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Abstract

Direct growth of transition metal dichalcogenides over large areas within the back-end-of-line
(BEOL) thermal budget limit of silicon integrated circuitshis a significant challenge for 3D
heterogeneous integration. In this work, we report on.the growth of MoS; films (~1-10 nm) on
SiO,, amorphous-Al;Os, c-plane sapphire, and glass substrates achieved at low temperatures
(350-550 °C) by chemical vapor deposition in"a manufacturing-compatible 300 mm atomic
layer deposition reactor. We investigate the:MoS.films as a potential material solution for
BEOL logic, memory and sensing applications. Hall-effect/4-point measurements indicate that
the ~10 nm MoS; films exhibit very low, carrier concentrations (10*-10%> cm®), high
resistivity, and Hall mobility valugs of =0.5-17 cm? VX s, confirmed by transistor and resistor
test device results. MoS; grain aundaries\and stoichiometric defects resulting from the low
thermal budget growth, while detrimental to lateral transport, can be leveraged for the
integration of memory and" sensing functions. Vertical transport memristor structures
(Au/MoS,/Au) incorporating/~3 nm thick"MoS; films grown at 550 °C (~0.75 hours) show
memristive switching and a'stable.memory window of 10° with a retention time > 10 seconds,
between the high-low resistive states. The switching set and reset voltages in these memristors
demonstrate a significant reduction compared to memristors fabricated from pristine, single-
crystalline MoS; at higher.temperatures, thereby reducing the energy needed for operation.
Furthermore, interdigitated electrode-based gas sensors fabricated on ~5 nm thick 550 °C-
grown (~1.25'hours) MoS; films show excellent selectivity and sub-ppm sensitivity to NO- gas,
with a notable self=recovery at room temperature. The demonstration of large-area MoS; direct
growth. at and below the BEOL thermal budget limit, alongside memristive and gas sensing
functionality, advances a key enabling technology objective in emerging materials and devices
for 3D, heterogeneous integration.
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1. Introduction

Graphene is a pioneer in two-dimensional (2D) materials.
In addition to its applications in flexible electronics where
large scale synthesis has been reported, i.e. in a roll-to-roll
production [1], graphene can provide potential applications at
the back-end-of-line (BEOL) of conventional integrated
circuits [2, 3]. Recently, transition metal dichalcogenides
(TMDs) have emerged from the graphene initiatives due to the
diverse functionality offered by the incorporation of this class
of 2D layered material. More specifically, TMDs can be
engineered to provide bandgap tunability and therefore exhibit
electronic properties from semimetals to wide bandgap
semiconductors, thus opening up new opportunities in
applications from optical and electronic devices (e.g. memory
and logic), to sensors and medical electronics [4-12].

While initial studies of TMDs were performed on
exfoliated flakes, obtained from natural and synthetic crystals,
in recent years the focus has extended to studies of large-area
growth methods to assess practical manufacturability of;
materials and devices. Of particular interest for 3D
heterogeneous integration is the rapid growth of TMD
materials at < ~550 °C, as this opens up the pessibility of
integrating TMD-based devices at the BEOL [13-16],with the
potential to provide a low-temperature growth semiconductor
for logic, memory or sensing functionality ‘above the
temperature-sensitive complementary metal-oxide-
semiconductor (CMOQOS)  circuitry.  More-than-Moore
heterogeneous integration with BEOL compatibility/is a key
enabling technology that opens up avenues forsupplementing
‘dimensional scaling’ with ‘functional sealing’. Given the
constraints of a low thermal budget;.the requirement of wide
functional diversity supersedes the needfor high performance
[17-20]. It is noted that low-temperature growth of
semiconducting materials is. also" of _relevance to other
applications with temperature-sensitive  substrates, such as
flexible electronics and displays.

Among the TMD ,options, MoeS; has drawn much attention
due to its thickness-dependent bandgap [5]. Moreover, field-
effect transistors (FETs) based on exfoliated MoS;, have
demonstrated &xcellent field modulation with high On/Off
current ratio (> 10° [21], 108[7], 108 [22] and up to ~10° [23]),
small subthreshold.swing (74 mV dec™ [22], 70 mV dec™ [24]
and,65 mV dec™ [7]), and high mobility values (> 100 cm? V-
151 [24] and =200,¢M? V-1 s1[22]). Chemical vapor deposition
(CVD) [25-42] and atomic layer deposition (ALD) [43-51] are
leading'candidates for controlled wafer-level growth of MoS,

XXXX-XXXX/ XX/ XXXXXX

although limited grain size can inhibit lateral transport
properties compared to flakes exfoliated from crystals. While
one monolayer MoS, may theoretically provide the highest
performance, production capability for high quality, single
crystal MoS; is at its infancy, ‘and present methods rarely
produce high performance device grade material, despite the
high process temperatures,\which are,non-compatible with the
BEOL thermal budgetlimit. Recent work has demonstrated
high temperature (> BEOL,thermal budget) CVD-growth of
MoS; on sacrificialy,300 mm_ wafers with subsequent film
transfer for device fabrication [25]. Moreover, it should be
noted that caveats,abound in the interpretation of TMD
properties, and achieving reliable electronics-grade devices
for logic applications is'extremely challenging [52].

In addition. to in-plane switching characteristics for logic
applications, 2D semiconductors such as MoS, offer unique
advantages for’ expanding device functionalities to resistive
switching (memristive action) and gas-sensing applications.
The use ‘of 2D materials as an active layer for resistive
switching presents two key merits over conventional oxides.
The thickness non-uniformity associated with the scaling of
the,active material can be completely eliminated even for sub-
nm lengths by using a monolayer of TMD. Subsequently, this
could result in drastic improvements in the density of
integration, reliability and power dissipation. In this regard,
memristors fabricated using CVD-grown MoS; and other
materials have been reported in lateral [53, 54] and vertical
[55-59] structures. Furthermore, MoS; has been extensively
studied for gas sensing applications [60-73]. In recent years,
several groups have demonstrated MoS,-based NO; sensors
for detection at ppm levels [64, 74]. Zhao et al. prepared 2D
MoS; using a low temperature CVD process, which exhibited
a 97% response towards 25 ppm NO; at room temperature
(RT) [64]. Recently, a NO2 gas sensor based on a CVD-grown
MoS; FET displayed significant performance at sub-ppm (20
ppb) levels [75]. However, these sensors suffer from a
drawback of sluggish recovery at RT. Subsequent research has
been directed towards improving the recovery of the sensor by
employing external sources such as thermal annealing in the
range of 100 °C to 200 °C [60, 76, 77]. UV and red-light
illumination of MoS; channels have also emerged as
alternative strategies to improve the recovery rate of the
sensors at ppm levels. Herein, UV light releases adsorbed
oxygen ions from the surface of MoS,. This in turn allows NO;
molecules to interact with conducting electrons in the MoS;
channel and accelerates the desorption rate of adsorbed NO;
molecules [67].

© xxxx IOP Publishing Ltd
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For 3D heterogeneous integration, it is necessary to restrict
the thermal budget associated with the growth process,
including pre-deposition substrate annealing, and any
subsequent post-deposition annealing, to be below the BEOL
thermal budget limit, as otherwise, measureable degradation
is observed in the underlying transistors in the CMOS circuitry
[15]. However, in order to achieve high-quality MoS,, a high-
temperature deposition, or a high-temperature annealing either
pre- or post-deposition, is usually needed [29-41, 47-51]; and
many reports are at high temperatures = 1000 °C for several
hours [39-41, 51]. This is a common approach widely used to
realise logic functionality. There is a limited number of reports
on CVD and ALD of MoS; processed at temperatures < 550
°C in the literature [26-28,43-46], and we will explore each of
these in the context of our work.

As described, significant progress has been made to date in
the development of large-area growth processes for MoS;.
However, reports of CVD MoS; growth at low temperature,
combined with associated device performance are limited to
date [78]. This forms the motivation for our study which
explores the growth of MoS; in the temperature range of 350
°C to 550 °C along with memory and sensor devices formed
using the MoS; films, with no high-temperature annealing
prior to or after the growth process. Considering the upper
limit for the MoS; growth temperature and time in this study,
a guideline is provided based on a detailed study exploring the
impact of the annealing thermal budget on fully depleted
silicon-on-insulator devices, which indicates negligible
degradation of n and p channel metal-oxide-semiconductor
FET (MOSFET) performance for anneals up to,two thermal
budget regimes: (1) 550 °C/2 hours; and (2) 500°°€/5 hours
[15]. The present definition of the BEOL thermal budgetlimit
for monolithic heterogeneous 3D integration, in terms of the
different process temperatures and the different process times
that have been experimentally verified to e close to, but
within, the BEOL thermal budget limit, makes it difficult to
compare against when, for example;, other werks_have used
different process temperatures and different process times.
There is an uncertainty therefore on thermal budget
compatibility if a different thermal“budget temperature and
time set are employed that does not match those already
experimentally verified. This vagueness could be removed if
a single caloric value ingterms of a heat transfer energy
equation, and as a function ,of the process temperature and
process time, could fully deseribedthe BEOL thermal budget
regime. While deriving such a description would likely require
a dedicated study, and is outSide the scope of this work, we
discuss the topic furtheminsthe Supporting Information in the
context of figure S1..In relation to the upper limit of the
thermal budget, and considering the very significant gains that
can be achieved insterms of energy consumption and latency
through.3D integration, it is worth noting that the underlying
silican circuitry could also be engineered to sustain a higher

thermal budget during the processing of subsequentslogic,
memory or sensing layers [79].

