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ABSTRACT: Integration of ultrathin, high-quality gate insu- TMA-ALD on MoS, TIBA-ALD on MoS,
lators is critical to the success of two-dimensional (2D)
semiconductor transistors in next-generation nanoelectronics.
Here, we investigate the impact of atomic layer deposition
(ALD) precursor choice on the nucleation and growth of .
insulators on monolayer MoS,. Surveying a series of aluminum * %\ ) —

(AlO,) precursors, we observe that increasing the length of the ¥ /H

ligands reduces the nucleation delay of alumina on monolayer " A A >
MoS,, a phenomenon that we attribute to improved van der
Waals dispersion interactions with the 2D material. Using the
precursor triisobutylaluminum (TIBA), we achieve uniform
coverage of ~3 nm AlO, on MoS§, after just 30 cycles. We also
build top-gated transistors with alumina seed layers grown by different precursors, demonstrating how the nucleation behavior
of the seed layer influences the device behavior. With a bilayer stack of TIBA-AlO, and HfO, as the top-gate insulator, we
achieve n-type MoS, transistors with negligible hysteresis, small and positive threshold voltage, ~80 mV/dec subthreshold
swing at room temperature, and a top-gate equivalent oxide thickness of 0.95 nm. Through this work, we develop a simple,
industry-compatible, all-ALD process for depositing a top-gate insulator directly on monolayer MoS,, and we elucidate critical
insights into how the ALD chemistry can be tuned to improve insulator deposition.

3.1 nm, 100% covered
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INTRODUCTION mobility even in single layers.” However, to incorporate 2D
semiconductors into well-behaved transistors, many processing
challenges must be overcome, including the integration of the
gate insulator into a gate stack.””

Generally, the gate insulator in modern transistors is
deposited via atomic layer deposition (ALD). Widely used in
the semiconductor industry, ALD is a scalable, low-temper-
ature materials deposition technique that offers excellent
conformality, a high degree of compositional control, and
angstrom-level thickness control due to its self-limiting nature.
However, ALD is contingent on the precursor reacting with

Scaling silicon field-effect transistors (FETs) to sub-10 nm
dimensions is increasingly challenging due to short channel
effects that lead to high leakage currents and excessive static
power consumption. Advanced transistor architectures like
FinFETs and gate-all-around (GAA) FETs can mitigate short
channel effects and improve gate control, but reduction of
silicon channel thickness below 3—4 nm to improve electro-
statics comes with reduced mobility and performance trade-
offs,'~* due to electron- (or hole-) surface scattering. To
address these limitations, ultrathin two-dimensional (2D)
semiconductors such as transition metal dichalcogenides
(TMDCs) have emerged as promising candidates. These Received:  June 26, 2025
materials are less than 1 nm thick in single layers, offering Revised:  August 21, 2025
enhanced electrostatic gate control and carrier confinement Accepted:  August 22, 2025
relative to three-dimensional (3D) materials due to their Published: September 8, 2025
atomic thinness. Additionally, due to the lack of dangling

bonds, they offer reduced surface scattering, providing good
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Figure 1. Growth studies of each precursor under different ALD conditions. (a) Skeletal formulas for each Al precursor and their acronyms.
The growth per cycle (GPC) of AlO, ALD by each precursor on SiO, as a function of (b) reactor temperature and (c) Al precursor purge
time. The processes in (b) each used an excessively long purge time (60 s) for the precursor to prevent gas-phase reactions from occurring.
The circled data points in (b) indicate the lowest temperature feasible (LTF). The data in (c) were collected at the respective LTF for each
precursor, as noted. The GPC was determined after 30 cycles of ALD for each precursor. The circled data points in (c) indicate the selected

purge times for each process.

the surface, usually by a ligand exchange reaction.”'* Its

effectiveness on 2D materials is severely limited by the lack of
reactive sites on their basal planes, leading to nonuniform
nucleation only at defects and grain boundaries."*~"

Various strategies have been employed to address this issue,
including the use of transformed films, buffer or seed layers,
surface treatments, and ALD process modifications.'*™**
However, these methods often possess some detrimental
limitations.” Transforming films (e.g, by converting HfSe,
into HfO,) requires sacrificing one layer of the 2D material,
limiting its application to multilayer materials and to materials
whose native oxide is of both high quality and high dielectric
constant (high-x).'® Buffer layers deposited by physical vapor
deposition (PVD), like aluminum metal, may damage or dope
the 2D material.'” Organic seed layers made via self-assembly
usually have low dielectric constant (low-k) and are not always
uniform."® ™" Surface treatments to create reactive sites on 2D
materials involve intentionally making defects or using reactive
small molecule adsorbents. As such, the surface treatments can
be damaging to the surface or lead to the incorporation of
contaminants.”' ~**

One promising, industry-compatible yet underexplored
approach to achieving uniform insulator deposition on 2D
materials is physisorption-assisted ALD (PA-ALD). In theory,
PA-ALD represents a deposition strategy that is scalable and
nondamaging, can grow insulators with high-x, and is easily
applied to a variety of 2D materials. The most common
approaches to achieving PA-ALD involve lowering the ALD
process temperature to induce physisorption and to stabilize
the adsorbed precursors, leading to enhanced nucleation
density and ultimately better film continuity.”*™*° However,
the ALD process temperature is not the only parameter that
can be leveraged to improve physisorption and nucleation.
One key ALD process parameter that has been widely
overlooked is the choice of the ALD precursor. To the best
of our knowledge, only one report exists, experimentally
demonstrating that precursor choice does impact the
deposition characteristics on a 2D material.>* Nevertheless,
more mechanistic insight is needed in order to design ALD
processes for uniform deposition of high-quality insulators on
2D materials.

