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Abstract: Nanoporous films of Eu-doped organosilicate glass (OSG) have been synthesized using
sol-gel technology and spin-coating, employing evaporation-induced self-assembly (EISA), on
silicon wafers. The Eu doping is achieved by dissolution of Eu(NOs)3:6H20 in the precursor solution.
The deposited films are characterized by using Fourier transform infrared (FTIR) spectroscopy,
ellipsometric porosimetry (EP), X-ray photoelectron spectroscopy (XPS) and photoluminescence
spectroscopy. It is observed that Eu doping makes the films more hydrophilic and reduces the pore
size and open porosity. The reduction Eu* — Eu? occurs in the pores of OSG films, which is
confirmed by depth profiling XPS. However, Eu* still presents on the film’s top surface. Presence
of Eu®* and Eu? gives characteristic luminescence emission in the range of 600-630 nm (Eu®) and
290-400 nm (Eu?*). The Eu*/Eu® concentrations ratio depends on CHs groups concentration in the
films. Moreover, concentration of Eu?* ions in the pores can be reduced by exposure in inductively
coupled (ICP) oxygen plasma. The observed shift of the luminescence spectra towards the UV
region, in comparison to previously reported Eu-doped organosilicate films, can be attributed to the
energy transfer occurring between the host material and Eu?* ions.

Keywords: organosilica glass; europium; ethylene bridge; methyl terminal; structural properties;
photoluminescence; elemental composition; spectroscopic ellipsometry

1. Introduction

Europium-doped materials are significant contenders for utilization in Si photonics,
encompassing the production of light sources and optical amplifiers [1]. The advantage of Eu-doped
materials stems from their ability to accommodate two distinct oxidation states (Eu®* and Eu?),
setting them apart from other commonly employed rare earth ions in photonics, such as Erbium (Er)
or Ytterbium (Yb), which remain stable solely in the trivalent oxidation state [2-4]. A specific
prerequisite involves the utilization of a Eu-containing host materials that are compatible with CMOS
processing. The most straightforward approach that has been adopted entails incorporating Eu ions
as dopants into a silicon oxide matrix [5,6].

However, the effectiveness of this approach is significantly hindered by the limited solubility of
Eu in SiO2 matrix, resulting in extensive clustering and precipitation phenomena [7,8]. Thus, the
primary challenge for utilizing Eu in photonics lies in finding a host matrix that can be synthesized
and processed in accordance with Si technology, while also being capable of accommodating high
concentrations of optically active Eu ions and enabling control over the Eu oxidation state. Previous
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research done by Bellocchi et al. [2,3,9] has demonstrated that a SiOC matrix (carbon-doped oxide)
possesses favorable chemical properties, allowing for efficient promotion of the reduction of Eu’* to
Eu?, and structural properties that enhance the mobility and solubility of Eu ions, consequently
minimizing Eu precipitation. Eu** and Eu? ions can function as highly effective emitting centers in
the visible region. Eu?*  ions demonstrate a remarkably strong emission resulting from dipole-allowed
4fs5d — 4f7 transitions. The intra 4f-shell transition of Eu® ions, being electric dipole-forbidden,
results in a less intense luminescence [10,11]. It is well-established that the positions of emission
bands of Eu* are highly dependent on the host materials'. In crystalline materials, the wavelength of
photoluminescence (PL) emission is strongly influenced by the crystal field splitting of the 5d excited
level. As the covalency between Eu?* and ligands increases, the emission peak shifts towards longer
wavelengths. For instance, in halide hosts, the shift occurs towards the near-violet to blue region due
to the presence of highly electronegative halogen ions. However, in nitrides, the shift occurs at longer
wavelengths due to the lower electronegativity of N* ions [12,13].

SiOC films have extensive use in CMOS technology as low dielectric constant (low-k) dielectrics
for advanced interconnects. When combined with low resistivity metals (Cu, Co, Ru), they help
reduce signal propagation delay in the interconnects of ULSI devices [14]. The majority of SiOC films
employed in the microelectronics industry are deposited using PECVD (Plasma-Enhanced Chemical
Vapor Deposition) processes and exhibit random porosity, with methyl groups making them
hydrophobic [15]. The matrix structure of these films resembles that of SiO.. However, currently, the
interconnects developing community is increasingly focusing on periodic mesoporous
organosilicates (PMOs). PMOs exhibit ordered porosity and may use a wide variety of carbon bridges
within their matrix [16-18]. The major advantage of these materials is improved mechanical
properties that potentially increases the reliability of integrated devices [15,19,20]. Hence, Eu-doped
PMO films exhibit considerable potential as parts of nanophotonic devices and optical interconnects
suitable for integration into the back end of the line (BEOL) structures within Ultra-Large-Scale
Integration (ULSI) systems.