In this work, the growth of different MoS; thicknesses is
initially performed at 550 °C for 0.3-2.5 hours, which is
approximately at and below the maximum BEOL thermal
budget limit. Furthermore, MoS; is achieved, at 450°°Cy(2.5 or
6 hours) and 350 °C (2.5 hours), which are also approximately
at and below the thermal budget limit for the BEOL. The
structural, chemical and electronic properties are reported,
including results of Hall-effect analysis of M0S, grown at
350-550 °C which has rarely been reported in the literature.
Following analysis of the film properties, the behaviour of the
low-temperature grown MoS,. films in vertical memristive
devices and gas sensors is reported:

2. Experimental Details

2.1 CVD of MoS;

CVD of MaSzwas performed in a commercial 300 mm
ALD reactor, fitted with.a showerhead, employing Mo(CO)e
(99.99%, Versum Materials) and 1% H>S (99.999%) in Ar
(Air Praducts) as thesprecursors. The reactor temperature was
varied/between,350 °C and 550 °C and the chamber pressure
maintained at ~2.2 Torr by an N carrier flow of 150 standard
cubic,centimeters per minute (sccm). Precursor flux of the Mo
source was_determined by the source temperature (28-50 °C)
and. the H3S flow was set at 10 or 20 sccm of the 1% gas mix.
Growth,Was achieved on a selection of substrates including:
SiO; (85 nm) on Si (p++), c-plane sapphire, glass, and
amorphous alumina (a-Al,O3, ~ 30 nm grown by ALD) on c-
plane sapphire and on glass. At the reduced growth
temperatures of 450 °C and 350 °C, a variation of precursor
flow was investigated by doubling H2S flow or reducing the
Mo(CO)s flux by lowering the Mo(CO)s ampule temperature.
The primary aim of these variations was to increase the
sulfur/molybdenum ratio in order to minimise sulfur
deficiencies in lower temperature grown films. The growth
time was ~2.5 hours for all nominally 10 nm MoS;
thicknesses, except for the reduced Mo(CO)s flow condition
(~6 hours).

2.2 Structural and Chemical Analysis Setup

The cross-sectional transmission electron microscopy
(XTEM) samples were prepared using a Dual Beam Focused
lon Beam (FIB) FEI Helios NanoLab 600i. A 50 nm carbon
layer and a 300 nm platinum layer were deposited by e-beam
evaporation followed by a 2 um thick carbon layer by ion-
beam for protection before the milling process. The lamella
was thinned down to less than 200 nm thickness followed by
polishing (final thinning at 93 pA 30 kV, final polish 2 kV
28 pA). For the plan-view of the MoS,, the film was
transferred from a SiO2(85 nm)/Si substrate onto a TEM grid
using 2M sodium hydroxide solution. Following MoS; film



Journal XX (XXXX) XXXXXX

Author et al

release from the grown substrate, the floating film was 'fished'
out onto a TEM grid. TEM analysis was performed using a
JEOL JEM-2100 at 200 kV in bright field mode. Raman
spectra were acquired using a WITec Alpha 300R with a 532
nm excitation laser to investigate the MoS, formed on
different substrates. A Renishaw RAMAN inVia (laser 514
nm) was also used for Raman spatial mapping measurements
on different thicknesses of MoS; on various substrates. X-ray
photoelectron spectroscopy (XPS) spectra were generally
recorded under ultra-high vacuum conditions (< 10 mbar)
using a VG Scientific ESCAlab MKII system using Al Ka x-
rays and an analyser pass energy of 20 eV. Core-level spectra
were fitted with CasaXPS software using Gaussian-
Lorentzian line shapes, after subtraction of a Shirley
background and charge correction to the C 1s at 284.8 eV.
Confirmatory spectra were gathered using monochromated Al
Ka x-rays from an Omicron XM1000 MKII x-ray source and
an Omicron EA125 energy analyser. An Omicron CN10
electron flood gun was used for charge compensation. A
Philips X Pert X-ray Diffractometer was used for the routine
x-ray diffraction (XRD) measurements with a scan step size
of 0.01° and 0.5 seconds per step comparing the MoS; growth
on different substrates. Atomic force microscopy (AFM)
measurements were performed using a Bruker Dimension
Icon with SCANASYST-AIR AFM probes with a nominal tip
radius of 2 nm. AFM scanning employed Bruker's PeakForce
Taping. Scanned sites measured 2 um x 2 um with 1024
samples per line with different sites tested per sample. Values
of roughness (Ry) over the full scan area was compared /t0
selected regions within the scan area to assess whether the
reported Rq values were consistent across different sites.

2.3 Device Fabrication

1 mm x 1 mm square Van der Pauw (VdP) Hall structures
were patterned using SFe-based inductivelyfcoupled plasma
(ICP) etch and metallised with Ni/Au tracks/pads. Back-gated
FETs were fabricated by patterningysource ‘and_drain Ni/Au
metal contacts followed by the same ICPyetch process to form
the channel. All metal contacts in the circulartransmission line
method (c-TLM), patterned Hall and the back-gated transistor
devices were formed usingMStandard: photolithography
followed by e-beam evaporation of Ni. (20,nm) / Au (200 nm)
and a lift-off process. For  the memristors, the bottom
electrodes were patterned on ah 85 nm SiO-/Si substrate using
optical lithography followed by.30/hm Au deposition and lift-
off. Next, the MoSz/grown (550 °C, 10 sccm 1% H,S, 0.75
hours, ~3 nm) on the sapphirg substrate was transferred onto
the patterned SiO, sample’ using standard polymer-based
transfer techniques using polymethyl methacrylate (PMMA).
This was followed by patterning the MoS; into well-defined
squares by SFg etchschemistry and lithography definition and
déposition of 30 nm thick Au top electrodes. For gas sensing,
eachysensor device has 50 standard interdigitated electrodes

(IDEs) that are 5 um wide and have a 5 um gap betweemeach,
and were defined on ~5 nm MoS; films (grown at 550 °C, 10
sccm 1% H,S, for 1.25 hours on sapphire) using optical
lithography. This was followed by deposition of Ti/Au (20 nm
/100 nm) using e-beam evaporation. Subsequently, the MoS;
was patterned through SFg etch chemistry such thatthe film is
only present in the areas covered by IDESyand not at the
probing pads.

2.4 Hall-effect and 4P Resistivity Methods

The Hall-effect, 4-point and 2point resistance (Hall/4P/2P)
measurements were performed in a LakeShore Model 8404
DC/AC Hall-Effect Measurément System fitted with a high
resistance unit (up to 200 GQ inDCmode). System calibration
on the two-geometry setups was verified prior to all
measurements. The samples weregeither VdP 1 cm x 1 cm, or
patterned 1 mm x 1 mm, MoS; structures. Sheet resistivity
values were measured from the 4P resistivity measurements,
during which current reversal was performed to remove the
thermal-electric voltage. The electromagnet can provide DC
(upto £1.7 M) or AC (~1.28 T RMS at a frequency of 50 mHz
and ~1.24.T RMS aty100 mHz) magnetic fields. The carrier
type and sheetcarrier concentration reported in this work were
all obtained from'RT DC magnetic field (at the maximum of
+1:7, T) Hall<effect measurements, during which current
reversaliand field reversal were applied to remove the thermal-
electric voltage and the misalignment voltage, respectively.
For-both  the 2P and 4P resistances, and the DC Hall-effect
measurements, indium foil was placed between the gold
probes and MoS; film to reduce the contact resistance. The 2P
results still include the high contact resistance, whereas the 4P
results successfully remove the high contact resistance.

2.5 Setup for Transistors, c-TLMs and Memristors

The electrical measurements on back-gated transistors, c-
TLMs and memristors were performed using either an Agilent
4156A or an Agilent B1500A semiconductor device analyser
with a Cascade Microtech probe station (model Submit
12971B), in a dry air Faraday cage low noise environment.

