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ABSTRACT

Metal-organic thin films fabricated through industry-feasible atomic/molecular layer deposition (ALD/MLD) routes are highly attractive
materials with diverse functional properties, but they suffer from poor chemical stability in ambient (humid) conditions and especially in
direct contact with liquids which limits their practical implementation. The most efficient way to protect the inherently unstable thin films
is to encapsulate them with chemically inert material layers without exposing the metal-organic material to air during the processing. Here,
we demonstrate the robust in situ encapsulation of luminescent ALD/MLD-grown Eu-organic (europium hydroxyquinoline carboxylate)
thin films with ultrathin (1-12 nm) ALD-grown Y,0; capping layers deposited under the same deposition conditions. From x-ray reflectiv-
ity analysis, the successful capping-layer formation with only a minor etching effect on the underlining Eu-organic film was confirmed
despite the use of the strongly oxidizing reactant (O3) for the ALD Y,0; process. Importantly, the film composition and luminescent prop-
erties were not compromised by the etching. The stability of the encapsulated thin films was studied in both dry and humid air, as well as
in liquid water. The results revealed that already a 3-4 nm Y,O; capping layer effectively increases the Eu-organic film stability both when
stored in open air and when exposed to liquid water. The enhanced stability in the liquid environment is, in particular, critical for the use

of Eu-organic thin films for bioimaging applications.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1116/6.0004237

I. INTRODUCTION

Metal-organic thin films are expected to have a major impact
on various technologies including sensing, energy storage, and
catalysis; " the seemingly endless collection of organic molecules
(aliphatic and aromatic alcohols, amines, carboxylic acids, thiols,
etc.) which can form continuous networks with inorganic units
(atoms or clusters) offer vast possibilities in structure, porosity, and
functional property engineering.”~> However, the major concern
regarding the metal-organic thin films—which is likely to limit
their practical implementation—is the poor chemical stability.
The organic species and especially the bonding groups between
the metal (M) and organic (R) species (e.g., R-O-M-O-R or

R-N-M-N-R) are often air-sensitive and readily cleaved in the pres-
ence of water vapor.® Hence, it is most important to develop effi-
cient industry-feasible strategies to protect these inherently
air-sensitive materials from the chemical decomposition without
compromising their functional properties. The most efficient route
would be to encapsulate the metal-organic film with a thin, chemi-
cally inert, inorganic metal oxide capping layer through an in situ
deposition process. This requires compatible processes for both the
material types.

Among various fabrication routes,” atomic/molecular layer
deposition (ALD/MLD) is a leading gas-phase and solvent-free
deposition technique of advanced metal-organic thin films.” It
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provides unique advantages such as molecular scale film thickness
control as well as excellent uniformity and conformality even on
high-aspect-ratio structures. The two deposition methods, i.e., the
already widely industry-implemented ALD technique for inor-
ganics and its newer counterpart MLD for organics, are both based
on self-terminating gas-surface reactions between sequentially
introduced vaporized precursors separated by inert gas purging.
This unique precursor feeding scheme enables the highly controlled
film growth. While the combined ALD/MLD technique is used to
obtain the functional metal-organic thin film, the ALD technique
is most attractive for the encapsulation of the metal-organic thin
film due to its superior ability to yield pinhole-free layers with
ultrathin thicknesses.” The capping layer should be sufficiently thin
not to dampen the functional properties of the metal-organic film
or the targeted device.'"” Most importantly, ALD/MLD and ALD
have similar working principles and reactor/deposition conditions
and are, thus, a prime combination for in situ deposition of metal-
organic/metal oxide dual-layer structures.''

The capping layer approach is a well-known concept to
increase the chemical stability and lifetime of organic-based thin-
film materials and devices.'”'” In particular, ALD-grown metal
oxide coatings have been frequently employed to encapsulate
organic light emitting diodes,'>'*'> organic solar cells,'*™"® and
organic field-effect transistors.'” In most of the studies, the well-
established ALD Al,O; process has been used owing to its robust-
ness and the relatively good barrier properties of ultrathin amor-
phous ALO; coatings. The AL,O; layer has been also mixed with
other oxide (i.e., ZrO, or HfO,) layers for improved stability and
gas barrier performance.””™** On the other hand, for the encapsula-
tion of metal-organic thin films grown with ALD/MLD, very
limited research has been performed. The few examples include the
encapsulation of ALD/MLD alucone (Al + diethylene glycol) thin
films with ALO;; here, the ALD coating improved the extremely
poor air-stability of the alucone films significantly.”” The ALD/MLD
and ALD techniques have also been employed for the growth of
inorganic-organic nanolaminates (e.g., Al,Oj/alucone)**  for
improved mechanical properties and device stability.””~**

