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Abstract

In this paper, a detailed study of the luminescence properties of Nd** ions in sputtered ZnO thin films
is reported for the first time. Experimental evidence is provided showing that Nd is inserted and
optically active in the ZnO matrix. Despite the small rare earth amount (< 2%) in these thin ZnO films,
intense luminescence signals have been collected, indicating efficient infrared emission of Nd*" in
ZnO. Direct excitation of Nd*" ions in the ZnO matrix was possible, suggesting that most of the Nd
atoms are in the 3+ form independently of the deposition temperature. Moreover, intense Nd**
emission has been recorded also when the host was excited, indicating that an efficient energy
transfer occurs from ZnO to Nd ions. Both the transfer efficiency and the Nd** concentration seem to
depend on the deposition temperature. In particular, indirect excitation of the sample deposited at
400 °C generates a richer emission pattern compared to lower temperatures. The careful analysis of
the luminescence data indicated that the new pattern comes from Nd sites that cannot be efficiently
directly excited, but that are characterized by intense emission under indirect excitation of the host.
The possible transfer mechanisms leading to this behavior will be outlined.

Introduction

In the past decades, rare earth (RE)-doped phosphors have found application in many fields of
technology. Pioneering work has led to the development of semiconductor lasers and optical fibers,
mainly based on the near infrared (NIR) emission of Nd, Er, Yb and Th. At a later stage, the
development of flat panel displays boosted the research on RE ions with visible-range emission such
as Eu, Pr, T, Er, Sm . At the same time, the concepts of wavelength conversion and photon cutting
have further stimulated the research and opened the way to new applications of RE-activated
phosphors. In particular, the photon management properties of RE ions seem to be very promising
for reducing the optical losses of solar cells *°. By adapting the incident solar spectrum to a specific
single junction solar cell, the photovoltaic conversion efficiency can be enhanced. One of the
advantages of this approach is that higher efficiency can be reached without changing the solar cell
structure. For this purpose, the RE ions must be inserted into one of the transparent windows most
typically used in standard solar cells (encapsulant, transparent conductive oxide (TCOs)). However,
due to the small absorption cross section of RE ions, energy transfer from an absorbing host might be
the only way to obtain a reasonable quantum yields. Wide band gap semiconductors such as ZnO *”,
Sn0, 8, TiO, ° provide the necessary absorption in the UV region and are therefore all very promising
host materials.

Compared to other TCOs, ZnO combines several advantages such as high exciton binding energy (60
meV *°), good n-type conductivity based on oxygen vacancies, low cost and low toxicity. Moreover,
the band gap value of 3.37 eV provides a relatively wide absorption cross section.

In the past few years, efficient doping of ZnO thin films with several REs has been achieved by means
of physical techniques ™,

The selection of the appropriate host for each RE is a non-trivial matter and cannot be done a priori.
Due to the large ionic radius of REs, insertion of these ions into a specific host material can be quite a
difficult task. For this reason, physical deposition techniques like sputtering should provide better
dopant insertion compared to chemical approaches. In addition, optical activation of the ions is
necessary.

Since the crystal field is responsible for the wavefunction mixing necessary to overcome the
forbidden nature of the inter-4f shell transitions, the strength and the specific (non-spherical)
symmetry of the crystal field at the insertion site are very important host-dependent parameters.
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Moreover, other host properties such as the band gap and the lattice defects can influence the
emission efficiency.

Three kind of optical losses affect single junction solar cells, namely thermalization, transparency,
and low blue response. In the frame of photon management, the three processes available are down-
shifting (DS), down-conversion (DC) and up-conversion (UC) *. The specific loss can be targeted by
choosing the appropriate host and RE.

Doping ZnO with Nd ions is particularly interesting due to the rich level structure of Nd**, which is
potentially suited for recovering all three optical losses. Although some work exists on Nd-doped ZnO

thin films 14

, No extensive investigation of the luminescence properties has been performed yet.
In this paper, a detailed study of the luminescence properties of Nd** ions in ZnO thin films is

reported for the first time.

