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Spectro-Spatial Unmixing in Optical Microspectroscopy for
Thickness Determination of Layered Materials

Julian Schwarz,* Michael Niebauer, Lukas Rémling, Adrian Pham, Maria Kolesnik-Gray,
Peter Evanschitzky, Nicolas Vogel, Vojislav Krsti¢, Mathias Rommel, and Andreas Hutzler*

Van der Waals materials and devices incorporating them exhibit highly
thickness-dependent properties. The small lateral dimensions of mechanically
exfoliated 2D-layered flakes, however, remarkably complicate their precise
thickness determination. Quantitative analysis of reflectance measurements
using optical microspectroscopy is proven to be as precise as spectroscopic
ellipsometry while providing an easily adaptable and non-destructive method
for thickness determination. The use of magnifying objective lenses allows
obtaining the reflectance within a measurement spot of only a few microns in
diameter. When the dimensions of exfoliated flakes are even smaller, however,
the acquired reflectance is a superposition of those of the material of interest
and the subjacent materials. To overcome this limitation, a facile approach to
reduce the resolvable structure size by combining the evaluation of the
reflectance measurement via transfer matrix method with spatial information
extracted from optical micrographs is introduced. The efficacy when
characterizing micrometer-sized flakes is exemplarily demonstrated for
thickness determination of highly oriented pyrolytic graphite and a thin film of
silicon dioxide. It is shown that a maximum error of less than 10% is achieved
even when the flake only covers 20% of the measurement spot.

exact material thickness, since many elec-
trical and optical parameters depend on the
number of layers.[’]

Microspectroscopy has been established
as a measurement technique for assess-
ing 2D-layered material thickness in an ex-
perimentally simple setup, as depicted in
Figure 1a, and thus can be used as an alter-
native to more demanding characterization
methods such as atomic force microscopy
(AFM) or Raman microspectroscopy.

The measurement setup merely contains
an optical microscope and a spectrometer
connected with a glass fiber. Usually, an ob-
jective lens focuses a (halogen) light source
onto the region of interest and the reflected
light is coupled into a spectrometer and a
CCD camera. In our previous works, we in-
troduced several approaches for the precise
determination of layer thickness via opti-
cal microspectroscopy.[®’] However, despite
the small spot size in the um range that

1. Introduction

2D-layered so-called van der Waals materials are a promising ma-
terial class for future (opto-)electronic devices since they exhibit
extraordinary opticall?] and electrical properties.>* The full ex-
ploitation of these benefits requires a profound knowledge of the

can be achieved with microspectroscopy,

the size of exfoliated flakes can be smaller

and thus prevents accurate measurements.

When fabricating devices, the area accessible for measuring

might even be smaller since electrical contacts have to be defined
on top, which can mask sections of the flake.[®*]

In literature, several models exist to account for varying mate-

rial stacks and/or thicknesses caused by the presence of multilay-

ered parts of a 2D material within a single measurement spot. For
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Figure 1. a) Schematic presentation of the measurement setup used for microspectroscopy. b) Flow chart of data processing when using spectro-spatial

unmixing (SSU). The scale bars each represent 2 uym.

ellipsometry, a so-called “island-film model” has originally been
proposed for the in situ investigation of ellipsometric parame-
ters and the refractive index during the growth process of sub-
monolayer Pb on Ag and Cu substrates.[') Recently, this “island-
film model” was revisited for the determination of a dispersion
model of mono-layer domains of MoS,!"] and graphenel’?! or
thicker MoS, and WS, flakes!!3* surrounded by uncovered re-
gions where the substrate is exposed. Additionally, area weight-
ing was previously established in spectroscopic ellipsometry (SE)
for controlling etch processes and step heights.[*>°] However, for
SE the required lateral dimensions of the material are consid-
erably larger than in the case of microspectroscopy. For reflec-
tometry, an early application was the in situ monitoring of adja-
cent areas with different etch rates.['”18] Another instance of area
weighting was the phase correction in heterodyne interferometry
for surface profiling.!*! Several studies also apply such models
to through-silicon vias (TSVs), where the lateral dimensions are
similar to the ones examined in this work.!?2!] Though, for TSVs
the vertical dimensions are much larger, which has a tremen-
dous influence on the measured spectra due to more pronounced
interference effects. While the methodology considered in this
work is comparable to the “island-film model,” the requirements
for microspectroscopy, especially the combination of lateral and
vertical dimensions, are different and have not been discussed in
detail before.

