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Unraveling the Highly Plastic Behavior of ALD-Aluminum
Oxide Encapsulations by Small-Scale Tensile Testing

Lilian M. Vogl,* Peter Schweizer, Andrew M. Minor, Johann Michler, and Ivo Utke

We present a study directly measuring the electron-beam-induced plasticity

of amorphous Al,0; coatings. Core-shell nanostructures are employed as
small-scale model systems for two-dimensional coatings made by atomic layer
deposition (ALD). Copper nanowires (NWs) are used as substrates for ALD
deposition, representing a model system for interconnects commonly found in
integrated circuits. Experiments are performed in situ in a transmission electron
microscope (TEM) and further analyzed with electron energy loss spectroscopy
(EELS). Our in situ TEM tensile experiments reveal the highly plastic behavior of
the ALD shell, which withstands a maximum strain of 188%. Comparable
samples under beam-off conditions show a brittle fracture, which underlines the
effect of electron irradiation. The electron-beam-activated bond switching within
the amorphous network enables compensation of the applied tensile strain,
leading to viscous flow. By incorporating an intermediate nanocrystalline layer
within the Al,O; shell, the plasticity is suppressed and brittle fracture occurs. This
work directly demonstrates the tuning of mechanical properties in amorphous

ALD structures through electron irradiation.

1. Introduction

The deposition of thin films is a common strategy to protect a
material against degradation”! and to further enhance the
mechanical stability.®) Depending on the surface characteristic
to be improved and the application, such coatings can be made
of ceramics,””! metals/alloys,” or metal oxides.”) In the past,
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great progress has been made to improve
the reliability of micro-electromechanical
systems (MEMS) by depositing a thin metal
oxide film via atomic layer deposition
(ALD)."'% Aluminum oxide represents a
standard material for ALD deposition,
and the process based on the precursor
gases, water, and trimethylaluminium
has been studied extensively.™"! Without
post annealing at high temperatures
>900 °C,1213 the as-deposited ALD-AL,03
films are amorphous. The insulating
naturel™ and the precise nanometer-level
thickness control of ALD-Al,O; make it
an ideal choice as a dielectric material
and protective coating, particularly on
small scales. To further push the develop-
ment of efficient coatings, it is crucial to
characterize the coating material in more
detail. Several studies have analyzed the
mechanical properties of metal oxide
films.!">~*® However, the sample prepara-
tion is time-consuming, and underlying substrates!’® can
crucially affect the measurement. In addition, conventional
strategies to strengthen the material, like work hardening!*”’
or grain boundary strengthening,'*" cannot be applied for
standard ALD-Al, O3, as amorphous structures have no long-
range periodicity. Therefore, alternative methods to tailor the
mechanical properties of amorphous ALD coatings are
required. For silica glass, high-energy irradiation”*** has
been reported to activate an atomic-scale rearrangement
mechanism. The influence of electron irradiation on the
deformation behavior of nanoscale silica glass has already
been analyzed by insitu transmission electron microscopy
(TEM).[25:26]

In this study, we will demonstrate and analyze the electron-
beam-induced plasticity of amorphous ALD-AL,O; coatings.
Core—shell nanostructures are used as equivalent small-scale
model systems for two-dimensional coatings. The electron
microscopy study includes insitu tensile testing inside the
TEM as well as the analysis of samples strained under
beam-off conditions, demonstrating the need of the electron
beam to enable the brittle-to-ductile transition. The induced
plasticity of the amorphous ALD-AL;O; can be suppressed
by bringing in intermediate layers of nanocrystalline
ALD-ZnO, which shifts the failure toward brittle cracking
along grain boundaries. Complementary electron energy loss
spectroscopy (EELS) is utilized to analyze changes occurring
within the amorphous network as a result of electron beam
exposure.

© 2024 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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2. Small-Scale Model System for ALD Coatings

For our TEM study, we created core—shell nanostructures that
represent small-scale model systems for ALD encapsulations.
Copper nanowires (NWs) act as core materials that are produced
by an established routine using a sputtering procedure at
elevated temperatures.””) Such metallic NWs are known for their
high aspect ratio and their high quality.[*®*"!

