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Highly Luminescent Thin Films of the Dense Framework > [ Eulm,]
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Laser Deposition**
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Abstract: Highly luminescent switchable thin films of the
dense framework 3 _[Eulm,] were deposited by a scanning
laser ablation technique using a femtosecond laser. The films
can be controlled in terms of film thickness and amount of
material deposited such that the material properties of the bulk
material are retained on the nanometer scale. Polycrystalline
films are formed that can be switched between transparent at
visible light and nontransparent at UV light due to the intrinsic
luminescence of the hybrid material, expanding the concept of
smart films. The new femtosecond pulsed laser deposition
method also provides a novel approach for coatings with
framework compounds and coordination polymers.

The large variety of physical and chemical properties of
coordination polymers and metal-organic frameworks
(MOFs) have brought them into the focus of research.!'™
Photophysical effects contribute to the multifunctionality of
these inorganic—-organic hybrid materials, including effective
luminescence by the organic chromophores as well as metal-
based luminescence processes.”*®! Possible applications of
luminescent coordination polymers range from solid lighting
to sensing and sensor applications.” ™"l Apart from the bulk
material, coatings of both thin and thick films are interesting
for sensing and as membranes, and have recently become the
center of research on coordination polymers and MOFs.['l In
work on thin films, the possibility of switching glass coatings
between transparent and nontransparent has attracted atten-
tion and led to the terms smart films or switchable films, which
typically change from transparent to opaque upon regulated
voltage.™™ Switching of thin films by use of luminescence is
a rare feature, found for example, for poly-oxometallates,“‘”
and has not yet been observed for framework compounds or
MOFs. Established techniques for the deposition of thin films
include spin-coating, dip-coating, casting processes, solvo-
thermal self-assembly techniques, and layer-by-layer deposi-
tion from solution.™ However, gas-phase-related processes
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like chemical vapor deposition (CVD) and physical vapor
deposition (PVD) would be favorable for the creation of
functionalized thin films with high purity. Of the multitude of
PVD methods, pulsed laser deposition (PLD) is preferable
over thermal evaporation. Possible reasons are provided by
several intrinsic properties of coordination polymers: they are
crystalline solids with low vapor pressure that have unknown
gas-phase species and limited thermal stability. The PLD
technique!'®! allows adjustment of the energy transfer into the
material by the appropriate choice of process parameters, for
example, wavelength, laser power, pulse duration, and
repetition rate. Thus, PLD has been used as an alternative
to the spray-coating of organic films.'”? However, during
ablation the organic and polymeric materials partially decom-
pose and the resulting films are rich in defects. To overcome
this problem, matrix-assisted pulsed laser evaporation from
frozen polymer solutions at concentrations <5 wt % has been
considered.['

The dense framework!™ europium(II) imidazolate
? [Eulm,], (Im™=C3N,H; )P was studied, as it exhibits
intense efficient photoluminescence with a quantum yield
(QY) exceeding 60% and high thermal stability, the latter
being a prominent feature of metal imidazolates and zeolitic
imidazolate frameworks (ZIFs).?!) It marks an excellent
model system for the proof of principle of PLD coating for
thin films made up of luminescent coordination polymers.

Here we describe the physical vapor deposition of a highly
luminescent dense europium imidazolate framework creating
thin layers 100-500 nm thick by a new method in which
a femtosecond laser beam®® is used to ablate the hybrid
material in a vacuum chamber (Figure 1 and the Supporting
Information). To the best of our knowledge, this is the first
example of the use of ultrashort pulsed lasers to create films
of frameworks or coordination polymers and the first
controlled PVD process for such compounds as well. We
call the new technique scanning femto-PLD since it combines
the PLD concept with laser scanner technology and a femto-
second laser system under ultra-high-vacuum conditions.

The reproducible creation of thin films by femto-PLD that
have the initial framework structure > [Eulm,] was confirmed
by X-ray diffraction and luminescence properties. At a thick-
ness of 100-150 nm, the films are transparent for visible light
and can be switched to be nontransparent by excitation with
UV light due to the intrinsic luminescence of the films. To the
best of our knowledge, this is also the first example of
a switchable film of framework and MOF compounds that
utilizes luminescence. Further evidence that the framework
? [Eulm,] is retained is given by its intrinsic turquoise
emission. The switching of transparency is achieved by
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Figure 1. Switchable films of europium(ll) imidazolate with a thickness
of 100 nm (left) and 150 nm (right) on sapphire substrates (0001):
transparent under visible light (top) and nontransparent under UV
light (bottom) due to the photoluminescence of the films.

a combination of the intrinsic emission and reflection of
incoming and emitted light at the surface of the film particles.
No special rotation angle of the film and the coated substrate
surface are required for the observation of transparency
switching.