Herein, we present a novel approach to reduce the resolv-
able structure size of optical microspectroscopy to determine the
thickness of 2D material flakes smaller than the actual mea-
surement spot. Therefore, we extract the spectral information
of the material of interest from the superimposed reflectance
spectrum by exploiting the area fraction distribution in the
measurement spot, in the following denoted as spectro-spatial
unmixing (SSU).

One advantage of microspectroscopic measurements is that in
addition to the spectral information, a microscopic image of the
specimen can be acquired, which can be subject to image anal-
ysis as well. For instance, if the contrast is sufficient, informa-
tion about the area coverage of each material and/or different
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thicknesses of materials present in the measurement spot can
be deduced from the RGB channels of the image. The apparent
color of the material stacks emerges from the interference and
diffraction effects of the incoming and reflected light waves. In
this work, we use this areal information to examine 2D materials
that do not completely cover the measurement spot. This is fea-
sible if a sufficiently large, homogeneous area (which has to be
large enough to cover the entire measurement spot) of the sub-
jacent or surrounding material (stack) is available.

The basic principle of our approach is shown in Figure 1b.
The individual steps to implement this spectro-spatial unmix-
ing (SSU) approach are shortly explained in the following (for
more detailed information see the Experimental Section and the
Supporting Information). First, we acquire a micrograph of the
measurement spot projected onto the image plane (in this work
a quadratic spot with a minimum edge length of 5 pm) by illu-
minating a homogeneous sample or substrate via the glass fiber
coupled to an LED from the spectrometer side (Figure 1b-I). Af-
terward, the sample’s reflectance spectrum is recorded and a mi-
croscope image is captured alongside (Figure 1b- II). The pic-
ture of the measurement spot is then used on the micrograph
of the sample to mask the area where the reflectance spectrum
was acquired. The masked picture is converted into a gray scale
image and its histogram is evaluated (Figure 1b-III,IV). Based
on the histogram, the area fraction of the material of interest
within the measurement spot is calculated (Figure 1b-V). Un-
der the presumption that the measured reflectance is a “coher-
ent superposition”*% of individual reflections from the differ-
ent material stacks within the measurement spot, the spectra of
these stacks are weighted according to their calculated area frac-
tions and combined into a model for the effective reflectance in
the spot. Finally, the thickness of the investigated material can
be determined by comparing the measured superimposed re-
flectance and the modeled effective reflectance. For precise re-
flectance modeling of even anisotropic materials, a 4 X 4 trans-
fer matrix method (TMM) as well as corrections for the numer-
ical aperture (NA) of the objective lens are used, as described
elsewhere.l’]
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Figure 2. Measured reflectance spectra of HOPG sample 1 for different values of area coverage. b) Overview of the measurement series for accomplishing
different values of area coverage of the measurement spot by the same HOPG sample. On the left, an image of the sample is presented with an overlay
of the measurement spot of 5 um X 5 pm. On the right, the masked measurement spot for a continuous stage movement transverse to a sample edge is
shown. In addition, the corresponding area percentage of HOPG within the measured area is written below. c) Exemplary comparison of measurement
and modeling with and without SSU for a HOPG sample 1 for an area coverage of 47.6%. The corresponding microscope image is depicted with a red

frame in Figure 2b.

When employing spectroscopic means, the thickness of
isotropic thin films or 2D-layered materials is usually evaluated
via analyzing either the absolute reflectance or the contrast (i.e.
the differential reflectance referring to the substrate).[?>?] While
doing so, either the entire spectrum!”! or the position of extreme
values!®?%] can be utilized. The SSU approach proposed in this
work is based on modeling the full spectrum of a measured ab-
solute reflectance (denoted as abs. R in Figure 1b). Here, the mea-
surement spot covers two different regions, where one region
consists of the whole stack including the material of interest on
top of an underlying material stack and the other region consists
of the underlying material stack only (from here on simply re-
ferred to as substrate).

