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ABSTRACT: High throughput characterization and processing techniques
are becoming increasingly necessary to navigate multivariable, data-driven
design challenges for sensors and electronic devices. For two-dimensional
materials, device performance is highly dependent upon a vast array of
material properties including the number of layers, lattice strain, carrier
concentration, defect density, and grain structure. In this work, laser
crystallization was used to locally pattern and transform hundreds of regions
of amorphous MoS, thin films into 2D 2H-MoS,. A high throughput Raman  ¢-MoS, LN 2H-MoS,
spectroscopy approach was subsequently used to assess the process- Ar
dependent structural and compositional variations for each illuminated

region, yielding over 6000 distinct nonresonant, resonant, and polarized Raman spectra. The rapid generation of a comprehensive
library of structural and compositional data elucidated important trends between structure—property processing relationships
involving laser-crystallized MoS,, including the relationships between grain size, grain orientation, and intrinsic strain. Moreover,
extensive analysis of structure/property relationships allowed for intelligent design and evaluation of major contributions to device
performance in MoS, chemical sensors. In particular, it is found that NO, sensor performance is strongly dependent on the
orientation of the MoS, grains relative to the crystal plane.
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B INTRODUCTION TMDCs even at extremely low concentrations below 1
ppb."’~"” Despite this, the understanding of material
parameters dictating sensor performance is lacking as the
variable space including grain size, thickness, strain, and doping
are all expected to be strong contributors.

Data-driven design of electronic sensors is an attractive
approach to efficiently and rapidly correlate multibody intrinsic
material properties relevant to sensor performance optimiza-
tion.” In the case of 2D MoS, chemical sensors, detection
sensitivity is known to be non-monotonically responsive to the
layer thickness,”' grain size,”” >* and defect density.”>°

High throughput, data-driven design of nanomaterials is critical
to ensure the rapid development of devices that operate across
application areas including electronics, sensing, and optoelec-
tronics. Relevant to sensor applications, two-dimensional (2D)
transition metal dichalcogenides (TMDCs) exhibit exceptional
electrical, optical, mechanical, and chemical properties with the
benefit of having a high surface area-to-volume ratio.
Dependent on the chemical composition and phase config-
uration," TMDCs can present as semiconductors, semi-metals,

and metals”™* and are comprised of covalently bonded layer ) ) i

sheets held together by weak van der Waals forces in the bulk Moreover, 2D sensor devices are often fabricated from a finite

form. The electrical and optical properties of TMDCs can be batch of samples grown by wafer-scale, relatively uniform

tuned by varying the number of layers,”~” applying strain 8—11 techniques including thermal decomposition, metal—organic
ol )

and introducing dopants or defects.'>'® Moreover, the high chemical vapor deposition, or magnetron Sputtering_27—29
surface area-to-volume ratio, high electron mobility, and ease -,
of functionalization make TMDC materials an ideal platform Received:  April 13, 2022
for the electronic detection of a multitude of liquid and vapor Accepted:  April 27, 2022
analytes.'” In particular, NO, vapor remains one of the gold Published: May 10, 2022
standards for evaluating 2D TMDC sensor performance, as the
strong electron-withdrawing characteristics have been known
to significantly modify the electronic and optical properties of
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Figure 1. High-throughput analysis of Raman spectra in laser-crystallized 2H-MoS,. (a) Schematic of laser processing with a $14.5 nm laser. (b)
Optical image of laser-crystallized lines. (c) Waterfall plot of select 514.5 nm Raman spectra descending in order of decreasing E,, frequency. The
color scale indicates the E,, fwhm. (d) Relationship between the A;, and E,, frequencies. The color scale indicates the linear power density used for
annealing. The smaller clusters correspond to data points from the samples with the thinnest preannealed films (2.4 and 3.2 nm). (e) Strain and
doping associated with the E,, and A;, frequencies. (f) Relationship between the Ay, and E,, linewidths. A linear trend is observed for narrower
linewidths that become nonlinear for broader linewidths. Inset: Same plot, but with the data set restricted to the strain and doping values indicated
by the cyan box in (e). (g) STEM image of a 3.2 nm thick region annealed with Py, = 125 W/cm and v = 1.0 mm/s. (h) FFT of the image in (g)
showing interlayer spacing. (i) Plots corresponding to the profiles indicated in (g).

Following the growth process, annealing strategies such as
thermal or photonic annealing can tailor the crystallinity,
induce defects, or even manipulate electronic properties.' >’
For films produced by such wafer-scale techniques, the tuning
of these material properties must be done on a per-sample
basis or must rely on film variation intrinsically present.”* As a
result, evaluating the relationships between the varying
material properties is a time-consuming process. By introduc-
ing strategies to locally modify 2D materials after film growth, a
large parameter space for material tuning can be achieved. For
instance, exposure to ion beams has proven to be a viable
technique to controllably introduce defects in TMDC films,
allowing for the determination of the relationships between
induced defects and the measured Raman and photo-
luminescence spectra.'” Alternatively, laser patterning has
been used to produce localized patterns within TMDC films
through thermal decomposition® or thermally induced
chemical reactions,** induce crystallization,g’s_37 introduce or
remove dopants and defects,”* ™" and induce structural
changes.”' ™" However, the potential large-scale material
variation associated with such techniques has revealed minimal
connections to actual device applications such as chemical
sensors.

To investigate the influence of such structure—property-
processing relationships on the detection of NO, vapor, wafer-
scale few-layer films of amorphous MoS, (a-MoS,) were grown
using magnetron sputtering, and localized regions were
crystallized to 2H-MoS, through laser exposure. This
investigation was broken into two parts. First, multiple samples
with many laser-crystallized regions were fabricated for the
purpose of characterization across a wide range of laser-
processing conditions and their corresponding material
properties. As the laser intensity and exposure time can be
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simply controlled, hundreds of micro-to-millimeter scale
regions of crystallized MoS, can be patterned on a single
sample at high throughput, each with varying material
properties. From these conditions, thousands of individually
unique Raman spectra across multiple samples were charac-
terized to determine the relationship between strain, doping,
out-of-plane orientation, defect density, and grain size as a
function of our laser crystallization approach. Second, based on
the structure—property-processing relationships uncovered
from the aforementioned characterization, a smaller set of
laser-processing conditions and material properties were used
in the fabrication of MoS,-based chemresistor sensor devices.
From this high-throughput and data-driven approach, the
interplay between intrinsic material properties and sensor
device performance was evaluated upon exposure to NO,
vapor at 1 ppm concentration. As such, critical design
parameters were revealed for MoS,-based sensors across
different film thicknesses, grain sizes, grain orientations,
intrinsic film strain, and degrees of p-type doping.