Apart from the air-stability, many practical applications operate
in more severe chemical environments such as aqueous solutions.
Metal-organic thin-film materials are usually unstable in such condi-
tions which imposes restrictions for applications intended to operate
in conditions beyond open air. We recently reported an ALD/MLD
process for novel luminescent Eu-HQA (HQA: 2-hydroxyquinoline-
4-carboxylic acid) thin films that could potentially be applied for
advanced Forster resonance energy transfer (FRET) based bioimag-
ing devices owing to the appreciably wide excitation wavelength
band (up to 400 nm in the visible light region) of the HQA mole-
cule."’ However, the Eu-HQA films dissolve nearly immediately in
the fluorescent dyes employed in the imaging procedure which pre-
cludes the imaging in practice. To address this issue, we report here a
new in situ encapsulation process for Eu-HQA films. The process
consists of the ALD/MLD growth of the Eu-HQA layer from Eu
(thd); (thd =2,2,6,6-tetramethyl-3,5-heptanedione) + HQA pre-
cursors, followed by ALD growth of ultrathin (1-12nm) Y,0;
capping layer under the same deposition conditions. The thick-
ness range of the capping layer was selected based on the targeted
bioimaging application which limits the capping-layer thickness
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to ~10 nm in maximum.”’ The motivation to select Y,O5 as the
capping-layer material was threefold: (i) our interest to expand
the very limited repertoire of ALD encapsulation processes, (ii)
the excellent temperature compatibility of the two processes,
Y(thd); + O; and Eu(thd); + HQA, and (iii) the apparent ease to
dope Y,0; films with lanthanide activators for enhanced overall
luminescence output,’%‘J ! to be challenged in future studies.

The present Eu-HQA and Eu-HQA/Y,O; thin films are char-
acterized using x-ray reflectivity (XRR) which is a precise and time-
efficient technique to estimate thin films and multilayer structures
without the need for demanding and time-consuming cross-
sectional electron microscopy imaging. The capping performance of
the Y,0; layer is studied in three different chemical environments,
dry and humid air, and liquid water, using XRR and FTIR (Fourier
transform infrared spectroscopy) measurements. Most importantly,
our results demonstrate the significantly improved stability of the
Eu-HQA/Y,0; films in liquid water. In a broader scope, this study
opens new prospects for the application space of ALD/MLD-grown
metal-organic thin films by reporting an industry-relevant
one-process-step encapsulation approach to enhance the often dis-
tinguishably poor water/humidity resistance of these otherwise
extremely attractive functional thin-film materials.

Il. EXPERIMENT

A flow-type hot-wall ALD reactor (F-120 by ASM
Microchemistry Ltd.) was employed to deposit the Eu-HQA, Y,0s,
and Eu-HQA/Y,0; films. The Eu-HQA films were deposited using
in-house synthesized Eu(thd);,”> and commercial HQA (Sigma
Aldrich, 97%) precursors, with sublimation temperatures of 140
and 210 °C, respectively. For the Y,O; films, in-house synthesized
Y(thd); at sublimation temperature of 130 °C and ozone (O3), gen-
erated with Triogen Lab2b ozone generator from oxygen gas
(>99%), were used as the precursors. The metal and organic pre-
cursors were placed in open glass crucibles inside the reactor. The
reactor pressure was kept at ~4 mbar and nitrogen (N, 99.999%)
was used as the purging and carrier gas. The deposition tempera-
ture was kept at 250°C for all depositions, and the films were
deposited on ~2 x 2 cm? Si(100) substrates (Okmetic Ltd.) with a
native oxide layer.

Based on our previous report,'’ the precursor/purge lengths
for the Eu-HQA deposition were fixed as follows: 4 s Eu(thd);/6s
N, purge/4s HQA/6s N, purge. For the Y,O; deposition, the
sequence was set to 4 s Y(thd)s;/4 s N, purge/3 s O3/6s N, purge.33
The same precursor pulse and purge lengths were applied for the
dual-layer Eu-HQA/Y,0; film depositions.

