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Introduction

Luminescence is a photo-physical phenomenon
leading to light emission (typically in the visible
range) upon absorption of higher (typically ultravi-
olet, UV) or lower energy (infrared, IR) photons in
certain materials. The low- to high-energy photon
conversion process (IR to Vis) is called upconversion,
and it involves sequential absorption of two or more
IR photons to emit single Vis photon. The high- to
low-energy photon conversion can be of downcon-
version or downshifting type. In downconversion,
the UV photon absorption produces two or more Vis
photons, while in downshifting only a single Vis
photon is emitted.

Lanthanide (Ln)-based luminescent materials
exhibit all of the aforementioned photon conversion
processes and can be implemented for a breadth of
applications, such as solar cells, lasers, displays,
lighting, sensors, bioimaging, disease diagnostics and
therapy, (bio)chemical analysis and security tags
[1-5]. A majority of these applications require the
luminescent material in the form of a thin film or
coating. Conventional coating methods, such as spin
coating [6] and spray drying [7], suffer from the poor
film thickness control and the unwanted incorpora-
tion of solvent impurities into the film. Atomic layer

deposition (ALD) is the state-of-the-art thin film
technology in microelectronics and in other high-tech
industrial applications and would also intuitively fit
to the quality needs of the inorganic Ln-based lumi-
nescent thin films [8, 9], as well as modern photonic
and quantum technologies [10-12]. Moreover, the
currently strongly emerging counterpart of ALD for
hybrid metal-organic thin films, i.e. atomic/molecu-
lar layer deposition (ALD/MLD) [13-15], could open
up new horizons to the field as it allows us to com-
bine organic linkers to the Ln species.

In ALD/MLD, mutually reactive gaseous/vapor-
ized metal-bearing and purely organic precursors are
sequentially pulsed into the reactor chamber. This
enables, through self-limiting gas-surface chemical
reactions, the growth of metal-organic materials with
atomic/molecular level accuracy. The thus grown
hybrid thin films are precisely thickness-controlled,
conformal and uniform over large-area and complex
substrate surfaces, like the inorganic thin films
deposited using the parent ALD technology. The
metal-organic materials grown by ALD/MLD have
already proven their potential, e.g. for thermoelectric
devices, lithium-ion batteries and catalysis [16-18].
The technique has also been used to deposit Ln-based
hybrid thin films, which have demonstrated inter-
esting photoluminescence (down-shifting) and
upconversion characteristics [19-21]. Compared to
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the inorganic luminescent thin films deposited using
ALD, the ALD/MLD approach offers some addi-
tional benefits, such as material deposition on poly-
meric substrates for flexible devices [22] and
appreciably high growth rates [8]. However, so far,
the literature lacks details about the influence of dif-
ferent organic moieties on the luminescence proper-
ties of metal-organic hybrid thin films.

Here we investigate the effect of the size of the
carbon backbone on the luminescence properties of
Eu-based hybrid thin films prepared by ALD/MLD.
The chosen aromatic backbones, benzene, naph-
thalene and anthracene, contain one, two and three
benzene rings in their structure, respectively. For the
precursors for these organic backbones, we selected
their dicarboxylic acid derivatives, i.e. 1,4-ben-
zenedicarboxylic acid (terephthalic acid, TPA), 1,4-
naphthalenedicarboxylic acid (NDA) and 9,10-an-
thracenedicarboxylic acid (ADA), as the carboxylic
acid groups have turned out to readily react with
typical metal-bearing precursors in ALD/MLD
[13, 14, 23]. Also note that we selected the organic
precursors so that the positions of the carboxylic acid
groups were in para positions in all these precursors.
Chemical structures of the precursors are shown in
Fig. 1.

