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Introduction

Direct thermal atomic layer deposition of high-x
dielectrics on monolayer MoS,: nucleation and
growtht

Brendan F. M. Healy, Nicholas E. Grant® and

John D. Murphy

* Sophie L. Pain,

High dielectric constant (high-x) materials must be successfully integrated with single-layer transition
metal dichalcogenides for future nanoscale device technologies. With high carrier mobility and relatively
strong visible light emission, monolayer molybdenum disulfide (1L MoS,) is a promising candidate for
optoelectronic applications and is commonly synthesised via chemical vapour deposition (CVD) to enable
large-area device production. The growth of uniform high-x dielectrics on bulk materials is routinely
achieved via thermal atomic layer deposition (ALD), but continuous deposition on MoS; is notoriously
challenging due to the absence of dangling bonds on the basal plane. The resulting unique nucleation
and growth characteristics of high-« dielectrics on 1L MoS, are not fully understood, particularly on large-
area CVD-1L MoS,. In this work, we investigate the nucleation and growth of aluminium oxide (Al,O3) and
hafnium dioxide (HfO,) on CVD-1L MoS; films via direct thermal ALD at 200 °C. We vary the number of
ALD cycles and monitor the morphology of the deposited high-« layer via atomic force microscopy,
observing ALD-Al,Oz and ALD-HfO, films on CVD-1L MoS, to exhibit island features for all cycle
numbers investigated (up to 200 cycles). We reveal the development of Al,Os on CVD-1L MoS, proceeds
via a three-dimensional growth mode, and we estimate the vertical and lateral growth rates to be 0.09 +
0.01 nm per cycle and 0.06 + 0.01 nm per cycle, respectively. In contrast, we find direct ALD of HfO, on
CVD-1L MoS; exhibits negligible lateral growth, with a vertical growth rate of 0.14 + 0.01 nm per cycle.
We also investigate the thickness-dependent effects of ALD-AlL,Oz and ALD-HfO films on the Raman and
photoluminescence character of CVD-1L MoS,, and quantify changes in electron density. Our growth
study offers valuable insights into the nucleation and development of high-« dielectric films on CVD-1L
MoS,, enhancing the understanding of dielectric integration for MoS,-based devices.

between two planes of S atoms.® Covalent bonding yields
strong in-plane stability, with comparatively weak inter-layer

With novel electrical, optical, and mechanical properties at
single-layer thickness, transition metal dichalcogenides
(TMDCs) are a class of two-dimensional (2D) layered materials
that have attracted considerable research attention. Monolayer
molybdenum disulfide (1L MoS,) is a prototypical semicon-
ducting TMDC, with a direct bandgap of ~1.8 eV."* 1L MoS,
comprises a hexagonally arranged plane of Mo atoms, stacked
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van der Waals (vdW) forces holding the S-Mo-S planes
together in the bulk MoS, structure.* With a monolayer thick-
ness of ~0.7 nm,>>® the atomically thin geometry, coupled
with the direct bandgap and high carrier mobility, renders 1L
MoS, desirable for inclusion in numerous nanoscale electronic
and optoelectronic technologies, including photovoltaic
cells,” ™ photodetectors,""*> and field-effect transistors
(FETS).6'13’14

The deposition of high dielectric constant (high-x)
materials, commonly aluminium oxide (Al,03) or hafnium
dioxide (HfO,), on 1L MoS, is often required for realisation of
devices based on the FET architecture, providing the gate
dielectric that electrostatically controls the channel conduc-
tivity."> Atomic layer deposition (ALD), a variant of chemical
vapour deposition (CVD), is a vapour phase deposition tech-
nique commonly utilised for the growth of dielectric films for
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nanoscale devices. The ALD process proceeds via the sequen-
tial introduction of gaseous precursor and co-reactant mole-
cules, with purge steps between each reactant pulse ensuring
the resultant film forms from the self-terminating chemical
reaction of these two species on the substrate surface.'®'” ALD
can achieve excellent film uniformity and conformality on con-
ventional three-dimensional (3D) materials, offering precise
control over the deposited film thickness.'®° However, since
the surface chemistry of monolayer TMDCs varies considerably
from that of bulk 3D materials, the ALD of dielectrics on 1L
MoS, behaves differently. Unlike common 3D substrates, the
basal plane of a 2D TMDC is chemically inert, lacking the out-
of-plane dangling bonds that facilitate chemisorption of ALD
reactants and yield rapid layer closure.”’** The metal precur-
sor and oxidising co-reactant instead adsorb onto the 1L MoS,
surface via relatively weak physisorption, and are easily
detached at elevated temperatures or during extensive purge
steps.>® Therefore, the generation of thin, uniform dielectric
layers on 1L MoS, via ALD is challenging. Direct ALD, where
no pre-treatment of the surface is performed, of dielectric
materials on mechanically exfoliated 1L MoS, has been shown
to proceed via an island growth mode. This results in slow
closure of the dielectric layer, yielding discontinuous films
even at relatively high thicknesses,>"*® exemplified in our
recent report of incomplete Al,O; and HfO, films grown on
CVD-1L MoS, via direct thermal ALD.?® Numerous studies
have explored a range of strategies to improve ALD-nucleation
on MoS,, namely oxide buffer layers,>*® plasma pre-
treatment,**?° and ultraviolet-ozone (UV-O;) exposure.*’™?
However, such treatments prior to deposition may have dele-
terious impacts on the dielectric/MoS, interface, so direct ALD
processes are deemed preferable. Direct plasma-enhanced
(PEALD) of high-x dielectrics, while beneficial for growth on
3D materials, has been shown to degrade the crystal structure
of 1L MoS, via substantial oxidation.>® Alternatively, tuning
the thermal ALD process conditions may improve the growth
of ALD-dielectric films on MoS,, with lower deposition temp-
eratures thought to encourage physisorption of the ALD pre-
cursors on MoS,, thus yielding enhanced dielectric surface
coverage.”>* Despite improved growth, low-temperature ALD
processes often result in poor-quality dielectric layers with
compromised device performance.** Therefore, an optimised
direct thermal ALD process is important for the growth of
high-quality high-« dielectric films on 1L MoS,.

