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Abstract: Optical reflectance imaging is a popular technique for characterizing 2D materials,
thanks to its simplicity and speed of data acquisition. The use of this method for studying
interlayer phenomena in stacked 2D layers has, however, remained limited. Here we demonstrate
that optical imaging can reveal the nature of interlayer coupling in stacked MoS, and WS, bilayers
through their observed reflectance contrast versus the substrate. Successful determination of
interlayer coupling requires co-optimization of the illumination wavelength and the thickness
of an underlying SiO; film. Our observations are supported by multilayer optical calculations
together with an analysis of the effect of any interlayer gap. This approach promises quick
characterization of constructed 2D material systems.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Assembly of two-dimensional (2D) material layers through the ubiquitous van der Waals (vdW)
force promises to augment bottom-up thin-film manufacturing with access to a wide range of
possible material combinations and atomically precise control over out-of-plane composition
[1,2]. In this manufacturing approach, molecular monolayers serve as building blocks which have
been discovered to exhibit a variety of useful electronic [3,4], optoelectronic [5], and mechanical
[6] properties. Such a rich library of components has motivated research in vdW assembly of
2D materials into pre-defined stacks for both fundamental studies and practical applications
such as light-emitting diodes [7], photodetectors [8], and tunnel transistors [9]. Conceivably,
the interactions between layers in a vdW-assembled stack depend not only on the selection of
individual monolayers but also on the interlayer spacing, any interlayer inclusions, and relative
crystal orientation [10-17]. Interlayer interactions are typically measured by optical spectroscopy
techniques such as photoluminescence (PL) [12,13,17] and Raman spectroscopy [18]. Although
such spectroscopic techniques reveal the key optoelectronic characteristics of the stacked 2D
layers, they typically characterize only a single point on the material at once, which is slow and
unsuitable for quick study of large-area samples. For higher throughput, using a digital camera
together with optical microscopy for data acquisition is an attractive approach. This approach
has been widely used to determine thicknesses of 2D layers quickly via either comparison with
multilayer optical calculations [19-22] or machine learning [23,24], and recently it has also
been employed to perform PL imaging, which can visualize interlayer coupling [17]. However,
determination of the specific nature of interlayer coupling within 2D heterostructures — and
the associated sizes of any inter-layer voids or defects — requires more sensitive detection
and modeling of reflectance signals than has previously been deployed. Imaging spectroscopic
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ellipsometry (SE) has also been used to visualize the optical properties of 2D monolayers
with high spatial resolution [25] and is a promising technique to study stacked 2D materials.
Nevertheless, SE still requires specialized apparatus with substantial cost, to which access is
likely to be more limited than to standard optical reflectance microscopes of the type used in this
work.

In this paper we demonstrate — with mechanically assembled bilayer MoS, and WS, —
that simple optical reflectance imaging can be used not only to identify layer thickness, but
also to predict how close the PL response of an assembled bilayer will be to that of a naturally
occurring bilayer in commensurate contact. Our technique takes advantage of the subtle thickness
dependence of the complex refractive index in transition metal dichalcogenides (TMDCs), a
class of vdW solids that has been studied extensively [26-28]. We found that with a suitable
combination of illumination wavelength and the thickness of an SiO, layer on the substrate,
bilayer regions with weak interlayer coupling can yield a starkly different optical reflectance from
those with strong interlayer coupling. Here we used the terms “weak” and “strong” coupling in an
operational sense, meaning how close the PL of a given bilayer is to that obtained from naturally
grown material. We assume that the interlayer coupling is as strong as it can be in a naturally
occurring bilayer. We explain the dependence of reflectance on coupling primarily in terms
of the subtle thickness-dependence of the complex refractive index of TMDCs, which causes
tightly coupled bilayers to behave as a single, thicker, layer and reflect light quite differently from
adjacent but less tightly coupled pairs of monolayers.

Several previous studies have investigated the thickness effect on the optical constants [26,29].
For the modeling presented in this work, we used the refractive index data of Hsu er al. [26]
because the 2D materials reported in that study were exfoliated from similar sources to ours, and
a comparable characterization method, microreflection, was used. Other factors such as doping
and oxidation may also change the optical response [30], but are unlikely to be prevalent in our
experiments and are outside the scope of the current study.

