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Near-perfect light absorbers (NPLAs), with absorbance, A, of at least 99%, have a
wide range of applications ranging from energy and sensing devices to stealth
technologies and secure communications. Previous work on NPLAs has mainly
relied upon plasmonic structures or patterned metasurfaces, which require
complex nanolithography, limiting their practical applications, particularly for
large-area platforms. Here, we use the exceptional band nesting effect in TMDs,
combined with a Salisbury screen geometry, to demonstrate NPLAs using only
two or three uniform atomic layers of transition metal dichalcogenides (TMDs).
The key innovation in our design, verified using theoretical calculations, is to
stack monolayer TMDs in such a way as to minimize their interlayer coupling,
thus preserving their strong band nesting properties. We experimentally
demonstrate two feasible routes to controlling the interlayer coupling: twisted
TMD bi-layers and TMD/buffer layer/TMD tri-layer heterostructures. Using
these approaches, we demonstrate room-temperature values of A=95% at 1=2.8
eV with theoretically predicted values as high as 99%. Moreover, the chemical
variety of TMDs allows us to design NPLAs covering the entire visible range,
paving the way for efficient atomically-thin optoelectronics.

Near-perfect light absorbers (NPLAs), with absorbance, A, of at least
99%, have a wide range of applications ranging from energy and sen-
sing devices to stealth technologies and secure communications'”’.
Among various types of NPLAs, those based on two-dimensional (2D)
materials are of particular interest due to their potential for low-cost
production of large-area atomically thin active layers. However, based
on the simplest form of an optical resonator, the Salisbury screen®,
which is composed of a dielectric spacer and a metal reflector, the
value of A for a monolayer 2D material is much lower than unity.

In the literature, improvement in .4 for 2D-based NPLAs devices is
being pursued in two main directions: (1) utilizing complex plasmonic

structures and (2) increasing the thickness of the 2D layers. In the
former approach, by using plasmonic nanoparticles®® and/or pat-
terned metasurface structures, the .4 of atomically thin layers can be
optimized up to near unity for a wide range of frequencies" . How-
ever, these complex structures require demanding nano-patterning
processes resulting in expensive fabrication costs, and are thus limited
to applications requiring only small-area structures. On the other hand,
the use of thick 2D layers uses a much simpler device structure. For
instance, 20 layers of transition metal dichalcogenides (TMDs), com-
bined with conventional metal reflectors, such as Au or Ag, can exhibit
near-perfect light absorption without any additional layer and
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patterned structure’®”. However, there is currently no feasible way of
controllably growing such multilayer TMDs, and the ability to tune
their peak absorption wavelength is severely limited.

In this work, we propose an approach based upon band nesting
that allows NPLAs to be achieved in only two or three layers. It is known
that optical absorption in monolayer TMDs benefits from an unusually
strong band nesting effect>”, leading to optical conductivity of ~1 mS.
This is roughly 10x higher than the value of graphene across the visible
spectrum. If one supposes that the optical constant scales linearly with
the number of layers, then theory would suggest that the ultimate TMD
thickness for NPLAs with the Salisbury screen is just two atomic layers.
However, the band nesting effect is disrupted by electronic coupling
between layers. Here, we demonstrate that both twisted two-layer (2L)
MoS, and three-layer (3L) MoS,/graphene/MoS, heterostructures can
effectively alleviate the interlayer coupling, allowing for the observa-
tion of substantial absorption enhancement up to 95%, but with the
theoretical potential of A up to 99%. We further show that the same
strategy, in principle, can be combined with other 2D materials to
realize NPLAs covering the entire visible light range, which paves the
way for practical applications of future atomically thin optoelec-
tronics. Finally, we also demonstrate a viable pathway where the pro-
posed TMD/buffer layer/TMD heterostructure can be grown in situ
over a large area with no mechanical exfoliation and transfer.

Results

Ideal absorption with a single-mirror structure

We begin with a systematic theoretical exploration of NPLA design
based on 2D materials. Between two dielectric media, the value of
A for a material having a complex 2D optical conductivity of
0,p(w)=0'(w)+io"(w) can be derived by the transfer matrix method
and is described as**

4n,0'(@)Z yac
5
[y + 1y + 0p (@) Zypcl

Alw)= @

where n; and n;, are the refractive indexes on top and bottom sides of
the 2D material, and Zyac=376.73Q=1/eoc is the impedance of

vacuum. Since the maximum of ¢’ coincides with a zero of ¢” due to
the Kramers-Kronig relations, in the freestanding case (n;=n,=1) the
maximum A of a 2D material is simplified as a function of ¢’, as shown
in Fig. 1a. Without any optical cavity, the maximum A of the free-
standing 2D layer is limited up to 0.5 when ¢’ =2¢c.