While the growth characteristics of dielectrics on standard
3D substrates are well established, the unique nucleation and
growth processes associated with the direct thermal ALD of
dielectrics on 1L MoS, are not fully understood.> In the litera-
ture, the vertical growth per cycle (GPC) associated with the
deposition of high-x dielectrics on MoS, on a silicon-sup-
ported silicon dioxide (SiO,/Si) substrate is commonly esti-
mated via ellipsometry experiments on companion silicon (Si)
or silicon dioxide (SiO,) substrates. Many studies often assume
that the vertical growth rate for a given dielectric on SiO,/Si-
supported MoS, will be approximately equal to that obtained
for a Si0,/Si wafer.”>>**°% With the surface reactivity of

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

TMDCs known to differ substantially from that of bulk 3D
materials, this assumption may yield incorrect estimation of
the vertical GPC that does not accurately reflect the develop-
ment of ALD-grown high-x dielectric films on MoS,.>° It
should also be noted that the substrate upon which a MoS,
monolayer is supported will also impact the nucleation and
growth behaviours of ALD-dielectric films.** Interaction
between the substrate and 1L MoS, influences the adsorption
of reactants, yielding substrate-dependent variation in dielec-
tric film morphology. In this study, we focus on 1L MoS, on
SiO,/Si.

Atomic force microscopy (AFM) is a powerful method for
the characterisation of surface morphology. McDonnell et al.
have previously utilised AFM imaging to estimate a vertical
GPC of ~0.1 nm for the direct thermal ALD of HfO, on multi-
layer (ML) MoS, prepared via mechanical exfoliation.”®
Similarly, Zhang et al. monitored the thickness dependence of
the morphology of Al,O; films grown directly on synthetic
polycrystalline ML MoS,.*> The authors evaluated both the
lateral and vertical growth rates of ALD-Al,O; on ML MoS, via
scanning electron microscopy (SEM) and AFM, respectively.
However, knowledge of the processes that underpin the for-
mation of high-x dielectric layers on synthesised TMDC mono-
layers remains limited.*’ CVD has emerged as a leading
method for the generation of large-area, high-quality 1L MoS,
films.*** CVD-MoS, is typically polycrystalline, with the
lateral dimensions and orientation of the grains, together with
the surface coverage, all sensitive to the CVD growth con-
ditions.*® CVD-grown 1L MoS, is known to contain numerous
structural defects, including mono- and bi-sulfur vacancies,
grain boundaries, impurities, dislocations, and anti-sites.***°
The morphology of a 1L MoS, surface prepared via CVD will
influence subsequent ALD of a dielectric.>® With large-area 1L
MoS, increasingly synthesised by CVD methods, an assess-
ment of the direct ALD of high-x dielectrics on CVD-grown 1L
MoS, is critical for future device integration.

In this work, we employ both low- and high-magnification
AFM to study nucleation and growth behaviours of direct
thermal ALD of Al,0; and HfO, on SiO,/Si-supported CVD-1L
MoS, films. By systematically examining the physical pro-
perties of the deposited dielectric films as a function of the
number of ALD cycles, we elucidate the vertical and lateral
GPCs associated with each deposition. We also assess the
impact of the deposited films on the optical properties of
CVD-1L MoS, via Raman and photoluminescence (PL)
spectroscopies.

Experimental
Materials

1 cm x 1 em undoped hexagonal phase 1L MoS, films (>99%)
grown on SiO,/Si via atmospheric pressure chemical vapour
deposition (APCVD) were supplied by 2D Semiconductors.*?
Each film was cleaved into at least nine smaller samples of
approximately equal size. The films were supplied in vacuum-
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sealed packaging and cleaved samples were stored in a desicca-
tor to alleviate any degradation effects due to ambient
exposure.’’ The monolayer nature of the MoS, samples was
verified via AFM imaging and Raman mapping measurements,
as described in section S1 of the ESL.f Companion polished
SiO,/Si wafers were rinsed in deionised water and then dipped
in ~2-3% hydrofluoric acid (HF) for ~1 min to remove the top
few nm of oxide immediately before ALD of Al,O; or HfO,.