B RESULTS AND DISCUSSION

Laser-Induced Crystallization of MoS, Thin-Films.
Films of a-MoS, were grown on 0.5 mm thick Corning
Eagle Glass substrates by pulsed DC magnetron sputtering at
room temperature.m’44 The magnetron sputtering technique is
capable of producing samples with film thicknesses ranging
from as few as four atomic layers to bulk films.** In this first
part of the study, six samples were fabricated with film
thicknesses of 2.4, 3.2, 3.6, 49, 6.5, and 7.8 nm. These
amorphous samples were then exposed to a scanned,
continuous-wave (CW) laser beam with a central wavelength
of 514.5 nm. Laser exposure occurred while samples were
immersed in an argon environment (Figure la) to reduce
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reactions with ambient oxygen and moisture*® as well as to
provide an inert background pressure to minimize the
formation of sulfur vacancies.”” To produce uniform sample
areas suitable for spectroscopic and electrical interrogation, the
focused beam was raster-scanned eight times across the surface
of the sample with a raster separation of 6 ym (center-to-
center) over a length of 1 mm. Example confocal microscope
images of the resulting laser-written lines are shown in Figure
1b (see Figure S1 for the full image). The laser was scanned
over the surface with translation speeds of v = 0.1, 0.3, and 1.0
mm/s, and the range of laser power was selected from P = 25—
300 mW. Independent control of these parameters resulted in
localized control of the heating time and the peak temperature
reached. In the case of CW lasers, the peak temperature is
determined by the linear power density Py, = P/w independent
of the focal spot size™® where w is the 1/e* focal spot radius.

High Throughput Characterization of Laser-Crystal-
lized MoS,. Raman spectroscopy was used as the primary
method of characterization as its high spatial resolution (1 ym)
allowed for the acquisition of many spectra within every laser-
crystallized region. A total of 4529 unpolarized Raman spectra
using a S14.5 nm excitation laser were acquired within
localized crystalline regions across samples of six different
film thicknesses (2.4, 3.2, 3.6, 4.9, 6.5, and 7.8 nm). This large
number of spectra was acquired by scanning the Raman laser
over the width of each laser-written line, resolving the spatial
variation in the Raman signal due to the annealing laser’s
Gaussian focal spot profile (Figure S2).

The values of the peak intensity I, frequency w, and
linewidth T'; (as determined by the full width at half maximum
(fwhm)) of the Ey and Ay, peaks (i = E and A, respectively)
were extracted for each spectrum by fitting to two pseudo-
Voigt functions with the initial guesses determined automati-
cally using peak-finding software (additional details found in
Supporting Information including example fits in Figure S3).
The data was filtered to remove spectra with E,, peak
intensities in the bottom Sth percentile of each laser-written
line. This was done in order to exclude particularly weak
Raman signals, that is, the peripheries of the laser-written lines.
Examples of the normalized spectra are shown in a waterfall
plot in Figure 1c where the stacking order is determined by the
extracted E,, frequency and the color scale is determined by
the extracted E,, fwhm linewidth.

Using this data, the key relationships observed between the
extracted fitting parameters and the physical characteristics
with which they correspond can be analyzed across all film
thicknesses. The extracted frequencies of the A;, and E,,
Raman peaks (@, and @g) of over 4500 unique spectra are
shown in Figure 1d, where the color scale indicates the linear
power density of the annealing laser (Py,). Three linear trends
are observed, with higher values of Py, tending to result in
crystallites with higher peak frequencies for both E,; and Ay,
Raman modes. The smaller linear regions offset from the main
trend correspond specifically to the thinnest amorphous films
with a preannealed thicknesses of 2.4 and 3.2 nm (see Figure
SSa for the same plot with these data points excluded),
suggesting that the mechanisms responsible for the frequency
shifts are influenced by the number of molecular layers for
thinner films. While film thickness can influence peak
frequencies by red-shifting the A;; peak and blue-shifting the
E, peak with increasing thickness, > the frequencies will be
within 0.5 cm™ of bulk values when the film thickness reaches
five molecular layers.” This suggests that variations in the film

7551

thickness alone cannot account for the observed frequency
shifts. However, strain and doping are also known to influence
the frequencies of these peaks.””*>***° While the samples
here were not externally strained during analysis, internal in-
plane and out-of-plane strain may still be present due to lattice
mismatches between grains. The frequency shift Aw can be
related to strain and doping within the material through the
following expression

