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Measuring the multifunctional properties of MoS, across the amorphous-crystalline
transition using colorimetric sensing

Jose L. Ocana-Pujol 1" Rebecca A. Gallivan®,' Ramén Camilo Dominguez Ordéiiez I Nikolaus Porenta®,

1

Arnold Miiller ®,> Christof Vockenhuber,? Ralph Spolenak,' and Henning Galinski® !+
Laboratory for Nanometallurgy, ETH Zurich, 8093 Ziirich, Switzerland
*Laboratory of lon Beam Physics, ETH Zurich, 8093 Ziirich, Switzerland

® (Received 14 May 2024; revised 28 June 2024; accepted 8 July 2024; published 5 September 2024)

Molybdenum disulfide (MoS,) is a next-generation semiconductor and is frequently integrated into emergent
optoelectronic technologies based on two-dimensional materials. Here, we present a method that provides direct
optical feedback on the thickness and crystallinity of sputter-deposited MoS, down to the few-layer regime.
This colorimetric sensing enables tracking the material’s functional properties, such as excitonic response,
sheet resistance, and hardness across the amorphous-crystalline transition. To illustrate the potential of such
feedback-controlled fabrication, we realized MoS,-based hyperbolic metamaterials (HMMs) with controllable

optical topological transitions and hardness.
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I. INTRODUCTION

Semiconductors are essential building blocks of the elec-
tronic devices that critically shape our daily lives [1].
However, the drive for device miniaturization faces challenges
as we approach the fundamental physical limits of today’s
semiconductor technologies [2]. In this context, molybdenum
disulfide (MoS,), a transition metal chalcogenide (TMC), has
emerged as a potential next-generation semiconductor. Unlike
other TMCs, MoS, is composed of relatively abundant and
relatively innoxious elements [3]. It also has a long history of
being used in industry due to its catalytic [4,5] and mechanical
properties [6,7]. These properties stem from the material’s
peculiar layered crystal structure, in which each layer consists
of a molybdenum sheet sandwiched between two sheets of
sulfur atoms. While in the plane these layers form a covalently
bonded hexagonal lattice, they are only held together by weak
van der Waals forces on the interlayer level [8].

As a consequence of weak interlayer bonding, single-
to few-layer MoS, is readily produced by top-down ap-
proaches such as mechanical or chemical exfoliation. Similar
to graphene, the electronic properties of MoS, change dramat-
ically when the crystal is reduced to a single layer [9]. While
bulk crystals have an indirect band gap (1.23 eV) requiring
phonon interaction for bound electron-hole pair (exciton) for-
mation, in the monolayer limit, MoS, exhibits a direct band
gap (1.89 eV), featuring strong excitonic transitions [10]. Its
tunable electronic properties make MoS; a promising material
for various classical semiconductor applications such as tran-
sistors [11], photodetection [12], light-emitting diodes [13],
solar cells [14], and emergent optoelectronic applications such
logical gates based in spin- and valleytronics [15-17].

“Contact author: joseo@ethz.ch
fContact author: henningg @ethz.ch; http://met.mat.ethz.ch

2469-9950/2024/110(11)/115303(11)

115303-1

Despite the tempting prospects of MoS, as a next-
generation semiconductor, the integration of MoS, into
standard semiconductor fabrication processes remains a
significant challenge. Although developments in top-down
approaches such as exfoliation have proven capable of over-
coming initial drawbacks in coverage and scalability, these
techniques remain mainly limited to monolayer systems
[18,19]. Similarly, bottom-up approaches such as chemical
vapor deposition (CVD) require high annealing temperatures
(T > 1000 K), limiting the choice of substrate materials
on which MoS, can be grown [19,20]. All the mentioned
techniques can only produce crystalline MoS, (c-MoS,), leav-
ing the properties of amorphous MoS, (a-MoS;) not fully
explored [21,22]. Notably, a-MoS, shows superior optical
broadband absorbance [23] and hydrogen evolution reaction
activities compared to c-MoS,, making it more suitable for
applications such as photodetectors and hydrogen catalysis
[23,24].