We also identified that the thickness and refractive index of any interlayer matter — such as
contaminants from processing — can be manifested in the reflectance signal recorded. Further,
we used the imaging technique to explore the ability of thermal annealing of assembled bilayers
to increase inter-layer coupling. Our results promise to expand the power of traditional optical
microscopy for high-throughput characterization and manufacturing of structures assembled
from vdW solids.

2. Materials preparation and experimental setup

Monolayer and stacked bilayer arrays of MoS; and WS, were fabricated via the Covalent Bond
Exfoliate—Align—Release (COBEARS) process that we have previously reported [31]. Briefly,
CoBEARs is based on gold-mediated exfoliation [32,33] and uses a patterned photoresist layer
both to mask the etching of the gold film and TMDC layers below, and to serve as a handle for
picking up the subsequently exfoliated material. A transparent heat-releasable photoresist tape
makes contact with the patterned handle layer to effect material transfer from a source crystal to
the target substrate.

Optical reflectance imaging was performed on an Olympus IX73 inverted wide-field epifluo-
rescence microscope equipped with a standard lamp for fluorescence microscopy (U-HGLGPS)
[20]. A band-pass filter was applied to the source beam, with one of the following characteristics:
450/10 nm (central wavelength/bandwidth), 532/5 nm, or 610/10 nm (Chroma). When we used
the 450 nm or 532 nm illumination, we also used a band-pass filter ET470/40X (Chroma) or
ET525/50 m (Chroma), respectively, as an emission filter to prevent any PL emission from
reaching the camera. These emission filters are, in practice, optional as we found that the PL
signals from our samples are very weak compared to the reflected signals.
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The objective lens was an Olympus UPlanSAPO 20x objective (NA 0.5), and it has been shown
that for NA < 0.5, the effect of non-zero incidence angle is negligible [34]. The images were
acquired at 16-bit dynamic range using an Andor Zyla 4.2 sCMOS camera at either 1024 x 1024
pixels or 512 x 512 pixels and 15 ms integration time. Topography scans were performed with a
Park Systems AFM in tapping mode using PPP-NCHR probes.

3. Results and discussion

First, we visualized the contrast difference between the as-fabricated, pre-annealing stacked
bilayer MoS; and naturally occurring bilayer MoS,, using images taken with the microscope
setup in Fig. 1(a). “Contrast” is defined as the ratio of reflected light intensity from a 2D
material region to that from the bare adjacent substrate. A “stacked” bilayer is one that has been
constructed manually by sequentially transferring two exfoliated monolayers so that they overlap,
but without precisely controlling, for example, the relative angular orientation of the two layers’
atomic lattices. Meanwhile, a “naturally occurring” or “natural” bilayer is exfoliated from the
source crystal as two coupled layers in a single COBEARs step. Even though CoBEARs was
developed to exfoliate monolayer material preferentially, the yield is not perfect and sometimes
small regions of natural bilayer material are transferred in this way [31,32]. In stacked bilayers
that have not yet been annealed, the interlayer coupling is expected to be weak due to the lack of
commensurate contact and the possibility of inclusion of impurities between layers [11,31]. The
atomic lattices of natural bilayers, meanwhile, are expected to be in commensurate contact, which
is evidenced by suppressed PL [5]. After two consecutive depositions of pre-patterned arrays
onto a 260 nm SiO,/Si substrate, as shown in Fig. 1(b—c), regions of both stacked bilayer MoS,
and naturally occurring bilayer MoS, were obtained, highlighted with dashed circles. Under
white-light, 610 nm, and 532 nm illumination, the stacked bilayers were almost indistinguishable
from the naturally occurring bilayers, as shown in Fig. 1(c—e). However, when we switched to
450 nm illumination, the stacked bilayers were visually brighter than the naturally occurring
bilayers, as shown in Fig. 1(f). One might initially imagine that this difference was caused by
the expected weaker coupling between the component monolayers of a stacked bilayer, and the
far greater PL intensity of uncoupled monolayers of MoS, compared to a well-coupled natural
bilayer or thicker material [17]. However, we showed that the higher reflectance contrast of the
stacked bilayers was not in fact due to PL of overlapped and uncoupled monolayers, because
when inserting an emission filter to exclude the PL peak of monolayer MoS, at ~670 nm from
the received signal, we obtained similar reflectance contrast. This showed that the PL signal in
our samples is much weaker than the reflected signal, so having this emission filter in our case is,
in practice, optional.