2.6 Gas Sensing Setup

The gas sensing experiments were carried out in an in-
house constructed setup which is also discussed in the
previous work [80]. In brief, the setup constitutes a volumetric
chamber connected to mass flow controllers, a thermocouple-
based temperature controller and a Data Acquisition system
(Keithley 2450). The IDE devices were probed inside the
volumetric chamber and a DC bias of 5 V was provided during
measurements. Standard commercial gas cylinders of highest
purity were used during the measurements. Standard synthetic
air was used to dilute these gases to achieve the desired



Journal XX (XXXX) XXXXXX

Author et al

(a) sso°c 450

5 T
L | ey 6] i 7| ' 8|
AT

(i) 11201~

[100}—,

MoS, on SiO,/Si

Onm 5nm 3nm 1.2nm
MoS, on sapphire

MoS, on glass

e

FFT filtering

Figure 1. (a) 550/450/350 °C CVD-grown MoS; on SiO,/Si substrates. Such coupons are placed throughout the
chamber demonstrating that uniform and continuous film deposition is achievable across a 300 mm diameter. (b)
Different MoS; thicknesses grown on SiO»/Si (~2 cm X 1 cm), c-plane sapphire (~1 cm x 1 cm), and glass (7.5 cm x
2.5 cm) substrates. The thicknesses shown are nominal values assuming a linear growth rate. (c-e) HR-XTEM
micrographs show polycrystalline and layered MoS; (550 °C, 10 sccm 1% H,S, 2.5 hours) on SiO,/Si, sapphire and a-
Al>,03 (~30 nm)/sapphire. (f-h) Zoomed-out HR-XTEM micrographs of the MoS; on SiO»/Si, sapphire and a-Al,O3
(~30 nm)/sapphire. (i) Electron diffraction pattern confirms the formation of polycrystalline MoS,, where [100] and
[110] are dominant orientations. (j) Plan-view HR-TEM of MoS; initially grown on SiO»/Si substrate and transferred
onto a TEM grid, showing the hexagonal structures of CVD-grown MoS,. (k) FFT filtering produces a clear image of

the hexagonal crystal structure.

concentrations. The standard if was also used to

achieve the baseline resist

3. Results and Discussio

hemical Analysis

m MoS; grown at 350-550 °C
showing a lighter blue colour at
likely due to increasing disorder and
epeatability of the CVD process is

3.1 Structural an

Figure 1(a)
on SiO,/Si

indicating that continuous MoS; films are achievable over a
300 mm diameter chamber with uniform thickness growth. By
varying the growth time (550 °C, 10 sccm 1% H,S), different
thicknesses of MoS; are achieved (2.5 hours / 10 nm, 1.25
hours /5 nm, 0.75 hours / 3 nm, 0.3 hours / 1.2 nm), as shown
in figure 1(b) on SiO,/Si, sapphire, and glass substrates, where
colours go from almost transparent to increasingly opaque
with increasing thickness. The nominal thicknesses are based
on the 10 nm MoS; formed in 2.5 hours on SiO»/Si, confirmed
in figure 1(c) with high-resolution XTEM (HR-XTEM), with
the assumption of a linear growth rate.
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HR-XTEM micrographs of the MoS, grown at 550 °C on
SiO2/Si, sapphire and a-Al,Os/sapphire are shown in figure
1(c-e), and zoomed-out micrographs are shown in figure 1(f-
h), confirming that polycrystalline and layered MoS; is
formed continously and uniformly on the substrates. The
growth achieved on amorphous surfaces (SiO; and a-Al03) is
similar, except for a reduced thickness of ~4-5 nm (i.e. ~3
monolayers/hour) on a-Al,Os/sapphire compared to ~9-10 nm
(i.e. ~6 monolayersthour) MoS; deposited on SiO./Si
substrate. The growth of MoS; on c-plane sapphire also gives
a reduced thickness of 5-6 nm (i.e. ~3-4 monolayers/hour),
and presents more “out-of-plane” vertical growth features
(which are excluded in the thickness estimation), compared to
the growth on the amorphous surfaces of SiO, and a-Al>Oa.
This could be due to different nucleation and growth
mechanisms, such as one via MoOx [81]. To investigate
further, MoS; grown on a SiO>/Si substrate is transferred onto
a TEM grid for plan-view HR-TEM analysis. The electron
diffraction pattern shown in figure 1(i) confirms the formation
of polycrystalline MoS;, where [100] and [110] are the
dominant orientations. Figure 1(j), which is a high resolution
plan-view micrograph of MoS; on the TEM grid, shows the
hexagonal structures of MoS; and the polycrystalline nature of
the CVD-grown MoS,. The HR-XTEM and plan-view HR-
TEM micrographs indicate a small grain size of up to ~20 nm
on the SiO/Si and a-Al,Os/sapphire substrates, and up to ~5
nm on c-plane sapphire, where the grain sizes are estimated
based on the occurrence of out-of-plane features. Performing
Fast Fourier Transform (FFT) filtering to the plan-view HR=
TEM micrographs gives a clearer image of the hexagonal
structures distributed into the film thickness, as illustrated in
figure 1(k). It is notable that the MoS; growth in thiss\work is
very fast compared to a previous metal organic “CVD
(MOCVD) of MoS; of um-scale grain size using, Mo(CO)s
and (C2Hs)2S at 550 °C reported by Kang et al., in‘which26
hours was needed for a complete one monolayer formation
[28]. A rapid growth time is important in terms/of reducing the
thermal budget, but this comes at a costof smallergrain sizes.
In this work, although the growth at 550.°C is at the limit of
the maximum temperature of the BEOL. thermal budget limit
[15], the rapid growth rate provides a significant trade-off.

Raman analysis on the MoS, deposited at 550 °C on all
substrates in figure 2(a) shows a characteristic 2H-MoS;
signal with well-defined El,g/and Ayy peaks. There are some
peaks in the range 150-250¢cm X which are likely to be related
to oxygen incorporation, defects and grain boundary disorder
[82, 83]. It is observed thath the Elyy and Aiq mode peak
characteristics are_consistent with the presence of crystalline
MoS;, and the'responses are similar for all the five different
substrates, where the/slight differences in Raman peak
characteristics aresexpected when compared to the reports of
Leeset.al. [84] for variations due to MoS; thickness, with
possibly further=slight contributions from the underlying

substrate. The slightly broader peak seen for the MeS»0n the
a-Al,Os/sapphire substrate may also be partially due to.alower
resolution setting at which this Raman spectra is obtained.
While the crystalline order of the MoS; growth isSimilanin all
cases, as evidenced by the Raman results, we do,of course see
differences in the interfacial structures and “the growth
thicknesses, for example, as seen in the cross-sectional,HR-
XTEM micrographs (see figure 1). The nucleation,process on
c-plane sapphire appears to generate amamorphous'layer prior
to the MoS; crystallite growth, likely-due to the fewer
nucleation sites available on c-plane‘sapphire compared to an
amorphous surface. Our process!is also very fast compared to
many in the literature, and. this likely contributes to the
amorphous interlayer formation, until sufficient sites become
available for crystallite MoSzigrowth to commence.