To address these challenges, magnetron sputtering, which
is a bottom-up fabrication technique well aligned with
standard semiconductor fabrication processes, has been con-
sidered as an alternative route to fabricate MoS,. Sputtering
enables the production of both amorphous and crystalline
MoS; with thicknesses ranging from one monolayer to more
than one micrometer [25,26] on all vacuum-compatible sub-
strates. Still, common drawbacks of sputtering are the high
kinetic energy upon arrival, which is typical of the sputtering
process, leading to a limited degree of epitaxy and an increase
in defects in the material. Hence, to establish a fabrication
procedure for sputtered MoS, with a high uniformity and
controllable number of layers, it is imperative to develop tools
that enable effective monitoring of the thickness, crystal struc-
ture, and uniformity postdeposition. In this work, we design a
low-footprint thermochromic sensor to assist in the controlled
deposition of amorphous and crystalline MoS, by magnetron
sputtering.

©2024 American Physical Society
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The sensor relies on an asymmetric Fabry-Pérot-type res-
onator [27] that utilizes the optical losses in MoS, [28] to
optically detect changes in thickness and crystal structure
down to a monolayer. This in-place monitoring enables us to
study the chemical and functional properties of MoS,, such
as exciton formation, hardness, and sheet resistance, across
the amorphous-crystalline phase transition. We highlight the
advantage of direct optical feedback within the fabrication
process by realizing a MoS,-based hyperbolic metamaterial
and analyzing its functional properties.

II. SAMPLE PREPARATION
AND EXPERIMENTAL DETAILS

The materials in this work were deposited using mag-
netron sputtering (PVD Products Inc). Molybdenum disulfide
(99% MaTecK GmbH) was sputtered by radio frequency (RF)
sputtering (Pgr = 75 mW), while zirconium nitride was de-
posited by reactive sputtering using a zirconium target (99.5%
MaTecK GmbH) and constant nitrogen flow (3 sscm). The
samples were annealed for 2 h in a vacuum at 1 x 10~ mbar
in a Createc rapid-thermal annealing (RTA) setup. Annealing
under UHV conditions supresses reactions with water and
oxygen and leads to desorption of physisorbed impurities [29].
The heating rate was kept at 5 K/min and no active cooling
was used.

The refractive index of MoS, and ZrN was measured by
Variable Angle Spectroscopic Ellipsometry (VASE) with a
J. A. Woollam M-2000 system. A comparison between the
experimental n and k values of magnetron sputtered MoS, and
ZrO;N, with data from the corresponding literature is shown
in Fig. S3 in Ref. [30]. M-2000 was also used to measure
the angular and polarization-dependent reflectance spectra
[Fig. 4(d)]. The reflectance spectra at near-normal incidence
were measured using a fiber-coupled reflectometer (OceanOp-
tics). Transfer Matrix (TM) calculations were performed on
— Wolfram Mathematica. Photoluminescence measurements
were performed on a Horiba microscope (LabRAM HR Evo-
lution UV-VIS-NIR). A 532 nm Nd: Yag laser was used at a
nominal power of 1.5 W and focused onto the samples with
a Nikon PlanFluor 10x objective. The incident power was
controlled through the filter wheel setting set at 10% after
observing no shift in the optical response below that threshold.
The integration time was kept constant to 45 s.

X-ray diffraction (XRD) measurements were performed
using an (X’Pert MRD, Panalytical, Netherlands) equipped
with a 0.27° parallel plate collimator. Cu K, (A=
1.540598 A) radiation generated at 40 kV /45 mA was used.
RBS measurements were performed with a 2 MeV “He beam
and a Si PIN diode detector under 168° scattering angle.
The results were fitted using RUMP. The Raman measure-
ments were performed on a Witec Microscope CRM 200
with a 532 nm excitation. All measurements were performed
in backscattering mode with an long pass edge filter filter
(532 nm). A 20x objective with a numerical aperture of 0.4
was used. We refer to Ref. [30] for the details on the peak
deconvolution (Table S3). The integration time was kept con-
stant at 30 s.

The sheet resistance was measured using a linear four-point
probe head with tungsten electrodes and a Keysight B2962A

power supply. The current-voltage curves were measured in
the Ohmic region, varying from nA to mA.

An iNano nanoindenter (Nanomechanics, Inc.) with an
InForce50 actuator under a quasistatic strain rate of 0.1 s™!
using a diamond Berkovich indenter tip (Synton-MDP) was
used for the indentation experiments. All MoS, thin film
samples were indented to a depth of 20 nm in a 10 x 10 array.
The load-displacement curves were inspected for artefacts and
punch-through of the films, as indicated by a discrete shift in
loading slope to identify successful indentation experiments.
To appropriately account for the bluntness of our indentation
tip at such small indentation depths, a spherical approximation
with a 50 nm radius of curvature was made for the contact
area. The MoS,-ZrN multilayers were indented to a load of
1 mN in a 10 x 10 array to allow the penetration of multiple
layers for all samples. The ZrN multilayers were indented in a
10 x 10 array to a load of 1 mN in four regions of the sample,
leading to an average indentation depth of 47 nm. All hardness
measurements are reported at the maximum indentation depth.

