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We report on the super-hydrophobicity and tunable and optical and mechan-
ical properties of transparent HfO2(50 nm)/Mo(20 nm)/HfO2(50 nm) multi-
layer films facilitated by engineering the ceramic–metal interface
microstructure. A comparative study of nano-columnar and glassy (dense)
structured HfO2/Mo/HfO2 multilayer films demonstrate the remarkable effect
of interface structure on their hydrophobicity and mechanical properties. The
nano-columnar structured multilayer films exhibit the dominance over the
glassy structured stack in terms of their enhanced characteristics, namely the
mechanical characteristics, anti-reflection behavior, visible transmittance,
and hydrophobicity. While hydrophobicity is derived from the combined effect
of hierarchical surface roughness and nano-columnar structure of the top and
bottom Hf-oxide ceramic layers, the enhanced mechanical response is derived
from the columnar structure of Mo metallic interlayer vertically aligned with
overall multilayer stack. The combination of super-hydrophobicity and en-
hanced mechanical properties of optically transparent HfO2/Mo/HfO2 multi-
layer films through HfO2–Mo interface structure control as demonstrated in
this work may provide a pathway to further tune the efficiency and in the
optimization of architectures for energy-saving applications.

INTRODUCTION

Engineering the surface and interface structure
at nanoscale dimensions has emerged as one of the
best tools to unlock the full potential of advanced
materials in energy production, conversion and
related technologies.1–5 Especially, for energy-sav-
ing architectures, the surface/interface microstruc-
ture in dielectric(D)/metal(M)/dielectric(D)
multilayered films, where the component layers
face stringent requirements, is critical to tailor the
performance.6,7 The fundamental requirement of a
D/M/D, where D is usually an oxide ceramic in
combination with a suitable metal M, is the ability
to transmit nearly all of the energy in the visible
(i.e., high-transparency) region and reflect a part or
all the energy in the infrared (i.e., cooling) region of
the electromagnetic spectrum.3,4,7 When used in
windows and panels, the energy delivered to build-
ings could be saved by properly modifying and/or

controlling the solar transmission into the building
using efficient glass technologies with the same, or
higher, levels of comfort and expediency. The gen-
eral architecture and functionality of each compo-
nent layer in the D/M/D multilayer configuration is
shown in Fig. 1. The initial D layer, in addition to
protecting the M layer from environmental effects,
serves as a low absorbing anti-visible reflection
coating to improve visibility via destructive inter-
ference of the reflected visible light. The M layer
acts as an infrared absorber or reflector. The final D
layer contributes to the destructive interference of
the reflected visible light as well as providing a
nucleation support to the M interlayer.4,7–10 Tuning
physical and electronic properties of D/M/D multi-
layer films is the most efficient method to enable
solar spectral control and enhanced energy-saving
performance. However, while focus toward the
mechanical and thermo-chemical durability of such
multilayered film configuration is meager, the
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mechanical properties of D/M/D are also of para-
mount importance from the point of view of practi-
cal applications. The obvious reason is that, as thin
coatings on windows, etc., multilayer films must
survive harsh or even unexpected environmen-
tal/climate conditions. Mechanical durability pro-
tects the D/M/D-coated windows from environment
impacts and abrasion from the dust particles and
hailstorms. Therefore, tuning the mechanical prop-
erties along with the optical constants of D/M/D
films to meet the requirements of a given techno-
logical application is critical. While material selec-
tion and electronic properties allow the obtaining of
the desired spectral properties, we demonstrate that
the controlled mechanical properties can be
achieved by engineering the interfaces and struc-
ture of the component ceramic and metal layers at
the nanoscale. Furthermore, these D/M/D films are
often produced by physical vapor deposition meth-
ods, in which optimizing the processing conditions
allow the fabrication of component layers with
controlled microstructures.7,11–16 In this context,
by investigating the structure–property relation-
ship in HfO2/Mo/HfO2 multilayer films, the remark-
able effect of controlled, component-layer-mediated
nano-columnar structures with hierarchical surface
roughness to significantly improve their hydropho-
bicity and mechanical properties is demonstrated.

