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A gas-phase route such as molecular layer deposition has been applied for the first time to create a monolayer of
metalorganic Eu(IIl) molecules on NiO oxide layer. The surface of the as-deposited NiO layer is activated using
H,0/0, vapors, and then functionalized by anchoring molecules of the Eu complex working at different tem-
peratures to favor the chemisorption process. The effects of the activation process and of the MLD temperature on
the chemisorption of the Eu complex were evaluated through in-depth X-ray photoelectron and luminescence

MLD spectroscopy studies. These analyses allowed to define the stoichiometry of the Eu moiety chemisorbed on the
surface and the optimization of an impressive strategy to the synthesis of hybrid metalorganic/inorganic systems.
The hybrid system’s luminescence properties have proved the monolayer’s energy conversion phenomena and
produced further information about the local environment around the Eu(IIl) anchored as a complex on the NiO

surface.

1. Introduction

In the last decades, the organic-inorganic hybrid systems, made of
inorganic surfaces functionalized through covalent attachment of
organic molecules, have attracted great attention because of their po-
tential applications in several fields of material science [1-3], such as
sensors [4,5], dye sensitized solar cells (DSSCs) or perovskite solar cells
[6], optoelectronic devices [7,8], and heterogeneous catalysis [9,10]. In
these systems, transition metal oxide thin films are the most promising
inorganic materials [11,12] due to their wide spectrum of magnetic,
electrical, and optical properties [13]. The anchoring of organic lumi-
nescent complexes on inorganic surfaces [14-16] leads to a plethora of
new multifunctional materials with a wide range of modular properties,
and therefore a comprehensive range of applications [17].

Up to date, most of the synthetic approach to prepare hybrid systems
takes advantage of solution routes such as sol-gel procedure [18,19],
Langmuir-Blodgett techniques [20,21], self-assembly solution route
[22]. In conventional solution approaches, given the nature of the
inorganic film active sites, the most common functional organic
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moieties, chosen for the hybrid approach, are molecules having silane
[23,24], thiol [25] and carboxylic functionalities [26] as anchoring
groups. As an alternative route also organophosphorous compounds
have been tested as linkers for the functionalization of metal oxide
surfaces [27]. Thus, these procedures may imply a double step process to
anchor firstly the linker and then the functional molecules.

Nevertheless, scaling up of processes based on solution routes is not
straightforward, and for a huge variety of applications, the possibility of
a fast, highly efficient and reproducible assembly of molecules onto
nanostructured substrates is of paramount importance.

Molecular layer deposition (MLD) is a solvent-free method, strictly
related to atomic layer deposition [28], which takes advantage of the
chemisorption self-limiting process to link organic monolayers on
various substrates [29]. By combining the two techniques ALD and MLD,
a significant step ahead has been done in the synthesis of new types of
inorganic-organic hybrid materials [30], coordination-polymer- or
metal-organic-framework-like structures [31]. In addition, MLD is an
easily scalable process with the advantage of excellent conformal
covering.
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Given the nature of the MLD process, we have investigated the possi-
bility to apply this synthetic route to the preparation of metalorganic/
inorganic hybrid systems. As a case study we have focused our attention on
a hybrid system consisting of a transition metal oxide as inorganic material
and a luminescent complex as metalorganic monolayer.

Among transition metal oxides, nickel oxide is a chameleon material
due to its multifunctional properties such as high dielectric constant, low
resistivity, UV optical transparency, electrochromic and antiferromag-
netic properties and p-type semiconducting behavior [32]. For these
wide range of properties, NiO has been studied as material for organic
light-emitting diodes (OLED) [33,34], smart windows [35,36], Schottky
devices [37], chemical sensors [38], and tandem photocathodes for
dye-sensitized solar cells (DSSC) [39,40].

Among luminescent molecules, the attention has been devoted to
luminescent lanthanide complexes due to their exceptional photo-
physical properties such as high quantum yields, long excited-state
lifetimes, large Stokes shifts and sharp emission profiles related to 4f-
4f intraconfigurational electronic transitions. In particular, europium
(I11) is very interesting since it can act as an efficient downshifter [41]
thus allowing the exploitation of the UV component of the solar
spectrum.

