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Abstract

Aluminium—nitrogen (AIN) films doped with samarium, europium or ytterbium have been
prepared by conventional radio frequency sputtering. Because of the deposition method and
conditions the as-deposited films are amorphous with Sm, Eu or Yb concentrations at low

0.5 at%. After deposition the films were submitted to cumulative isochronal thermal annealing
(TA) treatments and investigated by optical transmission spectroscopy, photo- (PL) and
cathodoluminescence (CL) measurements. For comparison purposes one undoped AIN film
was also prepared and investigated in detail. The experimental results indicate that (a) all
samples exhibit PL and CL at room temperature, (b) the main spectral features present in the
AIN samples are due to defect-related transitions (undoped film) or the rare-earth (RE) ions,
(c) in both cases (undoped and Sm-, Eu- or Yb-doped films) the luminescence intensity scales
with the temperature of TA and (d) for the present AIN samples, there is a clear relationship
between their luminescence intensity and respective energy of optical bandgaps. Finally, the
effect of TA on the excitation—recombination mechanisms involving the RE ions is presented

and discussed.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Most of the studies on rare-earth- (RE-) doped compounds have
been focused on the Er** ion and its infrared light emission at
~1540nm which is of great interest for telecommunication
purposes [1]. This is because (just like any other RE ion)
triply ionized Er species present sharp and well-defined optical
emission at wavelengths that are practically insensitive to
temperature and to the host material. The mechanisms behind
the excitation of Er’** ions and their subsequent (optical)
recombination, however, are known to be highly susceptible to
host details such as atomic structure and optical bandgap [2].
Accordingly, various different Er-doped compounds have been
extensively investigated towards the achievement of more
efficient phosphor materials and/or in the development of
photonic devices. Actually, RE-doped semiconductor or
dielectric compounds are expected to inspire not only the
field of optical fibre-based telecommunications but to influence
applications such as visible light-emitting diodes and color flat-
panel displays, for example.

0022-3727/09/025109+07$30.00

So far, RE-related visible light emission was achieved
from the wide bandgap (WBG) materials BeN [3], AIN [4, 5],
SiN [6], GaN [7] and GeN [8], for example, doped with many
different RE ions. In addition to the possibility of extracting
spectrally sharp RE-related luminescence from these matrices,
it is well established that RE ions exhibit smaller luminescence
quenching when inserted in WBG hosts. This phenomenon
is usually attributed to the partial ionic character exhibited
by WBG compounds, which influences both the energy and
the localization of the electron-hole pairs generated during
the luminescence process [2]. Within this context, and
allied to their ability to work under extreme temperatures
and hostile chemical environments, AIN films are promising
candidates for a large number of applications in modern
(micro-) electronics [9].

Stimulated by the above scenario this work reports on
the optical properties of AIN films doped with Sm-, Eu-
and Yb-ions. The films were prepared by the cosputtering
method which allows the controllable insertion of RE species
during deposition. With the purpose of probing the influence

© 2009 IOP Publishing Ltd  Printed in the UK
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Figure 1. Optical transmission and PL and CL of AIN films: undoped (a) and (e), and doped with Sm (b) and (), Eu (c) and (g) and Yb (d)
and (k). The optical transmission measurements were obtained from films deposited on quartz substrates AD and after TA at 600 and

900 °C. Both PL and CL measurements were taken from AD films onto crystalline silicon substrates. All measurements were carried out at
room temperature and corrected for system response. For comparison purposes the PL. and CL spectra were normalized.

of thermal treatments on the optical properties and RE-
related luminescence characteristics, all AIN samples were
systematically investigated after TA up to 1050 °C.

2. Experimental details

Thin films of AIN were prepared by radio frequency
(13.56 MHz) sputtering an Al target (99.999% pure) in an
atmosphere of high-purity (99.999%) N, gas. The films,
typically 500 nm thick, were deposited on crystalline Si and
quartz substrates and the doping of AIN was achieved by
partially covering the aluminium target with small pieces of
Sm, Eu or Yb metal (99.9% pure). During deposition the
substrates were kept at ~150 °C. Based on the sputtering yield
and on the relative target area occupied by Sm, Eu or YD their
atomic concentration was estimated to be at low 0.5 at% [10].
After deposition the films were submitted to isochronal (15 min
long) TA treatments at 300, 450, 600, 750, 900 and 1050°C
under a continuous flow of argon.