For D/M/D layers, high dielectric constant (> 20)
films with the same thickness for the top and bottom
D-layers sandwiched together with a mechanically
resilient metal (M) in between are common.4,17

HfO2, an important oxide dielectric, is an attractive
choice for D/M/D in addition to serving a wide range
of other technological applications.18–25 HfO2 pos-
sesses a high dielectric constant (� 25), large band
gap (5.6 eV), high refractive index (2.1) and good
thermo-mechanical properties.18–25 For the M inter-
layer, Mo is an ideal candidate.26–31 In addition to
having a mechanically resilient nature, Mo films
exhibit the desired reflectance (low in visible, high
in infrared), optimum conductivity, and slow hetero-
geneous electron transfer kinetics.26–31 Demkov
reported that the presence of Mo allows the forma-
tion of extended Frankel pairs with a formation
energy of only 1.4 eV,32 leading to O-vacancies on
the HfO2 side of the interface, which modifies the
effective work function of the Mo. The structural
and optical properties of D/M/D films with HfO2 as a
dielectric in combination with different metals have

been reported in the literature.33–36 Specifically, it is
important to note that D/M/D multilayer films have
been used for heat mirror applications, where the
HfO2 dielectric was used in conjunction with Mo, Al
and Ag.20,33–36 Heat mirrors fabricated using HfO2

and Ag (i.e., HfO2/Ag/HfO2) in D/M/D multilayer
films showed an average transmittance of 72% and
an average reflectance of 67% in the NIR region
(700–2000 nm).34 Selvakumar et al. have studied
heat mirrors with HfO2/M/HfO2 (M = Hf, Mo, Al)
multilayer films fabricated by magnetron sputter-
ing.3,35 A high solar absorptance of 90.5–92.3% was
reported for HfO2/Mo/HfO2 and 91.6–92.5% for
HfO2/Hf or Al/HfO2 heat mirrors.3,35 However,
while significant attention has been directed
towards the spectral characteristics, a detailed
understanding of the effect of interface structure
and morphology on the hydrophobicity and mechan-
ical response of HfO2/Mo/HfO2 multilayer films is
lacking at this time. The present work was per-
formed to fill this knowledge gap.

EXPERIMENTAL DETAILS

Fabrication of HfO2/Mo/HfO2 Multilayered
Films

Multilayer films of HfO2/Mo/HfO2 were deposited
on Si(100) and Corning glass substrates via electron
beam evaporation and magnetron sputtering. HfO2

and Mo pellets from Plasmaterials were used as the
evaporation materials. Before placing into respec-
tive vacuum chambers, all the substrates were
cleaned and dried with nitrogen and then placed
on the substrate holder. The e-beam and magnetron
sputtering deposition parameters are presented in
Table I.

For the electron beam deposition, the D/M/D
multilayer films were deposited in a sequence of
50 nm, 20 nm, and 50 nm for HfO2, molybdenum
(Mo), and HfO2, respectively. The sample has been
designated as S4E. The multilayers were deposited
in situ from a copper multi-hearths system without
exposing the samples to ambient pressure during
deposition material changes. A thermocouple, pro-
vided close to the substrate holder, measured the
temperature during deposition, while the sample
thickness was monitored using a quartz thickness
monitor. At the initiation of evaporation, the differ-
ence is set as ‘‘zero’’ thickness and the system is
calibrated by selecting the material to be deposited.
Moreover, the evaporation rate is further refined/
cross-verified by measuring the cross-sectional
thickness of the test films using secondary electron
microscopy.

RF/DC magnetron-sputtered multilayer films,
designated as S4M, were deposited from 2-inch-
diameter (c.50 mm) hafnium (Hf) and molybdenum
(Mo) targets (Plasmaterials) and followed the same
deposition order and thickness values as the elec-
tron beam-deposited samples. In situ deposition of
HfO2 layers and the Mo layer were performed to

Fig. 1. Functionality of each layer in D/M/D multilayer film
architecture.
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avoid surface contamination. To remove residual
oxygen from the chamber after the deposition of the
bottom HfO2 layer, the sputtering chamber was
evacuated again up to 8 9 10�7 Torr.