High- dielectric deposition

Thermal ALD of Al,0; and HfO, was performed at 200 °C
using a Veeco Fiji G2 system. All depositions used water (H,O)
as the co-reactant and argon (Ar) was employed as both the
carrier and purging gas. Al,O; was grown by pulsing trimethyl-
aluminium (TMA) precursor for 0.06 s, and H,O for 0.06 s,
purging for 8 s between each step. To deposit HfO, films, a tet-
rakis(dimethylamido)hafnium (TDMAH) precursor, heated to
75 °C, was pulsed for 0.25 s, followed by 0.06 s of H,O, with an
8 s purge step before and after each pulse. For all depositions
of Al,O; and HfO, in this study, the precursor delivery lines
were heated to 150 °C.

Atomic force microscopy

Surface topographies were imaged via AFM using a Bruker
Dimension Icon in the PeakForce Tapping Mode and a
ScanAsystAir tip (with a nominal tip length of 115 pm, a tip
radius of 2 nm, and a spring constant of 0.4 N m™").>> All AFM
images comprised 256 lines per scan and were acquired at a
scan rate of 0.5 Hz to yield an appropriate resolution. The
Gwyddion 2.60 software package was used for image proces-
sing and analysis.>® The surface coverage of the ALD-dielectric
films was estimated using the Fiji distribution of the Image]
software package, by converting the AFM maps to 8-bit grays-
cale and subsequently binary images via the software’s thresh-
olding algorithm.>*

Raman and PL spectroscopy

Raman and PL data were acquired at room temperature using
a Renishaw inVia Reflex Raman microscope in standard con-
focal mode with a 532 nm excitation laser at 0.1% of
maximum power (~0.18 pW). A Leica 50x objective lens was
used, with a numerical aperture of 0.75 and a grating with
1800 lines per mm. Optical micrographs of the samples were
acquired with this optical configuration. Single-spot Raman
data were the sum of 4 accumulations of 5 s each, with the
corresponding PL data the sum of 4 accumulations of 10 s
each. Multipeak Lorentzian fitting of single-spot PL spectra
was performed, with the exciton and trion peak energies con-
strained within approximate initial estimates and their line-
widths allowed to vary freely. Raman and PL mapping data
were also obtained for each sample, collected over an area of
12 pm x 12 pm with a step size of 0.5 pm. Each PL map was
centred around ~1.85 eV and the spectrum at each point fitted
with a single Lorentzian curve, with the peak intensity
extracted and mapped as a function of position. Similarly, a
superposition of two Lorentzian functions was fitted to each
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Raman spectrum to encompass the two characteristic MoS,
peaks. The exposure conditions used to acquire PL/Raman
spectra following ALD were identical to those used to measure
the corresponding untreated MoS,. All data were recorded via
the Renishaw WIRE 3.1 software package with cosmic-ray fea-
tures eliminated where necessary.

Spectral reflectivity

The thicknesses of HfO, films grown on MoS,-free companion
SiO,/Si wafers were determined via spectral reflectance
measurements using a Filmetrics F40-UV microscope. The
relative uncertainty of the F40-UV system is +1 nm,**”® and a
Si0,/Si reference wafer with known SiO, thickness was used to
calibrate the system. Average thickness was determined from
at least five points randomly distributed across the sample. A
three-variable model in FILMeasure 9 software was utilised to
determine the dielectric film thicknesses from the measured
reflectance spectra.’”

Results and discussion
Development of Al,O; and HfO, films on CVD-1L MoS,

We first discuss the nucleation and growth of Al,O; and HfO,
on CVD-grown 1L MoS, films by varying the number of ALD
cycles, from 25 cycles to 200 cycles. Each deposition was per-
formed on a separate cleaved 1L MoS, sample. Select high-
magnification AFM images of the dielectric film and approxi-
mated maps of the dielectric surface coverage associated with
each deposition explored here are presented in Fig. 1 (Al,03)
and Fig. 2 (HfO,), with a representative line profile traced
across each image.

From the high-magnification AFM images, we evaluate the
development of the high-x dielectric films on 1L MoS,. By
imaging a scan area on the order of a few hundred nano-
metres, AFM enables visualisation of the dielectric film mor-
phology. As shown in Fig. 1 and 2, the ALD-Al,O; and
ALD-HfO, films grown at all cycle numbers comprise nano-
scale island structures. Such island morphology has been
reported previously for ALD-grown dielectric films on
MoS,.2%?%°8 The vertical dimension of the island features can
be extracted by tracing line profiles across the acquired AFM
images, and monitored as the number of ALD cycles increases
to ultimately estimate the vertical GPC associated with each
deposition. We also track evolution of the lateral dimension of
these island features, facilitating evaluation of the lateral GPC.
While representative AFM images are displayed in Fig. 1 and 2,
island heights and diameters were averaged from at least three
high-magnification AFM images obtained from different
regions of each 1L MoS, sample.

