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Abstract We demonstrated a new approach to the production of three-dimensional-coated patterns using
the liquid route. Metallic perovskite oxides were coated onto three-dimensional (3D) micro-structured sub-
strates with different aspect ratios. The method’s success relies on the solution viscosity being adjusted by
adding viscous liquid. The process of oxide thin films follows three stages: preparing the precursor solu-
tion, coating the solution by spin-coating process onto three-dimensional-Si substrates, and post-annealing.

Chemical solution 3D-coating is conformal.

1 Introduction

Over the last few years, miniaturized power source
development and device diversification increased the
need for three-dimensional (3D) integration. As an
example, components such as Metal/Insulator/Metal
(MIM) and Micro-Electro-Mechanical-Systems have
been developed with 3D integration to be embedded
into chips. These 3D-developed components have also
been widely developed for applications such as Dynamic
Random Access Memory [1-3] and optical or Radio-
frequency (RF) switches [4-6]. The benefits of 3D archi-
tectures are reductions in size and cost, increase in reli-
ability and energy-related performance.

Moreover, 3D structuring improves the physical prop-
erties of devices. Therefore, research in this area is
extremely active, particularly in the fields of micro-
batteries, supercapacitors, fuel cells and solar cells [7—
21]. A significant breakthrough was achieved by Golod-
nitsky [10] in the field of Li-ion microbatteries by reach-
ing a reversible capacity of 3.5 mA-h/cm?. This is about
20 to 30 times superior to the two-dimensional (2D)
thin films capacity. In the area of RF applications, the
integration of functions requires a more complex group-
ing of active and passive components.

Current deposition techniques for growing thin films
on 3D substrates are divided into two categories: phys-
ical and chemical. Physical techniques consist of Phys-
ical Vapor Deposition (PVD), vacuum evaporation,
molecular beam epitaxy and sputtering. These tech-
niques require combining (high voltage, vacuum, etc.)
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and low deposition rates (close to 10 nm - min~1).
Chemical techniques consist of electro-deposition by
electrophoresis, Chemical Vapor Deposition, plasma-
activated chemical vapor deposition, Plasma-Enhanced
Chemical Vapor Deposition and atomic layer deposition
(ALD).

When deposing complex perovskite-type oxide films
on high aspect ratio 3D structures, the conventional
liquid route becomes inefficient: the capillary process
increases proportionally with the aspect ratio, which
is defined by the etching depth divided by the trench
width. To obtain a good coating on 3D micro-structured
substrates with a high aspect ratio, the viscosity control
of deposit solution is the critical parameter.

To control the solution viscosity, concentration is the
only parameter to be adjusted. Indeed, the capillary
process follows Jurin’s law (Eq. 1):

2 0
=T, M)
rpg

where h is the liquid height, 7 is the liquid surface ten-
sion, @ is the liquid contact angle on the substrate, p is
solution density, r is the tube radius and ¢ is gravita-
tional acceleration.

The contact angle must be controlled by the solvent
choice and/or by the addition of additives allowing good
wettability with silicon (Si) substrates.

In this paper, we demonstrate how controlling the
solution viscosity before coating makes 3D conformal
liquid coating on Si substrates efficient whatever the
aspect ratio values are.

We report the preparation of LaNiOgz (LNO) films on
3D-Si substrates. The LNO component has been cho-
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sen because of its good electrical conductivity. It could
be used as bottom and top electrodes in MIM, elec-
trodes in ferroelectric devices and in integrated capaci-
tors or buffer layers [22-27]. A chemical solution deposi-
tion process has been selected to prepare the LNO thin
films. Until now, the deposition of LNO thin films pre-
pared by the chemical solution deposition process onto
3D substrates has rarely been successfully investigated.
The obtained results demonstrate that chemical solu-
tion deposition makes possible efficient coating of 3D
micro-structured substrates with high aspect ratios.