Aw, = —2}/ia)i°e + k,n (1)
where y is the Griineisen parameter, @’ is the frequency
corresponding to undoped and unstrained MoS,, € is the
amount of strain, k, is an empirical constant, n is the carrier
concentration (negative for electrons and positive for holes),
and the subscript i = E, A indicates that the value corresponds
to either the E,, or A}, peak. The first term describes how
changes in the volume of the lattice influence its in-plane and
out-of-plane vibrational properties (the E,, and A;, Raman
modes, respectively). The second term describes an empirically
observed, quasi-linear relationship for MoS,.>" Equation 1,
therefore, provides a one-to-one mapping between the peak
frequencies and the amount of strain and doping present in the
film. It is worth emphasizing, however, that the acquired
Raman signals represent an average over the areas irradiated by
the excitation laser. While the strain and doping values
extracted from eq 1 for a single-crystal, monolayer film could
more reliably be treated as uniform over the irradiated area, the
values extracted for a polycrystalline, multilayer film instead
represent average values over the individual layers throughout
the thickness of the film and the ensemble of single-crystal
grains comprising the irradiated region. Additionally, the
frequency shifts in a multilayer film must be assumed to remain
linear with strain and doping in order for eq 1 to apply.
With these points in mind, the appropriate empirical
constants in eq 1 must be estimated. The values for ®° are
dependent on film thickness and are estimated based on the
values reported by Li et al.>* However, multilayer values for y
and k, have not been reported to the best of the authors’
knowled§e. Using the monolayer MoS, values for y and k,
instead,” the amount of strain and doping can be extracted
from the peak frequencies in Figure 1d and are shown in
Figure le. Overall, it is found that the primary charge carriers
are holes and the crystal grains are under tension. As few-layer
films were used in this study, the appropriate values for y and
k, may differ from those of monolayer films, and so the
absolute values of the strain and carrier concentration are only
an estimate of quantitative values. However, the relative
differences between data points can still be compared. Again, a
linear trend is observed, though the data points from the 2.4
and 3.2 nm thick films largely follow the same linear trend as
the thicker films. Equation 1 provides a plausible explanation
for this: the values for @° are dependent on the number of
molecular layers up until approximately four layers, after which
the film can be treated as bulk-like when considering these
values. Additionally, the values for y and k, likely do not vary
considerably over the range of film thicknesses studied here.
Otherwise, the data points corresponding to each film
thickness would appear in disparate regions of Figure le, as
they do for the thinner films in Figure 1d. Overall, it is found
that less-doped regions tend to be under less strain, with the
least amount of doping and strain corresponding to the regions
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Figure 2. Analysis of polarized Raman spectra. (a) Relationship between the strain and the E,, fwhm linewidth with the color scale indicating the
Ajy/E,; peak intensity ratio. A linear region is observed for narrower linewidths, which also corresponds to points with smaller A;,/E,; peak
intensity ratios. (b) UMAP plot representing a dimensional reduction of all $14.5 nm Raman spectra into a 2D plane (see Supporting Information
for details). Each point represents a particular Raman spectrum. The color scale indicates the Ay,/Ey, peak intensity ratio. (c) Same as (a), but
under 514.5 nm cross-polarized Raman spectroscopy for the 3.4 nm film. Higher frequencies are observed, likely due to oxidation of the sample
since its original characterization under unpolarized Raman spectroscopy. Inset images illustrate grain orientation for high and low Aj,/E,, peak
intensity ratios. (d) 3D plot with 2D projections showing the relationships between the A,,/E,, peak intensity ratio and the E,, fwhm and strain.
The color scale indicates the linear power density. (e) Violin plot showing the distribution of A,./E,, peak intensity ratios for each linear power
density used. (f) Plot of the A,,/E,, peak intensity ratio and E,, fwhm versus strain. For the A;,/E,, peak intensity ratio, the data set is constrained
such that 8.9 cm™ < I’y < 9.8 and 8.7 cm™ < I', < 9.7 cm™". For the E,, fwhm, the data set is constrained such that 0.27 < I,/I < 0.35.

annealed with the largest laser intensity corresponding to the
highest localized temperatures.

The influence of annealing temperature on strain can be
further analyzed by considering the linewidth of the Raman
peaks for MoS,”” (I'y and I'g), shown in Figure 1f. Similar to
Figure le, which relates strain to doping, a roughly linear trend
is observed when comparing the linewidths I'y and I'z. This is
expected as the E,; and A, peak linewidths correspond to
disorder (i.e., grain size) in the lateral and transverse
directions, respectively,”® with smaller linewidths correspond-
ing to less disorder (larger grains). It can be seen that higher
annealing temperatures tend to result in larger grains, which
offers an explanation for the observed trend in the strain. With
increasing lateral disorder, each individual crystallite exerts a
greater force on its neighbors at the grain boundary due to the
mismatch in their crystallographic order. This results in more
overall strain, which is reduced as the grain size increases and
the number of grain boundaries decreases.”* At the largest
linewidths, a deviation from linearity is observed, possibly due
to changes in doping and strain.”” This can be examined by
restricting the data set to a small range of nearly constant strain
and doping values, indicated by the data points within the cyan
box in Figure le. This range of values was chosen by selecting
the highest-populated bin within the strain and doping data.
The resulting plot of this restricted data set is shown in the
inset of Figure 1f. The linear trend is still observed for smaller
linewidths but eventually levels off for the A, peak, suggesting
that strain and doping are not the cause of the observed
nonlinearity. Instead, it is proposed here that, while the
amount of lateral disorder (I'y) can continue to increase, the
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amount of transverse disorder (I'y) is limited by the finite film
thickness. To observe the extent of atomic disorder for a
typical annealed region, scanning transmission electron
microscopy (STEM) was used to image the 3.2 nm thick
sample annealed at conditions favorable for high crystalline
order Ty = 112 + 1.7 em™, T, = 10.3 + 0.4 cm™!). The
resulting STEM image, its fast Fourier transform (FFT), and
select line profiles are shown in Figure 1g—i. The annealed film
is 3—4 molecular layers thick (~3.4 nm) with a grain size of
roughly 10 nm with most of the crystallites oriented in-plane.

In order to investigate the interplay between strain/doping
and crystal grain size, the strain and linewidth values extracted
from the library of spectra collected from the samples are
shown in Figure 2a. In this case, a linear trend is observed for
[g, values below approximately 10 cm ™. Beyond this, the strain
values level off while also broadening significantly. In order to
further elucidate this trend, the data points were colored based
on the values of the A,,/E,, peak intensity ratio (I,/Ig) from
the unpolarized spectra. The linear and nonlinear regions of
the plot are visibly separated based on these values, which are
known to relate to the Raman excitation laser polarization and
the grain orientation.”*®

