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Abstract.

The effect of terbium doping on the electrical, optical and light emission
properties of sputtered indium tin oxide thin films was investigated. The films
were prepared by radio frequency dual magnetron sputtering, maintaining a
high optical transmittance in the ultraviolet and visible spectral regions, and
a low electrical resistivity ranging from 5 x 1073 Q- cm to 0.3Q - cm. Terbium-
related luminescence is achieved after annealing at 470°C in air at atmospheric
pressure. Electrical resistivity and optical transmittance were measured after
each annealing step to evaluate the compromise between the achieved light
emission intensity, electrical and optical properties. Additionally, temperature
dependence of Th-related luminescence quenching was assessed by temperature-
dependent photoluminescence measurements, from 83K to 533K, under non-
resonant excitation. Thermal quenching activation energies suggest an effective
energy transfer mechanism from the ITO host to the rare-earth ions. This indirect
excitation mechanism was modeled using a spherical potential-well and a tight-
binding one-band approximation approaches, describing a short-range charge
trapping process and subsequent formation of bound excitons to rare-earth ion
clusters.
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1. Introduction

Rare-earth (RE) doped wide bandgap semiconductors
have attracted great attention as efficient luminescent
materials for optoelectronic applications, like photon
downshift, as well as down- and up-conversion systems
[1, 2], optical amplifiers [3, 4], electroluminescent
devices [5, 6], lasers [7, 8], non-contact luminescent
temperature sensors [9-11], and photonic structures
[12-14]. Recently, RE based down- and up-conversion
layers have been effectively integrated in solar cells [15—
17]. This is attributed to two principal features. First,
a large bandgap suppresses the thermal quenching
effect at room temperature and, in some cases, even
at higher temperatures. This allows RE-related
light emission output, for instance, in the visible
spectral range covering the colors red (Eu®"), green
(Th3*) and blue (Tm3") [18-20]. Second, RE-related
light emission exhibits long fluorescence lifetimes
and narrow spectra, since they result from intra-4f
electronic transitions, which are weakly sensitive to
the host atomic environment [21-23]. Furthermore,
the host’s semiconducting properties allow the tailoring
of the electrical properties of the material without
dramatically compromising its optical properties and
light emission capabilities.

These features make RE doped wide bandgap
semiconductors suitable for light emission applications,
as an alternative to direct semiconductor based devices
[5, 6], and light conversion applications which can
be integrated in solar cells [15-17]. However, the
RE-related light emission intensity is sensitive to the
host environment, oxygen content, disorder-induced
states and other localized electronic states [5, 20—
28]. In particular, it is well established that not
all the REs embedded in a host are active for light
emission, but can be activated through post-deposition
thermal treatments [20-23,28]. These treatments have
two effects that may enhance the RE-related light
emission intensity. First, annealing may induce the
coordination of RE ions with neighboring host ions in a
non-centrosymmetric arrangement, thus enhancing the
probability of intra-4f electronic transitions. Second,
electronic defects such as dangling bonds may also
play an important role in energy transfer mechanisms
from the host to RE ions. In general, the density of
localized states and host related luminescent centers
can be thermally enhanced or quenched, affecting the
overall RE light emission output [21-29)].
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In this context, little is known about the light
emission features of RE-doped transparent conductive
oxides (T'COs), like for instance indium tin oxide (ITO)
or aluminum doped zinc oxide (AZO), among oth-
ers. Functional light emitting materials like RE doped
TCOs could open applications, for instance, in low
voltage direct current electroluminescent devices, or
energy-downshift transparent, anti-reflective, and elec-
trically conductive layers. In contrast to traditional
wide bandgap semiconductors, the electrical conduc-
tivity could be high enough to still use the material as
a transparent and luminescent electric contact. How-
ever, there are only very few and recent published
works where ITO or AZO have been doped with REs,
and very low or no light emission intensity has been
achieved in these systems [26,30-32]. To the best of
our knowledge, to date there is no published report
on Tb-related light emission from Th3* doped ITO or
AZO. In contrast, there are reports on the light emis-
sion of RE-doped zinc oxide (Zn0O) [33,34], aluminum
oxide (Al;03) [35], indium oxide (In2O3) [36,37], and
tin oxide (SnO32) [38,39]. These materials exhibit an
optical transparency suitable for light output from lu-
minescent centers, and a wide bandgap capable of over-
coming the thermal quenching effect at room temper-
ature. Their optical and electrical properties can be
engineered for instance by tailoring the oxygen content
during the deposition process or by post-deposition an-
nealing treatments, reducing or increasing in this way
the amount of oxygen vacancies, thus reducing (in-
creasing) the electrical conductivity whilst increasing
(reducing) its transparency [40]. We believe that the
absence of Tb emission in previous reports from these
ternary compounds is related to an effective competi-
tion between host related recombination centers and
radiative recombination involving the REs, in addition
to an inhibited thermal activation of the REs due to
the absence of a proper crystal symmetry surrounding
them.