It is important to note that various bulk PMO materials with diverse organic bridges have
already been investigated as potential hosts for Eu and other rare-earth (RE) metals. The significant
findings have been examined and consolidated in the review paper [21]. However, the distinctive
characteristic of our materials lies in their thin film nature and the simultaneous presence of carbon
bridges and methyl terminal groups.

Hence, our focus has been on investigating the potential of periodic mesoporous organosilicate
(PMO) films as host materials for rare-earth metals. Our aim is to analyze the chemical and structural
modifications of PMO films upon the incorporation of metal (Eu) ions and to compare the
luminescent properties of these materials with those of previously reported SiCOH and SiO: films.
Specifically, the objective of this study is to examine thin porous PMO films containing both ethylene
bridges and methyl terminal groups, incorporating Eu ions.

2. Materials and Methods

2.1. Materials

PMO films were synthesized using the sol-gel method by spin-on deposition on silicon wafers.
The method involves acid-catalyzed hydrolysis and polycondensation processes [16]. The carbon
sources used were 1,2-bis(trimethoxysilyl)ethane (BTMSE, 96%, Sigma-Aldrich) monomer (as the
source of ethylene groups) and methyltrimethoxysilane (MTMS, 98%, Fluka) monomer (as the source
of terminal methyl groups). These precursors ensure the presence of =Si—(CH2)>-Si= and =5i-CHs
groups, respectively, in the resulting polymers, as the ethylene and terminal methyl groups do not
undergo hydrolysis. A surfactant (porogen) called Brij30 (Ci2Hzs(OCH20CH2)«OH with a molecular
weight of 362 g/mol, Sigma-Aldrich) was used to facilitate the evaporation induced self-assembly
(EISA [22]) process and obtain a porous structure. The molar ratio of BTMSE/MTMS/deionized water
was 0.47/0.53/3.087, and a little amount of a 0.0053 M HCI was added as a catalyst. The prepared
solution was stirred and aged for ~12 hours at 60°C and then stored for 24 hours at room temperature
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(RT) before spin coating of PMO films. The matrix solution was divided into four, and the different
weight percent (wt%) of Brij30 surfactant (0, 10, 20 and 30 wt%) was added into four solutions and
stirred. Those films were labeled as pristine PMO films. Then, the different amount (0.0, 1.7, 12.1 and
25.8 wt%) of Eu(NOs)s:6H20 precursor powder were added into the four stored solution for spin
coating of Eu-doped PMO films, respectively. The appropriate proportion of ethanol as solvent was
also used before coating the films. The final coating solution was used to deposit films on 150 mm
diameter silicon wafers (1-10 Q.cm) with a spin coater at an acceleration rate of 500 rpm for 5 sec and
a spinning rate of 4500 rpm for 30 seconds. After deposition, the films were cured on the hot plate at
150 °C for 40 min in air (soft bake (SB) to remove solvents), and the final curing was done at 400°C,
20 min in air (hard bake (HB)) to remove template (porogen) and produce the final porous films.

2.2. Characterization Methods

2.2.1. Fourier-transform infrared (FTIR) spectroscopy

Fourier-transform infrared (FTIR) spectroscopy. FTIR spectra were recorded to study the
chemical composition of the films. The spectra were obtained by using FTIR, JASCO FT/IR-6300,
scanned 64 times in transmission mode with a resolution of 4 cm™ and a measurement wavenumber
range of 4000-400 cm-!. The wavenumber accuracy and maximum resolution were within +0.01 cm™!
and 0.07 cm-!, respectively. The high-intensity ceramic source light source, gold 28° Michelson
interferometer with auto-alignment mechanism and a Ge/KBr beam splitter with signal to-noise ratio
of 50000:1 was used for the measurements. The background spectra were obtained by using a pure
silicon (1-10 Q-cm) sample cut from the same wafer that was used for the film deposition. After
background subtraction all the spectra were normalized to the highest Si-O-5i peak.

