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ABSTRACT: Extrinsically doped two-dimensional (2D) semiconductors are essential for
the fabrication of high-performance nanoelectronics among many other applications.
Herein, we present a facile synthesis method for Al-doped MoS2 via plasma-enhanced
atomic layer deposition (ALD), resulting in a particularly sought-after p-type 2D material.
Precise and accurate control over the carrier concentration was achieved over a wide range
(1017 up to 1021 cm−3) while retaining good crystallinity, mobility, and stoichiometry. This
ALD-based approach also affords excellent control over the doping profile, as
demonstrated by a combined transmission electron microscopy and energy-dispersive X-
ray spectroscopy study. Sharp transitions in the Al concentration were realized and both
doped and undoped materials had the characteristic 2D-layered nature. The fine control over the doping concentration, combined
with the conformality and uniformity, and subnanometer thickness control inherent to ALD should ensure compatibility with large-
scale fabrication. This makes Al:MoS2 ALD of interest not only for nanoelectronics but also for photovoltaics and transition-metal
dichalcogenide-based catalysts.

KEYWORDS: ALD, transition-metal dichalcogenide, 2D TMD, MoS2, doped semiconductor, thin film

■ INTRODUCTION

Two-dimensional (2D) layered transition-metal dichalcoge-
nides (TMDs) are of interest for the fabrication of future
nanoelectronics because of their promising (electronic)
properties that remain predictable in the mono- and few-
layer thickness regime.1−3 As a result, a significant effort has
already been made to fabricate and characterize intrinsic (i.e.,
not intentionally doped) TMD films and devices.4 Most of the
intrinsic TMDs, despite not being intentionally doped, show a
slight n-type behavior.5−7 However, for the fabrication of
future TMD-based nanoelectronics, not only an intrinsic
material with good electronic properties is needed but also p-
and n-type semiconducting TMDs with extrinsic (i.e., inten-
tional) doping are essential.1,2,8,9 TMD-based field-effect
transistors (FETs) have already been realized with intrinsic
materials. However, to fabricate truly high-performance FETs,
locally doped regions and control over the carrier density are
essential.1,2,8,9 Extrinsically doped TMDs will also play a role in
other transistor designs. For example, the operating principle
of bipolar junction transistors is based on junctions between p-
and n-type materials and cannot be realized until TMDs with
both carrier types can be synthesized.10−12 Control over
doping is also a promising route toward realizing high-quality
(virtually) Ohmic contacts needed for high-performance
TMD-based devices.13 In other fields such as photovoltaics,
energy storage, and catalysis, controlled doping can also be
beneficial.14−17 Hence, it is clear that synthesis processes that
offer precise control over the charge carrier type, concen-

tration, and doping profile in these TMDs are highly sought-
after.
Both the synthesis process and the doping strategy have to

be compatible with semiconductor fabrication for successful
adoption in future nanoelectronic fabrication. Therefore, both
the synthesis and doping need to exhibit conformality over
complex 3D features and show wafer-scale uniformity.11,12 The
synthesis process should exhibit atomic thickness control, the
dopant strategy should result in good control over the doping
fraction, and the resulting doping should be stable under
semiconductor processing conditions. For broad adoption, the
synthesis temperature should be below 450 °C to be
compatible with back-end-of-line processing although even
lower temperatures will be required for demanding substrates
such as in flexible electronics. Taking extrinsic doping a step
further, control over the doping profile (stepped, graded,
linear, and so forth) is also desirable for many nanoelectronic
applications.8,12

Several promising synthesis routes for intrinsic TMDs such
as MoS2 and WS2 have already been identified that are scalable.
TMDs synthesized by chemical vapor deposition (CVD) have
shown excellent material properties, although their fabrication
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requires relatively high temperatures. With enough care and
sufficient optimization, uniform films with good thickness
control can be deposited by CVD.18−20 Synthesis of TMDs by
atomic layer deposition (ALD) yields good quality material at
relatively low-growth temperatures (<450 °C), as has been
demonstrated by us and others.21−23 Furthermore, ALD is
known for its excellent thickness control,19,21,22,24 uniformity,
and it is inherently capable of conformally coating complex 3D
structures.21,25,26

Doped variants of semiconducting TMDs such as MoS2 are
of interest because of their distinct and tunable (electronic)
properties. Naturally occurring MoS2 and most of the
synthesized intrinsic MoS2 exhibit weak n-type behavior linked
to sulfur vacancies (Sv).

