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ABSTRACT: Large-area growth techniques are needed to bring transition
metal dichalcogenide (TMD) films into future applications, but some of
these methods have not been sufficiently studied. Here, we evaluate and
compare few-layer MoS, films (<3 nm thick) grown by atomic layer
deposition (ALD) and radio frequency (RF) sputtering, using optical,
topographical, X-ray spectroscopy, transmission electron microscopy, and
electrical device characterization. The electron mobility of ALD films
improves 3-fold with rapid thermal annealing, and these improvements are
correlated with changes in their Raman spectra, such as a decrease in both
the shoulder-to-E,, and LA(M)-to-A,, intensity ratios. On the other hand,
the sputtered films had lower mobility and lower transistor current on/off
ratio than the ALD samples, and the thermal annealing worsened both Si0;
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their surface roughness and electrical behavior. This work illustrates the
utility of nondestructive materials characterization (e.g, Raman, with complementary techniques) to obtain a better picture of
material quality before performing time-consuming device fabrication and electrical testing on emerging TMD films.

KEYWORDS: defect metrology, transition metal dichalcogenides, atomic layer deposition, RF sputtering, Raman spectroscopy,

electrical characterization

B INTRODUCTION

Layered, atomically thin two-dimensional (2D) semiconduc-
tors have emerged in recent years with the promise of better
charge mobility than conventional semiconductors at few-
nanometer or subnanometer thickness." These materials can
also be synthesized at sufficiently low temperatures as to be
compatible with back-end-of-line (BEOL) or three-dimen-
sional (3D) heterogeneous monolithic integration in conven-
tional electronics,”” or even with more temperature-sensitive
flexible substrates."™ Nevertheless, much research on 2D
semiconductors, such as transition metal dichalcogenides
(TMDs), has relied on techniques such as mechanical
exfoliation, which are not scalable to uniform, large-area films.

While chemical vapor deposition (CVD) has produced films
for lab-scale experimentation,'’™"* the growth temperature
often exceeds 500 °C, which is incompatible with heteroge-
neous 3D and flexible substrate integration. Instead, techniques
such as metal-organic CVD (MOCVD),”"*™"” atomic layer
deposition (ALD),”°”*° and physical vapor deposition
(sputtering)**™*' provide other approaches that are also
potentially more compatible with conventional, industrial
semiconductor fabrication. Among these, ALD and sputtering
have not been as commonly studied as (MO)CVD, and more
work is needed to understand their limitations and improve
their quality.”**~*’
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In this study, we examine and compare the quality of few-
layer (2—SL) MoS, films prepared by ALD and radio
frequency (RF) sputtering, as-grown and with an annealing
step hypothesized to improve film quality. We analyze the films
using Raman spectroscopy, X-ray photoelectron spectroscopy
(XPS), transmission electron microscopy (TEM), atomic force
microscopy (AFM), as well as electrical device characterization
and uncover certain correlations between Raman or AFM
features and the electrical behavior (i.e., transistor mobility and
on/off current ratio) of the films. We expect that the metrology
explored and the insights obtained in this work will aid in
reducing future research and development timelines for
implementing TMDs in electronic applications.

B RESULTS AND DISCUSSION

Initial Material Study. The details of the MoS, ALD
process have been described in previous work.” In brief, these
films are prepared at a BEOL-compatible temperature of 500
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Figure 1. (a) Photograph of 300 mm Si wafer covered by ALD MoS, on SiO,. (b) Photograph of SiO,/Si substrates coated with RF-sputtered
MoS,. (c) Measured Raman spectra on 3-layer (3L) ALD MoS, (symbols) with peak fits (lines), normalized by the Si substrate peak at 520 cm™.
(d) Raman spectra of ALD films of various thickness normalized by the Si substrate peak (not shown). Vertical dotted lines mark the Eyg and Ay
positions expected of monolayer films. (e) Correlation between Raman Ay, peak full width at half-maximum (FWHM) and thickness of ALD-MoS,
films. (f) Correlation between Raman shoulder/E,, intensity ratio (x) and thickness of ALD-MoS, films. Solid black lines are linear fits to the
experimental data points. Pink dashed lines mark + one standard deviation (0.09 in (e) and 0.04 in (f)) bounds of the fits.
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Figure 2. Raman analysis of 3—4L thick ALD MoS, films. (a) As-deposited and (b) post-anneal, at 900 °C for 1 min. Symbols mark experimental
data, lines are fits, after a linear background subtraction. (c) Ratio of shoulder-to-E, peak intensity, decreasing from 0.325 + 0.031 (as-grown) to
0.230 =+ 0.068 (after anneal). (d) Ratio of LA(M)-to—AIg peak intensity, decreasing from 0.043 + 0.003 (as-grown) to 0.032 + 0.002 (after anneal).
Each box plot represents 75 point spectra, taken over three regions of 5 X 5 points each, with 1 ym point spacing. All data were taken at room

temperature, and peak intensities are normalized to the Si peak.