Characterization

Crystal Structure and Phase Analysis

Grazing incidence x-ray diffraction (GIXRD) was
used for phase analysis of the S4E and S4M multi-
layer films. A Bruker D8 Advance diffractometer
was employed for the GIXRD measurements with
Cu-Ka radiation (k = 1.54 Å) x-ray. Diffraction mea-
surements were carried out on a detector scan mode
in the range of 15�–60� with a step size and scan
speed of 0.02� and 1 s/step, respectively.

Microstructure and Morphology Measurements

An ultra-high-resolution scanning electron micro-
scope (SEM; Hitachi S-4800) was used for surface
imaging analysis of the samples. Additionally, cross-
sectional SEM imaging was performed on the S4E

and S4M multilayer films deposited on the Si
samples using a � 3-nm-thick gold coating and
carbon paste at the ends of samples to avoid
charging problems. The surface roughness of the
D/M/D multilayer films by the root mean square
(rms) process was evaluated using a scanning probe
microscope (SPM; Hysitron TI750).

Chemical Composition

Elemental composition analysis and depth profil-
ing were carried out using energy dispersive x-ray
spectroscopy (EDS; Oxford), X-Max, and x-ray pho-
toelectron spectroscopy (XPS; Kratos Analytical,
Manchester, UK) in order to confirm the integrity
of the layered structure, in addition to evaluating

the depth distribution of the single layers. For the
XPS depth profiling, the samples were sputtered
using 5 keV Ar + ion beams raster over a
2 9 2 mm2 area of the sample, and survey scans
were typically carried out at pass energies of 80 or
160 eV.

Contact Angle Measurements

A constant volume sessile drop method was used
to measure the contact angle values. The wettability
of the multilayer film was measured using a contact
angle meter (ramé-hart Model 250 Standard
Goniometer/Tensiometer) immediately after the
deposition process to avoid surface contamination.
The contact angles reported are the average values
of ten different measurements taken on films
obtained with a drop of � 8 lL in volume.

Mechanical Characteristics

Mechanical properties, hardness (H) and reduced
elastic modulus (Er), of deposited DMD films were
obtained through nanoindentation tests carried out
on a Hysitron T1750 Tribo nanoindentor. The
nanoindentation measurements were performed
using a triangular pyramid Berkovich diamond
indenter with a normal angle of 65.3� between the
tip axis and the faces of the triangular pyramid, and
an effective size of the apex of approximately
100 nm. A commonly accepted rule suggests that
the substrate measurements can be obtained if the
indentation depth is kept to less than 10% of the
film thickness. At such small indentation loads, the
resulting indents on the thin films can be micro-
scopic to submicroscopic in size. Therefore, measur-
ing these small indents is very difficult and
generally accurate. Thus, the most commonly uti-
lized method is to gauge the size of the indentation

Table I. E-beam evaporation and magnetron sputtering deposition parameters employed for the fabrication
of HfO2/Mo/HfO2 multilayer films

Deposition
parameters E-beam evaporation Magnetron sputtering

Targets/pellets Hafnium oxide (HfO2, 99% purity) and Molybde-
num (Mo, 99.95% purity)

Hafnium (Hf, 99. 95% purity) and Molybdenum
(Mo, 99. 95% purity)

Gas used No Hf: Ar (28 sccm) + O2 (12 sccm)
Mo: Ar (40 sccm)