5,6 These sulfur vacancies are the most
common type of defect and act as electron donors.5,6 On the
other hand, extrinsically (i.e., intentionally) doped materials
should allow the synthesis of both p- and n-type doped
materials within the ideal casewidely tunable and
precisely controlled electronic properties. Various extrinsic
doping strategies for TMDs have already been explored mainly
focusing on the archetypical MoS2.

1,27−29 Surface-induced
doping, such as applying surface treatments (superacids,
functionalization, or plasma exposure) or capping (dielectric
films), can effectively induce doping in the TMD but so far
leaves a lot to be desired with respect to stability and/or
tunability.1,30−33 This is, for example, illustrated by the effect of
pressure on surface doping, impacting the carrier density and
carrier type such that in specific cases the material changes
from p-type to n-type when going from ambient pressure to
high vacuum as shown by Di Bartolomeo et al.34,35 A more
established strategy is substitutional doping; it is the main
strategy used to dope bulk materials such as c-Si,

12 and this
approach is actively being explored for TMDs.27,36 In most
cases, substitutionally doped MoS2 is synthesized by high-
temperature sulfurization (900 °C is not uncommon) of an
alloy or a nanolaminate of metallic Mo and the pure dopant.37

Substitutional doping of TMDs with, for example, Nb,27 Er,38

C,28 Ti,39 Zn,15 and Cl,36 has already been reported using this
strategy, resulting in mainly n-type doping, in a few instances,in
p-type doping, and inmost cases this approach exhibited
limited control over the dopant level.
With respect to Al as a dopant for TMDs, spontaneous Al

doping of MoS2 from an Al2O3 capping layer was shown by
Kim et al., indicating that Al could be a promising dopant.40

For the related WS2, Al doping was obtained by sulfurizing
WOx doped with Al. This resulted in a p-type material with a
tunable carrier density ranging between 3 × 1015 cm−3 and 12
× 1015 cm−3 for doping up to 8 at. % Al.41 So far, a doping
strategy or synthesis process for p-type doped MoS2 with good
control over the dopant level is lacking.11,42 Moreover, good
control over the doping profile (i.e., spatial distribution) has
not been demonstrated for any TMD. In the context of TMD
doping, ALD is of particular interest because of the following:
ALD has been shown to allow introduction of dopants in an
extremely controlled fashion for metal oxides and it is nearly
trivial to realize fine-grained control over the doping
profile.14,43−45

In this work, we will demonstrate the synthesis of p-type
MoS2 doped with Al by plasma-enhanced ALD at ∼350 °C,
resulting in a tunable carrier density ranging from ∼1017 cm−3

up to 1021 cm−3 while also demonstrating excellent control
over the doping profile. Al-doped MoS2 was synthesized by
ALD using a supercycle scheme, as illustrated in Figure 1, a

strategy well established in the field of ALD.25 In brief, the
ALD supercycle used in this work consisted of N conventional
ALD cycles of MoS2

21 followed by one conventional ALD
cycle of AlSx (see the Supporting Information). In both cases,
the ALD cycle started with a precursor doseusing
(NtBu)2(N(CH3)2)2Mo for MoS2 and Al(CH3)3 for AlSx
followed by a purging step, a H2S plasma exposure step, and a
purging step. This supercycle of 1·AlSx + N·MoS2 cycle
denoted 1:N for brevityis repeated until the desired
thickness is reached. This Mo precursor was chosen because
of its favorable properties for use in ALD (adequate vapor
pressure, good temperature stability, and so on), commercial
availability, and good film properties demonstrated for the
undoped MoS2 ALD processes using this precursor.21 The
control over the dopant concentration by varying N was
demonstrated by synthesizing and characterizing films with
different dopant cycle ratios. The electronic properties of the
Al-doped MoS2 films, their composition, and their crystallinity
were studied for various doping cycle ratios. Special attention
was paid to the doping profile of Al in the Al:MoS2 films,
which was studied by cross-sectional transmission electron
microscopy (TEM) and energy-dispersive X-ray spectroscopy
(EDX) mapping. Finally, our initial insights into the most
likely mechanisms describing how Al is doping the MoS2 are
discussed.