°C, in an Ar atmosphere, onto 96 nm thermally grown SiO, on
300 mm (12 in.) Si wafers (Figure la). Our RE-sputtered
MoS, films were prepared on similar substrates, but with lateral
dimensions of a few centimeters (Figure 1b), also at the same
deposition temperature of 500 °C. Sputtering was carried out
with 10 sccm Ar, 12 W RF power, and a pressure of 2 mTorr,
from a bulk MoS, target of 2-in. diameter. The size of the
target used and the deposition chamber size limit our sputtered
film substrate size here, but this can be easily overcome in
industrial wafer-scale sputter processes.

To check and compare the optical quality of the films, we
first employ Raman spectroscopy, which can nondestructively
probe defects, doping, and strain in MoS,””*’ (see the
Experimental Section for details on setup). The laser power
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used was sufficiently low to avoid heating damage of the MoS,
films,*" but high enough for a good signal-to-noise ratio
(Figure 1c). The key Raman peaks were fit with a MATLAB
script using a Voigt shape with a fixed Gaussian contribution to
most accurately capture the line shape.*””** The Gaussian
component is due to instrument-related broadening, with a full
width at half-maximum (FWHM) of 1.31 cm™, estimated
using the 277 cm™! peak from a neon lamp, and additional
details about fitting are provided in Supporting Information
Figures S1 and S2. The Lorentzian FWHM of each spectrum,
which corresponds to the sample’s intrinsic FWHM, was then
fit systematically over enough trials to converge to the lowest
error between the fitted spectra and raw data.
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Figure 3. Raman analysis of 3—4L thick RF-sputtered MoS, films. (a) As-deposited and (b) post-anneal, at 900 °C for 1 min. Symbols mark
experimental data; lines are fits, after a linear background subtraction. (c) Ratio of shoulder-to-E,, peak intensity decreased from 0.687 + 0.022 (as-
grown) to 0.507 + 0.012 (annealed). (d) Ratio of LA(M)-to-Alg peak intensity, decreasing from 0.128 + 0.005 (as-grown) to 0.087 = 0.007
(annealed). Each box plot represents SO point spectra, taken over two regions of S X S points each, with 1 ym point spacing. All data were taken at

room temperature and peak intensities are normalized to the Si peak.

The spectra for different layer thicknesses of ALD MoS, are
shown in Figure 1d. Thicker films have higher peak intensity
with red-shifting of the in-plane E,, Raman mode and blue-
shifting of the out-of-plane A;; mode, as expected. The blue
shift of the A;; mode from monolayer to bulk has been
attributed to phonon stiffening with thickness, while the E,,
mode red-shift with thickness has been attributed to long-range
Columbic interactions.*”** Importantly, we find that the
FWHM of the Aj, peak decreases with increasing layer
count, as summarized in Figure le. Decreased FWHM for the
first-order peaks is often used to indicate higher-quality
films,””*” although we find that this metric is not sufficiently
clear, by itself, for these nanocrystalline films. The improved
film quality of the thicker films is also confirmed when the
shoulder-to-E,, intensity ratio, «, is plotted in Figure 1f. This
metric estimates the MoS, sample quality by relying on defect-
activated phonon modes which make up the “left shoulder” of
the E,, peak, with a lower ratio signifying lower defect
density.””*>*” Supporting Information Figure S3 plots a
similar trend using the LA(M)/A,, ratio, which can also
estimate the defectivity of MoS,.”” From these results, we
conclude that the material quality is relatively improved for the
thicker MoS, films due to the additional thermal annealing and
time spent in the ALD chamber.

Effect of Thermal Annealing on Material Quality. To
investigate the effect of annealing as it relates to changing
material quality and variability, several Raman maps were taken
on both types of films (ALD and sputtered) as-grown and with
an additional thermal annealing of 900 °C for 1 min in an inert
N, environment at 10 Torr pressure, in a rapid thermal
processing chamber. The spectra were collected with a spot
size of 0.5 pm, in S ym by 5 um maps with 1 gum steps between
each point, resulting in 25 spectra per measurement. Each
sample was measured a minimum of two times to account for
potential variability across the films.

Using the fitting approach described earlier, we extracted
intensities and FWHMs for the three main features of interest:
the Ep shoulder, Epy and Ay as shown in Figure 2a,b. Figure
2¢,d summarizes the evolution of the shoulder-to-E,, ratio and
the LA(M)-to-A, ratio for the as-grown ALD MoS, films and
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after rapid thermal annealing. These films have an average
shoulder—to-Ezg ratio of 0.325 + 0.031 as-grown and 0.230 +
0.068 after the annealing. This decrease in ratio suggests a
lower defect density post annealing, which matches well with
other demonstrations of annealing in the literature.””*® A
similar trend is seen from the decrease in LA(M)—to—Alg ratio
in Figure 2d, but we find that the changes are more difficult to
discern from the A,; and E,;, FWHMs (Supporting
Information Figures S4a and SSa).