The amorphous nattrre of the'SiO; on Si provides a wealth
of nucleation sites for the crystallite growth of MoS; on this
surface. Similarly; the.amorphous nature of the ALD a-Al,03
on sapphire or glass.also offers a wealth of nucleation sites for
MoS; growth.|However, in this case, figure 1(e) showing the
XTEM of MoSz0n a-Al;Os/sapphire, which appears to be ~4-
5 nm thiek, exhibitsySome potentially mixed dark and light
contrastingi regions‘in the nominally a-Al,O3 layer under the
MoS,, ' which are“possibly miscible regions with Mo and/or S
incorporationsThis is in contrast to the MoS, growth on the
SI10,/Si, figure 1(c), which is ~9-10 nm thick, and immiscible
with SiO, The miscibility of the MoS; with the ALD a-Al;03
is likelysthe reason why the polycrystalline layered MoS; is
thinner on the a-Al,Os/sapphire substrate compared to the
MaosS; formation on the SiO»/Si. Growth of the MoS; on ALD
a-Al,Oz/sapphire is likely delayed until a certain solubility
level is reached prior to the commencement of layered growth.
Looking again at figure 1(e), some partial crystallisation of
regions of the nominally a-Al,O3 has taken place. This is likely
due to the temperature of crystallisation of a-Al,O3 being
lowered by the incorporation of Mo and/or S atoms. The MoS;
growth directly on c-plane sapphire is also thinner than on the
SiO,/Si substrate, with a thickness of ~5-6 nm (excluding the
out-of-plane features). This is similar to the 4-5 nm thickness
of the MoS; growth on a-Al,Os/sapphire, and approximately
half the thickness as observed on SiO2/Si (~9-10 nm). The
reduced MoS; crystallite growth thickness on the c-plane
sapphire is likely contributed to by the formation of the
amorphous interlayer. Some signs of possible diffusion of Mo
and/or S in the c-plane sapphire bulk are observed in the HR-
XTEM micrograph, but this is indeterminant. Regarding the
observed out-of-plane MoS; features with respect to the
horizontally-aligned layered MoS,, these are particularly
prominent on the c-plane sapphire surface, and relatively few
are observed on the SiO,/Si or a-Al,Os/sapphire substrates.
Why these out-of-plane features are more common on the c-
plane sapphire is unknown. One possibility is that the c-plane
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Figure 2. (a) Raman of MoS; (550 °C, 10 sccm 1% H.S, 2.5 hours, nominally 10 nm) on all substrates under
investigation. The Raman spectra show the characteristic MoS, peaks (Elyq in-plane and Asq out-of-plane modes).
The small peak observed to the right of the Aig mode for the MoS; on c-plane sapphire is related to this substrate. (b)
Raman spectra of nominally 10 nm, 3 nm and 1.2 nm MoS; on glass, as well as the blank glass substrate. For each
thickness, three representative spectra from three macroscale separated sites, are shown. Note that the noise observed
from the glass substrate has an effect on the thinner MoS; Raman spectra. The positions of E%,4 mode and Ay mode
are indicated for each nominal thickness, but due to the significant substrate noise observed in the spectra for the
nominally 1.2 nm MoS; film, the peak positions are statistically obtained from the 3 x 66 Raman microscale mapping
at the three macroscale separated sites (note: they are not extracted solely from the plots shown here). The separation
(A®) between the two Raman modes are also indicated, which decreases with reducing MoS; thickness, in general
agreement with the findings of Lee et al. [84]. Despite this correlation, we deduce that the thickness comparisons for
peak separations underestimate our film thickness. (c,d) XPS of nominally 10 nm MoS; on SiO,/Si and a-
Al,Os/sapphire confirm that MoS; is formed with the presence of Mo-based sub-oxides and trioxide. (€) XRD of the
normally 10 nm MoS; on SiO-/Si, sapphire and a-Al,Os/sapphire substrates all show the MoS; (002) peak. (f) Raman
spectra of the MoS; grown at 350 °C and 450 °C on SiO,/Si substrates also show the characteristic MoS, peaks,

confirming the formation of MoS; approximately at and below the BEOL thermal budget limit.

sapphire may be acting as a template for,ntcleation of the out-
of-plane features.

Ex-situ XPS is performed,and‘shown in figure 2(c) and
2(d) for nominally” 10 nm MoS; on SiO,/Si and a-
Al,Os/sapphire, confirming the formation of MoS,. The XPS
also reveals the_presence.0f MoOx and MoOs. Combined
evidence exists confirming that the 2H phase of MoS; is
formed instead, of the 1T phase. Firstly, the 1T phase is not
stable, and in vapour<phase growth processes, the formation
ofithe.2H phase will generally be favoured. Secondly, for the
1T ‘phase, the'main E'y; and Ay Raman modes that are

characteristic of the 2H phase of MoS; are suppressed and
broadened. Furthermore, when there is significant 1T phase
present in a sample, there are additional "J" modes present in
the Raman spectrum [85]. We do not observe these “J” modes,
indicating that our phase is strongly 2H phase MoS,. Thirdly,
in terms of XPS of MoS,, the fitted components for the 2H and
1T phase MoS; are at different positions in the Mo 3d core
level spectra, and they have different line shapes [86]. The
peak positions in the XPS are very close to the 2H phase, and
the fitted peak shapes are symmetric, which is characteristic
of the 2H phase, while the 1T phase MoS; has an asymmetric
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peak shape owing to its metallic nature. Finally, the MoS; is
very resistive (see section 3.2) and not metallic, so combining
all of these findings, we can conclude that our MoS; is in the
2H phase.

Raman analysis on the norminally 10 nm, 3 nmand 1.2 nm
MoS; on glass is shown in figure 2 (b), which gives a
representative spectra from each of three macroscale separated
sites, where a statistical microscale mapping is performed,
which will be discussed later. Note that a similar thickness
series on sapphire is also investigated, but this is unsuccessful
due to the prominent Raman peak at ~416-418 cmt, which is
due to the sapphire substrate (see figure S2, Supporting
Information). Due to the combination of noise from the glass
substrate, and the low intensity Raman peaks on the 1.2 nm
film, the two Raman mode peaks are statistically estimated for
this MoS; film from the large set of microscale mapping data
over the three macroscale separated sites, and the peak values
for this thin film are not determined solely from the spectra in
figure 2(b) but from the statistical analysis shown later in
figure 4(b). We focus our bulk measurements on the nominally
10 nm MoS;. The separation (Aw) between the E',qg mode and
Aiq mode are estimated to be: 24.0 cm™ for the nominally 10
nm MoS; (~15MLs), 20.4 cm™ for the 3 nm MoS; (~5MLs),
and 20.0 cm* for the 1.2 nm MoS; (~2MLs). Comparing these
results from our low thermal budget polycrystalline grown
MoS:; to the single crystalline exfoliated MoS; flakes assessed
in Ref [84], a similar trend is observed of decreasing Ao with
reducing nominal film thickness, confirming the reducing
thickness sequence of the grown films, but before assessing
the thickness interpretation it is beneficial to firstly estimate
Ao for the nominally 10 nm MoS; on all five/substrates, as
illustrared in figure 2 (a) and in figure 3 (b), where“different
Raman systems are used, for comparison. We obtain ~ 24.0
cm? on glass, ~ 24.0 cm™ on a-Al,Os/glass, ~ 22.8 em™ on/c-
plane sapphire, ~ 22.8 cm™ on a-Al,Os/sapphirey and'=22.8
cm® on SiO,/Si. While we know, for example, MoS;)is ~9-10
nm (~14-15 ML) thick on the SiO/Si substrate from the HR-
TEM in figure 1(c), the Aw of ~ 22.8 ecmt,corresponds to only
~ 2.8 ML in figure 2(b) of Ref [84]. This'difference in peak
separation, and therefore significant underestimation of the
actual thickness, is likely contributed to by the dissimilar
nature of our low thermal ‘budget grown, small grain,
polycrystalline MoS; in comparison tothe high quality, large
single crystal, exfoliated, MoS; flakes. In addition, Raman
measurements carried out“using.different’ Raman kits with
different settings coudld alsq contribute to variations in the
results.

The thicknessestimates from the Aw of our films of
different nominal thickness, also based on the work by Lee et
al. [84], gives the following interpretations: The nominally 10
nm grown MoS; onglass gives ~ 24.0 cm, which would
correspondito.~ 4 ML (or ~ 2.6 nm); the nominally 3 nm grown

MoS; on glass gives ~ 20.4 cm™, which would correspend to
~ 1.8 ML (or ~ 1.2 nm); and the nominally 1.2 nm growniMoS;
on glass gives ~ 20.0 cm™, which would correspond to ~1:5
ML (or ~ 1.0 nm). Given that the comparison to‘the'work by
Lee et al. underestimates our known thicknessyof ~ 9-10.nm
(~14-15 ML) MoS; on SiO2/Si, as deduced above, it is likely
that these comparative thickness estimates are also
underestimated.

Figure 2(e) shows the XRD of the MoS, deposited on
SiO,/Si, sapphire and a-Al,Os/sapphire substrates, which all
show the MoS, (002) peak indicating the preferred c-axis
orientation of the films. It is observed that the (002) peak is
slightly weaker and broaderson MaSz on a-Al,Os/sapphire
than that on c-plane sapphireiaThis effect is likely a
consequence of a combinationof the reduced thickness growth
of the layered MoS,, and given theHR-TEM gives a thickness
of ~4-5 nm, the XRD is likely also picking up the a-Al,Os
underneath, which is;\inyplaces, likely mixed with Mo and/or
S. This potentiallmixing may also contribute to the formation
of Mo-based oxides, for.example, MoOs, which has a peak at
12.5 degrees,“and could contribute to the broadening of the
(002) peak.for the'MeS; on a-Al,Os/sapphire [87].

Rapid growth:depositions at 450 °C and 350 °C, which are
approximately at and below the thermal budget limit for direct
growth, of ‘semiconducting films at the BEOL, are also
analysed..Raman spectra shown in figure 2(f) confirm the
formation’ of MoS, grown by CVD with various precursor
flows at 450 °C and 350 °C. These results suggest that the
growth at lower temperatures may result in a more disordered
film (figure S4 and table S1, Supporting Information), as it is
expected from Ref [88].

