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Deformation Behavior of Optical Ceramic Nanomultilayers:

The Role of Aperiodicity

Danielle E. White, Wenjuan Cheng, Koushik Jagadish, Edoardo Rossi, Yu-Tsun Shao,

and Andrea M. Hodge*

Aperiodicity in ceramic nanomultilayers (NMs) has been shown to improve
coating functionality, namely, for optimized optical behavior, while the effects of
aperiodic layer thicknesses on mechanical deformation remain poorly under-
stood. In this article, the relationships between individual layer thicknesses,
optical transmittance, and mechanical behavior are investigated for AIN/AI,Os,
YSZ/Al, O3, and AIN/YSZ nanomultilayered coatings. These NMs are synthesized
with aperiodic layer configurations from individual constituents selected for their
optical constants, elastic modulus, and hardness values; the layer designs of
select samples are optimized to achieve a transmittance exceeding 90% across
the ultraviolet, visible, and near-infrared spectral range. The effect of aperiodicity
on the mechanical properties and deformation is explored at various length
scales via nanoindentation, micropillar splitting, and Vickers microindentation.
However, competing factors, such as interface type and local microstructure, also
play critical roles. It is observed that layer composition strongly influences
fracture toughness, as samples with amorphous Al,Oj3 layers and crystalline/
amorphous interfaces exhibit superior mechanical performance and the highest
fracture toughness values. Yet, distinct failure modes, including delamination
and intergranular fracture, across the different nanomultilayered architectures
highlight the relation of optical and mechanical properties to local volume
fractions within aperiodic layer stacks and interface characteristics in the coating

1. Introduction

Nanomultilayers (NMs) are coatings consist-
ing of stacked nanometer-thick layers, lead-
ing to a density of interfaces that enables a
higher degree of material property tunability
when compared to single-layered coatings.
More specifically, ceramic NMs can be de-
signed with constituents such as AIN,
Al, 03, Si0,, Ta,0s, TiO,, and ZrO, to ex-
ploit their broadband transmittance,
namely, in the ultraviolet, visible, and near-
infrared (UV-Vis-NIR) spectral wavelength
range, in addition to their chemical inert-
ness, thermal stability, and high hard-
ness.["? Consequently, NMs are useful as
infrared windows and mirrors, antireflec-
tion, anticorrosion, and wear-resistant coat-
ings for cutting machinery.?~>! Applications
that require mechanical functionality of
ceramic NMs can be linked to tribological
studies, which have shown improvement
in mechanical properties by altering the
number of bilayers, interfacial density, and/

design.
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or layer morphology.**% For example, epi-

taxial growth occurred at critical bilayer

thicknesses in various ceramic NMs, result-

ing in superlattice NM microstructures with
superior hardness."'™"? Similarly, layer thickness can be tuned for
optical functionality in ceramic NMs, where optimized optical per-
formance via aperiodicity has been demonstrated.™**°! However,
linking optical tunability to mechanical failure is poorly understood
yet intricately linked.

In general, deterioration of optical properties in coatings often is
correlated to an environmental event, such as heat exposure, irra-
diation, or abrasion/particle impact. These external factors can
cause the onset of degradation mechanisms, including oxidation
and/or stress-induced crack growth, which can lead to optical scat-
ter or loss.>'”) For example, Putz et al. studied the optical perfor-
mance and thermomechanical stability of Inconel/Ag bilayers via
thermal cycling, observing that the induced crack and void forma-
tion lowered coating reflectivity."® The effects of degradation
mechanisms in optical coatings typically are linked to the behavior
of unique compositions, and yet, are seldomly compared to
additional coating features.!"*'”) Considering that aperiodicity is
utilized as an optimization tool in optical NMs, there is an oppor-
tunity to understand the response of aperiodic layers to coating
degradation mechanisms. Specifically for optical ceramic NMs,
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deformation studies of optical ceramic NMs are limited in both
scope and number, as attention has been focused primarily on link-
ing mechanical properties to coating features, such as the number
of layers, bilayer thickness, and/or morphology.!*!>2*2! In
addition to the testing challenges for thin films (a fraction of a
nanometer to a few microns in thickness), factors such as sample
preparation, grain orientation, load and strain rate sensitivity,
and defect density for brittle materials may lead to premature fail-
ure, further affecting how the mechanical behavior of ceramic NMs
is interpreted.”>?* To avoid these testing issues, plastic deforma-
tion prior to failure is commonly studied via semi-destructive
indentation techniques, such as nanoindentation and Vickers
microindentation.**2® Specifically, nanoindentation is a typical
tool to investigate the mechanical behavior of NMs, from which
the coating elastic modulus E and hardness H are derived and
can be related to the repeated bilayer thickness, superlattice archi-
tectures, and /or residual stress, for example.*>%?8! Vickers micro-
indentation, when combined with cross-sectional microscopy, can
be used for qualitative insights on fracture behavior to clarify the
roles of residual stress, layer-to-layer interactions, and interfaces
under deformation.”>*"! Nonetheless, the brittle characteristics
of ceramic NMs clearly emphasize the need to study their fracture
toughness, which is also directly coupled to the final optical func-
tionality of NMs. In thin film mechanics, techniques such as
microcantilever bending and micropillar splitting have been imple-
mented and developed to evaluate fracture toughness.**** In
microcantilever bending, the fracture toughness is typically derived
from the critical load at which the beam fractures, allowing for the
evaluation of crack initiation and propagation within individual
layers or interfaces.*? In micropillar splitting, a sharp indenter
is used to apply axial load on microfabricated cylindrical pillars
until catastrophic fracture occurs. The apparent fracture toughness
(i-e., the overall crack propagation resistance of the coating) is esti-
mated from the critical splitting load P, the pillar radius R, and a
dimensionless coefficient y, as detailed in the literature.® When
micropillar splitting is coupled with fractography, deformation can
Dbe linked to interfaces, layer thickness, and even elastic modulus
and hardness through fracture toughness calculations 23243333747
Overall, the aforementioned techniques can be incorporated into
NM studies to provide a comprehensive investigation of the global
mechanical behavior for optical-mechanical optimization.