Experimental details

The europium precursor Eu(thd); (thd = 2,2,6,6-te-
tramethyl-3,5-heptanedione) was synthesized in-
house [20-23]. For the evaporation, the Eu(thd)s;
precursor was heated to 140 °C inside the reactor
chamber. The organic precursors for the MLD step
were commercial products: terephthalic acid (Tokyo
Chemical Industry Co., Ltd.), 1,4-naphthalenedicar-
boxylic acid (NDA; Sigma-Aldrich GmbH, Germany)
and 9,10-anthracenedicarboxylic acid (Sigma-Aldrich

Figure 1 Chemical structure
of the ALD/MLD precursors.
Left to right; Eu(thd);, TPA,
NDA and ADA.
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GmbH, Germany). The temperatures needed to
evaporate TPA, NDA and ADA for the depositions
were 185, 200 and 240 °C, respectively. The pulse
lengths for Eu(thd); as well as TPA, NDA and ADA
were optimized to confirm self-saturating nature of
the chemical reactions. All depositions were carried
out in a commercial flow-type hot-wall ALD reactor
(F-120 by ASM Microchemistry Ltd.). The reactor
pressure was maintained between 5 and 10 mbar and
nitrogen (> 99.999%; Schmidlin UHPN 3000 N, gen-
erator) and was used both as the purging and carrier
gas. The samples were deposited on Si(100) sub-
strates (25 x 25 mm?).

Grazing incidence X-ray diffraction (GIXRD; X'Pert
Pro MPD, Panalytical; Cu Ko) measurements were
performed to check the amorphicity/crystallinity of
the films, while the thickness of the films was deter-
mined using X-ray reflectivity (XRR) using the same
equipment. The incidence angle was 0.5° and the step
size was 0.02° in GIXRD, while the time per step was
set at 16.5 and 3.5 s in GIXRD and XRR, respectively.
PANalytical X'Pert Reflectivity software was used for
extracting film thicknesses values. Chemical bonding
features were studied by Fourier transform infrared
(FTIR) spectroscopy. The measurements were carried
out in transmission mode with a Bruker Alpha II
FTIR spectrometer in the range of 500-4000 cm™".

Photoluminescence measurements were carried
out (for 100-nm thick films unless otherwise indi-
cated) with an Avantes Avaspec HS-TEC CCD spec-
trometer at room temperature. The excitation source
was a continuous-wave (CW) 150 W Xe arc lamp
connected to a LOT QD MSH-300 monochromator.
To ensure the comparability of the results between
different samples, the spectra were measured using a
setup with fixed geometry and the monochromator

slits were kept at constant values for all
measurements.
Oy_OH Oy__OH Oy OH
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Figure 2 ALD/MLD process optimization for the Eu-TP, Eu-ND and Eu-AD films: (a—c) precursor saturation curves, (d) GPC versus
deposition temperature dependence, and (e) film thickness dependence on the number of ALD/MLD cycles.

Results and discussion

The ALD/MLD  processes, Eu(thd); + TPA,
Eu(thd); + NDA and Eu(thd); + ADA, for the
growth of Eu-TP, Eu-ND and Eu-AD films were
optimized, as shown in Fig. 2. In each case, a 4-s
pulse of Eu(thd); was found sufficient for the surface
saturation when a 12-s pulse of the organic precursor
was used. Then, the organic pulse lengths were
optimized using the fully saturating Eu(thd); pulse
length from the former step. For the Eu-TP films, we
scanned a broader range of TPA pulse lengths from 8
to 18 s and found out that an 8-s pulse was enough to
achieve saturation. Similar trends were observed for
NDA and ADA as well, the saturation reached with
8-s long organic precursor pulses (Fig. 2a—c). The
dependence of the GPC on the deposition tempera-
ture was checked at three different temperatures
(Fig. 2d). The gradual decrease in GPC with
increasing deposition temperature seen for all the
three processes is typical for nearly all ALD/MLD

processes and is tentatively understood as an
increased tendency of the organic precursors to des-
orb at higher temperatures [13, 14, 23]. All the pro-
cesses showed excellent dependence of the film
thickness on the number of ALD/MLD cycles
(Fig. 2e).