The substrate plays an important role, since when we fabricated stacked bilayer MoS, on a
285 nm SiO,/Si substrate (as opposed to 260 nm; see Fig. 7), such an obvious contrast difference
was no longer observed under any of the 610 nm, 532 nm, and 450 nm illumination wavelengths.
This result highlights the importance of co-optimizing the illumination wavelength and substrate
composition for making sensitive observations, as we will examine in more detail later in this
paper. At our selected imaging conditions — 450 nm illumination and 260 nm SiO,/Si substrate
— we show below that the pronounced difference between stacked and natural bilayer contrast is
in large part due to the influence of interlayer coupling on light reflection, and to a lesser extent
due to interlayer materials.

To understand our observations in Fig. 1, we used Fresnel’s equations and the transfer matrix
method [20,21] to simulate the reflectance contrast between the multilayered vdW material and
the surrounding bare SiO,/Si substrate for the scheme in Fig. 2(a). For the initial simulation
results shown in Fig. 2, all gaps between layers were set to be zero-thickness. Values for
thickness-dependent complex refractive indices of TMDCs (Fig. 5(e)—(f)) were taken from
published results [26], which were obtained using the micro-reflectance method for 2D layers on
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Fig. 1. Comparison of the reflectance images of pre-annealing stacked and naturally
occurring bilayers of MoS, on a 260 nm SiO,/Si substrate. (a) Schematic of the microscope
setup. FD: field diaphragm, BP: band-pass filter, BS: beam splitter. (b) White-light
reflectance image of an array of monolayer regions after one MoS; transfer step. Multilayer
regions occasionally occur due to imperfect monolayer yield of the CoBEARSs process.
(c) White-light reflectance image showing diamond-shaped stacked bilayer regions at the
intersections of overlapping monolayer sheets transferred by two consecutive COBEARs
processes. (d—f) The same sample as in (c) but under 610nm, 532 nm, and 450 nm
illumination, respectively. Scale bars are 100 pm.

silicon wafers with different SiO, thicknesses. For the bilayer case, we carried out simulations
under two alternative assumptions for the refractive index of the TMDC: one that each TMDC
layer had the refractive index of an independent monolayer, and the other that the TMDC layers
were effectively coupled and took on the refractive index of two-layer-thick material. Plots of
modeled and experimental contrast results for monolayers, natural bilayers, and pre-annealing
stacked bilayers are shown in Fig. 2(b—d) for three distinct optical wavelengths: 610 nm, 532 nm
and 450 nm. These results agree with the observations in Fig. 1(d-f), and strongly suggest that in
terms of complex refractive index, the pre-annealing stacked bilayer regions in Fig. 1(f) behave
as if they consist of two uncoupled monolayers. This finding is particularly clear in Fig. 2(d),
where the simulation assuming the TMDC refractive index to equal that of an isolated monolayer
(dashed line) closely matches the experimental contrast results for the stacked (mechanically
assembled) bilayer, whereas the simulation assuming the bilayer TMDC refractive index (solid
line) closely matches the experimental results for the natural bilayers.

The simulations again highlight the importance of selecting suitable illumination wavelengths
for a given substrate to enhance the contrast difference between the weak and strong interlayer
coupling. In this case, 450 nm is more suitable than 610 nm and 532 nm when used in conjunction
with a 260 nm SiO,/Si substrate. We study a wider range of wavelengths and SiO, thicknesses
later in the text.
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Fig. 2. Simulation of the reflectance contrasts of 2D bilayers versus a bare 260 nm SiO,/Si
substrate using the well-known Fresnel’s equations and transfer matrix method. (a) Multilayer
model for up to two 2D layers with intermediate gaps. The top medium (labeled n7) is air.

The role played by intermediate gaps is ignored in this figure but is included later in the
paper. Simulated versus measured contrast values are plotted for (b) 610 nm, (c) 532 nm and

(d) 450 nm sample illumination, respectively. Error bars indicate + three standard deviations

of the contrast extracted from all pixels in the image containing the corresponding number

of layers.