2.2.2. Ellipsometric Porosimetry (EP)

In this work, the EP system uses a SENpro spectroscopic ellipsometer with SpectraRay/4
software for the data analysis (SENTECH, Germany) with A = 350-850 nm. Atmospheric pressure
ellipsometric porosimetry was used to evaluate the porosity and pore size distribution [23,24]. The
angle of light incidence was fixed at 70". Heptane vapor diluted by N2 carrier gas was used as an
adsorptive. The films open porosities were calculated as the volume of condensed liquid adsorptive
(V) from RI values measured during the heptane adsorption by using the Lorentz—Lorenz equation
[21]. The calculation of the pore size of the mesoporous film is based on the Kelvin equation. The size
of the micropores is calculated by using the Dubinin-Radushkevich equation adapted for EP [21].

2.2.3. X-ray Photoelectron Spectroscopy (XPS)

XPS analysis was performed using a PHI 5300 (PerkinElmer, Fremont, CA, USA) to investigate
the point (500 um) depth profile of OSG films under UHV conditions at a base pressure of 5 x 108
torr during the operation. The samples were transported in an inert gas environment prior to the
insertion into the XPS machine, and exposure to air was reduced to a minimum. The experiments
were performed with a monochromated Al Ka radiation source (E= 1.487 keV). Photoelectron
detection was conducted with a constant analyzer energy (CAE) analyzer and a 2D delay-line
detector and with a standard lens mode. An electron flood gun was utilized during measurements to
compensate for surface charging. Individual component (C, O, Eu, Si) peaks and survey scan were
measured at a pass energy of 20 eV and 100 eV, respectively. Survey scans were conducted in the 0
1100 eV range. The peaks were fitted using the Origin 2019b software by Gaussian functions.

2.2.4. Photoluminescence Spectroscopy (PL)

The UV induced luminescence spectra of pristine and Eu-doped nanoporous PMO films were
measured by JASCO FP-8300 spectrofluorometer by using a continuous output Xe arc lamp with
shielded lamp housing (150 W) and holographic concave grating in modified Rowland mount
monochromator. The Radio-photometer system using monochromatic light was used to monitor the
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intensity output of the Xe lamp. The samples were mounted in a standard cell holder (10 mm
rectangular cell holder) SCE-846/D061161450 provided by JASCO. The wavelength accuracy and
maximum resolution is 1 nm. The excitation was used from 200 nm (6.2 eV) under room temperature
the emission spectra range in wavelength from 210 nm to 500 nm and slit width is 5nm-5nm. The
measurements were fully controlled by using a Spectra Manager. The excitation and emission
bandwidth were 5 nm with scan speed 1000 nm/min.

3. Results

3.1. Chemical composition (FTIR data)

Chemical composition (FTIR data). The FTIR spectra of fully cured nanoporous (porosity-25%,
pore size-1.04 nm) Eu-doped (0-25.8 wt%) OSG films are shown in Figures 1 and 2. The absorption
bands at 3700-3000, 3000-2950, 1300-1000 cm! correspond to hydroxyl and silanol groups (O-H and
Si-OH), methyl group (—-CHs) and Si-O-S5i stretching modes, respectively [25]. The pristine films (0
wt% Eu) almost does not show the presence of Si-OH and adsorbed water at 3700-3000 cm (Figures
1 and 2a). The increase in the Eu concentration decreases the concentration of -CHs group (3000-2950
cm ) and Si-CHs groups (1250-1270 cm?) (Figures 1 and 2b,c). As could be expected, the films become
more hydrophilic. The reduction in the concentration of CHs (and Si—~CHs) groups primarily occurs
in the films deposited with 1.7 wt% of Eu(NOs)s-:6H20. Further increases in Eu concentration show
insignificant effects. It is observed that the highest hydrophilicity corresponds to a moderate Eu
concentration of 12.1%. Conversely, the film doped with 25.8 wt% of Eu(NOs)s-:6H20 is more
hydrophobic than both the 1.7 wt% and 12.1 wt% Eu-doped films. Additionally, there are less
pronounced features, including an increase in the concentration of CH: groups in the sample doped
with 25.8 wt% of Eu(NOs)s-6H20 (Figure 2b, region 2850-2930 cm, which normally reflects the
presence of hydrocarbon residues formed during porogen removal [26]), and a slight red shift of the
Si-O-Si peak (Figure 2c).
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Figure 1. FTIR survey spectra of Eu-doped PMO films deposited with a BTMSE/MTMS precursors
ratio of 47/53 and porogen concentrations 20 wt% after hard bake (HB) at 400 °C for 30 min in the air.
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Figure 2. Zoom of FTIR spectra in the regions: (a) to Si-OH/water (3100-3700 cm™), (b) CHx groups
(2800-3000 cm1), (c) Si-O-Si (900-1200 cm') and Si—CHs (1240-1300 cm1).