In the following, the capability of the proposed SSU approach
is demonstrated for two exemplary material combinations in
the measurement spot: a thin film of SiO, on a Si substrate
and highly oriented pyrolytic graphite (HOPG) on a Si substrate
coated with SiO,.

2. Results and Discussion

Subsequently, the area fraction of the measurement spot covered
by the material of interest is denoted as the coverage by the mate-
rial of interest. To characterize the effectiveness of our approach,
we tested different values of area coverage for exemplary thin
films within the measurement spot. In Figure 2a the reflectance
of a HOPG sample on 300 nm SiO,/Si substrate (HOPG sam-
ple 1) is depicted for varying coverage by HOPG. Here, the mea-
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surement result for a coverage of 0% corresponds to the pure
substrate spectrum, i.e. SiO, on Si. A gradual change in the spec-
trum is visible with increasing coverage. Figure 2b exemplarily
illustrates the procedure for measuring the reflectance of vary-
ing area coverage by HOPG with a quadratic measurement spot
with 5 ym edge length. On the left side, an enlarged section of
the camera image is depicted containing the entire sample. In
addition, the corresponding measurement spot completely cov-
ered by HOPG (area fraction of 100%) is shown as an overlay for
orientation. Within a measurement series, the microscope stage
was moved sequentially in small steps and transversely to a sam-
ple edge to obtain varying values of area coverage by the differ-
ent material stacks within the measurement spot. On the right
side the masked images corresponding to the individual mea-
surements are presented and, in addition, the area fractions ob-
tained are attached. For the case as shown in the micrograph with
a HOPG coverage of 47.6% (indicated by a red frame), the mea-
sured reflectance is exemplarily depicted in Figure 2c together
with the modeled reflectance including SSU as well as the mod-
eled reflectance without considering SSU as a baseline. While in
the case of the SSU the spatial information about the coverage
within the measurement spot is exploited, the modeling without
SSU assumes a homogeneous thin film filling the whole mea-
sured area and consequently results in a large error in modeling
the reflectance. Precise agreement with the measurement is ac-
complished for the model with SSU whereas the model without
SSU shows obvious deviations from the experimental data. This
is also reflected in the determined thickness. We first determined
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Figure 3. Evaluated thicknesses via SSU approach for a SiO, film on Si
in the edge region to the Si substrate. The values of the reference thick-
ness measured via LE as well as 95% and 90% of this value are marked
as dashed/dotted lines. Also shown is the SSU evaluation of spectra sim-
ulated using wave optics simulations (WOS) for an idealized and an ap-
proximated edge shape.

the absolute film thickness via AFM as 27.7+0.3 nm (mean value
and standard deviation). We then compared the result via mi-
crospectroscopy of the measurement spot incompletely-covered
with HOPG. The thickness determined by analyzing the abso-
lute reflectance exhibits only a small error of ca. 2% with 27.1
nm when using the SSU; without SSU a large error with 18.9 nm
is obtained, corresponding to a large relative deviation of around
32%. These results demonstrate the basic applicability of the pro-
posed approach.

Figure 3 shows the results of the different evaluation ap-
proaches for several values of area coverage by a SiO, film on a Si
substrate. The SiO, thickness was measured via laser ellipsom-
etry (LE) for reference and is 98.5+0.3 nm. The necessary edge
to create the desired inhomogeneous coverage to investigate our
spectroscopic approach, was prepared via wet chemical etching
of one part of the SiO, film down to the silicon with HF.

Remarkably, without SSU the modeled thickness significantly
deviates from the reference thickness obtained via LE, except for
area percentages larger than 90% (orange triangles). For values
below 90% the thickness is consequently underestimated, corre-
lating with the area of the SiO, getting smaller. With SSU (blue
diamonds), even for smaller area percentages the thickness is
close to the reference measurement: The thickness deviates by
less than 10% for areas covered with only 12.9% of the targeted
SiO, layer. The decreasing thickness for the modeling without
SSU is ascribed to the decreasing coverage by SiO,, which is not
considered in this case. Therefore, the measured spectrum be-
comes less similar to a pure SiO, spectrum for low coverage,
which results in smaller modeled thicknesses.