III. RESULTS AND DISCUSSION

A. Monitoring the bottom-up fabrication of MoS,

To identify the operational regime of the thermochromic
sensor, a-MoS, of varying thickness § was deposited on zir-
conium nitride (ZrN) by RF magnetron sputtering. In a second
step, crystallization is achieved by annealing at 750 K for two
hours in ultrahigh vacuum (UHV), as illustrated in Fig. 1(a).
Here, ZrN acts as a metallic back-reflector of the asymmetric
cavity. ZrN was specifically selected as it guarantees high
chemical stability in a sulfur-rich environment. We refer to
Ref. [30] (Fig. S1) for a more detailed discussion on the
selection of a metallic backreflector.

Figure 1(b) shows optical micrographs of amorphous and
crystalline MoS, directly deposited on ZrN-coated Si wafers.
In both states, we observe the formation of vivid struc-
tural colors spanning from yellow to green, depending on
the thickness. This change in coloration is also seen in the
reflectance spectra obtained by near-normal incidence reflec-
tometry shown in Figs. 1(c) and 1(d). Similar to coinage
metals, such as Ag, the spectra exhibit a characteristic absorp-
tion edge. The reflectance minimum observed in the spectra
linearly red-shifts on average by 6.4 +0.5 nm (Fig. S2)
due to an increase in thickness §. The experimentally mea-
sured spectra are in good agreement with calculated spectra
based on transfer matrix calculations [31,32] [Figs. 1(c) and
1(d)]. Refractive indexes were determined using ellipsometry
(Fig. S3 [30]).

Upon crystallization, both the optical properties and
structural coloration of the sputtered MoS, films change
[Figs. 1(b)-1(e)]. The observed strong thermochromic re-
sponse is due to the high absorption in the asymmetric optical
cavity. The spectral position of the absorbing state (i.e., min-
imal reflectance) redshifts on average by 45 + 25 nm for a
given thickness § due to an increase in refractive index upon
crystallization (see also Fig. S3). Due to the high optical loss,
the partially reflected waves are complex and the condition for
destructive interference depends critically on the extinction
coefficient k£ and the film thickness § [33].
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FIG. 1. (a) Schematic illustration of the thermochromic sensor in the amorphous and crystalline states. ZrN acts as an inert metallic
backreflector and MoS; is the cavity medium. (b) Photographs of MoS, on top of ZrN-coated Si wafers ranging from two layers of MoS,
to bulk MoS, before (top) and after annealing (bottom). The indicated thickness 6 was measured by RBS. [(c) and (d)] Normal incidence
reflectance spectra of MoS, on top of ZrN before and after annealing. Dashed lines correspond to TM calculations. (e) CIE 1931 color map
showing the colors achieved in the samples in (b). The dark symbols indicate the colors of the amorphous samples, while the grey symbols

indicate the colors of the crystalline samples.

While the thermochromic response can be identified by
eye in the 11.9-38.3 nm thickness range, all configurations
exhibit a measurable change in color as shown in the CIE
color plot [Fig. 1(e)]. For both parameters, namely thickness
and crystallinity, the sensor response spans the full gamut of
structural colors, where each color corresponds to a unique
experimental state. This direct correlation validates that the
chosen thermochromic sensor configuration is well suited to
act as a robust feedback mechanism in a thickness regime
between 1.3-48.5 nm (2-80 MoS; layers). In the analyzed
thickness regime, the attenuation and phase shift accumula-
tion in MoS, is highly effective and thickness variations in
the order of one monolayer can be detected with a simple
low-budget spectrometer assuming a spectral resolution of
3 nm, as discussed in Ref. [30] (Fig. S2).

