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Manipulation of bulk material properties by controlling layer-by-layer chemistry and structure of
nanomaterials has remained an overarching goal of nanoscience and nanoengineering. In the case of
two-dimensional (2D) materials, heterostructures consisting of different compositions, stacking, and
orientation can serve as a platform for designing bulk material properties; however, fundamental
challenges associated with materials processes have limited material quality and impeded scalability.
Most attempts to overcome this limitation have relied on slow layer-by-layer growth or meticulous
transfer of grown single layers. Our work describes a method to directly convert easily fabricated sub-
nanometer metal multilayer heterostructures on both sapphire and SiO; substrates followed by con-
version to 2D van der Waals superlattices, heterostructures, and alloys. These materials exhibit novel
bulk properties compared to individual 2D layers themselves including reduced bandgap, enhanced
light-matter coupling, and improved catalytic performance. The process versatility enables tunable
orientation, layer structure, and chemistry in an exciting class of 2D nanomaterials and provides an
opportunity to generate a wide range of artificially stacked multicompositional 2D structures with
controlled morphologies.
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1. Introduction

Atomic layer-by-layer assembly of two-dimensional (2D) het-
erostructures has emerged as a versatile platform to realize
multifunctional materials by design [1—4]. Over two decades of
work has shown that 2D heterostructures generated using layer-
by-layer assembly can have properties that are both unique and
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distinct from their individual components. Prominent examples
include the observation of superconductivity in twisted graphene
[5—7], valley-polarized carrier excitations in transition metal
dichalcogenide (TMDC) heterostructures [8], and greater than 90%
narrow band absorption in less than 4 nm of excitonic absorber
material [9]. The overwhelming majority of these heterostructures
are constructed by exfoliation and stacking one material layer at a
time, requiring meticulous procedures to achieve the desired
structure [10,11]. Direct sequential deposition of TMDC materials
have now resulted in routine wafer-scale synthesis of van der Waals
(vdW) heterostructures (i.e. a single heterojunction between two
dissimilar materials) [12], yet the creation of subsequent layers to
form a superlattice or even bulk-like films (i.e. multiple hetero-
structures in a single stack) has remained much more elusive.

The restriction in achieving 2D superlattices with appreciable
thicknesses is predominantly due to the extremely slow nucleation
rate of TMDCs on vdW materials. For instance, recent advances in
direct synthesis using metal-organic chemical vapor deposition
(MOCVD) of 2D superlattices show promise in allowing for large-
area monolayer films stacked up to several layers [8]. In this case,
however, the first layer must be transferred from the initial growth
substrate, and the slow growth rate (monolayer lateral growth rate
of ~0.15 nm/min per layer for superlattices) requires over 250 h for
seven layers of material. It is paramount that future systems of 2D
multilayer superlattice stacks rely on strategies that are performed
not just at wafer scale but with feasible processing times in-line
with conventional device fabrication and without the require-
ment of post-growth transfer. In this work, we demonstrate a
scalable route toward all-semiconducting 2D TMDC vdW super-
lattices, heterostructures, and alloys through selenization (or sul-
furization) of alternating stacks of sub-nanometer metal films.
Uniform deposition of molybdenum (Mo) and tungsten (W) films
with thickness as low as 0.7 nm were realized through kinetically
controlled magnetron sputtering. The use of metal ion energies
approaching 60 eV resulted in continuous, uniform metal films
with low surface roughness of below 0.2 nm. The conversion to
superlattice structures was accomplished by thermally reacting the
wafer-scale ultrathin metal heterostructures in either hydrogen
selenide (H,Se) or hydrogen sulfide (H;S), leading to the formation
of either few-layer TMDC alternating layers or alloys by varying the
annealing temperature. The 2D superlattices fabricated in this
method reveal a reduced bandgap and improved optical properties
relative to the few-layer TMDCs, suggesting use in future opto-
electronic device applications. The process is highly scalable, as the
processing time for superlattice film fabrication on either sapphire
or SiO, was approximately 30 min, with a metal growth rate of
0.2 nm/s followed by annealing in a chalcogen hydride (H,Se or
H,S). At repeating units greater than N = 2 (where N=Mo/W het-
erostructure), the surface roughening and various kinetic processes
result in a transition from horizontally oriented films to vertical
orientation, which show promise in catalysis.