In the present work, we apply for the first time a gas-phase route such
as molecular layer deposition to create a monolayer of metalorganic Eu
(111) molecules on the NiO surface through a self-limiting reaction with
an excellent molecular-level control. Specifically, a full vapor phase
approach is proposed based on the sequential steps of: i) metal organic
chemical vapor deposition (MOCVD) of the inorganic NiO thin film; ii)
activation of the NiO layer in order to form —~OH terminal groups on the
heated surface; (iii) MLD process to link the metalorganic monolayer of
Eu(p-diketonate)seL on the activated surface in a covalent way. Three
different Eu(III) complexes, Eu(tta)sephen (EuCl), Eu(hfa)sediglyme
(EuC2) and Eu(hfa)sephen (EuC3) [42,43] (where Hhfa = 1,1,1,5,5,
5-hexafluoro-2,4-pentanedione, Htta = 2-thenoyltrifluoroacetone,
diglyme = bis(2-methoxyethyl) ether, and phen = 1,10-phenanthro-
line), have been evaluated based on their thermal properties, i.e. their
suitability for the MLD process, and luminescence behavior. An accurate
X-ray photoelectron (XPS) characterization confirmed the optimal
parameter conditions of the activation step and of the covalent
anchoring of the luminescent europium(IIl) adduct onto nanostructured
transparent NiO films. Optical properties of the hybrid NiO/Eu(III)
system are evaluated through spectroscopy measurement and show that
an accurate control of the Eu coordination sphere may tune the lumi-
nescence properties of the monolayer.
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2. Results and discussion

The novel synthetic procedure for the NiO/Eu(hfa),ephen (from now
on NiO@Eu complex) hybrid system takes place inside a hot wall
customized horizontal reactor and a scheme of the full vapor-phase
process is shown in Fig. 1.

Highly uniform nanostructured NiO thin films, about 200 nm thick,
have been deposited on 10 mm x 20 mm quartz substrates following a
procedure reported in ref. [44] (Fig. 1a). After the MOCVD procedure for
the inorganic NiO component, the second step regards the surface
activation to yield -OH surface activated NiO films (Act-NiO). The NiO
film is maintained at 300 °C inside the reactor at a pressure of 300 Torr
for 1 h with a 600 ml/min Ho0/0; flux (Fig. 1b).

The activation step does not alter the structural and morphological
features of the film. The crystalline phase analysis of the Act-NiO layer,
through X-ray diffraction characterization (Fig. 2a), indicates an unal-
tered NiO cubic face centered structure (ICDD n° 47-1049), while the
morphology derived from the field-emission scanning electron micro-
scopy (FE-SEM) points to a uniform nanostructured NiO film with grains
of about 70-80 nm (Fig. 2b). A scheme of the activated surface with
respect to the as-deposited NiO layer is reported in Figs. 2d and 2c,
respectively.

The evidence of NiO surface activation has been given by X-ray
photoelectron spectroscopy (XPS) analysis. The XPS spectra of oxygen
1s, made on NiO surface, before (Fig. 2e) and after the activation
through Hy0 vapor (Fig. 2f), confirm the formation of —-OH terminal
groups due to the presence of Ni-OH and NiOOH signals. In particular,
the O 1s band of the film before the activation consists of three com-
ponents. The first component is observed at 529.3 eV and can be
assigned to the O of the NiO lattice [45], while the components at
530.3 eV and 532.0 eV are attributable to the NIOOH and Ni-OH surface
species, respectively. In the Act-NiO, the component at 529.3 eV due to
the O of the NiO lattice is missing, while the components due to the
hydroxylated species are prominent. The XPS region of Ni 2p reported in
Fig. S1 (see Supporting Information) shows the typical Ni 2p3,» and
2p1 /2 spin-orbit doublet at 855.7 eV and 873.5 eV, respectively, with
two shake-up satellites at ca. 6.5 €V and 7.3 eV higher than the Ni 2p3,»
and 2p;,» main peaks. These values are slightly higher than the ones
expected for bulk NiO [45,46], thus confirming the presence of hy-
droxylated Ni-OH and NiOOH surface species [22,47].