■ RESULTS AND DISCUSSION
Influence of Al Doping on the Electronic Properties

of ALD MoS2. Aluminum-doped and intrinsic MoS2 films
were prepared by ALD to study the impact of Al doping on
film properties such as composition, crystallinity, resistivity,
and carrier density. Not only the doping cycle ratio was
systematically varied to demonstrate the tunability of doping
introduced by ALD but also other factors influencing the film
properties such as film thickness and annealing were
investigated.
Given the central role of the electrical properties of the Al-

doped MoS2 films, the resistivity, mobility, and carrier density
will be discussed first. A series of samples was fabricated with a
doping cycle ratio ranging from 1:1 up to 1:19. An intrinsic
MoS2 film, that is, without Al doping, was also fabricated and
served as a reference point. For straightforward comparison, all
films were grown by 100 total ALD cycles, resulting in ∼10 nm
thickness, unless stated otherwise. Figure 2 shows the sheet
resistance as a function of doping cycle ratio measured by a
linear four-point probe (4PP) setup. The figure also shows the

Figure 1. Illustration of the supercycle ALD scheme used to deposit
Al-doped MoS2. A supercycle consisted of N MoS2 ALD cycles,
followed by one AlSx cycle. Each ALD cycle comprises precursor
exposure, purging, H2S plasma exposure, and purging steps. This
supercycle was repeated until the desired thickness was reached.
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resistivity calculated from the sheet resistance using film
thickness measured by spectroscopic ellipsometry (SE), see
also the Supporting Information. The intrinsic MoS2 film had a
resistivity of 400 Ω·cm (2.5 mS/cm), which decreased with
increasing Al doping cycle fraction. The resistivity of the
intrinsic film falls within the (wide) range of resistivities
reported for synthesized MoS2 ranging from 5 up to 104 Ω·
cm.46−49 A minimum resistivity of 0.2 Ω·cm (5 S/cm) was
found for a doping cycle ratio of 1:4 after which the resistivity
increased with increasing Al:MoS2 doping cycle ratio. To gain
additional information about the nature of doping, the
electronic properties of the 1:4-doped sample were also
measured at 77 K.50 The resistivity was found to increase from
0.2 Ω·cm at room temperature to 72 Ω·cm at 77 K in line with
what is typically reported for common dopants with activation
energies of typically tens of meV.50,51

The carrier density and carrier mobility were determined
using Hall measurements in order to identify the underlying
cause for the decrease of resistivity by 3 orders of magnitude.
Figure 3 shows the carrier density and the Hall mobility of the
same samples as in Figure 2 measured using van der Pauw
geometry in air, on a thermally grown SiO2/Si(100) substrate,
and at room temperature. All doped samples showed a Hall
voltage indicative of p-type charge carriers. The carrier density
increased with the doping cycle ratio from 1019 cm−3 for the
1:19 sample up to 1021 cm−3 for the 1:4 sample and then
decreased to 1020 cm−3 for the 1:1 sample. The Hall mobility
decreased with increasing doping from 0.08 cm2 V−1 s−1 for the
sample prepared using the 1:19 doping to 0.01 cm2 V−1 s−1 for
the 1:4 doping. Typical values for the mobility of (intrinsic)
ALD-grown MoS2 in the literature range from 0.001 up to ∼10
cm2 V−1 s−1.20,52 In these synthesized films, the mobility is
limited, in most cases, by grain boundary scattering because of
the grain size which is typically tens of nanometers. The Hall
voltage of the intrinsic sample was below the detection limit of
the AC Hall setup; the carrier density was estimated from the
resistivity assuming that the mobility for the intrinsic sample is
comparable to that of the 1:19 sample. This is a fair
assumption because the variation in mobility observed in the
doping series was small compared to the change in resistivity.
Using this assumption, the carrier density of the intrinsic MoS2
film is expected to be in the range of 1017 cm−3. To conclude,
the >3 orders of magnitude reduction in the resistivity is
predominantly caused by an increase in the carrier density
while the mobility remains fairly constant when going from
intrinsic to 1:4-doped films. The reduction of the mobility

often observed at high or nearly degenerate charge carrier
density is largely masked by the limited mobility because of the
aforementioned grain-boundary scattering. The one-to-one
relation between the doping cycle ratio and the carrier
concentration results in precise control over both the carrier
density and the resistivity of Al-doped MoS2. Increasing the
doping level further from 1:4 to 1:1 shows an increase in
resistivity caused by a decrease in carrier concentration. This
suggests that ionized impurity scattering or defect scattering is
not the main factor contributing to the resistivity; either effect
would mainly impact mobility and not carrier density. At a
high 1:1 doping cycle ratio, perhaps changes in the crystal
structure or formation of (inclusions of), for example, highly
resistive Al2S3