3.2. Porosity and pore size distribution

Porosity and pore size distribution. Figure 3 shows adsorption—desorption isotherms of heptane
vapors measured by EP and calculated pore size distribution of different Eu-doped nanoporous OSG
films. The films with the 0 wt% Eu concentration shows isotherms without a hysteresis loop.
However, Eu introduction reduces open porosity from 25% (pristine, non-doped film) to 14% (25.8
wt.%) (Figure 3 a,d). The corresponding change of refractive index (RI) during adsorption, 1.33-1.43
(0 wt%); 1.32-1.43 (1.7 wt%); 1.32-1.4 (12.1 wt%); 1.34-1.41 (25.8 wt%), show that initial RI value
reflecting the full porosity [21,22] is not changing. If to assume that skeleton (matrix) of non-doped
film has RI close to 1.46 (dense SiOz2), we can calculate that the full porosity is equal to 25.5%, which
is very close to the open porosity of un-doped films (Table 1). Therefore, it is reasonable to assume
that reduction of open porosity is related to “blocking” of some open pores against the heptane
adsorption (Figure 4) while the change of the full porosity is small. Furthermore, the isotherms
observed for samples 3 and 4 exhibit characteristic signs typical of narrow slit-shaped pores (type H4
isotherm in Refs. [27,28], Figure 3c,d, P/Po > 0.2). Specifically, the presence of narrow slit-shaped
pores indicates an initial stage of pore blocking. Reduction of pore size and internal surface area of
bulk (not thin films) PMO materials after grafting by Rare Earth (RE) metals has already been
observed and reported in the papers [29,30]. The pore blocking effect increases with Eu concentration
and probably can also explain reduction of air adsorbed moisture amount when Eu precursor
concentration increased from 1.7 to 25.8 wt%.

Table 1. The most important characteristics of PMO films used in these experiments.

Sample Eu(NOs)s-6H20 Thickness, RI Full Porosity, Open Porosity, Pore Diameter,

Number Content, wt% nm % % nm
1 0 478.0 1.325 26.5+1 23.7+1 1.8+0.1
2 1.7 493.6 1.329 25.7+1 24.3+1 1.9+0.1
3 12.1 485.2 1.333 25.9+1 20.7+2 1.8+0.1
4 25.8 465.7 1.320 27.6x1 13.5+2 1.8+0.1

do0i:10.20944/preprints202307.2068.v1


https://doi.org/10.20944/preprints202307.2068.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 July 2023 do0i:10.20944/preprints202307.2068.v1

30

(a) i (b) (c) 7 (d)

—Ads (’7 1

2
(=
1
L

—Des

Open porosity (%)

O'W'

0 02040608 10 02040608 10 02040608 10 020406 03 1

PIP, P/P, PP, PP,
~10 1 1
s -
=
RN J 4
— 6
g 47 1
o !
e
=
Z 0 .
1 10 100 1 10 100 1 10 100 1 10 100
D (nm) D (nm) D (nm) D (nm)

Figure 3. Adsorption—desorption isotherms and pore size distribution of (a) 0 wt% (b) 1.7 wt% (c) 12.1
wt% and (d) 25.8 wt% Eu-doped in the 25% porosity (20 wt% Brij30) OSG films.
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Figure 4. In the pristine film (left), the full porosity is equal to the open porosity (Table 1) because all
the pores are interconnected for heptane adsorption. However, after Eu deposition, some parts of
pores become inaccessible to heptane adsorption (parts of 1 and 4 pores). It reduces the measured
open porosity while the full porosity remains the same as in the pristine film.

