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ABSTRACT: Atomic layer deposition (ALD), with its precise process control and conformality,
has recently gained interest for synthesizing transition metal sulfides like MoS», which have varied
applications in low-dimensional electronics and electrocatalysts. Hydrogen sulfide (H2S) has been
used in many sulfide ALD processes, however, H>S is a toxic gas that requires expensive
containment and abatement measures for shipping, installation, and storage. Herein, we report a
PEALD process capable of synthesizing MoS, without H>S. This process utilizes a Mo precursor
commonly used in ALD, hydrogen plasma, and di-tert-butyl disulfide (TBDS), which is a liquid
that is significantly less hazardous and expensive than H»S. It was found that the TBDS-based
PEALD process results in layered, stoichiometric MoS with limited contamination. The TBDS-
based PEALD process was also analyzed via mass spectrometry to determine the mechanistic roles
of each reactant. Apparently, H> plasma removes ligands from the chemisorbed Mo precursor
which allows TBDS to sulfurize the top layer, producing H>S and isobutene as byproducts. MoS;
films deposited via the TBDS-based process possessed fewer yet taller out-of-plane growths and
similar crystal grain diameter (~10 nm) and electrical resistivity (13.6 - 15.5 Q.cm for 3 nm thick
films) compared to films made with H>S. Thus, the TBDS-based process is a suitable and safer

alternative to the H»S-based process for large-area synthesis of layered MoS,.

INTRODUCTION

Atomic layer deposition (ALD) is a vapor-phase synthesis method that utilizes self-limiting
surface chemistry! to deposit films, nanoparticles, and even single atoms>* with excellent process
control and conformality.* Since its discovery,>® ALD has become an important tool for academic
and industrial thin film processing. The number of ALD publications has accelerated

significantly,” and the breadth of materials accessible via ALD has become quite expansive.®’
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Recently, researchers have focused on the synthesis of layered transition metal dichalcogenides
(TMDs) via ALD due to the increasing relevance of these TMDs for electronic device fabrication
as well as energy production and storage.!” Notably, the application of layered TMDs in these
fields is highly dependent on low temperature, large-area processes with enhanced conformality
and process control like ALD.

Molybdenum sulfide (MoS>) is one of the most studied layered TMDs; it has an indirect
band gap as a bulk material and a direct band gap as a monolayer, enabling it to be used in low-
dimensional, flexible, and transparent electronics.!'™'3 ALD is becoming a popular method for
synthesizing thin MoS; films, however, many current ALD processes synthesize MoS: using HaS,
1420 \which is a toxic, flammable, and colorless gas?! that is heavier than air and whose odor can
become imperceptible to humans at lethal concentrations due to olfactory paralysis.??> As of 2010,
HaS was responsible for the second largest number of fatal gas inhalation incidents in workplaces
after carbon monoxide.?> Furthermore, while acute exposure to high concentrations of H»S is
potentially lethal, chronic exposure to concentrations below 0.01 ppm can also lead to adverse
health effects.”® H2S poses substantial safety risks but its use also necessitates the installation and
maintenance of expensive containment and abatement measures like gas cylinders, dedicated
coaxial tubing, and gas cabinets.

We report a PEALD process capable of synthesizing MoS: without H>S. The process
studied here utilizes a Mo precursor commonly used in ALD, 4102425 hydrogen plasma, and di-
tert-butyl disulfide (TBDS). While TBDS is flammable and toxic, it is a liquid at standard
temperature and pressure and has a vapor pressure of ~10 torr at ~87 °C.?® Being a liquid and
having a relatively low vapor pressure at and above delivery temperatures makes TBDS far less

dangerous and easier to contain than H>S in the event of a spill or leak. Nevertheless, TBDS has a



high enough vapor pressure that it can be delivered via vapor draw methods and can be installed
on an ALD reactor without additional containment or abatement mechanisms. In fact, TBDS has
been used in such a way to synthesize non-layered NiSx via ALD.?’

While MoS; has been synthesized via ALD using other non-H>S sulfur precursors, most MoS»

28,29

films synthesized with these precursor combinations suffer from contamination or an

amorphous structure,?%>2

and post-deposition processing is required to achieve high-quality MoS,
for electronic applications. In fact, to the best of the authors’ knowledge, the only published
precursor combination capable of producing MoS; films without requiring post-processing steps
utilized Mo(CO)s and diethyl disulfide with diethyl sulfide as an inhibitor. However, it is worth
noting that this study still utilized post-deposition annealing to improve crystal quality of the as-
deposited MoS».*® Thus, replacing H»S in the ALD of MoS: and other layered TMDs is an active
research topic deserving of attention.

Herein, layered MoS: films made with TBDS and H;S as sulfur precursors were compared and
were found to be similar in terms of growth rate, surface roughness, composition, crystal structure,

and electrical properties. This makes TBDS a safer and less expensive alternative to H2S for the

ALD of layered transition metal sulfides.

EXPERIMENTAL
ATOMIC LAYER DEPOSITION

All films were deposited in a Veeco Fiji G2 ALD reactor at a table temperature of 350 °C
on thermally grown 300 nm SiO2/Si unless otherwise specified. Films made using hydrogen
sulfide (H2S) were synthesized using a two-step recipe wherein the substrate was exposed to 15 s

of bis(t-butylimido) bis(dimethylamino) molybdenum ((tBuN)z2(NMez)2Mo) (98 %, Strem) ,



which was heated to 50 °C, followed by a 15 s chamber purge, a 10 s plasma exposure, and, finally,
another 15 s chamber purge. The plasma used for the H>S process consisted of H>S (2 sccm), Ha
(8 scem), and Ar (40 sccm) and was powered by a 14.6 MHz RF plasma generator at 300 W. This
plasma composition is based on our previous work on ALD of MoS..!* Further description of the
H»>S-based ALD process can be found in the Supporting Information.