Experimental

Nd-doped ZnO thin films were deposited on p-type Si(100) by radio frequency (RF) magnetron
reactive sputtering using an Orion 3 device from AJA International Co. Doping was carried out by
placing several pure RE metal discs on the surface of pure zinc targets (sputtering with substrate-on-
top configuration and one target per RE). Two different Nd concentrations have been investigated: 1
at.% and 1.6 at.% with respect to Zn content. The higher concentration produces stronger signals, but
similar results. Therefore, most of the results will be presented for this concentration.

Oxygen was added in the sputtering chamber to form the final ZnO:Nd film. The Ar/O, gas flow ratio
was fixed at a value of 4. The RF power and deposition pressure were optimized to 50 W and 3.4
mTorr, respectively. The substrate to target distance was kept constant at about 12 cm. The
deposition time has been adjusted in order to have the desired film thickness of 100 nm.

Since the deposition temperature is known to be a key parameter for dopant insertion and
activation, it was varied between 15 °C (environment of the substrate holder cooled with water) and
500 °C.

The structural properties of the films were analyzed in the 20°-130° 26 range by means of a Rigaku
SmartLab® X-ray diffractometer equipped with a monochromatic source (Ge(220)x2) delivering a Cu
Kal incident beam (45 kV, 200 mA, A=0.154056 nm). The crystallites’ size and the lattice parameter
along the growth direction have been calculated using Bragg’s law and Scherrer’s formula.

The film thickness and optical constants were measured with a HORIBA UviselTM Lt M200 FGMS
(210-880 nm) spectroscopic ellipsometer.

Photoluminescence (PL) measurements were performed in order to have insight on the insertion and
activation of Ndin ZnO as well as on the electronic level structure of Nd** ions and on the energy
transfer from ZnO to Nd ions. The excitation was provided both by the 325 nm line of a He-Cd laser
and a broad-spectrum Energetiq® EQ-99FC laser-driven light source (LDLS™) equipped with a
monochromator. The signals were recorded by means of an N,-cooled CCD camera and N,-cooled
InGaAs detector. Low-temperature PL was measured close to the temperature of liquid He using an
Oxford MG11 cryostat. Particular attention was paid to eliminate parasitic luminescence coming
from the environment and from the excitation by using a set of filters. The spectra presented here
have been corrected for the filter and lamp emission, as well as for the detector response.
Element-specific near edge X-ray absorption fine structure (NEXAFS) spectroscopy was employed to
investigate the Nd valence in Nd-doped ZnO films. Spectroscopic measurements at Nd M, s edge
were performed at the Resonant Elastic-Inelastic X—ray Scattering (REIXS) beamline of the Canadian
Light Source. The Nd M, s NEXAFS spectra were obtained in total electron yield (TEY) mode at a 45°
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angle of incidence and were normalized to the incoming photon flux recorded by Au mesh and to a
constant background at 980 eV.

Rutherford backscattering spectroscopy (RBS) measurements were carried out at room temperature
using a *“He?" particles beam with an energy of 2 MeV. A Van de Graaff particle accelerator provided
the necessary 4 MV accelerating voltage.

Results and discussion

The structural and morphological investigations showed that highly oriented and uniform ZnO:Nd
thin films have been obtained. RBS measurements indicated a uniform Nd concentration along the
growth direction (see Fig. S1 of supplementary material) which is independent of the deposition
temperature. Figure 1 shows that all films have the expected wurtzite structure with a strong texture
along the [002] direction. Neither secondary phase nor Nd oxide peaks have been observed in the
detection limit of the X-ray diffraction (XRD) technique. The crystallites’ size and the lattice
parameter along the growth direction are reported in the inset table. The use of higher deposition
temperatures leads to higher crystalline quality. The compressive stress induced by the large Nd ions
in substitutional position and other lattice defects is reduced, as indicated by the decrease of the
lattice parameter. Above 400 °C, the lattice parameter is smaller than the bulk value (5.2066 A),
suggesting the introduction of a small tensile stress. On the other hand, the crystallites size increases
up to 200 °C and then saturates around 30 nm for higher temperatures.
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Fig. 1 — X-ray diffractograms of ZnO:Nd thin film deposited at different temperatures. The inset shows the
crystallites’ size and the lattice parameter along the growth direction for all deposition temperatures. No (006)
peak has been observed for the sample grown at 15 °C and the relative data have been omitted for clarity.

