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Hyperbolic metamaterials (HMM) possess significant anisotropic physical
properties and tunability and thus find many applications in integrated
photonic devices. HMMs consisting of metal and dielectric phases in either
multilayer or vertically aligned nanocomposites (VAN) form are demonstrated
with different hyperbolic properties. Herein, self-assembled HfO,-Au/TiN-Au
multilayer thin films, combining both the multilayer and VAN designs, are
demonstrated. Specifically, Au nanopillars embedded in HfO, and TiN layers
forming the alternative layers of HfO,-Au VAN and TiN-Au VAN. The HfO,
and TiN layer thickness is carefully controlled by varying laser pulses during
pulsed laser deposition (PLD). Interestingly, tunable anisotropic physical
properties can be achieved by adjusting the bi-layer thickness and the number
of the bi-layers. Type Il optical hyperbolic dispersion can be obtained from
high layer thickness structure (e.g., 20 nm), while it can be transformed into
Type | optical hyperbolic dispersion by reducing the thickness to a proper
value (e.g., 4 nm). This new nanoscale hybrid metamaterial structure with the
three-phase VAN design shows great potential for tailorable optical

opposite, leading to the hyperbolic
physical response.®]  Typically, the
hyperbolic metamaterials consist of
metal and dielectric materials arranged
in highly anisotropic morphology.l°!

In general, there are multiple ap-
proaches to produce such hyperbolic
metamaterials. One is alternative depo-
sition of metal and dielectric material as
multilayers, such as TiN/MgO multilay-
ers, Ag/SiO, multilayers, TiN/AIN mul-
tilayers, and TiN/ScN multilayers.[10-14]
Another one is to use top-down lithog-
raphy and patterning methods, such as
focused ion beam and e-beam lithogra-
phy, to prepare highly anisotropic metal-
dielectric nanostructures.'>"7] The ver-
tically aligned nanoarrays structure can
also be achieved by chemical synthe-
sis methods, such as electrodeposition,

components in future integrated devices.

1. Introduction

Hyperbolic metamaterials (HMMs) have recently attracted great
research interest because of their wide range of applications
in optics and photonic devices, such as negative refraction,!'3
hyperlens,*! and partial focusing.[®”] In the hyperbolic metama-
terials, the signs of the permittivity along different directions are
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vacuum-filtration technique and kinetic

assembly method.'®2% Very recently, a

one-step deposition of self-assembled
oxide-metal metamaterials in a vertically aligned nanocomposites
(VANs) form has been demonstrated as an alternative approach
for processing HMMs.[18:19:21.22]

Considering different responses, hyperbolic metamaterials
can be mainly divided into two different types, as shown in the
schematic drawing in Figure 1. In the Type I hyperbolic meta-
materials, in-plane (¢//) dielectric constant real part is positive,
while out-of-plane (¢*) is negative. Such Type I hyperbolic dis-
persion can usually be achieved in some metal in dielectric VAN
structure.®212324] On the contrast, in the Type IT hyperbolic meta-
materials, n-plane (¢//) dielectric constant real part is negative,
while out-of-plane (¢) is positive. Such Type II hyperbolic dis-
persion has been reported in some metal dielectric multilayer
structures.[1%122526] Thus it is hypothesized that tunable hyper-
bolic metamaterials could be achieved by combining two differ-
ent structure designs, i.e. VAN and multilayers. Such combined
multilayers and VAN structures have been very rarely explored
with limited success(?’] but could have a great potential in achiev-
ing tunable hyperbolic metamaterials.

As alternative plasmonic materials to noble metals, tran-
sition metal nitrides have been recently explored to produce
metal/dielectric multilayer HMMs, owing to their high hardness
and stability, low cost, and excellent plasmonic properties in the
wavelength range from 500 to 600 nm.l'%12] As a typical tran-
sition metal nitride, TiN has been widely studied to fabricate
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Figure 1. Schematic drawing of the new multilayers structure design, leading to the hyperbolic dispersion transformation from Type Il to Type | when

layer thickness decreases.

HMMs as the metallic phase in the form of either nanoarrays
or multilayers.[1*12282] TiN displays unique optical properties
as a plasmonic, and possess high stability with a high melting
point.3%31 However, TiN has been reported to be oxidized over
400 °C,32%%1 which makes it challenging to integrate TIN with
oxide to produce HMMs. In addition, the growth conditions for
most oxides and nitrides are different which also poses a growth
challenge.