Wave optics simulations (WOS) based on Dr.LiTHO,1?’] a de-
velopment and research simulator for optical lithography based
on rigorous coupled-wave analysis (RCWA), were performed em-
ulating the measurement and sample configuration for different
coverage by SiO,.[?”] Besides an idealized edge shape, an edge
morphology replicating blurring introduced by the diffraction
limited optics was tested. Exemplary reflectance results within
the simulated mask replicating the measurement spot for the dif-
ferent edge morphologies are depicted in Figures Sla and S2b

Adv. Optical Mater. 2025, 13, 2402502 2402502 (4 of 7)
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Figure 4. Comparison of the thicknesses evaluated from the modeling us-
ing the SSU approach based on absolute reflectance values for different
samples (an SiO, plateau as well as flakes of HOPG). Thickness values
are given as relative values normalized to the reference thicknesses (mean
values) obtained from LE (98.5 nm for SiO,) or AFM (27.7 nm and 38.3 nm
for HOPG) - 95% and 90% of these values are marked as dashed/dotted
lines.

(Supporting Information) and an exemplary average reflectance
within the simulated mask for the implemented edge morpholo-
gies is shown in Figure Slc (Supporting Information). The re-
sulting reflectance spectra (average reflectance calculated for dif-
ferent wavelengths) were analyzed in a similar manner to the
measured data within the proposed SSU and TMM approach
(the simulated reflectance spectra for different area fractions are
shown in Figure S2, Supporting Information). The findings for
the wave optics simulations are depicted in Figure 3 as well. For
both edge morphologies the determined thickness agrees well
with the reference thickness with an error smaller than 5% even
for area percentages lower than 20%. Therefore, it can be con-
cluded that the assumption of linear superposition of the re-
flectance spectra of the individual material stacks is valid. The
small deviation is likely from more pronounced diffuse reflec-
tion at the edge, which the RCWA simulation takes into account
in contrast to the SSU modeling, which only considers the spec-
ular component. For a detailed description of the procedure of
simulating the reflectance spectra based on wave optics and the
analysis thereof see the Supporting Information.

Next, we increase the complexity and use two composite
samples each containing a flake of HOPG on a Si wafer with a
thermally grown SiO, layer with a thickness of 300 nm on top.
In Figure 4, we compare the modeling results using SSU for
the previously mentioned SiO, sample and the HOPG samples
with different thicknesses. For better comparability, the mod-
eled thicknesses (ty,q) for the respective area percentages are
normalized to the corresponding reference thickness (tgefrence)
obtained via LE for SiO, and AFM for HOPG. The AFM results
are 27.7+0.3 nm for HOPG sample 1 and 38.3+2.4 nm for HOPG
sample 2. The corresponding measured reflectance spectra for
the investigated samples with different values of area coverage
can be found in Figure S3 (Supporting Information). Since
the thickness determination is based on a least square fitting
algorithm via a TMM, no metric of uncertainty is deducible from
the numerical process. However, the spectral resolution of the
spectrometer, i.e., the bandwidth of the spectrometer channels
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(i-e., 0.8 nm, according to the actual measurement output) can
be considered. Three times the channel bandwidth was used as a
safety margin and the measured spectra were shifted by +2.4 nm
and the thickness was reevaluated from the shifted spectra.l’]
The uncertainty determined regarding the thickness is negligible
and is presented accompanied by the least square fitting error in
Figure S4 (Supporting Information) for reasons of clarity.

Even for the more complex case of HOPG flakes, as an exem-
plary van der Waals material, our SSU approach can accurately
determine the film thickness within an error margin of 5% when
the film covers more than 40% of the measurement spot. Over-
all, we see a continuous decrease in the modeled film thickness,
even with the SSU approach, which apparently reaches its limits
of applicability here. While the method has basically no numeri-
cal limit, we now discuss possible causes for this effect in order
to examine the practical boundaries of the model.