Utilizing the large available data set, further analysis was
performed using uniform manifold approximation and
projection (UMAP), a dimension reduction technique useful
for visualizing multidimensional data sets.’® UMAP is a
nonlinear reduction technique that preserves local and global
data structures based on pairwise probabilities. This proba-
bilistic approach differs from linear reduction techniques, such
as principal component analysis (PCA),””*" which are better
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Figure 3. Analysis of resonant Raman spectra. (a) Waterfall plot of select resonant Raman spectra (3.6 nm film only), stacked and colored based on
the LA/E,, intensity ratio. (b,c) Plots of the E,, linewidth and frequency vs the LA/E,, intensity ratio. The color scale indicates the speed of the
translation stage during laser annealing. (d,e) Violin plots of the LA/ E,, peak intensity ratio for each v and Py, value. (f) 3D plot of the LA/ E,; peak
intensity ratio vs percent oxidation and Py, for 1 mm? regions formed by raster-scanning the laser at Py, = 100, 125, and 150 W/cm and v = 0.1, 0.3,
and 1.0 mm/s. The percent oxidation was determined by acquiring and fitting X-ray photoelectron spectroscopy (XPS) spectra of each region and
extracting the relative intensity of the Mo 3d(+6, MoxOy) peak. (g) Nonresonant Raman spectra for v = 1 mm/s regions showing E; and B, peaks
characteristic of MoO,. Each spectrum represents the median value of all spectra across the width of each raster-scanned region and is normalized

to the intensity of the 2H-MoS, A, peak.

suited for multicolinear high dimensional data as they reduce
data through a linear change of basis. While PCA is suited for
capturing variance in the global data through linear transforms,
UMAP is well-suited for identifying continuous trends by
preserving global relationships while also maintaining
neighborhoods of similar data—see Supporting Information
for a detailed mathematical description of the technique.
Applying UMAP to the data set of nonresonant Raman spectra
within a frequency range of 325—466 cm™' (ie, a range
containing the E,; and Ay peaks) results in Figure 2b. Within
this plot, each data point represents a single Raman spectrum,
as indicated by the inset. The horizontal and vertical axes
represent the reduced dimensions onto which the high-
dimensional data set has been projected and do not have a
simple physical interpretation. However, distances between
points within this plot do have an intuitive interpretation: they
represent how similar each point (Raman spectrum) is
probabilistically across all relevant features of the spectra
(see Figure S8 for an illustration of this). By coloring each
point based on the value of the corresponding fitting
parameters and relationships between them (e.g, I /I in
Figure 2b), potential trends can be identified. Here, Figure 2b
shows significant clustering based on I,/Ig, indicating that
points with similar I,/I; ratios tend to also be similar in other
aspects of their Raman spectra. This suggests a potential
relationship between grain orientation and other critical
variables.

As previously mentioned, I,/I; is influenced by the Raman
laser polarization in addition to the grain orientation. This is
because the light emitted by these two modes is polarized
(linear for Ay, elliptical for E) ,>° causing I,/Iy ratios to vary
based on the orientation of the grains with respect to incident
laser light as well as the Raman setup itself. The latter effect
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can be mitigated by using polarized Raman spectroscopy,
which makes use of a polarizer to only analyze components of
the Raman signal that are crossed (or parallel) to the
polarization of the Raman excitation laser. With a cross-
polarized setup, the A, signal is suppressed for crystallites
oriented in-plane. Consequently, small values of I,/I; indicate
that the crystal grains are oriented in-plane, while larger values
of I,/I indicate that the crystal grains are oriented at an angle
relative to the crystal plane. Polarized Raman data were
therefore collected to further investigate the trends revealed in
Figure 2a,b. This was done in the same fashion as in the
unpolarized case, but using a single film thickness for
simplicity, resulting in over 900 unique polarized Raman
spectra. For this purpose, the 3.2 nm thick film was used, as it
showed the clearest linear trend (Figure S6). For each Raman
scan across the width of each line, both cross- and parallel-
polarized configurations were used (commonly denoted as
zXYz and zXXZ, respectively). The resulting strain and I'g
values for the cross-polarized case are plotted in Figure 2¢ with
the color scale indicating the cross-polarized I,/Ii ratio. A 3D
plot of all three variables is also shown in Figure 2d with 2D
projections along each axis and the color scale indicating the
linear power density. These variables serve as proxies to the
structural properties of the lattice, namely: grain size (higher
I, smaller grain size) and grain orientation (higher I,/I,
larger angle relative to the crystal plane). It is worth
emphasizing here that, as the spatial resolution of the Raman
spectra is 1 ym, the measured values constitute averages over
many crystal grains. Overall, higher I, /I ratios are observed at
lower strain values and lower I' values. This suggests that out-
of-plane oriented (OoPO) grains tend to be larger (lower I'y)
and under less strain. While it is difficult to causally link any
two variables, it is likely that OoPO grains are forming due to
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the higher annealing temperatures, which also naturally tends
to result in larger grains and less strain, as discussed earlier.
This is supported by Figure 2e, which shows a violin plot of I,/
Iy as a function of the linear power density. Lower annealing
temperatures tend to result in lower ratios with a smaller
variance, corresponding to a large number of in-plane-oriented
(IPO) grains. In contrast, higher annealing temperatures show
larger ratios with a larger variance, corresponding to increased
populations of both OoPO and IPO grains.

From these trends, the source of the variation in strain can
be further investigated. As previously discussed, lattice
mismatches at grain boundaries can result in strain, with
smaller grain sizes corresponding to a higher density of grain
boundaries and therefore more strain. It is also possible that
the grain orientation influences the amount of strain in the
crystal plane, with IPO grains experiencing more strain due to
lattice mismatch from neighboring grains on all sides. Utilizing
the large number of data points available, both effects can be
evaluated by constraining the data set, as shown in Figure 2f. In
this plot, the blue data points correspond to I,/I; values where
[, and [y have been restricted to ranges 8.9 cm™" < I'; < 9.8
and 8.7 cm™' < ', < 9.7 ecm™/, limiting the effect of grain size
on any observed trends. Similarly, the orange data points
correspond to I'; values, where I,/I;; has been restricted to the
range 027 < I,/Iz < 0.3$, limiting the effect of grain
orientation. In both cases, clear correlations remain, supporting
the claim that the observed strain is caused by lattice
mismatches between neighboring grains, with smaller grain
sizes (larger 'y and I'y) leading to more strain and OoPO
grains (larger I,/I;) partly relieving this strain.