2. Experimental methods
2.1. Synthesis

A custom-built magnetron sputtering system was employed for
the synthesis of ultrathin metal films (minimum base pressure of
3% 1078 Torr) and contained two 1.3” Mac sputter sources (MeiVasc,
Inc) held at a distance of 8 cm and a 30° angle from the samples.
The metal TMDC precursor layers were deposited utilizing a
Pinnacle Plus pulsed power supply (Advanced Energy) utilizing
high purity Mo and W targets (Angstrom Sciences, Inc.). The
deposition process was optimized to occur at a pressure of 10 Torr
under argon with a flow rate of 25 sccm. The pulsed power supplies
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were operated at 90 W with a pulse frequency of 65 kHz and
positive pulse width of 0.4 p/s.

Following metal deposition, the samples were unloaded and
transferred to a vacuum tube furnace for reaction with HySe gas. In
a typical TMDC conversion, the samples were pumped an hour
followed by an additional hour of full pumping under hydrogen gas
flow at 200 sccm. The pressure was then increased to 500 Torr and
the gas adjusted to 10 sccm hydrogen, 160 sccm nitrogen. A 20 min
temperature ramp was used to heat the furnace to desired tem-
perature. After 5 min at equilibrium, the H,Se was turned on at a
flow rate of 150 sccm. This was held for 30 min before the chamber
rapidly cooled by opening the tube furnace lid. H,Se gas was turned
off once the temperature was below 400 °C. The tube furnace was
only brought to atmospheric pressure after completely cooling. All
samples were stored in a glove box to minimize oxidation.

2.2. Raman spectroscopy

Normal and polarized Raman spectra were obtained at
room temperature with a Renishaw InVia microscope using a
514.5 nm wavelength excitation laser with ~600 nm spot size
(100 x objective lens). The laser power was kept at <1 mW to
avoid sample heating. The peak frequencies and widths were
obtained by spline baseline subtraction followed by Lorentzian
lineshape fitting.

2.3. In-situ transmission electron microscope annealing

In-situ heating of the sample has been carried out using a chip
with embedded heaters in close proximity to silicon nitride
membranes with a custom holder from Hummingbird Scientific as
described in prior studies [13]. Mo and W metal films were
deposited with the exact recipe used for sapphire and SiO, sub-
strates to form N = 2 metal superlattices. We used bright-field at an
accelerating voltage of 200 kV for imaging and selected area elec-
tron diffraction. The samples were rapidly heated (>10 C/s) to the
desired temperature and then held for approximately 10 min at
each temperature before heating to next higher temperature.

2.4. Variable angle spectroscopic ellipsometry

A J.A. Woollam RC2 Ellipsometer was used to characterize the
optical properties of MoSe,, WSe;, and superlattice films. Optical
dispersion data were collected from 300 to 2500 nm at 50—80°
angles with 5° intervals. A Lorentz multi-oscillator formalism was
used for the optical dispersion data analysis using CompleteEASE
v6.55. Each respective model incorporated the Si/SiO, or single-
side polished C-plane sapphire substrate. Model parameters for
each film are provided in the Supporting Information (Table S3) and
were used to determine n, k, €1, €2, and a for the TMDC film re-
sponses reported. For simplicity, the derived optical properties
from ellipsometry represent an ensemble modeled response
(meaning no modeling of individual layers within the respective
stacks). However, N = 1 and N = 2 heterostructure films were
capable of being modeled in this layer-by-layer fashion yielding
overall optical responses commensurate with the non-layer-by-
layer modeling approach.