Similarly, we analyzed the RF-sputtered MoS, films as-
grown and with the same thermal annealing step. Relative to
the Si substrate peak intensity (at 520 cm™'), the sputtered
film has a lower intensity and broader FWHM for the A;, peak
(Figure 3a,b, as-grown and with anneal) compared to the ALD
film (Figure 2a,b, as-grown and with anneal). This is consistent
with the higher-quality layers present in the ALD film, as we
will see from high-resolution TEM analysis below. Overall, the
sputtered MoS, films have lower quality than the ALD films,
both as-grown and after anneal, as seen from all their Raman
metrics. However, the sputtered MoS, films display more
obvious improvement after thermal annealing, with Figure 3c
showing a decrease of average shoulder-to-E,, intensity ratio
from 0.687 + 0.022 to 0.507 + 0.012, as-grown and with
annealing, respectively. The LA(M)-to-A;, peak ratio (Figure
3d) as well as the Aj; and E,; FWHM of the sputtered MoS,
film (Supporting Information Figures S4b and S5b) similarly
show more dramatic improvement with annealing. This
indicates that the A}, and E,; FWHMs are reasonable gauges
for changes in higher-defectivity films (sputtered) but the
analysis of lower-defectivity films (ALD) requires additional
Raman insights, such as the peak ratios described above.

To further investigate the nature of the two types of films,
we carried out cross-sectional TEM with energy-dispersive X-
ray spectroscopy (EDX), as well as surface characterization by
AFM, as shown in Figure 4 (see the Experimental Section for
details on TEM setup). The sample cross-sections for TEM
were prepared using a focused ion beam in a scanning electron
microscope (FIB-SEM) and capped with carbon-based epoxy
prior to milling, as seen in Figure 4a,e. EDX analysis in Figure
4b,f confirms the expected elemental composition. The ALD
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Figure 4. (a) Cross-sectional TEM image and (b) TEM-EDX elemental analysis of ALD MoS, film as-grown. (c) AFM scan of ALD MoS, film as-
grown and (d) with annealing showed decreased surface roughness. (e) Cross-sectional STEM image and (f) TEM-EDX elemental analysis of as-
grown RF-sputtered MoS, film. (g) AFM scan of RF-sputtered MoS, film as-grown and (h) with annealing showed increased surface roughness.

film cross section in Figure 4a shows a film thickness of ~2.1
nm, with 3 to 4 atomic layers of MoS,. The sputtered film
cross section in Figure 4e shows between 2 and 4 layers of
MoS,, from bright contrast Mo—Mo planes, and ~2.9 nm
estimated film thickness. It is difficult to discern individual
defects from the TEM cross-sections; however, in the
sputtered MoS, film we observe inconsistent amounts of an
amorphous oxide layer at the substrate (bottom) interface. The
presence of amorphous oxides (e.g., MoO,) in the sputtered
MoS, films is consistent with their XPS analysis, as shown in
Supporting Information Figure S7.

Interestingly, we observed that the rapid thermal annealing
step had different effects on the surface roughness of ALD vs
sputtered MoS, films (see the Experimental Section for details
on AFM setup). The surface of the ALD films as-grown
(Figure 4c) displays several large regions over 4 nm tall, but
with the annealing (Figure 4d), these regions largely disappear,
resulting in a more uniform film, consistent with the result of
similar anneals in the literature.”® The sputtered films tell a
different story. Figure 4g shows that the sputtered MoS, films
start out more uniform and flatter, with a root-mean-square
(RMS) surface roughness of 276.8 pm. With annealing, the
RMS surface roughness increases to 759.4 pm (Figure 4h), due
to the appearance of small speckles scattered across the film.
XPS measurements, provided in Supporting Information
Figures S6 and S7, suggest that the overall stoichiometry
remains relatively unchanged as-grown and with annealing,
minimizing the possibility of oxidation being the culprit.
However, previous studies™ ™ have suggested that such
vertical domains can be produced, resulting in a film that was
discontinuous laterally. Vertical domains are postulated to
derive from MoS, islands, which evolve into vertical domains
owing to competing defect and strain energies.””>*

To evaluate the electrical characteristics of these films, we
fabricated back-gated field-effect transistors (FETs), with the
schematic displayed in Figure Sa (see the Experimental Section
for device fabrication details). The devices are placed in a
vacuum probe station (~107° Torr) and annealed at 250 °C
for 2 h, to remove adsorbates from the channel and to improve
the contacts." We measured the drain current I, vs back-gate
voltage Vg, at Vg = 0.1 V, without breaking vacuum after the
samples cooled down to room temperature, as illustrated in
Figure Sb—d. Using transfer length method (TLM)>® analysis,
we estimated the effective MoS, channel mobility from the
slope of the total device resistance (at a fixed overdrive

voltage') vs channel length, as shown in Supporting
Information Figure S8. We electrically tested TLM structures
for each film (with 6 channel lengths, totaling 30 devices),
which were fabricated and measured across 1 X 1 cm” chips.
We extract the mobility from each individual TLM structure,
and then we calculate the mean and standard deviation across
these structures, as marked by the error bars in Figure Se,f.