2 Materials and methods

2.1 Characterization

The solution viscosity was checked using a Brook-
field viscometer (LVD-IIT) with a cone spindle. Ther-
mogravimetric analyses (Perkin Elmer Diamond ther-
mogravimetry (7G) and differential thermal analysis
(DTA) of dried precursors were performed at a ramp
rate of 10°C-min~! from room temperature to 1000 °C,
using a-AlsOg3 as a reference. Resistivity measurements
on films were carried out using the four-probe method.

The morphology of coated films was characterized by
scanning electron microscopy (SEM). The SEM micro-
graphs were acquired on a ZEISS ULTRA Plus field
emission (FE)-SEM at a low accelerating voltage (2
5 kV) and short working distance (2-3mm) with the
InLens secondary electron detector. Structural analysis
was investigated by X-ray diffraction (XRD) (Bruker
D8 Advanced model with twin-twin type).

2.2 Methods

The method consists of simply dissolving the metallo-
organic compounds in solvents [22,23]. No hydrolysis of
precursors is observed. The species in the solution are
a simple mixture of the starting molecules. The four
steps below were followed:

1. Precursors are dissolved in a suitable solvent and
mixed in stoichiometric proportions.

2. The obtained solution is coated on a substrate by
spin-coating.

3. To remove the solvent and produce an inorganic
film, thermal processing is applied to the as-
deposited film.

4. The samples are annealed up to the oxide crystal-
lization temperature.

Precursors are tetra-hydrated lanthanum nitrate (Sigma
Aldrich, La(NO3)s3, 6H20, 99.9% ) and nickel acetate
(Sigma Aldrich, Ni(OOCCH3)2, 4 Hy0, 99.9%), the
solvent is 2-methoxyethanol (Sigma Aldrich,C3HgOa,
99.9%). Glycerol (Sigma Aldrich, 99-101 % purity) and
poly(ethylene glycol) (PEG) —10,000 (Sigma Aldrich)
are added to the LNO solution to adjust the viscosity.
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Fig. 1 Cross-sectional SEM micrograph of typical trench
profiles obtained in silicon cryoetching (cf. Dussart 2014)

The prepared concentrations without PEG and glycerol
are 0.15M, 0.3 M and 0.5 M. The solvent choice is essen-
tial to obtain a dense thin film. The 2-methoxyethanol
solvent has been selected for two reasons. The first is
the presence of glycol groups that allow a strong affinity
with metal atoms of tetra-hydrated lanthanum nitrate
and nickel acetate, so that a good combination with
La?T and Ni*" atoms is obtained. As a result, no precip-
itation is observed during solvent evaporation. The sec-
ond reason is the high wettability of 2-methoxyethanol
on (Si) substrates.

To synthesize the precursor solution, the lanthanum
nitrate is dissolved in the solvent, preheated at 100°C
to evaporate residual water, under constant stirring.
When maintaining heating at 80-90°C, the solution
becomes clear. An equimolar amount of nickel acetate
is then added. After 30min of stirring, the solution
becomes homogeneous. The viscosity values increase
with concentration. These are 2.8 mPa.s, 4.41 mPa.s
and 9.8 mPa.s, respectively.

The solutions with added PEG or glycerol have a
mass ratio (MrNOsolution/Madjuvant) that varies from 1
to 4. The respective viscosity values are then close to
40 mPa-s ~ 85 mPa-s.

The same procedure has been used by Vincent et al.
for precursor solution preparation with polyester addi-
tion without PEG or glycerol [28]. For adjusting the
viscosity, Gabard et al. have add to Si nanoparticles
the same polymer [29].

