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Abstract
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Transition metal dichalcogenides (TMDCs) have attracted significant attention for
optoelectronic, photovoltaic and photoelectrochemical applications. The properties of TMDCs
are highly dependent on the number of stacked atomic layers, which is usually counted post-
fabrication, using a combination of optical methods and atomic force microscopy height
measurements. Here, we use photoluminescence spectroscopy, Raman spectroscopy, and three
different AFM methods to demonstrate significant discrepancies in height measurements of
exfoliated MoSe, flakes on SiO, depending on the method used. We also highlight the often
overlooked effect that electrostatic forces can be misleading when measuring the height of a

MoSe, flake using AFM.
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1. Introduction

Transition metal dichalcogenides (TMDCs) are of increasing
interest as promising contenders for a wide range of optoe-
lectronic and electrochemical applications due to their strong
light-matter interactions, tunable optical bandgaps and flex-
ible two-dimensional (2D) structure [1, 2]. Molybdenum
diselenide (MoSe,) is one of the most promising TMDC
candidates for photoelectrochemical energy conversion due to
its photocatalytic properties and the electrical conductivity of
Se [1, 3]. MoSe, monolayers have a hexagonal crystal
structure that consists of top and bottom Se layers sand-
wiching a Mo layer [4]. Stacked MoSe, layers are weakly
coupled via van der Waals coupling [5] and have an interlayer
spacing in bulk of 0.65nm [6-10]. For both fundamental
studies and device functionality, it is vital to be able to
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confirm the number of layers present in TMDC samples,
because the number of stacked atomic layers in TMDC
samples can drastically affect their properties [4, 11, 12]. In
addition, it is important to understand how the properties of
the different layers in stacked TMDC structures could be
influenced during fabrication and from interactions with the
underlying substrate [13].

As with other 2D materials, TMDC layers can be syn-
thesized both via chemical vapor deposition (CVD) [14-16]
and, most commonly, using mechanical exfoliation
[1, 2, 11, 13, 17-20], in which mono- or few-layer flakes are
transferred onto a substrate, often SiO,/Si. E. Pollman et al
[13] carried out a study on MoS, comparing the properties of
samples fabricated by both techniques, and demonstrated the
presence of intercalated water on exfoliated monolayers,
leading to both an increased step height and a decreased
intensity in photoluminescence spectroscopy [13]. A further
challenge is that samples are often handled in air, leading to
airborn contaminants [21]. MoSe, has been shown to be
particularly susceptible to surface contaminants as compared
to sulfur-based TMDCs [21], but both exhibit discrepancies in
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height measurements, ranging from the approximately 0.7 nm
[22, 23] expected given the crystallographic structure [6—10]
to much larger values [1, 17, 20, 24, 25]. Given this lack of
consensus, it is imperative to understand how contaminants
and other effects may influence the height profile measure-
ments for MoSe,.

1.1. Methods for counting layers

The number of layers present in TMDC samples is usually
measured using a combination of optical microscopy [26, 27],
photoluminescence  spectroscopy (PL) and/or Raman
spectroscopy together with step height measurements made
by atomic force microscopy (AFM) [14, 28-30]. In optical
microscopy images, the contrast difference between layers
can be analyzed for the red, green and blue channels of the
image [12, 31, 32]. AFM is used to measure the height of a
flake, and comparing that to the expected interlayer spacing of
the 2D material. There is much discrepancy among AFM
height measurements of mechanically exfoliated TMDCs on
Si0,: some show heights between 0.65 and 1.0nm
[19, 20, 29] while others are much larger, ranging between 2
and 3nm [17, 24]. Elevated heights are often attributed to
surface contaminants [1, 17, 20, 25]. Raman spectroscopy is
also common TMDC characterization method. With this
technique, layer numbers can be determined based on the
layer-dependent shift in the energy levels of the phonon
modes [33].