For the shortest ALD MoS, devices, we observe a nearly 4X
increase in maximum current density with the annealing step,
as shown in Figure Sb,c. Moreover, the current ratio I /I ¢
increases by an order of magnitude, from ~10° to ~10* The
hysteresis also improves, and together, these observations
suggest a reduction of the number of defects and traps in the
ALD films with the annealing step. On the other hand, the
sputtered films display an order of magnitude lower current
and effective mobility (than the ALD films) as-grown (Figure
5d—f), and their modest I /I 4 ratio is comparable to previous
reports for sputtered MoS, films of similar thickness.*®
However, all sputtered MoS, films appeared to be open-circuit
after the thermal annealing, and this degradation occurred
likely due to vertical domain formation® and resulting
discontinuity of sputtered MoS, films revealed in the AFM
surface analysis (Figure 4h). The effective mobility from TLM
measurements of these films is summarized in Figure Se,f. The
mobility was estimated to be 0.44 + 0.09 cm® V™' 57! at room
temperature in the ALD MoS, films with the annealing step,
and the mobility (in general) is observed to scale inversely with
the shoulder-to-Ey, and the LA(M)-to-A,, intensity ratios, as
expected.

To compare the films examined here with similar types of
films reported in the literature, we extract the devices’ transfer
characteristics at Vpg = 1 V (see Supporting Information
Figure S9) and report a comprehensive benchmarking table
including optical and electrical properties in Supporting
Information Table S1 for ALD MoS, films and Table S2 for
sputtered MoS, films.

B CONCLUSIONS

We have evaluated and compared few-layer MoS, films
produced by two large-area synthesis methods (ALD and
sputtering) through optical, topographical, X-ray, transmission
electron microscopy, and electrical device measurements. The
ALD films, in general, have better Raman features (e.g., lower
shoulder-to-E,, and LA(M)-to-A,, intensity ratios, as well as
lower E,, and A;, FWHMs), higher transistor current on/off
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Figure S. (a) Cross-sectional schematic of back-gated transistors used to estimate electron mobility in our ALD and sputtered MoS, films. (b)
Measured transfer characteristics (I, vs V) of ALD MoS, as-grown and (c) with annealing. (d) Measured I, vs Vg of RF-sputtered MoS,
transistors as-grown. For (b—d), data are shown on log (left) and linear (right) axes, from four channel lengths, as labeled; forward and backward
Vs sweeps reveal some clockwise hysteresis and all transfer characteristics are with Vg = 0.1 V. (e) Relationship between estimated Mo$S, mobility
and Raman shoulder-to-E,, intensity ratio of S devices for each film. Error bars represent standard deviations across the measured data. (f)
Relationship between estimated MoS, mobility and Raman LA(M)-to-Alg intensity ratio across all measured devices. Sputtered film data with

annealing are not shown, as they were all open-circuit.

ratio, as well as higher mobility, and these metrics improve
with rapid thermal annealing. In contrast, the sputtered films
have higher surface roughness with annealing, and their
electrical behavior degrades. This does not necessarily mean
that one must always choose ALD over sputtered films, but the
present study does provide a snapshot of how these compare
currently, which is important for future improvements in both
types of films. In particular, the observed correlation between
Raman features and the electrical quality of the films suggests
that such optical measurements can be used to rapidly screen
the quality of 2D material layers in the future, while their
synthesis is optimized, without having to rely on more time-
consuming device fabrication and electrical device measure-
ments. Besides improving the synthesis process, future work
must also investigate different industry-compatible annealing
conditions that improve film quality and reduce defects that
may inadvertently form during synthesis.

B EXPERIMENTAL SECTION

Fabrication of TLM Devices. The MoS, films were directly
deposited (by ALD or sputtering) onto 96 nm SiO, on p** Si, which
also serves as a back-gate. The films used for electrical characterization
are from the same deposition process as those used for TEM
measurements. All device lithography steps were carried out on a
Raith EBPG 5200+, forming 2 pm wide channels, patterned with
XeF, etch, and source/drain contacts consisting of 50 nm thick Au,
without an adhesion layer." Devices were made as part of transfer
length method (TLM) structures®> with varying channel lengths from
0.1 to 1 pum.

Materials Characterization. All Raman spectra were acquired
using a Horiba LabRAM instrument with a 100X short working
distance objective, 532 nm excitation laser, 1800 lines/mm grating,
150 um hole, and ~0.4 mW incident laser power. This setup enables a
good resolution of 0.3 cm™" in each Raman spectrum. The ALD and
RF-sputtered samples were separately imaged with probe-corrected
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Thermo Fisher Titan TEM microscopes at 200 and 300 kV,
respectively. The ALD samples were imaged in high-resolution
TEM (HRTEM) mode, while the sputtered samples were imaged in
high-angle annular dark-field scanning TEM (HAADF-STEM) mode.
Atomic force microscopy (AFM) imaging was conducted using a
Bruker ICON AFM instrument with an NSC18/Pt tip in tapping
mode. X-ray photoelectron spectroscopy (XPS) spectra were obtained
from a VersaProbe 4 utilizing monochromatized Al(Ka) radiation
(1486.6 eV) under high vacuum (~1077 Pa). The high-resolution Mo
3d, S 2p, and O Is spectral regions were shifted to the reference
hydrocarbon C 1s peak at 284.8 eV, as is the standard.
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1. Importance of using the Voigt Shape to Fit Raman Spectra