Residual pressure 8 9 10�7 Torr � 1 9 10�7 Torr
Deposition pres-
sure

HfO2, Mo: 4 9 10�6 Torr HfO2, Mo: 15 9 10�3 Torr

Deposition rate HfO2: � 1 Å/s HfO2: � 0.2 Å/s
Mo: � 0.3 Å/s Mo: � 0.7 Å/s

Power targets HfO2, Mo: current 150 mA, and Filament volt-
age � 8.15 kV

Hf: 100 W RF
Mo: 40 W DC

Substrate target
distance

� 180 cm 6 cm

Substrate tem-
perature

25–40�C 25�C
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from the loading and unloading curves generated
during the test. The deformation during loading is
assumed to possess elastic/plastic tendency,
whereas, during unloading, it is assumed that only
elastic displacements are recovered which is the
elastic nature of the unloading curve that facilitates
analysis. Therefore, the standard procedure was
employed to derive the mechanical properties with
the help of loading and unloading curves. The Oliver
and Pharr method12 was employed to calculate the
mechanical characteristics (H and Er). With this
approach, Er can be calculated by finding the
stiffness (S) of the film from the slope of the
unloading curve. The relationship between Er and
S can be described using:

Er ¼
ffiffiffi

p
p

2

S
ffiffiffiffi

A
p ð1Þ

where A is defined as the area of contact at peak
load. To find the hardness value, the same value for
the area of contact is used along with the maximum
load (Pmax) in:

H ¼ Pmax

A
ð2Þ

To minimize the substrate effect, the load-con-
trolled indentation tests were initially performed on
each sample to determine the maximum depth that
would not be more than 10% of the total film
thickness. Seventeen indents of the selected 200 lN
load were performed at 0.2 s�1 strain rate, and the
average H and Er values were calculated for each
sample.

RESULTS AND DISCUSSION

Crystal Structure and Phase

The GIXRD patterns of the HfO2(50 nm)/
Mo(20 nm)/HfO2(50 nm) multilayer films are shown
in Fig. 2. The HfO2/Mo/HfO2 multilayer films, fab-
ricated by electron beam evaporation and sputter-
deposition, are designated as S4E and S4M, respec-
tively. It is evident (Fig. 2a) that the GIXRD pattern
for sample S4M exhibits the presence of diffraction
peaks indicating the polycrystalline nature of the
samples. However, the GIXRD patterns of S4E

exhibits a broad and diffuse pattern indicating the
characteristic amorphous nature. GIXRD peak
indexing, as shown in Fig. 2, indicates the presence
of monoclinic (m) HfO2 and cubic (c) Mo in the D/M/
D samples made by sputter-deposition (S4M). It has
been reported in the literature that magnetron-
sputtered HfO2 films on non-metal and crystalline
metal substrates are amorphous and polycrys-
talline, respectively.3,20,37–40 Hence, the GIXRD
data of S4M suggest that the presence of crystalline
Mo films, as an interlayer, promotes the crystalline
growth of HfO2 (top D) film. To make this point
clear, the GIXRD pattern of the bottom-HfO2 films
is shown in Fig. 2b. It can be seen that the data

exhibit a diffuse nature of the pattern without any
indication of the peaks. Thus, it is evident that the
underlying HfO2 films (bottom D layer) are amor-
phous. The data (Fig. 2b) in comparison with the
data of entire D/M/D multilayer films also highlight
the effect of the Mo interlayer in promoting the
polycrystalline nature of the top-HfO2 films. This
observation of the polycrystalline nature of the HfO2

layer in the D/M/D configuration is consistent with
the literature.3,4,33–36 It has been demonstrated that
the amorphous nature and/or crystallization of the
D/M/D multilayer films is influenced by the
microstructure and chemical purity of the M inter-
layer.3,4,33–36 For the HfO2 dielectric, the presence
of a metallic interlayer promotes crystalliza-
tion.3,4,33–36 However, the Al interlayer deteriorates
the crystalline nature of the HfO2/Al/HfO2 which is
attributed to the induced stress due to the mismatch
and ionic size difference of Al and Hf.33

The GIXRD pattern of S4E is shown in Fig. 2c, in
which a characteristic amorphous hump corre-
sponding to the glass substrate can be seen. The
other hump at � 32� can be attributed to the (111)
peak of m-HfO2.34 The estimated crystallite size is
� 1.5 nm corresponding to the (111) peak of m-
HfO2. The crystallite size is calculated from

Fig. 2. GIXRD patterns of the HfO2/Mo/HfO2 multilayer films: (a)
S4M; (b) HfO2 film; and (c) S4E. The structural differences are
evident from the comparison of the data.
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Scherrer’s formula.19 Note that the amorphous
nature has been reported widely in the literature
for HfO2 film deposited at room temperature.37–40

The GIXRD peaks indexed to c-Mo for S4M were not
observed for S4E. This might be attributed to either
very low peak intensities of the e-beam-evaporated
Mo layer overlapped with background noise data or
might be in the amorphous state.