All the films were found amorphous from GIXRD
investigation. However, the FTIR spectra recorded
for the samples revealed several important features to
confirm the intended chemical reactions leading to
the Eu-organic film formation, and to address the
bonding characteristics in the films. First of all, from
the spectra shown in Fig. 3 the absence of the free
carboxylic acid groups in the films is evident, as no
peaks are seen around 1700 cm™'; this manifests the
perfect reactions of our dicarboxylic acid organic
precursors with the Eu(thd); precursor. The peaks
seen around 1540 and 1420 cm ™" for all the films are
due to the asymmetric and symmetric stretching of
the bonded carboxylate groups. Typically, the car-
boxylate groups bond to the metal species in
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Figure 3 FTIR spectra of the Eu-TP, Eu-ND and Eu-AD films.

monodentate, bidentate or bridging-type mode, and
the separation (A) of these peaks reflects the bonding
type [23-25]. For the present films, the following A
values were revealed: Eu-TP (1545-1394) cm™
=151 ecm™!, Eu-ND (1535-1416) ecm ' =119 em ™,
Eu-AD (1547-1434) cm ' =113 ecm™', suggesting
bridging-type bonding mode for Eu-TP and biden-
tate-type bonding for the other two films [26]. The
bridging-type bonding for Eu-TP is in line with our
previous results for La-TP and Nd-TP films [23, 27].
The other features in the FTIR spectrum of Eu-TP
could be assigned as follows: the 513, 630 and
748 cm ™' peaks due to the carboxylate group rocking,
bending and in-plane deformation, respectively, the
835 and 884 cm ™' peaks due to the CH bond out of
plane deformation, the 1018 and 1154 cm™' peaks
due to the CH bond in-plane deformation, and the
1310 cm™! peak due to benzene ring stretching
[26, 28]. In the case of Eu-ND and Eu-AD, the FTIR
spectra are complicated by the aromatic C = C stretch
vibrations due to the increase in the carbon backbone
size.

The UV-Vis absorption spectra are shown in Fig. 4
for all the three Eu-organic films, Eu-TP, Eu-ND and
Eu-AD. The strong n-n* bands due to intra-ligand
transitions are seen in the UV range, while the metal-
to-ligand charge transfer transitions appear in the
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Figure 4 UV-Vis spectra of the Eu-TP, Eu-ND and Eu-AD films.

visible region. Importantly, the UV absorption band
energies depend on the choice of the organic com-
ponent in our Eu-organic films.

The carbon backbone size has a clear effect on the
luminescence excitation spectrum too, measured at
618 nm where all the three films showed the maxi-
mum emission (with clearly decreasing intensity in
the order of Eu-TP > Eu-ND > Eu-AD). Although all
samples are best excited at ca. 250 nm, there are a set
of weaker bands the width of which expands by ca.
50 nm towards higher wavelengths when going from
the single benzene ring in TP to the two rings in ND.
In Fig. 5, we show the excitation spectra for Eu-TP,
Eu-ND and Eu-AD, and also for an additionally
fabricated Eu-ND(2,6) sample where we used 2,6-
napthalenedicarboxylic acid instead of 1,4-
napthalenedicarboxylic acid as the organic precursor
to check whether the stereochemistry might play
some role as well [29]; note that it turned out that the
Eu-ND and Eu-ND(2,6) samples showed very similar
luminescence characteristics except that the latter
exhibited somewhat higher intensities. Our observa-
tion of extension of the excitation towards the higher
wavelengths with increasing the ligand size is in
accordance with the fact that the longer the conju-
gated hydrocarbon system is the longer is the
absorption wavelength [30]. The excitation spectra
are in good agreement with the UV-Vis absorption
spectra indicating that the excitation proceeds
through the absorption of the ligands. The emission
intensity from the AD films was too low to allow
detailed studies on the excitation spectrum.