The NWs emerge from a substrate piece and are subsequently
coated via ALD. We use the established process for ALD-Al,O3
coatings®>”! based on the two precursors water and TMA. For
ZnO deposition, we use water in combination with the precursor
diethyl zinc.®Y Figure 1 gives an overview of the tested sample
systems. The core—shell samples (Figure 1a—c) are Cu NWs with
thicknesses between 20 and 100nm, which are conformally
coated with Al,O3. The ALD-Al,O; layer is amorphous for all dif-
ferent layer thicknesses and has a dense and compact appearance
without the presence of pores or inclusions. For the ex situ study
under the beam-off condition, we varied the shell thickness
between 5 and 150 nm. The in situ straining was performed with
a67.9 £ 2.4 nm Al,0; layer. Figure 1b shows the energy-dispersive
X-ray spectroscopy (EDX) mapping of a representative core—shell
sample in TEM, and Figure 1c shows the corresponding line scan
illustrating the core—shell structure. The nanolaminate samples
(Figure 1d,e) consist of alternating ALD layers of ALO; and
ZnO on Cu NWs. The total shell thickness is 83.2 &+ 1.4 nm with
five layers of ALO; (12.1+0.7nm) and four layers of ZnO
(6.9 £ 0.6 nm), starting and ending with Al,O3. The lower thickness
of the ZnO layer results from the etching of the Zn by TMA during
the AL,Oj; cycle, which reduces the initial growth rate of the ALD-
Zn0.P? Figure 1d shows an EDX mapping of a representative
nanolaminate sample with the Al, Zn, and Cu signals. The corre-
sponding line scan across the sample is shown in Figure le. We
used the same sample batch for insitu and exsitu testing.

3. Results

3.1. Tensile Testing

With an insitu straining holder for the TEM, we applied a
mechanical stimulus to observe the response of the material
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directly (see also description in Section 6 and Figure S1 and
S2, Supporting Information). Figure 2a shows a core—shell
NW for in situ testing before applying tensile strain. An interme-
diate overview image of the strained sample is shown in
Figure 2b. Figure 2e shows the fractured sample after testing.
During straining, we observed localized necking at the metallic
core (at 2.8% strain) while the ALD shell was still intact, see
corresponding image sequence in Figure 2d. The copper NW
deforms plastically, which leads to ductile fracture at 8.2% strain.
The surrounding shell did not visibly deform, and we do not
observe cracking although the core is already completely frac-
tured, see Figure 2c. After the failure of the core, we proceeded
with loading to observe the fracture of the shell. Figure 2g shows
a close-up image sequence of the in situ testing, demonstrating
the rubber-like extension of the ALD shell. The two broken ends of
the NW are more and more separated during straining, and a sec-
ond localized necking spot is introduced (highlighted with the
white arrow in Figure 2g). The shell, however, resists the mechan-
ical load and deforms under plastic flow. Figure 2f shows one end
of the completely failed core-shell structure after 188% strain.
We focused on elucidating the potential effect of the electron
beam on the deformation by performing additional ex situ experi-
ments. Figure 3 represents a comprehensive overview of the
results from these tests. We compared the tensile behavior under
beam-on and beam-off conditions. The difference in mechanical
deformation is significant for the core-shell samples. Without
the electron irradiation, the Al,O; shell behaves as expected with
a brittle fracture, exemplarily displayed in Figure 3a. Such a brit-
tle fracture is generally characterized by a rapid material failure
in which no apparent plastic deformation has occurred prior to
that. The cracking is initialized starting from the coating and
propagates straight until the crack reaches the metallic core.
The in situ test indicates a different fracture behavior compared
to the ex situ core—shell samples (see Figure 3b). The reason for
the changing mechanical deformation from brittle cracking to a
viscoplastic flow of the shell can be explained by the electron
beam illumination during testing, which will be discussed later.
We analyzed the nanolaminate samples to see the effect of
intermediated crystalline ALD layers and the resulting laminated
structure on the mechanical behavior. Figure 3 shows the results
of the insitu straining test inside the TEM of a nanolaminate
sample (Figure 3d) and an exemplary image of a sample that
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Figure 1. Overview of the sample systems. a) Example STEM image of a core-shell sample: Cu NW coated with a layer of Al,O;. b) STEM image and
corresponding EDX mapping (Al and Cu signals). c) The line scan across the NW is shown in (c). d) Nanolaminate samples, consisting of alternating ALD
layers of Al,O3 and ZnO on Cu NWs. Example STEM image and corresponding EDX mapping (Al, Cu, and Zn signals). €) The line scan across the NW is
shown in (e).
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Figure 2. In situ mechanical testing of core-shell samples in TEM. Cu NWs coated with Al,Oj. a) Initial conditions before straining. b) Intermediate state.
c) Close-up of the failure point. The shell is still intact, the core is already fractured. d) Image sequence from the in situ testing. Plastic deformation of the
NW starts at 2.8% strain. e) Final state after testing. f) Close-up of the fractured sample. g) Image sequence from the in situ testing. Failure of the ALD
shell after applying 188% strain. The white arrow marks the location of the second necking spot. h) Applied strain during tensile testing. First segment