Films made using di-tert-butyl disulfide (TBDS; Tokyo Chemical Industry, >97%) were
synthesized via a three-step ALD process that used (tBuN)2(NMez)2Mo, Hz plasma, then TBDS,
as shown in Figure 1 below. The Mo precursor step in the TBDS-based process was the same as

in the H>S-based process. The plasma step in the TBDS-based process lasted 8 s and used 50

Mo(N'Bu),(NMe,), -

Purge - - -

Co-reactant 1) TBDS
Plasma

Time

Figure 1. Schematic depicting the structure of the three-step, TBDS-based ALD process used to deposit MoS,. The
first and second purges are structured the same as the first and second purges of the two-step, H,S-based process as

described in the Supporting Information (Figure S 1). The third purge is 10 s long and occurs while rough pumping.

sccm of H» gas. The second purge was the same as in the H>S-based process (Figure S1). The third
step of the TBDS-based process was a 2 s dose of TBDS, which was heated to 55 °C, followed by
a 10 s purge of the chamber using the roughing pump. Before every ALD process, SiO> substrates
were loaded in the reaction chamber and cleaned with a 30 s O plasma (50 sccm O> with 30 sccm
Ar in carrier line, 300 W). The process chamber pressure was ~80 mTorr during rough pumping

and ~8 mTorr during turbo pumping.

SPECTROSCOPIC ELLIPSOMETRY



In-situ spectroscopic ellipsometry (iSE) was performed using an M-2000 J. A. Woollam
spectroscopic ellipsometer mounted onto the ALD process chamber at a 65.7 © angle. The spectral
range was 370 — 1000 nm. The fast acquisition mode (data collection every 0.5 s) was used to
observe real-time saturation behavior of the reactants for recipe optimization, and the standard
acquisition mode (data collection every 2 s) was used to measure the thicknesses of films made
using the optimized recipe.

Saturation behavior for all reactants was modeled using the equation:

A(l—e Ty + (ax*t),
where the surface saturating nature of the ALD reactions is accounted for by an exponential
increase characterized by an amplitude, 4, and a time constant, T. CVD-like reactions are also
accounted for using a linear approximation where a is the slope. In both terms, t is the
precursor or co-reactant exposure time.
TIME-DEPENDENT MASS SPECTROMETRY

Time dependent mass spectrometry was performed using a Hiden Analytical Limited
HPR-30 Residual Gas Analyzer (RGA) equipped with oxide coated tungsten filaments and a
0.05 mm orifice for sampling the ALD process gases. The RGA was connected to the ALD
reactor process chamber and line scans monitoring species having mass-charge ratios (M/Z)
of 2,16, 17, 18, 34, 40, and 56 were collected for the TBDS-based ALD process.

Since the sampling rate required for the RGA to measure reaction by-products was
too slow to characterize standard ALD cycles, a stop-flow type ALD recipe was used to enable
higher quality RGA measurements of the ALD process. Pumping of the process chamber was
immediately stopped before Mo precursor and TBDS doses and the pressure in the process

chamber was allowed to increase up to 2.7 Torr before pumping was resumed. Then, a 60 s



long purge was performed. Pumping of the process chamber was stopped immediately after
the Hz plasma dose to keep the plasma stable and a 60 s long purge was performed.

Meanwhile, mass spectrometry measurements were acquired every 24 seconds.

ATOMIC FORCE MICROSCOPY

Atomic force microscopy (AFM) was performed using a Bruker Icon Atomic Force Microscope.
The AFM instrument was operated in PeakForce Tapping mode with Scan Asyst-Air silicon nitride
probes. AFM image processing was performed using Bruker Nanoscope Analysis software.
Gradients in each AFM image were compensated using a first-order approximation. Film
thicknesses were obtained by removing a portion of the as-deposited film by scratching with Delrin
tweezers, acquiring an AFM image of the edge of the scratch, then vertically averaging the image
to obtain a height profile of the scratch. Note that Raman spectroscopy was used to ensure that no

MoS; vibrational modes were observed in the scratches.

RAMAN SPECTROSCOPY

Raman spectroscopy was typically performed on ~10 nm thick films. Raman spectra were
acquired using a WiTec brand DPSS laser (30 mW, 532 nm), a UHTS 300 VIS-NIR spectrometer,
and an alpha300R Access Mini confocal microscope equipped with a grating having 1800 lines

per mm, a 50x objective, and a CCD detector. Raman spectra were analyzed in Origin software

1‘14 l.34

according to the methods used by Akhil et al.'* and Mignuzzi et al.”* and were calibrated to place
the Si substrate peak at 520.6 cm™'. Five Voight peaks were fit to the range between 330 and 430

cm! to model contributions from the TO(M), LO(M), E%g, Aqg, and ZO(M) vibrational modes

found in Raman spectra for disordered MoS,.



X-RAY PHOTOELECTRON SPECTROSCOPY

X-Ray photoelectron spectroscopy (XPS) measurements were performed in a Kratos Axis
Ultra instrument using monochromatic Al Ka X-rays and charge neutralization in the form of
an electron flood gun. The emission current and anode voltage were set to 10 mA and 12 kV,
respectively. Survey spectra were acquired using a pass energy of 100 eV and a resolution of
0.5 eV, while high resolution scans of specific elemental signatures (core spectra) were
acquired with a pass energy of 20 eV and a resolution of 0.1 eV. All spectra were normalized
with respect to binding energy to place the maximum intensity observed in the C 1s region
at 284.5 eV. Angle-resolved XPS measurements (ARXPS) were performed by acquiring

identical data sets at collection angles of 0, 55, and 75 °.