Both the single and the dual-layer films were measured with
XRR (PANalytical X’Pert Pro, Cu-Ka: radiation), and the measured
XRR curves were fitted using X'Pert Reflectivity software
(PANalytical) to determine the film thickness, density, and rough-
ness values. The surface morphology of the films was studied with
atomic force microscopy (AFM; Bruker Dimension Icon AFM) on
2 x 2 um? area using ScanAsyst imaging mode, 1 Hz scan rate, and
512 x 512 pixels scan resolution. FTIR (Bruker alpha II) was used
in the transmission mode to characterize the chemical composition
of the films across the range of 400-4000 cm™'. The FTIR signal
from the Si substrate was subtracted from the sample data.
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Luminescence excitation and emission spectra were measured at
room temperature using an Edinburgh Instruments FLS1000 spec-
trometer equipped with a continuous wave 450 W Xe arc lamp and
PMT-900 photomultiplier tube. The spectra are corrected for the
sensitivity of the setup at different wavelengths.

The XRR and FTIR techniques were used to evaluate the film
stability under dry (20% relative humidity) and humid (80% rela-
tive humidity) conditions at room temperature (22 °C). To assess
the stability of the Eu-HQA/Y,05 dual-layer films in aqueous envi-
ronments, water stability tests were performed under UV-light
(A =365nm) with different Y,O; barrier layer thicknesses. A water
droplet was placed on the sample surface under the
UV-illumination, and the time for the luminescence to disappear
(film decomposition) was monitored by eye.

ARTICLE pubs.aip.org/avs/jva

Illl. RESULTS AND DISCUSSION
A. Atomic/molecular layer deposition

The binary processes for the Eu-HQA and Y,0j; single-layer
films were established on Si(100) substrates prior to the
Eu-HQA/Y,0; dual-layer depositions. The ALD/MLD process for
the Eu-HQA films was optimized in our previous report,’’ and
the same precursor pulsing and purging recipe was applied here.
However, the deposition temperature was set slightly higher
(250 °C) compared to the original report (210-240 °C) since this
was found to yield the best compatibility with the Y,O; process in
preliminary testing. The Eu-HQA process was confirmed to be
perfectly linear regarding the film thickness versus number of
ALD/MLD cycles applied at 250 °C; from the slope, the growth-
per-cycle (GPC) value was determined to be 48 A [Fig. 1(a)].
This is in line with the GPC trend previously observed for the
Eu(thd); + HQA process in the 210-240°C range, showing a
decrease of the GPC from 7.3 to 5.5 A with increasing temperature.

© Author(s) 2025

(a) 100 | i For the Y,0; ALD process, the precursor pulsing and purging
Eu-HQA scheme was also adapted from the literature.”” The obtained GPC of
Linear fit 0.19 A [Fig. 1(b)] was rather low but close to the previously reported
—~ 80} R%2=0.9999 - value (0.23 A).”” The small difference could be due to small differ-
g Slope (GPC) = 4.8 A/cycle ences in O; concentration (dose) and/or deposition temperature.
e x-intercept = 1 cycle The two binary processes were employed as such for the
@ 60 T in situ growth of the Eu-HQA/Y,05 dual-layer films on the Si(100)
£ substrates. The thickness of the Eu-HQA layer was fixed to 20 nm
S 40 J while the thickness of the Y,0; capping layer was varied between
= 0.75 and 12.0nm. Figure 2 shows the XRR patterns for the
Eu-HQA/Y,0; thin films. In XRR, the oscillation frequency E
20 E E
8
&
0 L L L L T | T 1 %
0 0 100 150 200 250 Eu-HQA (20 nm) / Y,0, (x nm) | £
Number of cycles N
(b) 10 1.7 nm Y,0;
T T T T Q \. \ ElmQA
[
Y203 u S 6.7 nm
8 Linear fit ) o
A R? = 0.9732 T
c Slope (GPC)=0.19 A ~
£ 5L > g - >
» x-intercept = 0 cycles =
[7)] [2)
: 5
g 4t 1 £
c . -
l_
2F i
| ]
1 L 1 1 A
0 1 1 1 1 0.5 1.0 1.5 2.0 25
0 100 200 300 400 500 Incident angle (0)
Number of cycles
FIG. 2. XRR patterns for the Eu-HQA/Y,O3 dual-layer thin films grown on Si
FIG. 1. Film thickness vs number of cycles for (a) Eu-HQA and (b) Y,05 thin (100) substrates. Thickness of the Eu-HQA layer is 20 nm while the Y,0O; layer
films grown on Si(100) substrates. The blue lines are the linear fittings of the varies between 0.75 and 12nm. The shown thicknesses are the aimed values
data points. for the Y,05 layers based on the GPC (0.19 A) of the Y,03 ALD process.
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Measured pattern
- - - - Fitted pattern