2.5. Theoretical simulations

The density functional theory (DFT) simulations were per-
formed using a projector augmented wave potential in a general-
ized gradient approximation with the Perdew, Burke, and Ernzerhof
exchange-correlation functional [14]. The simulated unit cells of
superlattice film were composed of 30 atoms. For the geometry
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optimizations, a Monkhorst-Pack k-mesh of 6 x 6 x 1 was used to
sample the Brillouin zone and the Kohn—Sham orbitals were
expanded in a plane-wave basis set with a kinetic energy cutoff of
60 Ry (~816 eV). The k-mesh was doubled for the electronic
structure simulation. The convergence for energy was set to be
10—-6 eV between two consecutive steps, and the maximum
Hellmann—Feynman forces acting on each atom was set to be less
than 0.01 eV/A upon ionic relaxation. To account for the interlayer
interactions, the D3 dispersion corrections were applied for vdwW
interactions (DFT-D3) [15]. The effects of spin-orbit coupling were
considered in all simulations. The dielectric function (w) was
calculated within the random phase approximation (RPA) [16]
based on DFT ground-state simulations. All simulations were per-
formed with the computational code Quantum Espresso [17]. It is
worth noting that the RPA/DFT simulation with Quantum Espresso
is implemented only for norm-conservative pseudopotentials (NC).
More details about theoretical simulations can be found in Sup-
porting Information.

2.6. Hydrogen evolution reaction measurements

Hydrogen evolution reaction (HER) experiments were carried
out using a CHI708D electrochemical workstation (CH Instruments,
Inc.) with a three-electrode configuration. A graphite rod and Hg/
Hg»S04 (K2S04, saturated) were used as the counter electrode and
the reference electrode, respectively. Typically, a continuous Ar
bubble was introduced into 0.5 M H,SO4 electrolyte to achieve
saturation before the HER test. The linear sweep voltammograms
were obtained with a scan rate of 5 mV/s. The Hg/Hg,S04 (K;SO04,
saturated) reference electrode was calibrated with a reversible
hydrogen electrode.

3. Results and discussion
3.1. Wafer-scale conversion of sub-nanometer metal films to TMDCs

Reacting metal thin films with chalcogen vapor at elevated
temperatures, as depicted in Fig. 1a, has been an established means
of 2D TMDC synthesis [18—20]. For processing at scale (>cm?) and
in few-layer configurations (<5 monolayers), however, 2D mate-
rials grown via this method are generally discontinuous and
demonstrate non-uniform properties. This restricts the ability to
form heterostructures and superlattices as the high interfacial
roughness values propagate as film thickness increases. To
encourage a transition from 3D island formation to smooth 2D
layer-by-layer growth of the metal films, the power applied to the
metal target source during sputtering was modulated to adjust the
kinetic energy distributions of ionized species. The resultant energy
distributions measured for Mo ions is shown in Fig. 1b, depicting a
maximum ion energy approaching 60 eV for pulsed DC sputtering
and considerably less energy in the DC and high-power impulse
magnetron sputtering [21]. The dependence of electrical conduc-
tivity on metal film thickness (Fig. 1b, inset) demonstrates that the
higher kinetic energy ions in pulsed direct current (DC) power
modulation resulted in 2D continuity for the thinnest films,
approaching five atomic layers (further details in Supporting In-
formation Figs. S1—4). The ultrathin metal films produced by this
technique were amorphous and continuous over large areas, with
an atomically smooth surface, as shown by the atomic force mi-
croscopy image in Fig. 1c and the optical image (inset, Fig. 1c) of the
1 cm? sapphire substrate coated by 0.7 nm Mo. Similar results were
confirmed for ultrathin W films. As such, the 0.7 nm metal films
were chosen for the remainder of this study as they were the
thinnest wafer-scale and continuous metal films demonstrated, but
the versatility of the metal synthesis technique can be expanded to
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both thinner and thicker films. The metal films were then selenized
at 500 Torr under a flow of HySe (150 sccm), N3 (160 sccm) and H;
(10 sccm) over a range of temperatures from 400 to 800 °C (Fig. 1d)
to convert to the respective TMDC crystalline structure. Here H,Se
is preferred over Se powder sources due to its low decomposition
temperature and simple pyrolysis products [22—24]. The measured
Raman spectra and optical constants (i.e. the refractive index, n, and
extinction coefficient, k) for monolithic five-layer MoSe; (Figs. 1e
and f) and WSe; (Figs. 1g and h) films synthesized using this two-
step method reveal properties comparable to films grown via
MOCVD. As MOCVD is considered to be the state of the art in
scalable 2D TMDC synthesis, the two-step growth methodology
described here represents a viable alternative to uniform growth of
multilayer 2D materials [25,26].