TRANSMISSION ELECTRON MICROSCOPY

For cross-sectional Transmission Electron Microscopy (TEM) observations, a JEOL 2100 TEM,
operating at 200 kV and equipped with a double-tilt holder and a LaB 6 electron gun. Imaging was
performed at 200kV. Interlayer spacing and film thickness values were measured manually in the
Fiji image analysis software package.

Films examined via plan-view TEM were deposited directly on top of TEM grids Plan-view
high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) was
performed on a Thermo Fisher Scientific Talos F200X S/TEM operated at 200 kV, with a probe

convergence angle of 10.5 mrad. The collection range for the HAADF images is 56—200 mrad.

4P/2P HALL MEASUREMENTS



The 4-point and 2-point resistance (4P/2P) measurements were performed at room temperature
using LakeShore HMS 8400 series instrument with both DC and AC measurement capabilities. A
magnetic field reversal strength of £1.7T was used for the DC measurements, and of 1.2Tmms for
the AC measurements. Current reversal was performed to ensure minimal errors. Prior to all
measurements, system calibration was verified using the two-geometry setups with the standard 1
cm x 1 cm InAs samples. MoS» on sapphire substrate was used for all the 4P and 2P measurements,
to avoid the interference from the underlying Si substrate. The electrical measurements were taken

at room temperature.

TEST STRUCTURE FABRICATION AND ELECTRICAL TESTING

Circular transfer length method (C-TLM) structures were patterned using optical lithography. A
negative resist was used for this process. This was followed by the deposition of Ti/Au metal
(10/150nm) using thermal evaporation. A standard liftoff process was employed to complete the
fabrication process, with acetone as the liftoff solvent. The electrical measurements were
performed at room temperature using an Agilent BIS00A semiconductor device analyzer with a

Cascade Microtech probe station.

RESULTS AND DISCUSSION
ALD PROCESS DEVELOPMENT

The durations required for each precursor dose to saturate the film’s surface, or
saturation times, were measured in real-time via iSE at a temperature of 350 °C. In real-time
iSE measurements, the apparent change in film thickness was observed in 0.5 s increments

and resulting data were fit with the model described in the methods above.
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Figure 2. Change in apparent film thickness vs time, as recorded by iSE, resulting from: (a) a 60 s (tBuN)2(NMe:)>.Mo
dose in an ALD cycle also containing an 8 s H plasma dose and a 2 s TBDS dose, (b) a 30 s H» plasma dose in an ALD
cycle also containing a 15 s (tBuN)>(NMe;),Mo dose and a 2 s TBDS dose, (c) a2 s TBDS dose in an ALD cycle also
containing a 15 s (tBuN)2(NMe:)Mo dose and an 8 s H, plasma dose, and (d) change in film thickness vs number of

ALD cycles for the TBDS and H,S-based processes.

The (tBuN)2z(NMez)z2Mo saturation curve shown in Figure 2a was collected from a recipe
using a 60 s (tBuN)2(NMez)2Mo dose, a 8 s Hz2/Ar (10 sccm/40 sccm) plasma dose,and a2 s
TBDS dose. The exponential ALD component is plotted as a blue dashed line and the linear
CVD component is plotted as a green line with alternating dashes. A dose time of 15 s was
chosen for the (tBuN)2(NMez)2Mo dose to balance maximizing the ALD component with
minimizing the CVD component. The behavior of the (tBuN)2(NMez)2Mo dose was very

similar in the H2S-based process so the same dose time of 15 s was chosen (Figure S2). With
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the (tBuN)2(NMez)2Mo and TBDS doses fixed at 15 and 2 s, respectively, the H2 plasma
showed saturating ALD behavior at 8 s (Figure 2b).

Initially, a two-step TBDS process was attempted wherein only alternating
(tBuN)2(NMe2)2Mo and TBDS doses were used, but no observable thickness changes were
recorded via iSE. Only after introducing an Hz plasma exposure between the
(tBuN)2(NMe2)2Mo and TBDS doses, was repeatable saturating growth observed. It may be
that the imide and/or amide ligands present on the substrate surface after
(tBuN)2(NMe2)2Mo exposure are unreactive with TBDS. In fact, the Hz plasma resulted in a
negative change in apparent film thickness, which indicates the removal of ligands from
chemisorbed species derived from (tBuN)2(NMez)2Mo. It is also probable that the Hz plasma
is responsible for reducing Mo atoms in the precursor molecules from their 6+ oxidation
states to 4+ oxidations states found in MoSa.

The H2 plasma also caused potential etching behavior, which was observed as a linear
component in the model with negative slope. Thermal effects due to plasma exposure have
been ruled out as a source of this linear decrease in apparent thickness since the thickness
change is not reversed when the plasma exposure is ended.

Finally, the TBDS dose (Figure 2c) shows saturating ALD behavior with little to no
concurrent CVD or etching while the (tBuN)2(Nmez)2Mo and Hz plasma doses are fixed at 15
and 8 s, respectively. A dose time of 2 s was chosen for TBDS since the ALD component of the
model is first saturated at that time. It seems likely that TBDS reacts with the substrate
surface, which should be H-terminated due to the Hz plasma exposure in the B-step, to
produce isobutene vapor and surface-terminating thiol groups?? that (tBuN)2(NMe2)2Mo can

react with.
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In fact, mass spectrometry data collected from a stop-flow version of the TBDS-based
ALD process show periodic pressure spikes for chemical species with M/Z = 56, which
corresponds with singly charged isobutene. These spikes appear during the Mo precursor
and TBDS doses (Figure 3a) and indicate that isobutene is produced during these steps.
Isobutene production is expected to occur at the substrate surface via intramolecular -H
transfer which allows for the creation of surface thiol groups 27 and enables the subsequent
reaction of (tBuN)z(NMez)2Mo. However, isobutene production was not expected to appear
during the Mo precursor dose. It may be that some isobutene physisorbed on the ALD reactor
chamber walls and substrate surface and was displaced during the (tBuN)2(NMez)2Mo dose.
Interestingly, a species with M/Z = 34, which correlated with singly charged H:S, was
observed during the H2 plasma and TBDS steps. The presence of Hz2S during the H2 plasma
step indicates etching (removal of S) from the MoS: film as was observed in the iSE data.
Although, H2S released during the TBDS step likely has a different origin. If -H groups
originating from the H2 plasma step coexisted on the substrate surface with thiol groups
created by the TBDS exposure, then it seems likely that these -H and -SH groups could
combine to form H2S during the TBDS exposure as shown in Figure 3b.