Given the complexities in understanding the mechanical fail-
ure in optical NMs, studies of nonoptical repeated bilayer config-
urations can provide valuable insights on deformation and
fracture, serving as foundational guides for connecting mechan-
ical behavior with individual layer thicknesses and crystallinity.
For example, a previous work on crystalline/crystalline (C/C)
Al,03/TiO, NM tested via spherical indentation exhibited exten-
sive deformation, which was attributed to columnar grain reori-
entation, sliding, and relocation.” A micropillar compression
study of crystalline/amorphous (C/A) Cu/Al,0; NMs demon-
strated that 10 nm amorphous Al,Os3 layers inhibited shear local-
ization.*!! Likewise, a study of C/A Al/Al,05 NMs under tension
observed a transition in fracture mechanisms as the Al,O; thick-
ness was increased from 2.4 to 9.4 nm.[*”) However, the applica-
bility of repeated bilayer deformation and failure to that of
aperiodic NMs remains unknown, highlighting a crucial gap
in understanding the roles of individual layers and stack config-
urations, especially when linked to optical materials.
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In this work, AIN/ALO; (C/A), YSZ/ALO; (C/A) (YSZ is
8mol% yttria-stabilized zirconia), and AIN/YSZ (C/C) NM
systems were synthesized with aperiodic layers and similar
constituent volume fractions, where one sample from each
system was optimized for a minimum average transmit-
tance of 90% across the UV-Vis-NIR wavelength spectrum.
Spectrophotometry and nanoindentation measurements were
performed for all NM samples and on single-layer AIN, Al,O;,
and YSZ coatings, which provide baseline values. Additionally,
for the NMs, fracture toughness and layer deformation were eval-
uated via a combination of micropillar splitting, Vickers inden-
tation and postmortem scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) cross-section images.
Overall, trends in deformation and fracture were established
and linked to aperiodicity and layer constituents, which can facil-
itate the design of robust ceramic coatings. Within the scope of
optical ceramic NMs, insights on the roles of ceramic layers and
local volume fractions connect aperiodicity with optical transmit-
tance and fracture toughness, suggesting a path toward joint
optomechanical tunability.

2. Results and Discussion

To investigate the influence of aperiodic layers on optomechan-
ical functionality in ceramic NMs, a total of five aperiodic NMs
were synthesized from the AIN/AL, 05, YSZ /AL O3, and AIN/YSZ
systems. For all NMs, regardless of periodicity, the volume
fraction for the second layer constituent was constrained to
~70%-80% for comparison purposes. More specifically, one
layer configuration for each system was modeled via the
multiple-beam-interference (MBI) recursive method to ensure
a minimum predicted UV-Vis-NIR transmittance of 90%.20#344
Here, the optically optimized NMs are referred to as YSZ/A1,0;
MBI 74, AIN/YSZ MBI 82, and AIN/Al,O3; MBI 78, where “MBI”
refers to an optically optimized configuration, and the numerical
portion of the sample name refers to the modeled volume frac-
tion of the second layer constituent. For example, YSZ/AL,O5
MBI 74 is predicted to have an overall Al,O; volume fraction
of 0.74. Furthermore, nonoptically optimized NM samples of
the AIN/YSZ and YSZ/AlL,O; systems were synthesized with
similar layer distributions to AIN/Al,O; MBI 78 to compare
transmittance and deformation based on layer thicknesses.

Figure 1 presents an overview of the layer configuration and
characteristics for the modeled and as-sputtered NMs. Figure 1a
provides a visual representation of the aperiodic distribution of
layers for the NMs. Following the sputtering direction, which
begins at the bottom of each schematic and moves upwards
through the layers, local variations of volume fraction can be
observed based on groupings of layers, herein referred to as layer
stacks. For instance, in AIN/AL,O; MBI 78, the stack of layers
1-16 are modeled with a locally high Al,O; volume fraction stack
of 0.94; this is topped by a stack (layers 17-20) in which the AIN
volume fraction is 0.73. The layer stacking for YSZ/Al,05 78 and
AIN/YSZ 78 is similarly distributed. In contrast, YSZ/Al,0; MBI
74 and AIN/YSZ MBI 82 are modeled with five and three distinct
layer stacks, respectively.