Due to the relative sharpness of the Raman features (few cm™) the intrinsic spectra of MoS, cannot be
accurately captured without separating the extrinsic broadening caused by the optics of the Raman tool used
for the measurement. To compare measurements taken on different tools, it is best to separate the Gaussian
instrument broadening from the intrinsic Lorentzian linewidth."? This can be done by measuring the spectra
of a neon lamp within the typical measurement range, and then extracting the full-width half maximum
(FWHM) from the neon peaks closest to the peaks of interest,' as shown in Figure S1. There is no standard
method of choosing which neon peak to use so we used the 277.8 cm™ for this work as it was seemingly
closer to our peaks of interest. An alternative fitting method, such as the commonly used Gaussian/Lo-
rentzian blend, can lead to misleading trends due to additional fitting error, as shown in Figure S2.?
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Figure S1. Neon lamp Raman spectra to extract instrument-related Gaussian broadening of our Horiba LabRAM. (a)
FWHM of 1.314 cm™! for the peak at 277.8 cm’!, which was used for all analyses. (b) FWHM of 1.566 cm™ for the
peak at 482.0 cm!. Red line is fit of data after linear background subtraction and black dots are raw data points.

(a) T L) T (b) Ll ! § T
- 03f . » 0.3 ]
) g
o I . Y
&.”0'25 g 0.2 .
W W
= >4L b
S 0.2} ~3L .9 ] ]
3 7 3 01 .
< S Zz et
? 0.5} 3-4L 1 @
il L L o L 1 il
1 2 3 4 1 2 3 4
Layer Count Layer Count

Figure S2. Difference in fitting of Raman shoulder-to-Ezg intensity ratio vs. thickness of ALD-grown MoS: films. (a)
Using 50:50 Gaussian/Lorentzian blend, which causes higher residual error, worsening the fit of the smaller shoulder
peaks in the thicker films. (b) Results using Voigt fit, which accounts for the measured Gaussian contribution of the
instrument, as implemented in our analysis in the main text. Solid black lines are fits to the experimental data points
[linear fit in (b)]. Pink dashed lines represent plus/minus one standard deviation (+x1 STD) bounds of the fits.
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2. Other Defect-related Raman Metrics

Although other metrics have been used in the literature for atomic defect quantification, we have focused
on the shoulder-to-E,, intensity ratio* > and LA(M)-to-A|, intensity ratio® in this work. Due to the higher
defectivity of our ALD MoS,, the LA(M)-to-A | intensity ratio remains viable and displays the same trend
of decreasing defects with decreasing layer count (Figure S3), as seen with the shoulder-to-E,, intensity
ratio. This metric becomes limited when a material is monolayer and/or higher in quality, because in our
experience the LA(M) vanishes before the E, shoulder (in lower-defectivity samples).

For the same ALD and RF sputtered MoS; samples, as-grown and with anneal, we examined two additional
defect-related metrics, the A, peak FWHM and E,; peak FWHM (Figures S4 and S5, respectively). Both
of these FWHM metrics have been used to estimate the defectivity of MoS; in the literature, but both can
be affected by strain and doping' (which can also be related to chalcogen vacancies, i.e. defects) making it
more difficult to disentangle the impact of defects alone. Another factor that impacts the analysis is the
nanocrystalline nature of both types of films, resulting in an abundance of grain boundaries.

Layer Count

Figure S3: Correlation between Raman LA(M)-to-A1g intensity ratio and thickness of ALD-grown MoS: films. [For
typical appearance of these peaks, see Figure 2(a, b) in the main text.] LA(M) is the mode around ~233 ¢cm!. Solid
black line is a linear fit to the experimental data points. Pink dashed lines represent plus/minus one standard deviation

(x0.01) bounds of the fits.
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Figure S4. (a) Extracted A1z peak FWHM for 3-4L thick ALD MoS: films from Raman analysis, averaged over 75
spectra in a box plot. The Ai; FWHM decrease slightly from 5.37 + 0.16 cm™ (as-grown) to 5.08 + 0.08 cm™ (an-
nealed). (b) Extracted A1z peak FWHM for 3-4L thick RF sputtered MoS: films from Raman analysis, averaged over
50 spectra in a box plot. The A1 FWHM decrease from 11.36 £ 0.07 cm™ (as-grown) to 10.55 + 0.07 cm™! (annealed).
The spectra are taken over several regions of 5x5 points each, with 1 um point spacing. All data were taken in room
temperature ambient. Note the different vertical axis ranges.
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Figure S5. (a) Extracted Exg peak FWHM for 3-4L thick ALD MoS: films from Raman analysis, averaged over 75
spectra in a box plot. The Ezg peak FWHMs remain effectively unchanged, 4.31 & 0.20 cm™! (as-grown) and 4.13 +
0.38 cm’! (annealed)]. (b) Extracted Ez; peak FWHM for 3-4L thick RF sputtered MoS: films from Raman analysis,
averaged over 50 spectra in a box plot. The Ez; peak FWHMSs decrease from 10.39 + 0.22 cm™ (as-grown) to 8.81 +
0.12 cm™! (annealed). The spectra are taken over several regions of 5x5 points each, with 1 um point spacing. All data
were taken in room temperature ambient. Note the different vertical axis ranges.