3.3. X-ray Photoelectron Spectroscopy Analysis (XPS)

The XPS measurements were done only for the 25.8 wt% Eu doped PMO films deposited with
BTMSE/MTMS ratio equal to 47/53 and open porosity 13% (Table 1). It is shown that the deposited
films are mainly composed by C, O, Si, and Eu (Figure 5). Figure 5a clearly illustrates the presence of
Eu’* on the film top surface (not etched sample) [31]. However, Eu®* almost completely disappears
after a 62-second ion beam etching process, and only Eu?* is observed thereafter, even for longer
durations. Furthermore, compared to the sample etched for 62 seconds, the low-k surface exhibited
an enrichment of oxygen, carbon, and silicon (Figure 5b,c,d). To analyze the depth profile of
components, the low-k films were etched using a focused ion beam with a rate of approximately 17
nm/min. Eu¥*/Eu? ratio during the etching drastically decreases already after 61 seconds etch that
corresponds to 17 nm. Further etching is almost not changing this ratio (Figures 5 and 6). These data
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confirm that Eu®* presents only on the film surface while only Eu? presents in the film bulk. Some
differences between surface and bulk can also be seen in oxygen XPS spectra (Figure 5b). The film
surface is characterized by presence of O 1s peak located below 530 eV but this peak disappears after
ion beam etch and O 1s only represented by the peak with energy about 532 eV. The first peak is most
probably related to surface contamination by carbon as it was suggested in Ref. [32]. The peaks
position of Si 2P and C 1s is typical for organosilicate based low-k materials [33] and do not change
during the depth profiling. However, the film surface also exhibits enrichment of these components,
which could indicate surface contamination. (Figure 5¢,d).

(2) Eu 3d B = s (b) O 1s ok

—124s
—186s
—248s
—310s
—372s
——434s
496 s
558 s

Eu** 34,,

Intensity (a.u.)
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Intensity (a.u.)
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Figure 5. The XPS spectra showing the comparison between the 25.8 wt% Eu-doped nanoporous OSG
film (20 wt% Brij30 sample) deposited on a Si substrate (red curve) and the film after undergoing
stepped ion beam etching for a duration ranging from 62 to 620 seconds.

The distribution of Eu within the low-k film is highly uniform, with a concentration of
approximately 10 atomic percent (at%). The surface region exhibits a higher concentration of Eu,
approximately 17 at%. The dopant concentration was determined based on the weight percentage
(wt %) of Eu(NOs)3-6H20 in the precursor mixture. Estimations of the Eu ion concentration in the film
components from the precursors indicate that 25.8 wt% of Eu(NOs)s-6H2O corresponds to 10 at% of
Eu ions in the films. For detailed calculations and estimations, please refer to the Supplementary
Materials.
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Figure 6. The atomic concentration profile of the components in the 25.8 wt% Eu-doped nanoporous

OSG films plotted as a function of ion-beam etching time.

3.4. UV-induced luminescence

The photoluminescence spectra of 0 wt% Eu (pristine) and 12.1 wt% Eu-doped soft bake (SB)
and hard bake (HB) nanoporous OSG films are shown in Figure 7. Pristine sample (fully cured) shows
single PL peak located near 300 nm (4.2 eV), which is related to presence of methyl terminal group
and carbon residue [34]. Thermal curing enhances the intensity of photoluminescence and broadens
the emission spectra. Furthermore, in the PL region, the peaks display a duplicated structure,
characterized by distinct peaks around 290 nm and 314 and 348 nm (Figure 7b). The peak at 290 nm
coincides with the matrix luminescence. One notable characteristic is that in all previous publications
discussing luminescence from SiO: and SiCOH materials doped with Eu?, the PL peaks were
consistently found at longer wavelengths, typically within the range of 400-500 nm. Additionally, it
is clear that thermal annealing enhances the PL intensity and triggers PL emissions within the 580—
720 nm range. This effect is directly influenced by the annealing temperature, with the highest
intensity observed after a rigorous bake at 400 °C.
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Figure 7. (a) Photoluminescence spectra of 0 wt% Eu (pristine), 12.1 wt% Eu-doped soft bake (SB) and
12.1 wt% hard bake (HB) OSG films. (b) deconvolution of the broad peak in the 250-500 nm region.
Deconvolution of 580-720 nm PL will be presented later in the section related to a more detailed
analysis of the photoluminescence in this region.

The peaks located in the region 580-720 nm are well known and they are related to emission of
Eu®*ions (Figure 7) and electronic transitions SDo—"F1 (589 nm), Do—"F2 (615 nm) and 5Do—"F4 (689 nm)
[35-38]. SB samples show much less intensive photoluminescence in comparison with HB samples.
The primary explanation is associated with the presence of residual solvent impurities and adsorbed
moisture in the SB samples. Numerous reports have highlighted the significance of internal
quenching through hydroxide (OH-) impurities and surface quenching via surface hydroxyl groups
[39,40].