In this work, we investigate the impact of ALD precursor
choice on nucleation and growth via a PA-ALD process. We

survey a series of aluminum (AlO,) precursors of different
ligand types and sizes, including dimethylaluminum isoprop-
oxide (DMAI), trimethylaluminum (TMA), triethylaluminum
(TEA), and triisobutylaluminum (TIBA), for deposition on
monolayer MoS, (Figure 1a). We observe a trend in AlO,
coverage (DMAI < TMA < TEA < TIBA) with a wide
variation in the nucleation behavior: DMAI leads to negligible
coverage after 30 cycles, whereas TIBA leads to uniform
continuous coverage after just 30 cycles and ~3 nm AlO,
deposited. We propose that increasing the ligand length of the
Al precursor leads to improved van der Waals (vdW)
dispersion interactions with the MoS,, a longer residence
time on the surface, a higher likelihood to react with the
coreactant, and consequently a higher ALD nucleation rate.

Using optimized processes for the alkylaluminum precursors
(TMA, TEA, and TIBA), we create AlO, seed layers on MoS,
for the subsequent ALD of HfO, (with higher-«), which are
incorporated in top-gated MoS, transistors. We find that the
nucleation behavior of the AlO, directly impacts the
performance of the devices. For instance, the TMA-based
devices show high variability and high hysteresis, owing to lack
of deposition uniformity and to the defectivity of the created
layer. TIBA-based devices, on the other hand, show excellent
electrical characteristics such as low variability, low hysteresis,
and low effective oxide thickness (EOT). For our optimized
top-gate stack composed of a bilayer of 2 nm AlO, deposited
using TIBA and 2 nm HfO,, we achieve devices with
subthreshold swing (SS) of ~80 mV/dec at room temperature,
almost no hysteresis, a positive threshold voltage (V) between
0 and 1V, and an EOT of 0.95 nm. Together, these device
metrics represent some of the best reported data in the
literature using an industry-compatible deposition technique.
Ultimately, we demonstrate the viability of direct ALD of high-
quality insulators on 2D semiconductors, via precursor
engineering.

RESULTS AND DISCUSSION

Precursor-Dependent Nucleation Study. To create
AlO, seed layers for top-gated MoS, transistors, the ALD
recipe must be optimized to maximize nucleation. Key ALD
parameters to optimize for each precursor are temperature and
purge time. Each precursor has its own ALD temperature
window within which self-limiting, saturated reactions and
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Figure 2. Nucleation study of each precursor on monolayer MoS,. Coverage of AlO, on MoS, as a function of ALD cycle number for each
precursor at (a) the same temperature of 125 °C and (b) the LTF for each precursor. Coverage data are extracted from SEM measurements.

Curves shown are fits to the data using the Avrami model.> ™

Representative SEM images after 30 cycles of AlIO, ALD deposited on

monolayer Mo$, using (c, g) DMAI, (d, h) TMA, (e, i) TEA, and (f) TIBA as the precursor. The top row of SEM images (c—f) represents the
experiments performed at 125 °C; the bottom row (g—i) represents the experiments performed at the LTF for each precursor. In the SEM
images, the white/light gray regions arise from the AlO, and the darker regions derive from the monolayer MoS,. The thickness reported on
each image represents the thickness measured on SiO, by spectroscopic ellipsometry (SE), i.e. the maximum thickness possible for the
deposited material. The percentage shown on each SEM image represents the areal coverage of AlO, on MoS,.

well-behaved deposition can be expected. Operating outside of
this window generally leads to poor growth. The poor growth
can arise from slow reaction kinetics or precursor condensation
at low temperature, and from thermal decomposition or
precursor desorption at high temperature.'’ For our purposes,
we seek to operate at the lower end of the temperature window
in order to maximize physisorption on the 2D material, while
still maintaining normal growth. Figure 1b shows the AlO,
growth per cycle (GPC) on SiO, as a function of temperature
for each precursor studied. It is observed that TMA, TEA, and
TIBA begin to exhibit uncontrolled growth at 25 °C, 75 °C,
and 100 °C, respectively, as denoted by the sudden increases in
GPC. This uncontrolled growth is most likely caused by
precursor condensation on the substrate. For DMAI, on the
other hand, as the temperature is reduced to 50 °C the growth
rate diminishes dramatically. Interestingly, for DMAI ALD at
50 °C, the deposited film is always approximately 1 nm in
thickness no matter how many cycles are performed,
suggesting that growth terminates once the AlO, is growing
on itself rather than on the SiO, surface. This diminished
growth at low temperature is most likely due to kinetic
limitations. As such, for each precursor, the following

33475

temperatures were chosen in order to maximize physisorption
while still retaining controllable growth: 75 °C for DMAI, 50
°C for TMA, 100 °C for TEA, and 125 °C for TIBA. We label
these values as the lowest temperature feasible (LTF) for each
precursor.

The next parameter to optimize is the precursor purge time.
The purge step in ALD processes is used to remove reaction
byproducts and unreacted precursor from the reactor, as well
as physisorbed precursor from the surface.'' Here we aim to
select a purge time that minimizes precursor desorption from
the surface to maximize nucleation, while still adequately
eliminating residual precursor from the gas phase to avoid loss
of control over the deposition. The purge behavior for each
precursor at the LTF is shown in Figure lc. Additionally, the
same optimization was performed for each precursor at a single
temperature (125 °C) for more direct comparison of precursor
nucleation behavior, and those results are shown in Supporting
Information Figure S2. For each precursor, there is a sharp
increase in the GPC when the purge time is too short. We
attribute this GPC increase to the onset of gas phase reactions
between the precursor and coreactant leading to excessive
deposition on the surface and a loss of self-limiting behavior.
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This phenomenon occurs for DMAI and TMA at about 3 s,
and for TEA and TIBA at about 0.5 s. Consequently, the purge
times selected for the optimized recipes were the following: 10
s for DMAI and TMA, and 1 s for TEA and TIBA.