To demonstrate repeatibility of the CVD process and
further support the HR-TEM thickness uniformity, microscale
statistical mapping by Raman spectroscopy over macroscale
separated sites (x3) on various nominal thicknesses of MoS;
on various substrates are performed. Full details of Raman
mapping experiments are included in the Supporting
Information. Figure 3 and figure 4 show microscale mapping
of the MoS; (statistically using 66 Raman measurements over
an area of 15 um x 15 um), for three macroscale separated
sites. In these mappings, the Aig mode is demonstrated as an
example. Representative Raman spectra from each microscale
mapping set are also shown in figure 3(b), and the full 3 x 66
spectra from the microscale mapping are shown in figure 4(b).
Note that all the Raman microscale statistical spectra (3 x 66
spectra across 15 um x 15 um at each macroscale separated
site), for all the substrates investigated, are included in the
figure S5 of the Supporting Information.

These MoS; films, as assessed in the Raman experiments
detailed here, are grown in different deposition experiments
under the same growth condition (550 °C, 10 sccm 1% H,S,
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Figure 3. (a) Microscale mapping of MoS; (66 Raman measurements on an area of 15 um x 15 um) over three macroscale

separated sites for nominally 10 nm MoS; on all substrates. Scale bar:

2000 nm. For these mappings, the

Aug peak intensity is demonstrated as an example. The colour on the microscale mapping images varies from black at
intensity level A, to red at intensity level B, which corresponds to lowest and highest intensity, respectively. The intensity
range (A to B) is set for the MoS; Axq peak to be 0-7996 for glass, 0-6328 for a-Al,Os/glass, 0-3540 for c-plane sapphire,
0-4900 for a-Al,Os/c-plane sapphire, and 0-11450 for SiO,/Si samples; and (b) The representative Raman spectra for

each site.

2.2 Torr) for different process times, and /for \different
thicknesses. The extensive sets of Raman mappings,confirm,
in a statistical manner, that MoS; \is! formedin all these
depositions, across five different substrates, and across three
different thicknesses. Furthermoregathe uniformity of the
MoS,, indicated by the macroscale separated sites that
underwent microscale mapping; is excellent, with very similar
Raman spectra obtained from, the ‘extensive number of
statistical spectra per site, and ‘across ‘three macroscale
separated sites.

The very dark redolour on the thinnest MoS; of nominally
1.2 nm thickness infigure 4(Q) is attributed to the very weak
Ayg mode that is_not veryswell defined. Moreover, subtracting
the baseline for this sample is challenging. The weak and
noisy Raman spectra for the nominally 1.2 nm film is affected
by the underlyingsglass substrate (see figure 2(b) for the
equivalent Raman spectra on a blank glass substrate). The Ely
and"Aig modes onrthe 1.2 nm MoS,, although weak, are still

visible and statistically detectable from the large set of Raman
mapping data. Hence, in order to define the 1.2 nm Raman
peaks more accurately, a statistical analysis is performed from
the large set of Raman mapping data and the two Raman peaks
are estimated on this MoS; thin film (see figure 4 (b) and the
caption wih the mean values of the two Raman peaks, which
also includes the standard deviation values). These results
indicate that MoS; is formed uniformly over large areas, with
a high repeatability of the CVD growth across a large set of
depositions.

Furthermore, AFM analysis is performed on MoS; on
SiO/Si, c-plane sapphire, a-Al.Os/sapphire, glass, and a-
Al>Oz/glass substrates as shown in figure 5. The AFM scans
are taken at numerous sites, which all show smooth MoS;
surfaces with low roughness values. The roughness for MoS;
on a-Al,Os/glass is the highest among all the samples, but
comparing the AFM of the blank a-Al,Os/glass (see figure 5
(h)) with the AFM of the MoS; on this substrate, a similar
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range (A to B) is set for the MoS; Ayq peak to be, 0-7996 for 10 nm, 0-760 for 3 nm, and 1100-1600 (inflated intensity
range due to the substrate noise effect) for 1.2 nm, samples; and (b) The 3 x 66 Raman spectra that gives the mapping
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Figure 5. AFM of MoS; (nominally 10 nm) on (a) SiO-/Si, (b) c-plane sapphire, (c) a-Al.Os/sapphire, (d) a-Al.Os/glass
and (e) glass substrates. Thinner MoS; of nominally 3 nm and 1.2 nm are also shown in (f) and (g), respectively. (h) AFM
of blank a-Al,Os/glass, which indicates that the roughness shown in (d) is an artefact of the underlying substrate.

roughness value is observed, therefore it is concluded that the
roughness observed for the'MoS./a-Al,Os/glass sample is an
artefact of the/underlying substrate. AFM analysis for thinner
MoS; is also performed, giving low roughness values, and are
also shown in figure’s (f) and (g) for ~3 nm and ~1.2 nm MoS;
on. glass;. respectively. The AFM results provide further
evidence of the MoS; film uniformity and continuity. Finally
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and importantly, when these results are combined with the
Raman/XPS/XRD, it is conclusive that our MoS; grains are in
the 2H phase with good crystalline order, and that we have
uniform and continuous thicknesses, with a high degree of
repeatability.



Journal XX (XXXX) XXXXXX

Author et al

Table 1. Room temperature Hall/4P results using a high-resistance unit on Van der Pauw structured MoS; (350-550 °C,
10 sccm 1% H3S, 2.5 hours).? Results for the patterned VVdP structures of MoS; (etched and metal-contacted) are also

shown.
... Ps Carrier ns n pH
Growth Condition (GQsq.] [k em] type [em™] [em? [em? V1§71
0
550 °C 3.561 1959 n-type 105x 105 1.91x 10M 16.72
sapphire
550 °C ] ) N
a-ALOVsapphire 5.768 2,596 n-type 3.28 % 10 7.29% 10 3.30
450 °C ] 0 % 109 15
a-ALOYeapphire 2.351 1.411 n-type 1.09 % 10 1.82 % 10 2.44
350 °C _ 9 15
a-ALOYsapphire 3.483 2.961 p-type 3.69 % 10 434% 10 0.49
0
550°C (patterned) 4.433 2438 ptype  284x 105 5.16x 10" 4.96
sapphire
0
550 °C (patterned) 7.356 3.310 p-type 358 105 7.96 % 101 237

a-Al:Os/sapphire

& The resistivity and carrier concentration are calculated from the obtained sheet values based on the estimated thickness
from HR-XTEM. Carrier concentration (n) is calculated using n = ns/t [cm3] and resistivity (p) is calculated using p = ps x t
[Q cm], where ns is the sheet carrier concentration [cm™?], ps is the sheet resistivity in [Q/square] or [Q/sq.], and t is the
thickness [cm]. Hall mobility is determined by pw+ = 1/ (g % ns x ps) [cm? V1 s71], assuming a Hall factor of 1 in all cases. The
signal-to-noise ratio of the Hall-effect on the 550 °C-grown MoS2 on a-Al2Os/sapphire — which has a similar resistivity to the
film on sapphire — is not ideal. However, corroboration is provided by c-TLM resistor and field-effect transistor analysis for

p, n, and px in the Supporting Information.

3.2 Hall-effect Properties, 4P Resistivity and Logic

Hall/4AP/2P measurements using a high-resistance unit are
carried out in ambient at RT on MoS; usingad cm x 1 cm
VdP structure (figure S6 (a), Supporting Information) [89].
Excellent ohmic behaviour is achieved althoughthe 2P/4P
resistance is very high (2P resistance ~16 GQ in figure S6 (b);
Supporting Information), both with/without a high, contact
resistance. The Hall-effect measurements 4are all obtained
from a DC magnetic field (x1.7 T, i.e. 1.7/x 10¢ G). A
sufficiently long hold time (up to 420sseconds).iS applied
before each measurement in order to|stabilise current before
measuring the total voltages in Hall/4P. Moreover, a sufficient
average count (up to 500) of /measured results is used.
Therefore, reasonably reliabley results are obtained with
approximate average signal-to-noiseyratios of ~11:1 for the
Hall-effect measurements™and ~374:1  for the 4P
resistance/resistivity measurements. Table 1 gives a summary
of Hall/4P results. More“information on the Hall/4P/2P
measurements are provided, in the Supporting Information.
The MoS; deposited at all temperatures exhibits very high
resistivity values (1.4<3:3,kQ cm). The 550 °C-grown MoS;
films are n-type with very low carrier concentrations on the
order of 10%* em and glectron mobility in the range of 3.3
16.7 cm2 V-1 st Thecarrier concentration of the MoS; grown
at¥450,°C and 350 °C is on the order of 10> cm. The 450 °C-
grown film is:alsorn-type with a mobility of 2.4 cm2V-1st A
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possible squrce of the n-type behaviour is the density of sulfur
vacancies [90]. The MoS; grown at 350 °C is found to be p-
type by Hall-effect analysis with a mobility of 0.5 cm? Vs,
Sulfur vacancies are susceptible to oxidation in atmosphere
leading to increasing MoSxOs.x cluster growth that give p-type
doping [82], and therefore an n-type MoS; film under
appropriate oxidation conditions could be gradually
transformed to p-type.