The films were investigated by optical transmission
and photo- (PL) and cathodoluminescence (CL) techniques.
All measurements were conducted at room temperature in
samples as-deposited (AD) and after thermal annealing (TA).
Raman scattering spectroscopy (488.0nm photons under
backscattering geometry) was also performed in order to
obtain some structural information. The UV-VIS optical
transmission measurements were carried out in the ~215-
1050 nm wavelength range on films deposited on crystalline
quartz substrates. The PL measurements employed an Ar*-
ion laser (488.0nm photons and average power density of
~3 uW um~2), whereas the CL experiments were achieved
from a conventional scanning electron microscope (20keV
electrons and ~80nA) coupled to an optical detection system.
With the exception of the PL measurements of the Yb-doped
film (which employed a cooled Ge detector), all PL and CL

signals were recorded by a Si-based charge-coupled device
(CCD camera). Both Raman and luminescence experiments
considered films deposited on crystalline silicon substrates.

3. Results

Raman scattering analyses indicate that the present AIN films
are essentially amorphous even after TA at 1050°C [11]'.
More sensitive structural measurements, provided by high-
resolution transmission electron microscopy and electron
diffraction measurements of similar RE-doped AIN films,
however, suggest that the films consist of highly dispersed
AIN nanocrystals (typically 10-20 nm large) embedded in an
amorphous matrix [12].

The optical transmission spectra of some AIN films
considered in this work (undoped, doped with Sm, Eu and Yb
and after certain thermal treatments) are shown in the upper
part of figure 1. The lower part of figure 1 illustrates the PL and
CL spectra of AD AIN films as obtained at room temperature.

Because of different excitation mechanisms involving
photons and electrons [6], the presence of a broad contribution
in the PL spectra of figure 1 is noticeable. The experimental
results also indicate that TA treatments affect both the PL and
CL spectra (not shown): the spectral features remain essentially
the same, but their overall luminescence intensity improves as
the annealing temperature increases.

Following conventional thin film analysis [13], the optical
transmission spectra of figure 1 were further processed

! Despite the low Raman activity involving AI-N bonds, Raman scattering
spectroscopy is sensitive enough to detect the presence of AIN crystallites—
as experimentally verified in AIN films deposited onto sapphire substrates by
the ion-beam-assisted sputtering deposition method. Strictly, the amorphous
character of the present AIN films, as indicated by Raman measurements,
occurs essentially because of the deposition conditions (low temperature, low
rf power and relatively high deposition pressure).
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Figure 2. Optical absorption coefficient of AIN films AD and after TA at 600 and 900 °C: (a) undoped, (b) Sm-doped, (c) Eu-doped and (d)
Yb-doped. The curves have been achieved after conventional thin film analysis of the transmission spectra of AIN films deposited on quartz
substrates. The lines joining the experimental data are just guides to the eye.

to obtain the absorption coefficients (o) of all samples
(figure 2). In addition to the absorption coefficient curves the
method provides the thickness of the films as well as their
corresponding optical bandgaps. According to this analysis
all films are ~500nm thick, which is in perfect agreement
with the values indicated by a quartz crystal thickness monitor
during deposition. As the samples are annealed at increasing
temperatures small variations can be verified in the sample
thicknesses (500 + 25 nm), but the main inconvenience stays
in the development of pinholes in the films. The effect of these
pinholes is evident from some transmission curves (undoped
AIN film annealed at 900 °C in figure 1(a) and Eu-doped AIN
annealed at 900 °C in figure 1(c), for example) and prevents
the precise evaluation of the optical constants.