Different Eu(III) complexes have been evaluated for the formation of
the Eu luminescent monolayer in order to select the one that better fits
the MLD requirements, such as excellent volatility, high decomposition
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Fig. 1. Scheme of the full vapor phase approach to the preparation of the hybrid NiO@Eu system: a) MOCVD step to grow NiO films on quartz; b) activation of the
NiO film through H,0/0, flux at 300 °C and 300 Torr; ¢) MLD of the Eu complex on the Act-NiO.
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Fig. 2. a) XRD pattern and b) FE-SEM image of the Act-NiO film on quartz substrate. Schemes of ¢) NiO_as-dep film and d) NiO surface after the activation process
through H>0/0; flux at 300 °C and 300 Torr. XPS spectra of O 1s region on the surface of the e) NiO_as-dep and f) Act-NiO.

temperature and good reactivity. In particular, Eu(tta)sephen (EuCl1),
Eu(hfa)sediglyme (EuC2) and Eu(hfa);ephen (EuC3) have been
considered and their structures are reported in Figs. 3a, 3b and 3c.

Thermal properties of the three Eu adducts have been tested through
thermogravimetric measurements (Fig. 3d). The dynamic thermogravi-
metric (TGA) curve of EuCl shows a one-step decomposition in the
195-205 °C range, with a residue at 400 °C of about 40%, and thus
EuCl1 possesses a behavior not suitable for vapor phase processes, but
appropriate to produce solution route self-assembled monolayer [22].
On the other hand, both EuC2 and EuC3 show a single vaporization step,
respectively at 180-190 °C and 245-255 °C, with very low residues in
both cases of about 2%. Based on TGA data, both EuC2 and EuC3 pre-
sent thermal behavior and volatility suited to MLD applications. The
functional properties of the three complexes have been characterized
through absorption spectra (Fig. S2 and ref. 43), where features attrib-
uted to the ligands are observed. Photoluminescent spectra of EuCl,
EuC2 and EuC3 solutions in CH3Cl, upon UV excitation are shown in
Fig. S3 where emission bands due to 4f-4f intraconfigurational transi-
tions of Eu(IIl) are clearly visible, due to efficient sensitizing from the
organic ligands. Therefore, EuC3 has been chosen as the best Eu(IIl)
complex candidate for the anchoring on the NiO surface, due to its
thermal behavior and the additional advantage of the presence of the 1,
10-phenanthroline, which acts as an antenna ligand thus enhancing the
luminescent properties of the final hybrid system.

The third step procedure is the anchoring of the EuC3 complex
through molecular layer deposition (Fig. 1c). The activated NiO sub-
strate is heated testing different temperatures, i.e. T; =100 °C; Ty
=150 °C and T3 = 200 °C, and maintained at a pressure of 6 Torr for
1 h. The EuC3 complex is vaporized at 160 °C and carried onto the Act-
NiO surface through 150 ml/min argon flux, where the self-limiting

chemisorption process occurs. Finally, the sonication treatment of the
samples for 5 min in CH,Cl,, in which Eu(hfa)sphen complex is highly
soluble, guarantees that potential physisorbed EuC3 molecules are
removed, and only chemisorbed molecules remain anchored on the Act-
NiO surface.

XPS analyses carried out on the NiO surface before and after the MLD
and sonication steps have allowed a thorough understanding of the
monolayer growth on the surface.

After the NiO surface activation, the MLD process to anchor the EuC3
complex, and the sonication step, the XPS spectra of the Act-NiO@EuC3
surface confirm that the EuC3 complex is anchored on the surface. In
particular, XPS spectrum of carbon, besides the signal at 285 eV, due to
carbon atoms of the hydrocarbon backbone CH/C-C, ubiquitously
observed due to adventitious species [48], shows the typical compo-
nents of the hfa ligand at 292.5 eV and at 288.9 eV associated with the
CF3; groups and the C—=O moiety, respectively (Fig. 4a). Another
component at 286.5 eV can be also observed, likely due to the C-N
groups of the phen ligand and to oxidized adventitious carbon species
commonly observed on metal oxides surfaces. Furthermore, the pres-
ence of Eu 3d (Fig. 4b) in the hybrid system, after the sonication pro-
cedure, confirms that Eu containing molecules are still present on the
surface and thus are covalently attached to the Act-NiO surface. The Eu
spectrum shows the typical 3ds/2, 3ds3 2 spin-orbit doublet at 1135.4 eV
and 1165.5 eV respectively, indicating the presence of Eu (III) [22,49].
Note that low intensity components can be observed at about 1126.5 eV
and 1156.5 eV, whose intensity increases by increasing the X-ray irra-
diation time during XPS analysis. These components are due to the X-ray
induced reduction of the Eu(IIl) atoms of the anchored complex to Eu
(I), in accordance with previously reported results [22,49].