PL is another widely used technique used to characterize
TMDC layer numbers. The position of the monolayer peak in
a PL spectrum for exfoliated MoSe, samples has been
observed at room temperature in the range 788-816 nm
[5, 14, 15, 20, 28, 34-36]. The PL intensity can be affected by
the presence of defects [16] and adsorbates [28] and is
expected to decrease as the number of layers increases
[5, 20, 28, 37]. There is a lack of consensus in the literature
regarding how to interpret PL spectra for 2, 3, and N layers of
MoSe,. For MoSe, flakes mechanically exfoliated onto SiO,,
P. Tonndorf et al [28] show a 15nm redshift of the dominant
A peak for a bilayer and significant broadening and flattening
of the A peak for 3 layers. In contrast, Y. Sha et al [20]
measured only a few nm redshift as the number of MoSe,
layers increases. S. Tongay et al [37] also show a negligible
shift in position of the peak as the number of MoSe, layers
increases from 1 to 3 layers. In some cases, observations from
bilayers have exhibited the properties of a monolayer, which
is thought to be due to the formation of pockets between the
layers during exfoliation [29]. The degree of coupling
between exfoliated MoSe, layers has been shown to sig-
nificantly influence their photoluminescence, as demonstrated
by S. Tongay et al using thermally controlled coupling [37].

In this work, two MoSe, flakes were measured using
optical microscopy, Raman spectroscopy, PL spectroscopy
and three different modes of AFM: tapping mode, non-con-
tact AFM (nc-AFM) and Kelvin probe force microscopy
(KPFM). The presence of electrostatic forces can significantly
influence the topographic height profile measured using nc-
AFM [38, 39]. In KPFM, the net electrostatic force is

minimized using a feedback loop to apply a DC bias, and
KPFM thereby provides information about contact potential
variations over the sample surface, either due to non-
homogeneities in the sample material or localized charging or
polarization effects [40—42].

2. Results & discussion

MoSe, flakes were transferred onto a substrate of SiO, using
all-dry viscoelastic stamping [26]. Figure 1 provides an
overview of the sample regions that were selected for study.
Flake 1 is the largest, most visibly transparent area of the
sample, and Flake 2 is a small island that has stepped layers.
Figure 1(a) shows a grayscale image of the red channel of the
R, G, B channels of the color optical image (the red channel is
selected here as it shows the highest degree of contrast
between the layers). Figures 1(b)-(d) and (e)—(g) show tap-
ping mode, nc-AFM, and KPFM z-channel images of Flake 1
and Flake 2 respectively. The data in the KPFM z-channel
images is the z-height measured after compensating for the
contribution of the net electrostatic force to the height data
with a standard KPFM feedback controller [40-42].

In the nc-AFM scan in figure 1(f), Flake 2 appears to be
stepped, with an overlayer of some additional features on the
top layer. Similar features have been observed in exfoliated
MoSe, samples [21], and were attributed to airborne con-
tamination specific to MoSe,, as compared to sulfur-based
TMDCs. These features are absent on the large Flake 1,
potentially indicating that they are multilayer-specific, or a
causal consequence of the way in which the small Flake 2 was
exfoliated. The apparent stepped layers and overlayer have
been labeled L1, L2, L3, and L4 (note that these regions do
not necessarily correspond to 1, 2, 3, and 4 atomic layers).
Figures 1(h)-(i) show the height measurements extracted
from the AFM images, which are presented in tabular form on
page 4 of the Supplementary Materials.