Finally, we investigated the dependence of the
luminescence intensity on the film thickness and
Eu’* concentration (Fig. 6). From Fig. 6a, b, we can
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Figure 6 Emission spectra (under 250 nm CW excitation) for (a,
b) Eu-TP, Eu-ND and Eu-AD films with different thicknesses, and
(¢) (En,Y)-TP films with varying Eu** concentration. Notes: (al)
and (cl) are spectra with absolute intensities, whereas (a2) and
(c2) represent results normalized to the intensity of the *Dy — 'F,
transition at ca. 590 nm. In (b) the oscillations in the background

see that the optimal film thickness is around 100 nm
for the highest emission intensity. These figures also
manifest the aforementioned fact that the lumines-
cence intensity strongly decreases with increasing
organic backbone size, from Eu-TP to Eu-ND and Eu-
AD. Then, in Fig. 6c we demonstrate role of the Eu>*

750 550 600 650 700 750

Wavelength (nm)

observed for some of the samples are artefacts of the detector. In
(c) the spectrum of the Eug 15 Y gs TP sample was measured with a
shorter averaging time than those of the others to avoid saturation.
For presentation, the obtained spectrum was multiplied to
correspond the averaging time in the other spectra. This resulted
in the apparent increase in noise level.

concentration for the 100-nm-thick Eu-TP films. The
Eu®" concentration was varied in these films by
mixing Eu(thd); and Y(thd); cycles in the deposi-
tions. Very interestingly, the optimal Eu®" concen-
tration was seen to be around 12% for which the
highest emission intensity was observed in these
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(Ew,Y)-TP films. This could be because at higher
concentrations energy transfer between the Eu’t
species becomes high enough to induce concentration
quenching. Another possible factor affecting the
overall luminescence intensity in these materials is
the local symmetry around Eu®'. For the symmetry
effects, one can compare the emission spectra after
they have been normalized to the intensity of the
5Dy — “F, transition at ca. 590 nm. This is a magnetic
dipole transition and its intensity should not be much
affected by anything in the symmetry, whereas
especially the °Dy — “F, transitions’ intensities
(peaking at ca. 625 nm) should be sensitive to chan-
ges in symmetry [31, 32]. The normalized results
(Fig. 6, a2 and ¢2) indicate that the deviation from
inversion symmetry peaks for the 100 nm material.
For the Eu®* concentrations, the effect seems to be
more random, but with 100% Eu the deviation is the
highest. Determining the reason for these changes in
local symmetry is beyond the scope of the present
paper.

Since the excitation of the Eu®* ions involves first
the absorption by the organic ligands and a subse-
quent energy transfer to europium, the results sug-
gest that the energy transfer is most efficient with the
shortest energy transfer routes, i.e. when the carbon
backbone is smallest. We recorded also emission
spectra with 370-385 nm excitation, but we did not
observe any ligand emission in the blue/green range
contrary to what was reported earlier by Wang et al.
for NDA and ADA [33]. It is worth noting that Wang
et al. used solvothermal method to produce Tb>*-
based MOFs using N,N-dimethylacetamide and DMF
(N,N-dimethylformamide) as solvents that partici-
pated in coordination with the metal ions.

Conclusions

In this work, we developed well-behaving ALD/
MLD processes for the fabrication of a series of Eu-
organic thin films with benzene-dicarboxylate,
naphthalenedicarboxylate and anthracene-dicar-
boxylate ligands; the last one of these is a notably
large ligand for the ALD/MLD use. With this series
of Eu-organic thin film materials, we were then able
to show that the choice of the organic backbone of the
ligands is crucial for tuning the luminescence prop-
erties of Eu-organic materials. By increasing the size
of the backbone, the excitation could be shifted
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towards visible wavelengths, but simultaneously the
emission intensity decreased. Our results also indi-
cate that when molecules like this are employed as
thin films, the concentration of the luminescent ion
must be carefully optimized to obtain the best emis-
sion intensity. This can be achieved by tuning the
relative content and/or the distance between the
luminescent ions. Thus, the thin films behave more
like ionic phosphors than luminescent molecules.
These findings can pave the way for smartly
designing metal-organic thin films for a variety of
luminescence applications.
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