Finally, the N 1s (Fig. 4c) signal, present in the Act-NiO@EuC3
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Fig. 3. Structures of a) Eu(tta)sphen (EuC1), b) Eu(hfa)sdiglyme (EuC2) and c) Eu(hfa);phen (EuC3) complexes. d) Related thermogravimetric curves carried out at

atmospheric pressure under 30 ml/min Nj.
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Fig. 4. XPS regions of C 1s (a), Eu 3d (b) and of N 1s (c) of the hybrid system NiO@Eu at 100 °C after the sonication treatment.

samples after sonication treatment, confirms that the antenna phen
ligand is still present on the surface, thus indicating a really suited
behavior of the EuC3 complex for the MLD process. All these data
univocally point to chemisorption of the EuC3 on the Act-NiO surface.

Successively, the effect of different temperatures used in the MLD
growth has been also studied to assess the most suited temperature for
an efficient chemisorption process of the complex on the surface. To this
aim the quantitative analysis on F 1s has been carried out at the different
MLD temperatures, i.e. Ty = 100 °C; Ty = 150 °C T3 = 200 °C, (Fig. 5a).
Two different components are present: one at 689.0 eV is due to F of the
CF3 groups [50,51] and one at 685.4 eV is due to F of a fluoride
component [52]. This effect is more evident at the highest tested tem-
peratures (T = 150 °C and T3 = 200 °C), suggesting that some
decomposition of the EuC3 occurs, thus producing free fluorine. The
fluoride component is likely due to some fluorine directly bonded to Eu,
either as europium fluoride or as fluorine of a -CF3 group acting as a
bridge between two Eu ions (Fig. 5b). At the lowest temperature (T; =
100 °C) the -CF3 component is predominant, indicating that at this
temperature almost no decomposition occurs.

To deeply analyze the system, XPS quantitative analysis has been
used to determine the coordination sphere of the Eu moieties in the
monolayer. The comparison between the theoretical Eu:N:F ratio for
species where Eu (III) has different coordination spheres and the
experimental ratio in the samples is reported in Table 1. The Act-Ni@Eu

A
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B.E. (eV)

Fig. 5. a) XPS regions of F 1s at different temperatures: T; = 100 °C, T,
=150 °C, T3 = 200 °C and b) schemes of the Act-NiO@Eu hybrid systems at
related temperatures.

sample obtained at the highest MLD T3 temperature shows an Eu:N:F
ratio of 1:0.5:7.5, thus indicating the presence of a very low amount of
Eu moiety, Eu(hfa)ephen, and a large fluoride component (Fig. 5b). The
observed experimental XPS Eu:N:F ratios of samples obtained at the
lower T; and Ty temperatures point to the presence of chemisorbed Eu
(hfa)sephen and Eu(hfa)ephen frameworks (Fig. 5b), thus suggesting a
ligand-exchange reaction between one or two p-diketonate ligands and
the terminal ~OH groups of the Act-NiO surface.

In addition, in order to evaluate the self-limited behavior of the
monolayer formation, experiments have been carried out in the range
30-120 min. XPS has been used to estimate the amount of EuC3 mole-
cules on the surface through evaluation of the Eu/Ni (substrate) atomic
ratio, considering the Eu 3d and Ni 2p signals at the various deposition
time (Fig. S4). In Fig. 6 and Table 2, the measured Eu/Ni ratio is reported
vs. deposition time, proving that chemisorption occurred with surface
saturation already at 60 min. In fact, the ratio slightly increases from
30 min to 60 min, but it remains constant at 120 min.

In addition, in Table 2 the EwN:F ratio is reported for the three
different cases. Thus, at 100 °C after 30 min and 60 min the F/Eu ratio is
in both cases about 9/1 confirming that 1 or 2 hfa anion ligands are lost
for the surface anchoring (see Table 1, Table 2 and Fig. 5b for the
cartoon of the chemisorbed mojety). On the other hand, the N/Eu ratio
of 2, expected from the theoretical chemical formula considering the
coordination of phenanthroline, is observed up to 60 min. Unfortu-
nately, at 120 min the EwN ratio is 1:1.3 indicating that time plays a
similar role to temperature (at 200 °C the Ew:Ni ratio is 1:0.5), i.e. both
determine the partial loss of the phenanthroline ligand. Thus, 100 °C
and 60 min are the suited parameters to produce the Eu monolayer,
maintaining its antenna ligand as confirmed by the luminescence
measurements.