To improve A beyond the freestanding limit, it is essential to
utilize resonators>?*°. Instead of using a complex structure, here, we
consider the simplest optical resonator, which is the Salisbury screen
consisting of a dielectric spacer and metal reflector”. Similar to the
freestanding case, the value of A of the Salisbury screen can be cal-
culated by the transfer matrix method (additional details are provided
in Supplementary Sections S1, S2, and S3, and Supplementary Figs. S1
and S2). When the dielectric spacer thickness is optimized, the max-
imum A of the Salisbury screen can simply be described as

(1 — 0'(@)Zyac)*

Alw)=1-— .
( (1+0'(@)Zypc)

@

We have plotted A(w) in Fig. 1b. With this simple structure, 4 can
approach 100% when ¢’ = €,c. One important lesson is that there is an
optimal range of o’ to realize NPLA. Comparing Fig. 1a, b, if ¢’ (4) of a
freestanding 2D material ranges from o0'=217mS (41.2%) to
0'=3.24mS (47.1%,) we can expect A>99% using a single-mirror
structure. Thus, 2D materials with these target conductivities would
allow the realization of a nearly ideal Salisbury screen.

2D materials with high optical conductivity

Graphene has a universal optical conductivity of 0’ = €2 /4h=0.061 mS
(A~2.3%) in the visible range due to its unique linear Dirac
dispersion’®?°. Therefore, unfortunately, graphene is not a suitable
material for NPLA because its optical conductivity is an order of
magnitude smaller than that required for the ultimate Salisbury screen.
Among the family of 2D materials, TMDs exhibits strong light
absorption due to its excellent nesting of electronic bands, which
allows optical absorption over a broad region of the Brillouin zone at a
specific wavelength**?. Therefore, as a first step, we surveyed the ¢’
value of the family of TMD monolayers which have finite bandgap and
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Fig. 1| Requirements of ideal absorption with a single-mirror structure.
Maximum absorbance vs. the real part of the 2D optical conductivity o’ of a a free-
standing 2D material and b a 2D material with Salisbury screen. In both panels, the

gray shaded areas highlight ideal absorption conditions (absorbance greater than
99% with Salisbury screen) where ¢’ ranges from 2.17 mS to 3.24 mS. ¢ Calculated o’
of various freestanding 1L TMD materials obtained by first-principles calculations.
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negative formation energy™, by first-principles calculations based on
the density functional theory (DFT), as shown in Fig. 1c. Among these
TMD materials, the 2H phase of MoS, and SnSe; exhibit very high o’
of around 1 mS, which is significantly larger than that of graphene. In
particular, monolayer MoS; is readily accessible in experiments, in
conjunction with the fact that cavity structures in the visible can
be easily realized. However, unfortunately, they are still lower
than the theoretical target for the ultimate Salisbury screen
(2.17mS <0’ <3.24mS), implying that the realization of NPLA with
TMD would require more than one layer.

Degradation of band nesting due to the interlayer coupling
To enhance ¢’ of a 2D material, the most straightforward method is to
add an additional layer. We first proceed to calculate ¢’ in 1L and 2L
MoS,. Figure 2a shows the calculated electronic structures of both 1L
and 2L MoS; including spin-orbit couping (SOC). Due to the excellent
band nesting (Vi(Ec - Ey) - 0) along I'-Q and I'-M high symmetry lines
(green arrows), 1L MoS, exhibits strong light absorption near 2.81eV,
where the absorption peak at this energy is often referred to as the C
exciton®>*, Studies have shown that the excellent band nesting can be
traced to the second nearest neighbor hopping between multiple
metal d orbitals, which produces a local minimum in the conduction
band at Q valley and thus promotes the nesting of the bands*>*. In 2L
MoS,, however, interlayer coupling splits the energies at the I valley of
the valence band and the Q valley of the conduction band (red arrows),
distorting and degrading the degree of band nesting. To visualize the
relation between interlayer coupling and band nesting more clearly, in
Fig. 2b, we represent the momentum-resolved energy difference
between the highest valence bands and lowest conduction bands. In
addition to the states along the high symmetry line, band nesting of 1L
MoS, occurs over a large area of the first Brillouin zone, as indicated in
yellow color. In 2L MoS,, however, the yellow region noticeably
shrinks, as interlayer coupling induces bonding and anti-bonding
states between two layers, resulting in the degradation of the band
nesting.

Based on the electronic structures, we calculated o’ and A of both
1L and 2L MoS,, and the results are shown in Fig. 2c, d, respectively.
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Fig. 2 | Degradation of band nesting due to the interlyaer coupling. a Electronic
band structures, b momentum-resolved band nesting maps, c real part of 2D
optical conductivities, and d absorbances of freestanding mono and bilayer MoS,.
a Green arrows highlight an excellent band nesting of monolayer MoS,, whereas
red arrows show the destruction of the band nesting in the bilayer due to the

Due to the strong band nesting, 1L MoS, exhibits a clear peak near
2.81eV, and the calculated values of ¢’ and A approach 0.96 mS and
25.5%, respectively. If the optical constant scales linearly with the
number of layers, ¢’ of 2L MoS; should be twice that of 1L MoS, (gray
dashed line in Fig. 2c, d), which is very close to the requirement for
NPLA.(¢’ >2.17 mS). However, in 2L MoS,, the resonance peak due to
band nesting splits into two smaller peaks, leading to maximum values
of 0'=1.47 mS and A =34 %, much lower than the target value.