Real-time iSE data acquired in ~2 s increments were recorded for two films made with
100 ALD cycles using H2S plasma and TBDS (Figure 2d). The resulting thickness value was
112 A for 100 cycles of the TBDS process, indicating a growth-per-cycle (GPC) of 1.12
A/cycle. The growth rate of the H2S-based process was found to be ~1.72 A /cycle by a similar
method. The GPC of the TBDS-process as determined from the corresponding slope in Figure
2d was found to be ~1.13 A/cycle, which is approximately equal to the GPC determined for

the TBDS process from absolute thickness measurements. Measuring the GPC of the H2S-
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based process gives a GPC of ~1.73 A/cycle. Thus, the iSE data indicates that the TBDS-based
process is significantly slower than the H2S-based process, however, both growth rates are
relatively fast for ALD in general.

Growth rates were also measured via AFM by scratching each film made with 100 ALD
cycles and measuring the height of the step at the edge of the scratch. The GPCs determined
this way are 1.1 and 1.5 A/cycle for the TBDS and HzS-based processes/respectively. These
values are comparable to the values measured using iSE.

Growth rates were investigated with respect to deposition temperature (Figure S4) and a
maximum GPC was observed for the TBDS-based process at a deposition temperature of 350
°C. A notable decrease in GPC for deposition temperatures below 300 °C is likely attributable

to lower reactivity of TBDS at these temperatures, which will be discussed later. The GPC at
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Figure 3. (a) Mass spectrometry line scan showing the prevalence of species exhibiting mass-charge ratios of 56
and 34 (M/Z = 56 and 34). Note the timeline has been segmented and labeled to illustrate which ALD step features
in the line scan correspond with. Each labeled segment includes a stop-flow type dose and the subsequent purge.
(b) Proposed mechanism for a reaction between TBDS and the MoS; substrate surface that results in isobutene

(M/Z =56) and H,S (M/Z = 34) as byproducts.

450 °C is also significantly reduced compared to 350 °C, which may be due to desorption of
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the (tBuN)z2(NMez)2Mo precursor leading to an undersaturated surface. The H2S-based
process exhibits the similar trends in GPC with respect to temperature as the TBDS-based
process.
CHARACTERIZATION OF SURFACE ROUGHNESS

AFM analysis was performed on MoS; films deposited using the three-step TBDS process
to characterize the films’ roughness. 5 and 10 nm thick films were analyzed to study the
relationship between film thickness and roughness The same analysis was performed on similar

MoS: films made via the two-step H2S-based ALD process.
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An AFM image taken of a 5 nm thick MoS; film made using the three-step TBDS-based process
is depicted in Figure 4a. Note the presence of vertical growths indicated by the lighter colors in
the AFM image. These growths are most likely groups of MoS» layers that have grown out-of-
plane with the substrate, resulting in fins (evidenced in TEM cross section images later). Fins are
not uncommon when growing MoS; or other TMDs via vapor deposition methods.'%!*!>!° Figure
4b is a histogram displaying the relative percent prevalence of height values for pixels from the
AFM image in Figure 4a. The histogram in Figure 4b shows a slightly right-skewed peak centered

around the arbitrary height of 0 nm, which corresponds to the height of the film where no fins have
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Figure 4. (a) AFM image of a 5 nm thick MoS; film deposited using the three-step TBDS process. (b) Height
histogram displaying the relative percent prevalence of pixels in image (a) having a specific arbitrary height. (¢) AFM
image of a 10 nm thick MoS; film deposited using the three-step TBDS process. (d) Height histogram displaying the

relative percent prevalence of pixels in image (c) having a specific arbitrary height.
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grown. The slight skewing of this peak towards greater heights likely results from the small number
of fins, which have heights greater than the rest of the film.

AFM analysis shows that a 10 nm MoS; film (Figure 4c) made using TBSD has noticeably larger
and more plentiful out-of-plane fins than the 5 nm film. It seems fins continually appear and grow
as the ALD process continues. The height histogram corresponding to the 10 nm film (Figure 4d)
shows a relative increase in intensity for the right-skewed tail, also indicating the growth and
appearance of new fins. The peak centered around 0 nm has broadened notably, which could be
due to an increase in surface roughness for the parts of the film where no fins exist. The total range
in height (Zrange), which may also be thought of as the maximum vertical peak-to-valley distance,
as measured by AFM for Figure 4a is 17.7 nm, while Zrange for Figure 4c is 27.1 nm. An increase
in Zrnge as the deposition proceeds indicates that the fins grow in height as the ALD process
continues.

A similar analysis was performed using AFM for films synthesized using the two-step HoS
process. An AFM image depicting a 5 nm thick MoS: film made using the two-step H2S process
is shown in Figure 5a. Comparing AFM images for the two 5 nm thick films (Figure 4a and Figure
5a) reveals that MoS: films made with H>S have many more fins than those made with TBDS,

although fins on MoS: made with H2S appear smaller in height.
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The height histogram corresponding to Figure 5 a (Figure 5b) shows a prominent shoulder on
the peak centered around 0 nm. This shoulder appears with significantly greater intensity than the
right-skewed tail in the histogram corresponding to the 5 nm thick film made with TBDS (Figure
4b), clearly demonstrating the presence of more fins on the film made with H>S. Additionally,
Zrange for the 5 nm thick film made with H»S is 11.3 nm, which is significantly less than the Zrange

observed for the corresponding film made with TBDS.
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Figure 5. (a) AFM image of a 5 nm thick MoS, film deposited using the two-step H»S process. (b) Height histogram
displaying the relative percent prevalence of pixels in image (a) having a specific arbitrary height. (c) AFM image of
a 10 nm thick MoS; film deposited using the two-step H»S process. (d) Height histogram displaying the relative

percent prevalence of pixels in image (c) having a specific arbitrary height.