Another key contribution to sensor performance is the
extent of defects within the lattice structure.”>*® To
qualitatively assess this, unpolarized, resonant Raman spectra
using a 633 nm excitation laser were collected for the 3.6 nm
film. When excited with an excitation wavelength close to the
direct band gap of MoS,, a nonzone center and combination
modes emerge that are not observed in nonresonant Raman
spectra (i.e., with 514.5 nm excitation). The emergence of a
low-frequency longitudinal acoustic (LA) mode centered at
225 cm™" corresponds to the scattering of LA phonons at the
M point in the Brillouin zone and has been shown to be
directly tied to lattice disorder or defect density.’***
Example resonant Raman spectra are shown in a waterfall
plot in Figure 3a, where the stacking order and color scale
correspond to the LA/E,, peak intensity ratio (I z/Ig). These
spectra were each fitted in the same manner as the
nonresonant Raman spectra but with an additional peak to
account for the LA mode. As the peaks corresponding to the
A, and E,, modes each contain an additional peak under
resonant excitation that has not been accounted for here for
simplicity, the extracted fitting parameters for these modes
cannot be considered as accurate as those determined from
nonresonant excitation. Nevertheless, the general trends
between each parameter can still be considered—for example,
a higher I}, /I ratio will correspond to more lattice disorder
for a given crystal size. Plotting 'y and wg, versus I /I, (Figure
3b,c) shows a clear trend where regions with smaller grains
(higher I'y) and more strain (lower wg) tend to have greater
defect densities. Coloring each data point based on the
translation speed of the sample under laser exposure reveals a
clustering based on speed, indicating that the laser processing
conditions can directly control defect density. By generating a
violin plot of I 4/I;; for each speed (Figure 3d), a decreasing
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trend is observed, where regions annealed at slower speeds
(i.e., heated for longer times) tend to be more defective. In
contrast, higher Py, values show lower I ,/I ratios (Figure
3e), suggesting that higher annealing temperatures lead to less
defective films.

Raman spectroscopy alone, however, is not sufficient to
determine the type of defects present. In particular, it is
expected that the laser-annealing process could potentially
result in oxidation due to the presence of residual oxygen in
the argon environment. Such oxidation could result in oxygen
dopants acting as substitutional defects. By performing XPS,
the degree of oxidation was determined. This was performed
on 1 mm® regions (corresponding to twice the XPS spot size)
formed on the same 3.6 nm sample used previously by raster-
scanning the laser at various critical conditions determined
through the initial screening of the Raman data mentioned
above. The percent oxidation was determined by fitting the
resulting spectra and extracting the intensities of the relevant
peaks (see Supporting Information for details). Before
undergoing XPS analysis, the I ,/I ratio of each region was
characterized with resonant Raman spectroscopy in the same
manner as the previous laser-annealed regions. Figure 3f shows
the resulting 3D plot of the I ,/I;z ratio vs the percent
oxidation and Py, where this ratio is found to decrease with
the degree of oxidation. The I; 5 /I ratio for these XPS regions
is also found to decrease with increasing values of Py,
consistent with the results from the larger data set in Figure 3e.
Altogether, higher annealing temperatures are found to
simultaneously result in both more oxygen and fewer defects.
This suggests that the oxygen present in the regions annealed
at lower temperatures acts as a substitutional defect, while
much of the oxygen present in the regions annealed at higher
temperatures does not. It is proposed here that, at higher
annealing temperatures, the MoS, reacts with oxygen to form
Mo,O, crystallites. Oxygen atoms within these crystallites no
longer act as defects within the MoS, lattice, and the I} ,/Ij is
consequently found to decrease. This also offers an explanation
for the source of doping as well as the relationship observed in
Figure le between the carrier density and Pj,: regions that
were annealed at lower temperatures show a higher degree of
p-doping due to the presence of oxygen dopants. However, as
Py, increases, the density of oxygen dopants decreases as they
become locked away in Mo,O, crystallite bonds, resulting in
regions that are less p-doped. This hypothesis can be
confirmed by analyzing the nonresonant Raman spectra at
higher frequencies where characteristic Mo,O, peaks can be
found. Figure 3g shows the spectra of the 3.6 nm sample for
each value of Py, with the scan speed fixed at v = 1 mm/s.
These spectra are the median values across the width of each
raster-scanned region, normalized to the intensity of the 2H-
MoS, A, peak. Peaks characteristic of MoO, are apparent,
most notably the E;, and B,, peaks. These peaks are found to
increase with Py, indicating that MoO, crystallites are forming
more readily at higher annealing temperatures. These results
also offer a potential explanation for the decrease in the I /Iy
ratio with increasing scan speed: as observed in a previous
study of laser-annealed 2H-MoS,."” MoO, is a reaction
intermediate that forms most readily at higher scan speeds
(shorter heating times) when formed through laser-annealing
and begins oxidizing further at slower scan speeds (longer
heating times). However, it is not clear why crystalline MoO,
does not form at these scan speeds (no characteristic MoO,
Raman peaks are observed for any region); further studies
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Figure 4. Optical and electrical characterization. (a) Absorbance spectra for select regions of the 7.8 nm film. (b) Exciton energies vs Eyg fwhm
linewidth. (c) Exciton energies vs the Raman-derived carrier concentration. (d) IV-curves for each selected region of the 3.6 nm film. Inset: diagram
illustrating the geometry of the measurement setup. (e) Boxplot of the resulting conductivity vs scan speed.

covering few-layer 2H-MoS, properties over a wider range of
scan speeds are needed.

Finally, it is also worth noting that the majority of oxygen
dopants present in the regions annealed at lower temperatures
were not introduced during the laser-annealing process. This is
evidenced by the 11% oxidation measured for the precursor
film, which is comparable to the 9—12% oxidation measured
for regions annealed at Py, = 100 W/cm. Instead of
introducing additional oxygen, lower annealing temperatures
primarily redistribute extant oxygen atoms into the crystalline
structure.