The shape of the Al,O; island features deposited at each
number of cycles can be generalised as a cylinder with a hemi-
sphere on top, as shown in Fig. S2 in the ESL} After 25 cycles,
the ALD-Al,O; coverage is sparse, covering less than half of the
underlying 1L MoS, and indicating nucleation predominantly
occurs at defective sites and is limited on the basal plane.*®

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 High-magnification AFM images (top), maps of estimated surface coverage (middle) and representative line profiles (bottom) of the
ALD-AL,O5 films grown on 1L MoS; at cycle numbers (a) 25, (b) 50, (c) 100, (d) 150, and (e) 200. The line profiles were traced along the red dashed
lines in each AFM image and the average island height is indicated on the bottom row where applicable - the significant coalescence at 200 ALD
cycles prevents evaluation of the island height so no value is quoted in the bottom panel of (e).
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Fig. 2 High-magnification AFM images (top), maps of estimated surface coverage (middle) and representative line profiles (bottom) of the
ALD-HfO, films grown on 1L MoS; at cycle numbers (a) 25, (b) 50, (c) 100, (d) 150, and (e) 200. The line profiles were traced along the red dashed

lines in each AFM image and the average island height is indicated in (a).

We estimate the average island height to be ~3.5 nm and the
average diameter as ~10.3 nm. The relatively small Al,O; struc-
tures are packed together in randomly distributed larger “clus-
ters”. The degree of coalescence within each ~100 nm-wide

This journal is © The Royal Society of Chemistry 2025

“cluster” is high, but no Al,O; islands exist outside of these
regions. The ALD-AL,O; film grown after 50 cycles exhibits a
different morphology. Here, the Al,O; features do not form
“clusters” but are arranged in a network of irregular shapes
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and are slightly larger, with an average diameter of ~24.0 nm
and an average height of ~6.4 nm. The increased height of the
AL, O; features gives a larger root mean square (RMS) surface
roughness, Ry, of 2.6 nm. The Ry value will be influenced by
both the height of the islands and the degree of coalescence,
with more continuous films giving smoother Ry values. The
surface coverage after 50 cycles is greater than that after 25
cycles, with ~61% of the MoS, surface covered by Al,0;. We
find that after 100 cycles of ALD of Al,O;, the dielectric film
has an increased surface coverage of ~67% and comprises a
more regular array of larger islands that are ~10.4 nm high
and ~27.5 nm in diameter. The increased vertical dimension
of the Al,O; islands increases the surface roughness of the
film, with R, ~4.8 nm. Following 150 ALD cycles, we find the
Al,O; film covers ~75% of the underlying MoS, surface, with
Ry ~5.4 nm. The dimensions of the Al,O; islands are again
increased; we evaluate the average height to be ~15.2 nm and
the average diameter to be ~30.5 nm. Even after 200 cycles, the
ALD-Al,O; film does not develop via layer-by-layer growth, but
rather comprises island features that are, on average,
~32.9 nm in diameter and cover ~89% of the MoS, surface.
The enhanced surface coverage results from a greater degree of
coalescence, but complete coverage is not achieved even after
200 ALD cycles. The closer packing of the dielectric islands
means the AFM tip cannot always access the uncovered MoS,
regions between islands, making accurate evaluation of the
island height in this sample challenging. The representative
line profile extracted from the Al,O; film after 200 cycles, as
displayed in Fig. 1e, shows relatively small variations in height
and is relatively smooth (R; ~2.8 nm). However, in some
regions of the film, a sufficient number of Al,O; islands are
isolated from their neighbours (see Fig. S3 in the ESIt) and we
estimate the island height as ~20.3 nm.

Compared to the hemispherically-capped cylindrical nano-
structures seen in the Al,O; films, islands observed in the
HfO, films displayed in Fig. 2 are more conical in shape at all
ALD cycle numbers (Fig. S21). This difference in shape may
result from the bulkier size of the TDMAH precursor compared
to TMA.*” Dense nucleation along a MoS, grain boundary is
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evident after 25 cycles of HfO, (Fig. 2a), but HfO, islands,
though more sparsely arranged, are also observed on the MoS,
basal plane. Following 25 ALD cycles, the conical islands in
the ALD-HfO, film have an average base diameter of ~25 nm,
an average height of ~5 nm, and cover ~57% of the underlying
MoS,. From 50 ALD cycles onwards, the continuity of the
ALD-HfO, films increases with cycle number, with over 90%
surface coverage achieved after 200 cycles.

In general, as shown in Fig. 3, we find that as the number
of ALD cycles increases, the island features in the deposited
Al,O; film expand in both the lateral and vertical directions,
and the surface coverage of the film increases. Moreover, the
roughness of the deposited Al,O; films increases up to 150
cycles, with increased coalescence at 200 cycles yielding a
smoother morphology. With growth proceeding both vertically
and laterally, it is clear that ALD-Al,O; films develop on
CVD-1L MoS, via a 3D growth mode. Lateral expansion during
island growth has been reported to occur during the second
ALD half-cycle.’® We find that from 50 ALD cycles onwards,
the height and diameter of the Al,O; islands evolve linearly. As
has been described for substrate-inhibited ALD,*"*® including
ALD of Al,O; on synthetic ML MoS,,** we separate the develop-
ment of ALD-Al,O; on CVD-1L MoS, observed here into a
three-stage growth process: (i) initial nucleation from 0 to 25
cycles, (ii) transition regime from 25 to 50 cycles, and (iii)
linear growth mode after 50 cycles. In the initial regime, the
inert basal plane of CVD-1L MoS, impedes ALD, resulting in a
low nucleation density, with nucleation likely occurring only at
defects and grain boundaries. As island coalescence acceler-
ates, the surface roughness, surface coverage, and Al,O; island
dimensions increase quickly in the transition regime until
linear growth with a constant GPC is achieved. From the linear
cycle dependences of island height and diameter after 50
cycles, we estimate the vertical GPC of this thermal ALD
growth of Al,0; on CVD-1L MoS, to be 0.09 + 0.01 nm, with a
lateral GPC of 0.06 + 0.01 nm.