In general, the reflectance contribution from the material of
interest is diminishing with lower coverage while the other sig-
nal parts (including noise and the reflectance of the underlying
films) are constant or increase. Thus, the ratio of the reflectance
signal collected in the region of interest becomes smaller com-
pared to the noise level and reflectance signal of the substrate and
the modeling is therefore less precise. Furthermore, the appar-
ent transition area due to the edge between the material stack of
interest and the surrounding material is a source of uncertainty
and becomes more significant (larger relative contribution to the
area fraction of the material stack of interest) for smaller area per-
centages of the film of interest (in our example, the HOPG flake).
The reason for this is that the relative contribution of the transi-
tion area to the total reflectance from areas containing HOPG
increases. For the investigated samples, the transition area has a
gray value closer to the ambient material stack (i.e., the substrates
Sifor SiO, and SiO, /Si for HOPG, for an example see the edge re-
gion in Figure 2b) and hence is attributed to this material region
for the calculation of the area percentages from the histogram.
But in reality, the transition region around the edge exhibits a
different reflectance characteristic depending on its shape and
dimensions. These properties are not accessible or distinguish-
able by microspectroscopy or microscope images (pixel size in
the image plane below 100 nm) and cannot be clearly resolved
because of the limiting optical resolution of the objective lens
(Abbe diffraction limit of 333 nm at a wavelength of 500 nm for
the employed 100x/NA 0.75 lens?®)). Additionally, for very small
area fractions (i.e. flake dimensions in the range of the optical
resolution), the resolution of the optics plays a role, as the in-
dividual material stacks can no longer be clearly resolved in the
spectrum and in the micrograph. Furthermore, even the regions
adjacent to the edge may exhibit an altered reflectance since the
spatial arrangement cannot accurately be reproduced by the 1D
model the TMM approach is relying on. One solution could be
the transition from a ray optics to a wave optics-based method.
However, using finite element methods to solve the equations for
wave optics would require an exponentially increased computa-
tional effort. Another possible source of inaccuracy is collected
light originating from scattering processes at the edge outside
the measurement spot, because for wide-field microscopy the il-
luminated area is larger than the measurement spot. A confocal
setup could eliminate such artifacts, e.g., by only illuminating the
measurement spot. However, a confocal setup is far more com-
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plex in terms of spot alignment than a wide-field setup such as
the one used in this study.!*]

Other sources of uncertainty are many factors influencing the
determination of the area fractions. Precise agreement of the fo-
cal planes of the camera and the spectrometer is necessary. In
addition to the alignment of the focus, there must also be a lat-
eral match, i.e. the real position of the measurement spot must
exactly match the position in the camera image. If this is not the
case, the area fractions determined do not correspond to those
of the reflectance measurement. For a well configured micro-
scope setup the mentioned requirements should always be ful-
filled. However, we work at the mechanical (and optical) limits of
accuracy, which means that even small misalignments can have
a significant impact. Another point aside the equipment is the
mask assignment in the post-processing of the spot image. The
usage of a distinct threshold during mask generation introduces
a small uncertainty.

A limitation for the maximum layer thickness (i.e., edge
height) for the proposed SSU approach is the depth of field of
the used objective lens. For the applicability of the method, all
material stacks contained in the measurement spot must be in
focus at the same time. This is ensured if the maximum step
height contained in the measurement spot is smaller than half
the depth of field. The depth of field depends on the NA and the
wavelength.[?8] Measurements show that the depth of field for the
used objective lens (100x, NA 0.75) is ~#1 um (for a detailed anal-
ysis of the depth of field for the employed setup see Figure S5,
Supporting Information). 1 um should be a good estimation for
lenses with 100x magnification for visible light, even for apoc-
hromatic objective lenses with a NA up to 0.95. This value is no
obstacle for the application area of van der Waals materials, as
the flake thicknesses used in devices are typically well below 1
pm and usually even below 100 nm.[#3%31] Tn addition, it can be
assumed that with increasing edge height, the aforementioned
contribution from the transition area increases. This must be
considered for the maximum layer thickness, whereby this work
demonstrates that a step height of up to 100 nm is possible.