Present data indicate that this process is very promising for the for-
mation of hybrid systems at temperature as low as 100 °C. Given the
vapor phase nature and the very low thermal budget, this approach may
be envisaged as an appealing, applicable route for the fabrication of a

Tablel

Stoichiometries of the Eu moieties in the monolayer resulting by comparison of
the experimental XPS Eu:N:F ratios in the monolayer vs. theoretical ratios in the
starting adduct for different Eu coordinations.

Sample MLD Temp Euw:N:F ratio Nature of the
Q) (XPS) monolayer
Eu(hfa)sephen — 1:2:18
(theoretical)
Eu(hfa),ephen — 1:2:12
(theoretical)
Eu(hfa)ephen — 1:2:6 (theoretical)
Act- 200 1:0.5:7.5 Eu(hfa)ephen + Eu-F
NiO@Eu_200
Act- 150 1:1.8:9.1 Eu(hfa)ephen
NiO@Eu_150 Eu(hfa),ephen
Act- 100 1:1.7:8.6 Eu(hfa)ephen
NiO@Eu_100 Eu(hfa),ephen
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Table 2
Eu/Ni ratios and stoichiometries of the Eu moieties in the monolayer deposited
at 30, 60 and 120 min.

Dep. Time (min) Eu/Ni EuwN:F

30 0.041 1:2.0: 9.0
60 0.048 1:1.7: 8.6
120 0.047 1:1.3: 6.0

down-shifting monolayer in perovskite photovoltaic cells in a direct
configuration, as well as for more conventional silicon PV cells.

The functional properties of the MLD grown Eu monolayers have
been addressed through luminescence measurements in order to prove
the energy conversion behavior as a proof-of-concept for their applica-
tions in photovoltaic cells. In addition, it is worth noting that trivalent
europium is a very efficient luminescent probe widely used to study the
symmetry of its local chemical environment, both in organic complexes
[53] and in inorganic crystal hosts [54]. In fact, the emission spectra of
the Eu(Ill) complex give important information about the local sym-
metry of the lanthanide. The luminescence properties have been inves-
tigated by measuring the excitation and emission spectra for the samples
prepared at the three different temperatures.

In order to generate the Eu(Ill) emission in the optical range, we
exploited the antenna effect of the phen ligand of the anchored complex
by exciting into the phen lowest excited singlet state (S;, see Fig. S5)
with a 273 nm radiation.
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As shown in Fig. S5, after population of the phen ligand, the Eu(III)
complex undergoes an internal conversion (IC) and an intersystem
crossing (ISC) processes that populate the lowest excited triplet state
(T7) at about 22000 cm’! [55]. Then the excitation is transferred (energy
transfer, ET) to the energy levels of the Eu(Ill), in particular to the 5D2
excited state energy level, due to overlapping energies. After
non-radiative relaxation to the °Dy excited energy level, several radia-
tive processes from the °Dg level to the lower lying levels “F; (J=0-6)
take place, generating emissions in the visible range [56].

The excitation spectra, shown in Fig. 7a, were collected by moni-
toring the europium emission around 615 nm, corresponding to the >Dg
— 7F, transition, which is the most intense emission band observed for
all the samples. The excitation spectra clearly show a strong band with a
maximum at 273 nm, independently from the temperature of the MLD
step. From a comparison with the absorption spectrum of 1,10-phenan-
throline, shown in Fig. S6 the excitation band is a clear signature of the
phen ligand that is acting as an antenna for Eu(IIl), confirming that the
organic antenna is directly bonded to Eu(Ill) in all the three samples.

The different profiles of the excitation spectra of the three samples
can be associated with the different amounts of phen ligand present in
the Eu species chemisorbed on the NiO layer. In particular, the Act-
Ni@Eu samples prepared at 100 °C and 150 °C show an excitation
spectrum in agreement with the features observed in the absorption
spectrum of 1,10-phenantroline (Fig. S6), with a clear and sharp peak at
about 270 nm. On the other hand, the Act-Ni@Eu sample prepared at
200 °C shows instead only a broad band probably due to the presence of
a lower amount of phen ligand with respect to the sample prepared at
lower temperatures, as confirmed by the XPS quantitative
measurements.