An AFM image taken of a 10 nm thick film made with HaS is displayed in Figure 5 c. In the

height histogram corresponding to the 10 nm thick film made with H>S, the shoulder associated
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with fin growth now appears as a peak with greater percent prevalence than the peak centered
around 0 nm. Thus, it could be said that a majority of the surface of the 10 nm thick film made
with HaS is covered with fins, whereas the 10 nm thick film made with TBDS is predominantly
free of fins. Zrange for the 10 nm thick film made with H>S is 14.9 nm, showing that fins do grow
in height during the H>S-based process, but they remain smaller than the fins observed on films

made with the TBDS-based process.

CHARACTERIZATION OF COMPOSITION AND STRUCTURE

The acquired Raman spectra are shown in Figure 6. Figure 6a depicts a cropped Raman
spectra taken of a ~10 nm thick MoS; film deposited using H> plasma and TBDS. Note the
appearance of E%g and A;g Raman peaks at 382 and 407 cm’!, respectively, which are characteristic
of the in-plane and out-of-plane vibrational modes of multilayer 2H-MoS,.>>*® Figure 6b depicts
a similar Raman spectrum acquired for a ~10 nm MoS; film made with H>S-based plasma. Peak
positions of 383.8 (E3,) and 408 (A;) cm™ were measured for this film. The slightly smaller

separation between the E%g and A1z Raman modes for the film made with H>S can be attributed to

lower strain or doping as has been observed for MoS,,?"-*8

especially since the films characterized
here are approximately the same thickness meaning effects of film thickness on this peak
separation can be ruled out. Additionally, the defect-related transverse optical (TO(M)),
longitudinal optical (LO(M)), and longitudinal acoustic (LA(M)) modes appear with greater

intensity relative to the A;; mode in the spectrum acquired for the film made with H> plasma and

TBDS, indicating that the TBDS-based process introduces more defects into the MoS> structure
than the H2S-based process. All peak positions, areas, full widths at half-max, and the associated

errors are reported in Table S 1.
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Figure 6. Deconvoluted Raman spectrum of a ~10 nm thick MoS, film deposited using: (a) a H»S plasma and (b) a
H, plasma and TBDS. Peaks attributed to Ezlg and Alg vibrational modes are characteristic of MoS, and those

attributed to TO(M), LO(M), ZO(M), and LA(M) modes are all defect-related. (¢) Raman spectra for ~10 nm thick
MoS:; films deposited using H,S plasma (top, red) and H» plasma with TBDS (blue, bottom).

Raman spectroscopy was also used to characterize MoS: films grown via the TBDS-based
process (100 ALD cycles) at deposition temperatures ranging from 150 to 450 °C (Figure 7). Note
the appearance of the E %g and A1 modes in each spectrum acquired from films grown at deposition
temperatures above 200 °C. Interestingly, these vibrational modes are missing from the spectra
acquired from films synthesized at 200 °C and below. Apparently, TBDS is incapable of reacting
to form MoS; at these temperatures and, presumably, MoCxNy is deposited as has been observed

for (tBuN)2(NMez)2Mo exposures alternated with Hz-based plasmas.3940
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An XPS core spectrum taken of the Mo3d and S 2s region at a collection angle of 0° for a 10 nm
thick film made with TBDS is shown in Figure 8 a. The more intense doublet in the Mo3d data set
possesses a peak separation of 3.14 eV, which is consistent with the peak separation attributed to
spin-orbit splitting for the Mo3d signature of MoS,.*! The smaller doublet observed at higher
binding energies in the Mo 3d core spectrum is attributed to the formation of a MoSxOy layer on
the surface of the film due to air exposure that occurred while transferring the films from the ALD
reactor to the XPS instrument. The Mo 3d XPS spectrum taken of the film made with TBDS closely
resembles that taken from the film made with H>S (Figure S7). The peak separation of the Mo 3d
doublet for the film made with H,S was also found to be 3.14 eV and the separation between the
Mo 3d5/2 peak and the S 2s peak is 2.75 and 2.77 eV for the TBDS and H»S plasma processes,
respectively. Similar energy differences between the Mo3d5/2 and S 2s peaks imply similar

chemical environments for Mo and S in each film.

w
o INC T ]
N ]
S0 AT
250 °C

e s N

200 °C

e,

150 °C

200 300 400 500

Wavenumber (cm™1)

Figure 7. Raman spectra acquired from MoS; films synthesized using 100 cycles of the TBDS-based ALD process.