Eu-HQA (20 nm)

Y,0, (4 nm)

Intensity (arb. unit)

Eu-HQA (20 nm)/ Y,0, (4 nm)

0.5 1.0 1.5
Incident angle (°)

2.0

FIG. 3. Measured (black line) and fitted (red dashed line) XRR patterns for
Eu-HQA (20 nm), Y203 (4 nm), and Eu-HQA (20 nm)/Y,05 (4 nm) thin films.

depends on the layer thickness such that the higher the frequency
(i.e., the shorter the oscillation length or so-called Kiessig fringes),
the thicker the layer. The measured XRR patterns in Fig. 2 are the

ARTICLE pubs.aip.org/avs/jva

Y,0; (4nm) films and for the Eu-HQA (20 nm)/Y,0; (4 nm)
dual-layer film. For the single-layer Eu-HQA film, the fitting model
to describe the full sample was Si/SiO,/Eu-HQA. The extracted
density and root-mean-square roughness values were 2.0 g/cm® and
0.4 nm, respectively. The density of the Eu-HQA film is in the
same range as for other ALD/MLD-grown lanthanide-organic thin
films,”*”> whereas the low roughness (<1 nm) is expected from an
amorphous ALD/MLD-grown film.”*~** For the 4-nm Y,O; film,
the fitting model was Si/SiO,/Y,03, and the extracted density and
roughness were 4.4 g/cm’ and 0.7 nm, respectively. The density of
the Y,0; film is lower than the ideal density of crystalline bulk
Y,0; (5.0 g/cm3). The oxide films were x-ray amorphous and
hence the relatively low density is reasonable as an amorphous
phase typically has a lower density compared to a crystalline (close-
packed) structure. Moreover, thin films often have different densi-
ties from the bulk, especially with ultralow thicknesses due to inter-
face effects.””*’

For the Eu-HQA/Y,0; dual-layer films, the best XRR fit was
achieved with the following model: Si/SiO,/Eu-HQA/Y,0;. The
fitting results for the dual-layer films shown in Fig. 2 are listed in
Table 1. The extracted thickness values present minor deviations
compared to the single-layer films. The GPC of the Y,O; capping
layer decreases gradually with increasing Y,O5 layer thickness: the
GPC (0.34-0.28 A) is relatively high for the thinnest Y,O; layers
(I-2nm) and then decreases toward the average GPC value seen
for the Y,0; ALD process (0.19 A) for the thicker (6-9 nm) Y,O;
capping layers. Several factors such as infiltration or enhanced
nucleation may cause this trend. The gaseous Y(thd); precursor

© Author(s) 2025

sum of two different oscillation frequencies which denotes the  molecules may partially infiltrate into the low-density Eu-HQA E

dual-layer structures. The smaller Eu-HQA Kiessig fringes remain  layer which would result in gas-phase reactions, and, thus, higher %

the same for each sample which indicates the constant layer thick- growth rate, due to prolonged evacuation of the infiltrated 3

ness as designed. On the other hand, the larger Y,O; Kiessig species.“ On the other hand, the Y(thd); molecules may nucleate 2

fringes get expectedly smaller when the thickness of the Y,Oj; layer more efficiently on the Eu-HQA surface with different active sites §

is increased. Note that the Y,O3 contribution is difficult to distin- (COOH, OH, NH) compared to the Si/SiO, (with OH sites) or the ™

guish for the Eu-HQA (20 nm)/Y,O; (0.75nm) film due to the Y,0; surface.

extremely thin Y,O5 layer and, thus, broad Kiessig fringes. For the Eu-HQA layer, the thickness is around 17-18 nm for