Overall, we reveal the degree of coalescence of the
ALD-HfO, films is greater than that of the ALD-Al,O; films, for
all number of cycles (Fig. 3c). This indicates improved nuclea-

3100 T T T T 7 T T
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Fig. 3 Comparisons of the cycle dependence of the average (a) dielectric film thickness, (b) island diameter, (c) surface coverage, and (d) Rq values
of the ALD-AL,O5 (green) and ALD-HfO, (magenta) films. The error bars indicate one standard deviation. In (a), the plotted thickness corresponds to
the island height for all ALD cycles of Al,O3 and for 25 ALD cycles of HfO,. For depositions of HfO, beyond 25 cycles, the thickness plotted in (a) is
the inferred thickness obtained from lower-magnification AFM images and spectral reflectivity measurements on companion MoS,-free SiO,/Si
wafers, as described in the main text and section S4 of the ESI.{

15440 | Nanoscale, 2025, 17, 15436-15447 This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr01144b

Open Access Article. Published on 12 June 2025. Downloaded on 4/13/2026 8:03:02 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

tion and growth characteristics result from the TDMAH/MoS,
and/or TDMAH/H,O interactions than from those involving
TMA. The physisorption of bulkier ALD precursor molecules
on MoS, has been reported to be more energetically favour-
able.®® Compared to the reaction with TMA, an enhanced
interaction between MoS, and TDMAH may contribute to an
improved nucleation pattern that facilitates the higher surface
coverage observed at all cycle numbers for HfO,. Whereas the
diameter of the Al,O; islands and the associated surface
roughness varies with the number of ALD cycles, we find the
island diameter and roughness of the HfO, films show no
cycle dependence, as plotted in Fig. 3b and d. This suggests
the development of ALD-HfO, on CVD-1L MoS, does not
proceed via the same 3D growth mode as Al,O3, with only verti-
cal growth occurring with further ALD cycles. With no appreci-
able lateral expansion of HfO, islands, we suggest that the
increased surface coverage of the HfO, films at a higher
number of ALD cycles originates from the formation of new
islands.

The significant degree of coalescence in ALD-HfO, observed
for all depositions of more than 25 ALD cycles prevents evalu-
ation of the vertical GPC from the high-magnification AFM
images as performed for ALD-Al,O3, since there are no isolated
HfO, islands. To estimate the vertical GPC of ALD-HfO,, we
instead utilise lower-magnification AFM imaging and the
thickness of HfO, deposited on companion SiO,/Si wafers
measured via spectral reflectivity. We trace line profiles across
relatively low-magnification AFM scans of areas close to the
edges of each HfO,-encapsulated 1L MoS, film, where border-
ing SiO,/Si substrate regions are adjacent to obtain the step
height between HfO,/MoS, and HfO,/SiO,/Si. By imaging a
scan area of ~10 pm x 10 pm, we extract line profile infor-
mation over a relatively large region. The thickness of HfO, on
MoS, is then estimated by subtracting the thickness of CVD-1L
MoS, (~0.7 nm)>®" and the step height from the measured
thickness of HfO, on Si0,/Si.®* Details of this process are pro-
vided in section S4 of the ESL{ The resulting inferred thick-
ness of ALD-HfO, on CVD-1L MoS, is plotted as a function of
ALD cycle number in Fig. 3a. We again assign the initial
nucleation stage from 0 to 25 cycles, with a transition regime
between 25 and 50 cycles, and linear growth from 50 cycles
onwards. From the linear relationship after 50 ALD cycles, we
estimate a vertical GPC of ~0.14 + 0.01 nm, indicating the ver-
tical growth rate of ALD-HfO, on CVD-1L MoS, is notably
faster than that of ALD-Al,O;. For the same number of thermal
ALD cycles, the thickness of HfO, grown on CVD-1L MoS, is
greater than that of Al,0;. Moreover, our estimated vertical
GPC of HfO, on CVD-1L MoS, (after 50 cycles) is comparable
to that previously determined for the growth of HfO, on n-type
Si via an identical thermal ALD process.*

At all cycle numbers of ALD-HfO,, the island diameter is
estimated to be ~25 nm, smaller than the diameter of the
ALD-Al,O; islands deposited at all cycle numbers greater than
25 cycles. This is opposite to the trend recently reported by
Schiliro et al. for direct thermal ALD of thin Al,O; and HfO,
films on gold-supported 1L MoS,, where HfO, nanostructures

This journal is © The Royal Society of Chemistry 2025
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after 40 ALD cycles were observed to be larger than the corres-
ponding Al,O; features.’” There, the authors attributed the
increased island size to a lower precursor diffusivity due to the
bulky structure of TDMAH compared to TMA. Our differing
observations are likely due to differing substrate-MoS, inter-
actions in our SiO,/Si supported samples, and the lower temp-
erature of our ALD processes.