Figure 2 shows the near infra-red (NIR) emission spectra under 325 nm laser excitation of ZnO:Nd
(1.6%) films deposited at different deposition temperatures. The main group of emission lines is

centered at 920 nm and is usually attributed to the 4F3/2 - 4|9/2 transitions of Nd** "’

. Asecond, less
intense group appears around 820 nm and can be attributed to the 4F5/2 - 4I9/2 transitions. No
emission related to Nd** has been detected below 700 nm. One explanation could be that energy
transfer from ZnO only excites the lowest levels of Nd**. Alternatively, given the large number of
excited states above the 4F3/2 level and the quite large phonon energy of ZnO, non-radiative
relaxation processes might occur when the electron is excited to higher states. These spectra,

recorded by the CCD camera, cover the spectral range useful for solar cell applications. However,
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lower infrared emission of ZnO:Nd films could be useful for other optoelectronic devices. A more
extended range will be studied further below.

It is interesting to note in Fig. 2 that the shape and intensity of the emission spectra do not present
major changes up to a deposition temperature of 300 °C (except for a slight decrease of the
intensity). At 400 °C, the overall emission increases and some of the peaks become particularly
strong. A similar pattern has been obtained by Liu et al. *” for Nd-doped ZnO nanocrystals annealed
at 400 °C. Although not all the individual peaks are well defined, it is clear that these bands contain
more than the five peaks expected for the crystal field splitting of the *ly/, level. The position of the
observed peaks that could be distinguished is also indicated in Fig. 2. In ref. 17, the authors
attributed the rich pattern to several active sites for Nd*" in the ZnO lattice. New evidence presented
in this paper allows deeper insight in the different active sites.

First of all, a close look to Fig. 2 shows that practically all the peaks that become so intense above
400 °C are already there for lower temperatures, but very small. This means either that high
temperatures promote the creation of this second Nd site or that the energy transfer to this site is
improved.

The smooth variations of the lattice parameter and crystallites size with the deposition temperature
make it difficult to ascribe the abrupt increase in the PL to the structural properties of the films.
Additional information can be obtained by studying the excitation spectrum of the PL emission, i.e.
by looking at the evolution of the PL emission intensity when the excitation wavelength is varied.
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Fig. 2 — NIR PL emission spectra of ZnO:Nd thin films deposited at different temperatures and excited by the
325 nm line of a He-Cd laser. Two bands associated to radiative transitions between the 4F5/2 and 4F3/2 excited
states to the 4I9/2 fundamental state multiplet can be distinguished. The approximate position of the individual

lines is also indicated.

Wide range (300-800 nm) PL excitation spectra (PLE) of ZnO:Nd emission have been recorded at
room temperature. For simplicity, only the PLE of selected emission lines is reported in this paper.
The PLE of the most intense emission peak, situated at 902 nm, is reported in Fig. 3 for three
deposition temperatures. The smooth excitation spectrum below 400 nm follows the typical
absorption edge of ZnO ’ and gives an experimental proof that energy transfer occurs from the host
to Nd ions. It is difficult to quantify the real efficiency of this process.

This means that excitons and electrons, while recombining across the gap or through some lattice
defect in the neighborhood of Nd ions, can transfer some energy to 4f electrons of Nd*', which are
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then promoted to an excited state. In this case, the highest accessible excited state of Nd** is limited
by the band gap value or the amplitude of the defect-related transition.

Figure 3 also shows that Nd** emission can be obtained even by exciting below the band gap value of
ZnO (i.e. above 400 nm). In this case, the excitation is distributed in several relatively narrow peaks
centered at 442, 487, 530, 544, 589, 604, 627, 693 and 760 nm. Comparison with the electronic level
configuration of Nd*" in LaCl;:Nd crystals indicates that these peaks correspond to direct excitation of
Nd**. It is interesting to note that almost all levels of Nd** in ZnO are red-shifted with respect to those
in LaCl; and present a stronger Stark-splitting, evidencing the strong crystal field experienced by Nd**
in the ZnO lattice. The peak position is very close to that of Nd** in ZnO nanocrystals *’.
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Fig. 3 - Room temperature PL excitation spectra of the 902 nm emission line of ZnO:Nd thin films deposited at
different temperatures. The electronic level configuration of Nd*" in LaCls:Nd crystals is reported for
comparison 18

The spectra of Fig. 3 show that the energy transfer from the host is efficient enough for the emission
to be higher than that resulting from direct excitation. Moreover, the wide absorption region of ZnO
increases the advantage of indirect excitation.