Next, we compare the nucleation and coverage behavior for
each precursor at both their LTF and at 125 °C. Figure 2
provides the AlO, coverage data for each precursor at each
relevant temperature, as well as representative scanning
electron microscopy (SEM) images after 30 ALD cycles.
Supporting Information Figure S3 provides additional SEM
images collected after just 10 ALD cycles to show the initial
nucleation stage for comparison. From Figure 2, we observe
the following trend in AlO, coverage: DMAI < TMA < TEA <
TIBA. Although there are some differences in the coverage
data at 125 °C versus LTF, the trends are the same in Figures
2a and 2b.

At 125 °C (Figure 2c—f), the differences in surface coverage
and film morphology are striking. DMAI (Figure 2c) results in
poor nucleation (~12% coverage), with sparse, tiny, isolated
nanoparticles on the surface, indicating poor surface
interaction and/or slow kinetics. TMA (Figure 2d) shows
modestly better nucleation, with numerous larger, aggregated
clusters forming and slightly higher areal coverage (~45%).
TEA (Figure 2e) exhibits denser, more uniform nucleation of
small particles and partially coalesced islands, approaching
continuous film formation (~75% coverage). In contrast,
TIBA (Figure 2f) achieves nearly complete coverage (~100%)
with a dense, uniform film of interconnected AlO, domains,
consistent with a rapid nucleation rate and strong surface
affinity.

At the LTF for each precursor (Figure 2g—i and 2f), we
observe demonstrable changes in the nucleation behavior. For
DMAI at its LTF (Figure 2g), there is practically 0% coverage.
Despite verifying that there is AlO, growth occurring on SiO,
at the temperature used (75 °C) on SiO, (Figure 1b), there is
no growth detected on the MoS,, even at defect sites or grain
boundaries, further indicating physisorption and/or kinetic
issues with the precursor. On the other hand, we do observe
that reducing temperature improves nucleation for the alkyl
precursors. TMA (Figure 2g) shows significantly higher
coverage (~62%), smaller, more uniform particles, and partial
coalescence of the islands compared to 125 °C, indicating
enhanced physisorption at lower temperatures. TEA (Figure
2h) also achieves improved nucleation, yielding a more
continuous morphology compared to its 125 °C counterpart
(~83% coverage). Nevertheless, despite the improvements in
nucleation at reduced temperatures for TMA and TEA, they
still do not provide the degree of uniformity and coverage that
TIBA provides (Figure 2f), even at the higher deposition
temperature. Even after just 10 cycles of ALD, equivalent to
0.9 nm AlO, on SiO, (Figure S3), the AlO, deposited on MoS,
by TIBA shows higher coverage (~93%) than that of TMA or
TEA at 30 cycles, and it results in the formation of
interconnected AlO, domains—further indicating the rapid,
uniform, and dense nucleation provided by the TIBA
precursor.

To better understand the nucleation behavior of AlO, on
MoS,, we can fit the coverage data in Figure 2a and 2b using
the Avrami model, otherwise known as the Johnson-Mehl-
Avrami-Kolmogorov (JMAK) model.””~*' The model de-
scribes isothermal nucleation and phase change as a function of
time, and it can be readily adapted to describe ALD

42—44
phenomena, as

fﬂ =1 — exp(—k-t") (1)

where fj is the transformed area (i.e., covered area), k is a
constant, n is the Avrami exponent, and ¢ is the growth time
which correlates with ALD cycle number.””*?**#>#4%5 The
Avrami exponent provides information regarding the nuclea-
tion and growth behavior. Generally, an Avrami exponent of n
= 2 suggests instantaneous, uniform nucleation followed by
linear or parabolic growth and a rapid coalescence of islands.
An Avrami exponent of n = 1 suggests constant nucleation
throughout the deposition process. An Avrami exponent of n <
1 suggests the growth is severely inhibited, and it is initiated
nonuniformly at defects or heterogeneous nucleation sites. It
can also suggest nonclassical growth mechanisms such as
fractal growth or diffusion-limited aggregation. Fitting the
experimental coverage data, we acquire the fits shown in Figure
2, and the Avrami exponent values found in Table 1.

Table 1. Avrami Exponent Values at the Same Temperature
(125 °C) and at the LTF for Each Precursor

n at 125 °C n at LTF
DMAI 0.66 N/A
TMA 0.76 1.06
TEA 1.29 1.33
TIBA 1.53 1.53

The results show that TIBA possesses an n & 1.5. This value
suggests a mixture of instantaneous nucleation and continuous
nucleation as the process continues and as the film coalesces.
In other words, the early stage of the process should lead to
fairly uniform and high coverage of the MoS,, as supported by
the SEM image in Supporting Information Figure S4 taken
after S ALD cycles. During the remainder of the ALD process,
the gaps in the mesh-like network coalesce via growth and
continued nucleation, leading to rapid convergence of the film.
At 125 °C, TEA has a slightly lower n & 1.3, suggesting that it
undergoes less instantaneous nucleation, and its coverage is
more contingent on constant nucleation. Consequently,
nucleation and growth are slower relative to TIBA, leading
to a longer coalescence time (S0 cycles for TEA, 30 cycles for
TIBA). At the LTF for TEA, there is not a significant change in
the n value, most likely due to the similarity in temperatures
(100 °C versus 125 °C).

For TMA and DMALI at 125 °C the n values are below 1,
suggesting that nucleation is severely inhibited. In other words,
little of the physisorption and subsequent reaction that is
needed to promote uniform nucleation is occurring. Rather,
nucleation likely begins only at heterogeneous nucleation sites,
like defects on the MoS, surface,">™"> and it does not persist
throughout the ALD process. When operating at the LTF for
TMA, n increases to ~1. This increase suggests that going to
lower temperature results in more continuous nucleation,
probably afforded by improvements in physisorption at the
lower temperature. Overall, we observe that TIBA possesses a
high instantaneous nucleation rate, as well as a high constant
nucleation rate, while the other precursors have much lower
nucleation rates. Consistent with a physisorption-enhanced
nucleation mechanism, reducing the temperature does improve
the nucleation rate for TMA and TEA.