Via AFM image analysis, we have demonstrated that while
ALD-AlL,O3 and -HfO, films grown directly on CVD-1L MoS,
both comprise nanoscale island features, the underlying
growth mechanisms are different. ALD-AL,O; films develop via
a 3D island growth mode, with lateral and vertical expansion
of the island dimensions observed with increasing ALD cycle
number. In contrast, ALD-HfO, films grow primarily in the ver-
tical direction, with minimal change to the lateral dimension
of the constituent island structures.

Impact of Al,O; and HfO, on the optical properties of CVD-1L
MosS,

We now discuss the optical behaviour of dielectric-encapsu-
lated CVD-1L MoS,. We measure the Raman and PL emission
from each 1L MoS, sample before and after the depositions of
Al,O3 and HfO, at the various numbers of ALD cycles. To the
best of our knowledge, no rigorous examination of the Raman
and PL signals from MoS, following ALD of varying thick-
nesses of Al,O; and HfO, has been reported. Li et al. studied,
via single-spot optical measurements, the Raman and PL emis-
sion from CVD-grown 1L MoS, following thermal ALD of
several thicknesses of AL,O; up to ~24 nm.** We have pre-
viously established that the PL properties of 1L MoS, films syn-
thesised via CVD are spatially inhomogeneous.®® Hence, we
here apply a robust characterisation process that combines
single-site measurements with spatially resolved Raman and
PL maps to accurately assess the influence of high-x dielectric
films on the optical behaviour of CVD-1L MoS,.

Fig. 4 displays single-spot PL spectra measured from 1L
MoS, before and after ALD of Al,O; and HfO, at the various
numbers of ALD cycles. Maps of the maximum absolute PL
intensity, peak PL energy, and PL FWHM can be found in
section S5 of the ESI.{ From the single-spot and mapping PL
spectra, it is clear that direct thermal ALD of Al,O; or HfO,
attenuates, red shifts, and broadens the 1L MoS, PL signal to
some extent at all ALD cycle numbers explored here.>® We
define an attenuation factor as the ratio of the maximum
absolute PL intensity averaged from the untreated MoS, PL
mapping data to that obtained from the corresponding sample
after ALD. An analogous broadening factor is also introduced
to evaluate changes to the spectral width. A comparison of the
average attenuation factors, shifts, and broadening factors
extracted from the PL mapping data is presented in Fig. 5.

We find non-monotonic relations between the number of
ALD cycles and the degree of PL attenuation for both Al,O3
and HfO,. For each dielectric, the weakest reduction of the PL
signal occurs after 200 ALD cycles, with 100 cycles yielding the
largest attenuation. Generally, a greater number of ALD cycles
of either dielectric gave rise to a larger redshift in the energy of
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the PL emission, with minor shifts (<6 meV) seen at low cycle
numbers. Averaged across the mapping data, 25 ALD cycles of
HfO, resulted in a small blueshift in the PL energy. However,
this blueshift may arise from the scatter in the data and, since
it is <2 meV, we consider the shift negligible. For more than 50
ALD cycles, the redshift due to ALD-HfO, is greater than that
induced by ALD-Al,O3: following 200 ALD cycles of HfO,, the
peak PL energy is downshifted by ~65 meV, with only a
~25 meV shift after 200 cycles of Al,0;. For ALD of Al,O3, the
broadening of the MoS, PL signal increased with the number
of ALD cycles up to 150 cycles, where the deposition broad-
ened the PL linewidth by a factor of ~2. At 200 cycles, ALD of
AL, O; induced a broadening factor of only ~1.4. For ALD of
HfO,, the PL broadening factor increased up to 100 cycles
before remaining constant at ~3x for further cycles.

The attenuated intensity, downshifted energy, and broad-
ened spectral width of the 1L MoS, PL emission observed here
following ALD of a dielectric material is consistent with pre-
vious reports, and such modification of the PL character is
thought to originate from the introduction of defects and
n-type doping.?®®*°® A variety of defect states can be created
in 1L MoS, during thermal ALD of high-k dielectrics, including
sulfur vacancies,”” charged defects at the dielectric/MoS,
interface,®®*® and oxygen substitution at sulfur sites due to
exposure to oxidising co-reactants.’**° Such defects in 1L
MoS, act as non-radiative recombination centres and reduce
the PL signal strength by trapping photoexcited excitons in
mid-bandgap states, thus inhibiting their radiative decay.”
The creation of defect states can also increase electron-
phonon interactions, with the increased disorder in the 1L
MoS, crystal structure broadening the PL linewidth.”"”? Since
deconvolution of the PL emission can reveal information on
both the prevalence of defect states and the electron density in
MoS,,”*"* we decompose each single-site PL spectrum
obtained before and after ALD into three individual peaks: A
and B exciton emissions and an A” trion feature. The full
deconvoluted spectra associated with the ALD of Al,O; and
HfO, performed in this study are provided in Fig. S8 and S9 in
the ESI,T respectively. The ratio of the absolute intensity of the
B excitonic PL feature to that of the A exciton has been pro-
posed by McCreary et al. as an indicator of defect density in
MoS,, with a larger ratio corresponding to a more significant
abundance of defect states.”® Since we employ a three-peak
fitting of the PL spectra, we define an excitonic ratio as B/(A +
A7), and the increase in this ratio is plotted as a function of
ALD cycle number for both Al,O; and HfO, in Fig. 4c. ALD of
each dielectric increases the B/(A + A7) ratio at all ALD cycle
numbers, indicating each deposition introduces defect states
in 1L MoS,. The trends in the increase in B/(A + A™) ratio for
each dielectric (Fig. 4c) generally follow the same trajectory as
those of the corresponding PL attenuation factor (Fig. 5a),
suggesting defect formation is a primary source of dielectric-
induced reduction of the 1L MoS, PL signal. The maximum
increase in B/(A + A7) ratio for ALD of both dielectrics occurs
at 100 ALD cycles. Beyond 100 cycles, the increase in B/(A + A7)
ratio becomes less significant as the surface coverage of the
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dielectric film increases, and fewer additional defects are
created in 1L MoS,, particularly at 200 cycles. In general, the
change in B/(A + A7) ratio induced by ALD of Al,O; is greater
than that following ALD of HfO,. We speculate that the
enhanced defect formation during Al,O; deposition may be
due to the lateral expansion of islands that does not occur
during HfO, growth.