For quantitative analyses, full fittings of the XRR patterns all samples which is slightly lower than the target thickness

were performed to properly evaluate the feasibility of the deposi- (20 nm). We attribute this to a minor etching of the Eu-HQA layer

tions and to obtain the layer thickness, density, and roughness  due to Os exposure. The etching is expected to occur only during

values. Figure 3 shows the measured (black line) and fitted XRR the initial Y(thd); + O3 ALD cycles, i.e., when the Eu-HQA layer is

patterns (red dashed line) for single-layer Eu-HQA (20 nm) and directly exposed to the O; gas. Once the Eu-HQA layer is protected

TABLE I. Layer thickness, density, and roughness values for the Eu-HQA/Y,03 dual-layer films from XRR fittings. The employed fitting model was Si/SiO,/Eu-HQA/Y,03.

Aimed thicknesses Eu-HQA + Y,03; (nm) Layer Thickness (nm) Density (g/cm3 ) Roughness (nm)

20+0.75 Y,03 14 4.0 0.6
Eu-HQA 17.4 1.9 0.5

20+1.5 Y,0, 2.3 4.1 0.6
Eu-HQA 16.8 2.0 0.6

20+2.8 Y,0; 43 41 0.5
Eu-HQA 17.9 2.1 0.6

20+6.7 Y,05 6.2 43 0.5
Eu-HQA 18.2 2.1 0.5

20+11.7 Y,0; 9.2 43 0.6
Eu-HQA 17.3 2.1 0.6

J. Vac. Sci. Technol. A 43(2) Mar/Apr 2025; doi: 10.1116/6.0004237 43, 022406-4
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by the formed Y,O; layer, additional Y(thd); + O; cycles will not
cause any further etching. Based on the constant Eu-HQA layer
thickness (within experimental accuracy) for all the dual-layer films
in Table I, we assume that a sufficient protection is achieved
already during the growth of the thinnest Y,O; capping layer
(1.4 nm) which corresponds to 40 ALD Y,O; cycles.

We verified the suspected etching effect by exposing the
Eu-HQA film to a prolonged O; vapor directly after the deposition
which resulted in essentially complete etch of the film. Seemingly,
the organic etching products were volatile as nothing was observed
(XRR or FTIR) on the fully etched Eu-HQA film. No traces of

©

)| — Eu-HQA
——Eu-HQA /Y203 (4 nm)
——Eu-HQA /Y203 (8 nm)

Aem= 614 nm

Excitation intensity (arb. unit)

325
Wavelength (nm)

400

—— Eu-HQA
—— Eu-HQA / Y203 (4 nm)
Eu-HQA / Y203 (8 nm)

G

Aexc= 255 nm

Emission intensity (arb. unit)

575 600 625 650 675 700
Wavelength (nm)

550 725

FIG. 4. (a) Excitation and (b) emission spectra of Eu-HQA single-layer and
Eu-HQA/Y,0; dual-layer films with 4 and 8 nm capping-layer thicknesses. The
thickness of the Eu-HQA layer is 50 nm for each sample.
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EuO, from the etching were observed due to the low remaining
material amount and weak IR activity of metal oxides.

Most importantly, the minor etching (~2 nm) of the Eu-HQA
layer during the Eu-HQA/Y,0; deposition does not affect notably
the functional properties of the films. Figure 4 shows both the exci-
tation and emission spectra for an Eu-HQA (50 nm) single-layer
and Eu-HQA (50 nm)/Y,0; (4 or 8 nm) dual-layer films. For all
the samples, both the excitation [Fig. 4(a)] and emission [Fig. 4(b)]
wavelengths stay characteristic for the Eu-HQA thin films with the
main red Eu®* emission peak at 615nm.'’ The decrease in the
intensities is attributed mainly to the Y,O; layer thickness since the
etched Eu-HQA layer thickness is the same irrespective of the
Y,O; layer thickness (Table I) and yet the excitation and emission
intensities clearly decrease with the increasing Y,Oj5 layer thickness.
This issue could be mitigated through different strategies. First,
Y,O; serves as an excellent host matrix for lanthanide activators
and could be doped with Eu for luminescent Eu:Y,O; layers to
enhance the overall luminescence intensity of the film.”” Second, a
three dimensional nanoplasmonic substrate can enhance the inten-
sity by orders of magnitude and, thus, alleviate the shielding effect
of the capping layer.'’ Furthermore, to avoid the etching effect of
O3, the Y(thd); precursor with a strong metal-ligand bonding and,
thus, low reactivity could be replaced with a more reactive yttrium
precursor (e.g., yttrium acetamidinates) which do not require O as
the coreactant.”