Each spectrum is normalized to the maximum of the Si substrate signal at 520.6 cm™..
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The S 2p XPS dataset taken from the film made with TBDS (Figure 8b) is best fit with two
doublets, one lower in intensity and shifted to higher binding energies, indicating the presence of
oxidized S species, which could also be attributed to a MoSxOy surface layer. The S:Mo ratio was
calculated from these XPS data by dividing the total area of both S 2p doublets by the total area of

Mo 3d doublets after adjusting each for their relative sensitivities. A S:Mo ratio of 1.98 was
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Figure 8. XPS data acquired from a ~10 nm thick MoS; film made with the two-step TBDS-based process. (a)
Fitted XPS spectrum of the Mo3d and S 2s regions. (b) Fitted XPS spectrum of the S 2p region. (c) Fitted XPS
spectrum of the Mo 3p 5/2 and N 1s regions. (d) Relative areas of peaks fit to XPS spectra featuring the C 1s and
O 1sregions. The C 1s and O 1s regions were normalized for each film so that the peak areas for spectra collected

at an angle of 0° are equal to 1 relative to the corresponding Mo 3d signal.
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calculated for the film made with TBDS, indicating that the film possesses stoichiometry very
close to MoS». A similar S 2p spectrum was acquired from the film made with H,S (Figure S7),
which yielded a S:Mo ratio of 1.96, indicating that both ALD processes are capable of synthesizing
stoichiometric, or near stoichiometric, MoS>. Additionally, the difference in binding energy
between the Mo 3d5/2 and S 2p3/2 peaks for both types of MoS, was ~67.2 eV, which has been
found to correlate strongly with a S:Mo ratio near 2:1.%?

XPS was also used to evaluate the concentration of potential nitrogen, carbon, and oxygen
contamination. Since the second step in each ALD process is a hydrogen-rich plasma, it is likely
that the ligands on the Mo precursor are fragmented, which could allow for the incorporation of
nitrogen or carbon from the tert-butyl imido or dimethyl amino groups. An N 1s core XPS
spectrum was collected for the film made with TBDS (Figure 8c) to investigate the extent of
nitrogen contamination. The N 1s spectrum also contained peaks corresponding to the Mo 3p3/2
signature due to spectral overlap. The larger Mo 3p3/2 peak is expected to originate from the bulk
of the film, which is MoS;, and the weaker Mo 3p3/2 peak is from the MoSxOy surface layer. To
aid the deconvolution of this spectrum, the area of the MoSxOy Mo 3p3/2 peak was fixed relative
to the MoS» 3p3/2 peak in the same ratio as was found for the areas of the MoSxOy and MoS;
doublets in the Mo 3d region. Comparing the areas of the N 1s peak and Mo 3d doublets indicates
that the N:Mo ratio is 0.026 for the film made with TBDS. Interestingly, the N:Mo ratio calculated
for the film made with H>S was found to be 0.081. Thus, it is expected that the pure H> plasma
used in the TBDS process is more efficient at removing the precursor ligands and their fragments
from the film.

C 1s core spectra were taken at collection angles of 0°, 55°, and 75° to evaluate carbon

contamination and to evaluate whether the C 1s signatures originate from adventitious carbon or
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the interior of the MoS, films. While depth profile sputtering could be used, MoS; is known to
experience preferential sputtering, which could complicate the calculation of stoichiometric
ratios.*? The XPS instrument used in this work is not equipped with a gas-cluster ion beam, which
is recommended for samples sensitive to a regular argon ion beam. Thus, the C 1s signal was
investigated via angle resolved XPS. Collecting XPS spectra at increasingly large collection angles
yields compositional data from increasingly shallow sample depths.** By comparing a series of
XPS signatures observed at various collection angles, it is possible to tell if a species is
predominantly present on the surface or in the bulk of a film.

The recorded C 1s signature was able to be fit with a single peak. C/Mo ratios were calculated
for the film by dividing the total area of the C 1s peak by the total area of the MoS: and MoSxOy
doublets in the Mo 3d region at each collection angle. These ratios (Figure 8d) were then
normalized with respect to each other to make the C/Mo ratio equal to 1 for each film at a collection
angle of 0°. Note how the C/Mo ratio increases with increasing collection angle. Thus, the signal
observed in the C 1s region has been attributed to adventitious carbon bound only to the surface
of the film. Since the film made with H2S yielded similar data for the C 1s region (Figure S7), it
has been concluded that the C 1s signal obtained from films made with H>S is also attributable to
adventitious carbon.

O 1s/Mo 3d ratios were calculated in a similar fashion to the C 1s/Mo 3d ratios. The O 1s region
consistently yielded weak signal that was difficult to reliably peak fit. Thus, the entire area beneath
the raw data in the O 1s core scans was used, meaning that the signal was not deconvoluted to
distinguish between oxygen on the surface of the films and oxygen within the films. However,
comparing these ratios at different collection angles can indicate whether most of the oxygen is

found at the surface or inside the films. Interestingly, the O 1s / Mo 3d ratio collected for the
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TBDS-based film increases slightly with collection angle while the O 1s / Mo 3d ratio collected
for the HoS-based film decreases noticeably (Figure S7). Therefore, it is concluded that the H»S-
based film contains more oxygen than the TBDS-based film, which could be due to the
reducing/etching nature of the H, plasma B-step used in the TBDS-based recipe.

Cross-sectional bright-field TEM (BF-TEM) analysis was performed on a ~10 nm thick MoS»
film made with TBDS. Note that these films were deposited on thermally grown 90nm thick
Si02/Si. A cross-sectional view of the MoS» and protective carbon and platinum layers is shown
in Figure 9a. The relatively thin and dark layer in Figure 9a is the MoS: film as indicated by the
labels and arrows. Figure 9b depicts a more magnified view of the MoS; film made with TBDS
and reveals prominent horizontal striations with spacings of 0.66+0.05 nm, indicating that these
alternating light and dark features are consistent with interlayer spacing in chemical vapor
deposited MoS,.* The film thickness as determined from cross-sectional BF-TEM images was
found to be 8.5+0.4 nm. Note that these measurements were made where the films possessed no
observable out-of-plane growth and that this thickness value is noticeably lower than those
obtained via iSE and AFM. Since AFM and iSE take into account an “average” film thickness
measured over a relatively large area and BF-TEM was used to differentiate between nanoscale
areas with and without out-of-plane growth, it seems likely that out-of-plane growth has
contributed to the larger film thicknesses observed from iSE and AFM. Cross sectional BF-TEM
of a ~10 nm thick MoS; film made with H>S reveals interlayer van der Waals gaps with similar

spacing (0.66+0.04) and a film thickness of 7.6+0.6 nm.
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Figure 9. (a) Larger scale cross-sectional view of a ~10 nm thick MoS2 film deposited using TBDS on a 90 nm
Si02 layer on a Si wafer. (b) Magnified view of a ~10 nm thick MoS2 film. The protective carbon and platinum

layers are visible in the larger scale micrograph.