In addition to defect generation, n-type doping can also
contribute to a reduced, redshifted, and broadened MoS, PL
signal.®»”* ALD-grown high-x dielectrics can modify the elec-
tron density in MoS, wvia charge transfer at the
interface.’>%>%%7%7 gince the formation of A~ trions is
encouraged by an excess of electrons,”” the ratio of the absol-
ute intensity of the trionic component to that of the A excitonic
feature, A™/A, can serve as an indicator of the electron density
in MoS,.”® Fig. 4d presents evolution of the A™/A ratio with the
number of ALD cycles for the growth of Al,O; and HfO,. We
find that ALD of each dielectric increases the A7/A ratio to
some extent at all number of ALD cycles, indicating n-type
doping of 1L MoS,. The enhancement of the A7/A ratio
increases from 25 to 100 ALD cycles for both dielectrics, before
stabilising after 100 cycles. Since the n-type doping of MoS, is
known to proceed via an interfacial transfer of electron
density, we suggest that this trend can be attributed to an
increase in the number of interfacial sites as further dielectric
material is deposited. After 100 cycles, the increased surface
coverage of both dielectric films may mean that many inter-
facial sites are occupied, and further interfacial charge transfer
at higher ALD cycle numbers is minimal. The similar magni-
tude of the increase in A™/A ratio for both ALD-Al,O; and HfO,
at each number of cycles suggests film thickness is not a criti-
cal factor in the charge transfer, consistent with an interfacial
interaction. In addition to increases in the A™/A ratio, the
overall progressive redshift of the MoS, PL signal observed for
increasing ALD cycles of Al,O; and HfO, may be attributed in
part to an increasing redshift in the energy of the A™ contri-
bution, as shown in Fig. S10 in the ESI.{ Despite an apparent
general relation between surface coverage and increase in A™/A
ratio, this intensity ratio may also be impacted by strain and
dielectric screening effects. Increasing the dielectric environ-
ment of 1L MoS, has been reported to enhance and blueshift
the PL emission.”® Since we observe PL attenuation and red-
shift following all depositions of Al,O; and HfO,, we exclude
any significant dielectric screening effects. We develop a
clearer understanding of the dielectric-induced strain and
doping of 1L MoS, in the subsequent analysis of the Raman
emission.

The distinct Raman spectrum of 1L MoS, comprises two
characteristic peaks: an in-plane E12g vibration at ~384 cm™"
that is sensitive to strain and an out-of-plane A;; mode at
~403 cm™' that is responsive to charge doping’®%® We
obtained single-site Raman spectra and spatially resolved
maps of the positions and linewidths of the E',, and A, peaks
before and after each ALD of Al,O; or HfO,, and these are pro-
vided in section S7 of the ESIL.{ For growth of Al,0; and HfO,,
we observe small but appreciable widening of the FWHM of
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the 1L MoS, Raman peaks at all ALD cycle numbers, with a
general increase in the degree of broadening as the cycle
number increases (see Fig. S16 in the ESIT). Broadening of the
characteristic MoS, Raman modes indicates enhanced phonon
scattering, typically associated with increased disorder that
may arise from the introduction of strain or charge doping.®
To quantitatively separate the changes in electron density, n,
and mechanical strain, & in CVD-1L MoS, induced by each
deposition, we employ a correlative analysis previously applied
to graphene®®* and MoS,.”*?7%*"®®Details of this procedure
can be found in section S8 of the ESIL.{ Fig. 6 presents correla-
tive plots of A, peak position as a function of E',, wavenum-
ber extracted from the Raman mapping data, with overlayed e-
n grids, for each ALD process studied here. The red dashed
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lines correspond to doping isolines and represent An = 0.1 x
10" ecm™? relative changes in the electron density. A positive
(negative) An indicates n-type (p-type) doping. Strain isolines
are indicated by the black dashed lines and demonstrate vari-
ations in the strain of Ae = +0.1%. Ae > 0 corresponds to
tensile strain, with Ae < 0 representing compressive strain.
Comparisons of the doping and strain induced in 1L MoS, by
ALD of Al,0; and HfO, at each number of ALD cycles are given
in Fig. 6¢ and d, respectively.