Figure 1b shows the X-ray diffraction data for single-layered
coatings of AIN, Al,0;, and 8 mol% YSZ. For the AIN film, a
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Figure 1. Layer design and characterization overview. a) Schematic of aperiodic ceramic NMs. b) Diffraction plots of AIN, 8 mol% YSZ, and Al,O; single-
layered coatings. As-sputtered cross-section of c) YSZ/AI,O0; MBI 74, d) AIN/YSZ MBI 82, e) AIN/AI,O; MBI 78, f) AIN/YSZ 78, and g) YSZ/AI,O;
78 NMs. The numerical portion of the multilayer sample name indicates the modeled % volume fraction of the second layer constituent, whereas
“MBI” refers to a layer configuration that was designed to yield a minimum UV-Vis-NIR transmittance of 90%.

hexagonal (1 0—1 1) texture is visible, whereas the YSZ coating
exhibits the cubic phase, with no preferential orientation of the
(111),(200), (220),0r (311) planes, and Al,05 is X-ray amor-
phous. Additionally, all patterns exhibit a diffuse peak in the
20°-30° 26 range due to scattering from the glass substrate.
The observed X-ray patterns are supported by microstructural
characterization in prior studies and representative of the indi-
vidual layers within the NMs of the current study.*'#>4l
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Henceforth, AIN/AL,O3 and YSZ/Al,0; NMs will be noted as
having C/A layers, and AIN/YSZ, C/C layers. Figure 1c—g shows
representative cross-sectional scanning TEM (STEM) images for
the YSZ/Al,03, AIN/YSZ, and AIN/Al,0; NMs that were depos-
ited under the same conditions as the single-layered coatings.
While the as-sputtered NM layer thicknesses deviate slightly
from the coating designs (Figure 1a), the aperiodic layer distri-
bution within each coating is preserved. Additionally, the
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cross-sectional images demonstrate sharp layer termination,
although the C/C AIN/YSZ NMs exhibit more layer roughness
than the C/A systems. Similar observations of interface rough-
ness have been reported in various C/C NM systems and attrib-
uted to deposition conditions.**”! It also was observed that a
higher degree of interface/surface roughness can lower optical
functionality, and therefore, the transmittance of the C/C
NMs may be affected, which is most important for optically opti-
mized samples.***%) However, since the indices of refraction for
the individual layers of AIN, Al,O3, and YSZ are 2.18, 1.77, and
1.63, respectively, optical optimization can be achieved by alter-
nating layers of high- and low-indices of refraction or by having
low refractive indices for both layers."'*'%°%>2 To further
explore the layer stacking, distributions, and characteristics,
the role of aperiodicity on optical transparency (Section 2.1)
and mechanical deformation (Section 2.2) is assessed.

2.1. Optical Transmittance

The effect of aperiodic layers on optical behavior for the ceramic
NMs was measured in the UV-Vis-NIR spectra, where Figure 2
shows the transmittance versus wavelength curves for the YSZ/
Al,0;, AIN/YSZ, and AIN/Al,O; NMs from 380 to 1100 nm,
plotted alongside representative sample images for visual com-
parison of transparency. Additional optical results for all sin-
gle-layered and NM coatings are compared in Table 1, which
includes the layer crystallinity, modeled optical transmittance
as calculated by implementation of the MBI method, and as-
sputtered optical transmittance that was measured experimen-
tally (see Experimental Section). The average experimental

www.aem-journal.com

transmittance for the optically optimized NMs is 91.0%, which
is higher than that of the nonoptically optimized NMs (88.7%).
Closer examination of the optically optimized NMs reveals that
YSZ/Al,0;3 MBI 74 demonstrates a transmittance between that
of the YSZ and Al,Os single-layered coatings. Similarly, AIN/
YSZ MBI 82 and AIN/AL,O3; MBI 78 exhibit values between those
of their respective layer constituents. Among all NMs, however,
YSZ/Al, 053 78 achieved the highest average experimental trans-
mittance of 95.2%. Discrepancies between experimental and pre-
dicted optical values are expected since optical inputs for the
UV-Vis-NIR spectra are considered constant when implement-
ing the MBI method in this study. Particularly, the refractive
indices used for AIN, Al,03, and 8 mol% YSZ were determined
by single-point ellipsometry at 550 nm, whereas spectroscopic
refractive indices tend to fluctuate across a wide wavelength
spectrum.’*>% Furthermore, while the thickness of each layer
is accounted for in the transmittance predictions, as-sputtered
deviations and layer morphology are not considered, although
directly correlated to optical behavior. For example, the refractive
index was linked to layer porosity of SiO, coatings, which was
altered by adjusting the angle of deposition.®? In a separate
study, the optical transmittance and reflectance of multilayers
were significantly affected by an interface roughness on the order
of 3nm.*?! While all optically optimized NMs in this study met
the minimum performance requirement of a 90% UV-Vis-NIR
transmittance, additional coating designs, prediction inputs, and
deposition parameters can be adjusted to further improve the
estimates and increase experimental transmittance. The wide
range of material selection is especially beneficial for optome-
chanical NMs, in which layer constituents should contribute
to coating toughness as well.
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Figure 2. UV-Vis-NIR transmittance for aperiodic NMs. a) Experimental optical transmittance of aperiodic ceramic NMs plotted from 380 to 1100 nm.
b—f) show representative top-view images of as-sputtered nanomultilayered coatings deposited onto Corning Eagle 2000 substrates, color-coded to
correspond with the respective transmittance plot. The numerical portion of the sample name indicates the modeled % volume fraction of the second
layer constituent, whereas “MBI” refers to a layer configuration that was designed to yield a minimum UV-Vis-NIR transmittance of 90%.
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Table 1. As-Sputtered crystallinity, modeled, and experimental UV-Vis-NIR transmittance of ceramic single layers and aperiodic NMs. The numerical
portion of the NM name indicates the modeled % volume fraction of the second layer constituent, whereas “MBI” refers to a layer configuration that was