The ability to distinguish between two levels of interlayer coupling for bilayer MoS, prompted
us also to study post-annealing stacked bilayers, as annealing has previously been shown to be
able to displace interlayer contaminants and, thus, modify the interlayer coupling [11,35,36].
Annealing was carried out by exposing the samples to 200 °C heat on a hotplate for five minutes.
Since we conducted the annealing in air, we chose a relatively short annealing time to minimize
any oxidation of our materials, which can be expected to be much smaller than 15% by mass based
on previous work [30]. Surface roughness (Fig. 3(e)) and PL spectra (Fig. 3(c)) of post-annealing
material show no noticeable changes from freshly exfoliated, unannealed material. Thus, we
assumed that any oxidation-induced change in the optical properties of our 2D materials is
sufficiently small, and we excluded this effect in our subsequent simulations. Figure 3(a) shows a
region of post-annealed stacked bilayer MoS; on 260 nm SiO,/Si substrate, fabricated by placing
a randomly shaped monolayer on top of a 100 x 100 um? monolayer. Again, the imperfect
monolayer yield of the exfoliation gave us an area of naturally occurring bilayer material next
to the square area of the stacked bilayer, against which the annealed, stacked material can be
referenced. The colored dots in Fig. 3(a) in conjunction with the legend in Fig. 3(c) identify the
different types of material in the image.
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Fig. 3. Contrast, interlayer coupling and topography in a post-annealing stacked bilayer. (a)
White-light image of a square stacked bilayer region with a nearby naturally occurring bilayer
on a 260 nm SiO,/Si substrate. Scale bar is 50 um. (b) Image of the sample in (a) under
450 nm monochrome illumination. The square is divided into region A of lower contrast
and region B of higher contrast. (c¢) PL spectra of the color-coded points in (a). (d) AFM
topography scan, whose cross-section at the red line is shown in (e).

There is some evidence under white light (Fig. 3(a)) of color heterogeneity within the 100 x 100
um? stacked bilayer region, possibly due to the presence of localized inter-layer contamination
[35,36], which most likely is air and/or water molecules as the stacking was conducted in ambient
conditions [31]. By switching to 450 nm illumination, we can more clearly discern two distinct
regions within the stacked bilayer, a darker region A and a brighter region B, as shown in Fig. 3(b).
Results from Fig. 2 for the previous sample suggest that region A exhibits stronger interlayer
coupling than region B, which is verified by the much stronger PL signal found in region B than
in region A (Fig. 3(c)). Meanwhile, the red and green traces in Fig. 3(c) show the expected
prominent and quenched PL peaks for regions of monolayer and naturally occurring bilayer
material, respectively.

Since interlayer coupling is influenced by the interlayer vdW distance [11,12], we acquired an
AFM topography scan of the two regions, which is shown in Fig. 3(d) with a cross-section in
Fig. 3(e). The AFM topography indicates that the interlayer vdW distance in region B is about
1-2 nm — or even in some places 5 nm — larger than that of region A, which is consistent with
the reflectance contrast and PL measurements. Although the measured magnitudes of the step
heights distinguishing the regions may be mildly affected by, e.g., charge accumulation during
the AFM scanning process, the considerably greater thickness of region B compared to the other
regions — and of region A compared to the monolayer — is clear and consistent. It is possible
that an accumulation of interlayer materials — or wrinkling of the upper monolayer — increased
the separation between the two monolayers in region B, and thus weakened their coupling. In a
production process, sensitive optical reflectance imaging as illustrated in Fig. 3(b) could be used
quickly to identify regions of post-annealing stacked bilayer material with defective morphology
and weak interlayer coupling.
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In the simulations discussed so far, the observed differences in reflectance contrast between
pre-annealing constructed bilayers and natural or annealed ones were well captured simply by
modulating the assumed refractive index of the MoS; material. The index was assigned its
literature bilayer or monolayer value [26] according to whether or not the two layers were assumed
to be tightly optoelectronically coupled. In all those simulations, the two MoS, layers were
modeled without any intervening gap. However, AFM scans suggest that measurable separations
can exist between two assembled layers. This observation could explain the modest discrepancies
between measured and simulated reflectance contrast values in Fig. 2.