Sequential sputtering of Mo and W metal sources was employed
for the synthesis of metal heterostructure precursor films
composed of alternating five layer thick films of Mo and W as
shown in Fig. 2a. The presence of alternating metal layers was
confirmed by cross-sectional energy dispersive X-ray spectroscopy
(EDS). The red and green colored regions in the cross-sectional EDS
map in Fig. 2b clearly show discrete horizontal Mo and W layers
with little metal film intermixing. For simplicity, we have defined
the number of repeating units of Mo/W as N, where N = 2 repre-
sents a film composed of Mo/W/Mo/W structure. Following metal
deposition, the stacked metal films were selenized for 30 min to
ensure full selenization (further information in Fig. S10). The
monolithic metal precursor films and superlattice stacks up to
N = 8 (Fig. 2c) demonstrate wafer scale uniformity within each film
throughout the thickness range in this study. Fig. 2d depicts atomic
force microscopy-measured thickness and roughness of selenized
metal films after annealing at 600 °C, with insets showing a slight
increase in the selenized N = 1 film roughness compared to the
metal precursor stack. The roughness values increased significantly
beyond N = 2, suggesting a transition from atomic-scale roughness
common in horizontally aligned 2D materials (<0.5 nm) for the
single TMDC, N = 1 and N = 2 films to nanoscale roughness
(>1.0 nm) for films with N > 4. These trends indicate a potential
morphology change in the film structure at a certain thickness
where a transition occurs after N = 2 and are explored further
below. Thickness-dependent Raman spectra from the superlattices
annealed at 600 °C (Fig. 2e) exhibit peaks corresponding to both
MoSe; and WSe,, which are resolved by fitting the spectra to Lor-
entzian peaks. Peaks from MoSe; and WSe; were observed on both
sapphire and SiO; substrates (further details in Supporting Infor-
mation Figs. S16—17) and provide further proof of distinct TMDC
layers within the structure. With increasing thickness, the A;g peak
frequencies from MoSe; (WSe;) blueshift (redshift) in frequency,
merging into a single peak at N = 16 (Fig. 2f). These peak shifts
suggest increasing strain and alloying with thickness, an effect that
has been observed previously in TMDC heterostructures [27]. As
mentioned above, one significant advantage of the two-step syn-
thesis technique is the large area uniformity, as indicated by the Aqg
Raman intensity map of a 2-inch wafer of an N = 2 film and Raman
spectra collected from 10 random spots on the film (Figs. 2g and h,
respectively).

3.2. Modular orientation and chemistry in vdW heterostructure
superlattice films

The 2D vdW structure, orientation, and chemistry was strongly
influenced by the conversion temperature from sequentially
layered metal films to TMDCs. As the conversion temperature of
N = 2 films in the presence of H,Se vapor increased from 400 °C to
800 °C, increases in grain size were observed in scanning trans-
mission electron microscope cross-sections (Figs. 3a—c). The
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Fig. 1. Two-step synthesis of few-layer TMDCs. (a) Schematic of conversion of Mo or W thin films to subsequent MoSe; or WSe, using H,Se annealing, (b) Mo" Ion energy dis-
tribution for various sputtering techniques and inset describes film conductivity as a function of thickness of Mo, (c) AFM height image indicating 0.7 nm Mo film and (d) 3.5 nm
MoSe; film with 50 nm scalebars on AFM image equivalent and inset images of wafers with 0.5 cm scalebars, (e) Raman, and (f) n (darker color) and k (lighter color) values of five
layer MoSe,, (g) Raman and (h) n (darker color) and k (lighter color) values of five layer WSe,. AFM, atomic force microscopy; TMDC, transition metal dichalcogenide.