designed to yield a minimum UV-Vis-NIR transmittance of 90%.

Sample Layer crystallinity Modeled optical transmittance, Experimental optical transmittance,
380-1100 nm [%] 380-1100 nm [%]
AIN 82.9 92.1
Al,O4 A 92.0 96.6
YSZ 84.8 88.9
YSZ/Al,0; MBI 74 C/A 95.4 90.7
AIN/YSZ MBI 82 c/C 95.3 90.2
AIN/ALLO; MBI 78 C/A 93.2 92.1
AIN/YSZ 78 c/C 79.0 82.1
YSZ/AI,05 78 C/A 93.8 95.2

2.2. Mechanical Behavior: Deformation and Properties

As previously stated, the mechanical testing of ceramic NM coat-
ings can be intricate due to the brittle nature of ceramics and thin
films coupled with limited number and scope of mechanical
studies. Yet, by implementing several techniques across various
length scales and testing modes, a comprehensive view of defor-
mation in aperiodic ceramic NMs can be obtained. For this
purpose, the YSZ/AL,O3, AIN/YSZ, and AIN/AL,O3 NMs were
tested via nanoindentation, micropillar splitting, and Vickers
microindentation, providing both quantitative and qualitative
comparisons. Table 2 contains testing results from profilometry,
nanoindentation, and pillar splitting, with the columns showing
the residual stress, elastic modulus, hardness, and fracture
toughness for both single-layered and NM coatings. Here, the
single-layered samples are used as baselines for comparison
to the rule of mixtures (RoM).””! All samples have a residual
stress magnitude lower than 1 GPa. Although the exact values
range from —787.6 to 89.6 MPa, most samples are compressive,
barring Al,O; and AIN/YSZ MBI 82. In general, many factors
affect the coatings’ residual stress states, as it has been reported

Table 2. Residual stress, elastic modulus, hardness, and fracture toughness
of ceramic single layers (from literature) and aperiodic NMs (experimental).
The numerical portion of the NM name indicates the modeled % volume
fraction of the second layer constituent, whereas, “MBI” refers to a layer
configuration that was designed to yield a minimum UV-Vis-NIR trans-
mittance of 90%.

Sample Residual stress E [GPa] H [GPa] K. [MPa*\/m]
[MPa]
AIN -17.2 1488446 9.1+0.7 1.5-1.8"4
Al,O; 89.6 1094+37 64+05  25-3.87273
YSz —25 1724419.0 1101424  ~1.2-1.7047)
YSZ/Al,05 MBI 74 —787.6 1522434 129+13 3.4+05
AIN/YSZ MBI 82 2.2 1425481  109+0.7 1.6+0.3
AIN/ALO; MBI 78 —-383 1612437 13.8+05 29402
AIN/YSZ 78 —139.6 1748469 160+138 17402
YSZ/AlL,O; 78 —612.7 166.94+3.6 156+0.8 35402

Adv. Eng. Mater. 2025, 2501269 2501269 (5 of 11)

that sputtered thin films tend to develop compressive stresses,
while columnar grains with intergranular voids can induce ten-
sile stresses, and thermal expansion mismatch influences the
overall residual stress profile.”®*! For example, variations in
the residual stress values of the AIN/YSZ NMs highlight
the complexity of competing factors, such as layer thickness
which, in turn, can influence mechanical properties.®>>>%62
Consequently, nanoindentation was performed to assess the
elastic modulus and hardness of the single-layered and NM coat-
ings. For the NMs, the elastic modulus ranges from 142.5 to
174.8 GPa, with all values being statistically significant (two-
sided, two-sample t-test, P-value of 0.001).1) AIN/YSZ 78 and
AIN/YSZ MBI 82 present the highest and lowest modulus,
respectively. When compared to the single-layered coatings,
the elastic moduli for YSZ/AL,O; MBI 74, AIN/YSZ MBI 82,
AIN/YSZ 78, and YSZ /Al,0; 78 are within the calculated bounds
from the RoM.”! Similarly, the hardness of the NMs varies from
10.9 to 16.0 GPa, with all values being statistically significant,
except for AIN/YSZ 78 and YSZ/AlL,05 78.1! Tt should be noted
that YSZ/Al,0; MBI 74 and YSZ/Al,O5 78 contain similar con-
stituent volume fractions but different hardness values (12.9 GPa
vs. 15.6 GPa), and a similar trend was observed for AIN/YSZ MBI
82 and AIN/YSZ 78 (10.9 GPa vs. 16.0 GPa). Therefore, further
tunability of mechanical behavior in the aperiodic ceramic NMs
can be enabled by examining the contributions of individual
layers through additional testing techniques, expanding the cor-
relation between coating features and deformation mechanisms.