Plan-view HAADF-STEM was also used to characterize the crystal grain structure of 5 nm thick
MoS: films. A plan-view HAADF-STEM image taken of a film made with TBDS is shown below
in Figure 10a with the corresponding FFT in the inset. The plan-view HAADF-STEM image shows
a mottled light and dark gray regions, which do not appear to correspond with crystal grains as
there are no obvious lattice fringes with the notable exception of the bright feature in the lower left
portion of the image. This feature possesses alternating light and dark striations consistent with
the interlayer MoS» spacing, meaning it is an out-of-plane fin-like growth. Despite the lack of
obvious lattice fringes in the plan-view HAADF-STEM image, a ring of spots (highlighted in a
blue arc) and a pair of spots with a smaller reciprocal spacing (highlighted in a yellow circle) are
apparent in the FFT in the inset of Figure 10a. The rings correspond to a crystallographic spacing
of ~0.27 nm, while the spots correspond to a spacing of 0.61-70 nm. These spacings are
approximate due to the diffuse nature of the features in the FFT, but they agree well with published
values for MoS; synthesized by ALD and CVD.** The ring in each pattern likely results from
the {1100} planes, which have spacings of 0.27 nm. The spots can be attributed to the (0001)

planes, which delineate interlayer spacing of MoS,.
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Figure 10. (a) Plan-view HAADF-STEM image depicting a 5 nm thick MoS, film deposited using TBDS on a
10 nm thick silicon nitride TEM window membrane previously coated with 5 nm of atomic layer deposited SiO»;
the inset depicts the corresponding FFT. (b) An inverse FFT constructed from the spot contained in the yellow
circle in the inset in (a), note the presence of lattice fringes consistent with interlayer spacing in MoS,. (¢) An
inverse FFT constructed from the spots contained in the blue arc in the inset in (a), note the lighter regions ~10

nm in diameter, some of which are indicated by circles.

Figure 10b and c are inverse FFTs constructed from the spots and the ring in the inset of
Figure 10a, respectively. Note that the inverse FFT constructed from the spots highlights the
position and structure of the fin, while the inverse FFT constructed from the ring highlights in-
plane regions of the MoS: film. These regions of the MoS: film, which are approximately 10 nm
in size, can be presumed to contain MoS> crystals that contain the information represented as the
ring in the FFT. Thus, the crystal grain size is reported as 10 nm for the film made with TBDS.
The same conclusion can be drawn from Figure S 9, which is the result of a similar analysis for
the film made with H»S. The bright regions in the inverse FFTs associated with crystal grains in
each film can be observed more clearly in a series of inverse FFTs constructed from individual
spots in the ring associated with the {1100} planes (Figure S10 and Figure S11). It should also be
noted that the lighter regions in the inverse FFT corresponding with in-plane crystal grain can be

constructed and observed from multiple plan-view HAADF-STEM images acquired from various
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regions of each type of film (Figure S12 and Figure S13), indicating that the grain size is ~10 nm
across the entirety of the film.

Electrical resistivity was measured for MoS; films deposited using 100 cycles of the TBDS and
H>S-based ALD processes at deposition temperatures ranging from 150 to 450 °C (Figure 11).
Note the jump in resistivity for the TBDS process as the deposition temperature increases from
200 to 250 °C. This sharp increase in resistivity corresponds with the appearance of MoS;-related
Raman modes upon increasing the deposition temperature from 200 to 250 °C. The resistivities
found here for films deposited using the TBDS-based process at deposition temperatures below
250 °C are comparable to those reported in the literature for MoCxNy synthesized by ALD,* which
could form if the TBDS were not reactive below 250 °C. In fact, the recipe used by Bertuch et al.
utilizes the same Mo precursor with hydrogen-containing plasmas, meaning the TBDS-based
MoS: process would effectively become the same as the MoCxNy process if TBDS becomes
unreactive at temperatures below 250 °C. For deposition temperatures at and above 250 °C, the
TBDS-based process synthesizes films with relatively consistent resistivities ranging from 0.04 —
0.08 Q cm, exhibiting a slight positive linear trend with respect to increasing deposition
temperature. It should be noted that the resistivities reported here are similar to, but somewhat
lower than, those reported for atomic layer deposited MoS: elsewhere. '

Interestingly, resistivities recorded for the H>S-based process exhibit an opposite trend with
respect to deposition temperature, with higher resistivities occurring at lower deposition
temperatures and a relatively strong negative correlation with respect to deposition temperature
beginning at 250 °C (2.2 Q cm at 250 °C and 0.003 Q cm at 450 °C). While the decrease in
resistivity with increasing deposition temperature for the H>S-based process may be expected due

to an overall increase in crystalline order, it is unclear why the resistivity of MoS: films made with

27



the TBDS process exhibit an opposing trend across the same range of deposition temperatures.
The effects of deposition temperature and process type on charge carrier type and density will be

investigated in future work to elucidate the origin of these effects.
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Figure 11. Resistivity measurements acquired from MoS, films made with 100 cycles of the TBDS and H,S-

based ALD processes at deposition temperatures ranging from 150 to 450 °C.