The PL quenching mechanism involves energy transfer from excited Eu atoms to the surface
hydroxyl groups incorporated due to water adsorption. Importance of PL quenching related to
presence of moisture impurities can also be clearly seen in temperature dependence (Figure 8). The
maximum PL intensity is observed in the sample annealed at 400°C. It is known from microelectronic
experience that this temperature is sufficient for removing porogen and adsorbed moisture, which is
why it is used as the final curing temperature for low-k films [41,42]. However, contrary to other Eu-
doped silica and PMO materials, further increasing the temperature reduces the PL intensity of our
material. The reason for this is that our material also contains methyl terminal groups that have
limited temperature stability, particularly close to 500°C.
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Figure 8. Dependence of PL intensity on annealing temperature.

Figure 9 also shows that the PL intensity in this region depends on Eu concentration. First it
increases with Eu concentration 0-12.1 wt%, then drops at 25.8 wt%. It is known that a high
concentration of Eu doping reduces the distance between Eu ions, stimulating the non-radiative
relaxation process and leading to cross relaxation between neighbouring Eu ions, which results in a
decrease in luminescence efficiency [43,44]. Practical fluorescence quenching, caused by the
aggregation of Eu®*, becomes evident in silica glass when the Eu content exceeds 1% (molar ratio)
[45]. In our study, fluorescence quenching occurs at a higher Eu concentration due to the significantly
larger internal surface area of mesoporous organosilicate films. Figure 10 demonstrates the
dependence of photoluminescence intensity on the wavelength of the excited light. The highest PL
intensity is observed when the excitation wavelength is 230 nm, which aligns with previously

reported data [34].
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Figure 9. (a) Eu** photoluminescence intensity versus Eu(NOs)3-6H20 concentration in the precursor
Sol (wt%) upon excitation with light of 230 nm. (b) deconvolution of the PL spectra of the sample
deposited with 12.1 wt% of Eu(NOs)s-6H20 to peaks corresponding to well-known D-"F transitions
in Eu¥. Dependence of PL intensity on annealing temperature.
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Figure 10. Dependence of PL intensity on wavelength of excited UV light. The maximum PL intensity
is observed at 230 nm excitation wavelength.

3.4.1. Effect of oxygen plasma

Figure 11 shows effect of exposure to inductively coupled (ICP) oxygen plasma [46] The red
curve shows PL spectra of Eu doped sample that was stored in air several days after deposition.
Spectra clearly show PL from Eu® (550-700 nm) and Eu?* (250-500 nm). PL emission from Eu? has
well pronounced peaks near 300 and 350 nm and is more than an order of magnitude intense than
the PL from Eu?®. Exposure to oxygen plasma results in a reduction of PL emission from Eu?" and an
increase in PL from Eu® (Figure 11). This observation strongly suggests that the Eu* ions formed
during the process undergo oxidation by the oxygen plasma. However, the depth of penetration of
oxygen radicals from the plasma into the pores of low-k materials is limited and influenced by
various factors, including radical concentration, pore size, and the chemical groups that are
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consuming the radicals [47]. In the case of pristine low-k films, the consumption of oxygen radicals
is primarily associated with terminal CHs groups. However, in the present scenario, the oxygen
radicals is also consumed in the oxidation of Eu?* ions. The decrease in photoluminescence intensity
in the 330250 nm range suggests that the fraction of oxidized Eu?*" ions does not exceed 50%,

indicating that the depth of modification was approximately 250 nm (the total film thickness is about
500 nm).

do0i:10.20944/preprints202307.2068.v1

6000
] - ee]12.1 wt% (Before ICP)
. 3K After ICP
5000 — !
< ] g 1000
= S 2
S 4000 SO B
> . S 600
;‘: oo o .
<1 : S 400 o0
Sl L -
N . . o
= . :
et 5 A .
~ S e 625 650
= : .
0 T R B EABAS RARRS B Sad 552 RARRS Ran

250 300 350 400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 11. Effect of ICP oxygen plasma on PL intensity of Eu** and Eu?* upon excitation with light of
230 nm. Inset shows the zoom PL spectra of 550-650 nm region.