We hypothesize that DMAI fails to produce AlO, coverage
for several reasons. First, the DMAI precursor is known to
dimerize under ALD conditions.* Upon dimerization, each Al
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Figure 3. (a) Schematic cross-section (not to scale) of a monolayer (1L) MoS, transistor with a Pd top-gate (TG) and the highly doped Si
back-gate (BG). (b) Its corresponding fabrication process flow. Electrical measurements are all performed at room temperature after
annealing in vacuum at 150 °C to remove surface moisture. Channel length (source to drain spacing) is 3 gm for all devices in this study.
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Figure 4. Electrical measurements of our 1L MoS, transistors. The top-gate insulator stack is a bilayer composed of 6 nm HfO, grown by
ALD on top of a 3 nm ALD AlO, seed layer, which is on the MoS, channel. (3 nm corresponds to the AlO, thickness on a witness SiO,
substrate.) The seed layer was grown by direct ALD using either TMA (red), TEA, (blue), or TIBA (green). (a) Measured I, vs Vg for
devices with AlO, seed layers grown by the different precursors. Solid and dashed lines represent forward and reverse sweeps, respectively.*®
Sweeps of numerous devices are shown for each precursor (7 for TMA, 10 for TEA, and 24 for TIBA). Corresponding box plots of (b) Vy rg
(extracted at 10 nA/um) and (c) subthreshold swing for each AlO, seed layer. In (c) the red + symbols represent statistical outliers.

metal center becomes bound to two oxygens. These Al-O
bonds significantly reduce the reactivity of the precursor by
diminishing the driving force for oxidation of the metal center
by the coreactant. Additionally, dimerization leads to increased
steric bulk around the Al metal center, which hinders
interaction with the coreactant, further reducing the reactivity
of the precursor.47’48 Therefore, the kinetics of DMAI are
relatively poor. We attribute the lack of physisorption-
enhanced nucleation at low temperature to these kinetic
limitations. Furthermore, in its dimeric form, DMAI is no
longer trigonal planar in its molecular geometry. Rather, the Al
center becomes tetrahedrally coordinated. This conformation
possesses three-dimensional steric bulk that disrupts planar
contact with the MoS, surface. The resulting reduction in
contact area between the precursor and the MoS, likely
weakens vdW interactions, reducing the physisorption affinity
of the precursor.”** As such, it is likely that neither the
physisorption of DMAI nor its reaction kinetics are conducive
for nucleation on an inert TMDC surface.

While the geometry of DMAI may not be conducive for
good vdW interactions with the MoS, surface, the aluminum
alkyl precursors remain in their monomeric, trigonal planar
conformation under ALD conditions.”® This conformation
enables the precursor and its ligands to lie relatively flat against
the MoS, basal plane. Thus, they possess a more ideal
geometry for establishing vdW interactions with the TMDC
and for physisorption. Additionally, the aluminum alkyls are
highly reactive, providing good kinetics for nucleation.®™""*°
In fact, the only disparity between TMA, TEA and TIBA is
their ligand length, and we observe a direct correlation
between ligand length and AlO, coverage on the TMDC. We
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propose that the longer ligands lead to improved vdW
dispersion interactions with the TMDC, leading to an
increased residence time on the surface. This proposal was
recently corroborated by a recent theoretical study on the
stability of Al precursors adsorbed on the MoS, surface.”” This
increased residence time, in turn, generates a higher probability
of reaction with the coreactant and a higher nucleation rate.
Therefore, in the comparison of precursors at the same
temperature, we posit that it is the difference in physisorption
that leads to the exceptional coverage provided by TIBA
relative to the others.

By lowering the temperature of deposition for the other
precursors (to S0 °C for TMA and to 100 °C for TEA), the
weaker physisorption of TMA and TEA relative to that of
TIBA can be compensated for by the reduced thermal energy,
allowing better physisorption. That increase in physisorption
can in turn improve the nucleation during ALD. Nevertheless,
at their respective LTFs, TMA and TEA still do not provide
comparable coverage to TIBA. We posit that although the
physisorption step of nucleation is improved by going to lower
temperature, the kinetics of subsequent reaction steps is
worsened. We thus conclude that by providing better vdW
dispersion interactions and better physisorption, precursors
with longer ligands (like TIBA) permit the ALD process to be
operated at higher temperatures, thereby also improving the
kinetics of nucleation. Ultimately, there is a delicate balance
between operating at a temperature that leads to a high degree
of precursor physisorption — the first step of nucleation on 2D
materials — and operating at a temperature that promotes
reaction with the coreactant — the second step of nucleation.
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MoS, Device Characterization. To study the impact of
precursor choice and nucleation behavior on TMDC device
performance, we deposit AlO, on MoS, to fabricate top-gated
monolayer (1L) MoS, transistors. The AlO, deposited on
MoS, serves as a seed layer for high-x HfO, thermal ALD,
thereby forming bilayer insulator stacks. The device cross-
section diagram and the fabrication process scheme are shown
in Figure 3. We first fabricate devices using AlO,, seed layers of
3 nm equivalent thickness grown by TMA, TEA, and TIBA
using recipes optimized for maximizing coverage (Table 3),
and we evaluate their electrical characteristics. Corresponding
drain current (Ip) vs top-gate voltage (Vi) curves, the
extracted threshold voltages (Vy1¢), and extracted subthres-
hold swings (SS) are shown in Figure 4. We observe that
devices with TMA-based seed layers (Figure 4a — red) show
relatively high hysteresis (~160—400 mV at 10 nA/um).
Additionally, they show substantial device-to-device variation
in the threshold voltage (AVyrg & 1.8 V), summarized in
Figure 4b. The devices with TEA- and TIBA-based seed layers,
on the other hand, show negligible hysteresis (<10 mV) and
much lower device-to-device variation in the threshold voltage
(AVypg ~ 0.6 V for TEA and AVyrg & 0.7 V for TIBA). We
attribute the improvements in hysteresis and device-to-device
variation, for TEA and TIBA devices vs TMA devices, to the
enhanced nucleation properties of the seed layer, leading to
more uniform and less defective top-gate insulator stacks.