To refine the reflectance simulations, we explored how the deviations between modeled and
measured optical reflectances varied when the effect of interlayer gaps was explicitly included.
We explored the influence of gap size and the refractive index of the matter within it. From the
AFM topography in Fig. 3(d—e), we estimated the range of possible gap sizes as 0-5nm. We
considered real refractive indices of 1-1.7, to encompass possible inter-layer materials from air
to water to organic contaminants. This deviation, or error, between the modeled and measured
optical reflectances is then defined as:

error = |C(fg, l’lg) = Cinean|

where C(tg, ng) is the contrast of the layer of interest as a function of gap thickness 7, and its real
refractive index ng, and Cpean is the mean value of measured contrast of the layer of interest.

First, we simulated the influence of a gap between the SiO, substrate coating and the lower
MoS; layer (the gap labeled n3 in Fig. 2(a)). The results in Fig. 4(b) show that the deviation
between the simulated and measured reflectance contrasts at 450 nm illumination was minimized
for a gap of 3 nm and refractive index 1.2, which may represent trapped air and water molecules.
These values for the MoS,—-SiO, gap were used in subsequent simulations.

We then studied the effect of the gap parameters between the two MoS, layers (the gap labeled
ns in Fig. 2(a)). First, we considered region A of the stacked bilayer as shown in Figs. 3(b) and
4(a), where the layers are believed to be relatively close and well coupled. As found earlier,
the deviations between measured and simulated reflectance contrast were considerably lower
when the MoS, was modeled with the literature value for the refractive index of bilayer material
than when the monolayer refractive index was assumed (the cases named “2xhalfbilayers” and
“2xmonolayers” respectively, in Fig. 4(c—d)). Now, though, we simulated splitting the bilayer
material into two halves of equal thickness and inserting a gap of variable thickness and index
between them to explore how the modeled reflectance changed. The pseudocolor plot in Fig. 4(c)
suggests that modeling error is minimized for a small finite interlayer gap distance (e.g. 2nm at
index of 1.2), rather than for a zero gap distance. However, the error is well below 0.05 even
when any interlayer gap is ignored, which is considerably smaller than the difference in contrast
between regions A and B that this method is seeking to detect.

Meanwhile, in region B, where AFM had confirmed that the layers were likely separated by a
few nanometers, simulation errors were — in agreement with Fig. 2(d) — much smaller when
the MoS; index was assumed to take on its monolayer value (Fig. 4(f)) than its bilayer value
(Fig. 4(e)). Again, simulation error was minimized for a small finite inter-layer gap, but residuals
even for zero assumed gap size were much smaller than the contrast differences between regions
A and B. It does not therefore appear to be necessary to model inter-layer gaps explicitly to
distinguish between MoS, bilayers with differing degrees of optoelectronic coupling.

Next, we explore co-optimization of the illumination wavelength and the SiO, thickness to
reveal the extent of inter-layer coupling most strongly. For highly sensitive detection, we desire
the largest possible difference between the magnitudes of reflectance contrast arising from closely
(“2xhalfbilayers”) and loosely (‘“2xmonolayers”) coupled bilayers. Figures 5(a) and 5(b) map
this contrast difference for MoS, and WS, bilayers, respectively, against illumination wavelength
and SiO; thickness. Several desirable regions of high contrast difference can be identified
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Fig. 4. Error between simulated reflectance contrast and mean measured contrasts for
regions A and B, at 450 nm illumination as a function of assumed gap parameters. (a)
Labeled map of three regions: monolayer MoS; (red), “2xhaltbilayers” region (green) and
“2xmonolayers” region (blue). Black pixels indicate unrecognized regions. (b) Error as a
function of gap with substrate, averaged across regions of naturally occurring bilayer and
monolayer material in sample (a). (c—f) Error of stacked bilayer contrast as a function of
interlayer gap parameters, when “2xhalfbilayers” and “2xmonolayers” models are applied to
regions A and B, respectively.