In this work, we aim to shed some light on the
capability of RE doped TCOs to become optically
active, while retaining important properties of the
host material such as a low resistivity and high
optical transmittance in the visible spectral region.
We present the synthesis and characterization of
Th3* doped ITO thin films grown by RF magnetron
sputtering. Our approach consists of growing the
films while actively cooling the substrates during the
deposition process, and subsequently promoting the
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thermally-induced rearrangement of Tb ions to a more
suitable position by means of post-deposition thermal
treatments. Previous attempts have shown that, when
the films are not grown with active cooling, there
is no Tb activation in the annealing temperature
range from 200°C to 1000°C. Here, efficient Th-
related light emission is obtained under non-resonant
ultraviolet photon excitation after annealing at 470 °C.
The effect of Tb3t doping on the optical and
electrical properties is assessed for different annealing
temperatures. Finally, the excitation mechanism is
probed by temperature-dependent photoluminescence
measurements, and tentatively modeled by a short-
range charge trapping process and the formation of
excitons bound to RE ion clusters. From this model,
the exciton binding energies are calculated.

2. Experimental details

ITO and Th?t doped ITO thin films were grown on
two-side polished silicon and fused silica substrates by
RF magnetron sputtering using ITO (4N) and Tbh (3N)
targets with a diameter of 2 inches. The ITO target
used was 90 wt.% indium oxide (In2O3) and 10wt.%
tin oxide (SnO3). The targets were mounted facing the
substrate holder, aiming towards the same spot, thus
obtaining different Tb concentrations simultaneously
throughout several laterally separated substrates in
a single process. The distance between the targets
and substrate was fixed at 7.5cm. The substrates
were cleaned in an ultrasonic bath using acetone for
10 minutes and deionized water afterwards. The
deposition process was carried out under a 30sccm
argon flow. The base pressure of the sputtering
chamber was below 4.0 x 10~®mbar prior to the
deposition and the working pressure was fixed at 1.0 x
10~2mbar. Targets were sputtered simultaneously
with a power of 100W and 10W for ITO and Tbh,
respectively. The deposition process lasted five hours
and film thickness ranged from 300 nm to 500 nm. To
allow the luminescence activation by post-deposition
annealing, the samples were mounted to an actively
cooled sample holder with a closed-cycle water cooling
system set to 15°C. In this way the sample is grown
with a lower crystallinity or even an amorphous phase.
After deposition, samples were annealed from 150°C
to 650 °C for 3 hours in air atmosphere. Same sample
for each annealing step. An undoped ITO thin film
was used as a reference sample and annealed to also
evaluate the effect of the annealing and inclusion
of Th ions on the electrical and optical properties
of the undoped host material under similar growth
conditions.

Elemental composition measurements were per-
formed by energy dispersive X-ray spectroscopy
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Figure 1: Atomic concentration of as grown Tb

doped ITO thin films deposited on silicon (open
symbols) and fused silica (filled symbols) substrates,
as obtained from EDS (a). Atomic concentration
of an undoped ITO (open symbols) and 0.86at.%
Tb doped ITO (solid symbols) films versus annealing
temperature (b).

(EDX), employing a FEI Quanta 650 scanning elec-
tron microscope (SEM) equipped with a tungsten fila-
ment and a concentric backscattered electron detector.
Electrons were accelerated with a relatively low applied
voltage of 6.5kV in order to reduce the silicon signal
contribution from the substrate. Measurements were
performed three times near the middle of each sample
on a x200 magnification and then averaged. The quan-
tification was made with EDAX’s TEAM EDS analysis
system, employing the ZAF correction procedure [41].
Figure 1 shows the element concentration versus the
Tbh concentration of the as-grown (AG) samples and
after annealing treatments for an undoped ITO film
and a 0.86 at.% Tb doped ITO film.

X-ray diffraction (XRD) measurements were
carried out using a Bruker D8 Discover in grazing
incidence configuration. The as-grown samples
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exhibited a mixed polycrystalline and amorphous
structure, induced by the active cooling and Tb doping
during the deposition process. Full crystallization
is achieved after annealing at 550°C.  Figure 2
depicts diffraction patterns of the as-grown and 550 °C
annealed samples for the undoped and 0.86 at.% Tb
doped cases. Note how the presence of Tb ions in
the host induce the amorphous state before thermal
treatments.  After annealing, crystallization takes
place, however it can be inferred from the width of
the peaks that the grain size is smaller in the Tb
doped case. Table 1 summarizes the crystal size and
lattice strain obtained by a Rietveld analysis from the
diffractograms depicted in Fig. 2.
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Figure 2: X-ray diffraction patterns of the ITO

and 0.86at.% Tb doped ITO samples before and
after annealing at 550°C. PDF peaks positions of
ITO are also plotted. The corresponding crystal size
and lattice strain calculated after a Rietveld analysis
are summarized in table 1. Diffractograms were
normalized and shifted for better visibility.

Optical transmittance measurements were per-
formed using a Perkin Elmer Lambda 950 double beam
UV-Vis spectrophotometer, with a spot size of 5 mm
diameter and in the spectral range from 250 nm to
2200 nm in steps of 1 nm. Two analyses were performed
with these spectra. First, in the spectral region from
250nm to 850 nm, refractive index, absorption coeffi-
cient and thickness were calculated by means of a mod-
ified envelope method optimized for the determination
of the fundamental absorption and implemented in a
Wolfram Mathematica script [42]. This information
was then used to determine the optical bandgap accu-
rately. Fig. 3 shows the optical transmittance, refrac-
tive index and absorption coefficient of four different
ITO samples with 0, 1.5, 2.3 and 3.7at.% Tb along
with the mentioned fits and corresponding thicknesses.