2.3 Substrate preparation

To achieve high aspect ratio structures on Si (110) sub-
strates, standard cryogenic etching [30] or STiGer [31]
are used. The latter is a time-multiplexed cryogenic
etching method using SFg or SFg/O2 plasmas. This
technique combines advantages of both the Bosch and
standard cryogenic processes. Trenches and vias with
different aspect ratios are thus obtained. SEM pictures
of typical high-aspect-ratio trenches produced through
the standard cryogenic etching are shown in Fig. 1.
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Cleaning the Si substrate before a coating is per-
formed in two steps:

1. removal of chemical residues through immersion in
40% wt. HF solution

2. Radio Corporation of America (RCA) method [33];
The Si substrates are immersed for 10 min in a mix-
ture in a mixture of HoO, HoO5 and NH4,OH with
a volumetric ratio of 5:1:1 and heated at about
75—80°C.

2.4 Coating process

The coatings on clean Si substrates are performed using
spin-coating with a ramp rate of 2000 rpm/s and a spin
speed of 3000 rpm for 30s at ambient temperature in
air. 150 pL of solution are deposited on etched Si sub-
strates.

After the coating, all samples obtained are heated
in air at precisely defined temperatures following three
steps:

1. Drying at 175°C on a hot plate for 2min to allow
solvent evaporation.

2. Pyrolyzing at 375°C on a hot plate for 3min to
remove the metal-organic matrix.

3. Calcination of films inserted directly into a furnace
preheated at 700 °C with a dwell time of 20 min to
crystallize and densify the films, i.e. rapid thermal
annealing (RTA) process.

For determining the required temperature values, the
thermal behaviors of solutions have been studied.
In Fig.2, the evolution of percentage weight loss
with temperature is shown for glycerol, PEG and
LaNiOjgsolutions. The data indicate that the glycerol
and PEG have decomposition temperatures close to
180°C and 250°C, respectively, while the
2-methoxyethanol is decomposed above 200°C. LNO
crystallization temperature is about 650 °C. In the third
heating step, thermal process is called RTA although it
is not a “true” RTA where the ramp temperature can
be close to 100°C/s.
Two major benefits of the RTA operation are:

1. limitation of the diffusion phenomena to the inter-
face
2. film densification without cracks.

The complete process must be repeated as many times
as the desired number of layers.
3 Results and discussion

Three methods have been used to coat a 3D-substrate
with a LaNiOg thin film. We report here the results for
each of them.
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3.1 Coating with non-modified LaNiO3 chemical
solution

A stable precursor chemical solution of LaNiOg was first
prepared and used for coating according to previously
reported chemical solution deposition processes. A sin-
gle coated layer was deposited, the solution viscosity
being about 9.8 mPa.s and with a 0.5 M LNO concen-
tration. The cross-sectional SEM micrograph of LNO
film on Si substrate is shown in Fig.3. The LNO layer
is dense, but many cracks are observed. Film thickness
varies from the bottom to the top of the trench. Non-
covered parts, accumulations of products and filament
formation in the trenches are observed. These defects
were systematically observed for a coated-solution vis-
cosity value below 10 mPa.s., no matter what the pre-
cursor concentrations were.

As described by Seemann et al. the wetting of micro-
structured surfaces depends on many factors [33]. From
this work, a global morphology diagram is derived (see
Fig.4). For high aspect ratios, as in our case, the system
corresponds to the filament regime (F-) with a negative
Laplace pressure. The cross-sectional SEM micrograph
for a coating with a 0.15M LNO solution with high
aspect ratios (8) is shown in Fig.4c. The filaments are
well visible. The higher the aspect ratios are, the more
complex uniform trench coating becomes. As stated by
[31], a homogeneous coating is impossible on geometries
showing breaks of angles. As indicated before, the cap-
illary force follows Jurin’s law. The solution viscosity is
one of the parameters that can be modified to reduce
the capillary force and therefore obtain uniform coating
in trenches. Consequently, the solution viscosity must
be increased. As a consequence, PEG and glycerol have
been added to the LNO solution, with good wettability
of the chemical solution on the Si substrate for LNO
film coating.