The evaluation of fracture toughness was performed on the
YSZ/Al,03, AIN/YSZ, and AIN/AL,O3 NMs via micropillar split-
ting, using the nanoindentation-derived elastic modulus and hard-
ness for calculations based on Equation (1) in the Experimental
Section.*® Tt should be noted that the single-layered fracture
toughness (Kc) values were derived from various and/or unspeci-
fied loading modes, whereas the nanomultilayered fracture tough-
ness values are correlated to mode I loading (opening, K¢c). The
fracture toughness values are shown in the last column of Table 2
and further discussed in Figure 3, where the load-displacement
curves for each NM are shown with representative SEM image
insets of postmortem pillars. It is observed that YSZ/Al,03 78
exhibits the highest apparent fracture toughness of 3.5 MPa/m,
followed by 3.4 MPay/m for YSZ/Al,0; MBI 74 and 2.9 MPay/m
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85U8D7 SUOWLWOD dA 81D 3|qeat|dde ay) Aq peusenob are sojoie YO ‘8sN JO So|N. 10) Aeld 78Ul UO AB|IA UO (SUOHIPUOD-pUe-SLLIBY ALY A3 |1 ATe1q 1pUl [UO//:SANY) SUONIPUOD PUe SIS 1 8y} 89S *[SZ0Z/0T/ST] Uo Akelqi aulluo A3|1M ‘eifeleuelyood Ag 692105202 Wepe/Z00T OT/I0p/W0d A8 | 1M Ale.q 1 jpuljuo"peoueApe//sdny wolj papeojumod ‘0 ‘8v9z.2ST


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
ENGINEERING
MATERIALS

www.advancedsciencenews.com

a

@ YSZ/AL0,
20, MBI74
1.5

z

£

T 1.0

S
0.5

0 100 200 300

Depth [nm]
(©)
AIN/ALO,

2.04 MBI7S8

1.51
£
S 1.0
©
S

e
3

100 200 300 400

Depth [nm]
(e) ®
YSZ/ALO,

20 78

‘154 E‘
E' ©
E z
B 104 N4
S

100 200 300 400
Depth [nm]

S

N

—_

www.aem-journal.com

z
E
B 1.0
S
0.5
0.0 v . . -
0 100 200 300 400
Depth [nm]
(d)
AIN/YSZ
2.0 78

Load [mN]

0.0-
0 100 200 300

Depth [nm]

I
< o~ [eo] [e0) [ee]
~ e} ~ ~ ~
o o o N 2
= = = 4 S
8 ¥ 8 2z g
I = I < »
< b < >
N < z
) Z
P <

Figure 3. Pillar splitting. Representative load-displacement curves obtained for aperiodic a) YSZ/Al,03; MBI 74, b) AIN/YSZ MBI 82, c) AIN/Al,O; MBI 78,
d) AIN/YSZ 78, and e) YSZ/AI,03 78 NMs during pillar splitting tests with corresponding postfracture SEM micrographs as insets. f) Bar graph of average

apparent fracture toughness for all NMs.

for AIN/AL,O; MBI 78. AIN/YSZ 78 and AIN/YSZ MBI 82 exhibit
relatively lower fracture toughness values of 1.7 and 1.6 MPa/m,
respectively (Table 2). These values also are depicted in a bar graph
in Figure 3f. Since the fracture toughness for ceramic materials
typically spans from 1 to 3 MPa,/m, the attained values for all
NMs are expected, and separately, are intermediate to those of
their constituents, with the YSZ/AL,0; NMs presenting the high-
est values.”” Specifically for the NMs, apparent fracture toughness

Adv. Eng. Mater. 2025, 2501269 2501269 (6 of 11)

was derived from an equation based on the critical splitting load,
pillar radius, and y, a coefficient influenced by the E/H ratio,
Poisson’s ratio, and the indenter angle (see Equation (1) in
Experimental Section).*® It was previously reported for ceramic
NMs that, when comparing the weight of various factors, the criti-
cal splitting load is a direct parameter to evaluate fracture tough-
ness. Hence, the fracture behavior of the aperiodic ceramic NMs is
further analyzed through their load-displacement curves, where

© 2025 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH
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the critical pillar splitting load is defined as the load at which
unstable crack growth occurs, characterized by a displacement
burst and discontinuity at relatively shallow depths.*?! In all,
YSZ/Al,0; MBI 74 and YSZ/AL,O3 78 exhibit the highest critical
splitting loads, averaging 2.0 and 1.9 mN, respectively. These are
followed by AIN/ALO; MBI 78 (1.7 mN), AIN/YSZ 78 (1.2 mN),
and AIN/YSZ MBI 82 (0.8 mN). A displacement burst for AIN/
YSZ MBI 82 (Figure 3b), AIN/AL,O; MBI 78 (Figure 3c), and
AIN/YSZ 78 (Figure 3d) occurs ~200 nm into the coating and at
a depth of ~300 nm for YSZ/AL,05 78 (Figure 3e). Interestingly,
although similar critical loads were observed in the YSZ/AL,O;
NMs, an inflection point rather than a displacement burst is noted
for YSZ/AL,O; MBI 74 (Figure 3a), which is an uncharacteristic
behavior for pillar splitting and can be indicative of stable crack
growth.?