Interestingly, the minimum subthreshold swing (Figure 4c)
is similar for all devices using ALD AlO, seed layers (SS = 180
mV/dec at room temperature), suggesting the interface trap
density is similar across all AlO,/MoS, interfaces. However,
there is a notable difference between the top-gate threshold
voltage of the TEA- and TIBA-based devices (Vi1 & —0.9 V
for TEA and Vypg & —2.4 V for TIBA). This disparity could
arise due to differences in stoichiometry and density between
the two AlO, seed layers leading to variations in the amount of
fixed charge within the insulator (Supporting Information
Figure S1 and Discussion 1). It could also arise due to
differences in the thickness”*"** or morphology of the AlO,
seed layers on the MoS,, which would affect the amount of
fixed charge present at the insulator/MoS, interface. Despite
our best attempts to grow the same thickness of AlO, for the
seed layers for fair comparison, the difference in nucleation
behaviors for the TEA and TIBA precursors can lead to slightly
varied nucleation delays, with that of TEA being longer than
that of TIBA. Thus, it may be expected that the TEA AlO,
seed layer is slightly thinner and slightly less smooth than that
of the TIBA layer. The difference in thickness could lead to
less fixed charge and a more positive threshold voltage.”*”*"
The difference in surface roughness could also alter the
interface between the AlO, and HfO,, leading to the formation
of interface dipoles that could similarly shift the threshold
voltage.”>”™>* More systematic experimentation would be
required to ascertain the specific mechanism by which the V; is
shifted; however, these results suggest that the Vi can be
engineered through careful tuning of the seed layer properties.

We note that the AlO, seed layer thickness of 3 nm does not
correspond to full coverage for either TMA or TEA according
to our nucleation studies (Figure 2); only TIBA reaches full
coverage after 3 nm of material is deposited. Nevertheless, we
measure excellent device performance for the TEA-based seed
layer, and we observe that the TMA-based devices — despite
their hysteresis and device-to-device variation — do operate as
transistors, with on/off ratios of about 10°, indicating that the

devices are not shorting through the gate and the insulator is
continuous. We provide one potential explanation for this
unexpected performance. We speculate that as a result of the
device fabrication process itself, there may be contaminants on
the surface of the MoS, channels used for devices that were not
present on the MoS, samples used for ALD characterization by
SEM.”>*°7%% Such contaminants, such as photoresist polymer
residues, could act as nucleation sites and promoters for
seeding AlO, growth, leading to more deposition than was
observed on the more pristine samples (e.g, Figure 2).
Nevertheless, the data show a demonstrably significant
difference in the performance of the devices fabricated using
seed layers grown by different ALD precursors indicating that
any effect of contamination must be relatively minor. Clearly,
the precursor chosen for the seed layer deposition has a large
impact and ultimately dictates the device performance (vide
infra).

After confirming operational top-gated MoS, transistor
devices, we next reduce the insulator stack thickness to
increase the top-gate insulator capacitance. We focus first on
thinning down the AlO, seed layer, since AlO, (k ~ 6—8) has a
lower dielectric constant than HfO, (k ~ 15—20).°° The
results of thinning down the seed layer grown by TEA and
TIBA are shown as I, vs Vg curves in Supporting Information
Figure SS. First, we observe a positive shift in the threshold
voltage as the AlO, layer is thinned for both TEA and TIBA.
We attribute this shift to a combination of phenomena,
including but not limited to (1) a reduction in the amount of
fixed charge present in the overall gate insulator stack as the
AlO, layer is thinned,”***"%°~® (2) a change in the dipole
strength at the HfO,/AlO, interface,”**~>* and/or (3) the
change in proximity between either the HfO,/AlO, or Pd/
HfO, interface dipoles to the channel and the subsequent
coupling.®*"* Nonetheless, it is difficult to conclude the
specific mechanism by which this shift is occurring. Previous
studies show that ALD AlO, can carry either negative fixed
charge (from O interstitials and Al vacancies) " or
positive fixed charge (from dangling bonds, ligand byproducts,
and —OH/—H groups),”"*"** and that HfO, likewise can be
positively®*®* or negatively” charged depending on defect
complexes and impurities. Combining those charge effects with
effects relating to potential interfacial dipoles and the proximity
of those dipoles to the channel makes deduction of
mechanistic insight into the observed Vp shift particularly
difficult. More mechanistic experimentation would be required
for a definitive conclusion. Nevertheless, a key result of this
study is that the V7 can be engineered through careful tuning
of the seed layer by either its thickness, morphology, or
stoichiometry.