High Throughput Evaluation of Electronic and
Optical Characteristics. Further characteristic information
about each laser-annealed region can be determined by
complementary optical and electrical measurements. For
optical absorbance measurements, the sample with the largest
preannealed film thickness (7.8 nm) was chosen as it exhibits
the greatest optical density for intensity-dependent optical
characterization. Representative absorbance spectra are shown
in Figure 4a as a function of increasing power involving laser
crystallization. Note that the measured absorbance spectra
constitute ensemble responses for each annealed region
(spatial resolution limit of approximately SS um?), rather
than capturing the variation within each region as in the case of
Raman spectroscopy. Although this limits the number of
spatially resolved optical data points, a comparison to the
Raman data was performed by calculating the median value of
each extracted Raman spectra parameter (i.e, 'y, g Ipa €
and n). In this way, the ensemble optical intensity responses
can be correlated to the higher resolution Raman character-
istics.

From the absorbance spectra, the associated A, B, and C
exciton energies for MoS, can be related to predicted or known
structural characteristics. For prototypical semiconducting 2H-
MoS,, the A and B excitons correspond to the energy gap
between the conduction band minimum and the two valence
band maxima associated with the spin—orbit split valence
bands.®’ Additionally, the C exciton corresponds to a region in
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the band structure where the valence and conduction bands are
nearlgf parallel, leading to band-nesting and strong absorp-
tion.”" Characterizing peak exciton energies can subsequently
yield information about the band structure within the 2H-
MoS, laser-crystallized region of interest. The C exciton
energies for MoS, were extracted from the primary peak in the
absorbance spectra; however, as this peak dominates the
absorbance, the A and B exciton peaks are less apparent and
can present as changes in the slope rather than as true peaks.
The energies for these excitons are therefore extracted from
the associated peaks in the derivatives of the absorbance
spectra (see Supporting Information for details). Across the
laser-crystallized regions, a blue shift in the exciton energies is
observed (~0.08 eV for the A and B excitons and ~0.19 eV for
the C exciton) relative to the E,, linewidth (Figure 4b). This
suggests that regions with smaller grains tend to have a wider
band gap between the valence and conduction bands,
particularly near the band-nesting region. Wendumu et al.*”
theoretically investigated the influence of nanocluster (i.e., <10
nm) MoS, lateral grain sizes and showed that there is an
intrinsic interplay between edge metallic properties and inner
semiconducting properties as a function of flake (or grain) size.
Similar size-dependent spectral features have also been
observed for nanocluster MoS, in solution.”” Huang et al.'’
show that—in the case of monolayer 2H-MoS,—the strain
induced by an increase in the number of grain boundaries
(presumably resulting in smaller grain sizes) may lead to a
decrease in the band gap. However, the amount of tensile
strain investigated by Huang et al. (up to ~6%) is significantly
greater than that observed here (up to ~1%). The results here
instead suggest that the changes in exciton peak energy appear
more strongly correlated to changes in the carrier concen-
tration. This is supported by Rao et al.°* and Stevenson et al.'®
who observed a blue shift in the energy of the A exciton
emission and complex refractive index peak dispersions,
respectively, upon passivation of sulfur vacancies with oxygen
(i.e., when the material becomes less n-type due to a reduction
in the electron density). Plotting the exciton energies vs the
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Figure S. Gas sensor testing and analysis. (a) Schematic illustrating the geometry of the sensors: a sensing region (laser-annealed 2H-MoS,)
between two gold contacts. Inset: an image of a sensor with the a-MoS, film clearly visible between contacts. (b) Plot of the sensor response
(relative change in resistance) to 1 ppm of NO, for each device as a function of time, with the color indicating the film thickness used for the
device. (c) Boxplot of the sensor response for each film thickness. (d) Plot of the sensor response vs the E,, linewidth, strain, LA/E,, intensity ratio,
and the (cross-polarized) A,,/E,, peak intensity ratio. The grey dashed lines correspond to the mean values of each Raman parameter. (e) Bar plot
of the Pearson correlation coefficients associated with the plots in (d). (f) Plot of the sensor response of each device overlaid on top of a histogram
of the parameters used in (d). Dashed grey line represents the mean value of each Raman parameter, and the height of the bars represents the

deviation from the mean relative to the maximum deviation.

carrier concentration (Figure 4c) shows a similar blue shift
when the material becomes more p-type due to the presence of
oxygen dopants discussed previously.

Electrical conductivity measurements were also carried out
for the film with a 3.6 nm preannealed film thickness at various
conditions. The resulting IV-curves from select regions are
shown in Figure 4d. Together with the film thickness, the
conductivity can be calculated, which represents an averaging
over the width of each annealed region. Generating a box plot
of the conductivities for each scan speed results in Figure 4e,
showing significantly higher conductivities for the regions
annealed at slower speeds. As previously discussed, regions
annealed at slower speeds tend to result in a more defective
film (Figure 3b) due to the presence of oxygen dopants. At
higher annealing speeds, the defect density decreases, leading
to a corresponding decrease in conductivity.

Data-Driven Optimization of Thin-Film Chemical
Sensors. Thin films of crystalline MoS, show significant
promise for being used in electronic chemical sensing
devices,'”%>°® where modulations of the carrier density are
done by binding a molecule to the surface, modifying the
electrical conductivity within the channel. As the laser-
crystallization approach described in this work highlights
access to a broad range of grain sizes, defect densities, strain,
carrier concentrations, and grain orientations, chemical sensors
were fabricated using selected conditions to evaluate their
relationship to sensitivity and limit of detection. For this
second part of the study, select conditions from the analysis
performed in Figures 1—4 were executed on samples with film
thicknesses of 2.4, 3.6, and 7.8 nm to form sensor devices.
These sensor devices were made by first fabricating multi-
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plexed Cr/Au contacts onto a glass substrate with a channel
gap with dimensions of 200 ym”. Amorphous Mo$S, was then
deposited over the channel gaps for each device by using a
mask with 1.4 mm X 0.9 mm rectangular holes. The channel
gaps for each sample were annealed by raster-scanning the laser
with different linear power densities and scan speeds (Figure
Sa), producing sensing regions with a wide range of material
properties. The sensing regions were then characterized by
acquiring multiple Raman spectra over the width of each
region using unpolarized, polarized, and resonant Raman. As
was done previously, the peak intensities, linewidths, and
frequencies were determined by fitting the spectra, which could
then be used as proxies for material properties of interest. In
particular, the E,, linewidth (from unpolarized Raman), the
LA/E,, peak intensity ratio (from resonant Raman), and the
Ayy/Eyg peak intensity ratio (from cross-polarized Raman)
were chosen as correlates to grain size, defect density, and
grain orientation, respectively, while strain was calculated using
eq 1. Given that the sensor response is based on the average
material properties of the sensing region, the median values of
these Raman parameters for each device were used throughout
this analysis.