The postfracture SEM image insets of Figure 3 indicate that the
C/C AIN/YSZ NMs failed by intergranular fracture (Figure 3b,d),
where the step-like features on the fracture surfaces for AIN/YSZ
78 suggest crack deflection at the interfaces, a behavior known as a
toughening mechanism for NMs."*®! For C/A AIN/ALO; MBI 78,
the intergranular fracture mode is confined to the layer stack with
a locally high AIN volume fraction (Figure 3c). However, the frac-
ture surfaces for the C/A YSZ/AL,O; NMs are relatively featureless
(Figure 3a,e). Overall, when comparing measured values and post-
mortem images of the C/C and C/A NMs, the latter seems more
suitable for mechanical functionality, although the opportunity for
improvement remains. Specifically, previous studies on C/A NMs
and nanolaminates reported that failure modes can be controlled
through the amorphous layer thickness.**®*% Thus, the C/A
NMs in this work were selected for additional testing, through

\ ~ AIN/ALO
| (@1) |\ MBIZ8
|

(a3) YSZ/ALO,
MBI 74
2um

www.aem-journal.com

which the link of aperiodicity to deformation could be further
developed.

To explore the qualitative effects of aperiodic configurations,
Vickers microindentation was performed ata 0.245 N (25-gf) load,
as shown in Figure 4 for the three C/A NMs, which includes
representative top-surface SEM indent images (Figure 4a), cross-
sectional high-angle annular dark-field (HADDF-STEM) micro-
graphs (Figure 4b), and magnified views of the cross-sections
(Figure 4c¢). (To view top-surface SEM images of Vickers indents
for all NMs, see Figure S1, Supporting Information). From the
SEM images in Figure 4a, fracture features are observed for
AIN/AL,O; MBI 78 (Figure 4al) and YSZ/AL,O5 78 (Figure 4a2),
with cracks formed around the indent edge. In contrast, no dis-
tinct fracture features are noted for YSZ/AL,0; MBI 74, which
is the only NM with a locally high amorphous volume fraction
stack near the surface of the coating (see Figure 1). This is con-
sistent with the unique yielding of YSZ/A1,0; MBI 74 observed
during the pillar splitting tests. To connect top-surface indentation
observations with layer-specific deformation and local volume frac-
tions, electron-transparent cross-sections were prepared under the
horizontal indent diagonals for the C/A NMs (as outlined in
Figure 4al), with STEM micrographs of the cross-sections pro-
vided in Figure 4b,c. From these images, it is observed that the
substrates and coatings bend in response to the applied load, con-
firming flexure of the coating. For AIN/AL,O; MBI 78, delamina-
tion, reoriented grains, and intergranular fracture are observed
within a locally high AIN volume fraction stack (Figure 4b1l).
Whereas, YSZ/AL,03 78 and YSZ/Al,03 MBI 74 do not exhibit
any fracture features within its layers (Figure 4b2,b3). These obser-
vations are consistent with a previous study on TiAIN coatings

g
Ty T A iy

Ysz/Al,0,

Substrate

Figure 4. Vickers indentation and cross-sectional analysis. Representative micrographs post Vickers indentation at 25 gf for aperiodic ceramic NMs.
Planview SEM of al) AIN/AL,O3; MBI 78, a2) YSZ/AI,O; 78, and a3) YSZ/AI,O; MBI 74 indents. b1-b3) Corresponding cross-sectional HAADF-STEM
micrographs along the indent diagonal, as marked by the dashed box in (al). Red arrows in (b1) indicate areas of deformation or delamination. c1-c3)
Magnified views of corresponding samples. The numerical portion of the NM name indicates the modeled % volume fraction of the second layer con-
stituent, whereas “MBI” refers to a layer configuration that was designed to yield a minimum UV-Vis-NIR transmittance of 90%. (al-c1) modified from
Thin Solid, Films, 815, Synthesis and characterization of aperiodic multifunctional AIN/ Al,O3 NMs.% Copyright (2025), with permission from Elsevier.
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Figure 5. Fracture toughness. Fracture toughness as determined by pillar splitting for ceramic NMs. The numerical portion indicates the modeled
% volume fraction of the second layer constituent, where all samples with “50” are comprised of a repeated bilayer configuration with 50 nm-thick
layers. “MBI” refers to a layer configuration that was designed to yield a minimum UV-Vis-NIR transmittance of 90%. The (*) symbol designates samples

from prior work.!"]

which suggested that larger compressive stresses (see Table 2)
allow for greater compensation of strain.[®® Furthermore, inde-
pendent of magnitude and compressive stresses are known
to retard crack propagation and counter the effects from tensile
loads.”!