Interestingly, we noticed that the etching effect became signifi-
cant only if the Y,0; layer was not applied immediately after the
Eu-HQA deposition; we demonstrated this by applying a waiting
time of 5h between the growth of the Eu-HQA and Y,0j; layers.
Apparently, the Eu-HQA surface is passivated during the elongated
idle time in the reactor conditions (250 °C, N,, ~4 mbar) such that
it prevents the efficient Y(thd); nucleation, thus allowing the more
severe etching effect during the ozone pulse on the underlying
metal-organic film. Further studies are required to reveal the mech-
anism and rate of passivation.

The XRR-simulated density (1.9-2.1g/cm®) and roughness
(0.5-0.6 nm) values of the Eu-HQA layer in the double-layer films
are very close to the single-layer values (2.0 g/cm® and 0.4 nm). For
the Y,0; layer in the Eu-HQA/Y,O; films, the roughness values
observed (0.5-0.6 nm) are similar to the single-layer value (0.7 nm)
but the density seems to increase with the increasing Y,0; layer
thickness: for the thinnest Y,O; capping layers (<3nm), the
density is low (4 g/cm?) but reaches a value of 4.3 g/cm® for 7 nm
thick layers which is close to the pure Y,0; film value (4.4 g/cm3 ).
It seems the Y,0; film reaches the bulk-phase nature only after a
certain threshold thickness (few nm) when grown on the low-
density metal-organic layer.

Surface morphology of the films was also studied via AFM
(supplementary material). For both the Eu-HQA single-layer and
Eu-HQA/Y,0; dual-layer thin films, the obtained surface rough-
ness values were found to be in very good agreement with those
determined from the XRR data. The surface roughness increases
negligibly from 0.3 nm (single-layer Eu-HQA) to 0.5 nm (dual-layer
Eu-HQA/Y,0;) despite the etching during the Y,O; process.
Additionally, the Y,O; capping layer seems to slightly affect the
surface morphology toward more distinct particlelike surfaces com-
pared to the cap-less Eu-HQA sample.
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FIG. 5. (a) FTIR spectra and (b) XRR patterns for Eu-HQA thin films with indicated storage times in dry air (20% relative humidity at 22 °C). The inset in (a) shows the
residual plots after subtracting the as-deposited sample spectrum from the aged samples with indicated storage times.

B. Film stability

The Eu-HQA and Eu-HQA/Y,0; films were stored in both
dry and humid air to study the stability of Eu-HQA toward oxygen
and water vapor and the effect of the capping layer on the film
stability. Figure 5 shows the FTIR spectra and XRR patterns for a
cap-less Eu-HQA film stored in dry (relative humidity level 20%)
air. The as-deposited (0d storage time) FTIR spectrum is similar
to our original report'’ showing that all the reactive groups
(—COOH, —NH, —OH, =O0) of the HQA precursor have reacted
nearly completely with the Eu(thd); precursor as no IR signals can
be seen around 1700 cm™' (—COOH, =O0) or 2200-2900 cm ™
(—NH, —OH). The broad but weak signal around 2800-3700 cm™!
could be from both C—H stretching of the organics ring structures
and some nonreacted —NH and —OH groups of the HQA precur-
sor. Moreover, the characteristic signal of the thd-ligands at
2950 cm™" cannot be observed. Most notably, the Eu-HQA films
have excellent chemical stability in the dry air as no changes can be
observed for the FTIR spectra with the sample storage time up to
28 days. The inset in Fig. 5(a) shows the residual plots in the IR
fingerprint area (1300-700 cm™") after subtracting the as-deposited
sample spectrum from those of the aged samples. No changes
beyond noise can be seen even in the low-energy IR range which is
sensitive to chemical variations. The high stability is supported by
the XRR patterns which show only ~1% thickness increase (from
97.0 to 98.1nm) in nearly one month while the density (critical
angle) and the roughness (decay rate of total intensity) stay essen-
tially the same for all storage times.