B. Physical properties of MoS,

Having established the relationship between optical re-
sponse and thickness, we extend the fabrication of MoS,
to standard passivated silicon wafers (50 nm SiN,-50 nm
Si0,-Si) to better study its physical properties. Additional
discussion is provided in Ref. [30]. We choose Rutherford
backscattering spectroscopy (RBS), Raman spectroscopy,
photoluminescence spectroscopy (PL), and x-ray diffrac-
tion (XRD) to assess the evolution of stoichiometry, crystal
structure, characteristic vibrational modes, and excitonic tran-
sitions as a function of thickness and postdeposition annealing
(Fig. 2). RBS is a reference-free technique that utilizes the

element and depth-specific elastic backscattering of high
energy particles [Fig. 2(a)] to extract compositional depth
profiles [34,35]. Due to its subnanometer depth and high mass
resolution, RBS is ideally suited to probe the stoichiometry,
composition, and film thickness in ultrathin systems [35].

Figure 2(b) shows two representative RBS spectra corre-
sponding to two ultrathin c-MoS, films. The stoichiometry
and thickness of the MoS, layers were obtained by fitting the
RBS spectra, and the best fit was achieved for a layer thickness
of 1.3+0.1 and 3.0 £ 0.1 nm, respectively. The measured
average thickness corresponds to systems with 2 and 5 layers
and agrees well with those observed in the thermochromic
sensors. The spectrum of the thinnest sample (6 = 1.3 nm)
exhibits a small amount of argon (Ar) impurities, which is
a common phenomenon observed in sputter-deposited sys-
tems [36]. According to RBS, the average S to Mo ratio
is 1.7 £ 0.3 [Fig. 2(g)] corresponding to an average sulfur
vacancy percentage of 15%. We attribute the formation of S
vacancies to the presence of an Ar plasma during the growth
process [36,37]. The presence of such vacancies can lead to
the formation of gap states [37] and can significantly change
the physical properties of the material [38,39].

We confirm the crystallization of the system upon isother-
mal annealing using x-ray diffraction (XRD). Figure 2(d)
shows XRD-spectra of three selected MoS; films, before and
after annealing at 750 K. Crystallization of MoS; occurs along
an in-plane orientation with high nanocrystallinity and aver-
age grain size of dgp,in of 5.5 nm [Figs. 2(c) and 2(d)]. The
TEM characterization of a film with § = 1.3 nm (Fig. S5)
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FIG. 2. (a) Schematic diagram of the backscattering process of high energy particles (2 MeV He*") on ultrathin MoS, on passivated
silicon substrates. (b) Selected Rutherford backscattering spectra of samples with 1.3 nm (top) and 3 nm (bottom) MoS, on top of passivated
Si wafers before annealing. The blue dots are the experimental data, while the orange line indicates the fit from which the parameters were
extracted. (c) Schematic illustrating the nanocrystalline nature of the fabricated films. (d) X-ray diffraction pattern of selected thicker MoS,
films on passivated Si both before (dashed) and after annealing (continuous). The line indicates the position of the c-MoS, (002) lattice plane
[40]. (e) Schematic showing the characteristic vibrational modes of TMCs: E,,, the in-plane vibration, and A, the out-of-plane stretching of
sulfur atoms. (f) Raman spectra of sputtered MoS; layers on passivated Si both before (dotted) and after annealing (solid line). (g) Mo/S ratio
measured by RBS. Blue points correspond to individual as-deposited samples, while yellow points correspond to individual annealed samples.
The error bar denotes the systematic error of the RBS measurement. (h) Plot of the frequency difference between the two Raman modes shown
in (f) for samples with different thicknesses (red). The blue points indicate the equivalent values from the literature [41]. (i) Schematic of the
A, B, and I excitonic transitions present in TMCs. (j) Photoluminescence spectra of various c-MoS, films on passivated Si after annealing. The
lines indicate the position of the A, B, and I excitonic transitions. Peak position was determined by peak deconvolution, as shown in Fig. S6.
(k) Normalized intensity of the emission of the A exciton against film thickness é (red). The blue points indicate the equivalent values from
the literature (Refs. [42,43]). (1) Full width half maximum (FWHM) of the excitonic peaks.

seems to indicate only partial crystallization. However, this
could be due to the low substochiometric Mo/S ratio of the
thinnest samples [Fig. 2(g)]. We refer to Ref. [30] (Table S4)
for details about the crystallite size determination. The for-
mation of such a nanocrystalline phase can lead to additional
defect states, such as the accumulation of S-vacancies in the
grain boundaries (GBs) [44].

