eu®* ions takes place is Tb,Os.

The narrow Eu®* PL line at 611.3 nm recorded under UV excitation
is rather originating from the Tb oxide phase than from ZnO (Figs. 5
and 6). In fact, it is observed only when the Tb oxide phase is formed,
and both spectral position and halfwidth of this line are the same under
325 and 488 nm light excitation. In this case, the UV excitation most
likely corresponds to band-to-band absorption in Tb oxide crystal phase
(the band gap of Tb,03 is about 3.8 eV) with subsequent energy transfer
to Eu®™ ion.

Since the Eu®* related PL bands of higher widths are observed for Si
substrate only, they can be ascribed to the ions localized in some silicate
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phase. The XRD patterns reveal the Zn,SiO, formed in the film on the Si
substrate upon the annealing at 900 °C. Therefore, it is naturally to
assume that these PL bands are caused by energy transfer from Tb®™ to
Eu* ions in Zn,SiO4 phase. However, the peak position of Eu®™" re-
lated PL bands differs from those reported for Eu®" in Zn,SiO, [44].
Therefore, we can't exclude that these bands originate from other sili-
cate phases, namely RE-oxide silicate phases, formed upon the an-
nealing. In this case, the energy transfer can be facilitated due to the
accumulation of impurities at the interface film/substrate [26], which
results in the decrease of the distance between Tb and Eu ions. It should
be noted that formation of Tb,Eu silicates (oxiapatites) in this fims has
been proved by transmittion electron microscopy. These results will be
presented in another paper.

5. Conclusion

The effect of conventional annealing at 600 and 900 °C on the op-
tical and electrical properties of Tb and Eu co-doped ZnO films de-
posited by magnetron sputtering on Si and Al,O3 substrates was in-
vestigated. It is shown that incorporation of Tb and Eu ions in ZnO host
is accompanied by the formation of intrinsic defects in oxygen sub-
lattice. The as-deposited films demonstrate Tb®* -related PL bands and
do not show any Eu-related emission. The efficiency of Tb*>* PL emis-
sion for the film on Al,Os3 substrate is higher than that for the film on Si.
On the contrary, the free carrier concentration evaluated from the IR
reflection spectra is found to be higher for (Tb,Eu)-ZnO/Si film.

The XRD study shows that annealing at 900 °C results in formation
of crystalline terbium oxide phase in the films of both types which in-
dicates Tb out-diffusion from ZnO. Besides, the formation of the silicate
phase in the film on Si substrate was observed.

In the PL spectra, the decrease of Tb®*-related PL occurs under
annealing. Simultaneously, the free carrier concentration increases.
These changes are more pronounced in the film on Al,O3 substrate and
can be assigned to Tb segregation accompanied by intrinsic defect an-
nihilation. It is assumed that Tb®* emitting centers are the complexes
including Tb®* substitutional and oxygen interstitial. The higher
emission intensity in the film on Al,O3 substrate as compared with that
on Si substrate correlates with the largest amount of intrinsic defects,
thus testifying to the higher content of Tb®*emission centers.

It is shown that thermal annealing at 900 °C leads to an energy
transfer from Tb®* to Eu®". The annealing results in the appearance of
the set of narrow Eu-related bands in the film on Al,O5 substrate and
two sets of the bands (narrow and wide) in the film on Si substrate. It is
proposed that the narrow lines are originated from RE ions located in
crystalline Tb,O3, while the wide bands are connected with silicate
phase. Effective energy transfer in additional phases is assigned to the
decrease of distance between Tb and Eu ions (in particular, in silicate
phase this is due to RE ions accumulation in it).
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