The emission bands in the visible range for samples obtained at
different MLD deposition temperatures are shown in Fig. 7(b). These
features are typical of Eu(IIl) ion emission, as indicated in the energy
level scheme presented in Fig. S5. In particular, the spectra are domi-
nated by a strong band centered around 615 nm, due to the °Dy — "F,
transition. This is a so-called hypersensitive transition (AJ=2), whose
intensity is strongly dependent on the local symmetry of the lanthanide
[571

In particular, a low symmetry environment corresponds to an
enhanced intensity of the Dy — ”F5 hypersensitive transition. Moreover,
two emissions centered at 580 nm and 590 nm are observed in the
emission spectra, due to 5Dy ="Fy and °Dg —’F; electronic transitions,
respectively, although their intensities are lower than that of the band at
615 nm.

An important parameter that can be calculated through the emission
spectra is the so-called asymmetry ratio R, defined as:

5 7
Dy—"F,)
R=I(—-L
(I(5D0—>7F1)

104p) © Act_NiO@Eu_100 °C
Act_NiO@Eu_150 °C
Act_NiO@Eu_200 °C

0.8

0.6

04+

B
0.2
A
D E
0.0

T T T T T T T T
580 600 620 640 660 680 700 720 740
Wavelength (nm)

Fig. 7. Excitation a) and emission b) spectra of the Act-NiO@EuC3 samples: blue line, T; = 100 °C; red line, T, = 150 °C; green line, T3 = 200 °C. Band assignment:
A at ~ 579 nm °Dy — “Fg; B at ~ 591 nm °Dy — “Fy; C at ~ 614 nm °Dg — “Fy; D at ~ 651 nm °Dy — “Fs; E at ~ 700 nm °Dy — Fy.
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where the I values represent the integrated intensities of the bands
centered at 615 nm and 590 nm, corresponding to the 5Dy —»”F, and °Dy
—>7F1 electronic transitions, respectively [58-61].

From the emission spectra shown in Fig. 7b, the R values have been
calculated to be 8.24, 3.92 and 4.26 for the Act-Ni@Eu samples pre-
pared at 200 °C, 150 °C and 100 °C, respectively. In all cases it is evident
that the Eu(IIl) is accommodated in sites with low symmetry. Comparing
the asymmetry ratio values, the R value for the Act-Ni@Eu sample
prepared at 200 °C indicate that the Eu(Ill) ions are located in less
symmetric environment with respect to samples prepared at 100 °C and
150 °C. In this context, it is worth mentioning that the Eu®" ions in
crystalline EuF3, accommodated in a quite symmetric environment as
indicated by the emission spectra reported by Flores-Acosta et al. [62],
present an asymmetry ratio well below 1. Since in the case under
investigation the R values are much higher than 1, it can be deduced that
the eventual contributions to the emission bands due to crystalline EuFs
are practically negligible. On the other hand, since a fluoride component
is found in the XPS data, we cannot exclude the presence of amorphous
EuF;3 [63], for which the local environment of the europium is pre-
sumably much more distorted and therefore of lower symmetry. Alter-
natively, the presence of fluorine of -CF3 groups of nearby molecules
bridged to the Eu(Ill) of the monolayer could be responsible for the
highly asymmetric environment of europium. This finding is compatible
with the raise of the R value on passing from a preparation temperature
of 100-200 °C.

Thus, the generation of available fluorine may arise from the
decomposition of the hfa ligand, facilitated by the higher preparation
temperature.

3. Conclusions

In the present scientific scenario, the development of a full vapor
phase approach for the synthesis of hybrid materials through a fine
tuning of their functional properties is of paramount importance. The
reported study is, to our knowledge, unique, since no reports are known
on the application of MLD to the growth of a metalorganic monolayer on
oxide substrates and it represents a milestone in the field of the synthesis
of downshifting and downconversion systems for potential applications
in photovoltaics for several reasons explicated in the following. First of
all, a full vapor phase straightforward approach has been applied for the
synthesis of the hybrid metalorganic/inorganic system through
sequential steps of MOCVD and MLD: (i) MOCVD of the inorganic NiO
thin films; (ii) activation of the surface of transparent NiO as-deposited
layer using HyO vapor; (iii) MLD at different temperatures to link the Eu
(hfa)sphenanthroline in a covalent way on the activated surface. This Eu
adduct has the advantage of both high thermal stability and excellent
luminescence properties, which are boosted by the presence of 1,10-phe-
nanthroline antenna ligand, useful to enhance the downshifting prop-
erties of the luminescent center. Notably, the MLD vapor phase route can
be scaled on large area substrates and easily implemented at industrial
level also considering the very low thermal budget needed for an effi-
cient chemisorption process.