It is worth noting that Fig. 2d does not contain the well-known A
and B excitons of MoS,” since these calculations consider only single-
particle transitions. Excitonic effects can be incorporated through the
Bethe-Salpeter equation, and these calculations were performed for 2L
MoS; structures of varying interlayer distances (Supplementary Fig. S3).
Here, we also observed the degradation of A with smaller interlayer
distance. However, except for the appearance of the new A and B
exciton features, the C exciton peak is only slightly red-shifted com-
pared to its single-particle peak due to interband transitions. The C
exciton is also accompanied by sharper linewidth, though it is sensitive
to the excitonic lifetimes in these calculations. Since the C exciton serves
to enhance this major peak responsible for the NPLA, in conjunction
with minor redshift, we consider the more computationally efficient
single-particle calculations to suffice for our purpose. For a similar rea-
son, we also do not include SOC in what follows because it does not have
critical effects on our main result (Supplementary Fig. S4).

Absorption enhancement in decoupled twisted bilayer TMD

In order to understand how to improve ¢’ in MoS, bilayers, we con-
sider two practical approaches to reduce interlayer coupling: (1) layer
twisting and (2) inserting a buffer layer between the top and bottom
layers. These techniques are depicted in Fig. 3a. In van der Waals (vdW)
materials, the ground-state stacking configuration has the minimum
interlayer distance. Therefore, a finite twist angle leads to a larger
interlayer distance and a weaker interlayer coupling. Especially in
TMDs, the interlayer distance is minimized at 0° and 60° twist angles
but is maximized near 30° due to the repulsion of the outermost
chalcogen atoms****. We calculated A of freestanding twisted 2L MoS,
with 21.81° and 32.22° twist angles, as represented in Fig. 3b.
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interlayer coupling. b The color contour map indicates the energy difference
between the energy of the lowest conduction, E¢, and the highest valence band, £y,
and the solid green lines show the first Brillouin zone. ¢, d A gray dashed line
indicates an artificial bilayer structure having no interlayer coupling.
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Fig. 3 | Absorption enhancement through optimizing band nesting. a Schematic
diagram of absorption enhancement strategies; layer twisting and inserting a buffer
layer between the top and bottom layers. Green, yellow, and black spheres indicate
molybdenum, sulfur, and carbon atoms. Theoretically calculated absorbances and

experimentally measured optical contrast of (b, c) twisted 2L MoS; and (d, e) 2L
MoS, with an intermediate buffer layer. b-e We also show spectra of 1L and 2L MoS,
shown as dashed black and red lines, respectively. ¢ The inset shows the angle-
dependent optical contrast of twisted 2L MoS, near the 30° twisted angle.

Interestingly, the maximum A of a freestanding twisted 2L MoS,
approaches 39% and 40% with 21.81° and 32.22° twist angles, respec-
tively, which are much higher than that of the value of 34% in the
untwisted case (Fig. 2d). This result clearly shows the positive corre-
lation between band nesting and interlayer distance. Moreover, in
twisted bilayers, we observed that the single absorption peak is
restored, suggesting reduced interlayer coupling.

To confirm our theoretical predictions, we performed optical
measurements using a micro-reflectance setup, illuminating a selective
sample area with a halogen white light source. Here, large-scale and
high-quality 1L MoS, obtained by an Au-assisted exfoliation***’. Further
details are provided in Supplementary Sections S4 and S5 and Sup-
plementary Figs. S5 and Sé6. Before exploring twist effects, first, we
measured optical contrasts of 1L and 2L of MoS,, which is directly
proportional to the A of the film when using a transparent
substrate®* (Supplementary Section S6 and Supplementary Fig. S7).
The optical contrast is defined as (R-Rg)/Ro where R is the reflectance
of the 2D material on the substrate and R is the reflectance of the bare

substrate. We clearly observed the well-known three excitonic peaks of

MoS; corresponding to the A, B, and C excitons*, which confirms the
operation of our setup and the high quality of our samples. Also, a clear

redshift of the C exciton peak in the 2L MoS, shows evidence of the
interlayer coupling.

The twisted 2L MoS; structures were fabricated using a standard
dry-transfer polypropylene carbonate (PCC) stamp. To precisely con-
trol the twist angle, the MoS, flakes were picked up from the pre-
patterned single crystal MoS, on a glass substrate and stacked to
prepare the twisted bilayer. This procedure is described in more
detailed in Supplementary Fig. S8 . The optical contrasts of 2L MoS,
with twist angles of 22 and 32° are shown in Fig. 3c, which agree well
with our theoretical calculations. When the twist angle goes from O to
32°, the peak position of the C exciton moves from 2.71 to 2.82 eV,
corresponding to a blueshift of ~0.1eV, indicating reduced interlayer
coupling. Moreover, the optical contrast is maximized near 30° twist
angle and tends to decrease as it moves away from 30°, which also
clearly supports our hypothesis for the relation between the interlayer
coupling and the twist angle. Additional experimental data are shown
in Section S7 and Supplementary Fig. S9.