4. Discussion

It is well established that the ultimate properties of any
synthetic material depend not only on its atomic structure
and chemical composition but also on its preparation method
and conditions. This is particularly true for non-crystalline
or amorphous (a-) films for which several experimental
techniques have been considered to produce high-quality
materials [14, 15]. Likewise, post-deposition treatments such
as TA, for example, can induce considerable changes in the
optical—electronic—structural properties of a-films and deserve
special attention. Most of these aspects can be efficiently
probed by means of optical spectroscopic techniques which,
in addition, are non-destructive and relatively fast.

4.1. Optical absorption

Different from the optical processes that occur in crystalline
materials, the optical absorption exhibited by non-crystalline
or a-films is highly influenced by the presence of localized
electronic states near the conduction (CB) and valence band
(VB) edges. These (band-tail) states arise mainly due to the
intrinsic atomic disorder characteristic of a-materials, but can
also originate from the presence of charged defects, impurities,
etc [16]. As a consequence, the optical absorption of a-films
is commonly divided into three main regions [14, 15].

(a) The intrinsic (or Tauc’s) region (absorption coefficient
a > 10* cm™!)—involving transitions between extended

electron states, where the optical absorption is essentially
determined by the convolution of the VB and CB states
and by the matrix element for optical transitions,

(b) the exponential (or Urbach’s) region (~10° < «
10* cm~!)—typically taken as a measure of the disorder
and that corresponds to transitions between extended and
band-tail states and

(c) the low-absorption (or defect-related) region (¢ <
10% cm~")—associated with transitions between tail states

and deep defects.

<

S

In fact, the occurrence of these different absorption regions
prevents the accurate evaluation of optical bandgaps in a-
materials for which several experimental approaches are
currently in use. The simplest one is to consider the
optical bandgap as the energy corresponding to absorption
coefficients equal to 10° or 10*cm™! denoting the Eo; and
Eys4 bandgaps, respectively. Another usual definition (the
so-called Tauc’s bandgap Eryc) is based on the complete
relaxation of the electron wavevector selection rules (random-
phase approximation) and on the assumption that the CB
and VB are parabolic-shaped [« (E) o« (E — Erac)?] [17].
These experimental approaches not only provide a good
measure of the optical bandgap of non-crystalline or a-films
but can be very helpful in the identification and study of the
different optical-electronic—structural processes occurring in
these materials [14].

The optical analysis of the present AIN films comprised
the determination of the Ey4, Etaye and Eg3 bandgaps as well
as their evolution as the TA treatments advanced (figure 3).
For comparison purposes, the Ey; and Ey4 optical bandgaps
of nano-crystalline AIN films prepared by either reactive
sputtering [18] or impulse plasma assisted chemical vapour
deposition [19] are shown in figure 3(a).

As can be seen from figure 3, thermal treatments at
increasing temperatures induce considerable changes in the
optical bandgap of all AIN films. A part of them can
be summarized as follows: (a) all samples present different
values of Ey, Emye and Egz, but they do not seem to be
influenced directly by doping with Sm, Eu or Yb, (b) an
optical bandgap widening of (at least) 1eV can be verified
after thermal annealing the films at 900-1050 °C and (c) the
main effect of TA is to reduce the density of tail-states,
as suggested by the optical bandgap widening at increasing
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Figure 3. E(, (circles), Ety (stars) and Eo; (diamonds) optical bandgaps of AIN films ((¢) undoped, (b) Sm-doped, (c¢) Eu-doped, and
(d) doped with Yb), AD and after TA at 300, 450, 600, 750, 900 and 1050 °C. The lines joining the experimental data are just guides to the
eye. The Ey; and E(4 values of nano-crystalline (nc-) AIN films [18, 19] are also shown for comparison.

temperatures. In this last case, it is believed that TA can
promote some structural rearrangement and/or the diffusion of
atomic nitrogen favouring the development of a less disordered
AIN matrix. This is corroborated by the luminescence results
as will be shown in sequence. Finally, the difference between
the optical bandgaps exhibited by undoped AIN samples
(figure 3(a)) simply because of the deposition method and
atomic structure is remarkable.