In this work, we demonstrated a new anisotropic structure de-
sign combining both multilayer and VAN structures, where TiN-
Au and HfO,-Au were alternatively deposited on MgO substrate
with a PLD method, to fabricate tunable HMMs. HfO, was se-
lected as the dielectric material, because our previous study re-
veals that the epitaxial HfO,-Au layer can be obtained on a TiN-
Au layer by the direct deposition of HfN-Au.[?!] In the previous
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work, we found that the Au pillars can grow vertically in both
TiN and HfO, layers, and detailed TEM analysis shows that the
Au pillars can grow continuously through the interface between
TiN and HfO,. In addition, the work also reveals that the TiN was
not oxidized under such vacuum growth condition. We thus hy-
pothesize that the HfN oxidation process could also help mitigate
the oxidation process of TiN. This phenomenon makes it possible
to fabricate such HfO,-Au/TiN-Au multilayers structure without
much concern of the oxidation of TiN. The layer thickness was
varied by adjusting laser pulses for each individual layer while
controlling the total film thickness, as shown in Figure 1. This
has resulted in different layer numbers of 5, 15, and 45 for the
three samples. Optical measurements were conducted to explore
the optical property tuning in this complex 3-phase nanocompos-
ite system. The work provides additional tuning approaches in
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Figure 2. XRD 6-20 scan of HfO,-Au/TiN-Au multilayers with different
layer thickness.

plasmonic HMMs designs towards future applications in inte-
grated photonic structures.

2. Results and Discussion

Three TiN-Au/HfO,-Au multilayer samples (i.e., 5 layers, 15 lay-
ers, and 45 layers) were deposited on MgO substrate considering
the lattice matching between MgO (a = 4.21 A) and TiN (a = 4.24
A). Both top layers and bottom layers are TiN layers. To investi-
gate the overall film crystallinity, the X-ray diffraction (XRD) char-
acterization was conducted on all three as-deposited films, and
the results are shown in Figure 2. Both monoclinic-HfO, (002)
peaks and cubic-TiN (002) peaks can be distinguished at ~26 =
34.3 and 20 = 42.5 respectively. Neither TiO, nor TiNO peaks can
be identified suggesting no obvious oxidation of TiN was found
in the samples. It is worth noting that the peak intensity of both
HfO, (002) and TiN (002) peaks decreases as the layer number
increases, suggesting the film crystallinity was reduced as each
layer becomes thinner. This is perhaps due to the in-plane lattice
mismatch between TiN (a = 4.24 A) and HfO, (a =5.09 A, b=
5.15 A, ¢ = 5.28 A) and there is more in-plane strain in the thin-
ner layer samples. It can also be noted that the Au prefers (002)
orientated growth in the 5-layers film, and it became (111) dom-
inated in the 45-layers film. This orientation difference could be
related to the film crystallinity and strain state in the samples.
The specific film morphology analysis was conducted using
STEM and EDS, and results are shown in Figure 3. In the STEM
images taken under the high angle annular dark field (HAADF)
mode, two different layers can be easily distinguished based on
the contrast, i.e. the darker layers are TiN, and the brighter layers
are HfO,. It can be observed that the layer thickness in all three
films is almost uniform, and thickness of TiN layer is compara-
ble to that of HfO, layer. In the 5-layer film, each layer is ~20
nm, while that is 12 nm in the 15-layer film and 4 nm in the 45-
layer film. In the meantime, the Au pillars can grow through all
the films in a vertical direction with fairly uniform size. There
are some curvature and diameter variation when Au pillars grow
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through different layers, and the average diameter of the Au pil-
lars was measured to be 3.5 nm in all three films. The diameter
variation in different layers can be resulted from the strain differ-
ence in each of the matrix layers. The corresponding selected area
electron diffraction (SAED) patterns for all samples are shown
in Figure S1 (Supporting Information). The corresponding se-
lected area electron diffraction (SAED) patterns for all samples
are shown in Figure S1 (Supporting Information). In the diffrac-
tion pattern of the 5-layer film, all diffraction spots are clear and
sharp, suggesting a high-quality epitaxial growth. Both TiN and
HfO, diffraction spots can be easily distinguished. However, the
diffraction patterns suggest that the films become polycrystalline
and amorphous in some areas as the layer number increases, in-
dicating a reduced crystallinity. This result agrees well with the
XRD results.