The very low carrier concentrations determined from the
Hall-effect analysis for all growth temperatures (10*4-10% cm
%) is consistent with defects in the MoS; structure resulting in
states in the MoS; energy gap. Such energy gap states are
predicted from First Principles calculations [91], and capture
free carriers provided by any unintentional doping in the
MoS,. It is noteworthy that this shares a similarity with the
early work on polycrystalline silicon, where dopant saturation
of grain boundary defects was required to achieve controlled
semiconductor or pseudo-metallic behaviour [92, 93].

It is observed that the CVD-grown MoS; can be gradually
switched from n-type to p-type by repeated electrical or
electromagnetic measurements. Furthermore, it is also
observed that the net carrier type is switched to p-type after
VdP patterning (figure S6 (c), Supporting Information), with
similar carrier concentrations compared to the non-patterned
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Figure 6. Mobility values of CVD-grown MoS; in this work (blue stars) and those reported in the literature (table 2). Stars
and circles represent Hall mobility and field-effect mobility, respectively. The carrier type and number of monolayers
(ML) for each maximum process temperature are also indicated. The blue star symbols (Hall mobility of MoS, grown at
350-550 °C, 10 sccm 1% H-S, 2.5 hours) from this work span the lower left part of the temperature x-axis, which is
approximately at and below the desired BEOL thermal budget limit for CMOS process compatibility.

MoS; (table 1). Due to the low carrier concentrations, only a
relatively small movement in the MoS, Fermi level is required
to switch the MoS; from n-type to p-type. A possible source
of the slightly modified Fermi level position is the resist
coating and removal during the patterning process. In the case
of repeated electrical measurements, the shift from n-type to
p-type behaviour is consistent with progressive oxygen
reaction with the MoS,, driven by the power dissipation in the
MoS; thin film combined with the fact that the top MoSz
surface is exposed to ambient conditions [82, 94], The
presence of MoOy in the MoS; layer is evident in the XPS
results (see figure 2(c,d)).

Moreover, the measured current through the patterned-VdP
structures of MoS; over the bias range -10 V 10, +10/V
demonstrates an activation energy of ~2154216 meV (figure
S7, Supporting Information), consistent with the reported
acceptor energy of 214 meV abeve  the nvalence band
maximum which is attributed to MoSxOsx p-type dopant
clusters [82].

A comparison of the Hall mohility values determined in this
work with the field-effect and“Hall mobility values from
CVD-MoS$;, literature [26-44]tis)shownrin figure 6. It is noted
that the Hall mobility, which is related to theslongitudinal (in-
plane) electric field, is different to'the field-effect mobility,
which is affected by boththe longitudinal and transverse, out-
of-plane, electric fields (their, correlation is discussed in the
Supporting Information). The mobility values in figure 6 are
plotted versus the‘maximum process temperature experienced
by the MoS; samples; either during growth or during a
pre/post deposition_annealing. The full data associated with
the.comparative published works are included in table 2. There
are also'anumber.of literature reports on MoS, grown by ALD
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at relatively low temperatures [43-51], either with or without
a high-temperatureypost-deposition annealing (as detailed in
table $3, Supporting Information), but very few report
electrical results making comparison difficult. As observed in
figure 6, there.is no clear trend in the mobility variation of the
CVD-grewn MoS; with process temperature, despite the wide
variety of growth conditions (CVD setup, precursors,
temperatures, substrates and annealing), and a corresponding
range of grain sizes from ~10 nm to ~1 pum. Importantly, in
the,majority of the literature reports, the CVD/ALD MoS; is
processed beyond the BEOL thermal budget limit, making
those materials unsuitable for 3D BEOL heterogeneous
integration applications.

The values of resistivity, carrier concentration and mobility
determined from the Hall analysis are consistent with results
obtained from micro-scale c-TLM resistor measurements and
back-gated MOSFETSs. These comparisons are obtained on the
550 °C-grown MoS; (~10 nm) on SiOJ/Si (see figure S8,
figure S9 and related notes, Supporting Information). In
relation to the back-gated MoS; MOSFETS, the current levels
are in good agreement with the values of carrier concentration
and mobility obtained from the Hall analysis. However, the
MoS; MOSFETSs exhibit only a limited modulation of the
drain-source current with the back-gate voltage, consistent
with the small grain size observed in HR-XTEM and plan-
view TEM analysis, and theoretical prediction that MoS;
defects create states through the MoS; energy gap. It should
be noted that transport properties of MoS; films nominally 5
nm (~7-8 ML) and less are also assessed in this work, where
possible, by 2-point/4-point/Hall-effect, c-TLM and back-
gated MOSFET analysis, but the small grain films are found
to be highly resistive, which increases prohibitively with
reducing film thickness. Furthermore, device processing by
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Table 2. Growth details from the various literature reports of CVD-grown MoS;, as compared in figure 6 for mobility and
BEOL compatibility. The first column ‘“Method/T” refers to the method (CVD/MOCVD) and maximum process
temperature (T) experienced by the MoS,, either during growth or during a pre/post deposition annealing.

Precursors/Substrates

Method/T . Comments Ref.
/Annealing
CVD Mo(CO); (carried by N2) + H,S (carried by Ar), 2.5 Measured at RT/ambient, Hall on MoS- this work
350-550 °C  hours, on Si0,/Si, sapphire or a-AlOs/sapphire. on sapphire or a-Al,Os/sapphire
MOCVD Mo(CO); + H,S in Ar or H, flow, on Si0./Si, 9 ! . . .
400 °C hours for full monolayer coverage. Measured at RT Kim ez al. [26]
CVD Tellurium-assisted CVD MoO; + sulfur in Ar, on FET annealed in vacuum for 2 hours at G fal. [27]
500 °C Si0,/Si, 15 minutes. 120 °C ong ef at.
MOCVD Mo(CO); + (CoHs).S + H; carried by Ar, on 30 cm™V's™! at RT/ambient, K ral [28]
550 °C Si0y/Si, 26 hours for | monolayer. 114 em?V-'s" at 99 K ang ef at.
CVD MoO; powder + sulfur powder in N, flow, 15 FET exhibited n-type, reported FE Lee et al. [29]
650 °C minutes, on Si0,/Si. mobility of holes ’
CVD MoQ; powder + sulfur powder in Ar flow, 30 .
650 °C minutes. on SiOy/Si. Measured at RT/ambient Chen et al. [30]
CVD . . . .
680 °C MoQ; + sulfur in Ar, on Si0,/8i, 5-30 minutes. Measured at RT Zheng et al. [31]
Mo(CO); + H,S (no carrier gas), growth at 350 °C,
CVD ~12 hours, Si0,/Si substrate that is pre-growth .
750 °C annealed in high-vacuum at 750 °C for 140 Measured at RT/ambient Mun et al. [32]
minutes.
CVD Liquid-phase exfoliated MoOs + sulfur in Ar flow, Measured at RT/vacuum (device
750 °C 20 minutes, on SiO./Si, post-sulfurisation anneal in ~ annealed in vacuum at 400 K for 140 O’Brien et al. [33]
Ar at 750 °C for 20 minutes. minutes before electrical measurements)
CVD MoO; powder + sulfur powder under Ar flow, 20 5
800 °C minutes, on ALD-ALOy/Si. Measured at RT, <5 x 10 Torr Bergeron et al. [34]
Mo(CO); powder (vaporised) + HoS, carrier gas Ar [ . .
CVD and/or H,, on SiO./Si, sapphire or fused quartz, 850] C gr[c_)]\m MDS; for delecégl(c;a}g_ P K I 135
350-850 °C  MoS; achieved at > 350 °C, 3 monolayers at analysts, film transferred to 310,751 for umar ef al. [35]
~ Py ’ FET, FET/Hall on MoS; on SiO»/Si
850 °C for 60 seconds.
FET studied on both substrates. Higher
CVD MoOQ; + sulfur under Ar flow, on SiO»/Si or crystalline quality on ZrQ, than on SiQ;. Liu et al. [36]
850 °C Zr0,/Si, 30 minutes Best mobility on MoS,/ZrO; long :
channel FET.
CVD MoCls powder + sulfur powder in Ar flow, ~10 Film transferred from sapphire to SiO,/Si Yu eral. [37]
850 °C minutes, on Si0»/Si, sapphire or graphite. for FET, measured at RT/ambient uetak
CVD MoO; films + sulfur under N flow, ~10-15 - N
850 °C minutes. on Si0w/Si. Measured at RT/vacuum (107 Torr) Najmaei ef al. [38]
. . o« Film transferred to Si0./Si for FET.
CVD M003.+ sulfur in Ar, on sapphlre, growth at 700 °C Several anneal (130-350 °C) steps Dumeenco et al.
1000 °C (‘10 minutes), and substrate is pre-growth annealed applied during FET fabrication (39]
for 1 hour at 1000 °C in air. . ’
measured at RT in vacuum.
Mo(CO); + H,S carried by N> & Ha, on sapphire, . X . , .
TOCYD growth at 700-900 °C, 15-20 minutes, post-growth F(;'r”;é?"“""ed from sapphire to Si0/81  cponne o ot [40)
000 °C annealing in Na/H-S at 1000 °C.
(C3Hs),S carried by Ar + H, flow through . . . L. .
MOCVYD Na;MoO, coated sapphire or Si0,/Si substrate, Eln;;?niﬁ::i:;og ;?,gg:futri ?;%/SI Cun et al, [41]
1100 °C growth at 850 °C, 20 minutes, sapphire is pre- L ’ ’