Comparing the optical contrast difference between Flake
1 and the substrate (values given for the color, green and blue
channels on page 2 of the Supplementary Materials) for both
the color image and red channel image to observations of
other TMDCs (MoS, and WSe,) on 300 nm SiO,/Si [43], the
contrast of Flake 1 agrees with that of a monolayer rather than
two stacked layers. However, a definite determination of the
layer count based on optical contrast is difficult for a sample
that is not consisting of large flakes of 1, 2, 3, ..., N layers,
where the transmittances from each flake can be compared
relative to each other [31]. L. Ottaviano et al [17] demon-
strated for MoS,, that optical microscopy data alone can be
misleading, as the contrast depends on the exact thickness of
the SiO, layer on Si/SiO, samples, and is not always a
monotonic function of the layer number [17]. Optical
microscopy could not be used to reliably characterize Flake 2
because it has dimensions smaller than the diffraction limit of
light—another limitation of determining layer number by
optical contrast [17].
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Figure 1. (a) Optical microscopy image (red channel) of the MoSe, sample. Tapping mode, nc-AFM, and KPFM images of Flake 1 (b)—(d)
and Flake 2 (e)—(g). (h)-(i) show the height measurements extracted from the AFM images shown. The height measurements were extracted
from the images by averaging the height over large areas in each layer, and comparing to the substrate background. The vertical error bars are
the standard deviations of the heights of these large areas, added in quadrature with the substrate height standard deviation. The details of the
analysis are given on page 3 of the Supplementary Materials. The coloured points in (a) and (e) indicate the locations where Raman and PL
spectroscopy were performed. The details of these experiments are found in following sections.

2.1. Thickness analysis with AFM

The apparent AFM heights, shown in figures 1(h)-(i), were
measured by averaging large areas of the AFM images shown
in figures 1(b)—(g). Area averaging provides more robust,
quantitative height measurements than individual line scans.
See page 3 of the Supplementary Materials for more infor-
mation as well as the results of figures 1(h)—(i) presented in
tabular form. Figures 1(h)-(i) show that the height measure-
ments of each AFM mode—tapping, nc-AFM and KPFM—
often do not agree within uncertainty. This is because each

mode provides different information about the sample prop-
erties, such as mechanical rigidity and electrostatic non-
uniformity [41]. The net AFM force is due to a combination
of forces, principally van der Waals and electrostatic.
Therefore, if the electrostatic nature of a sample is spatially
non-uniform (due to, for example, charging) this will lead to
apparent height differences that do not reflect the topography
of the surface. Therefore, when measuring sample heights
with AFM, it is critical to compensate for these forces with
KPFM [41, 42]. For example, the step height between the
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substrate and Flake 1 in the KPFM scan (3.9+ 0.6 nm) is
significantly smaller than in the tapping mode (6.5 & 1.5 nm)
and nc-AFM (6.0 & 1.9nm) scans, suggesting that electro-
static forces inflate the height measurements when they are
not compensated for. Note, however, that standard KPFM
assumes a constant capacitive gradient between the tip and
sample, which is not the case for semiconductors [44].
Therefore, even with a KPFM controller the electrostatic
forces may not be completely nulled. Tapping mode is
operated in a larger tip-sample force regime than nc-AFM and
KPFM, so it is much more likely to mechanically influence
(e.g. compress) the sample. For example, the systematically
lower heights measured with tapping mode on Flake 2 could
be explained by mechanical compression of an overlayer or
underlayer.

For each AFM mode, the substrate:Flake 1 and substrate:
L1 heights measured are all substantially higher than the
~0.7nm expected (based on the crystallographic structure
[6-10]) for a single layer of MoSe,. Unexpectedly large
TMDC heights are commonly measured with AFM
[1, 17, 20, 24, 25], and suggest either that the sample is
multilayer, or that it has overlayer or underlayer contamina-
tion. Distinguishing which of these cases is true requires
further careful exploration, as will be discussed below. The
apparent step height between L1 and L2 in the nc-AFM image
becomes consistent with a 0.7 nm monolayer when electro-
static forces are compensated with KPFM. Notably, however,
the surface roughness of the sample measured with each AFM
mode is also much larger than the atomic-scale roughness
expected for clean MoSe, flakes. The line scan in the inset of
figure 1(d) shows an example of the surface roughness: On
the SiO, substrate, the roughness is sub-nanometer, whereas
on Flake 1 the roughness is greater than 2 nm. Roughness
characterizations of each AFM mode, shown on page 5 of the
Supplementary Materials, yield similar results. This suggests
that the sample has a rough overlayer or underlayer, or is
highly defective. Such a layer may have been left behind
during sample fabrication.