3. X-ray photoelectron spectroscopy (XPS) Analysis

To investigate changes in the chemical composition of these two MoS; films, X-ray photoelectron spectros-
copy (XPS) spectra were obtained and then plotted together (Figure S6) to obtain insight into the few-
layered MoS; before and after the rapid thermal anneal. [See Experimental Section in main text for details
on the measurement setup.] Comparing all four films, there was little change in the S 2p spectral region,
but there were some slight differences between the ALD and sputtered MoS; films in the Mo 3d region.
The sputtered film had more chemical contribution from the Mo 3ds, energy and less contribution from the
S 2s energy, suggesting these films are less stoichiometric than the ALD MoS, films.

The sputtered MoS; films also display a MoOy peak (Figure S7), which corroborates that these films are
less stoichiometric and explains the amorphous oxide visualized by TEM (Figure 4e in the main text). This
higher non-stoichiometry of the sputtered films is consistent with the Raman measurements [e.g., LA(M)-
to-Ag intensity ratio and the FWHM of Ey; and A have been shown to correlate with sulfur vacancies in
monolayer MoS; films®] and with the worse electrical quality of the sputtered films (Figure 5 in main text).
However, in this work we found that the Raman measurements, if carefully interpreted, can provide more
information than the XPS analysis. In other words, XPS can distinguish between ALD and sputtered films,
but Raman analysis can discern more subtle differences before and after annealing the same film.
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Figure S6. X-ray photoelectron spectroscopy (XPS) measurements of ALD MoS: and sputtered MoS: films. (a) Mo
3d region and (b) S 2p region. Measurement done with monochromatized Al(Ka) radiation (1486 eV) under high
vacuum (~1077 Pa) with a resolution of 0.8 V. Spectra normalized to highest intensity peak and background subtracted
linearly. Dashed lines mark XPS spectra before anneal, solid lines are after the rapid anneal step. The sputtered films
are relatively S-poor and Mo-rich compared to the ALD films.

= = = ALD As-Grown
= ALD With Anneal
.......... Sputter As-Grown
Sputter With Anneal

MoO, |
528.7 eV

0.5

Normalized Counts/s

540 535 530 525
Binding Energy (eV)

Figure S7. X-ray photoelectron spectroscopy (XPS) measurements of ALD MoS: and sputtered MoS: films for the O
Is region, with 3-4 scans each. Measurement done with monochromatized Al(Ko) radiation (1486 V) under high
vacuum (~ 1077 Pa) with a resolution of 0.8 V. Spectra normalized to highest intensity peak and background subtracted
linearly. Dashed lines mark XPS spectra before anneal, solid lines are after the rapid anneal step. We observe that
only the sputtered MoS: films have a MoOx shoulder peak (as labeled), which is consistent with amorphous oxide
layers visualized by TEM (Figure 4e in the main text).
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4. Total Resistance vs. Channel Length from TLM Device Structures

The mobility estimates reported in Figure 5 of the main text are from transfer length method (TLM) struc-
tures, where we extract the total resistance (Ri:) at a fixed gate overdrive voltage, vs. the channel length.
The overdrive voltage is Voy = Vgs — V1, where Vr is the threshold voltage determined using the constant-
current method at 0.1 nA/um.” The total resistance values displayed in Figure S8 represent the mean values
from 5 TLM structures. The TLM structures allow us to separate the contact resistance (R.) and channel
sheet resistance (Rsn) from Riot = 2R + RanL, where L is the channel length (contact separation). Fitting Rio
vs. L data to a linear equation provides an estimate of 2R. from the vertical intercept and the effective
mobility from the sheet resistance, as uer = (gnRa)", where ¢ is the elementary charge, 7 = Cox(Vov —
Vbs/2)/q, and Cox = 38.9 nF cm™ is the gate dielectric capacitance per unit area of 96 nm SiO,. Figure S9
plots the measured the drain current density Ip vs. back-gate voltage Vs, at Vps = 1 V, to accompany the
plots shown in Figure S5b-d to demonstrate that the same trend, improved current density correlating with
the shoulder-to-E», and the LA(M)-to-A |, intensity ratios, holds at higher drain voltage.
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Figure S8. (a) Measured total resistance vs. channel length for ALD MoS: films as-grown and (b) with anneal. (c)
Measured total resistance vs. channel length for RF sputtered MoS: transistors as-grown. All transfer characteristics
are measured at room temperature in a vacuum probe station, with Vps =0.1 V.