In the humid atmosphere (80% relative humidity), on the
other hand, the Eu-HQA films show minor changes in the finger-
print area (<1300 cm™!) of the IR spectra, see Fig. 6(a) (inset).
Assignment of these changes is uncertain due to various overlap-
ping peaks in the low-energy region, but they seem to relate to the
cleavage of the Eu-HQA network from the Ar—O—Eu and possi-
bly N—O—Eu bonding species: the growing peak at 1260 cm™"

most likely originates from the O—H bending of the HQA precur-
sor molecule while the peaks around 1100 and 800 cm™" comprise
of the C—N stretching and N—H bending, respectively."”**
Regardless, the Eu-HQA films show significant stability even in the
humid conditions—especially compared to the most commonly
studied, so-called metalcone (e.g., alucone, zincone) films based on
aliphatic or aromatic diols as the organic component.””*
Interestingly, the present Eu-HQA films have the same M—O—R
bonding feature as in the unstable metalcones (suggesting stability
issues) but the difference is that our Eu-HQA films contain addi-
tionally carboxylate-type M—OO—R bonds which are likely to sta-
bilize the structure. The carboxylate groups are known to form very
stable metal-organic compositions.*>"” Moreover, the large and rel-
ative polarizable Eu®* ions (hard acid) bond strongly with the
small, nonpolarizable atoms like O and N (hard bases) which
should result in a stable complex.

The subtraction plots in Fig. 6(a) inset show that the rate of
the composition change decreases with increasing storage time
which indicates that a spontaneous passivation layer is formed on
the film and the minor decomposition of Eu-HQA occurs mainly
at the film surface due to the exposure to the humid air. This
assumption is supported by Fig. 6(b) where the main features (criti-
cal angle: density, oscillation frequency: film thickness) of the XRR
patterns of the 50 nm Eu-HQA film stay similar denoting that the
bulk phase of the materials does not change. On the other hand,
for the 21-day and 77-day samples, a clear dual-layer structure can
be observed which strongly indicates that a second material layer is
formed on top of the Eu-HQA film. This oxidized layer is the
decomposition product of the Eu-HQA film which is likely to act
as a passivation layer and thus protects the low-density Eu-HQA
film from further decomposition through preventing infiltration of
water Vapor.“l8

The minor decomposition in humid environment can be pre-
vented through the capping-layer approach. As seen in Fig. 6(c),
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FIG. 6. FTIR spectra and XRR patterns for (a) and (b) Eu-HQA (50 nm) film and (c) and (d) Eu-HQA (50 nm)/Y,05 (4 nm) dual-layer films with indicated storage times in
humid air (80% relative humidity at 22 °C). The insets in (a) and (c) show the residual plots after subtracting the as-deposited sample spectrum from the aged samples

with indicated storage times.

the IR spectra of the as-deposited and 77-day-old Eu-HQA/Y,0;
film are almost identical which suggests that the Eu-HQA film
composition stays intact. The subtraction plots in Fig. 6(c)
inset also show negligible changes compared to the Fig. 6(a) inset
where capping layer was not employed. However, similar to the
single-layer Eu-HQA film [Fig. 6(b)], the dual-layer film gains
another top layer during the ageing period [Fig. 6(d)]. As no
changes can be observed in the IR spectra, we assign this to a thin
H,O layer; rare-earth metal oxides, including Y,0Os, have a high
tendency for water vapor adsorption.”” We examined this assump-
tion through XRR simulations and achieved proper fitting for the
aged sample only through adding a 2.5 nm H,O layer on top of the
Y,0; capping layer (not shown).

The main drawback of the Eu-HQA thin films in applications
such as the FRET-based bioimaging involving direct contact with
aqueous solutions is the nearly immediate decomposition/dissolu-
tion of the film. Here, we investigated the stability of our