Absorption enhancement in TMD/buffer layer/TMD structure
Interlayer coupling can also be minimized by inserting a buffer layer
between the TMD layers, as shown in Fig. 3a. Graphene (Gr) and
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Fig. 4 | Realization of near-perfect light absorbers with Salisbury screen.

a Schematic representation of our Salisbury screen structure. The thickness of the
SiO, was 199 nm, satisfying the critical coupling condition for the photon energy of
the C exciton (2.83 eV). b Calculated and ¢ experimentally measured absorbance
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spectra of various MoS; structures with Salisbury screen. ¢ Absorbance can be
obtained from 1-R/Ro, where R and R are the reflectances of the substrate with and
without the 2D heterostructure, and the inset shows the raw data of reflectances for
MoS,/Gr/MoS, heterostructures.

hexagonal boron nitride (hBN) are used as buffer layer, primarily due
to their experimental feasibility. Optical absorption measurements
and first-principles calculations both confirmed that they indeed
served as good buffer layers. Figure 3d shows the calculated A value of
MoS,/hBN/MoS, and MoS,/Gr/MoS, heterostructures. In contrast to
2L MoS,, we observed a single C exciton peak in both MoS,/hBN/MoS,
and MoS,/Gr/MoS, heterostructures, implying that the band nesting of
the MoS, layers is preserved. Interestingly, both .4 of MoS,/hBN/MoS,
and MoS,/Gr/MoS, have calculated A values (41.4% and 42.0%,
respectively), which are not only higher than twisted 2L MoS, but also
the near-perfect absorption condition of .4 = 41.2%. Also, we confirmed
that both MoS,/hBN/MoS, and MoS,/Gr/MoS, have almost exactly
2 x optical conductivity of 1L MoS,, implying effective suppression of
interlayer coupling. Additional details of these calculations are pro-
vided in Supplementary Fig. S10.

Similar to the twisted case, the MoS,/Gr/MoS, heterostructure
was fabricated by a three-step transfer process, as shown in Supple-
mentary Fig. S11. The optical reflectance measurements were then
performed and the results are shown in Fig. 3e. For this hetero-
structure, A slightly increases due to the small but finite absorption of
Gr while the excitonic peak positions remain unchanged compared to
those of MoS, due to weak interlayer interaction. This is further con-
firmed by the Eig and A,z modes of Raman spectra. Additional details
are provided in Supplementary Section S8 and Supplementary Fig. S12.
More interestingly, the optical contrast of the C exciton in the MoS,/
Gr/MoS, heterostructure was remarkably enhanced by 116% and 48%
compared to those of 1L and 2L MoS,, and the redshift is not observed.
All these observations are in excellent agreement with our theoretical
predictions.

For more complete validation beyond a specific material set, we
also realized WSe,/ZnSe /WSe, heterostructures grown by molecular
beam epitaxy, where Supplementary Section S9 provides more details
of the material growth. This demonstration is important in that it
shows the capability of all in situ and wafer-scale growth of NPLA
heterostructures, without the need for exfoliation and layer transfer. In
addition, the ZnSe is a cubic 3D material in the zincblende phase,
illustrating that the decoupling interlayer need not be a 2D material or
even hexagonal. Interestingly, as shown in Supplementary Fig. S13, we
also observed similar .4 enhancement. Therefore, the theoretical and
experimental results undoubtedly demonstrate that an atomic buffer
layer can be an effective strategy to .4 enhancement.

Realization of NPLAs with Salisbury screen

Figure 4aillustrates the geometry of the proposed twisted 2L MoS, and
MoS,/buffer layer/MoS, heterostructures with Salisbury screen struc-
ture composed of SiO, and Ag reflector. Here, the thickness of the SiO,
was chosen to be 199 nm, satisfying the critical coupling condition for
the photon energy of 2.83eV as described in Supplementary Sec-
tion S2. We theoretically calculated A of various MoS, structures, as
represented in Fig. 4b. Due to resonance effects, near the C exciton
peak, A clearly enhances even in 1L Gr and 1L MoS,. More interestingly,
the theoretical maximum A of 2L MoS; is calculated to be 91.0%, which
can be further enhanced to 98.7% by using 32.22° twist angle. Finally,
we calculate that A can increase up to 98.8% and 99.0% by using hBN
and graphene buffer layers, respectively.

To validate our theoretical prediction by experiments, we fabri-
cated Si0,(199 nm)/Ti(3 nm)/Ag(90 nm)/Au(60 nm) heterostructure
on a glass substrate by the template stripping method (Supplementary
Fig. S14), which offers a ultra-flat surface morphology (Supplementary
Fig. S15). Then, we performed optical measurements, as shown in
shown in Fig. 4c. In this structure, almost all incident light (for visible)
is reflected by the Ag mirror at 2.83 eV, as shown in the measured
reflectance R, as displayed in the inset of Fig. 4c. A can be obtained
from 1-R/Ro, where R and R are the reflectances of the substrate with
and without the 2D heterostructure, respectively, as described in
Fig. 4a. Consistent with our calculation, we also observed a strong
resonance peak even with just Gr, validating the precisely controlled
thickness of the SiO, layer. The maximum absorbance of pristine 2L
MoS, is measured to be ~78% with a mild redshift, which is a slightly
lower value than that of theory, but generally in good agreement. With
a nonzero twist angle, A has reached almost 89.8% at the resonance
peak of 2.83 eV with 28° twist angle, and it weakens when the rotation
angle is further away from 30° (4=86.3% at 26°, 84.5% at 23°). Sup-
plementary Fig. S16 provides additional details of these measure-
ments. Moreover, A in the MoS,/Gr/MoS; is even higher than that of
twisted 2L MoS,, and reaches up to 94.8%, a remarkably high value for
structure with thickness <2 nm. These results are a strong confirmation
that reducing interlayer coupling is a very efficient and feasible strat-
egy to enhance A in the multilayer TMDs, showing that a simple and
cost-effective NPLAs (or perfect light absorbers) can be realized by
combining 2D materials and a single-mirror cavity structure. Addi-
tional discussions on the multilayer TMDs are provided in Supple-
mentary Section S10, Supplementary Figs. S17 and SI8.
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Fig. 5 | Near-perfect light absorbers over a wide frequency. Calculated absorbance spectra on a SiO2/Ag cavity structure of various 2D materials witha 1L, b 2L, and c 2L

with buffer. We note that the thickness of the SiO, was optimized for each material,

as summarized in Supplementary Fig. S19.