Second, a full spectrum analysis using Drude and
Tauc-Lorentz oscillators was performed to determine

4

Table 1: Crystal size and lattice strain of the undoped
ITO and 0.86at.% Tb doped ITO layers, before and
after annealing treatments at 550 °C. The values were
obtained from a Rietveld analysis of the diffractograms
depicted in figure 2. Retrieved lattice parameters are
10.093(4) A and 10.092(3) A for the AG and 550°C
annealed ITO, respectively, and 10.095(2) A for the Tb
doped ITO annealed at 550 °C.

Crystal size (nm)  Lattice strain (%)

Sample AG 550°C AG 550°C
ITO 36.5(55) 59.1(77) 1.41(6)  0.54(3)
ITO:Th3* 21.0(9) - 1.82(3)

the charge carrier density and mobility by means of
the software SpectraRay from SENTECH Instruments.
In this case, the optical system had to be modeled
as two layers with different Drude parameters but
same Tauc-Lorentz parameters, the reason being the
low penetration depth in the spectral region where
the Tauc-Lorentz oscillator has the highest absorption
[43,44]. The top layer exhibited a larger free carrier
absorption than the bottom one, and in most cases the
bottom layer didn’t exhibit free carrier absorption at
all. Figs. 4 and 5 depict the transmittance fits for
the undoped reference ITO film and the 2.3at.% Tb
doped ITO film, for different annealing temperatures
and their corresponding calculated Drude parameters.

Photoluminescence (PL) measurements were per-
formed in a back reflection geometry using a Ren-
ishaw micro Raman inVia spectrometer. The excita-
tion wavelength was 325 nm from an He-Cd laser with
an average power excitation density of ~1.5W/m?.
The laser spot was focused on the sample surface for
each measurement. Measurements were taken on Tb
doped and undoped ITO samples grown on silicon sub-
strates. Sample temperature was controlled by means
of a Linkam cooling stage with a liquid nitrogen inlet.
Cathodoluminescence (CL) measurements were carried
out using a Horiba HCL-1312 spectrometer equipped
with a parabolic mirror attached to the SEM under a
5kV electron beam acceleration voltage.

Resistivity measurements were performed at room
temperature using a four point system by employing
the van der Pauw technique on square-shaped samples
(10mm x 10mm) grown on fused silica. A Keithley
2450 source measure unit (SMU) was used as the
current source and voltmeter. A Keithley 7709 matrix
module was employed for the switching configuration.
Gold coated spring tips were used to make electrical
contact with the films. Uniform pressure on all four
contacts was assessed by means of current-voltage
measurements, in which all samples showed an ohmic
behaviour.
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19 and at.%, respectively (a). Refractive index (b) and absorption coefficient (¢) calculated from the optical
20 transmittance measurements. The absorption coefficient is plotted in the (ahw)? scale. Solid curves are fits
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22 behaviour of the fundamental absorption in this scale, which is the behaviour expected from theory for a direct
23 semiconductor [45]. Note that only 60 data points out of 600 are plotted to avoid visual clutter. Dotted lines in
24 inset graphs are a guide to the eye.
25
26
27 3. Results and discussion in the optical bandgap (E,) and Urbach energy (Ev),
28 depicted in the inset graphs of Fig. 3. The latter pa-
29 In this section we summarize the results of the rameters are determined by fitting the absorption coef-
30 effects of Tb doping and subsequent activation by  ficient with a fundamental absorption model for direct
31 post-deposition thermal treatments, on the optical,  gemiconductors. We use a band-fluctuations model for
32 electrical and light emission properties of sputtered  direct materials [49],
33 ITO thin films. The light emission intensity versus
34 sample temperature is presented. From this, two 1
35 activation energies associated to the thermal quenching a(hw) = _5% ELil/Q (_eﬁ(hw—Eg)) ) (1)
36 process are determined. The underlying excitation B
37 mechanism and therma-,l quenchlng process are assessed Here Lij/(z) is the polylogarithm function of
by means of a spherical potential-well and Koster- . .
38 3 . order 1/2 of z. f3 is the Urbach slope (reciprocal of Ey),
Slater trap models [46, 47], in order to describe the . . . ;
39 ” o L ; . and «q is a coefficient proportional to the electronic
possible indirect excitation mechanism of Tb ions by Iy .
40 . " transition matrix element.
41 means of the formation of bound excitons.
42 Table 2: Optical bandgap E, retrieved with Eq. (1),
43 3.1. Optical properties fundamental (ahw)?-gap and Urbach energy Ey of ITO
ith diff T ions.
44 Figure 3 depicts the optical transmittance and the cor- with different Th concentrations
45 responding retrieved refractive index n(\) versus pho- -
46 ton wavelength A, and absorption coefficient «(fuw) Tb (at.%) Eg (V) (ahw)® (eV) Ey (meV)
j; versus photon energy hw, of the as grown ITO:Th3+ 0 3.75(8) 3.73(3) 203.7(53)
films for different Th concentrations, covering the fun-
49 damental absorption and transparent spectral regions. 15 3.82(14) 3.80(9) 218.8(71)
50 All samples exhibited a high optical transmittance in 23 3.87(10) 3.85(7) 234.9(53)
51 the visible spectrum, independently of the Tb content 3.7 3.89(48) 3.84(4) 262.5(100)
52 or annealing temperature. A systematic increase of n
53 with increasing Th concentration is observed, in agree- ) o
54 ment with the effect of oxygen in the refractive index The ad\{antsage of using the model yielding Eq.
55 and material densification [48], whereas the variation (1), for retrieving the optical bandgap and Urbach
56 of the fundamental absorption is tracked by changes €nergy, lies on the fact that materials with large Urbach
57 tails will exhibit a bias on the bandgap when using
58
59
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traditional models. This is due to the large overlap
of the Urbach tail with the fundamental absorption
onset. Typically, for values of Ey above 60meV, a
significant deviation between the actual bandgap and
the retrieved Ey is found [28,49-52]. Since Eq. (1)
takes into account Urbach tails, the retrieved bandgap
is typically free of this bias [49]. Table 2 summarizes
the Urbach energies and bandgaps calculated by fitting
Eq. (1) to the absorption coefficient. Additionally, the
(ahw)?-gap assumed for direct semiconductors is also
listed [45].