Compared to the samples prepared at lower temperatures, the excitation efficiency of the sample
deposited at 400 °C appears to be different. In particular, compared to lower temperatures, the
emission intensity is higher under indirect excitation and lower under direct excitation.

In order to exclude the influence of a different absorption cross section of ZnO, the absorption edge
is reported in Fig. S2 of the supplementary material. At the excitation wavelength, corresponding to
3.8 eV, the differences in the absorption coefficient are relatively small compared to the differences
in PL. Moreover, the absorption increases continuously with the deposition temperature. A variation
of the band gap is also observed. More information on this point will be given below, when the
transfer mechanisms will be discussed.

Figure 4 better illustrates what happens on the whole 4F3/2 - 4I9/2 emission band. Here, the emission
of a sample deposited at 100 °C is compared with that of the sample deposited at 400 °C in the case
of direct and indirect excitation. In the case of the sample deposited at low temperature, the shape
of the PL presents only small changes between direct and indirect excitation. The intensity of the two
emissions is comparable, indicating that the limiting factor is probably the emission yield from this
active site, rather than the transfer efficiency. It is interesting to notice that in the case of the sample
deposited at 400 °C, the emission spectrum under direct excitation is exactly the same as that of the
sample deposited at low temperature, but with lower intensity. On the other hand, the spectrum
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under indirect excitation reproduces the results of Fig. 2. This means that the Nd site activated at
high temperature cannot be efficiently directly excited. Another interesting result is that direct
excitation of higher excited states produces the same emission bands in the infrared as indirect
excitation. This supports the hypothesis that non-radiative relaxation occurs until the electron
reaches the *F, state.
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Fig. 4 - Room temperature PL emission under direct (604 nm) and indirect (370 nm) excitation for ZnO:Nd thin
films deposited at 100 °C and 400 °C.

Although a complete deconvolution of the bands is quite a difficult task, more information can be
obtained by recording the emission at a very low temperature, where the contribution of phonons is
reduced.

Figure 5 reports the emission spectra recorded at RT and at 15 K for the samples deposited at 15 °C
and 400 °C. Indeed, many transitions are suppressed at such a low temperature. In particular, the
whole 4F5/2 - 4I9/2 emission band disappear. This fact can be explained by assuming that these
transitions can only occur following a phonon-assisted process. The fact that the energy separating
the *Fs, level from the “F, level is approximately the energy of two longitudinal optical phonon in
ZnO (72 meV *°) supports this hypothesis.

PL intensity (arb. u.)

800 850 900 950 1000
Wavelength (nm)

Fig. 5 — Normalized emission spectra of the samples deposited at 15 °C and 400 °C following He-Cd laser
excitation and recorded at RT and at 15 K.
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Additional information can be obtained if the detection range is extended in the infrared, where the

d ® . These lines are commonly attributed to the

other two main emission lines of Nd** are expecte
*F32 = *l11/ and *F5, = *l13), transitions of Nd*".
In Fig. 6, wide-range low-temperature emission spectra of samples deposited at 15 °C and 400 °C
under laser excitation is reported. The three line groups commonly attributed to the 4F3/2 - 4I,~
transitions can be identified. However, these transitions alone cannot account for the rich pattern
observed. In fact, even for the sample deposited at 15 °C, the simplest deconvolution of each group
requires no less than 15 Gaussian peaks, which is more than twice the maximum multiplicity (2J+1)/2
of the *I; levels after the degeneracy lift due to the Stark effect in the ZnO crystal field. The maximum
multiplicity could be doubled due to the multiplicity of the 4F3/2 level, but the position of the peaks is

not compatible with this hypothesis.
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Fig. 6 - Low temperature PL emission spectra of samples deposited at 15 °C and 400 °C under He-Cd (325 nm)
laser excitation.

This can indeed be interpreted as an indication that several active sites for Nd** exist in ZnO.
However, due to the large superposition of the different emission patterns, the separation of the
different contributions is a very difficult task even at such low temperatures.