3.2 Coating modified LaNiO3 chemical solution

Consequently, new stable precursor chemical solutions
of LaNiO3 have been prepared as previously described
with the addition of glycerol or PEG to obtain viscosity
values between 40 and 70 mPa.s. Figure5 shows the
cross-sectional SEM micrograph for one deposited layer
with a 0.3 M (LNO+ PEG) solution concentration. The
aspect ratio is 8 and the viscosity value 40 mPa.s.

Cracks are observed in the trench bottom and the
trench walls are non-uniformly covered with the forma-
tion of filaments. The middle trench walls are generally
not covered by oxide material. Whatever the concentra-
tion value and the mass ratio (Mr.NOsolution/Madjuvant)
are, the same results are observed when the viscosity
value is down to 70 mPa.s. Our results confirm the mor-
phology diagram published by Seemann et al. [33] and
reported in Fig. 4.
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Fig. 2 Thermal analysis of LaNiO3 solution, glycerol and PEG. Tcpno: crystallization temperature of LNO

Fig. 3 Cross-sectional
SEM micrograph of a
LaNiOg coating in trench
with a 0.5 M

, Filaments
formation of
LaNiO3

Solution
accumulation
and fissuration
in trench
bottom

3.3 Coating modified LaNiO3 chemical solution
with viscosity values above 70 mPa - s

The solution viscosity can be increased by modifying
the mass ratio between LNO solution and adjuvant.
A new stable and homogeneous mixture with 1 mL of
0.6 M LNO and 1mL of PEG has been prepared. Vis-
cosity value is close to 85 mPa.s. A single layer has
been coated on trenched Si substrate with an aspect
ratio close to 3. The cross-sectional SEM micrographs

@ Springer
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are displayed in Fig.6. No cracks or filaments, as pre-
dicted by Wi et al. [23], were observed and the LNO
material was dense. The bottom trench was well cov-
ered, with a LNO thickness close to 45 nm. The coating
is homogeneous with precipitation in the trenches. By
comparison, the LNO thickness on a 2D surface is close
to 31 nm with the same LNO solution concentration as
used for 3D substrates.

The layer thickness is controlled by the LNO solu-
tion concentration, independently of glycerol or PEG
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Fig. 4 Morphology 100
diagram as a function of
groove aspect ratio X (a)
and material contact angle
6 (b), reproduced with
permission from Seemann
[33]. Key: =/- = Laplace
pressure, F=Filament,
cw=corner wedges, D =
droplet, pw=pinned
wedges. Cross-sectional
SEM micrograph for a
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contact angle 6 [deg]

X«0.35,6~35
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Fig. 5 Cross-sectional SEM micrograph of (0.3M LNO
solution + PEG ) coating with a viscosity value of 40 mPa.s

addition. Electrical resistivity of 3D LNO film is about
2.4 mQ.cm?, a value close to those measured for the
2D LNO thin films. XRD pattern (see Fig. 7) shows
that LNO thin films exhibited a single perovskite cubic
phase with preferred-(1 1 0) orientation. This orien-
tation was kept layer by layer if each deposited layer
remained thicker than 100 nm [34]. The addition of
PEG did not affect the oriented LNO growth.

To wvalidate this process, multi-layers coating has
been experimented. A mixture was prepared with a
0.3M LNO solution and PEG with a mass ratio close to
1. The solution viscosity was about 80-85 mPa.s. The
SEM results of three layers coated on a Si substrate
with an aspect ratio about 10 are shown in Fig. 8.

The coating is uniform, and no cracks are observed.
However, many defects can be noted: they do not relate
to the coating process. As it happens, when cutting Si
substrate, some ceramic piece residues have fallen into
the trenches. Figure8 shows that successive LNO lay-
ers with no defects can be obtained when the viscosity
value is about 80-85 mPa.s.