with a strain rate of 0.0003 nm s~ and second segment with 0.0005 nm s~

. An intermediate holding segment was used to readjust the field of view and

to take images. See also the supporting in situ video and Figure S1, Supporting Information.
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Figure 3. Comparison of core—shell and nanolaminate samples under beam-off (representative STEM image of ex situ tested samples) and beam-on
conditions (STEM image of insitu tested samples). a) Brittle fracture of the Al,O5 shell. b) Plastic flow of the Al,O5 shell. c) Brittle fracture of the
nanolaminate (beam-off). d) Brittle fracture of the nanolaminate (beam-on).

was not exposed to the electron beam during mechanical loading
(Figure 3c). Interestingly, the nanolaminate did not show a plas-
tic behavior under beam-on condition and showed the same brit-
tle behavior which we have observed without electron beam
illumination. During the insitu tensile experiment, we see an
abrupt brittle cracking, which leads to the complete failure of
the sample. The crack propagated straight through the coating,
and no significant crack deflection due to the laminated structure
or delamination has occurred. In contrast, the NW core deforms
plastically. Figure 3d shows exemplarily the difference in the
deformation behavior of the metal NW and the nanolaminated
coating. The failure of the NW occurs by necking up to a com-
plete narrowing and ending up in ductile fracture. After the fail-
ure of the metallic core, the cracking process continues through
the coating, initiating complete failure of the nanolaminate.

Adv. Eng. Mater. 2024, 2302220 2302220 (3 of 7)

Due to the ALD process parameters, the Al,O5 layer is amor-
phous, and the ZnO layer is polycrystalline with grain sizes in the
range of 2—6 nm. The crack is initialized during uniaxial strain-
ing on the surface of the top Al,O; layer and propagates
through the amorphous material. Reaching the ZnO layer, the
crack propagates along the grain boundaries. A long-range
crack deflection within the layer has not been observed and
the crack passes almost undeflected through the layer. After
the brittle fracture of the coating, the crack reaches the metallic
core, which deforms plastically via necking. The nanolaminate
sample completely fails after straining to only 6%. The coating
preserves the metallic core under mechanical load until the crack
passes the coating. We do not observe complete delamination
at the metal-ALD interface, which indicates a good adhesion
of the first Al,O; layer.

© 2024 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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3.2. EELS Measurements