The volume fill fraction of Au pillars was also estimated from
the microscope images. The plan-view (PV) imaging analysis was
conducted on these multilayer samples to help with the estima-
tion, and the relative EDS mapping are shown in the Figure S2
(Supporting Information). It can be observed that all three sam-
ples have a similar distribution of the Au pillars, and the average
distance between Au pillars is similar for all three samples to be
~7 nm. The big difference of the pillars size in PV EDS images
could result from the sample preparation process due to curva-
ture and diameter variation of pillars. The average pillar size in
cross-sectional (CS) image and pillar distribution in PV image
were used to estimate the volume fill fraction. In this estimation,
the Au pillars are regarded as the cylinder with the diameter of
3.5 nm. And the pillar amount density is calculated to be 0.0188,
0.0197, and 0.0175 nm~2 accordingly. Then the volume fill frac-
tion was estimated to be ~18.1% (5 layers), 19.1% (15 layers), and
16.8% (45 layers).

To better understand the interface and crystallinity, the 5-layer
film was selected to perform more detailed microstructure anal-
ysis. The TEM image and corresponding SAED patterns are
shown in Figure 4a,b, respectively. TiN and HfO, layers can be
easily recognized with different contrast. By carefully indexing
the diffraction patterns, cubic TiN and monoclinic HfO, with
different orientations can be distinguished. Since the lattice pa-
rameters of TiN and MgO are comparable, some of their diffrac-
tion spots are overlapped. However, there are some other diffrac-
tion spots not indexed in the figure, which are identified as Au
diffraction spots. The distinguished diffraction pattern indicates
nearly epitaxial growth of TiN and HfO, multilayers, with the epi-
taxial relation of HfO,(002)//TiN(002), which is consistent with
the XRD results. Further interface analysis was performed with
HRSTEM and shown in Figure 4c,d. It can be observed that the
interfaces between TiN and HfO, are smooth, and local high-
resolution STEM image further confirms that the HfO, is in
monoclinic structure and TiN is in cubic structure without oxida-
tion. Based on the HRSTEM image, Au pillars grow continuously
through the interface between TiN and HfO, marked with yellow
dash line in Figure 4d. The average Au nanopillar diameter can
be estimated to be 3.5 nm, which is relatively thin compared to
previously reported Au pillars in VAN structures.[>*-3¢]

To investigate the optical properties of such anisotropic struc-
tures, ellipsometry measurement was performed on all three
films by RC2. Based on the (S)TEM results, the x-direction and
y-direction performance should be equivalent, so the obtained
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Figure 3. STEM images and EDS mappings of HfO,-Au/TiN-Au multilayer films with different numbers of layers: (a) 5 layers, (b) 15 layers, and (c) 45

layers.

data was fitted with biaxial model along with general oscillator,
and the results were plotted in Figure 5. Remarkably, different
optical hyperbolic dispersion properties can be obtained in
the three samples with a general trend. Figure 5a suggested
that for wavelengths less than 630 nm in the 5-layers film,
both in-plane (¢//) and out-of-plane (¢) dielectric constant
real part are positive, while ¢// turns into negative and " re-
mains positive above 630 nm, leading to the Type II hyperbolic
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dispersion. This result is similar to that of the most reported
multilayer hyperbolic metamaterials, which exhibit Type II
hyperbolic dispersion above specific wavelength.[101225:26] Eg.
pecially for TiN-based hyperbolic metamaterials, TiN/AIN
multilayers have been widely explored and previous research
has reported that Type II hyperbolic dispersion can be ob-
tained beyond 600 nm in such TiN based multilayer hyperbolic
metamaterials.!122]

© 2024 The Authors. Small Methods published by Wiley-VCH GmbH

ASUAOIT SuOWWo)) dANea1) d[qedridde oYy £q pauIdA0S 18 SA[OIIR Y (IsN JO SI[NI 10] AIRIqIT SUIUQ AS[IAY UO (SUONIPUOD-PUB-SWLID)/ WO AS[1M’ ATRIQI[UI[U0//:sdNY) SUONIPUOD) PUR SWIAT, Y} 39S *[+202/90/€0] U0 Are1qrT autuQ AS[1A\ ‘L8000¥TOT PIWS/ZO0T 0 1/10p/wod Ko[1m K1eiqiaurjuo//:sdny woiy papeojumod ‘0 ‘809699€7



ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

HfO,

‘ ;

-

www.small-methods.com

Figure 4. Microstructure analysis of the 5-layers HfO,-Au/TiN-Au multilayer thin film. (a) TEM image, (b) the corresponding selected area diffraction
pattern obtained under the zone axis [100], (c) STEM and (d) HRSTEM images of the interface between HfO, layer and TiN layer. In the diffraction
pattern, the blue mark is for TiN; red, yellow, and orange mark is for HfO, with different orientations.