To examine the combined effect of chemical and struc-
tural disorder observed by RBS and XRD on the vibrational
modes of MoS,, we turn to Raman spectroscopy. Figure 2(e)
illustrates the first-order Raman modes of c-MoS, [41,45,46]:
the out-of-plane vibration of the sulfur atoms (A;,) and the
in-plane vibration of Mo and S atoms (E3,). The (E3,) mode is
an in-plane collective oscillation of Mo and S atoms, and it is
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therefore susceptible to changes in stoichiometry and in-plane
strain. The peaks corresponding to these modes emerge after
annealing, as shown in the Raman spectra in Fig. 2(f). Both
peaks exhibit asymmetrical broadening, indicating that the
presence of small grain sizes induces phonon confinement
effects [47]. The grain boundaries can disrupt the spatial
translational symmetry, leading to a substantial reduction in
phonon lifetime, ultimately resulting in an increased linewidth
[Fig. 2(f)].

Although a substoichiometric Mo/S ratio has been shown
to increase the frequency difference between the two Raman
modes [38,39,48,49], we still observe the characteristic shift
of the first-order modes as a function of thickness § [Fig. 2(h)].
The measured frequency difference Aw gets smaller in the
few-layer regime. This shift indicates that, despite the high
density of defects, the changes in the phononic band structure
with the reduction in the number of layers is comparable
to that observed for MoS, deposited by other techniques
[25,41,50].

To extend the analysis towards the optoelectronic proper-
ties, which are also known to be thickness-dependent [42], we
performed steady-state photoluminescence spectroscopy on
c-MoS,. Inspection of the obtained PL spectra [Fig. 2(j)] re-
veals three excitonic emission peaks, which can be attributed
to indirect-gap luminescence (peak I 1.24 eV) and direct-gap
hot luminescence (peak A 1.78 eV, peak B 1.93 eV), as
illustrated in Fig. 2(i) [10,51]. In case the MoS, thickness
exceeding one monolayer, the direct-gap transition occurs due
to hot carriers that transiently occupy spin-orbit split valence
bands near the K points [10]. It is to be noted that in addition
to direct-gap hot luminescence demonstrated here, contribu-
tions of directly thermalized carriers from the fundamental
band gap cannot be fully ruled out and have to be considered
to contribute to the radiative excitonic emission.

The linewidths of the A and B excitons are significantly
broadened, so that the two peaks cannot be distinguished
without peak deconvolution (see Ref. [30], Fig. S6, and Table
S3). As the linewidth of the PL signal is inversely correlated
with the excitonic lifetime 7 [52-54], it is a clear indicator of
non-radiative recombination due to S vacancies or structural
disorder [55-57]. The short excitonic lifetime makes sput-
tered MoS; films strong candidates for valleytronics [55]. The
high measured B/A peak ratio [Fig. 2(k)] and the increasing
linewidth of the B-exciton with decreasing film thickness
[Fig. 2(D)] [55] further indicate increase defects in thinner
films [55,58,59]. The intensity of direct-gap excitons A and B
scales inversely with the film thickness § [Fig. 2(k)], reminis-
cent of exfoliated systems [42]. This can be attributed to the
direct-to-indirect band gap transition and/or to an increased
defect density [56,57]. The persistence of the emissivity of
these direct-gap excitons in films with thicknesses of tens
of nanometers contrasts with MoS, fabricated through other
methods. One explanation of such persistent emissivity can
be traced back to the high nanocrystallinity of the system.
Here, both the finite size of the crystallites of 5.5 nm and
the grain boundaries have to be considered. Grain bound-
aries can be concieved as amorphized zones with differing
dielectric constant able to critically change the dielectric
screening and enhance the quantum yield of the A and B
transition [60].

It is remarkable that, despite this nanocrystallinity and
the sub-stoichiometry in our films, we still observe the same
trends in the scaling of the electronic and phononic bandstruc-
ture with thickness as in MoS, obtained by other methods
such as CVD or exfoliation. The notion that the physical
properties prevail over their thickness dependence despite the
high-defect concentration, highlights the robustness of sput-
tered MoS; films.

C. Amorphous-crystalline transition

So far, we limited the analysis of the functional properties
to a mere comparison of one amorphous and one crystalline
state. An interesting question is can one use the direct optical
feedback to track the change of functional properties across
the amorphous-crystalline transition. Such an approach can
allow for valuable insights, including the determination of the
crystallization temperature 7, and identification of metastable
intermediates [61,62].