Here, the increment of F, and Ey observed
with increasing Tb concentration is most probably
associated to the induced lattice distortion by the
presence of Tb ions in the ITO host, the formation of
charged defects, and presence of suboxide species. Tbh
ions disrupt the lattice, thus inducing strain, inhibiting
the formation of larger grains during deposition and
inducing the formation of oxygen vacancies, all of
which lead to a larger Urbach energy. Since Tb
inclusion promotes the formation of charged vacancies
when disrupting the lattice [53-55], we could expect an
optical bandgap shift attributed to the Burstein-Moss
effect. Nevertheless, the formation of Tb suboxides
could also play a role in the bandgap widening. XRD
patterns depicted in Fig. 2 and lattice strain shown in
Table 1 confirm the Th-induced lattice distortion. A
similar distortion has also been reported for Cu doped
non-crystalline SnOs [56], and Nd, Eu and Tbh doped
InyO3 sol gel films [26].

Both Tb doped and undoped ITO layers exhibited
an increase in the infrared absorption as well
as an increase of FE, and FEy with increasing
annealing temperature. Both features are related
to a annealing-induced increase in the charge carrier
density, see Figs. 4, 5 and 6. It has been
shown that thermal treatments up to 350 °C increase
the electrical conductivity of ITO layers when
performed either in inert or reactive atmospheres
[40, 57-59].  Nevertheless, for temperatures above
350°C, electrical conductivity drops depending on
the annealing atmosphere used [59]. The reason
behind this behaviour is a competition between the
thermally-induced activation/deactivation of charged
defects along with a variation in the electronic mobility,
affecting the electrical conductivity. Typically, for
annealing temperatures below 350 °C, Sn ions change
their oxidation state from Sn?* to Sn**, thus acting
as donors when occupying In®T sites [59, 60]. On
the other hand, annealing treatments in an air
atmosphere induce oxygen diffusion into the ITO
matrix, therefore reducing the amount of charged
oxygen vacancies. This diffusion usually increases
the oxygen concentration near the surface of the ITO
layer [40]. However, the extent of this diffusion will

6

depend on the available sites or vacancies for oxygen
to bond in. That is, for nearly saturated samples,
oxygen diffusion from the atmosphere will require more
energy than in non-saturated ones to diffuse into. Here,
EDX analysis depicted in Fig. 1 showed no major
variation of the oxygen content in Tb doped ITO upon
annealing. Whilst, for undoped ITO, oxygen reaches
the saturation value after the first annealing treatment
at 180°C, from 53.5at.% to 60.5at.%, in agreement
with previous reports on samples grown in a similar
fashion [40].

In order to assess and discern the impact of
annealing treatments on the charge carrier density
and mobility, we describe the complex refractive index
7 by a combination of Tauc-Lorentz and Drude-
Lorentz models depicted in Eq. 2, and fit the optical
transmittance of ITO and ITO:Tb for each annealing
temperature.

w2

n? =1 +icg = e1(00) — PR
Qp,l
+ zl: 02, —v2—iQ v (2)
y
1
with

- AIEO’ZCI(E - F ,1)2 1
() = Er-mrr cr pOF ~ e

Here, 1 and €5 are the real and imaginary part
of the complex dielectric function €, respectively. v
and E are the photon wavenumber and photon energy,
respectively. 7 is the complex refractive index. TV&
is the Tauc-Lorentz dielectric function contribution,
from which the real part is obtain by a Kramers-Kronig
transformation [61]. © is a Heavyside function.

The fitting parameteres in this expression are
the Tauc-Lorentz oscillator strength A;, peak central
energy Fp,;, broadening parameter (), Lorentz
oscillator strength €2,;, frequency center §p; and
damping €2,;, and Drude plasma frequency w, and
collision frequency w,. The last two being related to
the charge carrier density N and mobility p by

| Ne2
= 3
W gomy ( )

e

and

Wr = PR
pm

(4)

with €, e and m} the vacuum permittivity, ele-
mental charge and electron effective mass, respectively.
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Figure 4: Optical transmittance (a), charge carrier and mobility (b) and electrical resistivity (c) of ITO thin
films versus annealing temperature, as determined from the Drude model. r denotes the ratio between the
electron effective mass and the electron rest mass.
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Figure 5: Optical transmittance (a), charge carrier and mobility (b) and electrical resistivity (c) of 2.3at.%
Tb doped ITO thin films versus annealing temperature, as determined from the Drude model. r denotes the
ratio between the electron effective mass and the electron rest mass.
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Figure 6: Optical bandgap and Urbach energy versus annealing temperature for the undoped (a)(b) and Th
doped (c)(d) ITO layers. Optical bandgap versus Urbach energy for different annealing treatments and Tb
concentrations (e).
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undoped and Tb doped cases (c).