(@) 1o 3 (b) 1o 3 (€) 100 0.30
ALD As-Grown ALD With Anneal Sputtered As-Grown 0.25
107 L=0.1pum 107 L=0.1pm L=0.1pum
2 2 10~ 0.20
g .- g . . g 0415
z 10 10 <
=5 =9 ks
o 1 e 1 < 10 0.10
1075 1078 0.05
% 0.00
107 0 107 0 107
-45 -30 -15 0 15 30 45 -45 -30 -15 0 15 30 45 -45 -30 -15 0 15 30 45
Ves (V) Ves (V) Ves (V)

Figure S9. Measured transfer characteristics (/p vs. Vss) of ALD MoS:z (a) as-grown and (b) with anneal and (¢) RF
sputtered MoS: transistors as-grown. For (a-c), the data are shown on log (left) and linear (right) axes at a channel
length L = 0.1 um, as labeled; forward and backward Vgs sweeps reveal some clockwise hysteresis and all transfer
characteristics are with V/ps =1 V.
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5. Comparison with Previously Published ALD and Sputtered MoS, Characteristics

Table S1: Benchmarking table for work that investigates atomic layer deposited (ALD) MoS.. “Temp.” is the growth
temperature, “frim” is the film thickness, and “FWHM?” are the full-width-half-maxima of the Raman peaks (extracted
by us, through fitting, if they were not directly reported). If electrical transistor data were reported, we list them through
L, the channel length, /max, the maximum current density (at Vs = 0.1 V or 1 V and maximum VGs), and Imax/Imin, the
maximum on/off current ratio. We calculate and compare width-normalized current density (if the device width was
available) rather than mobility, because mobility is prone to extraction uncertainty. Note: Some variation in FWHM
may exist due to different Raman instruments, laser power, and spectrometer settings between measurements.

g oy Ej Aig Inax (MA/pm)
R;f' T(ﬁg‘l)" Prﬁ‘cll;lr)s or L 131 elfe";'t"’“ (;“'3) FWHM | FWHM (u];n ) | Vo5 =1V | LT
(ecm™) (ecm™) (or at 0.1 V)
molybdenum 1.7 16 25 / / /
(V) chloride 800°C in solid sul-
8 | 300 | (MoCls)&hy- | fur(SS)vaporfor | 3.2 16 16 / / /
drogen disul- 30 min
fide (H,S) 5.1 18 16 / / /
Mo(CO)s & di- / 8.3 10 12 / / /
3 » | 900°C in Ar for 5
DMDS) i / 9 9 / / /
350- ,
10 | 50 | MoCls & HaS none 1.3 10 9.5 20 / 2x10
1 4 52 / / /
1) 200°C for 60
min in H & Ar,
11| 200 MO(CISS)I;f‘ O2 | 2) ramp up to 1.6 45 5 / / /
p 1000°C, 60 min in
Ar & H,S
2.3 5 45 / / /
500- )
12 | 00 | MoCls & HiS none 0.8 7 5.6 / / 10
Mo(CO)s & 500-900°C RTA
13 | 165 S mAror Hsar | 45 6.4 9 / / /
Mo(CO)s & di-
ethyl disulfide
(CH;CH,SS-
CH,CHs, .
14 | 250 | DEDS) pre- 4503 OC RTA for | 7 7 25 4 108
s in Ar
treated wafer
w/
(CH3CH,SCH,
CH;), DES)]
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Tnax @

% 0n0 Elg Alg L =
Ref. Tgmp. ALD Post-Deposition thilm FWHM | FWHM | (um) Vps=1V Lo Lo
# °C) Precursor Anneal (nm) (cm) (em) (or at 0.1 V)
(nA/pm)
0.7 6 5.8 15 (%Oloé)"“ 10¢
1) 400°C for 20 '
min in Ar,
Mo(CO)s & O> 2) SS vapor at )
15 155 plasma 500°C for 20 min 1.39 6.5 6 25 (0(')011 i/s) at 10
3) 900°C in same '
vapor for 20 min
(0.05 at 3
2.74 7 6.5 25 0.1V) 5x10
Mo(CO)s &
16 | 150 | hexamethyldisi- | 800°C for 20 min | 4 7.5 8.7 25 0.125 10°
lathiane in SS vapor
(HMDST)
1) RTP at 800°C
MoCls & for 9 min,
17 375 HMDST 2) CS, treatment 2.8 8 7 25 0.425 10
400°C for 1.7 hrs
MoCls & 800°C for 20 min (0.00025 at 5
18 375 HMDST in SS vapor 5.6 42 3.6 40 0.1V) 10
MoCls & 900°C in SS va- 5
19 300 HMDST por for 45 min 2.7 9 6.5 5 0.26 5x10
1) 400°C for 20
min in Ar,
20 | 155 | Mo(CO) and 1} 2)S00°CHor20 o5 ) oy 7.5 5 0.1 10°
O, plasma min in SS vapor,
3) 900°C in same
vapor for 15 min
MoCls & 800°C in SS vapor 3
21 400 HMDST for 30 min 2.96 5.6 5.7 5 4 10
) 29 7 8 5 0.06 10°
2 350 MoCls & 900°C in SS vapor
HMDST for 30 min-2hrs
29 7 8 5 0.188 10°
1 52 5.5 / / /
23
(NtBu)2(NMe;) 900°C in 4.5 5.4 5 / / /
50 Mo & O, H>S(10%)/Ar for
plasma 45 min 1.2 5 5.5 / / /
24
1.6 52 5.5 / / /