Most importantly, we observe in these experiments (see
Supporting Information Figure SS) that the TEA-based AlO,
layer cannot be thinned down below 3 nm without enduring
significant losses in device yield. Upon extreme reduction in
thickness, the TEA-based seed layer is likely discontinuous due
to insufficient nucleation and coverage, leading to shorting
through the gate stack and poor device yield. The TIBA-based
AlOQ, seed layers, on the other hand, can be thinned to 1.5 nm
and still provide excellent device yield and performance. We
attribute the improved yield, once again, to improvements in
the nucleation behavior which leads to a continuous, uniform,
dense film sooner in the growth process, thereby allowing the
insulator seed layer to be functional even when it is only 1.5
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Figure 5. Hero device characteristics for the 1L MoS, transistor with the best insulator bilayer stack composed of 2 nm HfO, on a 2 nm AlO,,
seed layer grown by direct ALD using TIBA as the precursor. (a) Measured I, vs Vi for the 1L MoS, FET. Solid and dashed lines represent
forward and reverse sweeps, respectively. (b) Measured I, vs Vi using a wide Vg range from 30 V (cyan) to 40 V (black), with 2 V step.
Horizontal dashed line at 0.1 nA/pm represents the constant current value taken for extracting Vyrg. (c) Extracted Vigg vs Vpg,
representing the ratio of the top-gate EOT to the back-gate EOT. Because the back-gate EOT is known (100 nm), this provides an estimate
of our top-gate EOT ~ 0.95 nm. (d) Benchmarking plot of threshold voltage vs EOT or CET (capacitance equivalent thickness) reported for
top-gated MoS, transistor devices in literature that exhibited minimal hysteresis.”'®”°~** (&) Cross-sectional TEM image of the hero device

and (f) the corresponding EDS mapping.

nm thick. This property represents a significant advantage
compared to the other Al precursors studied.

Upon determining that TIBA can provide the thinnest
interfacial seed layers, we use this precursor to fabricate an
even thinner insulator stack in the transistor. We fabricate
devices with a bilayer gate insulator stack composed of an
ultrathin TIBA-based AlO, seed layer (~2 nm) and an
ultrathin HfO, top layer (~2 nm). The electrical character-
istics for the hero device are shown in Figure 5. This figure also
shows the cross-sectional transmission electron microscopy
(TEM) and energy dispersive X-ray spectroscopy (EDS)
images of the hero device, as well as a benchmark plot of its
performance with respect to EOT and threshold voltage. The
hero device demonstrates excellent electrical performance. The
device (Figure Sa) shows a decent on/off ratio (>10°), low
hysteresis (<10 mV), low subthreshold swing (~80 mV/dec),
and a positive V1 between 0 and 1 V (~0.4 V). The low
hysteresis and low subthreshold swing suggest that the metal
oxide has low bulk and interfacial trap and defect densities.””
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The low SS is also partly attributed to increased capacitance
due to insulator thinning.”® The positive shift of the threshold
voltage, relative to that of previous devices (Figure 4), is again
attributed to reductions in the amount of fixed charge present
in the insulator due to metal oxide thinning and to the
increased TG insulator capacitance.”” The small yet positive
threshold voltage is also critical, yet historically difficult to
achieve, because it guarantees the devices will be normally off
at zero gate voltage. The good, positive V1 rg and good on/oft
ratio together suggest that the device has a high quality
insulator layer and the gate stack provides excellent electro-
static controllability of the 2D TMDC layer.”

The top-gate EOT cannot be accurately extracted from
capacitance—voltage (C—V) measurements directly on the
monolayer MoS, devices, because their channel surface area is
too small. Thus, we used an indirect estimation method that is
widely used, relying on a capacitive divider between the top-
gate (TG) and back gate (BG).®”707735% When measuring Ip,
vs Vg from a transistor at various Vg, the magnitude of the

https://doi.org/10.1021/acsnano.5¢10705
ACS Nano 2025, 19, 33473-33484


https://pubs.acs.org/doi/10.1021/acsnano.5c10705?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c10705?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c10705?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c10705?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c10705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

slope in the corresponding Vr1g vs Vyg represents the ratio of
the top-gate EOT to back-gate EOT. Here, V1 refers to the
top-gate threshold voltage, taken at I, = 10 nA/um. Because
our samples have a back-gate insulator of 100 nm SiO, (i.e.,
back-gate EOT = 100 nm) we can estimate the top-gate EOT
once the ratio of the EOTs is known. Using this EOT
extraction method we determine that the top-gate EOT ~ 0.95
nm for the hero device (Figure Sb and Sc). Additionally, using
the cross-sectional TEM and EDS images (Figure Se and 5f),
we determine that the insulator is approximately 4.5 nm in
physical thickness, as predicted. Together, the physical
thickness and the EOT suggest that the overall dielectric
constant of the bilayer is k¥ ~ 18.5. According to our
benchmarking (Figure 5d), these results represent some of
the best in literature for top-gated MoS, transistor devices,
particularly in terms of EOT and threshold voltage, as well as
subthreshold swing—three key parameters for evaluating
insulator quality (EOT and SS) and gate controllability
(Vy)—facilitated by a simple, industry-compatible, all-ALD
process. Combining the small yet positive top-gate threshold
voltage, low EOT, high on/off ratio, low SS, and low hysteresis,
these devices show promise for use in low-power 2D
semiconductor device applications.

CONCLUSION

We have demonstrated the importance of precursor selection
in facilitating physisorption-assisted direct ALD onto a 2D
material such as MoS,. We show that precursors with a planar
geometry, high reactivity, and long ligands facilitate more
physisorption on the 2D material and more reaction with the
coreactant, leading to better nucleation and coverage of the 2D
material. While this study focuses on MoS,, we expect that the
observed trends in precursor-dependent nucleation — partic-
ularly the role of ligand length and physisorption and precursor
reaction kinetics — extend to other TMDCs with similarly inert
basal planes, though material-specific variations in surface
chemistry, lattice structure, and defect density may influence
the exact behavior. As such, more work needs to be done
exploring physisorption-assisted ALD on 2D materials. We also
show in this work that the nucleation behavior of the insulator
directly impacts the performance of top-gated TMDC
transistors. Better nucleation behavior allows for (1) extreme
thinning of the insulator and for (2) the creation of a low
defectivity insulator. These properties enable top-gated TMDC
transistors with subnanometer EOT, low SS, and low
hysteresis. The small yet positive threshold voltage is also
important and often hard to achieve with n-type TMDC
transistors, ensuring they are well-behaved, enhancement-
mode, i.e. normally off at zero gate voltage. Ultimately, we
demonstrate the importance of ALD chemistry and its impact
on device performance, and we provide insights into designing
simple, industry-compatible fabrication processes for high-
quality gate insulator on TMDC transistor devices, which has
historically been a challenge toward integrating these materials
into devices.