4.2. Optical emission

Depending on the chemical-structural characteristics of the
solid host, RE species can exist under the trivalent and/or
divalent ionic forms [20,21]. As a matter of fact, Sm, Eu
and Yb are within the lanthanides that more frequently exhibit
this behaviour. Therefore, besides the study of RE-doped AIN
films as new luminescent materials, and the influence of TA on
their optical properties, this work was also intended to test the
presence of divalent RE ions in these samples. Because RE**
and RE?* ions can coexist in certain solid hosts, experimental
methods such as PL and CL are required to detect their presence
at very low concentration levels. Whereas the basics behind PL
and CL spectroscopies are very similar, their main differences
rely on the means and energy range of excitation [22].

CL excites by energetic electrons (typically in the keV
range), which induces luminescence via various different
routes: band-related, impurity- (or doping-) related, through
exciton coupling, surface plasmon decay, etc. During a CL
experiment, for example, the incoming fast electron represents
a momentum of applied charge to the solid and demands
dissipation of excess energy. As a result, CL is able to
generate great densities of hot electron-hole pairs due to the
incoming negatively charged electrons. PL, on the contrary,
utilizes uncharged particles (photons) corresponding to the
ultraviolet—visible—infrared regions of the electromagnetic
spectrum. In this case, the energies involved in the whole
process are considerably lower and each absorbed photon is
able to produce only one excited electron. Furthermore, it
is important to mention that, due to the excitation energies
typically involved in luminescence experiments, PL is able to
perform (quasi-) resonant excitation of the RE ions, while CL
is almost exclusively based on band-to-band excitation.

The PL and CL spectra of some AIN films, AD and at
room temperature, are already presented in figure 1. It is

clear from the figure that all films exhibit luminescence, which
can be either RE-related (figures 1( f)—(h)) or due to the AIN
matrix (figure 1(e)). According to the experimental results,
light emission from the undoped film takes place through
broad contributions at ~375, 580 and 730 nm, their relative
intensities being sensitive to the annealing temperature (not
shown). These emission bands are generically attributed to
transitions involving point defects [23-25]: (a) in the ~275—
450 nm wavelength range, due to N- or Al-vacancies (Vy or
Va1) or to antisite Al defects (Aly), and (b) in the ~670-
880 nm range, due to Nu;. Also, the high reactivity of
aluminium to oxygen cannot be ignored and some of the above
transitions could be due to (or influenced by) its unintentional
presence.

A sketch illustrating the energy levels between the VB and
CB of AIN, the forms of energy excitation (essentially PL and
CL) and respective radiative recombination paths is shown in
figure 4. For the undoped AIN sample (figure 4(a)), the energy
levels refer both to point defects (Vn, Va1, Aly and Nuj) and to
the morphological disorder (tail-states) present in amorphous
or partially crystallized films. As the thermal treatment
advances, a part of these defects is suppressed inducing clear
changes in all optical—electronic processes (see figures 2(a)
and 3(a), for example). This phenomenon can be attributed
to some atomic diffusion and/or structural reordering which
substantially reduce the number of sub-bandgap absorption
centres.

A very similar reasoning applies to the RE-doped
AIN films where the TA treatments also act inhibiting
the non-radiative paths, with consequent improvement in
both optical absorption and emission processes. While
the optical absorption of all AIN samples considered in
this work are similar—specially because of the low content
of RE impurities—their light emission results need further
discussion. Most of the luminescence observed from the
RE-doped AIN samples originates from transitions associated
with Sm?* (and Sm?*), Eu®* or Yb>* ions. In this case, the
main luminescence features present in figures 1(f)—(h) are
associated with the following electronic transitions [26].