NPLAs over a wide frequency by using various TMD materials
One of the drawbacks of many optical resonance systems is that they
require precisely designed complex structures depending on the
optimum wavelength. However, in our approach, optimum wave-
length can be tuned by simply optimizing the thickness of the dielec-
tric layer, and thus can be easily adapted to the other material systems.
To expand our idea to a wider family of materials, we investigated the
optical conductivities and A of various 2D materials, whose operating
wavelength appears in the visible region. Figure 5a shows the calcu-
lated A of a total of 29 1L 2D materials embedded in the Salisbury
screen, which cover the entire visible light spectrum. In the 1L limit, the
highest A value is calculated to be 82.5% for MoS,, followed by 2H-
CrTe;, (79.9%), and 2H-WS; (77.7%). Using a 2L structure, as shown in
Fig. 5b, we obtained higher A for all materials, but these values are still
appreciably lower than unity. Finally, as shown in Fig. 5c, when an
intermediate buffer layer is used, we clearly observed enhanced A for
most materials, implying that reducing interlayer coupling generally
increases A of a wide range of 2D materials. In addition to MoS,, the
other materials exhibit the strong absorption are 2H-CrTe; (97.9%), 2H-
WS, (96.4%), and 2H-ZrTe, (95.8%). Therefore, the chemical variety of
2D materials opens a possibility to realize atomically thin NPLAs for the
entire visible light range.

Discussion

In summary, through harnessing the full effect of band nesting, we
demonstrated the ultimate Salisbury screen with only two uniform
atomic layers of TMDs. Our first-principles calculations revealed that
interlayer coupling can have a detrimental effect on the degree of band
nesting. To optimize band nesting and enhance absorption, we pre-
pared twisted 2L MoS, and MoS,/Gr/MoS, heterostructure and
observed strong absorption enhancement. Through this strategy,
without any complex optical structures, we realized NPLA with

absorption as high as 95% using only simple single-mirror reflector
structure. We further confirmed that our strategies for optimizing
band nesting are widely adaptable to the other 2D materials, offering
an attractive and scalable platform for NPLAs across the visible
spectrum.

Methods
Computational details
We performed first-principles calculations based on density functional
theory*® as implemented in Vienna ab initio simulation package
(VASP)". The electronic wavefunctions were expanded by plane wave
basis with kinetic energy cutoff of 400 eV. We employed the projector-
augmented wave pseudopotentials**** to describe the valence elec-
trons, and treated exchange-correlation (XC) functional within the
generalized gradient approximation of Perdew-Burke-Ernzerhof
(PBE)*“. We employed Grimme-D3 method* to describe van der Waals
interaction. To mimic layered structure in periodic cells, we included a
sufficiently large vacuum region in-between neighboring cells along
the out-of-plane direction. The supercell structures for twisted 2L
MoS, and MoS,/Gr(or hBN)/MoS, heterostructures were constructed
by the coincidence lattice method*®*” to minimize artifical strain within
reasonable cell size (Supplementary Fig. S20). The Brillouin zone were
sampled using 21x21x1, 15x15x1, and 9 x9 x1 k-point meshes for
unitcell, MoS,/Gr(or hBN)/MoS, heterostructure and twisted 2L MoS,,
respectively.

The frequency-dependent optical conductivity o(w) was calcu-
lated by Kubo-Greenwood formula defined as*®*
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where a,f are Cartesian directions, Ny is the number of k-points, Q. is
the volume of the cell structure including vacuum region. Physically,
the quantitative value of o’ strongly depends on the carrier relaxation
time contributed from various scattering sources and temperatures.
To deal with this quantity in the Kubo formula, we used a constant
broadening parameter of  chosen to be 100 meV, which guarantees
good agreement with previous reports (Supplementary Fig. S21)**. The
numerical calculations for o(w) were performed by Wannier90
package®* 2 For the wannierization, we used d orbital projection for
most transition metals, s and p orbital projections for chalcogenides,
and s, p, and d orbital projections for Zr, respectively. The 2D optical
conductivity o,p(w) was calculated as 0,p(w) = o(w)L, where L is the out-
of-plane lattice constant of periodic cell structure including the
vacuum region.