3. Conclusion

By combining microspectroscopic reflectance measurements
with the imaging capability inherent in such measurement sys-
tems, we demonstrate a significant improvement in the ability
to obtain spectral information from samples with dimensions
smaller than the measurement spot. For the exemplarily inves-
tigated samples, the determined thickness exhibits a maximum
error of less than 10%, even in the limit when the examined ma-
terial stacks only cover up to 20% of the area of the measurement
spot. Simulations based on wave optics considering the complex
diffraction phenomena at the edge region corroborate that the
assumption of linear superposition of the different reflectance
components of the material stacks located in the measurement
spot, while neglecting the deviating reflectance around the edge
within the TMM based modeling, is justified.

The simple combination of magnifying optics, spectroscopy,
and imaging via our SSU method enables cost-effective, reli-
able, and non-destructive characterization of samples with lat-
eral dimensions even well below 5 micrometers. In particular,
mechanically exfoliated flakes of van der Waals materials are

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

85UB017 SUoWWOD aAIEaID 8|edldde ay) Ag pauienob ase Sejoile YO 8sn Jo Se|n 10} Aiq1 8UIIUO AB|IAA UO (SUONIPUOD-PUE-SWLIBIA0D"AB | IM" AIg 1 [BU 1 |UO//:SdiL) SUORIPUOD pUe SWwis | 8Y) 89S *[5Z02/20/TZ] U0 Ariqiauljuo AB|IM JelueD Yyoiesssy HAWD yoiine wniuezsbunyosiod Aq 20520202 Wope/Z00T 0T/I0p/L0D A8 1M A g1 Ul |Uo"peoUeApe//sdny o) pepeojumoq G ‘S20z ‘TL0TS6TZ


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

used in a wide range of scientific applications. Our method
can also be useful for heterostructures of van der Waals mate-
rials. Such heterostructures are widely used in photonics, 3234l
optics,!! optoelectronics, 3] and medical technology.*®! Homo-
geneous surfaces of these materials that are not covered by metal
contacts or other materials are often minuscule in according de-
vices and can be precisely investigated employing our SSU ap-
proach. Furthermore, the method can also be used to reduce the
resolvable structure size of the rather large measurement spot of
objective lenses with low magnification and thus emulate the di-
ameter of measurement spots of objective lenses with high mag-
nification. Likewise, the reflectance of material stacks within pe-
riodic structures, as often found in nano- and microelectronics,
can be assessed, although the structures clearly protrude beyond
the measurement spot.

4. Experimental Section

Specimen Preparation: HOPG flakes were mechanically exfoliated on
in-house grown 300 nm SiO, /Si substrates under atmospheric conditions.
Additionally, a 100 nm SiO, film was thermally grown on Si, and subse-
quently structured using a photo resist and optical lithography, followed by
wet chemical etching. Finally, the SiO, thickness was determined by laser
ellipsometry (LE). For the HOPG samples, the reference thickness was
determined using a Bruker Dimension ICON AFM system in intermittent-
contact mode.

Reflectance Measurement: All reflectance measurements were per-
formed with an Axio Imager Z2 system by Zeiss equipped with a 100x/NA
0.75 objective lens and an attached spectrometer, as depicted in Figure 1a.
The light source was a halogen lamp and therefore the spectral range was
limited from 440-950 nm. The diameter of the circular measurement spot
was ca. 18 um, determined by the magnification of the system and the di-
ameter of the glass fiber. In addition, there was a variable spot diaphragm
in the detection path, enabling the seamless adjustment of the measured
area to rectangular or squared shapes with smaller dimensions. Within
the SSU method, the use of more common circular iris diaphragms is also
possible. For homogeneous specimens, the measured reflectance was in-
dependent from the configuration of the spot diaphragm (see Figure S6,
Supporting Information for a comparison of the reflectance for different
settings). For small samples, the spot diaphragm was used to limit the
measurement spot. Nevertheless, care had to be taken that the diaphragm
was not set too small since otherwise diffracted light could couple into
the objective lens (see Figure S7, Supporting Information for an exem-
plary analysis of the impact of stray light in the reach of edges). A silicon
sample was used as reference to obtain absolute reflectance values, since
the reflectance spectrum for Si is well-known in the respective wavelength
range. All spectra were averaged over 10 acquisitions. For the SiO, sam-
ple the complete circular measurement spot with a diameter of 18 um was
used with the spot diaphragm open while for the small HOPG samples the
spot diaphragm was set to 5 um X 5 um, demonstrating the general ap-
plicability of the SSU method regardless of the presence or shape of an
additional spot diaphragm. For each sample, different values of area per-
centages were achieved by moving the microscope stage transversely to a
material edge in small steps and an image was taken at each position (for
an example see Figure 2b).