Y,0;-capped Eu-HQA films in liquid water to study whether the
encapsulation improves the film stability in a liquid solution as
well. Figure 7 shows the time for decomposition (dissolution) for
Eu-HQA (20nm) films with different Y,O; capping layer thick-
nesses. Pure Eu-HQA is instantly dissolved in water but then the
decomposition time starts to increase with increasing Y,0;
capping-layer thickness. With a 4 nm-thick Y,O; capping layer, the
dual-layer film starts to visibly dissolve only after 40 s, which is a sig-
nificant improvement in the stability. Furthermore, increasing the
Y,0; layer thickness above the 4 nm seems to greatly enhance the
encapsulation effect (Fig. 7). We tentatively assign this to a formation
of a more continuous Y,O; capping layer which would prohibit
more efficiently the penetration of H,O through the oxide layer. The
12 nm-thick Y,0; layer might be too thick, e.g., for the FRET-based
imaging since minimal distance between the active (Eu-HQA)
surface and the fluorescent solution is required for an efficient FRET
effect.”” However, applications without similar restrictions, such as
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FIG. 7. Stability of the Eu-HQA (20 nm)/Y,05 (x nm) thin films in liquid water.
The time for decomposition indicates the time when the luminescence emission
disappeared, and the film dissolved after a water droplet was placed on the
sample surface. The red line is a guide for the observed trend.

optical thermometry,” could benefit from the thicker capping layer
and, thus, higher stability as well.

We performed heating tests in air to study the feasible temperature
range which could be employed for the cap-less or capped Eu-HQA
films (supplementary material). The results show the impressive thermal
stability of the single-layer Eu-HQA film up to 340°C while an
8 nm-thick Y,03 capping could even further improve the stability. It is
interesting to note that the thermal stability of Eu-HQA is similar to
that of Fe-BDC (BDC =benzene-14-dicarboxylic acid) thin films;"®
ALD/MLD-grown materials based on carboxylic acids are typically sig-
nificantly more stable than those grown from OH- and/or NH,-based
precursors. The present precursor possesses both COOH and NH/OH
groups. Hence, it seems that just one COOH group is enough to stabilize
the material as observed also from the Eu-HQA aging tests (Fig. 5). This
conclusion is important regarding the new ALD/MLD process develop-
ment, as the acid groups—while improving the stability of the deposition
product—unfortunately decrease vapor pressure/increase sublimation
temperature (in contrary to, e.g., NH, OH, and SH groups) of organic
precursors which strongly limits the applicable deposition temperature
range in ALD/MLD. Hence, the combination of acid and secondary
reactive groups might be an effective way to balance between the film
stability and the precursor volatility.

IV. SUMMARY AND CONCLUSIONS

Here, we demonstrated the in situ Y,0; encapsulation of
the red luminescent Eu-HQA thin films fabricated via the
ALD/MLD + ALD techniques to improve the chemical stability
of the Eu-HQA films. The structure, composition, and morphology
of the dual-layer films were evaluated using the XRR technique.
Both the qualitative observations and quantitative simulations
showed the successful deposition of the Eu-HQA/Y,0; dual-layer

ARTICLE pubs.aip.org/avs/jva

films with precise control over the Y,O; capping-layer thickness.
Minor etching (~2nm) of the Eu-HQA films was observed due to
the strong oxidizing agent (ozone) employed for the Y,O; deposition
but it had no significant effect on the composition or luminescence
of the films. This illustrates that even Os can be utilized in the encap-
sulation process of metal-organic films if minor surface damage is
tolerated. If needed, the etching effect could be most likely avoided
by selecting a more reactive yttrium precursor which does not
require Oj; as the coreactant. On the other hand, the Y,O; capping-
layer decreased the luminescence emission intensity of the Eu-HQA/
Ydual-layer films. We believe this issue could be solved by Eu doping
of the capping layer to increase the total emission intensity.

The present stability studies show that the single-layer
Eu-HQA thin films are appreciably stable in dry air (20% humid-
ity) and show only minor changes in composition in humid atmo-
sphere (80% humidity) over several weeks of storage. These
chemical changes could be effectively mitigated by the Y,0;
capping layer. In liquid water, the single-layer Eu-HQA is dissolved
instantly but, most notably, already an ultrathin (3-4nm) Y,0;
capping layer significantly improved the stability. This is vital for
the Eu-HQA films for the FRET bioimaging application. Moreover,
the stability tests performed in the dry and humid atmosphere
show that even relatively stable ALD/MLD metal-organic films,
such as the present Eu-HQA films, can be sensitive to the changing
humidity level in air and would likely require encapsulation for
applications operating in ambient conditions. Thus developing
similar, robust, in situ ALD/MLD + ALD capping processes for a
broader range of materials is critical for stable device operations.

SUPPLEMENTARY MATERIAL

See the supplementary material for AFM images of the
as-deposited thin films, and FTIR spectra and pictures of the thin-
film samples heated at 80-450 °C in air.
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