average grain size improved from 20 nm to 60 nm and from 400 °C
to 800 °C and the grain structure migrated from a mixed orienta-
tion to a horizontal orientation (further details in Supporting In-
formation Section S4). The improved layer crystallinity at higher
temperatures comes as the consequence, however, of a transition
from more discrete superlattices to full alloying in N = 2 films at
800 °C, as depicted in the EDS line profiles in Figs. 3a—c. The N = 2
films annealed at 400 and 600 °C showed the Mo/W metal heter-
ostructures were successfully converted to MoSe,/WSe, super-
lattices with atomically sharp interfaces for the 400 °C sample and
mostly distinct layering of Mo (W) rich W (Mo) poor regions with
an N = 2 repeat for the 600 °C sample. While interfacial mixing is
more prevalent in the 600 °C than the 400 °C N = 2 sample, there
are some difficulty in determining the exact interface quality due to
sample preparation limitations during the transmission electron
microscope (TEM) preparation. In the 800 °C annealed films,
however, Mo and W concentrations indicated that rather than
forming mostly discrete MoSe;/WSe; layers, the layered material
instead forms a full Mo;_xWxSe; alloy. With increasing tempera-
ture, the entropic contribution to Gibbs free energy increases fa-
voring mixing and the formation of alloys in TMDCs [28,29]. This
establishes a temperature limit for forming mostly TMDC super-
lattices and resisting much of the metallic intermixing to temper-
atures at or below 600 °C.

The interplay between conversion temperature and the degree
of alloying in the TMDC structure was a result of two competing
mechanisms, as the metal films undergo simultaneous thermal

annealing and conversion to TMDCs. To investigate the metal
crystallization kinetics, an in-situ TEM annealing study was per-
formed using N = 2 films (Mo/W/Mo/W), where the metal films
were deposited onto a TEM chip with embedded heaters in close
proximity to the silicon nitride membranes (Hummingbird Scien-
tific). Fig. 3d presents bright field TEM images and selected area
electron diffraction from the metal films deposited at room tem-
perature and annealed between 400 °C and 600 °C in vacuum
(without the presence of H;Se). As deposited, the metal films
remain amorphous up until a temperature between 400 °C and
450 °C, where the first indication of crystallinity is observed. This is
evidence by the appearance of distinct Bragg spots, as opposed to
diffuse rings observed at lower temperatures. The crystallinity
increased with increasing temperature, up to 600 °C. The observed
crystallization temperature of >400 °C is consistent with published
values of diffusion coefficients for Mo in polycrystalline W [30]. X-
ray diffraction spectra of the annealed metal films indicate an
improvement in crystallographic order from completely amor-
phous metal films to metal films with a domain size of 4.5 nm at
600 °C, which strongly contributes to the diffuse interfaces (600 °C)
and the alloying (800 °C) as the metals begin to become mobilized
in the structure (see further discussion in Supporting Fig. S6).

The competition between the higher temperatures required for
highly crystalline materials and lower temperatures for retaining
distinct MoSe;/WSe; layers resulted in an optimum conversion
temperature of 400 °C for retaining chemical separation between
the layers, while 600 °C was optimum for retaining some degree of
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force microscopy; EDS, energy dispersive X-ray spectroscopy.

chemical separation with good crystal quality and horizontal
orientation. At 600 °C annealing temperature, the MoSe;/WSe;
films exhibit AA’ stacking (Fig. 3e), consistent with previously re-
ported TMDC superlattice structures [8]. The influence of the con-
version process can also be further shown through Raman
spectroscopy as a function of temperature shown in Fig. 3f. In this
case, the full width at half maximum intensity (FWHM, I'a;¢) of the
Aqg peak from MoSe; (20 cm™ ') was found to be mostly insensitive
to the selenization temperature up to 600 °C and reduces sharply
for the film annealed approaching 800 °C (9 cm™'). This decrease in
Ia1g at high temperatures can be attributed to improved crystal-
linity with annealing temperature, yet the decrease in Aig/Epg in-
tensity ratio (Ia1g/lg2g) in polarized Raman suggests films below
600 °C to be less horizontally oriented [31,32]. Strength of the
technique developed herein reveals that by simply modulating the
conversion temperature, a shift from mixed orientated super-
lattices to horizontally oriented superlattice with diffuse interfaces
to a horizontal alloyed film can all be synthesized directly. Addi-
tionally, the formation of MoS,/WS, superlattices was confirmed
using similar conditions as that for MoSe;/WSe, superlattices
(further details are found in Supporting Information Fig. S26).