Figure 3(a) shows near-normal incidence reflectance spec-
tra of three MoS, thin films with § = 31.1, 48.5, and 75.6 nm
sputtered on SiN,-Si0,-Si substrates and annealed at different
temperatures. All spectra exhibit a characteristic minimum in
reflectance which shifts upon annealing due to the change in
the optical properties of MoS,. The inversion of the wave-
length shift in Fig. 3(a) is due to the refractive index of the
passivated silicon wafers being higher than that of MoS, for
the § = 31.1 nm film minimum and being lower for the other
two systems. Figure 3(b) illustrates the absolute value of the
normalized relationship between Ap, and the thickness of
the film. We observe a typical steplike function indicative of
a first-order transition, with the average transition tempera-
ture 7, = 499 £ 99 K. It should be noted that 750 K is the
temperature at which the samples in Figs. 1 and 2 were an-
nealed and that the XRD results shown in Fig. 2(b) correspond
to the same batch of samples. Therefore, we attribute this
shift in the minimal reflectance to crystallization and show
that, for thicker films, the change in the optical properties of
MoS; upon crystallization can be sensed without a metallic
backreflector, opening the door to characterize the electrical
properties of MoS,.

We evaluated the electrical properties of our films using a
four-point linear probe, as illustrated in Fig. 3(c). In Fig. 3(d),
the ohmic current-voltage characteristic of the § = 48.5 nm
film is depicted, illustrating an increase in sheet resistance
with varying annealing temperatures, with a noticeable in-
crease marked by the dashed line upon crystallization. The
increase in sheet resistance was similarly observed for the
other two film thicknesses, as depicted in Fig. 3(e). The av-
erage fitted transition temperature (7, = 478 £93 K) is in
good agreement with the transition temperature found through
the characterization of the optical properties (Table S5). An
increase in sheet resistance of almost one order of magnitude
upon annealing could be measured for film thicknesses down
to 11.9 nm, as shown in Fig. S7. Consistent with existing
research [63], we attribute this stark increase in sheet resis-
tance upon crystalization to changes in the coordination of
molybdenum atoms. The metallic homopolar Mo-Mo bonds
in the amorphous state are replaced by less conductive Mo-S
covalent bonds upon crystalization [22,63].
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FIG. 3. (a) Near-normal incidence reflectance spectra of three selected MoS, systems with characteristic dip in reflection. The solid lines
show the spectra of the amorphous state and the dotted lines show the reflectance spectra of the samples annealed at 450, 525, 600, and 750 K.
The spacing of the dots increases with the annealing temperature. (b) Change of the minimal reflectance extracted from (a) given by AX/é
at different annealing temperatures. The grey shaded area indicates the region above the calculated crystallization temperature 7,. All curves
exhibit a stepwise transition around 7, as fitted using a modified hyperbolic function for each MoS, thickness.(c) Schematic of the four-point
probe used to measure the sheet resistance. (d) Current-voltage curves as measured by a four-point probe for the different crystallization states
of the 48.5 nm film. (e) Evolution of the sheet resistance of selected MoS, systems across the amorphous-crystalline phase transition. The grey
area indicates the average T, as fitted using a modified hyperbolic function for each MoS, thickness. (f) Schematic of the nanoindentation setup
used to measure hardness. (g) Histograms showing the distribution of the measured hardnesses for the § = 48.5 nm film. The blue histogram
at the top is for the as-deposited state, while the red histogram below was measured on the same sample annealed to 750 K. (h) Hardness of
the samples annealed at different temperatures. The grey area indicates the average T, as fitted using a modified hyperbolic function for each

MoS, thickness.

To characterize the mechanical properties of our films, we
performed nanoindentation experiments, as illustrated by the
schematic in Fig. 3(f). We observe a decrease in the hardness
of the films after annealing, as shown in Figs. 3(g) and 3(h).
This behavior can also be explained through the amorphous-
crystalline phase transition in the film. Intramolecular bonds
dominate the atomic structure of a-MoS, and typically lead
to brittle behavior and high hardness [64]. On the contrary,
the stacked structure of c-MoS, is characterized by strong
covalent in-plane forces and weak interlayer van der Waals
interactions. These interplane van der Waals interactions pro-
vide low resistance to applied forces, enabling the sliding or
shearing of layers at substantially lower stress than for in-
tramolecular bonds [65]. Interestingly, interlayer sliding also

enables the superior lubrication of MoS, [7,65]. Therefore,
during hardness measurements, the weak out-of-plane bond-
ing in these stacked sheet structures reduces the hardness of
the material by lowering the stress required for deformation
and reaccommodation within the structure.