Sample layers had to be modeled as a two-
film stack with the same Tauc-Lorentz and Lorentz
oscillators parameters, but distinct Drude parameters.
This is due to the growth-induced microstructure
sputtered ITO thin films typically exhibit and the
low penetration depth in the high absorption spectral
region where Tauc-Lorentz has the most influence
(43,44, 53, 62—65]. The first layer, or bottom layer,
exhibits poor electrical properties, whereas the top
layer is more conductive. In most cases, the optical
transmittance fit is achieved by three Tauc-Lorentz
oscillators and one Lorentz oscillator.

We focus here on the Drude parameters of the
top layer. Figs. 4 and 5 depict the infrared analysis
on the optical transmittance of ITO and 2.3at.% Tb
doped ITO films for different annealing treatments,
respectively. N and p are calculated from w, and
wr; in terms of the electron effective mass m}. In
these systems, m} is a fraction r of the rest mass
of an electron m} = rme, which is typically around
r ~ 0.35 [66]. Two features are noted in these figures.
First, Tb doped ITO has a higher resitivity than the
undoped ITO films. The charge carrier density of
Tb doped ITO is significantly lower than undoped
ITO. Tb ions might be replacing Sn and/or In ions,
inhibiting the formation of Sn** and thus limiting
the charge carrier density. Additionally, for annealing
temperatures below 400°C, the electron mobility is
also smaller due to the induced lattice distortion.
Second, the charge carrier density of the undoped
ITO sample exhibits a maximum value after 370°C
annealing and drops for higher annealing temperatures.
This effect is in agreement with the formation of Sn**
for lower annealing temperatures. The observed drop
of N for higher temperatures would be associated to
oxygen diffusion into the film occupying vacancies and

Electrical resistivity versus Tb atomic

the formation of Sn-O complexes deactivating donor Sn
ions [67]. This behaviour is typically acompanied with
an increase in u, also observed Figs. 4 and 5 [68,69].
Finally, the effect of thermally-induced and
doping-induced structure variations on the fundamen-
tal absorption are traced by Ey and FE,. These are
plotted in Fig. 6, for different annealing treatments
and Tb concentrations. In this sense, Ey is used as an
indirect measure of the lattice distortion. It can be no-
ticed that larger lattice distortions, either induced by
the presence of Th ions or by thermal treatments in air,
are correlated to a widening of the optical bandgap.

3.2. Electrical properties

All samples exhibited an ohmic behaviour when
contacted by the four probes of the van der Pauw
system. The effect of Tb incorporation and annealing
treatments on the electrical resistivity p of ITO is
depicted in Fig. 7. It is important to highlight
that, contrary to the resistivity shown in Figs. 4
and 5, the values shown in Fig. 7 correspond to
the whole ITO system, i.e. the two layers with
different Drude parameters. As-grown Tb doped
ITO exhibits its lowest p value for Th concentrations
around 0.5 at.%. Layers grown with active cooling and
for Tb concentrations below 1.0at.% have an oxygen
concentration below 60at.%. Thus, it is suggested,
that in the as-grown state, a low Tb concentration
favors the electrical properties of ITO thin films grown
in this fashion. At higher Tb concentrations, lattice
distortion plays an important role in quenching the
electrical conductivity.

The dependence of the electrical resistivity of ITO
and 2.3at.% Tb doped ITO films with the annealing
temperature is depicted also in Fig. 7. As annealing
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treatments proceed, p decreases till 250°C.  For
higher temperatures the resistivity increases again.
This behaviour is in agreement with that reported
for ITO thin films annealed in air [40, 58, 70, 71].
At first, annealing induces the formation of charged
defects, improving the film conductivity. However,
after annealing at higher temperatures in air, oxygen
diffusion inside the layer quenches the number of
charged vacancies [40, 71], and the formation of Sn-
O and/or Th-O complexes prevent the promotion of
Sn** [58,67-71] A similar behaviour is observed in the
case of Tb doped ITO films grown by sol-gel. [30].

3.8. Luminescence activation

It is well established that not all the Tbh ions embedded
in a host are optically active for emission and that
these can be activated by post-deposition thermal
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treatments [20-22,28]. The underlying mechanisms
behind the thermally-induced activation and light
emission enhancement are typically associated to: (i)
the coordination of Th ions with neighboring atoms
in a non-centrosymmetric crystal field state, (ii) the
thermally-induced promotion of energy transfer paths
from the host to the REs after excitation [21, 22,
27], (iii) and the inhibition of back energy transfer
processes. These establish a competition between the
recombination in RE color centers and host-related
radiative and non-radiative recombination centers [21,
72].

Here, the highest Tb-related light emission inten-
sity is achieved after annealing at 550°C. Figure 8
depicts the CL and PL spectra of 2.3at.% Tb doped
ITO under excitation by electrons at a 5keV accel-
eration voltage and 325nm light excitation, respec-
tively. Characteristic Th-related electronic transitions
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Room-temperature cathodoluminescence (a) and photoluminescence (b) spectra of a 2.3at.% Tb

doped ITO thin film after annealing at 550°C in air for three hours. The corresponding coordinates in the

CIE1931 color space are also depicted (c).
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Figure 9: Room-temperature photoluminescence spectra of Th doped ITO for distinct Th concentrations.