EXPERIMENTAL SECTION

Si (100) wafers with a native oxide of ~1.5 nm thick (WRS Materials)
were used as blanket SiO, substrates for ALD studies. We synthesized
monolayer (1L) MoS, by chemical vapor deposition (CVD) at 750
°C from solid S and MoOj; precursors with the aid of perylene-
3,4,9,10-tetracarboxylic acid tetrapotassium salt (PTAS) on 100 nm
SiO, on Si (p**) substrates.”> These monolayer MoS, samples were

used for both nucleation studies and device fabrication, wherein the Si
(p*™*) served as a back gate, and the 100 nm SiO, was the back gate
insulator. All samples were cleaned with isopropanol and acetone, and
dried by N, prior to nucleation studies.

For AlO, growth tests and nucleation studies, a GemStar 6 ALD
reactor (Arradiance Inc.) was used. AlO, was grown by ALD using
DMAI (Strem Chemicals, 98%), TMA (Sigma-Aldrich, 97%), TEA
(Sigma-Aldrich, 93%), or TIBA (Oakwood Chemical, 95%) Al-
precursors and deionized H,O as the coreactant. Each precursor was
kept in a stainless-steel bubbler. The process conditions for each
precursor can be found below in Table 2. Each precursor was

Table 2. ALD Process Conditions for Each Precursor
Studied as well as for the H,O Coreactant”

Bubbler Temperature ~ Pulse Time Vapor Pressure
Precursor (°C) (ms) (mTorr)

DMAI 60 30 78

TMA 25 30 95

TEA 65 150 62

TIBA 45 150 89
Coreactant / / /

H,0 25 30 150

“For each precursor, the purge time was ~60 s, unless otherwise
stated.

introduced to the reactor with an N, flow rate of 5 sccm. Precursor
pulse times were selected so that exposures were similar between all
precursors to allow for a fair comparison; in each case, the exposure
used led to saturated growth on the SiO, substrates. Finally, for each
ALD process used, the purge time for the coreactant—in this case,
water—was kept constant at an excessively long (~60 s) value
between each process to ensure that any physisorbed water desorbed
before the incoming precursor pulse. This excessive coreactant purge
ensured that all nucleation on the TMDC surface was due exclusively
to the precursor physisorption rather than water adsorption or
condensation at the various temperatures tested — enabling fair
comparison of the nucleation properties of each precursor.

Spectroscopic ellipsometry (SE) (alpha-SE ellipsometer by J.A.
Woollam Co.) was performed to monitor the AlO, film thickness on
SiO, after ALD. All thicknesses reported in this work, except those
from cross-sectional transmission electron microscopy (TEM), were
derived from SE measurements on SiO, because we were unable to
measure the AlO, thickness on MoS, due to the incomplete coverage
of the underlying substrate by the MoS,. Based on previous work, we
assume that there is no nucleation delay on Si02’33”3’4 whereas on
MoS,, each precursor will likely have some degree of nucleation delay,
an effect which will be accentuated for more poorly performing
precursors. As a result, the thicknesses reported for AlO, grown on
MoS,, which were measured by SE on SiO,, will represent the
maximum possible thickness rather than the actual thickness.

SEM imaging was performed using an FEI Magellan 400 XHR
scanning electron microscope with a field emission gun source. SEM
was used to investigate the surface coverage and morphology of the
AlO, grown on MoS, for nucleation studies. Coverage measurements
were made using Image] software.”® Cross-sectional TEM was
performed to investigate the interfaces and to measure the real
thicknesses of the insulator layers in the bilayer gate insulator stack in
one of our better fabricated devices.

X-ray photoelectron spectroscopy (XPS) was performed using a
PHI Versaprobe 3 with an Al Ka source radiation of 1486.6 eV to
investigate the stoichiometry of the AlO, deposited. Prior to XPS, gas-
cluster ion beam (GCIB) sputtering was used for 1 min to remove
adventitious carbon from the surface. Using XPS, we determined that
all films grown with the aluminum precursors at the lower
temperatures used in this study are nonstoichiometric, as shown in
Supporting Information Figure SI. As such, we refer to the films as
AlO, rather than Al,O;. More discussion on the stoichiometry of the
films can be found in the Supporting Information (SI Discussion 1).
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For transistor fabrication, we started with the CVD-grown 1L MoS,
on 100 nm SiO,/Si (p**) substrates. We patterned and etched the
active channel region using a XeF, dry-etch recipe, followed by source
(S) and drain (D) contact metal deposition using electron-beam
evaporation of Au for MoS,.*® These structures served as back-gated
(BG) 1L TMDC transistors. We then deposited the AlO, seed layers
using the optimized recipes found during the growth studies (Figure
1). The optimized recipes are shown in Table 3. For each of these

Table 3. Optimized Recipe for AlO, Seed Layer Deposition
As Determined by the Growth Studies, Described Further in
the Results Section®

AlO, ALD Temp  Precursor Pulse Time Precursor Purge
Precursor (°C) (ms) time (s)

TMA 50 30 10

TEA 100 150 1

TIBA 128 150 1

“The water pulse and purge times were constant between processes
(30 ms and 60 s, respectively).

recipes, the reactor was kept at an operating pressure of 400 mTorr
using a S sccm flow rate of N, carrier gas. Prior to each deposition, the
chamber was purged with the sample inside for 10 min.