While the principal aim of this study is the exploration of MoS» synthesis methods using the
TBDS precursor, electrical characterization is an important metrology method to understand the
properties of resulting thin-film material. The objective of performing Hall and C-TLM
measurements is to validate TBDS-synthesized MoS, in terms of conductivity, which is a
fundamental pre-requisite for electron device operation. The subtle details of current transport and
modulation will require a more detailed device-focused study, in terms of field-effect-transistor
fabrication, with dimensions in the sub-micron regime. Nevertheless, demonstrating conductivity
in TBDS MoS; thin-films is an important step-forward for this material system, as well as
contrasting it with similar measurements performed on other MoS; thin-films, that are synthesized
by other chemistries. The following electrical work is discussed in terms of the resistivity figure-
of-merit. The deposition temperature for these films was 350 °C. The electrical measurements

were all taken at room temperature.
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Hall DC measurements were performed on 1 cm X 1 cm MoS» (3 nm thick) samples deposited
on sapphire, using TBDS as the sulfur precursor. The 2-point (2P) measurements showed
consistent ohmic behavior across all two-point contacts as presented in Figure 12. During this
measurement, current is forced, while voltage is sensed. As shown schematically in the legend of
Figure 12, the labels C1 — C4 indicate contacts were applied to the 4 corners of the sample, and
current-voltage checks were performed in multiple pathways. The resistivity (p) and sheet
resistivity (ps) values from the 4P measurements were in the order of 13.6 - 15.5 Q.cm and 4.5x10’
- 5.2x107 Q.sq”! respectively. Discrepancies between these resistance values and those obtained
via the colinear 4P measurements may be due to different electronic effects originating from the
substrate. The colinear and Hall 4P measurements were obtained from MoS» deposited on Si0,/Si
and AbOs3 substrates, respectively. Notably, Ma et al. observed that the choice of encapsulating
dielectric affects the charge transport in ultra-thin MoS,.*® Thus, the identity of the substrate is a
likely culprit for the observed differences in resistivities.

The accuracy of the Hall 4P measurements is bolstered by an F-value of 0.99, where any F-value
greater than 0.95 indicates the resemblance of the sample being measured with the ideal Van der
Pauw structure, hence confirming the reliability of the measurements. AC measurements were
presently unreliable due to poor signal-to-noise ratios, which is a known issue for ALD/CVD

TMDC films,*” and this is currently under further investigation.
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Contrasting p measured here with values extracted from other TMDC thin-films, we note the
value is consistent, in terms of being in a meaningful range for non-intentionally doped films.
Measured on the same LakeShore system as in this work, the large data set in Lin et al.’
demonstrated p in the 1.4-3.3 kQ.cm range for MoS, CVD films, as a function of substrate and
deposition temperature. Similarly, PtS from H»S converted Pt, produced thin-films with p in the
order of 318 Q.cm,*® while ALD WS, yielded a 4P p of 2 Q.cm.* Lastly, using device test
structures, p was observed to be 191 Q.cm at room temperature in MoS, formed by thermal-

assisted-conversion of Mo metal, decreasing to 41 Q.cm when the measurement temperature was

increased to 100 °C.>°
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Figure 12. Representative current voltage characteristics taken from the Hall DC measurements performed on 1 cm
x 1 cm MoS; (3 nm) samples deposited on sapphire, using TBDS as the precursor. During this measurement, current
is forced, while voltage is sensed. The labels C1 — C4 indicate contacts were applied to the 4 corners of the sample,
and current-voltage checks were performed in multiple pathways as indicated in the legend. The current voltage trend
shows a linear characteristic through the origin.

Figure 13 shows representative current voltage characteristics taken from optical lithography

defined circular test structures, where the MoS; thin-film was deposited on an SiO»/Si substrate.

The fabrication of these test structures has been described in previous work.*’ Evaluating the data
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in terms of conductivity, the current-voltage trends show current scaling in accordance with
voltage, inverse scaling with electrode separation, and exhibit a predominantly linear characteristic
through the origin. All of these features indicate this MoS» thin-film shows promise for electron

device operation and for nanoelectronic applications.
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Figure 13. Representative current voltage characteristics taken from optical lithography defined circular test
structures, where the MoS; thin-film is deposited on an SiO/Si substrate. Evaluating the data in terms of
conductivity, the current-voltage trends show current scaling in accordance with voltage, inverse scaling with
electrode separation, and exhibit a predominantly linear characteristic through the origin. All of these features

indicate this MoS; thin-film shows promise for electron device operation and for nanoelectronic applications.
With respect to putting these data into perspective, the large dimensions of the test structures, or
large spacings between probes is significant, especially when coupled with the nanometer scale of
the thin-film thicknesses. As stated in our previous work,!® this aspect ratio of channel length
(electrode or probe spacing) versus film thickness is in the order of 10000:1 or more, which is
extreme. The poly-crystalline nature of the films, along with the high surface to volume ratio, will

undoubtedly hamper carrier transport due to scattering. A more favorable electrical evaluation will
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come with scaled device dimensions to the sub-micron regime. Optimization of electron device

performance will be the target of a future study.

CONCLUSIONS

We report a PEALD process that utilizes TBDS as an alternative sulfur precursor to HoS
for synthesizing layered MoS; thin films. The TBDS-based process has a slower growth rate
compared to the H2S-based process (1.1 vs 1.5 A/cycle per AFM measurements), but it is capable
of synthesizing stoichiometric MoS; with low carbon and nitrogen contamination at a deposition
temperature of 350 °C. It was also found that the surface roughness of MoS: films synthesized
using TBDS was more favorable for microelectronics applications than that observed for MoS;
synthesized using H2S. MoS: films synthesized with TBDS and H>S were also found to have
similar microstructure and electrical resistivity. Finally, Hall and C-TLM measurements
demonstrate that the TBDS-based process is capable of preparing MoS; films for microelectronics
applications, indicating that the TBDS-based ALD process herein is a suitable and relatively safe
substitute for the H2S-based process for low temperature, large area, layered MoS: deposition. Our
findings suggest that the TBDS precursor can likely be applied in ALD processes for other layered

transition metal chalcogenides.
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