Deeper insight in the energy level structure of Nd** and in the energy transfer from ZnO can be
obtained by means of low temperature PLE measurements. The low temperature PL spectra under
selected excitations are reported in the inset of Fig. 7 for the sample deposited at 15 °C. Under
indirect excitation (360 nm), the spectrum presents a rich pattern of emission lines. Up to seven
emission lines can be clearly seen, but not all seven can be directly excited at the same time. The
peaks at 895 nm and 916 nm present a different excitation spectrum. The PLE spectra performed on
the 895, 902 and 916 nm emission lines are presented in Fig. 7.

The peak at 895 nm can also be induced by direct excitation, but from different Nd** levels. This
suggests that it is not part of the *Fs;, — *ls/, group. The fact that it can be observed following direct
excitation of the 465/2 and/or 4G7/2 levels might suggest that this peak originates from a transition

between an excited state situated between these levels and the 4F3/2 level to one of the *I, multiplets.

The other intense emission peak can be found at 916 nm. It seems that this peak can be excited only
indirectly, just as the intense peaks described above. The weak peaks in the excitation spectrum are
probably derived from the convolution with the surrounding peaks. The reason why this peak can
only be excited indirectly is not clear yet.
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The PLE spectrum of the 902 nm emission line clearly shows that some of the direct excitation peaks
disappear at low temperatures. This might be due to a different crystal field sensed by the Nd ions at
such a low temperature. Alternatively, it might indicate that phonons may play an important role in
direct excitation.

Comparison of the PLE at 895 nm and 902 nm shows that the 267/2 / 465/2 group splitsin at least 9
lines, exceeding the maximum total multiplicity of these two levels. This is in contrast with the
explanation given above of a different transition and supports the hypothesis of a third active site for
Nd*".

Nd™ emission in LaCl,:Nd
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Fig. 7 - Low temperature (3.2 K) PL excitation spectra of the emission lines at 985, 902 and 916 nm on ZnO:Nd
(1 %) thin films deposited at 15 °C. Inset: low temperature PL emission spectrum of ZnO:Nd (1 %) under
different excitations.

At this point, it is important to understand why some emission lines should only be excited by energy
transfer from the host.

In the case of the lines emerging at high deposition temperature, their presence in all emission
groups suggests that the emission takes place from the “F3/, energy level of a Nd** ion. A different
lattice site could explain the slightly different emission pattern, but the absence of Nd*" absorption
levels in the PLE spectra of these lines must be taken into account. Two types of transfer are possible
from the host, leading to Nd*" emission. Either one 4f electron of a Nd** ion is excited by non-
radiative energy transfer to a higher level or one electron from the conduction band of the host is
trapped by Nd**, which temporarily reduces to the 3+ state. NdO, crystal is not stable in ambient
conditions ** and therefore a pure 4+ state is unlikely to be present. However, some Nd*" ions could
lose some more charge (e.g. to interstitial oxygen) to form an intermediate state. lons in such a state
could be temporarily reduced to the 3+ state by trapping one electron from the host.

Since the presence of Nd* requires a different crystal field, the slightly different emission pattern
observed could be explained. In addition, these ions would have only one 4f electron in normal
condition, which means that the excitation spectrum is totally different. All excited states of Nd* are
highly energetic %, which means that these ions can only be excited by far UV light illumination.
However, the observed signals could also be explained by a second Nd site whose valence state is 3+.
If the number of sites is small, but the transfer mechanism is particularly efficient, both the absence
of strong direct excitation and the high emission intensity under indirect excitation can be explained.
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NEXAFS measurement of the ZnO:Nd thin films have been performed to investigate the valence state
of Nd (see Fig. S3 in supplementary material). The data indicate that the greatest part of the Nd ions
is in the 3+ state. However, if there was a small amount of ions in a different oxidation state, say one
to one hundred Nd ions, even this sophisticated technique would not detect it. In addition, the
already low concentration of Nd in the film allows only detection in TEY mode, which sounds only the
first few nanometers of the film.

In conclusion, both explanations suggest the existence of a small number of active sites with high
transfer efficiency from the host. Unfortunately, such small concentrations push many techniques to
their physical limits, which makes the interpretation of the optical data quite difficult.

In Fig. 8, the information obtained by the study of PL and PLE spectra is summarized. The direct
excitation peaks and emission peaks of Nd** which could be attributed with the highest confidence
are indicated by the arrows. Due to the complex nature of the absorption and emission spectra, it
was not possible to reconstruct a complete energy level diagram of Nd** in ZnO. However, valuable
information has been obtained concerning the origin of the observed transitions.