Another solution mix was studied: 1mL of 0.6 M
LNO solution mixed with 1mL of glycerol. The vis-
cosity was close to 80 mPa.s. After homogenization of
the mixture, the system was deposited as a single layer
on substrates with an aspect ratio of about 3. Figure9
shows the cross-sectional SEM micrographs. The thin
films are porous due to the decomposition of glycerol.
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Fig. 6 Cross-sectional SEM micrograph obtained from a layer of a (1mL PEG +1mL 0.6 M LNO) solution. The aspect

ratio is 3
Fig. 7 DRX on LNO 2000 -
films grown following a
preferred orientation along 1800 -
110
(110) 1600 -
1400 -
Fry
G 1200 -
c
2
£ 1000 -
z
1
£ 800 -
2
©
600 -
400 -
200 -
(100) no
0
20 25

Consequently, the electrical conductivity could not be
measured. The 3D-substrate is covered with the LNO
ceramic with a thickness close to 200 nm. Edges are
well covered too, with regular thickness. The bottom
trenches exhibit an irregular surface but are also well
covered. In conclusion, the covering is uniform.
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Table 1 synthesizes the results obtained when chang-
ing the various parameters: adjuvant used, viscosity
level, aspect ratio, number of coated layers.
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Fig. 8 Cross-sectional
SEM micrograph obtained
from 3 layers of a 0.3 M
(PEG + LNO) solution
heating at 700 °C. The Si
aspect ratio is 10

Fig. 9 Cross-sectional
SEM micrographs obtained
with a (Glycerol+LNO)
mixture for a single
deposited layer. a Image
on the edge of the trench,
b image of the layer on the
surface, ¢ image in the
trench bottom

(@)

(b)
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Table 1 Coating quality as a function of different parameters

Eur. Phys. J. Spec. Top. (2022) 231:4245-4253

Solution concentration — Adjuvant used  Viscosity — Aspect ratio Layers number Coating quality — Figure number
0,5 None 9,8 9 1 None 3
0,15 None 2.8 8 1 None 4
0,3 PEG 39 8 1 None 5
0,6 PEG 85 3 1 Good 6
0,3 PEG 85 10 3 Good 8
0,6 Glycerol 80 3 1 Good 9

4 Conclusions

In this work, we demonstrate that coating 3D micro-
structured substrates with chemical solutions is possi-
ble without going through expensive techniques such as
PVD or CVD for example. A control of the solution vis-
cosity is necessary for obtaining a homogeneous solution
and a good wettability of the solution on a Si substrate.
Table 1 synthesizes the results obtained when tweaking
the various parameters: adjuvant used, viscosity level,
aspect ratio, number of layers.

Our experimental results demonstrate that solution
viscosity control is the essential parameter to obtain
uniform coating on 3D micro-structured substrates with
various aspect ratios.

Moreover, our experiments highlight a new coating
method for complex oxides deposited on 3D-structured
substrates. Our process is less complex and less expen-
sive than the physical (PVD) and chemical (ALD) ones.
Indeed, it combines chemical solution synthesis with
spin-coating deposition. It exhibits the following advan-
tages: high solution stability, good wettability on Si
substrates, simplicity, speed and low cost. This process
also does not require high vacuum or high-temperature
levels.

The key success factors of this process are:

1. a solution viscosity value equal to or greater than
80 mPa.s

2. heating of the substrates up to 350°C without
degradation

3. a large choice of materials:

— for 3D structured substrates: Ceramics (AlyOs,
Yttria-stabilized zirconia, etc.), metals (Ni, Fe,
ete.), semiconductors (Si, etc.), glass (silica), or
mixtures (ceramics, composites, etc.), solar cells.

— for deposited oxides: TiO2, V205, RuOs, CoOs,
NiO, ZnO, CeO,, ABOj3 perovskite, A,BOy4
double-perovskite, etc.

This new coating method opens a new perspective in
3D integrated devices as biomedical implants, sensors
or integrated circuits and small size integrated bat-
teries. By enlarging the specific surface, 3D-integrated
devices offer high-level physical properties compared
to 2D-integrated devices. The advantages of the devel-
oped process are simplicity, speed, low cost, air pres-
sure. High pressure and temperature levels are not

@ Springer

required in comparison with the classical coating thin
films methods.
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