The photoluminescence of > [Eulm,] has been previously
investigated on the bulk material.” It is bright and efficient,
as europium in its divalent state allows 5d—4f transitions for
emission. Since the energy of the 5d states is lowered by
ligand- and crystal-field splitting, the emission is in the visible
range at short edge of wavelengths for a green light
impression, giving turquoise—green light. In contrast to Ln™
(4f-4f) luminescence, Eu" does not suffer from parity-
forbidden transitions™ and gives strong emission and
a more efficient light absorption than trivalent lanthanides.*!
Since for Eu" the 5d orbitals are included, the energy levels
depend on the chemical surrounding and the chemical
bonding, which marks a major difference to trivalent lantha-
nides. Accordingly, photoluminescence changes upon varia-
tion of the coordination sphere, bonding character, and
crystal structure. Therefore, ? [Eulm,] with divalent europium
was chosen, as the photoluminescence can be used as
additional evidence that the framework is deposited without
modification. This “fingerprint” works well even for thin films
of a thickness of 100 nm. Both excitation and emission due to
4f—5d and 5d —4f transitions remain unchanged relative to
the bulk material (see Figure 2 and Figure S4). The results of
photoluminescence spectroscopy prove that ? [Eulm,] can be
successfully used for femtosecond laser ablation and recrys-
tallizes on sapphire substrates.

The films were fully characterized by X-ray powder
diffraction, X-ray photoelectron spectroscopy (XPS), photo-
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Figure 2. Excitation and emission spectra of films of ? [Eulm,] and
? [Eulm,]/C with varying film thickness and comparison to the spectra
of the bulk material (4., =365 nm).

luminescence (PL) spectroscopy, scanning electron micros-
copy (SEM), and energy-dispersive X-ray (EDX) spectros-
copy. The gas-phase species were investigated by mass
spectrometry including matrix-assisted laser desorption/ion-
ization time-of-flight (MALDI-TOF) mass spectrometry.

Unexpectedly, polycrystalline films of > [Eulm,] were
obtained by the new PLD process. X-ray powder diffraction
corroborates the crystal structure of the dense framework
with no crystalline side phases observed (Figure 3). First weak
powder patterns can be observed at layer thicknesses of
>100nm and they exhibit all major reflections of the
framework. The crystal domain sizes are about 250 nm. X-
ray powder diffraction also proves that the material recrys-
tallizes on the substrate; cooled substrates give amorphous
material, which upon heating at 200°C gives the crystalline
domains observed.

In order to have processible targets for PLD, the frame-
work was compressed to a pellet prior to ablation. The
material was also mixed with graphite to dilute the lumines-
cent framework, to increase the adherence of the brittle
framework particles, and to achieve conductivity. Coating
using the femto-PLD method proved successful for pure
? [Eulm,] as well as * [Eulm,]/graphite mixtures. Films made
from both targets show transparency and switching upon
excitation.

It is remarkable that graphite is deposited as amorphous
carbon from samples prepared from mixed imidazolate/
graphite targets. The difference between carbon and the
polycrystalline > [Eulm,] coating leads to the question of how
the layer is formed. In order to investigate the deposition of
both carbon and the europium imidazolate, we examined
representative films with Raman spectroscopy. Raman bands
of amorphous carbon are found at about 1350 to 1550 cm ™!
in the ? [Eulm,]/C films, and weak Eu-N Raman bands of
? [Eulm,] are at about 200 cm ™" (Figure S1).%! The deposited
films were further characterized by SEM (Figure 4) and EDX
spectroscopy (Figure S2). These investigations show thick-
nesses on the order of 100-150 nm for the given laser power
and deposition time for the transparent films. The surface
topography shows particleswith an extension of 50 nm-2 um
and a height of 20-100 nm which are not related to the size of
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Figure 3. a) Powder X-ray diffraction patterns of deposited films

(. [Eulm,]/C, 150 nm thick (top); > [Eulm,], 500 nm thick (middle)),
and a simulated pattern calculated from single-crystal structure data
(bottom); Cuy, radiation. b) Crystal structure of 2 [Eulm,].

Figure 4. SEM visualization (top: side view; bottom: view of the
surface) of > [Eulm,]/C films on sapphire substrates (detector resolu-
tion 1.9 nm at 1 kV).

the crystal domain. This topography might hint at the material
transport process.

Typically, lanthanides show high oxophilicity. We there-
fore checked by X-ray photoelectron spectroscopy (XPS)
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whether the framework ° [Eulm,] would form stable thin
films that retain the properties of the bulk material attributed
to the presence of divalent europium. Reference data from
thin EuO films"® and even intermetallic phases®®”-*! show that
europium is indeed divalent with a minor surface oxidation to
Eu', as was also observed for EuO films (Figure S3).2¢!