To determine the sensing response of each of these regions,
the relative change in resistance (AR/R) across 1S unique
devices was monitored over time during exposure to 1 ppm of
NO, with the resulting responses shown in Figure 5b. A strong
dependence on the film thickness on overall sensitivity (i.e., the
largest value of AR/R) was observed and is further illustrated
in the boxplot in Figure Sc. Thinner films consistently show a
stronger response; this is expected given that a higher surface
area to volume ratio leads to a larger concentration of surface
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charge carriers reactive to the influence of adsorbed NO,
molecules compared to the bulk charge carrier concentration,
resulting in a greater change in conductivity. While the
variance of the devices with a 2.4 nm thick film indicates that
other material properties influence sensitivity, it is clear that
film thickness is the most important factor.

For the thinnest (2.4 nm) film, a total of eight devices were
created, each under different annealing conditions. The effects
of each Raman parameter on sensor response are shown in
Figure Sd where the AR/R of each device is plotted as a
function of each Raman parameter. The results are
summarized in a bar plot of the Pearson correlation coefficient
(the ratio between the covariance and the product of the
standard deviations) in Figure Se. When comparing the Raman
parameters of these devices, the I,/I; ratio from the cross-
polarized Raman spectra showed the strongest correlation with
sensor response. As this ratio corresponds to the orientation of
crystal grains, this suggests that OoPO grains tend to result in a
greater change in device conductivity, consistent with the
results reported by Cho et al.”* The effects of the Raman
parameters are further illustrated in Figure Se, where the
sensor response is plotted for each device alongside a
histogram representing the deviation of each variable from
its mean value (dashed grey lines in Figure Sd,f). Bars with
negative deviation correspond to devices in which the
associated Raman parameter fell below the mean value
depicted by the dashed grey line in the corresponding plot
in Figure 5d. Similarly, bars with positive deviation correspond
to devices in which the associated Raman parameter fell above
the mean value. In addition to the I,/I ratio, correlations with
the E,, linewidth and strain are also present to a lesser extent,
which is to be expected as these variables correlate with the I,/
I;; ratio itself, as discussed earlier. However, it is also possible
that strain directly influences sensor response—further studies
would be needed to distinguish between the effects of strain
and grain orientation. Lastly, it is interesting to note that no
clear correlation with the Iy ,/I; ratio is seen, suggesting that
the presence of defects does not play a significant role in sensor
response relative to the other variables for the range of defect
densities measured here. This is likely due to the rapid
termination of highly reactive surface sites by ambient species
such as oxygen.

While the laser crystallization process is a versatile high-
throughput tool to explore relationships in 2D materials, it is
important to note that the optimized device performance
demonstrated in this study is very comparable to other 2D
chemical sensor devices fabricated by more conventional
synthesis strategies. The optimized sensor response to 1 ppm
NO, resulted in a AR/R of 0.133 (or a response of 13.3%),
which is on the order of single-crystal MoS, grown by chemical
vapor transport under the same conditions tested here and
without photoexcitation.”” Moreover, the response matches
high performing atomically thin NO, sensors made of
Re, <NbsS,, a novel TMD, which shows a monolayer response
of 30% and 6 layer response of 13% to the same concentration
of NO,.°® Recent advances in pathogen sensing reveal that the
laser crystallized few-layer MoS, can also detect antigens from
Influenza A and SARS-COV-2 at concentrations below pg/mL
in relevant saliva solutions.’” The fact that these sensors can be
fabricated simply, cheaply, and completely customized, while
maintaining the overall substrate at room temperature makes
the proposed methodology very attractive for commercial
scale-up and practical applications.
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B CONCLUSIONS

In order to create tailored devices built around 2D materials,
strategies that enable high-throughput, data-driven design will
become increasingly important. In this work, a laser-
crystallization strategy was used to create hundreds of annealed
regions on various samples that reveal unique structure/
property relationships. This enabled a high-throughput analysis

that resulted in four key advances:

1. After accounting for the effects of film thickness on the
Ay, and E,, Raman modes for MoS,, a linear relationship
between strain and doping was found through non-
resonant Raman analysis of thousands of Raman spectra.
Subsequent resonant Raman and XPS analysis revealed
that this is an indirect relationship due to the laser-
processing conditions, with higher annealing temper-
atures resulting in two simultaneous effects. First, a
reduction in strain is observed due to the formation of
larger OoPO grains. Second, a reduction in p-doping
due to the incorporation of extant oxygen dopants into
MoO, bonds is observed.

. The large library of spectroscopic data enabled the use of
a UMAP data visualization approach, revealing cluster-
ing based on I,/I; values and prompting further
investigation. To quantitatively evaluate this ratio,
polarized Raman was employed to explore the role of
orientation on the strain, doping, and crystal size in
laser-annealed MoS, films.

. The large data set enabled the determination of not only
correlations between parameters, but also allowed for
parameter constraints that were used to provide strong
evidence for causal relationships or lack thereof. This
analysis revealed the following:

a. While there is a clear linear dependence upon the
linewidth of in-plane and out-of-plane vibrational
modes, changes in strain and doping do not cause
the observed saturation in Ay, linewidth. Instead, a
limitation in the amount of transverse disorder

based on the film thickness is proposed.

. The amount of strain is found to be correlated
with both the grain orientation and grain size.
However, by keeping confounding variables
relatively fixed by constraining the data set, strong
evidence of a causal link was established.