Chemical Composition and Elemental Analy-
sis

The atomic concentration (at.%) of O, Mo, and Hf
in HfO2/Mo/HfO2 films has been obtained using
EDS. While it was extremely difficult to determine
the composition of individual layers, the composi-
tion is estimated over the depth of the entire D/M/D
multilayer stack. The atomic concentration of O, Hf
and Mo in S4M are 66%, 33% and balanced Mo,
respectively. The measurements were made at six
different locations on the surface. The EDS results
agree well with the expected stoichiometry. Note
that the deposition and characterization of sputter-
deposited Mo and Hf oxide films have previously
been extensively discussed by our team.36–41 Thus,
in view of the high confidence level of elemental
composition of the sputtered (S4M) samples, the x-
ray photoelectron spectroscopic analysis has been
performed on the electron beam-evaporated (S4E)
multilayer films. Specifically, XPS depth profiling
was employed, in addition to EDS, to determine the
chemical state and composition. XPS depth profiling
also confirm the integrity of the depth distribution
of the component layers. The data indicate that the

top layer has Hf � 33.3 at.% and O � 66.7 at.%
maintaining the HfO2 stoichiometry as expected.36

Furthermore, the interface chemical quality and
respective layer composition is well maintained in
the HfO2/Mo/HfO2 films. Thus, the XPS data con-
firm the stoichiometry and chemical integrity.

Surface and Interface Microstructure

The SEM micrographs of the surface and inter-
face structure of the S4E and S4M multilayer films
are presented in Fig. 3. A marked difference is seen
in the structure and morphology (Fig. 3) of the S4E

and S4M multilayer films. A characteristic columnar
growth pattern of S4E multilayer film is evident in
Fig. 3a. The relatively large thickness of the top
layer and the growth pattern in comparison to the
bottom layer indicate the columnar growth of the
Mo interlayer over the bottom HfO2 layer. This has
been confirmed by the XPS results that the � 20-
nm-thick Mo interlayer is sandwiched between
equally thick (� 50 nm) HfO2 layers.36 This implies
that the bottom HfO2 columns act as nucleation
sites for the Mo interlayer. Therefore, the multi-
layer films in micrograph appear with a � 50-nm-
thick first layer and a � 65-nm-thick second layer
with different columnar gaps. Moreover, the effect
of the Mo interlayer can be seen in the morphology,
where the effect is predominantly in the growth and
columnar size of the multilayer films. The first layer
exhibits large inter-columnar spacing as compared
to the second layer, which exhibits narrow inter-
columnar spacing. Statistical data analysis of the
image (Fig. 3a), as performed by Image J 1.48 V