Fabrication of large-scale MoS, by Au-assisted exfoliation
method

At the first step, a highly polished (111) bare Si wafer was deposited with
a150-nm thick Au film as an ultra-flat template by e-beam evaporation
(CHA industries, SEC 600). On top of the Au layer, polymethyl
methacrylate (MicroChem, 950 PMMA C4) as protecting layer was
spin-coated at a rate of 1000 rpm for 60 s. After baking at 120 °C for
2 min, the Au layer is peeled off from the Si substrate with blue tape.
Then a freshly cleaved layered bulk MoS, was gently pressed on a
freshly Au film to establish large-scale MoS,/Au contact. The several
hundred microns lateral monolayer MoS, is peeled off due to the
interaction between Au and the sulfur atom of MoS,, which is stronger
than the interlayer vdW interaction in bulk MoS,. The template-
stripped Au can exfoliate and transfer the MoS,/Au film/PMMA/blue
tape to the desired substrate and then dipped in the acetone to dis-
solve the PMMA to peel off the blue tape. Acetone leaves a residue thus
rinse with 2-propanol to remove the residue. Finally, the top Au film
was removed by an aqueous KI/I, etchant (Sigma Aldrich, “Au etchant,
standard”) to release the MoS,. To wash off Au etchant residues, the
MoS, on the Si substrate was rinsed with acetone and 2-propanol and
blown dry with nitrogen. More details are provided in Supplementary
Section S4.

Fabrication of Salisbury screen

For the Salisbury screen structure with SiO, as an optical spacer, a bare
silicon wafer was first heated on a hot plate at 180 °C for 5 min and then
surface treatment by oxygen plasma (Advanced vacuum, Vision 320)
for 5 min. The O, plasma cleaning process can remove organic residues
and other contaminants that may be present on the surface of the Si
wafer, resulting in a clean and uniform surface for subsequent pro-
cessing steps. The silicon wafer was deposited with a 60-nm-thick Au
film as a sacrificial layer by an electron-beam evaporator (CHA Indus-
tries, SEC 600). A SiO, as a dielectric spacer was deposited at 199 nm
thick by plasma-enhanced chemical vapor deposition (Plasma-Therm,
PECVD). An Ag and Au film were deposited at 90 nm and 60 nm thick,
respectively, by electron-beam evaporation (CHA industries, SEC 600).
Next, we used the template stripping method**** using a photocurable
epoxy (Norland, NOA 61) as an adhesive to transfer the entire cavity
structure to a glass substrate. Finally, the sacrificial layer of the top Au
film was removed using Au etchant (Sigma Aldrich) to obtain a flat
surface of SiO, on the bottom Ag mirror. More details are provided in
Supplementary Fig. S14.

Characterization of the structure

Raman measurements were performed at room temperature using a
confocal Raman spectroscopy (Witec Alpha 300R) under the excita-
tion of a 532nm laser. The optical characterization of the twisted
bilayer Mo, and MoS,/Gr/MoS, heterostructure have been carried out
with optical contrast spectroscopy. The optical contrast spectrum was
acquired from a self-built system equipped with a reflective light

configuration. We collect the light from an area of the sample using a
white light source (e.g., the halogen light source).

Data availability

Data supporting key conclusions of this work are contained within the
paper and Supplementary Information. All raw data used in the current
study are available from the corresponding author under request.

Code availability

All first-principles calculations were performed by VASP and Wan-
nier90 codes. Additional scripts used in the current study are available
from the corresponding author under request.

References

1. Konstantatos, G. & Sargent, E. H. Nanostructured materials for
photon detection. Nat. Nanotechnol. 5, 391-400 (2010).

2. ElKabbash, M., Iram, S., Letsou, T., Hinczewski, M. & Strangi, G.
Designer perfect light absorption using ultrathin lossless dielectrics
on absorptive substrates. Adv. Opt. Mater. 6, 1800672 (2018).

3. Pan, Y. et al. A rapid response thin-film plasmonic-thermoelectric
light detector. Sci. Rep. 6, 37564 (2016).

4. ElKabbash, M. et al. Tunable black gold: controlling the near-field
coupling of immobilized au nanoparticles embedded in mesopor-
ous silica capsules. Adv. Opt. Mater. 5, 1700617 (2017).

5.  Kim, J., Han, K. & Hahn, J. W. Selective dual-band metamaterial
perfect absorber for infrared stealth technology. Sci. Rep. 7,
6740 (2017).

6. Chen, L., Kottos, T. & Anlage, S. M. Perfect absorption in complex
scattering systems with or without hidden symmetries. Nat. Com-
mun. 1, 5826 (2020).

7. F.lmani, M., Smith, D. R. & del Hougne, P. Perfect absorption in a
disordered medium with programmable meta-atom inclusions.
Adv. Funct. Mater. 30, 2005310 (2020).

8. Fante, R. & McCormack, M. Reflection properties of the Salisbury
screen. IEEE Trans. Antennas Propag. 36, 1443-1454 (1988).

9. Li, Z. etal. Active light control of the MoS, monolayer exciton
binding energy. ACS Nano 9, 10158-10164 (2015).

10. Wu, Z.-Q. et al. Gap-mode surface-plasmon-enhanced photo-
luminescence and photoresponse of mos2. Adv. Mater. 30,
1706527 (2018).

1. Yao, Y. et al. Electrically tunable metasurface perfect absorbers for
ultrathin mid-infrared optical modulators. Nano Lett. 14,
6526-6532 (2014).

12. Liu, X., Starr, T., Starr, A. F. & Padilla, W. J. Infrared spatial and
frequency selective metamaterial with near-unity absorbance.
Phys. Rev. Lett. 104, 207403 (2010).