. The ability to induce high-throughput, specific, control-
lable intrinsic properties at this scale was used to
fabricate large-scale conductometric chemical sensors
from laser-crystallized MoS, regions on substrates with
patterned metal contacts. As grain orientation was found
to be a highly variable parameter in the Raman analysis,
polarized Raman was also used to qualitatively gauge it
for the sensor devices, revealing that grain orientation
has a strong influence on sensor response in addition to

film thickness.

In addition, optical and electronic properties of the laser-
crystallized MoS, thin films were compared to the repository of
resonant and nonresonant Raman spectra, revealing an
increase in band gap with greater p-doping. Collectively, the
results of this study demonstrate how high-throughput data
generation of 2D material processing conditions can accelerate
the discovery of material processing mechanisms, as well as the
optimization of functional devices such as NO, gas sensors.
For example, recreating this data set using conventional
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chemical vapor deposition methods would have increased the
timeline of this study by a factor of ~1000 (assuming ~1 h
versus ~1 s per processing candidate). Affordable generation of
2D material processing training data sets that will also
empower the development of machine learning surrogate
models for integration into the fabrication workflow.”’ Using
convolutional neural networks or other neural network
techniques, optical images of the laser-annealed film can
potentially be mapped to material-level or device-level
performance characteristics. This mapping will not only
accelerate the calibration of processing conditions during
early-stage material development but could also serve as a
rapid assessment tool for quality control during large-scale
production. High-throughput, data-driven design strategies are
an important tool for stimulating these opportunities for the
2D materials community.

B METHODS

Magnetron Sputtering. The samples consisted of films of a-
MoS, with varying thicknesses grown on 0.5 mm thick willow glass
substrates by magnetron sputtering at a substrate temperature of 25
°C. Sputtering was performed via asymmetric bipolar pulsed direct
current magnetron sputtering at 65 kHz (with a 0.4 s reverse time)
from a polycrystalline MoS, target (Plasmaterials) at room temper-
ature with a growth rate of approximately 1 atomic layer every 4 s.
Growth times of 12, 15, 18, 24, 30, and 36 s were used to produce
films with thicknesses of 2.4, 3.2, 3.6, 4.9, 6.5, and 7.8 nm,
respectively.

Laser Processing. The laser processing setup used is identical to
that described by Austin et al.” but with a 100X magnification,
infinity-corrected objective lens (Mitutoyo N02027112) with a
numerical aperture of 0.55. The 1/¢* beam radius during processing
was measured to be 10.0 + 0.2 ym. Each sample was placed in an
environmental gas cell and brought to a rough vacuum (30 mTorr)
before 99.999% purity argon gas was flowed into the cell with an
equilibrium pressure of 11 Torr before laser-processing. Each laser-
written region was formed by raster-scanning the laser eight times
with a separation of 6 ym between each raster and with a length of 1
mm.

Raman Spectroscopy. The Raman spectra were obtained using a
Renishaw InVia with 1800 and 1200 lines/mm gratings for the 514.5
and 633 nm excitation lasers, respectively. A 100X objective lens with
a numerical aperture of 0.85 was used, resulting in a spatial resolution
of 1 ym. The laser power was kept below 1 mW to minimize any
heating by the laser. Spectra were collected from unannealed a-MoS,
and select laser-crystallized 2H-MoS, regions over the course of 10
consecutive 30 s acquisitions with 2 accumulations each.

TEM Specimen Preparation and Electron Microscopy. The
TEM specimens of the films were prepared via a focused ion beam
(FIB) milling process employing a Helios Nano Lab 660 FIB unit.
STEM images were recorded on a Nion UltraSTEM 100 operating at
100 kV, with a convergence angle of 32 mrad. The HAADF detector
possessed an inner collection angle of ~80 mrad and an outer
collection angle of ~200 mrad. The STEM was equipped with a
Gatan Enfina electron energy-loss (EEL) spectrometer and the EELS
experiments were performed with a convergence semi-angle of 30
mrad, and an EELS collection semi-angle of 48 mrad.

Ultraviolet—visible Spectroscopy. Absorption spectra were
collected using a CRAIC UV—vis microspectrophotometer via
transmission using a 15X objective over a wavelength range of
300—1600 nm. Effects of dark current and the substrate were
accounted for by taking a dark scan and a reference scan of the
substrate.

Conductivity Measurements. In order to perform conductivity
measurements, resistors were fabricated using two e-beam lithography
steps. In both steps, the glass substrate was spin-coated with MMA
and PMMA photoresist stacks. To avoid charging effects associated
with glass (insulating) substrate, 20 nm of Au is deposited on top of
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the MMA/PMMA stack. Following that, e-beam lithography was used
to expose the desired regions. After exposure, Au was removed using
trifluoroacetic acid and the exposed regions were developed using
MIBK and IPA. In the first step, the MoS, channel was defined, and
MoS, was etched from the rest of the sample using SF6. In the second
step, e-beam evaporation was performed to deposit a 40 nm Ni/30
nm Au stack. Finally, the photoresist is removed using acetone and
IPA in both cases. Conductivity measurements were performed using
a Keysight BISO0A parameter analyzer inside a Lake Shore CRX-VF
probe station at room temperature in a high vacuum (~107° Torr).
Sensor Testing. Sensing was tested in a homebuilt 2.2 L stainless
steel chamber. The sample was placed inside and flushed overnight
with dry oxygen. Patterned contacts were deposited first onto the
wafers followed by amorphous MoS, deposition and subsequent laser
annealing. The contacts used in this study were 10 nm Ti/100 nm Au
deposited by e-beam evaporation. The contact resistance is expected
to play a minimal role in the device performance as the sensors
consider relative responses, so no postdeposition thermal annealing
was performed. Resistance measurements were taken with a Keysight
DAQY70A containing a DAQM900A 20-channel solid-state multi-
plexer module at 6.5 digits of precision integrating over 10 power line
cycles with a connection fed through a 37-pin subminiature-D CF
flange (Kurt Lesker). 10 ppm NO, balanced with nitrogen (Indiana
Oxygen) was mixed with dry nitrogen using mass flow controllers
(MKS Instruments 1179C series) to produce the desired concen-
tration (1:9 for 1 ppm). The total flow was held at 2000 sccm.
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