Furthermore, we observed a large peak broadening in the
XRD measurements that indicates substantial out-of-plane ro-
tations between the crystalline MoS, grains and the substrate
[schematically illustrated in Fig. 2(c)]. These grain rotations
make interlayer sliding even more accessible as a deformation
mechanism under indentation loading and would further sup-
port the mechanical availability of interplane sliding. Thus, in
the presence of a nanocrystalline phase, we expect a clear de-
crease in hardness as compared to the amorphous phase. The
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FIG. 4. (a) Schematic of the deposited ZrN-MoS, multilayer. (b) Rutherford backscattering spectra of the ZrN-MoS, multilayer. The blue
dots correspond to the experimental data, while the orange line indicates the simulated spectrum. (c) Optical phase diagram for MoS,-ZrN
HMMs. The color code depicts the different zones: effective dielectric (¢, > 0, ¢ > 0), effective metal (¢, < 0, ¢ < 0), and Type I HMM
(e1 < 0,¢; > 0). The dashed vertical lines illustrate the measured composition. (d) Color mapping of the measured ratio in reflectance between
the p- and s-polarization. The dashed line indicates the wavelength at which the transition between a dielectric and an HMM is expected. (e)
Near-normal incidence reflectance spectra of the HMMs annealed at different temperatures. The dashed dark line indicates the calculated
reflectance using the TM method. The horizontal red lines indicate the wavelength of the HMMs with amorphous (solid) and crystalline
(dashed) MoS,, respectively. (f) Change in the hardness (blue) and wavelength of the reflected minimum (red) of the multilayer metamaterial
with the temperature of annealing. The grey area indicates the temperatures after which c-MoS, is expected, as fitted from the optical data with
a modified hyperbolic function. (g) Hardness of the multilayer metamaterial (red) and MoS, thin film (blue) annealed at different temperatures.
The semi-transparent yellow area shows the measured hardness of ZrN. The semitransparent grey area indicates the expected results calculated
using the rule of mixtures.

calculated crystallization temperature (7. = 587 & 106 K) is
higher than the one found through electrical and optical char-
acterization but falls within the error range.

D. Few-layer MoS, multilayer composites

The ability to rapidly track the thickness and phase
of sputter-deposited MoS, opens the possibility of cre-
ating more complex stacked photonic systems combining
MoS, with non-van der Waals materials. We illustrate

this by fabricating a MoS;,|ZrN hyperbolic metamaterial
[66,67]. These architected materials enable the engineer-
ing of the local density of optical states (LDOS), en-
hancement of spontaneous emission, and confinement of
light to small modal volumes [67]. Furthermore, hyper-
bolic metamaterials are considered as a promising platform
to create plexcitons, strongly coupled plasmon-excitonic
quasiparticles [68,69].

Figure 4(a) illustrates the metamaterial design consisting
of alternating layers of ZrN and MoS,. The bilayer unit cell
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A and the volume fraction ¢ were chosen to be 25 nm and 0.5,
respectively. The composition and thickness profile of our fab-
ricated ZrN-MoS,; HMM was measured by RBS and is shown
in Fig. 4(b). Due to the small energy separation between Mo
and Zr, the alternation of the layers is only resolvable within
the simulation of the spectrum.

According to effective medium theory, the chosen metama-
terial design exhibits an optical topological transition (OTT)
in the visible spectrum [Fig. 4(c)] [66,70]. Due to the emer-
gence of new optical states, the isofrequency surface of the
HMM changes its shape from a sphere (dielectric phase) to
a hyperbole (type 1 phase). We experimentally observe this
transition between the two topologies by measuring the R,,/R;
ratio [Fig. 4(d)], since the propagation of hyperbolic modes
is limited to p-polarized light [71]. The transition from the
dielectric phase to the Type | HMM phase is due to a change
of sign in the out-of-plane permittivity €, and results in
a discontinuity in the pseudo-Brewster angle ([71,72]). Our
measurements replicate this discontinuity at A = 525 nm, as
shown in Fig. 4(d).

When annealed across the amorphous-crystalline transi-
tion, the optical properties of the HMMs change. Figure 4(e)
compares the measured reflectance at normal incidence of
HMMs annealed at different temperatures. All HMMs ex-
hibit a Lorentz-like dip in reflectance which is caused by
coupling to propagating modes with high-k wave vector. The
reflectance minimum redshifts upon annealing [Fig. 4(f)], and
the shift reproduces the characteristic profile of the phase
transition as observed in Fig. 3.