To further visualize the design space for ceramic optical NMs,
the experimental fracture toughness values for NM systems with
repeated bilayer and aperiodic layer configurations from current
and previous work are presented in Figure 5. The plotted
NMs include AIN, AL,O3;, 8 mol% YSZ, SiO,, and TiO, as layer
constituents in C/C, C/A, and amorphous/amorphous (A/A)
NM systems. The highest fracture toughness values are attributed
to Al,Os-containing NMs in C/A systems, ranging from 2.9 to
3.5MPay/m. The C/A AIN/SiO, NMs present lower values of
1.3 to 2.3 MPay/m. In contrast, A/A TiO,/SiO, and C/C AIN/
YSZ NMs have fracture toughness values ranging from 0.8 to
1.9 MPay/m. Additionally, the variations in fracture toughness
within each NM system indicate that layer structures affect frac-
ture behavior. More specifically, varying the local volume fraction
via aperiodic layer stacking has been shown to induce different
types of failure modes, indicating that the fracture path can be tai-
lored. By linking the NM fracture toughness and deformation to
various factors, including materials selection, interface type, and
layer stacking, the design of new aperiodic ceramic NMs can be
tuned with distinct fracture features for optical and nonoptical
applications.

3. Conclusion
In this work, aperiodic ceramic NMs were studied to explore the

role of various layer arrangements on optical transmittance and
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mechanical behavior. NMs with similar and distinct layer stacks
across the AIN/AL O3, YSZ/AL, 05, and AIN/YSZ systems were
synthesized to enable this investigation, with one configuration
for each system designed for optical optimization. A minimum
90% transmittance across the UV-Vis-NIR wavelength spec-
trum was achieved for the optically optimized aperiodic NMs,
highlighting opportunities to further increase transmittance
and examine the mechanical behavior through the scope of
aperiodicity. By performing mechanical tests at various length
scales, the influences of aperiodic layer stacking, C/C and
C/A interfaces, and localized volume fractions were evident
when comparing properties, such as hardness and fracture
toughness, within and across the systems. Samples with amor-
phous AL,O; layers and C/A interfaces generally demonstrated
the best mechanical performance, and specifically for the YSZ/
Al,O3 MBI 74 NM coating, indications of stable crack propaga-
tion and strain accommodation without fracture were noted.
Thus, the scope and span of the mechanical behavior presented
in this study elucidate the correlation between aperiodicity and
deformation in optical ceramic NMs, where variations in local
volume fraction within aperiodic configurations can be tailored
to control the fracture mode. This demonstrates that, although
interface characteristics and layer composition influence defor-
mation, aperiodicity can be implemented as a design factor
for optomechanical multifunctionality.

4. Experimental Section

Coating Synthesis: AINJAI,O3, AIN/YSZ, and YSZ/A,0; NMs and
single-layered AIN, Al,O3, and YSZ coatings were synthesized via magne-
tron sputtering on Corning Eagle 2000 boro-aluminosilicate substrates

© 2025 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH
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(Delta Technologies, Colorado), 25 mm in diameter and 0.5 mm in thick-
ness. All single layer and NM coatings were deposited with targeted overall
thicknesses of ~1 pm. Substrates were cleaned with a 1:1 isopropanol and
acetone mixture. Before deposition, the sputtering chamber was evacu-
ated to a base pressure less than 1.0 x 10* Pa. AIN layers were deposited
via reactive DC sputtering with a 33 mm (1.3-inch), 99.99% Al target
(Plasmaterials, California). Power was set to 150 W, and the argon (Ar)
and nitrogen (N) gas flow rates were 37.5 and 12.5 sccm, respectively,
resulting in a working pressure of 1.2 Pa. Al,O; layers were deposited
via radio frequency sputtering with 33 mm (1.3-inch), 99.99% Al,O; target.
Power settings were fixed at 40 W with a tune of 38% and load of 76%.
Inert Ar pressure was set at 0.67 Pa. The synthesis parameters for AIN and
AlLO; follow sputtering conditions in previous works.'"**' YSZ layers were
deposited with a 99.7% (ZrO,)92(Y,03)08 mol% target, using the same
power and gas settings as Al,Os. All oxide layers were deposited with the
same stoichiometry as the target. All targets were manufactured by
Plasmaterials (California). Regarding the sputtering configuration for NM
coatings, the chamber was equipped with two sources, and power was
alternately routed to one of two targets, with 5 min allotted between the
deposition of each layer for vapor evacuation.