As the sequentially layered metal films increased to N > 2, there
was a profound effect on layer orientation. For N = 8 superlattices,
layers became primarily vertically oriented with folding and
bending at the top and bottom surfaces (Fig. 3g), consistent with
previous reports showing the density of vertically grown layers
increased with metal or metal oxide film thickness [33,34]. The
constraint on the transition from lateral to vertical orientation at
N > 2 is believed to occur due to several factors. First, the atomic-
scale morphology of the sequentially layered metal films is
controlled by the competition between kinetic and thermodynamic
parameters in vapor phase growth processes. Any initial roughness
is amplified with continued growth beyond N = 2 as topographical

peaks collect material at a higher rate than valleys on the growing
film surface due to Ehrlich-Schwoebel and other kinetic barriers
[35,36]. As the peaks grow, further shadowing of lower regions
from the incident metal flux occurs, amplifying the inequality of
growth rates over the entire film surface in a process known as
kinetic roughening [37,38]. Surface roughness values from Fig. 2d
depict films of N > 2 demonstrating roughness exceeding the
thickness of individual layers, resulting in inhomogeneity within
each layer from volumes of material isolated by the growth of
subsequent metal layers. Second, as the Mo/W superlattice layers
selenize the films undergo lattice expansion, which results in a
significant amount of strain in thicker films relative to thinner films
(further information found in Fig. S18). By reorienting vertically, the
strain was relaxed through vertical expansion [33,39]. Finally, the
differing diffusion rates of chalcogenide atoms through the vdW
interlayer gaps and across the layers can contribute strongly to the
thickness-dependent growth orientation [34,39—41].

3.3. Emergent optical and catalytic properties

The wafer-scale superlattice structures represent an enticing
platform for designing bulk optical properties through layering of
2D TMDCs of controllable orientation and chemistry. The refractive
index n and imaginary part &, of the complex dielectric function of
MoSe;, WSe;, N = 1 heterostructure and N = 2 superlattice, hori-
zontally orientated (HO) alloy (N = 2 annealed at 800 °C), and
vertical orientated (VO) alloy (N = 8 annealed at 800 °C) are shown
in Fig. 4a and b (additional details in Supporting Information
Fig. S30). The spectra of MoSe; and WSe; agree well with previous
reports, where two excitonic characteristic peaks are observed at
1.6 eV (A) and 1.8 eV (B) for MoSe;, 1.7 eV (A), and 2.1 eV (B) for
WSe,, respectively, which originate from the spin-split direct gap
transitions at the K point of the Brillouin zone [42—44]. It can be
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Raman as a function of annealing temperature, and (g) TEM and atomically resolved STEM images of vertically oriented TMDC alloys with scalebar equivalent to 25 nm and 3 nm,
respectively. EDS, energy dispersive X-ray spectroscopy; FWHM, full width at half maximum intensity; HAADF-STEM, high angle annular dark-field scanning transmission electron
microscopy; SAED, selected area electron diffraction; TEM, transmission electron microsocpe; TMDC, transition metal dichalcogenide; vdW, van der Waals.

observed that the &, spectra of N = 1 heterostructure and N = 2
superlattice are very similar, except for a slight redshift of N = 2
superlattice relative to N = 1 superlattice heterostructure. Similar
trends can be found for the ¢; and k spectra as well (Supporting
Information Fig. S30), which are understandable since the N = 2
superlattice can be considered as a double layer of N = 1 hetero-
structure and shows a lower bandgap as demonstrated later.
Several unique critical points (CPs) were observed in the ¢, spectra
of N = 1 heterostructure and N = 2 superlattice as labeled by A-D in
Fig. 4b, which differ in location and relative intensity from the in-
dividual MoSe, and WSe; spectra. These CPs located at 1.4 eV (A),
1.7 eV (B), 2.2 eV (C), and 2.6 eV (D) matched well with the values
predicted by DFT and RPA displayed in Fig. 4c. The broad FWHM of
these experimental CPs can be attributed to multifarious and
competitive optical transitions and carrier relaxation channels [45].
These expected transitions have been labeled within the electronic
band structure in Fig. 4d (further details in Supporting Information
Fig. S29), which are located at the tangent points (V(Ecg — Eyg) = 0)
of the curves according to the joint density of states. Similar CPs
were observed in the e, spectra of HO alloy film, but the amplitude
was lower than N = 1 heterostructure and N = 2 superlattice,
indicating that with the same thickness, the optical response of the
superlattice film (600 °C) was higher than the alloy film (800 °C).