13. Huang, L. et al. Atomically thin MoS, narrowband and broadband
light superabsorbers. ACS Nano 10, 7493-7499 (2016).

14. Piper, J. R. & Fan, S. Broadband absorption enhancement in solar
cells with an atomically thin active layer. ACS Photon. 3, 571-577
(2016).

15. Li, H. et al. Total absorption of light in monolayer transition-metal
dichalcogenides by critical coupling. Opt. Express 25, 31612-31621
(2017).

16. Xiong, F., Zhang, J., Zhu, Z., Yuan, X. & Qin, S. Strong anisotropic
perfect absorption in monolayer black phosphorous and its appli-
cation as tunable polarizer. J. Opt. 19, 075002 (2017).

17. lJiang, X. et al. Approaching perfect absorption of monolayer
molybdenum disulfide at visible wavelengths using critical cou-
pling. Nanotechnology 29, 335205 (2018).

18. Kim, S. et al. Electronically tunable perfect absorption in graphene.
Nano Lett. 18, 971-979 (2018).

19. Han, S. et al. Complete complex amplitude modulation with elec-
tronically tunable graphene plasmonic metamolecules. ACS Nano
14, 1166-1175 (2020).

Nature Communications | (2023)14:3889



Article

https://doi.org/10.1038/s41467-023-39450-0

20. Jariwala, D. et al. Near-unity absorption in van der Waals semi-
conductors for ultrathin optoelectronics. Nano Lett. 16,
5482-5487 (2016).

21. Zhang, Y. et al. Ultrathin polarization-insensitive wide-angle
broadband near-perfect absorber in the visible regime based on
few-layer MoS, films. Appl. Phys. Lett. 11, 111109 (2017).

22. Carvalho, A., Ribeiro, R. M. & Castro Neto, A. H. Band nesting and
the optical response of two-dimensional semiconducting transition
metal dichalcogenides. Phys. Rev. B 88, 115205 (2013).

23. Li, Y. et al. Measurement of the optical dielectric function of
monolayer transition-metal dichalcogenides: MoS,, MoSe,, WS,
and WSe,. Phys. Rev. B 90, 205422 (2014).

24. Gupta, S., Shirodkar, S. N., Kutana, A. & Yakobson, B. I. In pursuit of
2D materials for maximum optical response. ACS Nano 12,
10880-10889 (2018).

25. Brongersma, M. L., Cui, Y. & Fan, S. Light management for photo-
voltaics using high-index nanostructures. Nat. Mater. 13,

451-460 (2014).

26. Li, Q. Lu, J., Gupta, P. & Qiu, M. Engineering optical absorption in
graphene and other 2D materials: advances and applications. Adv.
Opt. Mater. 7, 1900595 (2019).

27. Jang, M. S. et al. Tunable large resonant absorption in a midinfrared
graphene Salisbury screen. Phys. Rev. B 90, 165409 (2014).

28. Stauber, T., Peres, N. M. R. & Geim, A. K. Optical conductivity of
graphene in the visible region of the spectrum. Phys. Rev. B 78,
085432 (2008).

29. Low, T. & Avouris, P. Graphene plasmonics for terahertz to mid-
infrared applications. ACS Nano 8, 1086-1101 (2014).

30. Rasmussen, F. A. & Thygesen, K. S. Computational 2D materials
database: electronic structure of transition-metal dichalcogenides
and oxides. J. Phys. Chem. C 119, 13169-13183 (2015).

31. Gillen, R. & Maultzsch, J. Light-matter interactions in two-
dimensional transition metal dichalcogenides: dominant excitonic
transitions in mono- and few-layer MoX, and band nesting. IEEE J.
Sel. Top. Quantum Electron. 23, 219-230 (2017).

32. Bieniek, M. et al. Band nesting, massive Dirac fermions, and valley
Landé and Zeeman effects in transition metal dichalcogenides: a
tight-binding model. Phys. Rev. B 97, 085153 (2018).

33. Bieniek, M., Szulakowska, L. & Hawrylak, P. Band nesting and exci-
ton spectrum in monolayer MoS,. Phys. Rev. B 101, 125423 (2020).

34. Van Der Zande, A. M. et al. Tailoring the electronic structure in
bilayer molybdenum disulfide via interlayer twist. Nano Lett. 14,
3869-3875 (2014).

35. Tebyetekerwa, M. et al. Twist-driven wide freedom of indirect
interlayer exciton emission in MoS,/WS, heterobilayers. Cell Rep.
Phys. Sci. 2, 100509 (2021).

36. Huang, Y. et al. Universal mechanical exfoliation of large-area 2D
crystals. Nat. Commun. 1, 2453 (2020).

37. Liu, F. et al. Disassembling 2D van der Waals crystals into macro-
scopic monolayers and reassembling into artificial lattices. Science
367, 903-906 (2020).

38. Mclntyre, J. & Aspnes, D. E. Differential reflection spectroscopy of
very thin surface films. Surf. Sci. 24, 417-434 (1971).

39. Dhakal, K. P. et al. Confocal absorption spectral imaging of MoS,:
optical transitions depending on the atomic thickness of intrinsic
and chemically doped MoS,. Nanoscale 6, 13028-13035 (2014).