Fig. 3. (a) Cross-sectional SEM image of S4E multilayer film (inset contact angle values), (b) cross-sectional SEM image of S4M multilayer film
(inset contact angle values), (c) topographical SPM micrograph of S4E multilayer film with line profile curve, and (d) topographical SPM
micrograph of S4M multilayer film with line profile curve.
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software, indicates columnar grains of 10–22 nm of
width and � 50 nm in length with 3–8 nm of inter-
columnar spacing in the first layer. However, the
second layer is relatively compact with a fine
columnar size of � 5–16 nm in width and � 60–
75 nm in length and narrower (� 0.5–3 nm) inter-
columnar spacing. The observed columnar structure
may be the consequence of low atomic mobility and
the shadowing effects during e-beam deposition.
Moreover, the slow heterogeneous electron transfer
kinetics of the Mo atoms during deposition supports
the nucleation of the Mo interlayer with a suffi-
ciently high linear density along step edges of
bottom the columnar HfO2 layer.27 On the other
hand, S4M clearly reveals the non-columnar dense
structure of the top and bottom HfO2 layers sand-
wiching a dense structured Mo interlayer. The
topographical micrographs with line profile graphs
of S4E and S4M multilayer films are shown in Fig. 3c
and d, respectively. A triangular pyramid Berkovich
diamond has been used to scan the 1 9 1 lm2 area
of the films. The surface roughness as measured in
rms values of S4E (� 1 nm) and S4M (� 4 nm)
indicate that the dense structured multilayer film
(S4M) is relatively rough compared to the nano-
columnar structured multilayer film (S4E). How-
ever, the line profile graphs infer that the S4E film
exhibits a high hierarchical (multiscale) surface
roughness42,43 over S4M. For quantification of the
hierarchical roughness values, the total number of
changes in the sign of the gradient (positive to
negative or conversely) at the consecutive points
along the line profile has been calculated.42,43 It is
observed that the number of such changes in S4E

are higher (152) compared to S4M (58). The
nanocrystalline phase and columnar structure with
fine inter-columnar space in the S4E (Figs. 2 and 3)
may be the reason for the observed high hierarchi-
cal roughness. Most important to note is the fact
that the effect of hierarchical roughness is signifi-
cant on the contact angle, as shown in the inset of
Fig. 3. We believe that the hydrophobicity, which is
quite useful for designing energy-saving windows, is
primarily derived from the HfO2 top(D)-layer, in
which the reported contact angle values are � 74�–
90�.19,20 Traditionally, the structure of HfO2 with
higher surface roughness attains the higher contact
angle.19,20 However, in the present case of HfO2/Mo/
HfO2 multilayer films, the contact angle of S4E is
higher (102�) compared to that (87�) of S4M. Such a
large difference in contact angle can only be
accounted for on the basis of difference sin surface
morphologies and structures of the S4E and S4M

multilayer films. Note that the surface rough of S4E

is lower compared to that of S4M. However, S4E is
characterized by the higher hierarchical surface
roughness coupled with well-aligned interfacial
nano-columnar structure which are not seen in
S4M. Thus, the higher contact angle (102�) of nano-
columnar structured S4E with lower surface rough-
ness value (� 1 nm) over polycrystalline, relatively

dense S4M with higher surface roughness (� 4 nm),
is believed to be due to the dominating hierarchical
surface roughness value of S4E.

A model representing the effect of nano-columnar
and nanocrystalline structure-induced hierarchical
surface roughness on the contact angle value of
nano-columnar structured (S4E) and dense struc-
tured (S4M) HfO2(50 nm)/M(20 nm)/HfO2(50 nm)
films is shown in Fig. 4. The high hierarchical
roughness value of S4E enhances the surface inter-
action with air by creating multiple composite
interfaces (CIs) with air pockets in the valleys
between asperities. The assumption is that the
liquid may not fill the surface cavities, creating air
pockets. Hence, such CIs dramatically decrease the
solid–liquid contact area and significantly increase
the contact angle, resulting in very high hydropho-
bic nature of S4E while S4M is hydrophilic, despite
the fact that it has a polycrystalline surface of
higher rms roughness. Such hierarchical roughness
or CIs was found to be an important factor to
achieve super-hydrophobic nature in natural and
artificial surfaces.44,45 The hierarchical roughness is
also an important parameter for the development of
optical coatings for the utilization in the ultraviolet
region and directed energy in near infrared (NIR) to
infrared (IR) reflecting heat mirrors.43–46

Mechanical Properties

For practical applications of D/M/D multilayer
films, either in energy efficient windows or trans-
parent/heat-managing layers, the mechanical prop-
erties are also important. The mechanical
properties, namely the hardness (H) and reduced
elastic modulus (Er), of the D/M/D multilayer films
are presented in Fig. 5. The depth of penetration of
the indenter into the surface, at a 200 lN load is
shown in the inset (Fig. 5). The results indicate that