Interestingly, as the layer thickness decreased to 4 nm in the
45-layers film, Type I hyperbolic dispersion was observed, as
shown in Figure 5c. When the wavelength is above 370 nm, ¢*
is negative and €// shows positive. Such Type I hyperbolic dis-
persion was usually detected in the VAN structure, where metal
pillars embedded in the dielectric matrix.[*212324] Tt suggests that
the TiN/HfO, multilayer structure could be regarded as a dielec-
tric unit when the layer thickness reduces to 4 nm in this 45-
layers film, which is similar as a superlattice structure.’”] Such
anisotropic structure, where Au pillars embedded in such di-
electric unit, leads to the Type I hyperbolic dispersion. On the
other side, the much stronger metallic expression in 45-layers
film compared to 5-layers film can also result from the difference
of HfO, layers. Since the HfO, layers were deposited by naturally
oxidizing the TiN during the growth. In 45-layers film, there were
more TiN layers, which can act as the oxygen barrier, and the ob-
tained HfO, layer could be HfO,N, leading to a more metallic
optical response.

As for the 15-layers film, a mixture property was identified. In
the range from 475 to 550 nm, the Type II hyperbolic dispersion
can be observed, where " is positive and ¢// is negative. While
the Type I hyperbolic dispersion can be observed above 725 nm.
Comparing the fitted plot from 5-layers film and 15-layers film,
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it worth noticing that the value of ¢* turns to more negative as
the wavelength increase in the 15-layers film, which indicating a
more metallic behavior in the out-of-plane direction compared to
the 5-layer film.

In addition, the imaginary part of the permittivity ¢, was also
plotted in Figure S3 (Supporting Information). It can be observed
that the e, along in-plane direction is similar for all three sam-
ples, but the ¢, along out-of-plane direction, especially at optical
and near-IR frequencies, is increasing as the layer thickness de-
creases. This can be resulted from the strong losses of TiN and Au
components, and such a three-phase structure makes the optical
response complicated. However, the imaginary part of the per-
mittivity of all three samples are much lower than that of pure
Au and TiN, indicating a lower absorption loss.[3!

To better understand such dispersion variation, the TiN/HfO,
multilayer samples without Au pillars were also prepared with the
same deposition parameters. The relative permittivity was mea-
sured and fitted, and the real part of the permittivity was plot-
ted in Figure S5 (Supporting Information). It can be observed
that 5 layers sample shows Type II hyperbolic dispersion which
is commonly observed in dielectric/metal multilayer structure.
However, as the layer thickness decreases, the TiN/HfO, multi-
layer structure becomes less anisotropic in 15 layers sample. As
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Figure 5. Dielectric constant e1 of HfO,-Au/TiN-Au multilayer thin films
with different numbers of layers: (a) 5 layers, (b) 15 layers, (c) 45 layers.
Different hyperbolic dispersion was detected in different films following a
certain trend.
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Figure 6. Transmittance of HfO,-Au/TiN-Au multilayer thin films with dif-
ferent numbers of layers. Au plasmonic absorption peak was detected
around the wavelength of 510 nm. (Some minor spectral features around
wavelengths 320 nm, 380 nm, and 480 nm may result from the wavelength
change of the machine during measurement.)

for the 45 layers TiN/HfO, sample, it shows both positive permit-
tivity along in-plane and out-of-plane direction. This result agrees
with our hypothesis that such TiN/HfO, multilayer structure can
be regarded as a dielectric unit when the layer thickness reduce
to a certain level. This can also help explain the hyperbolic dis-
persion transformation shown in Figure 5.

In addition, COMSOL simulation was conducted to help better
understanding of the findings. A model with a 5-layer TiN/HfO,
multilayer structure with or without Au was set in the simulation.
The distribution of Au pillars was set based on the estimated vol-
ume fill fraction. The average diameter of Au pillar was set as
3.5 nm and the distance of Au pillars was set as 7 nm, then the
volume fill fraction is set with the estimated value from micro-
scope data, 20%. The simulated result is plotted in the Figure
S6 (Supporting Information). It can be observed that the simu-
lated plasmonic absorption peak is also 510 nm (mostly from
the Au), which agrees well with the measured transmittance re-
sults. Since the actual interfaces of TiN and HfO, layers are notas
ideal as that in the simulation, there is some shift and intensity
difference between the simulated and measured transmittance
data.

In short, the hyperbolic optical properties of this VAN and mul-
tilayers combined structure can be tuned by adjusting the layer
thickness of each layer. When the layer thickness is large, the en-
tire film behaves more as multilayers, which exhibits Type II hy-
perbolic dispersion. However, as the layer thickness decreases,
the film behaves more as VAN, exhibiting Type I hyperbolic dis-
persion. This hybrid three-phase metamaterials with tunable hy-
perbolic property can be adopted for future hyperbolic optical de-
vice design.