Note the increase in the background emission associated to host-related radiative recombination of ITO (a).
Normalized integrated photoluminescence intensity for both the Tb-related and host-related emission (b).
CIE1931 color space denoting the coordinates of the spectra for each Tb concentration (c).
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Room-temperature photoluminescence spectra of 1.5at.% Tb doped ITO after three distinct
Normalized integrated photoluminescence intensity for both the Tb-related and

host-related emission. Additionally the light emission intensity evolution of an undoped ITO sample is included
(b). The latter is shifted -0.5 for viewing reasons only. CIE1931 color space denoting the color shift of the Th

doped ITO spectra after each annealing treatment (c).

are identified. Additionally, the Commission Inter-
national del’Eclarige (CIE1931) colorspace coordinates
are also depicted in this figure for comparison purposes
to track color differences.

The impact of the Tb concentration on the light
emission intensity is depicted in Fig. 9. The
concentration quenching effect can be noticed as the
Thb-related light emission is quenched when increasing
the RE concentration above a critical value. This
is a consequence of the enhanced energy transfer
probability between Tb ions due to their proximity.
This enhancement increases the probability of back-
transfer processes in which the recombination takes
place in a localized state of the hos [73]. In this sense,
whilst the Th-related emission is quenched by the
concentration quenching effect, host-related emission
is enhanced.

In order to compare the variation of the Th-related
and host-related light emission intensities of distinct
samples when varying the Tb content, the integrated
emission is normalized versus the total integrated
emission. That is, the integrated light emission
intensity associated to the Tb ions is divided by the
total integrated intensity. To do this, a background
correction is performed. In particular the ITO host has
a peak around 600 nm with a broad emission at room
temperature. This was confirmed by measuring the PL
spectrum of an undoped ITO sample. Naturally, the
presence of the host emission in the spectra will have
an impact in the visible color. The latter is depicted
in CIE1931 colorspace in which a shift to a red color
is observed when increasing the Th amount due to the
partaking of the host emission.

Samples doped with 1.5at.% and 2.3at.% Tb are
the ones exhibiting the highest emission intensity. In

order to try to avoid the impact of the concentration
quenching effect, we focus on the sample doped with
1.5at.% Th. Figure 10 depicts the variation of the
light emission spectra with annealing temperature.
Almost no emission associated to Tb ions was
registered for annealing temperatures below 470°C.
For these annealing temperatures, a strong host related
background dominates the emission. After 550°C
annealing, the Tb emission reaches a maximum,
with the ®Dy — "F5 electronic transition (~545nm),
the most probable one. After 650°C, host-related
emission increases again. This is in agreement with
an increased host emission observed in the undoped
ITO sample treated at the same annealing conditions.
This suggests a recombination competition between
optically active Tb ions and host-related recombination
centers.

Notably, after 650°C annealing, the °Dy — “Fy
electronic transition (peak wavelength ~650nm) emis-
sion intensity is increased until it is almost as high as
the °Dy — "F5 (~545nm), shifting the apparent emis-
sion color to orange. Such unconventional variation of
the 4f-shell electronic transition probabilities suggests
a modification of the crystal field surrounding Tb ions,
probably due to the presence of Th ions in distinct crys-
talline sites with a non-centrosymmetric crystal field.
In the present case, a crystallization after annealing
treatments is observed, thus a variation of the crystal
field is expected. Tb ions would replace In and/or Sn
ions, see Fig. 1, thus distorting the lattice and occu-
pying b and/or d sites in the ITO bixbyite crystalline
structure. We believe that this might be the source
behind the observed unconventional emission after the
650 °C annealing treatment, depicted in Fig. 10.
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3.4. Thermal quenching

Temperature-dependent photoluminescence measure-
ments were performed on the 1.5 at% Tb doped ITO
sample annealed at 550°C, in the temperature range
from 83 K (—190°C) to 533K (260 °C). Figure 11 sum-
marizes the variation of the emission spectra versus the
sample temperature. At low temperatures, well defined
Stark splitting lines can be observed, in agreement with
the crystallization of the material after treatments at
550°C.

The overall light emission intensity is quenched
with increasing sample temperature, in contrast to
the reported behaviour for Tb doped crystalline AIN
[19] and amorphous AIN and SiN [22]. In fact, at
temperatures above 373 K, the emission corresponds
mainly to the host, as can be seen from the integrated
normalized emission in Fig. 11.

An Arrhenius analysis is performed on the Tb-
related integrated photoluminescence to assess the
activation energies of the thermal quenching process.
The integrated emission is modeled by means of a single
(N =1) and dual (N = 2) quenching channel Arrhenius
equation [74,75],

— IO
"I o (7%(%7%1)). (5)

Here kp is the Boltzmann constant, T is the
sample temperature, € are the thermal activation
energies, which can describe one or more possible
thermal quenching channels. 7T, are related to the

relative ratios of the competing thermal quenching

I(T)
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Table 3: Best fitted parameters using equation (5)
for single (N = 1) and dual (N = 2) thermal quenching
processes. The reduced x? is also shown for comparison
purposes. Fits were performed in a logarithmic scale.

Single Dual
I 1.424F5 4+ 8.5E3  1.57E5 + 7.6E3
T (K) 312.6 4+ 4.6 290.6 + 8.5
Ty (K) - 341.2 + 10.6
€8 (meV) 344.5 + 14.9 152.0 & 38.0
€5 (meV) - 453.9 4+ 39.4
X? 0.036 0.014

processes. The best fit parameters are summarized in
Table 3.