40. Kohn, W. & Sham, L. J. Self-consistent equations including
exchange and correlation effects. Phys. Rev. 140,

A1133-A1138 (1965).

41. Kresse, G. & Furthmiiller, J. Efficient iterative schemes for abinitio
total-energy calculations using a plane-wave basis set. Phys. Rev. B
54, 11169-11186 (1996).

42. Blochl, P. E. Projector augmented-wave method. Phys. Rev. B 50,
17953-17979 (1994).

43. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the
projector augmented-wave method. Phys. Rev. B 59,

1758-1775 (1999).

44. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient
approximation made simple. Phys. Rev. Lett. 77, 3865-3868 (1996).

45. Grimme, S., Antony, J., Ehrlich, S. & Krieg, H. A consistent and
accurate abinitio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 132,
154104 (2010).

46. Kolmogorov, A. N. & Crespi, V. H. Registry-dependent interlayer
potential for graphitic systems. Phys. Rev. B 71, 235415 (2005).

47. Wang, Z., Chen, Q. & Wang, J. Electronic structure of twisted
bilayers of graphene/MoS, and MoS,/MoS.. J. Phys. Chem. C 119,
4752-4758 (2015).

48. Kubo, R. Statistical-mechanical theory of irreversible processes. i.
general theory and simple applications to magnetic and conduc-
tion problems. J. Phys. Soc. Japan 12, 570-586 (1957).

49. Greenwood, D. A. The Boltzmann equation in the theory of electrical
conduction in metals. Proc. Phys. Soc 71, 585-596 (1958).

50. Mostofi, A. A. et al. An updated version of wannier90: a tool for
obtaining maximally-localised wannier functions. Comput. Phys.
Commun. 185, 2309-2310 (2014).

51. Pizzi, G. et al. Wannier90 as a community code: new features and
applications. J. Condens. Matter Phys. 32, 165902 (2020).

52. Souza, |., Marzari, N. & Vanderbilt, D. Maximally localized Wannier
functions for entangled energy bands. Phys. Rev. B 65,

035109 (2001).

53. Lee, I.-H., Yoo, D., Avouris, P., Low, T. & Oh, S.-H. Graphene acoustic
plasmon resonator for ultrasensitive infrared spectroscopy. Nat.
Nanotechnol. 14, 313-319 (2019).

54. Lee, |.-H. et al. Image polaritons in boron nitride for extreme
polariton confinement with low losses. Nat. Commun. 1,

3649 (2020).

Acknowledgements

This work was primarily supported by the National Science Foundation
(NSF) through the DMREF program under Award No. DMR-1921629 and
DMR-1921818, and in part by the NSF under Award No. ECCS-1542202.
Portions of this work were conducted in the Minnesota Nano Center,
which is supported by the NSF through the National Nanotechnology
Coordinated Infrastructure (NNCI) under Award No. ECCS-2025124. S.L.
is also supported by Basic Science Research Program through the
National Research Foundation of Korea (NRF) funded by the Ministry of
Education (NRF-2021R1A6A3A14038837). M.S.J. acknowledges the
support by the NRF grant funded by the Korea government (MSIT)
(2022R1A2C2092095). M.S.J. and T.L. thank Sangjun Han for his con-
tribution to calculating the optical absorption in 2D material-based
Salisbury screens. D.S. and S.J.K. thank Sang-Hyun Oh for use of the
optical setup used in this work.

Author contributions

S.L., D.S., S.J.K., and T.L. conceived this study. S.L. performed the first-
principles calculations with the help of E.H.L. and T.L. D.S. fabricated
and characterized the devices, performed the optical measurements
with the help of N.I. and S.J.K. S.H.P. performed model calculations on
the optical properties of 2D thin films with technical inputs from M.S.J.
and T.L. R.Y., G.Z,, and C.L.H. did MBE growth for 2D TMD materials and
WSe,/ZnSe/WSe, heterostructures. M.P. and A.J.H. did some of the
optical measurements. All authors contributed to the discussion on the
results. S.L., D.S., S.J.K., and T.L. wrote the manuscript with the input
from all authors. S.J.K. and T.L. supervised the whole project.

Competing interests
The authors declare no competing interests.

Nature Communications | (2023)14:3889



Article

https://doi.org/10.1038/s41467-023-39450-0

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-39450-0.

Correspondence and requests for materials should be addressed to
Steven J. Koester or Tony Low.

Peer review information Nature Communications thanks Qing Yang
Steve Wu and the other, anonymous, reviewer(s) for their contribution to
the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:3889


https://doi.org/10.1038/s41467-023-39450-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Achieving near-perfect light absorption in�atomically thin transition metal dichalcogenides�through band nesting
	Results
	Ideal absorption with a single-mirror structure
	2D materials with high optical conductivity
	Degradation of band nesting due to the interlayer coupling
	Absorption enhancement in decoupled twisted bilayer TMD
	Absorption enhancement in TMD/buffer layer/TMD structure
	Realization of NPLAs with Salisbury screen
	NPLAs over a wide frequency by using various TMD materials

	Discussion
	Methods
	Computational details
	Fabrication of large-scale MoS2 by Au-assisted exfoliation method
	Fabrication of Salisbury screen
	Characterization of the structure

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