Moreover, the optical properties of the N = 2800 °C alloyed film
optical properties closely match films grown via co-sputtering
where Mo and W are deposited simultaneously and converted in
H,Se, further highlighting the versatility of the sequentially layered
film conversion process to produce high quality alloyed films.

The large e, above 30 and refractive index above 5.7 in the
visible spectrum (further details in Supporting Information
Fig. S30) for the N = 2 superlattice indicated that the films pro-
duced at 600 °C, despite the diffuse interfaces, were excellent
candidates for light trapping elements in optoelectronics. This is
especially true in comparison to the N = 2 HO alloy films annealed
at 800 °C, which show a relatively low 3 and refractive index of less
than 4 across all wavelengths. Note that diffuse interfaces (or in-
terlayers) play a crucial role in the development of advanced
gradient index optical coatings due to the controlled tailoring of
process-dependent optical constants. To our knowledge, no such
gradient effects have been observed and so well localized to-date
for TMDCs. Such diffuse interfaces are expected to offer addi-
tional routes toward manipulating excitonic behavior and the
resulting optical responses. Furthermore, the highest extinction
coefficient k was observed in the N = 2 superlattice samples below
600 nm and was attributed to the significantly enhanced excitonic
behavior induced by the quantum confinement effect in the
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Fig. 4. Optical and catalytic performance of superlattice, heterostructure, and alloyed thin films. (a) The refractive index n and (b) the imaginary part e, of the complex dielectric
function of MoSe,, WSe,, N =1 and N = 2 superlattice, N = 2 and N = 8 alloy. Critical points A to D is labeled for N = 1 and N = 2 superlattice, (c) theoretically simulated ¢, spectra of
the superlattice with similar critical points A to D. The inset shows the atomic structure of one period of the superlattice, (d) the electronic band structure and the projected density
of states of superlattice film, (e) the absorption spectra /2 of MoSe,, WSe,, N = 1 heterostructure and N = 2 superlattice, N = 2 horizontal alloy (HO) and N = 8 vertical alloy (VO)
with exciton peaks A and B. (f) Charge density and square of the wave function of VBM and CBM for superlattices. (g) Typical cathodic polarization curves and (h) corresponding
Tafel plots of MoSe,, WSe;, N = 2 superlattice, N = 2 HO alloy, N = 8 VO alloy. The inset in (g) shows a picture of transferred film on a 3 mm diameter glassy carbon electrode. CBM,

conduction band minimum; VBM, valence band maximum.

superlattice films. In contrast, the CPs of the HO alloy and VO alloy
films showed much broader FWHMs and weaker intensities than
N = 2 superlattice film but higher absorption near the infrared
regime. The permittivity of the N = 2 superlattice lays outside of the
generalized Wiener bound for the complex effective medium
approximation of MoSe; and WSe; showing that the enhanced
permittivity is not an optical phenomena [46]. Instead, the large
permittivity is a result of electronic interactions between the MoSe;
and WSe,. This conclusion is supported by our theoretical study
that shows a similarly large e; value in a perfectly stratified
superlattice.