A location where Flake 1 is folded, shown in the tapping
mode data in figure 1(b), is measured with tapping mode
AFM in order to directly compare the AFM height to the PL
spectrum measured at this location. (PL spectroscopy mea-
surements are presented in section 2.3 of this work.) Note that
the height of the fold could not be accurately determined
using the area averaging method described on page 3 of the
Supplementary Material, since the fold is too small. The
height measurements from the line trace only are shown in the
figure 1(b) inset. The nonuniformity of this fold could further
indicate the presence of an overlayer or underlayer between
the bottom layer and the substrate which is not present
between stacked layers.

The most notable electrostatic feature is L4 on Flake 2,
shown in figures 1(f)—(g): With nc-AFM, L4 is several nan-
ometers high, whereas with KPFM compensation L4 is
indistinguishable within the surface roughness from L3. The
features comprising L4, which could be either on top of or
underneath Flake 2, remained unchanged in shape and loca-
tion even after the sample was annealed several times at

130 °C in UHV for eight hours. L4 could be surface con-
tamination introduced during the sample fabrication proce-
dure: Selenium-based TMDCs that have been mechanically
exfoliated under ambient conditions have been shown to be
highly susceptible to airborne contaminants which are mobile
on the surface and aggregate to larger patches with average
height of 2.2 nm over 45 h, influencing the apparent mono-
layer height and interlayer spacing [21].

2.2. Raman spectroscopy

Figure 2 presents the Raman response recorded on various
regions of Flake 1, labeled in figure 1(a), in the
220-270 cm™ ' range of the Alg phonon mode. For both
CVD-grown and mechanically exfoliated MoSe,, this peak
occurs between 239 and 242 cm ™! [28, 33, 45, 46]. The side
peak at 250 cm_l, also consistent with existing work on both
CVD-grown and exfoliated MoSe, [33, 45, 46], follows the
same A-type symmetry as the Alg mode, but is thickness-
independent, and its physical origin is unknown [33].

As reported previously, the intensity of the Alg peak
(243 cm_l), related to out-of-plane vibrations of Se atoms
[28], is found to vary significantly with MoSe, thickness [33].
Figure 2(a) shows a strong increase of the Alg intensity from
position 6 (grey) to position 2 (purple), while no peak could
be detected on the thinnest part of the flake (position 1, blue).
The spectra acquired in three different regions (figure 2(b),
blue) are indistinguishable from the SiO, spectrum, con-
firming that no Raman signal is detected on the thinnest part
of Flake 1. However, surprisingly, a strong Raman peak was
detected on the folded region of Flake 1 (green, see
figure 1(b)).

Raman spectroscopy is often used to determine layer
numbers of TMDC samples. In MoSe,, the Alg shift, on the
order of 1 cm ™' [45], may provide a good estimation of the
sample thickness, although it remains close to the spectral
resolution. The Alg mode intensity can also be used to
determine the number of layers but it is not always detected
on few-layers crystals as demonstrated here. Therefore,
Raman spectroscopy alone cannot be used to determine layer
numbers of MoSe,, so other microscopies, such as AFM and
PL spectroscopy, must be relied upon to determine the
thickness of MoSe,; crystals.