Fig. 4. Model representing the effect of hierarchical surface
roughness on the contact angle value of nano-columnar structured
(S4E) and dense structured (S4M) HfO2(50 nm)/M(20 nm)/
HfO2(50 nm) multilayer films.
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S4E exhibits significantly higher values compared to
S4M. The mechanical parameters for S4E are
H = 30 GPa, Er = 312 GPa compared to
H = 9 GPa, Er = 166 GPa for S4M. The columnar
structure with inter-columnar spacing, as discussed
in the model (Fig. 4), makes it more difficult for
dislocations to link together and propagate during
load application. The interlocking of dislocations is
attributed to the observed higher H of S4E. More-
over, the spacing between columns absorbs com-
pressive deformation; therefore, the columnar
structure is able to accommodate more compressive
deformation during indentation.42,44

The loading–unloading profiles reveal that the
indenter penetrates 8% less in S4E than in S4M.
Additionally, the plastic coercivity of the graphs
that can be estimated quantitatively by calculating
the H3/Er

2 value infers that the S4E film (H3/
Er

2 = 0.28) resists the plastic deformation 10 times
better than S4M (H3/Er

2 = 0.026).47 The mechanical
properties (H and Er) of individual D (HfO2) and M
(Mo) films are also presented in Fig. 5 for compar-
ison. The experimentally determined H and Er

values are presented for (1) EB-deposited amor-
phous HfO2 film (� 100 nm); (2) amorphous Mo film
(� 100 nm); (3) magnetron sputtered polycrys-
talline HfO2 film (� 100 nm); and (4) polycrystalline
Mo film (128 nm). Comparison of the data indicates
the significant role of the structure of the Mo
interlayer to control the H and Er of the multilayer
HfO2/Mo/HfO2 films. Moreover, the Mo interlayer
also affects the evolution of the structure of the top
HfO2. Furthermore, an increase in crystallization of
the top HfO2 (D) layer with increasing Mo thickness
in HfO2/Mo/HfO2 has been observed (not shown).
Hence, a combination of nanocrystalline nano-
columnar structure of both the Mo metallic inter-
layer and the HfO2 layers significantly enhances the
mechanical response of D/M/D multilayer films.47

The combination of hydrophobicity and mechanical
durability is rarely found in nature due to the
inconclusiveness of hydrophobicity after mechanical

wear.48 It has been reported in the literature that
superhydrophobic surfaces with high contact angles
exhibit a self-cleaning effect and low drag for fluid
flow.48 The abrasive wear of the surface may lose
the hydrophobic nature of the surface; hence, the
enhanced mechanical properties (H � 25–30 GPa,
Er � 300–400 GPa and H3/Er

2 > 0.1 GPa) make the
surface resistant to abrasive wear and preserve the
hydrophobicity of the surface.

Optical Properties

The spectral transmittance (T) and reflectance (R)
of S4E and S4M multilayer films are presented in
Fig. 6. Almost a similar trend in spectral transmit-
tance along with maximum T% in the visible
(� 630–770 nm) range for S4E multilayer film and
in the NIR (� 820–860 nm) for the S4M multilayer
film can be noted. Moreover, the nano-columnar
structure of the D/M/D multilayer film is beneficial
in increasing the T% in the visible range. The
average T% in the visible region for S4E is � 76%,
whereas that of S4M is only 30%. Furthermore, S4E

(nano-columnar structure) displays only � 6% aver-
age reflectance in the visible region, while that of
S4M (dense structure) is � 20%. A very weak visible
reflectance, � 3% at � 650 nm, of the S4E multi-
layer film strongly supports its ability to serve as an
anti-reflection coating in the visible range of wave-
lengths.44 This anti-reflection feature might origi-
nate from the nano-columnar morphology of layers
with tuned refractive index values. On the other
hand, both S4E and S4M exhibit almost similar
(� 25%) reflectance in the IR region. The other
significant effect of the nano-columnar structure
with high hierarchical roughness over the glassy
structure can be seen in the ultraviolet spectral
region. The nano-columnar structure reflects 10%
more compared to the dense structure. It is believed
that the nano-columnar structure with zigzag CIs
(hierarchical roughness) plays an important role in
increasing the T% and lowering the R% in the

Fig. 5. Hardness and reduced elastic modulus of the S4E and S4M
multilayer films (inset loading and unloading graphs of S4E and S4M). Fig. 6. Spectral transmittance and reflectance characteristics of

HfO2/Mo/HfO2 multilayer films.