S-8



Tnax @

0n0 EZg Alg L =
Ref. | Temp. ALD Post-Deposition thilm FWHM | FWHM | (um) Vps=1 V7 Lo Lo
# °C) Precursor Anneal (nm) (cm) (em™) (or at 0.1 V)
(nA/pm)

Bis(tert-butyli-

mido) bis(di-

methylamido) | 900°C in SS vapor / | / 40
35 250 molybdenum for 30 min 2.2 /

[(NtBu)2(NMe

2)2Mo] & O3

1) 550°C in A

[(NtBu)z(NMez H,S/Ar, 5 Jat 107

26 | 250 | ) Mol & 05 | 2)970°Cinsame | ¥ | 38 6.9 0.1V)
atmosphere
2
s commercial 4314 5374 0.7
2 | 500 | process with Ar none 2.1 520 16 0.1 (0.06 at ~103
= carrier gas ’ ’ 0.1V)
=
o
[l .
S commercial )
. 431+ 537+ 0.006 at

; 500 process with Ar none 2.1 020 016 1 (0.1 \;)d ~10°
= carrier gas
[
24
5 commercial 900°C N» RTA 4134 5084 2.5
E 500 process with Ar anneal for 1 mi- 2.1 0 38 0 08 0.1 (0.175 at ~10*
'-E carrier gas nute : : 0.1V)
g 1 O
‘g‘ commercial 900°C N, }{TA . 4134 5084 | (0.03 at o
2 500 process with Ar anneal for 1 mi- . 038 0.08 0.1V)
ﬁ carrier gas nute

S-9



Table S2: Benchmarking table for work that investigates sputter-deposited MoS:. “Temp.” is the growth temperature,
“tfim”” 18 the film thickness, and “FWHM” are the full-width-half-maxima of the Raman peaks (extracted by us, through
fitting, if they were not directly reported). If electrical transistor data were reported, we list them through L, the channel
length, /max, the maximum current density (at Vps = 1 V and maximum VGs), and /max/Imin, the maximum on/off current
ratio. We calculate and compare width-normalized current density (if the device width was available) rather than
mobility, because mobility is prone to extraction uncertainty. Note: Some variation in FWHM may exist due to dif-
ferent Raman instruments, laser power, and spectrometer settings between measurements.

Sputter . oy EZg Alg Tnax @
R;f' T(ﬁg‘l)” Target & | PO ;)n elf’e‘fl't“’“ (;ﬁll:;) FWHM | FWHM | fn )| Ves=1v Tna/Imin
RF or DC (cm™) (cm™) n (LA/pm)
Room 600°C solid sul 4.18 8.9 9.8 10 / 1.56x10°
27 Temp Mo (DC) fur (SS) vapor
RT) 6.44 12.2 14.4 10 / 5.7x10*
28 300 MoS; (RF) none 10 50.6 13.5 / / /
SS leaked into
29 RT Mo (DC) sputter chamber 0.7 6 4 100 0.002 103
during growth
ss ‘ / 5.5 5 50 / 104
30 | 400 | MosS; (DC) Vfg’gg;gp 0
1.4 3 4 30 / 104
1.4 13 9 2300 0.0115 104
31 | 500 | MoS,(RF) | 00°CinAr/ 3.8 16 11 2300 0.052 4x10*
SS vapor
6 13 9 2300 0.043 2x10°
(t-C4H9)2SQ at
32 300 MoS; (RF) ATM pressure 6.81 10 10 / / /
RT - 485°C for 2 hrs 23 85 74 / / /
31 400 | MOS2RE) | mbient
20 16 13 / / /
RT 250-1000°C
34 | oo | MoS:(RF) | ArSS vapor 12 6 6 / / /
for 1 hr
. / 3 33 / / /
| | s | e
/ 4.4 5.8 / / /
36 | RT | Mos;RE) | P00 MATION | gy 7 8.5 / / /
1) e-beam irradi-
ation (EBI) treat-
ment at 300W
RF power for 1
37 RT MoS; (RF) min, 2.2 7.8 8.5 3 0.001 1.3x10°
2) 950°C in
AI‘/HzS/Hz in
CVD furnace for
1 hr
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Sputter age EZg Alg Tnax @
Ref. Tﬁmp. Target & Post-Deposition thiim FWHM FWHM L Vos=1V Loa/oin
g C) RF or DC AL TGE it} (em™) (em™) (um) (RA/pm)
/ 20 15 64 / 10°
38 300 MoS; (RF) none
/ 18 17 64 / 10°
400°C & 700°C
39 RT MoS; (RF) solid sulfur for 180 6.4 10.1 200 1.74x1073 10
30 min
2
s 10.39 + 11.36 +
; . .
2 500 MoS; (RF) none 2.8 022 0.07 0.1 0.15 50
==
=
(=
= 900°C N, RTA 881+ 10.55 +
2 500 | MoS, (RF) for 1 min / 0.12 0.07 / / /
==
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