(i) Sm** and Sm** ions (figure 4(b)). In the visible energy
range three main contributions appear: 4G5/2 —>6H5/2 (at
~575 nm), 4G5/2 —>6H7/2 (at ~615 nm) and 4G5/2 —>6H9/2
(at ~664nm). At ~730nm the signal corresponds to the
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Figure 4. Simplified diagram illustrating the CB and VB of AIN
films as well as the energy levels associated with the presence of
defects and RE ions in the AIN matrix. PL and CL (upward arrows)
stand for the excitation provided by photons (488.0 nm) and
electrons (20 keV), respectively. The downward arrows denote some
of the luminescence signals that can be observed in the present AIN
samples. For clarity reasons the defects typically found in the
undoped AIN film were omitted in (), (¢) and (d). The arrangement
of the energy levels (between VB and CB) and the upward and
downward arrows are only illustrative and are not to scale.

superposition of the *Gs;, —®Hjy/» transition due to Sm3*
ions and the °Dy —"Fy, °Dy —’F; and °Dy —’F, transitions
due to Sm?*. The infrared emission at ~814 nm is ascribed
to the Dy — F, transition and is exclusively related to Sm>*
ions. The broad PL contribution that takes place in the ~700—
1000 nm wavelength range can be indistinctly associated with
the 4£35d" — 4f° transitions (typical of Sm** ions) or with the
luminescence due to the AIN matrix (figure 1(f)).

(i) Ew** ions (figure 4(c)). Most of the CL features
present in figure 1(g) refer to transitions involving the >D and
F electron states: from the 5D1,2 state to the ’F; manifold
(weak signal at ~545nm), Dy —’F, (at ~615nm) and
Dy —'F4 (at ~710 nm). Although light emission due to Eu®*
ions (4f® 5d' —4f7 transition) has been found in the ~600—
700 wavelength range, it usually takes place in the violet—
green region [27,28] and is clearly absent in the present Eu-
doped AIN samples. In addition to a considerable background,
the PL spectrum also exhibits the Dy —’F, transition (at
~615nm) and some light emission at approximately 840 nm.
The infrared contribution at 840 nm does not refer to Eu** (or
Eu?*) ions and, considering the photon excitation energy (sub-
bandgap and out of resonance), it is tentatively ascribed to
some defect or unintentional contamination present in the AIN
matrix.

(iii) Yb** ions (figure 4(d)). In its 4f"3 electron
configuration, Yb3* ions only have the 2F, /2 and 2Fs /2 spin—
orbit manifolds. The optical emission processes involving
these two energy levels usually take place at ~980nm
and exhibit many vibronic sidebands [27,29], in perfect
agreement with the spectra of figure 1(h). In its 4f'# electron
configuration, however, Yb%* ions present light emission in
the ultraviolet—green spectral region that is usually broad and
structureless, as expected for f—d transitions [28]. Whereas the
signal at ~980 nm (and at higher wavelengths) corresponds to
2F; 2 —>2F7/2 due to Yb>* ions, the origin of the emissions

verified in the ~500-750nm range and at ~380nm are
uncertain. At this time, they can be ambiguously associated
with the transitions observed in the undoped AIN sample
(figure 1(e)) or to the presence of Yb** ions.

Indeed, the study of RE?* ions in solid matrices is quite an
exciting field. According to the literature, they are hardly seen
in oxygen-rich environments. The only exception is the Eu?*
ion that can be achieved without great difficulty (provided that
in a convenient atomic environment) and in a higher fraction
than Eu’*.

The diagram of figure 4 also shows some possible
excitation routes when using 488.0nm (PL) or 20keV (CL)
sources. Considering the bandgap of the AIN samples (in the
order of 4-5¢eV), it is clear that 20keV electrons only provide
band-to-band excitation. The electron-hole pairs generated
during the CL experiments transfer their energy to the tail- or
defect-states present in the AIN matrix, from where they can
recombine radiatively (figure 1(e)) and/or transfer their energy
to the Sm-, Eu- or Yb-ions (figures 1(f)—(h)). In both cases
(AIN- and RE-related light emission), the luminescence signal
is improved by TA which acts by reducing the energy losses
due to non-radiative recombination processes. Excitation with
488.0 nm photons, on the contrary, only takes place at states
inside the bandgap of AIN and a considerable energy transfer
from the tail-states to the RE ions is expected to occur. Based
on the energy levels diagram of figure 4(b) it is reasonable
to assume, however, that most of the photons at 488.0 nm are
absorbed by the *Ig /2 energy level of the Sm>* ions and by the
4£5d" band of the Sm** ions. Such a quasi-resonant excitation
mechanism has already been observed in many other RE-doped
films and seems to be very efficient [3, 5, 6, 8, 10].