After the seed layer deposition, we continued with ALD of HfO, at
200 °C using tetrakis(dimethylamido) hafnium and H,O as the ALD
precursors on the seed layer/MoS,, to form the TG bilayer insulator.
This deposition was carried out in a separate ALD chamber (Fiji F202
from Cambridge Nanotech). Between the AlO, and HfO, deposition
steps, the samples were kept in a N, drybox to prevent contamination,
and the time between depositions was minimized as much as possible
(<24 h). Finally, we deposited a S0 nm Pd layer as the top-gate by
electron-beam evaporation. Again, this deposition took place in a
separate instrument, so care was taken to prevent contamination
between fabrication steps by keeping the samples in a N, drybox. In
our device structure, we made the top-gate and S/D overlap
(approximately 10—20 nm) to minimize the ungated channel
resistance. A Janis vacuum probe station (~107° Torr) equipped
with a Keithley 4200-SCS parameter analyzer was used for current—
voltage (I—V) characterization and devices were annealed in the
probe station vacuum at 150 °C, to remove surface moisture, prior to
measurement. All electrical measurements were at room temperature,
unless otherwise specified.
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Figure S1. XPS spectra of TMA-, TEA-, and TIBA-based AlOx grown on 1L MoS: at the lowest
temperature feasible (LTF) for each precursor (50 °C, 100 °C, and 125 °C, respectively). For each
precursor, 35 cycles of ALD were performed, corresponding to ~3.5 nm for TIBA, ~ 4.5 nm for
TEA, and ~ 5 nm for TMA. The stoichiometries of the AlOy films grown by different precursors,
as extracted from the XPS spectra, are shown in the legend.



SI Discussion 1: Stoichiometry of ALD AlOx on MoS, by different precursors.

The AlOx grown on MoS; by different Al precursors show distinct stoichiometry (Figure 1). All
three precursors lead to nonstoichiometric alumina (AlOx). Because the O:Al ratio is 1.5 for
stoichiometric Al2O3, the values shown in Figure 1 indicate a significant excess of oxygen for all
three films. In addition to the films being oxygen rich, some excess oxygen may originate from
surface contaminants that are not fully removed by gas-cluster ion beam cleaning. As such, the
absolute stoichiometry values may be inaccurate. However, because all samples underwent
identical treatment, we can confidently compare their relative stoichiometries to observe trends.
TEA-AIOx is the least O rich (Al deficient); TIBA-AIOx is slightly more O rich (more Al deficient);
and TMA-AIOx is by far the most O rich (most Al deficient). We posit that the TMA-AIOx is the
least stoichiometric and most O rich for two reasons. (1) The growth process occurs at exceedingly
low temperature, which creates kinetic limitations to complete reactions between the precursors
and all of the surface hydroxyls. This lack of reactivity leads to a low density, nonstoichiometric
film that is rich in both O and H.3!>3!6 Additionally, (2) due to the island-like nature of the growth
mode of these dielectrics on MoSa, nanoparticles first form on the surface, and nanoparticles
possess a higher surface to volume ratio than a conventional thin film. This high surface area will
be covered with hydroxyls. As the nanoparticles coalesce into a thin film, some of the hydroxyls
will be consumed and bridge the nanoparticles; however, not all of them will. The film of coalesced
nanoparticles will thus contain a high amount of O and H. We speculate that films that take longer
to coalesce will consequently be more nonstoichiometric and less dense. Interestingly, though, the
TIBA-AlOx is more nonstoichiometric than the TEA-AlOx, despite the TIBA-AlOx growing at a
higher temperature and coalescing sooner than the TEA-A1Ox. We hypothesize that this is a result
of the steric bulk of the TIBA ligands relative to that of the TEA ligands. Sterically larger ligands
tend to lead to the deposition of less dense and more O rich films because they prevent complete
consumption of all of the hydroxyls on the surface during precursor saturation,%:#1:43

The observed differences in stoichiometry can impact the nature of the film in numerous ways,
such as introducing fixed charge and trap states or affecting the film density and defect density.
These factors ultimately dictate the device characteristics by impacting the threshold voltage, on
and off currents, hysteresis, leakage current, dielectric strength, and breakdown voltage. More
systematic XPS studies are necessary to more accurately correlate the stoichiometry of these AlOx
films with the observed device behavior. Furthermore, more extensive XPS studies — in
conjunction with Raman spectroscopy studies — should be performed in the future to evaluate the
impact of the deposition on the quality of the MoS,. While we achieve high performing devices in
this work, it is possible that the ALD process, albeit a gentle, low temperature deposition process
relative to other deposition approaches, could introduce defects to the MoS> that slightly reduce
performance.
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Figure S2. GPC of AlO for each precursor as a function of Al precursor purge time at 125 °C.
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Figure S3. SEM images after 10 cycles of AlOx ALD deposited on 1L MoS; using (a, €) DMALI,
(b, f) TMA, (c, g) TEA, and (d) TIBA as the precursor. The top row of SEM images ((a)-(d))
represents the experiments performed at 125 °C, and the bottom row ((e)-(g)) represents the
experiments performed at the LTF for each precursor. In the SEM images, the white/light grey
regions stem from the AlOy, and the darker regions come from the 1L MoS;. The thickness reported
represents the thickness measured on SiO; by SE, i.e. the maximum thickness possible for the
nuclei/film. The percentage shown represents the areal coverage of AlIOx on MoS,.
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Figure S4. SEM image after 5 cycles of AIOx ALD deposited on 1L MoS; at 125 °C using TIBA
as the precursor.
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Figure S5. Ip vs Vre while reducing AlOy seed layer thickness for (a) TEA and (b) TIBA while
keeping HfO; thickness constant at 6 nm.