From analysis of the Raman maps, we find thermal ALD of
Al,O; or HfO, induces some degree of n-type doping in
CVD-1L MoS, at all number of cycles, in good agreement with
the general changes to the A™/A ratio extracted from the single-
site PL data. We estimate that 25 cycles of ALD-Al,O; enhances
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the MoS, electron density by ~0.4 x 10"* ecm™2, yet only a ~0.2
x 10" em™? increase results from 50 ALD cycles. The degree of
Al,Os-induced n-type doping reaches a maximum at 100 cycles
and 150 cycles, with the electron density of 1L MoS, increased
by ~0.7 x 10"* em™ following both depositions. At 200 ALD
cycles of Al,O3, the degree of n-type doping is only ~0.4 x 10"
em™?, comparable to that observed after 25 cycles, despite
~85% surface coverage. The variation in the extent of n-type
doping of 1L MoS, following ALD of Al,O; is well explained by
the saturation of interfacial sites at increased surface coverage.
Due to the lateral component of the 3D growth mode, further
Al,O; film growth after 100 ALD cycles occurs primarily on
existing islands rather than directly on uncovered MoS,, limit-
ing further charge transfer. For ALD of HfO, on CVD-1L MoS,,
the degree of n-type doping increases monotonically with cycle
number up to 200 cycles. With minimal change in the electron
density observed after 25 cycles of ALD-HfO,, the increase in
electron density in 1L MoS, is ~1.5 x 10" cm™ after 200
cycles. As the charge transfer occurs at the interfacial region
between the ALD-dielectric and 1L MoS, surface, the enhanced
degree of n-type doping at higher ALD cycle numbers can be
explained by the increasing surface coverage and lack of lateral
expansion of HfO, islands. In addition, a greater doping effect
is seen for HfO, at higher cycle numbers, where significant
dielectric film coalescence is observed. This can be attributed
to the higher dielectric constant of HfO,: the dielectric con-
stants of Al,O; and HfO, are ~8.5 and ~20, respectively.®°
High-k dielectrics alter the local electric field on the MosS,
surface, thus encouraging electron accumulation at the inter-
face. A higher dielectric constant ALD-film will facilitate stron-
ger interfacial electrostatic interactions and more efficient
charge transfer. Moreover, ALD-HfO, films are more likely to
exhibit oxygen deficiency due to a tendency to form sub-stoi-
chiometric HfO, phases, further contributing to n-type doping
effects.®

The induced changes to strain in 1L MoS, due to ALD of
Al,O; are relatively small (|Ae| < 0.2%). The varying degrees of
compressive or tensile strain are likely a result of local fluctu-
ations due to the island morphologies and incomplete coalesc-
ence of the ALD-Al,O; films. In contrast, only compressive
strain was introduced in 1L MoS, following ALD of HfO,. A
maximum compressive strain (Ae ~—0.3%) was imparted on
MoS, after 100 cycles of HfO, and we suggest that this is due
to localised strain effects from the vertically developing island
features. Beyond 100 ALD cycles of HfO,, the film coalescence
increases such that the strain imparted on the underlying
MoS, is distributed more evenly and a progressively weaker
overall compressive strain effect is seen. We speculate that the
relatively modest strain effects observed here in 1L MosS, fol-
lowing ALD of Al,O; or HfO, are a result of the physisorption-
driven nature of the film nucleation. The resulting vdW inter-
action between the dielectric and the underlying 1L MoS, may
limit the efficient transfer of mechanical strain into the mono-
layer. An exact understanding of the strain effects induced in
CVD-1L MoS, during ALD of high-x dielectrics requires further
research attention.

This journal is © The Royal Society of Chemistry 2025
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Conclusions

We have systematically studied the nucleation and growth of
Al,O; and HfO, films deposited directly on CVD-1L MoS, via
thermal ALD at 200 °C. We have revealed ALD-Al,O; films
develop via 3D island growth, with estimated vertical and
lateral GPCs of 0.09 + 0.01 nm and 0.06 + 0.01 nm, respect-
ively. We find ALD-HfO, films also exhibit island morphology,
but the absence of lateral expansion indicates the growth of
HfO, does not evolve via the same 3D mode. We attribute the
differing growth mechanisms to variations in precursor/1L
MoS, interactions and nucleation kinetics. We have also inves-
tigated the change in the optical behaviour of 1L MoS, with
differing numbers of ALD cycles of Al,0; and HfO,. We find
that ALD of Al,O; and HfO, both induce some degree of PL
attenuation, redshift, and broadening at all cycle numbers,
consistent with defect generation and n-type doping. We
connect the modified optical properties of encapsulated 1L
MoS, to the surface coverage and morphology of the ALD-
dielectric films, and rationalise the extent of n-type doping in
terms of interfacial charge transfer. This study of the direct
ALD of high-k dielectric materials on CVD-1L MoS, films has
revealed nucleation and growth behaviours that are important
for the realisation of 1L MoS,-based device structures.
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