In particular, the three transfer mechanisms which might be responsible for the energy transfer from
the host are drawn on the right side of Fig. 8. Mechanism (i) represents the ideal case when band-to-
band or exciton recombination transfer all the energy to one 4f electron of Nd*'. In mechanism (ii),
the energy transfer occurs through some localized defect state within the band gap. Mechanism (iii)
accounts for the emerging features observed at high deposition temperature and involves electron
trapping by Nd*" ions. In particular, the case when the electron is trapped by the lowest excited state
in the gap. Although the exact position of Nd levels with respect to the ZnO bands has never been
measured experimentally, theoretical calculations indicate that the fundamental state of Nd*" is
situated at about 1 eV below the top of the valence band *. If this was the case, then the lowest level
in the gap would be exactly the level from which the emission takes place. If the explanation to the
new patterns is the existence of several Nd** active sites, then several (ii)-type processes occur.



Page 11 of 14 Journal of Materials Chemistry C

Nd** energy levels in LaCIasz
2

34 L G5 Exc.
(i) (i) (iii)
32+ 2
Hys
30F — i
——
28 - = DJ,2
26 - i A
ul 2
B
— 22¢ 2. E— 4G 77777
= D 4G11/2
E 20, " o2
(3] G ‘G
B 9z 712
S Bl em— 4
* G7/z' G5/2
> 161 2Hﬂ/z
o “F
Q 14r AFM, ag (Nd*)*
L apm@ofyz | T ‘€
12 aps2 oz I 4, 62
32 Faz
10}
8t
4
6k [ B
A 4
4 a2 Yot o
2+ 4 g [
112
ok 4 S L) —
912

Fig. 8 - Observed radiative transitions of Nd*" in ZnO and possible energy transfer mechanisms from the host.
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The energy levels of Nd*" in LaCl; are reported for reference
One last consideration should be done, regarding the variation of the band gap with the deposition
temperature. Indeed, a variation of the gap could change the resonance condition between the
levels of the host and the RE and explain a strong increase in the PL. However, since the PL only
occurs from the 4F3/2 and the 4F5/2 levels, the same emission pattern would be expected. The change
in the relative emission intensity of the peaks exclude this hypothesis and favors the explanation
based on several active sited of Nd.

Conclusions

High quality Nd-doped ZnO thin films have been obtained by means of the RF sputtering technique.
Nd atoms are uniformly distributed along the growth direction and the presence of optically active
Nd ions has been confirmed by PL measurements.

Despite the low RE quantity in these thin ZnO films, intense PL signals have been collected, indicating
efficient IR emission of Nd** in ZnO. No evidence of down conversion was observed in the frame of
the investigated parameters. However, Nd-doped ZnO can find applications as an efficient
downshifter.

Due to the very rich nature of the Nd** energy level structure, interpretation of the luminescence
signals is not straightforward. If the structural information does not offer a clue to the problem, the
combination of PL and PLE analysis performed on a wide spectral range and down to cryogenic
temperatures allowed identification of several transitions related to Nd ions in ZnO and valuable
information has been obtained about their origin.

Three emission groups have been attributed to the 4F3/2 —> #, emission of Nd* ions and one to the
4F5/2 - 4I9/2. A closer look to the emission spectra showed that several additional emission lines are
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present, compared to those expected from the spectroscopic level multiplicity. Some of these lines
strongly increase for deposition temperatures above 400 °C.

These lines have been attributed to a different active site for Nd and several transfer mechanisms
have been proposed. The fact that these intense lines emerge from all emission groups and that no
absorption from Nd** is visible in their excitation spectra suggests two possible explanations. Either
this emission involves Nd** ions that are slightly more oxidized, or a small amount of ions are in a
second active site of Nd*', for which the transfer from the host is particularly efficient. The small
concentrations involved challenge the most sensitive analysis techniques and prevent us from
selecting one single transfer mechanism.

Some additional features, such as the emission peak at 916 nm and at 895 nm, are more difficult to
explain. The presence of a third active site and an additional transition from a higher level of Nd**
might be at the origin of these peaks.
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Sputtered ZnO thin films doped with Nd present efficient down-shifting properties.