growth annealed at 1100 °C for 1 hour.

107 mbar)

lithography and lift-off, are challenging for 2D materials,
particularly forithe nominally thinner 1.2 nm and 3 nm MoS;
films. Future methods of functionalisation for lateral transport
within“the BEOL. thermal budget limit is needed, as well as

compatible processing developments for 2D materials.
Potential routes to enhance lateral transport include laser

annealing [15],

electron wind force annealing [42],

doping/surface functionalisation [95-98] and 2D stacking
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Figure 7. (a) The Au/MoS2/Au memristor device, where the MoS; is nominally 3 nm thick (550 °C, 10 sccm 1% H.S,
0.75 hours). During the DC measurements in ambient, the bottom electrode (BE) is tied to common ground, whereas
the top electrode (TE) is used as the sweeping terminal. This device exhibits (b) memristive switching with distinct
forming (black), RESET (blue) and SET (red) characteristics and (c) a stable memory window 10° between the high
and low resistive states with a retention time of > 10 seconds.

[99]. In the choices of MoS; film thickness for memristors and
sensors, which will be discussed in section 3.3 and section 3.4,
we target the thinnest films as possible for (1) memristors to
reduce power requirements, and (2) for sensors, which are
surface sensitive devices, and hence the surface to volume
ratio is maximised as far as feasibly possible.

3.3 Memristors for Non-volatile Resistive Memory

Although the preliminary reports on memristors in both
lateral [53, 54] and vertical [55-59] structures are promising,
the associated benefits of having only a monolayer of active
layer sandwiched between two metal electrodes for reduced
operational voltages, and hence low energy (power)
consumption remains elusive. In a previous “werk on
monolayer MoS; [59], the role of formation and migration,of
sulfur vacancies in understanding the microscopic'mechanism
of resistive switching was explored, suggesting “that.it"is
beneficial to engineer defects into the film during the growth
process in order to tune device performance. While the
presence of defects and grain boundaries ‘innCVD-grown
polycrystalline MoS,, as opposed to crystalline MoS,, can be
detrimental for the modulation of lateral (in-plane) transport
in FETSs, vertical (out-of-plane) transport resistive switching
behaviour is observed in crystalline MoS; structures [55, 59].
The incorporation of oxygen,into“MeS; can improve the
robustness of the memristive behaviour [100]

In this work, memristive'switching of low-thermal-budget,
BEOL-compatible M0S; (-3 nm, 550 °C, 10 sccm 1% H,S,
0.75 hours) is examined using, structures described in section
2.3 and shown in figures7(a)< Initially the device demonstrates
very high resistivity, necessitating a forming step to create a
conducting filament, which typically occurs at ~3.5 V (figure
7(b)). The optimum,eompliance current (lcomp) for the forming
stepyand subsequent SET cycles is around 10-50 pA; below
thistvalue" the 'memory window shrinks considerably, and
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above this value/“the, device’ may experience permanent
breakdown (inability to"RESET again). However, during the
RESET process, “itwis essential to remove the current
compliance /and restrict the voltage sweep below the set
voltage. Both the SET-and RESET cycle demonstrate abrupt,
bi-stable, unipolar switching with a large memory window of
nearly 5, decadesiand Vset > Vieser typically around 2 £ 0.4 V
and 0.9 £ 0.2 \, respectively. Here, it is instructive to compare
the SET, and RESET voltages of our devices with previous
reports that benefit from being single-crystalline monolayer
MaSz grown at higher temperature > 850 °C [55, 59, 101],
whichjare not BEOL compatible and exhibiting typical SET
voltages of 3.5-4 V and RESET voltages of 1.5-1.8 V.
Moreover, the devices in this work have an abrupt transition,
whereas in the crystalline MoS, material, the RESET process
is gradual [59]. As evident in this work, despite a larger
thickness (~3x) of the film, the incorporation of grain
boundaries and sulfur defects considerably reduces the
operational voltages, thus reducing the power/energy
consumption of the device. However, it is important to note
that a large amount of current (10 mA at 1 V), and hence
power density (10 W cm™), is still required to RESET the
device; pointing to the importance of Joule heating to
disrupt/contract the conducting filament. These observations
clearly indicate that the rupture/restoration of the conducting
pathway is due to a thermochemical (TCM memory) assisted
mechanism [102, 103]. As shown in the previous work [59],
the creation and diffusion of sulfur vacancies leading to
conductive states in the bandgap can reasonably explain the
microscopic origins of such current carrying pathways. Hence,
from this perspective it is possible to understand the lowering
of operational voltages in our material. Stoichiometric defects
lower the energy barrier and hence the electric field required
to ‘extract’ sulfur ions from lattice sites and create vacancies,
which lead to the SET process. Additionally, the presence of
grain boundaries in the material aids the diffusion of sulfur
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Figure 8. (a) Optical image depicting the structure of interdigitated electrodes with underlying MoS; (550 °C, 10 sccm
1% H,S, 1.25 hours) thin film of ~5 nm with a magnified area shown in (b). (c) Histogram depicting selectivity of NO;
against other interfering gases at 5 ppm (y-axis: Modulus of Response (%)). (d) Transient response/recovery plot of NO»
in the concentration range of 0.3 ppm to 5 ppm at room temperature. A DC bias of 5 V was provided during the

measurement.

vacancies due to Joule heating in the RESET cycle, i.e. the
RESET process is facilitated by the Joule heating induced
‘repair’ of these vacancy sites.

Next, the retention time of these devices is examined at a
read bias of 50 mV (figure 7(c)). The average value of
resistance of the low resistance state (LRS) and high resistance
state (HRS) is ~45 (+1.5) Q and ~5 (£3) MQ, respectively.
The Au/MoSy/Au structures exhibit non-volatile, resistive
memory for over 10% seconds with a memory window of.close
to 5 decades. The retention time and memory window.
(marginal improvement), are seen to be reasonably unaffected
by the higher number of sulfur defects and graimboundaries in
the MoS; films of this work. Therefore, while we do hot claim
that this BEOL-compatible MoS, memristor.competes with
the performance of unconstrained state-of-the-art equivalent
memory devices, we have achieved the bbjective of
demonstrating BEOL-compatible MoSzmemory functionality
[17, 18], with reduced energy consumption.

3.4 Sensors for Selective NO3Gas Sensing Applications

MoS; is inherently well-suited for, gas sensing applications
as it can provide significantysulfur-vacancies on the MoS;
basal plane that act as active adsorption sites for target
analytes [104], and, can also be further modified using
substitutional doping [105;206]. Furthermore, the presence of
defects stimulates the,sensing performance by introducing
additional gap states at the Fermi level [107]. In this work, the
~5 nm polycrystalline CVD-grown MoS; at 550 °C (10 sccm
1% H3S;.1.25 hours) is employed as a sensing material for
chemiresistive devices (see figure 8 (a) and (b)). Initially, the
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sensoriis stabilised in the presence of dry air before exposing
it to different apalytes. Subsequently, it is subjected to a pool
of interfering reducing gases such as Ha, HzS, Acetone, SO,
NO, NO2»CO,, and CH4 at RT. Among these, a remarkable
selectivity towards NO; is observed (figure 8(c)). It can be
attributed to the strong binding of NO, to MoS; with large
adsorption energies compared to other analytes, as supported
by the theoretical and experimental study by Zhao et al. [108].
We obtain a dynamic current response (figure 8(d)) of the
device for NO; concentrations of 0.3-5 ppm. Due to the
independently-observed p-type characteristic of the MoS;
receptor film, as seen in all cases after device processing (and
reported in section 3.2), the absolute current value increases
with purging of an oxidising gas like NO2 due to its electron
extracting characteristic.