2.3. Photoluminescence spectroscopy

The results of characterization using PL spectroscopy of Flake 1
and Flake 2 are shown in figure 3. The signal measured at the
center of Flake 1 (figure 3(a), blue) is no greater than the SiO,
background signal. PL spectra were taken at several positions
on Flake 1, and were consistent with the results shown in
figure 3(a). This quenching could be due to the presence of a
water film between the SiO, and MoSe, or the presence of
adsorbates from the fabrication process; Similar PL signal
quenching has been observed for exfoliated MoS, monolayers,
and it was determined to be caused by intercalated water
between the substrate and the MoS, [13, 47]. This quenching
cannot be due to the indirect bandgap of multilayer MoSe,,
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Figure 2. Raman spectroscopy data from Flake 1 at the positions indicated in figure 1(a). (a) shows the Raman spectra taken at the stepped
region of Flake 1, where the Flake 1 order stepping up from the substrate is SiO, (black, flat), 1(a) (blue, flat), 2 (purple, largest peak), 3
(pink), 4 (rose), 6 (grey, smallest peak). (b) shows Raman spectra at three locations on Flake 1 (1(a), 1(b), and 1c, all blue) which all overlap
with the reference measurement taken on SiO, (black). (b) also shows the Raman spectrum of the fold (green).
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extract the B/A ratio. The full details of the fittings can be found on page 5 of the Supplementary Materials. The blue line in (a) shows there
is no peak detected at the center of Flake 1, however a strong peak is observed at (798 & 2) nm where the flake has a fold (black line). The PL
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(808 £ 3) nm (ii) and (810 £ 4) nm (iii), with a shift towards a higher intensity but lower energy as the number of layers increases from

right to left.
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since a PL signal was observed on the fold, which as may be
seen in the inset of figure 1(b) is thicker than the Flake 1 center.
Previously reported weak PL intensities [37, 48], or peak
broadening have also been thought to be caused by aging effects
such as oxidation and contamination of adsorbates [49]. A high
intensity peak (figure 3(a), green) was detected at the corner of
Flake 1 where a fold is visible in figures 1(a) and (b). The PL
peak from this fold lies at a wavelength of 798 + 2 nm. This
agrees with the predicted position, peak shape and linewidth
that have been reported for both a monolayer [28, 37] and a
bilayer data [20]. Depending on the degree of coupling with the
underlying layer [37, 50], the fold could be behaving as a
suspended monolayer with contributions from a bilayer signal.

The dominant peak at 800 nm is the A-exciton (ground
state exciton) contribution [14, 34], and a second smaller peak
is present at ~91 nm below (i.e. at ~200 meV higher energy),
which corresponds to the B-exciton (higher spin-orbit split
state). The ratio of the intensities of the A and B peak is
linked to the number of defects in the sample, where a higher
B/ A ratio indicates higher defect density [34]. Fitting the data
from the fold in figure 3(a) with the sum of two Lorentzian
peaks, we obtain the results shown in the inset. The B/A ratio
is 0.04, suggesting a relatively high defect density compared
to the values measured by K. McCreary et al [34], where the
highest B/A ratio observed for MoSe, monolayers synthe-
sized by CVD was 0.025.

The PL spectra acquired at three positions on Flake 2 are
shown in figure 3(b). The approximate position of the center
of the laser beam corresponding to these three positions are
labelled in figure 1(e). Since the laser beam area was larger
than the individual steps in the flake, the measured peaks are
expected to be a convolution of contributions from the dif-
ferent layers. The spectrum at position 1 (yellow) has the A
peak at (801 £ 3) nm, in agreement with the peak position of
the fold in figure 3(a), and hence of a monolayer as observed
in [28, 37]. As the spot moves over the island from right to
left, the peak position shifts towards 810 nm, as expected for
an increasing number of layers [15, 20, 28]. The B/A ratio
increases as the number of layers increases from right to left,
and the top layer has a very high ratio of 0.20. Here, we do
not see the intensity decreasing as the number of layers
increases. This could be due decoupling of the layers [29] but
is also likely influenced by the fact that the laser beam spot is
large and hence also partly covers the SiO, in, for example,
the measurement at position 1, and hence sees a smaller
contribution from MoSe,. The sudden drop at 675 nm was
due to a random fluctuation in the background signal during
the PL measurement. The results demonstrate how the pre-
sence of water and/or defects that are not visible optically can
affect the PL peaks, highlighting the importance of thorough
spatial characterization at the nm-scale in order to uncover the
quality of the sample.