To identify gas-phase species, mass spectrometry was
carried out on the gas atmosphere during the deposition
experiments. For m/z <100 only fragments smaller than an
imidazolate ring were detected and not the ligand itself. This
indicates either total fragmentation or transport of fragments
larger than the detection range through the gas phase. As it is
unlikely that the ligand reforms after total fragmentation, we
exclude it from the mechanism leading to successful ablation.
MALDI-TOF(+) mass spectrometry was carried out on the
deposited films for clarification. It shows fragments in two
mass regions with significant signals at m/z =151 to 218 as
well as 337 to 382. Whilst the lowest mass can be identified as
europium atoms, m/z =218 corresponds to one Eu atom and
one imidazolate ligand. Larger masses indicate that also
larger fragments are brought into the gas phase by laser
ablation. At the moment, the ablation process cannot be
clearly identified and will be further investigated. As the laser
pulse and thus the energy source of the femto-PLD is shorter
in duration than any vibration, the excitation from vibrations
leading to cleavage of bonds is limited compared to other
methods like thermal procedures. Femtosecond pulses result
in the transfer of photon energy directly to the electrons of the
target. In view of this, it is remarkable that > [Eulm,] does not
survive thermal evaporation in an effusion cell. Instead of
deposition, decomposition of ? [Eulm,] is observed in the
crucible of the cell at 7> 480°C. Therefore thermal activation
is not suitable. In contrast, it is possible to form coatings of
substrates with our new PLD method by using ultrashort
pulsed lasers, and thus functionalized films of dense frame-
works can be prepared in a controlled fashion, as shown for
the switchable nanometer-scale films of } [Eulm,]. With this
method properties of the bulk material are retained. Thus, the
femto-PLD method seems to be an attractive method for the
formation of films of inorganic-organic hybrid materials
through gas-phase deposition that cannot be deposited by
other methods.

To summarize, the dense framework ? [Eulm,] was
successfully deposited as luminescent thin films by scanning
femto-PLD onto sapphire substrates. The deposition is
achieved by a pulsed femtosecond laser. In contrast, thermal
evaporation using an effusion cell or an excimer laser does not
lead to deposition but decomposition of } [Eulm,]. Thin films
of variable thickness can be created by variation of laser
power and deposition time giving homogenous coatings. The
framework >_[Eulm,] is deposited as amorphous or polycrys-
talline material depending on the substrate temperature, and
its material properties and crystal structure are retained. The
films switch between transparent for visible light and non-
transparent upon excitation with UV light due to the intrinsic
framework luminescence. Luminescence and the accompany-
ing switch from transparent to nontransparent films can
thereby expand the research area of smart films and point to
future directions for coordination polymers. To the best of our
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knowledge, this is the first example utilizing an ultrashort
pulsed laser for coating with a framework compound. More-
over, physical vapor deposition is uncommon due to the low
volatility and low thermal stability of MOFs and coordination
polymers. The results presented demonstrate possible gas-
phase transport, which can be used in addition to coating
techniques by liquid phases. Even the formation of crystalline
films is possible for materials like the switchable framework
films presented here.

Experimental Section

? [Eulm,] was prepared by a modified version of the original synthesis
(oxidation of europium metal by imidazole according to Ref. [20]).
Instead of a ligand melt, electride-induced reaction in liquid ammonia
was selected (according to the procedure described in Ref. [29]). For
experimental details, please see the Supporting Information.

Since * [Eulm,] is sensitive to moisture and air, the samples were
handled under argon atmosphere or vacuum. To obtain processible
targets of > [Eulm,], the pure luminescent framework, as well as
mixtures with added graphite (50%) were used to form pellets.
Therefore, pure ’_[Eulm,] powder was pressed at a pressure of 10 tons
to form a pellet with a diameter of 13 mm (thickness ca. 3 mm). A
second pellet was prepared from a 1:1 mixture of > [Eulm,]/graphite
under the same conditions.

The experimental setup of the scanning femto-PLD instrumen-
tation is illustrated in Figure 5.1%2! The laser target consists of a pressed
pellet of * [Eulm,] or ? [Eulm,)/graphite, which rotates at a fixed
angle in a vacuum chamber and is ablated by a horizontal line scan of
a pulsed laser beam which is focused on the target surface. The
evaporated europium imidazolate is directly deposited onto a sap-
phire substrate at room temperature ((0001) orientation, epitaxial
polishing, CrysTec GmbH) for 5-7 h; operating distance 15 cm.

Figure 5. lllustration of the scanning femto-PLD setup (1: laser, 2:
scanner, 3: target, 4: laser beam, 5: substrate, 6: vacuum chamber, 7:
optical window, 8: motor).

The vacuum conditions and gas phase (0.8-2.5x 107" mbar) were
monitored by appropriate pressure sensors and a quadrupole mass
spectrometer (QME 220, Pfeiffer Vacuum GmbH). The target was
rotated by a motor outside the chamber at a fixed rotation speed of
0.0233s7!. The laser beam of the 442-fs pulsed laser emitting at
a wavelength of 516 nm and with a laser power ranging between 0.2
and 0.3 W (energy per pulse of 0.2-0.3 mJ at 1 kHz; femtoRegen IC-
375, High-Q-Laser GmbH, Hohenems) was guided through a set of
flat mirrors, a beam expander, and a galvanometer mirror box
(HurryScan25, Scanlab AG, Puchheim) with convenient software
control (Samlight, Scaps GmbH, Deisenhofen) into the vacuum
chamber. The beam, focused onto the target with a spot size of
0.04 mm, was scanned (50 mms') as a horizontal line over the whole
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target surface (for further details on the method see Ref. [22]). Film
thicknesses of 100 to 500 nm were determined by SEM techniques
combined with qualitative XRF spectroscopy.
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