Optical Design and as-Sputtered Characterization: Optically optimized,
aperiodic layer structures and the predicted UV-Vis-NIR transmittance
(380-1100 nm) for AIN/AL,O3, YSZ/Al,O5, and AIN/YSZ NM systems were
modeled by implementing the MBI recursive method in an in-house
MATLAB code.?%*** Experimental transmittance was measured for all
samples from 200 to 1100 nm with a Cary UV-Vis 60 Spectrophotometer
(Agilent, California). Residual stress was calculated using Stoney’s equation,
where the Alpha-Step D-600 stylus profilometer (KLA Corporation,
California) was used to obtain 24-mm-long profiles of the radius of curva-
ture, R, centered across the substrates before and after deposition.lzs]

To prepare as-sputtered NM cross-sections, a Helios 5CX Dual Beam
Microscope (Thermo Fischer Scientific, Massachusetts) was used. The
procedure for lamellae extraction and STEM imaging followed a standard
lift-out and thinning approach to achieve a final lamella thickness of less
than 80 nm. Initially, the region of interest was coated with a protective
layer to preserve near-surface features. A 200-nm-thick platinum (Pt) layer
was deposited using electron beam deposition at 5kV and 1.4nA.
Subsequently, a 2-um-thick tungsten (W) layer was deposited using ion
beam deposition at 30kV and 0.79 nA. Trenches were milled using the
ion beam at 30kV and 0.79nA to define the lamella dimensions of
~15 x 5pm (depth) with an initial thickness of 1.5pum for extraction.
The lamella was then lifted out and attached to a copper grid for subse-
quent thinning in three sequential steps to achieve electron transparency:
1) coarse thinning was conducted at 30 kV and 0.23 nA, 2) fine polishing
was carried out at 30 kV and 80 pA, and 3) low-energy polishing at 5 kV and
15 pA was applied to minimize surface damage and achieve a final thick-
ness of less than 80 nm. The analysis of the lamellae was performed
in STEM mode (STEM 3+ detector) using an acceleration voltage of
30kV and a current of 0.34 nA, in both brightfield and darkfield, with a
dwell time of 30 ps and a line integration of 2.

Nanoindentation: For the single-layered coatings, load-controlled nano-
indentation was performed in a 10 x 10 array with a Hysitron 950
Triboindenter (Bruker Corporation, Massachusetts) and a Berkovich dia-
mond probe at a constant loading rate of 1000 uN s~ to obtain reduced
modulus and hardness, where reduced modulus was converted to elastic
modulus.”®! For NMs, continuous stiffness measurement (CSM) nanoin-
dentation was performed using a Berkovich probe at a constant strain rate
of 0.055' to measure hardness H and elastic modulus E via an iNano
nanoindenter (KLA, California).®” The 6 x 6 indent array with a maximum
load of 50 mN was applied to each sample. Machine compliance and the
tip area function were calibrated on a fused quartz reference sample before
and after each test, following the procedure outlined by Oliver and
Pharr.”] Nix's model and Korsunsky's model were used to correct the
influence of the substrate on the elastic modulus and hardness, respec-
tively, using an averaged Poisson’s ratio of 0.27 for the NM samples.[5579!
The properties of the substrate have been independently measured via the
CSM technique, which was used for the deconvolution of the measured

Adv. Eng. Mater. 2025, 2501269 2501269 (9 of 11)

www.aem-journal.com

data. For both nanoindentation configurations, the elastic modulus and
Poisson’s ratio of the indenter are 0.07 and 1140 GPa, respectively.

Micropillar Splitting: Arrays of at least fifteen micropillars (nominal top
diameter of ~1 pm) were prepared for each sample by focused ion beam
(FIB) milling with the Helios 5CX Dual Beam Microscope, using a previ-
ously developed preparation procedure that can minimize FIB-induced
damage on the edge of pillars: five coarse milling steps have been
employed using an ion current of 0.28 nA followed by a final refinement
and shaping process involving a current of 7.7 pAP® The distance
between each pillar is set to 10 pm. The aspect ratio (height-to-diameter)
of the pillars was ensured to be greater than one, guaranteeing complete
relaxation of the residual stress, if present, within the probing volume.

Sharp indentation using a diamond tip with a cube-corner geometry on
the center of each pillar was performed at a constant loading rate of
~0.033 mN s~ until unstable propagation of a crack is achieved, thereby
attaining the critical splitting load P, which appears as a burst in the load-
displacement curve. The accurate positioning of the indenter at each pillar
center was achieved in situ using a KLA nanoFLIP system equipped inside
a FEI Helios NanoLab 600 Microscope. E-beam was used during position-
ing and switched off during testing to avoid possible beam damage./”"
From the attained crack propagation and failure, fracture toughness
was computed through Equation (1).

p
Kc:%é M

Since y coefficients were calculated assuming average film E/H ratios,
the use of Equation (1) results in the estimation of “apparent” fracture
toughness for the multilayer systems. Based on postmortem fracture mor-
phology, only those pillars that were well centered (within the 10% thresh-
old of the pillar-measured radius as described by Lauener et al.) and split
into three parts were selected to calculate the apparent fracture toughness
of the coatings.®

Vickers Indentation and Deformed Cross-Section Preparation: A minimum
of five Vickers indents per sample were carried out using a LM-100
Microindentation Hardness Tester (Leco, Michigan) at a 0.245 N (25-gf)
load. Samples for cross-sectional STEM were prepared using Helios G4 UXe
PFIB Dual Beam system, following the procedure outlined in the “Optical
Design and as-Sputtered Characterization” Section. A Cressington 108 Manual
Sputter Coater (Ted Pella, Inc., California) was used for Pt-Pd protective
coating. The lamellae were extracted using the Helios 5 Ga FIB UX
DualBeam FIB, and TEM imaging was carried out using the Talos F200C
G2 STEM.
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