4. Discussion

The XPS results clearly demonstrate that Eu®* ions are exclusively present on the top surface of
PMO films, while only Eu?*is observed within the pores. The coexistence of Eu®* and Eu?* significantly
enhances the total photoluminescence (PL) intensity and even extends the spectral range into the
ultraviolet (UV) region. It is worth noting that Eu in our case was introduced into the film’s precursor
in its 3-valent state as Eu(NOs)s-6H20, and it is making the mechanism of Eu’* reduction inside the
pores intriguing. However, the reduction of Eu® in porous materials (or in matrix of dense materials)
has been extensively reported in the literature. Numerous mechanisms have been proposed in
different papers (see, for instance, Refs. [41,48,49] and others. The most popular explanation of Eu®*
reduction to Eu? in silica-based materials being the impact of ejected electrons from oxygen-
associated hole centers. Zaitoun et al. [50,51] studied luminescence properties of Eu®* encapsulated
in sol-gel-derived optically transparent silica gels using time-resolved laser spectroscopy. It was
proposed that the electron-hole carriers, e—h*, were generated during the polycondensation reaction
of silica and trapped at the defect sites of sol-gel matrix. The formation of e—h* carrier was proposed
to be responsible for the surface-assisted reduction of Eu®* ions, where the ejected electrons from the
oxygen-associated hole centers react with Eu®* to produce Eu?* ions. Later this mechanism was
extended to other materials [52]. Numerous papers explain Eu® reduction by interaction with certain
types of reduction groups present in the matrix. Eu® reduction to Eu** was observed in silica based
films co-doped with Al* and B* and other metals when the films were annealed in reducing
atmosphere at T >400°C [53-56]. Eu** reduction by carbon containing groups present in SiCOH films
was proposed in works Boninelli et al. [2,3,9]. The last mechanism might be the most suitable for our
PMO material because it contained similar carbon groups, as in the case of SiCOH films.
The host materials employed in this study were deposited as PMO films with well-defined
porosity. These films contained ethylene bridges within their matrix and methyl terminal groups,
which primarily localized on the pore wall after thermal curing (Figure 12) [57,58]. This characteristic
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sets of PMO films apart from SiCOH films deposited through sputtering of SiO: and SiC targets [3,9]
as well as via PECVD [13,37,53]. To introduce Eu doping into the PMO films, the film precursor was
mixed with Eu(NOs)s-:6H20. Consequently, Eu ions are expected to be randomly distributed
throughout the matrix in the as-deposited films. Additionally, Eu doping resulted in a decrease in
the concentration of CHs groups. Similar to previous publications [2,3,9], it can be inferred that
methyl groups play a critical role in reducing Eu®* to Eu?. Two additional noteworthy observations
for further analysis are the reduction in pore size (Figure 3) and an increase in the concentration of
CHa2 groups (Figure 2b). Based on these findings, it is reasonable to propose that, akin to CHs groups,
Eu ions also segregate onto the pore wall and establish chemical bonds with two CH:z groups,
resembling lanthanide carbides, reduces the pore size. Another possibility is formation of Eu silicate
similar to Ref. [59]. However, in both cases one can expect the observed read shift in —Si-O-5i- peak
(Figure 2c) because the groups replacing CHs are even more electropositive.
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Figure 12. Schematic presentation of PMO material with ethylene bridging and methyl terminal
groups fabricated with co-polymerization of MTMS and BTMSE and EISA deposition technology.

Several conclusions can be derived from the data pertaining to the exposure to oxygen plasma.
It can be deduced that oxygen radicals exclusively oxidize Eu? ions located on the surface of the
pores. This limitation arises due to the radicals' inability to diffuse into the film matrix without
undergoing recombination. Conversely, the emission spectrum remains unaltered following
exposure to oxygen plasma (see Figure 11). This observation implies that the positioning of Eu?* ions
within the film is accurately defined, indicating a narrow distribution of ion sites. Consequently,
these findings supports our hypothesis that the Eu? ions were located on the surface of the pore
walls.

To confirm the important role of methyl groups in formation of Eu? ions, experiments with
different concentration of methyl groups were carried out. All the experiments discussed so far were
conducted with PMO films deposited with a BTMSE/MTMS ratio 47/53. However, one special
experiment was done with a film deposited with a BTMSE/MTMS ratio of 27/75. This MTMS-rich
mixture was expected to produce a film with a much higher concentration of methyl groups. The
results of the photoluminescence (PL) study on these samples are presented in Figure 13.
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Figure 13. PL spectra of PMO films deposited with BTMSE/MTMS ratio 47/53 (solid line) and 25/75
(dotted line) upon excitation with light of 230 nm.