We also obtain the response (in %) of the device from the
dynamic current curve to determine the static response vs NO2
concentration, as shown in figure 9(a), where the sensor
response (%) is given by equation (1),

R(%) = £ x 100 Q)

a

where g and I, are the electrical currents measured in the
presence of target analyte and dry air, respectively. The
response signal decreases stepwise with decreases in NO;
concentration while it is swept from 5 ppm to 0.3 ppm NO..
The sensor could precisely detect to as low as 0.3 ppm with a
clear R response magnitude of 1% while responding

significantly (R = 50%) towards 5 ppm NO>. The response vs
NO: concentration plot is also fitted to an empirical linear
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Figure 9. (a) Linearly fitted response (%) versus NO, concentration plot. (b) Repeatability cycles of 1 ppm NO; at
room temperature. (¢) Benchmarking of MoS; thin-film-based sensor with existing CVD-grown MoS;-based NO-
sensors operated at room temperature. Our work is included (blue star). The room temperature recovery of our sensor
is remarkable compared to other works in the literature that report higher responses or better LLOD, which suffer from
the drawback of sluggish or no recovery at room temperature.

equation (y = 11.27x -1.91). The high value of coefficient of
correlation (0.94) between experimental and fitted data
confirms the linearity of the sensor which ensures reliable
operation in the range of 0.3 ppm to 5 ppm NOg, as evident in
figure 9(a). The sensitivity derived from this linearly-fitted
response versus concentration plot is found to be 11% / ppm.
Figure 9(b) shows very repeatable and stable sensing
behaviour when the sensor is exposed to four consecutive on-
off pulses of 1 ppm NO; (with NO, on for 223 seconds and off
with synthetic air purge for 525 seconds constituting one
cycle).

Another important factor is the response time and recovery
time of the sensor. It takes an average of 3—4 minutes for the
sensor to respond to all the concentrations of"NO, while
showing the least time towards 5 ppm NO2. On the otherhand,
it takes almost 15 minutes to recover back to the baseline
signal for 5 ppm NO- and less than 3 minutes for 0.3 ppm NQx.
This sluggish response/recovery behaviour is@bviously-owing
to the typical RT operation of the sensor.Nevertheless, the
complete recovery at RT withoutyproviding, any/ external
stimulus, is exemplary. We have |seen from the recent
literature reports that the strong affinity of NO; towards MoS;
makes it difficult to recover at lowertemperatures [62, 66, 67,
75]. For instance, Agrawal et al;, [66] demonstrated an edge-
enriched MoS,-based NO, sensoryprepared via modified
atmospheric pressure CVD# It could detect as low as 10 ppm
NO; with 10.36% response magnitude without recovering at
RT. Therefore, they utilised UV _as‘an external energy source
for the recovery of the sensor [66]. Another report employed
a CVD-grown MoS;-based chemiresistive device for sub-ppm
NO. detection at RT but,again used thermal annealing at 100
°C for the complete recovery to its original baseline [62].

Therefore, the sub-ppm detection achieved here along with
the remarkable recovery at RT is extraordinary and competes
well withithe existing reports in the literature. Figure 9(c) (full
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data detailed in table,S4, Supporting Information) compares
our sensor’s performaneewith some of the existing RT reports
on CVD-grown MoS;-based NO; sensors in the literature. It
should be noted from figure 9(c), the reports in [61, 62, 69, 70,
72], while reporting higher percentage responses, or better
lowest limit,of detection (LLOD), than what we report here,
their devices suffer from the drawback of sluggish or no
recovery at. RT/and require external sources such as UV, red
lightillumination, thermal annealing, etc. to recover the sensor
to its original baseline value (as detailed in table S4,
Supporting Information). To deploy such sensors in the field,
it would require additional circuitry, cost and most
importantly, energy consumption. Moreover, the shelf life of
the sensor would degrade over time due to poor recovery.
Hence, the remarkable recovery of our sensor at RT without
any additional circuitry, cost or energy input makes it
amenable to real-time applications, thus providing an
improved shelf life sensor with a reduced carbon footprint.
These features distinguish the performance of our sensor from
the reported works (on CVD-grown MoS,-based sensors) in
the literature.

To understand the underlying mechanism behind the
remarkable recovery, we would like to quote the presence of
MoOs; in trace levels onto the surface of MoS; films as
corroborated by XPS and Raman signatures in this study. This
has been attributed to the presence of sulfur vacancies. These
defects are known to tailor the gas sensing properties by
enhancing the active sites of adsorption [109]. Hence, it is
reasonable to assume that the presence of the MoOs onto the
surface MoS; aid in complete recovery of our sensor without
any external stimulus. During the recovery process, the
oxygen is chemisorbed on the surface of the MoOj3 leading to
desorption of NO, (NOz'(ads) + O"(ads) - NO> (gas) T 202'(ads))
which is otherwise difficult on pristine MoS,. This is also
observed by Kumar et al. [110], who investigated hybrid of
MoS; and MoOs for detection of NO- and reported excellent
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recovery at room temperature. This has been explained based
on the synergistic effect of hybrid and oxygen chemisorption
on MoQ; during the process of recovery. In fact, the hybrids
of metal oxides and dichalcogenides in general have shown
enhanced gas sensing properties along with remarkable
recovery Kinetics. For instance, Cui et al. [111] demonstrated
MoS,/SnO; hybrid for NO detection at room temperature
with complete recovery without any external stimulus. These
authors observe that the relatively weaker binding (when
compared to pristine MoS;) between the sensing material (due
to presence of SnO;) and NO; gas molecules facilitate
complete recovery at room temperature. Therefore, it is very
likely that the presence of MoOs; on the surface of MoS;
mitigates the problem of incomplete recovery at room
temperature. Finally, it is important to point out that,
regardless of any performance metrics, we have achieved
BEOL-compatible MoS; sensing functionality [17, 18], with
reduced energy consumption. This meets the objective of
creating diverse functionality for More-than-Moore
integration.

4. Conclusions

Repeatable and rapid MoS, growth (~1-10 nm) on SiO»,
glass, a-Al,O3; and c-plane sapphire is achieved by CVD at
350-550 °C in a manufacturing-compatible 300 mm ALD
reactor, which is approximately at and below the BEOL
thermal budget limit. The formation of polycrystalline MoS
is confirmed by various structural and chemical
characterisation techniques. Macro-scale Hall/4P
measurements on the ~10 nm MoS; films, which _have rarely
been reported in the literature, indicate high 4-point resistivity
(~1.4-3.3 kQ cm), very low Hall carrier concentrations (20—
10'® cm?®), and a Hall mobility of 0.5-17 cm? V! s
Independent micro-scale c-TLM resistor and field-effect
transistor analysis corroborate the macro-scale 4P resistivity
and DC Hall carrier concentration and mobility results. In
terms of logic devices, due to the low.thermalibudget growth,
the gating of lateral transport is limitedand further work is
required based on MoS, doping or “functionalisation.
However, the MoS; films do exhibit“memory and sensing
functions. For BEOL memoryjavertical transport structures
(Au/MoS;/Au) based on ~3 nm thick 550°C-grown (~0.75
hours) MoS; films show memristive switching and a stable
memory window of 10° hetween the highjand low resistive
states, with a retention_time of.>-10* seconds. The switching
set and reset voltages in these memristors demonstrate a
significant reduction.compared to memristors fabricated from
pristine, single-crystallines"MoS;, at higher temperatures,
thereby reducing the energy needed for operation. For BEOL
sensing, the ~5,nm thick, 550 °C-grown (~1.25 hours), MoS;
films incorporatedrinto an inter-digitated electrode-based gas
sensing,platform exhibit a highly selective response along
withha sub-ppm level sensitivity to NO, gas. The excellent

recovery to the baseline at room temperature without the need
for additional energy input improves the financial and energy
cost, shelf life and carbon footprint. The demonstration of
large-area direct growth of uniform, continuousy, and
repeatable 2H-phase polycrystalline MoS; within a BEOL
thermal budget, alongside memristive and ‘gas, sensing
functionality, advances a key enabling technalegy objective in
emerging materials and devices for3D “heterogenegus
integration.
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