The effects of the activation process and the temperature for the MLD
route have been deeply evaluated through XPS measurements, in order
to define the best conditions for the chemisorption of the Eu system with
the phen still coordinated to the Eu ion.

Besides, spectroscopy emission measurements in the visible range for
the hybrid NiO/Eu(IIl) system has allowed to correlate the Eu(III) co-
ordination sphere and the luminescence properties of the hybrid system
and confirm the energy conversion phenomena of the monolayer.

In summary, the presently reported approach represents a facile,
viable, time-saving, easily synthetic method, scalable at industrial level,
to produce hybrid inorganic/metalorganic systems, which, given the
great variety of inorganic and metalorganic species, may find applica-
tions in a huge number of fields. In the specific case of the Act-NiO@Eu
complex, this system is of potential great interest for applications in
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tandem PV cells, since the NiO inorganic component is commonly
applied as photocathode, while the Eu complex may further implement
the use of the high energy side of the solar spectrum due to its down-
shifting properties.

Experimental details

Synthetic processes. The Eu complexes have been synthetized through
a one-step reaction from the Eu(Ill) acetate hydrate, Hhfa, Htta,
diglyme, phen following a procedure reported in ref. 42,43. NiO films
have been grown in a reduced-pressure, horizontal, hot-wall reactor
through an MOCVD process at 400 °C on transparent quartz substrate,
starting from Ni(tta),tmeda [64], maintained at 160 °C in a resistively
heated alumina boat. Specific details of the deposition process are re-
ported in ref. [44a]. For the activation process the NiO films were
maintained at 300 °C inside the reactor at the pressure of 300 Torr for
1 h under a O, flow saturated with HoO at 600 ml/min. The sequential
MLD procedure took place in the reactor where the activated NiO sub-
strate was heated at T; = 100 °C; Ty = 150 °C and T3 = 200 °C and
maintained at the pressure of 6 Torr for 1 h. The Eu(hfa)sephen com-
plexes was vaporized at 160 °C and carried on the NiO surface through
150 ml/min argon flow, where the ligand-exchange reaction between
ligands and surface ~-OH groups takes place. The chemisorption is
guaranteed by an oversaturation of the Eu complex vapors inside the
reactor. A sonication treatment of 5 min in CH,Cl; on the final hybrid
materials was conducted to ensure that the physisorbed Eu complex was
removed and only chemisorbed complexes remained anchored to the
NiO surface.

Characterization. Thermogravimetric analyses (TGA) of the com-
plexes were performed using a Mettler Toledo TGA with STARe software
under a prepurified nitrogen flow of 30 sccm, with a 5 °C/min heating
rate at atmospheric pressure. The UV-Vis spectra of the europium ad-
ducts 1 x 10™* M solutions in CH,Cl, were collected using a JASCO V-
650 UV-vis spectrophotometer. Photoluminescence spectra of the
europium adducts 1 x 10 M solutions were collected with an excita-
tion wavelength of 348 nm at room temperature using a JASCO FP-8300
spectrofluorimeter. X-Ray diffraction pattern was performed using a
Smartlab Rigaku diffractometer in grazing incident mode (0.5°) oper-
ating at 45 kV and 200 mA equipped with a rotating anode of Cu K,
radiation. FE-SEM images were acquired using a field emission scanning
electron microscope ZEISS SUPRA 55 VP. XPS spectra were recorded
with a PHI 5600 multi-technique ESCA-Auger spectrometer with a
standard Al-Ka X-ray source. Analyses were carried out with a photo-
electron angle of 45° (relative to the sample surface) with an acceptance
angle of + 7°. The XPS binding energy (B.E.) scale was calibrated by
centering the C 1s peak due to hydrocarbon moieties and adventitious
carbon at 285.0 eV. The elemental compositions of the samples were
evaluated by estimating the integrated area of each component cor-
rected for the corresponding Wagner sensitivity factor [65]. Emission
and excitation spectra of the monolayers were measured using a Jasco
FP-8200 spectrofluorimeter, with a spectral bandwidth of 5 nm. For
emission spectra, a low pass optical filter with cutoff at 550 nm was
used.
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