Effect of Interface Structure on the Hydrophobicity, Mechanical and Optical Properties of
HfO2/Mo/HfO2 Multilayer Films



visible region. The cross-sectional and topographical
micrographs (Fig. 4) also support these findings in
the difference in their optical behavior. The inset of
Fig. 6 shows the topographical optical appearance of
the nano-columnar structured (S4E) and dense
structured HfO2/Mo/HfO2 multilayer films depos-
ited on glass substrates. The coated glass substrates
were placed on top of the UTEP logo. A high
visibility of the UTEP logo can be seen clearly in
the S4E multilayer film as compare to the S4M

multilayer film. These observations indicate that
the interface microstructure tuning may allow
better control or tailoring of the electronic proper-
ties. While the interface microstructure influence on
the optical properties is evident, a direct comparison
of the optical properties of the HfO2/Mo/HfO2 mul-
tilayer films in this work with those reported in the
literature may not be meaningful since the thick-
ness values of the D and M layers, and their
respective configurations, are different. However,
we present a comparison of the present data with
those of the D/M/D multilayer films containing HfO2

as a dielectric in combination with different met-
als.3,20,33,35 Specifically, it is imperative to compare
and contrast the results with some of the existing
reports on D/M/D multilayer films for heat mirror
applications, where the HfO2 dielectric was used in
conjunction with Mo, Al and Ag.3,20,33,35 Heat
mirrors, fabricated using HfO2 and Ag (i.e., HfO2/
Ag/HfO2) in D/M/D multilayer films, showed an
average transmittance of 72% and an average
reflectance of 67% in the NIR region (700–
2000 nm).20 Selvakumar et al. have studied heat
mirrors with HfO2/M/HfO2 (M = Hf, Mo, Al) multi-
layer films fabricated by magnetron sputtering.3,35

A high solar absorptance of 90.5–92.3% was
reported for HfO2/Mo/HfO2 and 91.6–92.5% for
HfO2/Hf or Al/HfO2 heat mirrors. While the spectral
transmittance of HfO2/Mo/HfO2 multilayer films in
this case are comparable to these existing studies,
their IR blocking efficiency is still low. This could be
due to the fact that we considered one specific
example of a selected thickness configuration of
HfO2/Mo/HfO2 films, where the focus was to demon-
strate the effect of interface microstructure. How-
ever, the results presented in this work warrant
further consideration to optimize the microstruc-
ture and optimal thickness values so that the best
possible efficiencies can be achieved.

CONCLUSION

A detailed, comparative study of the hydropho-
bicity and mechanical durability of nano-columnar
structured and dense structured HfO2/Mo/HfO2

multilayered films is presented. The results demon-
strate the significant effect of interfacial structure
evolution on the hydrophobicity and mechanical
properties of HfO2/Mo/HfO2 multilayer films. A
nanocrystalline (surface), nano-columnar (interface)
structure with vertical alignment through the

dielectric and metal interface enhances the overall
hierarchical surface roughness, which in turn
improves the hydrophobic nature and mechanical
stability. The combination of hydrophobicity
(h> 100�) and enhanced mechanical properties
(H � 25–30 GPa, Er � 300–400 GPa, H3/Er

2 > 0.1
GPa), achieved through structure control in this
work, may be beneficial to further optimize the
efficiency of D/M/D multilayer films for energy-
saving applications. Specifically, these findings
provide evidence that interface engineering and
control of the structure, across the surfaces/inter-
faces in multilayered films, can significantly
improve the hydrophobicity and mechanical dura-
bility, which are desired to realize efficient solar
selectivity for energy saving in practical device
applications.
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