3.5. Isovalent trap model

The observed Tb-related emission under 325nm
(3.81eV) excitation could be the result of an overlap
of direct resonant excitation of 4 f-shell electrons from
the "Fs to the °D; or °Dy enery levels, and host-
assisted indirect excitation mechanisms. The former
is considerably limited by the 4 f-shell cross section,
whilst the latter can be attributed to distinct energy
transfer processes. Indirect excitation mechanisms
could be (i) Auger excitation of Tb ions near neutral
dangling bonds [22,29], (ii) dipole mediated resonant
energy transfer from electron-hole (e — h) pairs [27],
(iii) excitation by charge transfer from the host or a

T (K)
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1.2 . . . . 1.0 I . . } } } } } =101
jl_)-si_?,.l.(_______ 0 b) —@—Tb related b
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A (nm)

T (K) 1000/T (K

Figure 11: Photoluminescence spectra of 1.5at.% Tb doped ITO after annealing at 550 °C at distinct sample
temperatures. Here, the spectra at eight temperatures are depicted with vertical shifts and re-scaling for viewing
reasons only (a). Normalized integrated photoluminescence intensity for both the Tb-related and host-related
emission (b). Arrhenius plot of the Tb-related integrated photoluminescence (c). The fits correspond to equation
(5) for one and two activation energies. The best fit is achieved when considering two activation energies.
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metal (lanthanoid) ion with a different oxidation state
[76-78] and (iv) excitation by energy transfer from the
recombination of bound excitons to Tb ions [19].

Auger excitation (i) requires the proximity of
Tb ions to neutral dangling bonds. Moreover, this
mechanism is phonon assisted since a resonant energy
transfer is not required and the excess energy can
be taken by phonons. Here, no enhancement of
the Tb-related light emission intensity is observed
with the sample temperature, in contrast to the
reported behaviour for Tb doped AIN and SiN
[19, 22], suggesting this is not the most relevant
mechanism for Th doped ITO. On the other hand,
dipole-mediated energy transfer (ii) is of long-range
interaction.  However, it must be resonant, thus
limiting the probability of this mechanism in contrast
to the other ones. Additionally, photoluminescence
excitation spectra (not shown here) did not exhibit
characteristic resonant bands when monitoring the
Dy — "F5 emission band.  Charge transfer (iii)
requires a change in oxidation state and is typically
accompanied with an additional broad emission band
[77,79], which is not observed here. Therefore, here we
attempt to model the excitation mechanism by means
of (iv) energy transfer from recombination of bound
excitons to Tb ions.

It is widely accepted that RE ions induce isovalent
or isoelectronic cluster traps [19, 80-85]. There are
some features that we can take into account for this,
such as that the ionic radius of Th3* (0.923 A) is
bigger than that of In>* (0.81 A), which we assume
it is substituting, and that Pauling’s electronegativity
of Th3*+ (1.2) is smaller than that of In3* (1.78) [86,87].
Baldereschi [80] derived a simple electronegativity rule
relating the pseudopotential depths for the outer s and
p states, both of which are lower for heavier atoms. If
the isovalent impurity is heavier than the host atom
it replaces, the impurity is less electronegative than
the replaced atom. This difference in electronegativity
will create a short-range potential surrounding the
impurity which is attractive to holes. Furthermore, the
difference between the ionic radii of Th3* and In3*
generates distortion in the ITO lattice. There is an
additional potential due to this distortion surrounding
the Tb impurity that will increase the attraction
of holes [19].  Therefore, the isovalent trap will
be positively charged due to hole trapping and will
afterwards attract an electron by long-range Coulomb
interaction, creating a bound exciton. There would
be no charge transfer (h+) neither from In3* or Sn**
lattice sites/interstitials nor from generated e — h pairs
to the Th3t ion to form Th*+, which is known to be
a non-luminescent center and could also act as a Th3*
luminescence killer [88].

The binding energies of a hole bound to an
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isovalent cluster trap were calculated using both the
spherical potential-well (SPW) and the Koster-Slater
(KS) models. Different from the calculation done by
Lozykowski [19], both fitted energies were used to
calculate the parameters corresponding to each model,
assuming the lowest energy for n = 1 (singlet) and
the largest for n = 2 (dimer), n being the number
of RE ions forming the cluster. Subsequently, these
calculated parameters were employed to estimate the
corresponding energies for larger clusters, n > 3.

In the SPW model, the binding of a hole trapped
to a RE-cluster isovalent trap can be described by
a three-dimensional spherical potential-well with an
effective depth —Vj and radius p;. In the case of
clusters with n > 1, the model assumes the cluster to
contribute a potential well with the same depth —V
and an effectively enlarged radius, *®p,, = n'/3p;. The
binding energy of a hole bound to a n-cluster is given
by [46]

h2 2
&= g ©
Pn
with
* € 1 2
ﬁ_— 2mV0ﬁp%_ﬂ2 /
n — hz n
2m*V eff 2 1/2
X cot l(mhozpn - 52)
and
eﬁpn = nl/spl-

Here m* is the average effective mass. Baldereschi [80]
suggested that for covalent materials m* is 0.9 mg
and for III-V compounds it 1.2 mg, mg being the free
electron mass at rest. Since ITO has a more covalent
than ionic bonding structure, we make the assumption
that m* is simply equal to mg. The parameters
calculated with this model are shown in Table 4.

Table 4: SPW and KS parameters obtained from Egs.
6 and 8 using the activation energies derived from the
thermal quenching behaviour of the luminescence.