The progress of some of the above discussed luminescence
signals has been investigated as a function of the annealing
temperature (figure 5). Despite small deviations in the
relative luminescence intensity, the experimental results
indicate an overall improvement of both PL and CL
intensities as the thermal treatments advance. Due to the
smaller excitation energy, and comparatively straightforward
excitation—recombination mechanisms, the effect of thermal
treatments will be discussed based only on the PL results.
Furthermore, since all PL transitions display a similar
dependence with the annealing temperature, figure 5 contains
the PL intensity at particular wavelengths: ~580 for the
undoped AIN, ~620nm for the Sm-doped, ~615nm for the
Eu-doped and ~985 nm for the Yb-doped sample.

Compared with the AD films, the RE-doped AIN samples
display an improvement of about one order of magnitude in the
PL intensity (/pr,) when annealed at increasing temperatures
(figures 5(b)—(d)). The effect of TA on the E(4 optical bandgap
of the AIN samples is also noteworthy and is shown in figure 5
for comparison purposes.

The changes experienced by both Eys and Ipp are
attributed to the decrease in tail-states present in the AIN
samples. Inthe case of the Eo4 optical bandgap the suppression
of tail-states induces a reduction in defect-related absorption
processes and are at the origin of the observed bandgap
widening [14,15,30]. Likewise, the improvement in Ipg
occurs because of a decrease in the number of non-radiative
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Figure 5. PL intensity (left-hand axis) and E4 optical bandgap (right-hand axis) of AIN films as a function of the annealing temperature.
For comparison purposes the PL data were normalized and takes into account the maximum intensity at the photon wavelengths indicated in
the figure. The lines joining the experimental data are just guides to the eye. AD stands for as-deposited.

transitions and/or in the probability of re-absorption or back-
transfer processes [2]. In fact, RE** ions are known to be
excellent recombination centres which effectively compete
with other non-radiative processes taking place in amorphous
or non-crystalline hosts. Finally, the effect of the tail-states on
the PL intensity seems to be even more severe in the undoped
AIN sample where a significant Ipp, enhancement is verified
only after TA at 900 and 1050 °C.

5. Concluding remarks

Amorphous AIN films doped with Sm, Eu or Yb have been
prepared by conventional radio frequency sputtering in an
atmosphere of pure nitrogen. After deposition the films
were submitted to cumulative thermal treatments and their
optical—electronic characteristics were investigated by means
of different spectroscopic techniques. The AIN films doped
with Sm, Eu or Yb exhibit characteristic RE-related light
emission after excitation with 488.0 nm photons or 20keV
electrons. According to the Raman measurements, the films
remain amorphous even after annealing at 1050°C. At this
point, it is not possible to exclude the existence of small AIN
crystallites highly dispersed in the amorphous AIN matrix, but
they certainly do not interfere in most of the optical-electronic
properties of the films under study.

A detailed examination of the experimental results
allowed the identification of all luminescence features either
due to the RE ions or the AIN matrix. PL and CL spectra
present differences that are expected because the energetics
involving photon or electron excitation are very different.
According to the experimental data it is reasonable to assert that
RE?* ions are excited through carrier-mediated processes when
electrons are used. The excitation of the RE ions by 488.0 nm
photons, on the other hand, involves defect-related absorption
with subsequent energy transfer (AIN matrix — RE ion) or,
in the case of the Sm*" and Sm”* ions, quasi-resonant energy
excitation.

The optical absorption of the present AIN samples is
greatly influenced by the TA treatments, which essentially
act suppressing tail- or defect-states.  Consistently, the
luminescence intensity experiences a significant improvement
as the thermal treatments advance. Infact, most of the observed
luminescence enhancement is believed to be directly related to

the suppression of tail-states and consequent reduction in the
probability of non-radiative recombination.
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