3. Conclusion

MoSe, flakes transferred onto SiO, were characterized using
optical microscopy, Raman spectroscopy, PL spectroscopy and

three modes of AFM. The approach typically used to count the
number of layers in a TMDC sample is to combine an optical
measurement with AFM data. Here we have shown that great
care must be taken when using these methods, when deter-
mining the number of layers as any one method alone can lead
to an incorrect or incomplete characterization of the sample.
Furthermore, different methods can lead to contradictory con-
clusions in terms of the number of TMDC layers present.
Future work could be aimed at understanding what type of
defects, contamination or processing methods lead to a more
reliable and robust layer number determination technique.

4. Methods

MoSe, layers were exfoliated onto SiO, using all-dry viscoe-
lastic stamping. This process uses mechanical exfoliation to
transfer 2D crystals onto a viscoelastic Gelfilm stamp, which in
turn is pressed against the desired substrate to transfer the
flakes onto the surface [26]. Optical microscopy images were
obtained using a Nikon optical microscope (Nikon Eclipse
LV150N) in reflective mode with a 50x times magnification
objective. Tapping mode measurements were performed in air
with a MFP3D (BIO) Asylum microscopy using 240C-PP
OPUS tips with 1-2Nm™" spring constant and oscillation
amplitudes between 14 and 16 nm. nc-AFM and KPFM mea-
suremens were performed in ultrahigh vacuum after having
been annealed at 130 °C for 8 h with a modified JEOL JSPM-
4500A UHV surface science system at room temperature,
using Nanosensors platinum-iridium coated silicon tips with
resonant frequency 330 kHz and spring constant 42 N'm ', PL
spectra were measured at room temperature using a 532 nm
excitation wavelength with a power of 150 W power and 30s
exposure time. Raman spectra were measured using a laser
wavelength of 532 nm with power 500 ¢W and 120 s exposure
time. A 100X objective was used to focus the laser beam on the
sample, and the beam spot size for PL and Raman measure-
ments was ~1 ym in diameter.
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Optical microscopy contrast measurements

From the optical microscopy image of the sample, the contrast difference between the
substrate and the MoSe, flakes can indicate the number of layers stacked [1]. Figure S1
shows the contrast data for a selected region of the sample that includes Flake 1. The
images were analysed according to the method in [1] using ImageJ and MATLAB. The
contrast values at location 1 (Flake 1) from the color and red channels (values -9.7 and
-35.4) are similar to the contrast values observed for monolayers of MoS, (Fig. 5 in [1])
and WSesy (Fig. 7 in [1]) on 300 nm of SiOy/Si in [1].
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Figure S1: Optical microscopy images and contrast profiles. The contrast difference
between each position along the region shown by the white outline in b)-e) and the
substrate were calculated following the procedure in [1] and summarised in a). Figures
b)-e) show the color, red, green and blue channels of the optical microscopy image,
with the corresponding intensity line profile from the indicated region. In each contrast
profile graph, the substrate contrast is labelled with a blue dashed line. The contrast
value at each position was obtained by averaging the data at locations labelled by the
red dashed lines.



AFM height measurements

For all of the AFM data shown in this work, height measurements were found by
averaging over large sample areas. This, as opposed to measuring individual line profiles,
is a more robust way of determining the height, particularly if the sample surface is
rough. First, the z-channel image is leveled until the width of a histogram of the
entire substrate area is equal to the measurement noise. Then, Gaussean fits (of the
@)2) are found for each sample area. b gives the mean z-
channel value and o = % gives the uncertainty of the z-channel value. The substrate

form f = axea:p(

mean was subtracted from each sample area mean to determine the sample area height
(h = bsampie — bsubstrate)- Uncertainties were found by adding the Gaussean fit widths in

quadrature as 0h = \/ (Osampie)? + (Tsustrate)?. Figure S2 shows an example of the masks
and histograms used to evaluate the first layer height measured using ncAFM, where
Figure S2a and b show the substrate mask, histogram, and fit, and ¢ and d show the first
layer mask, histogram, and fit. The AFM height results are shown in Figure ?7(h-i),
and a summary is presented in tabular form in Table 1.
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Figure S2: An example of the procedure used to extract heights from AFM data. The
total substrate area was masked (a), binned, and fit (b), as was one region of the sample
(c-d). The fit means were then subtracted to give the sample region height.