Data Processing and Modeling:  An image of the shape of the measure-
ment spot (depending on the spot diaphragm) was captured by illuminat-
ing the glass fiber from the spectrometer side. The image was converted
to gray values and a mask of the measurement spot was created using
bilateral filteringl®’] and subsequent thresholding(*®] (see Figure S8a,b,
Supporting Information). The mask was then applied to the gray scale im-
age of the specimen and the histogram of the area within the measurement
spot was calculated, with the x-axis representing increasing gray values (cf.
Figures S1b and S2b, Supporting Information). From the histogram, the
gray levels with the most pixel counts were identified for the two materi-
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als and the minima on the left and right of these peaks were considered as
boundaries. The gray value between the right boundary of the dark material
and the left boundary of the bright material was defined as transition area.
All pixels to the left of the transition area were assigned to the dark material
and all pixels to the right to the bright material (see Figure S8c, Support-
ing Information for an example of histogram evaluation). Then the area
fractions of the two materials were determined by dividing the number of
pixels in the histogram assigned to one material by the total number of
pixels in the measurement spot. As a means of validating the determined
area coverage, the integral of the reflectance contrast was calculated for
the respective measurement series. This shows a good agreement with
the expected area fractions (for a detailed analysis see Figure S9, Support-
ing Information).

For the modeling, the influence of the objective lens with a high NA
has to be considered as described in the previous work.[’l The objective
lens dependent ¢ factor was specified as 2 and the thickness of the layer of
interest was determined via least square fitting of the modeled and mea-
sured spectra.l’] The refractive indices of air,[3] silicon,[#?] SiO,l”] and
HOPGI*1l were taken from literature. The results denoted by “w/o SSU”
in Figures 2c and 3 were acquired by assuming a single material stack
filling the whole measurement spot. For the proposed SSU approach, the
different material stacks in the measurement spot were taken into account
with their respective area coverage within the modeled reflectance Ry, in
the measurement spot as follows:

RTot = cBrightRBright + CDarkRDark (1)

where cgigy; and cpgy are the calculated area fractions and Rpyp, and Rpgy
the corresponding reflectance spectra of the according material stacks.
Depending on which of the material stacks was the one to be examined
(i.e. the one for which no measured spectrum with the measurement spot
fully covering that material stack is available), the relevant thickness was
determined via least square fitting. For the contribution of the substrate in
Equation (1) (Rgyighs OF Rpark depending on the RGB values in comparison
to the examined material stack) the measured reflectance for a completely
homogeneous coverage of the measurement spot was used. The require-
ment of a fully covered measurement spot for the reflectance spectrum
of the substrate is easily fulfilled in most cases of van der Waals materials
due to the mesa-like morphology and nanometer-scale thickness. To avoid
the influence of possible inaccuracies in the modeling of the reflectance
of the substrate, the measured reflectance of the substrate was explicitly
used for the modeling of Ry,,.

To illustrate this process using the example of the HOPG samples,
HOPG appears brighter than the substrate in both cases on a micrograph.
The HOPG is therefore used as Rgqp,; in Equation (1) and the substrate
as Rpg . A reflectance measurement with 100% coverage of the measure-
ment spot is easily possible for the homogeneous substrate and this mea-
surement is used for Rp,, in Equation (1). Ry, is then modeled using
the area fractions determined from the histogram and compared with the
measurement, whereby the thickness of the HOPG is varied in the model
and the optimum value is determined via least square fitting, as described
in Ref. [7].

Supporting Information

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