Since Au is a typical plasmonic material, the plasmonic prop-
erties of the films were also investigated by transmittance mea-
surement, and the results are shown in Figure 6. It can be ob-
served that the transmittance curves of three samples follow
a general trend, i.e. the intensity of the transmittance curves
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decreases as the number of layers increases. This can result from
the permittivity change of the samples. As shown in Figure 5, a
higher layer number corresponds to a negative epsilon and hence
no mode inside the material that can transport EM energy. In ad-
dition, the Au plasmonic absorption peak can be distinguished
~510 nm in all three films. In addition, the Au plasmonic absorp-
tion peak can be distinguished ~510 nm in all three films. Such
short wavelength plasmonic absorption peak can be strongly af-
fected by the morphology and background materials.***%] One
possible reason can be size effect of the ultra-thin Au pillars em-
bedded in the multilayers films, since the plasmonic absorption
peak shows a redshift as the size increases.[*!*2]

Overall, this study presents a multilayer-VAN combined meta-
material design with HfO,-Au/TiN-Au multilayer thin films with
fine Au nanopillars growing through the entire film, exhibit-
ing tunable hyperbolic optical properties. A nitride/oxide/metal
three-phase nanocomposite system with tunable optical property
can offer a new design approach for future hyperbolic metama-
terials.

3. Conclusion

In summary, self-assembled HfO,-Au/TiN-Au multilayer thin
films with thin Au nanopillars have been successfully obtained
on MgO substrates by alternatively depositing HfO,-Au and TiN-
Au layers. The layer thickness of 20, 12, and 4 nm was carefully
controlled by adjusting the laser pulses. One of the key consider-
ations is to use HfN-Au to convert to HfO,-Au VANS, instead of
the direct HfO,-Au deposition. This method minimizes the po-
tential oxidation of TiN layer and thus maintains clean and sharp
nitride/oxide interfaces in the multilayer samples. Such highly
anisotropic nitride-oxide multilayer structure exhibits hyperbolic
optical response. Interestingly, the type of hyperbolic dispersion
can be tuned from Type II to Type I by reducing the layer thick-
ness. Also, plasmonic absorption was observed near 510 nm.

Itis noted that the crystallinity and epitaxial quality of the films
were reduced as the layer thickness decreases. This could be due
to the large lattice mismatch between the TiN layer and HfO,
layers. For future directions, we can select other oxide and ni-
tride systems with smaller lattice mismatch to achieve multilayer
films with better crystallinity. It is also ideal to incorporate other
metallic nanostructures for integrating other function properties
into the multilayer-VAN combined hybrid metamaterials, such as
magnetic nanocomposites, Co, Fe, and Ni nanopillars. With the
large potential materials spaces and combinations, the property
tuning could be broad and effective. Materials compatibility with
the current IC fabrication process could also be another impor-
tant consideration, for example, incorporating existing materials
such as TiN, SiO,, Cu, and others. This work offers a new ap-
proach for fabricating tunable hyperbolic metamaterials, which
can be applied to future integrated photonic devices or sensor
designs.

4. Experimental Section

Thin Film Growth: The multilayer-VAN combined thin films were de-
posited under vacuum using pulsed laser deposition (with a KrF excimer
laser, A = 248 nm). The multilayers thin film was fabricated with alterna-
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tive layers of TiN-Au and HfO,-Au on MgO substrates, where the bottom
layer and top layer are always TiN-Au. The total deposition process was
controlled to be 5000 pulses. The HfO,-Au layer was deposited with an
HfN-Au target. All the films with different layer thickness were deposited
under vacuum at 600 °C.

Structure and Physical Properties Characterization: The microstructure
of the films was characterized using X-ray diffraction (XRD) (PANalyt-
ical Empyrean, 6-20 scan with CuKa radiation, 4 = 1.5406 A), Trans-
mission Electron Microscopy (TEM), and Scanning Transmission Elec-
tron Microscopy (STEM), coupled with electron-dispersive X-ray spec-
troscopy (EDS). TEM, STEM, and EDS are all operated on ThermoFisher
TALOS 200X under 200 kV accelerating voltage. The dielectric permittivity
of the films was measured using a spectroscopic ellipsometer (JA Wool-
lam RC2). The obtained data was modeled as in-plane (e!l) and out-of-
plane (e1) components using the general oscillator models to make them
Kramers—Kronig consistent. The transmittance of the films was measured
using a Perkin Elmer Lambda 1050 system with a 3D detector.

Simulation: The numerical simulation was conducted with the COM-
SOL software. The relative dielectric data is from open source.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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