readily. Figures 5(c) and 5(d) show the contrast difference figures of merit against illumination
wavelength for the specific SiO, thickness of 260 nm used experimentally in this work. The three
vertical dashed lines in each plot indicate the filter wavelengths we used in this paper: 450 nm,
532nm and 610 nm. Figure 5(c) is consistent with Fig. 1(d—f) in that the 450 nm illumination
wavelength yields the best contrast between the strongly and weakly coupled bilayers. Figure 5(d)
also suggests the same scenario for the imaging of WS, bilayers. The wavelength-dependent
complex refractive indices obtained from Hsu ef al. [26] are replotted in Fig. 5(e—f) for MoS,
and WS,, respectively. These n and k dispersions were fitted by Hsu ez al. [26] from reflectance
data, and, as those authors point out, in specific parts of spectrum could contain substantial
uncertainty due to measurement error and collinearity of the fitting parameters. However, our
experimental results, which were obtained at 450 nm, 532 nm and 610 nm, are outside of the
potentially anomalous regions of the spectra reported by Hsu et al. [26]. Comparison between
Fig. 5(c—d) and Fig. 5(e—f) further highlights that the highest contrast between 2xhalfbilayers
and 2xmonolayers is the result of the co-optimization between illumination wavelength and
the substrate composition, and selecting the wavelength alone based on Fig. 5(e-f) may not be
sufficient. Figure 6 and Fig. 7 confirm experimentally our simulation results in Fig. 5(a—d).
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Fig. 5. Impact of the choice of illumination wavelength and SiO; thickness of the substrate
on the contrast difference between weakly coupled and strongly coupled stacked bilayers.
Simulated contrast difference for bilayer MoS; in (a) and WS, in (b). (c) Simulated contrast
difference versus illumination wavelength for bilayer MoS; on 260 nm SiO,/Si. (d) Simulated
contrast difference versus illumination wavelength for bilayer WS, on 260 nm SiO,/Si. (e—f)
Complex refractive indices of monolayer and bilayer MoS, and WS,, respectively, replotted
from Hsu et al. [26] used in all the simulations in this work. (n is the real component and k
the imaginary component of refractive index.)
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260 nm SiO,/Si substrate, which is consistent with the result in Fig. 5(d). The illumination

wavelengths in (a—c) are 610 nm, 532 nm, and 450 nm, respectively. (d) The sample under
white light illumination labeled with red (monolayer), green (natural bilayer) and blue
(stacked bilayer) spots where PL spectra were obtained. (e) PL spectra of the color-coded
spots in (d), showing the corresponding weak (prominent peak) and strong (no peak) interlayer
coupling. As with MoS,, only the 450 nm illumination clearly distinguishes between the

natural and stacked bilayer material through reflectance imaging.
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Fig. 7. Comparison of contrasts of MoS; stacked bilayer and naturally occurring bilayer
on 285 nm SiO,/Si substrate. The illumination wavelengths in (a—c) are 450 nm, 532 nm,
and 610 nm, respectively. In agreement with Fig. 5(a), compared to 450 nm wavelength and
260 nm SiO; thickness, such as in Fig. 1(f), 450 nm wavelength and 285 nm SiO; thickness,
as in (a), results in lower contrast difference between 2xhalfbilayer and 2xmonolayer at

450 nm illumination wavelength.
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4. Concluding remarks

We have shown through the study of stacked bilayer MoS, and WS, that by selecting a suitable
combination of illumination wavelength with the thickness of an SiO; film on the substrate, a
clear difference can be realized between the optical reflectance contrasts of weakly and strongly
coupled bilayer regions. This clear difference between optical reflectance values can be mainly
attributed to the thickness-dependence of the complex refractive index of the vdW bilayers. Other
factors that can change the complex refractive index such as oxidation and doping were ignored
in our study, and could be a subject of future investigation for a more comprehensive treatment.
Strongly coupled bilayers — which occur in natural material or can be obtained by thermally
annealing a mechanically assembled bilayer — exhibit a different effective refractive index from
bilayers that are weakly coupled. Bilayers may be weakly coupled if they have been mechanically
assembled by repeated exfoliation steps but not annealed. Bilayers may also remain weakly
coupled even after thermal annealing if there is some residual imperfection such as inter-layer
contamination or wrinkling. The sizes and contents of any nanometer-level inter-layer gaps have
a much smaller effect on optical reflectance than the effective refractive index of the vdW layers
themselves.

The results of our study show that optical reflectance imaging could be a powerful tool to
quickly characterize interlayer coupling, highlight locations of possible interlayer contamination,
and identify layer thickness in the nanomanufacturing of 2D materials.
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