The first important observation is that the intensity of the peaks related to Eu’* is the same in
both cases. This is expected because the concentration of Eu** depends solely on the concentration of
Eu(NOs)36H20 introduced into the precursor solution and is independent of the BTMSE/MTMS ratio.
Therefore, the amount of Eu®* deposited on the top surface should be the same, as observed in Figure
13. However, the situation is different for the broad peak in the 275-400 nm region. The intensity of
this peak is much higher in the film deposited with a BTMSE/MTMS ratio of 25/75. This indicates that
the concentration of Eu?, which is likely responsible for this emission, increases with the
concentration of CHs groups. It is worth mentioning that Eu? aqueous solution in air is known to be
unstable, as it can be completely oxidized within 24 hours to form Eu® [38,60]. Therefore, Eu* is not
formed in the precursor solution but rather in the already formed film. It forms relatively stable
molecules that can only be oxidized by oxygen radicals generated in the ICP oxygen plasma.

The final question pertains to the position of the broad peak associated with the formation of
Eu?. It has been suggested that the emission of Eu? in different compounds can vary from UV to blue
wavelengths [11,61]. Most silica-based compounds containing Eu*, such as xerogel, SiCOH and
PMO, exhibit photoluminescence in the blue light range with maximum located near 450 nm.
However, in our case, the photoluminescence is shifted towards lower wavelengths.

Based on our findings, we can hypothesize the presence of an energy transfer mechanism
whereby the highly efficient absorption properties of our PMO film in the short wavelength range
are utilized to transfer excitation energy to the Eu? ions. This energy transfer mechanism enhances
the photoluminescence (PL) efficiency of the Eu?* ions when excited at shorter wavelengths. This
hypothesis is further supported by the observation in Figure 7b, where one of the three deconvoluted
peaks is located at the same wavelength as the host material but exhibits higher efficiency than the
pristine material. Consequently, this energy transfer mechanism results in an overall increase in the
PL efficiency of both the Eu?*  ions and the PMO matrix.

5. Conclusions

Nanoporous Eu-doped organosilicate glass films were synthesized using sol-gel technology and
EISA-based deposition on Si wafers. EISA approach has allowed to achieve the pore ordering and
these materials are termed as periodic mesoporous organosilicates (PMO) [17]. The Eu doping was
achieved by dissolving Eu(NOs)3-6H20 in precursor solutions based on BTMSE/MTMS mixtures,
enabling the formation of both ethylene bridges in the film matrix and methyl terminal groups on the
pore walls. The presence of both carbon bridges and methyl terminal groups is a standard


https://doi.org/10.20944/preprints202307.2068.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 July 2023 doi:10.20944/preprints202307.2068.v1

15

requirement in microelectronic technology for improved mechanical properties and hydrophobicity
[14,16,30]. The deposited films were characterized using Fourier transform infrared (FTIR)
spectroscopy, ellipsometric porosimetry, X-ray photoelectron spectroscopy (XPS), and
photoluminescence spectroscopy. It was observed that Eu doping made the films more hydrophilic
and reduced the pore size and open porosity. The reduction from Eu® to Eu?* occurred within the
pores of the OSG films, as confirmed by depth profiling XPS. Eu** was found only on the top surface
of the films. The presence of both Eu** and Eu? resulted in characteristic luminescence emission in
the range of 600-630 nm (Eu®**) and 300-400 nm. The ratio of Eu?"/Eu’* concentrations depended on
the concentration of CHs groups in the films. Furthermore, the concentration of Eu?* ions within the
pores could be reduced through oxidation during exposure to inductively coupled plasma (ICP)
oxygen plasma.

One intriguing observation is the shift of the photoluminescence (PL) spectra towards the low
wavelength region (290-400 nm) in comparison to other Eu-doped silica-based materials such as
xerogel, sputter-deposited SiCOH, and PMO that show luminescence in the range of 400-500 nm.
This shift is likely attributed to the effects of energy transfer occurring between the host materials
and the Eu?* ions. While we currently lack sufficient data to fully elucidate the mechanism of energy
transfer between the PMO matrix and Eu?, it is worth noting that the ability to shift the PL spectra
towards the UV/blue region using well-defined silica-based materials holds significant importance
in the development of light sources with controllable spectra.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Estimations of atomic concentration of Eu (at% of Eu).
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