Location Method Height (nm)
Flake 1
Substrate Tapping Mode 0.0 +£ 0.5
NC-AFM 0.0+1.6
KPFM 0.0 £ 0.5
1%t layer Tapping Mode 6.5+ 1.5
NC-AFM 6.0+ 1.9
KPFM 3.9+ 0.6
Flake 2
Substrate Tapping Mode 0.0 +£0.3
NC-AFM 0.0+04
KPFM 0.0 +0.2
1%t layer Tapping Mode 3.5+ 0.6
NC-AFM 4.2 + 0.5
KPFM 3.1 £0.5
28 Jayer Tapping Mode 4.1 0.6
NC-AFM 5.4 + 0.5
KPFM 3.6 04
3 layer Tapping Mode 5.8 £ 0.5
NC-AFM 7.9+ 0.9
KPFM 84 4+04
4™ layer Tapping Mode 7.8 £ 0.8
NC-AFM 109 £ 1.1
KPFM 9.0+ 04

Table 1: Summary of the MoSe, heights measured with tapping mode AFM, NC-AFM,
and KPFM for each region defined in Figure 1.

AFM surface roughness measurements

The surface roughness was measured using Gwyddion by masking the various regions
of the sample (as in Figure S2) and measuring the root mean square (RMS) roughness.
(Note that these roughness values very closely agree with the height uncertainties found
by taking the histogram width of each layer, shown in Table 2.)



Location Method RMS Roughness (nm)
Flake 1
Substrate Tapping Mode 0.4
NC-AFM 1.1
KPFM 0.4
1%t layer Tapping Mode 1.7
NC-AFM 1.1
KPFM 0.7
Flake 2
Substrate Tapping Mode 0.2
NC-AFM 0.3
KPFM 0.2
1%t layer Tapping Mode 0.6
NC-AFM 0.5
KPFM 0.4
274 Jayer Tapping Mode 0.6
NC-AFM 0.6
KPFM 0.5
34 layer Tapping Mode 0.4
NC-AFM 0.6
KPFM 0.3
4™ layer Tapping Mode 0.8
NC-AFM 1.2
KPFM 0.4

Table 2: RMS roughnesses measured with tapping mode AFM, NC-AFM, and KPFM
for each region defined in Figure 1.

Photoluminescence measurements

The photoluminescence spectra in Figure 2 were analyzed and plotted in MATLAB.
To remove random background noise artefacts in the data, the spectra were cleaned up
using the function smooth(data,0.05,rloess’), a local regression using weighted linear
least squares and a 2"¢ degree polynomial model. Lower weight is assigned to outliers
in the regression; the method assigns zero weight to data outside six mean absolute
deviations. The data was smoothed using this method using a span of 5% of the total
number of data points. The background signal from the SiOy was subtracted from the
MoSe, curves. The peak position and associated uncertainty were obtained as follows:
The main peaks were fitted to a Lorentzian function f(z) = A/(1+((z—x0)/7)?), where
A is the height of the peak, xq is the position of the peak (wavelength), and + is the width
of the peak at half maximum [2]. The fitting was carried out in MATLAB (using fit
function), with the appropriate starting parameters estimated. The error in the xy peak
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locations was found by forcibly varying o around the fitted output value (while letting A
and v vary), to find the range of x( for which the coefficient of determination (r-squared)
value of the fit stayed within 0.01 of its optimum. R-squared indicates the proportionate
amount of variation in the response variable y explained by the independent variables
x in the linear regression model. The larger the r-squared is, the more variability is
explained by the linear regression model. R-squared is the proportion of the total sum
of squares explained by the model: Ry = SSR/SST =1 — SSE/SST where SSR is
the sum of squared regression, SST is the sum of squared total, and SSF is the sum of
squared error.
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Figure S3: Two peak Lorentzian curve fittings for positions 1, 2 and 3 on Flake 2. The
ratio in intensity between the B and A peak is given for each spectrum.
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