To characterize the ALD layer and the effect of electron beam
irradiation in more detail, we use scanning transmission electron
microscopy (STEM)-EELS and characteristic edge fine structure
analysis. The shape of the Al L, ; edge depends on the Al coor-
dination and can be used as a fingerprint to distinguish between
the crystalline and amorphous phases.**! Figure 4a compares
tabulated datal®* for a-Al,05 (pink line) and y-Al,O; (green line)
with our acquired data for the ALD-Al,O5 shell. Both crystalline
phases show a pronounced maximum at 84 Ev, indicating a
medium-range crystalline structure,*® which is not formed to
that extent in the ALD-Al,Os. The a-Al,03 shows a pronounced
peak at 79 eV followed by a less intense peak at 80 eV, which
identifies the octahedrally coordinated Al atoms.*®! In contrast
to the a-phase, y-Al,03; has two configurations, tetrahedrally
and octahedrally coordinated Al atoms, resulting in two peaks
at78 and 79.5 eV.”*¥ The ALD- Al,O; shows a broad maximum
centered around 77 eV followed by an intensity peak at 80 eV.
Consequently, the spectrum contains signatures of tetrahedrally
and octahedrally coordinated Al atoms; however, the altered
shape and shift of the onset indicate the presence of distorted
bonds.?” Indeed, the ALD-Al,O; is amorphous, and during
the TEM experiment, no crystallization has been induced.
Figure 4b shows the oxygen K-edge of the ALD-Al,0;. The
EELS scans have been acquired with different dose rates, to
see any effects induced by electron beam irradiation. The oxygen
near-edge structure is sensitive to changes within the local
bonding environment of Al atoms and gives us insights into
the electron-beam-induced mechanism within the amorphous
network. All spectra show a broad maximum centered around
540 eV. We increased the electron dose rate from 45 e™/A%s
(Scan 2: blue line) to 68 e /A% to evaluate any beam-induced
changes of the oxygen peak. However, even after the scan with
the highest dose rate (Scan 4: cyan line), we still do not observe
changes within the spectra. To evaluate the effect of illumination
similar to the insitu tensile experiment, we perform an addi-
tional scan (Scan 5: red line) of the scan area of Scan 4, after
illuminating the whole sample for 12 min. However, the addi-
tional dose history does not induce any changes in the shape
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or in the peak position of the oxygen edge. Together with the
Al edge shown in Figure 4a, this suggests that the bond character
within the amorphous lattice did not change during the electron
beam illumination.

To test the threshold for electron beam damage,[4°] we
increased the dose significantly, which is displayed in
Figure 4c. For the heavily irradiated ALD-Al,O3 (dose rate of
the EELS scan: 330 e~ /A%, total dose: 5.4-10* e7/A?), the peak
position is more pronounced at 544 eV and a second sharp peak
at 532 eV appears, which suggests an atomic rearrangement"
and the presence of a high density of molecular oxygen.**
This phenomenon is known from electron-beam-induced
hole drilling in amorphous Al,05* and can be explained by
knock-on damage. The threshold displacement energy of oxygen
in AL,O; is 28 eV and that of aluminum is 25 eV.*¥ At an elec-
tron energy of 200 keV, the maximum transferrable energy to the
respective atoms is 32 eV for oxygen and 19 eV for aluminum."**
This means that oxygen atoms can be knocked out of their posi-
tion in the material during irradiation. If the dose rate is high
enough, knocked-out oxygen atoms can bond and form molecu-
lar oxygen. However, at lower dose rates, no molecular oxygen is
detected, hinting at a rebinding to the network of knocked-out
atoms. In our insitu experiment, the electron irradiation was
significantly lower (2.71e7 /A%, total dose: 8.1-0°e™/A?) than
during the EELS acquisition, excluding the formation of
molecular oxygen.

4. Discussion

In our experiments, we see an amorphous Al,0; shell deforming
plastically during in situ tensile straining in the TEM, displayed
in Figure 2. The Al,O; remains amorphous, and we did not see
any crystallites forming within the shell. However, we did not
observe plasticity in samples, which have not been irradiated,
see Figure 3. These examined beam-off samples have Al,0s
shells in the range of 5-150 nm thickness, all of which show
the same behavior. Therefore, we can exclude plasticity arising
from a size effect.*>*?! Together with the EELS measurements,
this indicates that the plastic behavior of the ALD-AlLO; is

0 K-edge

o
Scan 5: 68 e/M's
12 min illumination -

(ne) Ausuay)
Intensity (a.v.)

e irradiated ALD-Al,0;

Scan 2:45 e/ Ks
330e/ks |

580 600 620 530 540 550 560 570
e¥ eV

Figure 4. EELS analysis to evaluate any changes induced by the electron beam. a) Aluminum L, ;-edge: Comparison of tabulated spectral®* for the a- and
y-Al,05 phase with our samples. Our experimental data (Scan 1: 25 e~ /A%s) are in accordance with amorphous Al,O;. b) Oxygen K-edge with a maximum
centered around 540 eV: Comparison of different electron dose rates during the EELS scan. The scan areas are indicated in the STEM image of the core—
shell sample. c¢) Demonstration of electron beam damage induced by a high dose rate of 330 e /A%s. A second peak at 532 eV appears.
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induced by atomic rearrangement within the lattice provoked by
the electron beam. In the following, we will discuss important
considerations, which lead us to the conclusion of the bond
switch mechanism.