0.29 + 0.02
spy P ()

Vo (6V) 1.67 % 0.04

T (V)  5.08 + 0.35
KS (eV)

J(eV)  1.79 + 0.03

The obtained small radius corroborates our
assumption of a strong localization of the effective
impurity potential.  Oxygen atoms in the cubic
bixbyite structure of ITO have four different bond
lengths with respect to the b- or d- sites that the
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Tb ion would occupy: 2.13 A, 2.18 A, 2.19 A and
2.23 A [89]. Furthermore, it has been suggested that
the Thb-O bond length is 2.35-2.57 A in polymers
[90], mononuclear complexes [91] and simulations [92].
Hence, the calculated effective radius of influence for
this short-range impurity potential is relatively close
to these Tb-O bond length values.

For the KS model, a one-band one-site tight-
binding approximation is employed, assuming a
Hubbard density of states [47]. This approximation
requires only two parameters, i.e. the matrix element
of the impurity potential J, and the effective valence
band width of the host T, see Eq. (7) for n = 1 and
Eq. (8) for n > 1.

e?:J(1—Z]>2 (7)

1 on — 1 T
b
n 2[ o —2 +( +2n2>
n—17\?
1 —_
><<+ 2 J)

The hole binding energies derived from these
equations are approximately equal to binding energies
of excitons bound to the RE isovalent impurity, with
respect to the free exciton energy [47,81]. Egs. (7)
and (8) were used to calculate J and T' values, with
the experimental binding energies obtained from the
thermal quenching analysis. The uppermost valence
band width for ITO is around 6 eV, as estimated by
both simulated [89,93] and experimental [94] methods.
Our calculated value for T', given in Table 4, represents
a good approximation.

Figure 12 depicts the exciton binding energies for
distinct cluster sizes obtained from the SPW and KS
models by using the previously determined thermal
quenching activation energies. This is assuming the
latter activation energies are the necessary energy
to break bound excitons and/or release trapped
holes, and thus inhibit the RE excitation. Further
research is necessary to confirm this range of values
experimentally for this and other similar materials.

4. Summary and conclusions

In this work, we have effectively embedded Tb ions
in ITO thin films by co-sputtering. Samples were
grown by actively cooling the substrates during the
deposition process in order to limit grain sizes and
induce an amorphous phase to subsequently allow the
thermally induced RE activation by means of post-
deposition annealing treatments. This strategy proved
useful since Th-related light emission was achieved
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Figure 12: Exciton binding energies calculated by
the SPW and KS aproaches for different cluster sizes.
Experimental values correspond to those determined
by the thermal quenching effect. Dashed lines are a
guide to the eye.

for annealing temperatures above 400°C.  Under
these conditions, electrical resistivity measurements
showed that Tb doped ITO thin films exhibit a higher
resistivity than that of pure ITO for concentrations
above 1.0at.%, whilst a lower resistivity is observed
for smaller Tb concentrations. On the other hand, the
observed behaviour of the Th doped ITO resistivity
versus annealing temperature is similar to that of the
non-doped ITO film resembling the behaviour reported
previously in the literature [58,71]. The behaviour of
the charged carrier density depicted in Fig. 4 suggest
that oxygen diffusion occurs at temperatures higher
than 250 °C, whilst ITO crystallization takes place at
lower temperatures [40], both processes affecting the
electronic properties of the material.

The optical absorption edge is strongly affected
by the Tb concentration. This is probably due to
the Tb affinity to oxidation, which enhances the
formation of Th-O complexes, and to the induced
lattice distortion increasing disorder related localized
states. The effect of thermal treatments and Tb
concentration in the structure is traced down by the
Urbach energy and optical bandgap. Both increase
with annealing temperature and Tb concentration,
suggesting, at least for samples with Th concentrations
below 1.0 at.%, an increase in the charge carrier density
by charged defect states, such as oxygen vacancies,
that may be responsible for the observed reduction in
the electrical resistivity at this doping regime and for
samples grown in this fashion.

Annealing treatments in Tb doped non-degenerate
wide bandgap semiconductors usually do not suggest
an optimal Tb ion activation temperature [21, 29,
95,96]. In these hosts, predominant energy transfer
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processes change with annealing treatments at high
temperatures due to modifications in their structure,
although at these temperatures more ions could
be effectively activated [96]. In contrast to this
behaviour, here the light emission intensity versus
annealing temperature suggests that there is an
optimum annealing temperature for which Tb ions are
effectively activated to be excited. This might be
related to a competition between the energy transfer
to Th ions and host related luminescent centers.
Moreover, after annealing at 650°C, the Dy — Fy
Tb electronic transition is considerably enhanced,
shifting the emission color to red. This unexpected
enhancement might be attributed to a particular
crystal field surrounding Tb ions, for instance in either
b- or d- sites of the crystalline lattice.

Finally, temperature-dependent photolumines-
cence measurements on the 1.5at.% Tb doped ITO
showed a continuous decrease of the Tbh-related light
emission intensity. Two activation energies were de-
termined from the luminescence thermal quenching.
By assuming that the main Tbh excitation mechanism
is due to the energy transfer from recombination of
bound excitons to RE isovalent traps, these energies
were used to determine the SPW and KS models pa-
rameters. The calculated singlet effective interaction
radius (p1) is slightly larger and in agreement with the
Th-O bond length, whilst the effective valence band
width (T') is in agreement with values reported in the
literature [89,93,94]. We believe that these results will
open a pathway to enhance the light emission inten-
sity of RE doped TCOs without compromising consid-
erably their transparency and electrical conductivity.
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