The absorption spectra in Fig. 4e depict two expected exciton
peaks A and B for both MoSe; (1.57 eV and 1.82 eV) and WSe;
(1.66 eV and 2.22 eV) [47,48]. In both the superlattice and alloy
films, the A exciton energy decreased with the film thickness, with
peak position at 1.59 eV for N = 1 superlattice film, 1.57 eV for N = 2
superlattice and HO alloy films, and 1.49 eV for N = 8 VO alloy film.
The redshift in absorption spectra of N = 2 superlattice relative to
N = 1 heterostructure agrees with the observations in e, spectra.
Additionally, the N = 2 superlattice exhibits slightly higher ab-
sorption in the visible and infrared wavelength range compared to
N = 1 heterostructure. Using the Tauc plot estimation, the optical
bandgap of these films were estimated to be 1.48 eV for MoSe>,
1.53 eV for WSe», 1.01 eV for N = 1 heterostructure film, 1.04 eV for
N = 2 superlattice film, 1.22 eV HO alloy film, and 1.08 for VO alloy
film. The decrease in bandgap in the superlattice films is supported
in the simulated electronic band structure and the projected den-
sity of states, which predicted that the N = 2 superlattice film has
an indirect bandgap of 0.722 eV. This bandgap emerges at the
transition from the I" point to a K point approximately in the middle
of the K-I' path. The simulated electronic bandgap was about
300 meV lower than the optical bandgap extracted from the
experimental results, which can be attributed to a common artifact
of predicting bandgaps by DFT and the deviation of the Tauc
method [49—51]. The square of the wave function of the valence
band maximum (Fig. 4f) and the conduction band minimum
(further details shown in Support Information Figs. S27—29)

suggests that valence band maximum and conduction band mini-
mum are localized in WSe2 layers and MoSe2 layers, respectively,
in agreement with the DFT simulations. The electrostatic in-
teractions and the intralayer spin orbit coupling between WSe2 and
MoSe2 layers in the superlattice leads to bands splitting and
bandgap decreasing [52,53], so that even few-layer WSe2/few-layer
MoSe2 structure exhibited a narrower bandgap than monolayer
WSe2/monolayer MoSe2. The unique electronic band structure of
the superlattices supports the findings that the layer-by-layer as-
sembly of 2D nanomaterials reveals an exciting platform for
designing both electronic and optical properties that differ from the
properties of the individual layered constituents.

Finally, the ability to control both orientation and chemistry in
the superlattice and alloyed structures provided a unique platform
for new catalytic properties and applications. To evaluate the HER
catalytic activity of MoSe;, WSe;, MoSe,/WSe; N = 2 superlattice,
HO alloy and VO alloy, the samples were transferred from the
sapphire substrates to glassy carbon electrodes using a PMMA-
assisted wet transfer method as shown in Fig. 4e. Typical cathodic
polarization curves and corresponding Tafel plots are shown in
Figs. 4e and f, respectively, where it was observed that N = 2
superlattice exhibited a better catalytic performance than multi-
layer MoSe;, WSe», and the HO alloy. This was primarily attributed
to the narrower band gap in the superlattice (1.04 eV) structure than
that of MoSe; and WSe,, resulting in more efficient electron transfer
as generally observed in catalytic materials [54,55]. Additionally,
the VO alloy showed the smallest onset overpotential and Tafel
slope among all the films as a result of maximal edge sites on the
vertically oriented films. It is worth noting the observed 44 mV/dec
Tafel slope of N = 8 alloy film was among the lowest reported Tafel
slopes of transition metal diselenide films (further details in Sup-
porting Information Table S5) [53,56—64].

4. Conclusions

The synthesis approach for 2D vdW superlattices, hetero-
structures, and alloys using conversion of sequentially layered
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metal films represents a platform for layer-by-layer design and
assembly of 2D semiconductors. The approach herein is highly
scalable to large area wafers (2 inch), short processing times
(~30 min selenization), reasonable temperatures (400—800 °C),
and low cost substrates (SiO; or sapphire). By strictly controlling
conversion temperature in reactive vapor, a transition from
superlattice to alloy and mixed orientation to horizontal orienta-
tion was observed for the N = 2 repeating unit. Films annealed at
600 °C depict improved optical light trapping compared to few-
layer TMDCs and alloyed films, with both a high absorption and
refractive index extending from the visible spectrum into the IR.
Above the repeating unit of N = 2, a transition from predominantly
horizontally oriented films to vertical orientation was observed
which exhibited a low Tafel slope of 44 mV/dec for advanced cat-
alytic performance. As the 2D nanomaterial community is seeking
to translate these exciting materials into industrially relevant pro-
cesses, the synthesis methodology described here represents an
intriguing path forward to tune bulk properties of materials
through careful layer-by-layer design.
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