Amorphous Al,Os3 is approximately 30% less dense compared
to their crystalline phases, which already indicates that the
amorphous structure is more defective.*”) Nevertheless, for
amorphous Al,O3, short-range ordering of the oxygen ligands
around the central Al atoms within a distorted matrix is
reported,***¥! which is in agreement to the EELS spectra of
the Al L, ;-edge showing signatures of tetrahedrally and octahe-
drally coordinated Al atoms. Figure 5a shows schematically an
amorphous ALD-Al,O; film, with the local ordering of tetrahe-
drally and octahedrally coordinated Al atoms. The electron beam
has several effects on the material, namely ionization, knock-on,
and local heating. Local heating can generally be neglected for the
parameters used in this study.*! Ionization, on the other hand,
can lead to bond cleavage (Al-O bond energy: 5.2 eVP%) and
therefore dangling bonds within the material.* In particular,
thermodynamically less stable bonds (e.g. 3- and 5-coordinated
Al atoms) are broken, and a spontaneous rearrangement with
other bonding partners can occur. Finally, knock-on damage
can lead to the formation of oxygen vacancies and interstitials.
Atoms adjacent to these defects may form new bonds, leading
to a reconfiguration of the local network. Figure 5b shows sche-
matically the changing ALD structure under electron beam irra-
diation. The combination of bond breakage and connecting to
new bonding partners enables the amorphous structure to align
in the loading direction and compensate for the applied strain.

Our EELS measurements have been performed with different
electron dose rates, and no electron beam-induced damage has
been observed for low and medium dose rates. Electron beam
damage can be detected by morphological changes of the ALD
film, e.g., hole drilling,*" and by the EELS spectra that show
a distinct maximum at 532 eV, indicating the formation of molec-
ular oxygen.**! With our measurements, we tested the threshold
of the irradiation dose for beam damage in our system, displayed
in Figure 4c. For the observed plastic flow, we are well-below this
critical damage value. Therefore, we conclude that the electron
beam activates bond switching within the amorphous network

(a)

Amorphous network

www.aem-]ournal.com

to compensate for the applied strain and induce the high
plasticity.

Comparable behavior to what we have shown in our in situ
TEM experiments has been reported previously. For example,
Frankberg et al.P! reported a highly ductile behavior for
amorphous Al,O; produced by pulsed laser deposition. They
performed in situ TEM tensile tests of thin film samples using
push-to-pull devices and used atomistic simulations to determine
the effect of the strain rate. After carefully considering potential
issues affecting the material response, they ruled out electron-
beam-induced effects. Nevertheless, their explanation for the
high ductility is based on bond switch activities within the dense
and flaw-free amorphous network.”"! In contrast, in our study,
we clearly see the impact of the electron beam, which induces
a transition from brittle to ductile behavior. The reason for
the discrepancy might be the nature of the AlLOs;, as
Frankberg et al. used a “flaw-free” glass structure. It is known
that layers deposited by ALD contain traces of hydrogen.*%>?
We estimate that at our deposition temperature of 120 °C, we
have up to 6%-8% hydrogen in the film and <1% of carbon.****
While the overall nature of the film is that of aluminum oxide,
the residual hydrogen may still affect the mechanical properties.
A higher hydrogen content is reported to lead to a slightly lower
Young’s modulus and hardness.”* However, the deformation
mode does not change with the hydrogen content. During
electron beam irradiation, hydrogen is quickly lost. This effect
leads to a densification of the Al,O5 shell, which we observe
in our samples (see Figure S2, Supporting Information). After
this densification, no further structural changes are observed.
We therefore believe that hydrogen incorporated in the layers
does not significantly change the response of the material during
in situ testing.