Understanding the composite’s architecture also enables
the design of the multilayer’s mechanical properties. We ob-
serve that the hardness of the MoS,-ZrN multilayer decreases
upon annealing, following the same trend as the hardness of
MoS,. The mechanical properties of MoS, can be deconvo-
luted using the rule of mixtures, as illustrated in Fig. 4(g).
The hardness value of ZrN is taken as the mean hardness mea-
sured in the as-deposited samples, while the value for Hyos,
comes from the hardness measurements shown in Fig. 3(h).
At 0.5 volume fraction ¢, the calculated hardness for the
as-deposited samples is in good agreement with the measured
hardness. Thus the composite mechanical response of the
HMM does not indicate strong size effect contributions arising
from the ultrathin layers. Additionally, mechanical degrada-
tion in ZrN after annealing could contribute to a reduction
in multilayer hardness that is not reflected in the calculated
values. Another possible contributing factor could include
the relative fraction of probed materials [73]. As c-MoS, is
softer than a-MoS,, it will have a larger plastic zone and
therefore a larger contributing volume to the probed material
under indentation conditions. This would increase the rela-
tive volume fraction of MoS, and thus reduce the predicted
hardness.

The results demonstrate that the rule of mixtures can be
used to design the hardness of layered metamaterials, in
a similar fashion to how the effective medium approxima-
tion can be used to design the optical phase diagram of
the multilayer, opening the door to the design of hyperbolic
metamaterials with tailored mechanical properties. With an
order of magnitude difference in hardness between the con-
stituents, MoS,-ZrN multilayers provide a large space to

tailor the mechanical response to the distinct hardnesses. Re-
markably, the applicability of the rule of mixtures allows for
rapid prototyping and design in comparison to first-principle
methods [74].

The multilayer can also be used to determine the hardness
of MoS; 4 = 13 nm (~20 monolayers) in a deconvoluted
manner. In addition to enabling sensing the amorphous-
crystalline phase transition and displaying hyperbolic optical
modes in the visible, the ZrN-MoS, multilayer shows the
characteristic MoS, photoluminesce response, as shown in
Fig. S8 in Ref. [30]. These stacked designs pave the
way for the realization of plexitonic devices with tailored
mechanical properties, enabling the study of the effect
of strain in the exciton-plasmonic quasiparticles, among
others.

IV. CONCLUSION

The present work highlights the potential of smart sensing
to determine the phase, thickness, and functional properties
of MoS, fabricated by bottom-up magnetron sputtering. The
sensors can detect MoS, thickness variations down to one
monolayer and display a full gamut of colors obtained by
exploiting the freedom in substrate choice and control over
thickness and phase. The coloration can be used as a fast
postdeposition feedback mechanism, opening the door to fur-
ther controlling the thickness and crystallinity through MoS;
fabrication.

We show that the effects of the phase change upon
crystallization are crucial for understanding the phononic
and electronic band structures of our films. For example,
we observe that even in bulklike samples, the direct-gap
hot luminescence typically associated with monolayer MoS;
dominates the PL spectra. We link the unexpected enhance-
ment in quantum Yyield to nanocrystallinity and related finite
size effects on the excitonic emission. Despite the defects
induced by our fabrication technique, the electronic and
phononic band structures of our films shift with thick-
ness in a way similar to MoS, produced by exfoliation
or CVD.

Leveraging the changes in optical properties through
crystallization, we explore the accompanying changes in
electrical and mechanical properties of MoS, through the
phase transition. We further demonstrate that the valuable
insights from this optical sensing can be garnered to fab-
ricate an MoS;-based HMM that allowed us to detect
changes in the hardness of few-layer MoS, with a simple
low-budget spectrometer. The hardness of these multilay-
ers can be approximated with the rule of mixtures, opening
the door to the rapid design of hyperbolic metamateri-
als with tailored mechanical properties. Additionally, the
demonstrated presence of excitonic features in the MoS,-
based multilayers paves the way for the study of interesting
physical phenomena such as the effect of strain plexitonic
modes.

Our findings provide insights into the functional properties
of amorphous and crystalline MoS, across different thick-
nesses and show a viable route towards versatile wafer-scale
fabrication of MoS, thin films and MoS,-based architectures,
thus contributing to the development of MoS,-based devices.
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