The thin film preparation reported by Frankberg et al. via
focused ion beam (FIB) for tensile testing indicates a consistent
electron beam illumination during sample alignment by scan-
ning electron microscopy. Such details of the sample preparation
have a significant impact on the mechanical behavior of glassy
structures.l*® The advantage of our study is the use of dedicated
small-scale model systems, making the need for extensive
sample preparation unnecessary.

(b)

{ Straining )
®

Figure 5. Schematic illustration of the ALD layer and the effect of the electron beam on the amorphous network structure. a) The ALD-Al,O; has an
amorphous matrix with 4- and 6-coordinated Al atoms. The pink symbols indicate the changing bonds caused by electron beam illumination. b) Bond
switch mechanism induced by electron beam irradiation during tensile testing.
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Regarding the behavior of the nanolaminates, any electron
beam-induced plasticity is not enough to compensate for the
inherent brittleness of the nanolaminated structures. The inter-
mediate films of ZnO interrupt the amorphous Al, O3, leading to
a nanolaminated shell. The fracture behavior of the nanolami-
nates is dominated by cracking along grain boundaries within
the ZnO layer. Indeed, crystalline ZnO does not show electron-
beam-induced plasticity, which can be explained by the rigid
lattice structure and the inability of bond switching that finally
results in brittle fracturing.

5. Conclusion

Tailoring the properties of metal oxide films is one important
step for designing coatings for MEMS. By using unique
small-scale model systems, we characterized the electron-
beam-induced highly plastic behavior of ALD encapsulations.
As a substrate, we use Cu NWs, which have been subsequently
coated via ALD. Using such nanoscale samples enables us to
avoid extensive preparation routines for TEM investigations,
which are known to alter the mechanical properties of glass struc-
tures. We compare core—shell structures with an amorphous
Al,O; shell with nanolaminates consisting of alternating layers
of Al,O; and ZnO. Without electron beam illumination, both
coatings show brittle fracture. The in situ experiments show that
the electron beam has a direct impact on the structure—property
relationship of amorphous metal oxides inducing a brittle to
ductile transition, which can be explained by a bond switch
mechanism. The absence of the highly plastic behavior in the
nanolaminate can be explained by the crystalline ZnO, which
dominates the failure mechanism. The findings underscore
the immense effect of electron beam illumination on the
mechanical behavior of amorphous ALD films.

6. Microscopes and Equipment

The TEM study was performed at a Thermo Scientific Titan
Themis 200 G3 Empa Thun at 200kV. The instrument is
equipped with a high-performance super-X energy-dispersive
X-ray spectroscopy (EDX) system, which was used to map the
elemental distribution in our samples. The EELS was performed
at the TEAM I at the National Center for Electron Microscopy
(NCEM) Berkeley. The in situ mechanical tests were performed
with a Gatan single tilt straining holder Model 654. The holder
can elongate at a maximum rate of 2.0 ym s~ with a nominal
drift rate of 1.5nm mm™". The holder is purely displacement
controlled and does not measure force. The strain has been
evaluated by image analysis using a Python script based on tem-
plate matching®>* (further details in Figure S1, Supporting
Information). The tensile stripes are made of a 0.5mm thin
copper foil, where we milled a hole with the FIB Tescan Lyra3
(further details in Figure S3, Supporting Information). The sam-
ple transfer has been done by using a nanomanipulation system
and a gas injection system (carbon precursor). The carbon
contamination on the wires is kept to a minimum by limiting
the e-beam exposure during preparation. In addition, after
precursor usage, we waited until the base pressure was reached
again before continuing operation.
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To analyze the effect of the electron beam (off-beam condi-
tion), samples have been mechanically transferred to TEM grids
(Cu grids with carbon support film). During mechanical transfer,
some NWs were exposed to mechanical load. The Cu NWs have
been produced with a Mantis Deposition Ltd., QPrep500, UK.
The ALD depositions were done at an SC-2 Series from Swiss
Cluster AG, Switzerland.
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Supporting Information is available from the Wiley Online Library or from
the author.
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