53 could cause the increase in resistivity.
The influence of annealing was studied as this commonly

impacts the (electronic) properties of doped thin films.54−56

Both mild annealingthat is, dwelling the sample in the
reactor at the deposition temperature of ∼350 °Cand high-
temperature annealing at 900 °C were studied. To study the
impact of mild annealing, two films were grown by performing
100 ALD cycles using the normal process workflow for 1:4
doping. One of the samples was retrieved from the reactor
immediately after deposition (normal workflow, duration ∼ 1 h
30 min) and the other sample was kept in the reactor for a
duration equivalent to a deposition with 200 cycles before it
was retrieved (∼3 h). During the extra dwel step, the gas
background during a typical deposition was mimicked by
flowing H2S, H2, and Ar. No plasma was struck to ascertain the
influence of the elevated temperature on the film properties.
The sample which was kept longer in the reactor showed a
reduction of a factor of ∼2 of resistivity (σ = 0.162 Ω·cm, μ =
0.03 cm2 V−1 s−1, and Nh = 1.5 × 1021 cm−3) compared to the
standard sample (σ = 0.282 Ω·cm, μ = 0.02 cm2 V−1 s−1, and
Nh = 1.4 × 1021 cm−3). The Raman response of the samples
was measured, and both samples showed the A1g and E2g

1 peaks
indicative of crystalline MoS2. The Raman response of the two
samples was of similar strength, indicating that the sample that

Figure 2. Sheet resistance of intrinsic (0,∞) and Al-doped MoS2 films
grown at ∼350 °C determined by 4PP measurements plotted as a
function of doping cycle ratio. The resistivity was calculated from the
sheet resistance using film thickness determined by SE. The error in
the resistivity was calculated using the error in the film thickness.

Figure 3. Charge carrier density and mobility of the same Al-doped
MoS2 films shown in Figure 2 as a function of doping cycle ratio, as
determined from AC Hall measurements. The Hall voltage generated
in the intrinsic sample (0,∞) was below the detection limit of the
measurement system, and the carrier density was estimated from the
resistivity assuming a mobility similar to that of the lowest doped film.
The error was calculated using the standard deviation of multiple
measurements.
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was kept longer in the reactor did not show a higher degree of
crystallinity. The reduction in resistivity due to mild annealing
could be caused by improved doping activation or by improved
quality of MoS2 by, for example, healing or stabilizing defects.
This would significantly impact the resistivity but would have
only a small effect on the crystallinity, in line with the marginal
changes seen in Raman spectroscopy (see also the Supporting
Information). The impact of high-temperature annealing was
studied on as-deposited 1:4 and 1:9 samples using a separate
furnace setup operated at 900 °C for 45 min flowing Ar + H2S
at ambient pressure. The high-temperature annealing did show
a significant improvement in crystallinity, as reflected in the
Raman response showing stronger and more narrow A1g and
E2g
1 peaks after annealing (see the Supporting Information).

This improved crystallinity is also typically observed for the
intrinsic films after high-temperature annealing.21,57 However,
the resistivity of both samples increased by more than an order
of magnitude to 40 and 70 Ω·cm, respectively. This high-
temperature annealing was not investigated further because
adding a high-temperature annealing rules out compatibility
with back-end-of-line processing and deposition on temper-
ature-sensitive substrates, which is one of the benefits of this
approach. In contrast to mild annealing, in this case, the
temperature is high enough to trigger a rigorous restructuring
(approaching the melting point of MoS2) and subsequent
recrystallization of the film. It is also possible that at 900 °C
in contrast to the lower deposition temperaturesinclusions
of Al2S3 could be formed or Al becomes mobile and is expelled,
increasing the resistivity of the films. At the same time, the
restructuring would allow the crystallinity of MoS2 to improve,
explaining the opposite behavior seen in this case compared to
mild annealing.
To gain insight into the influence of deposition temperature

on the material properties, doped and intrinsic films were
grown at 200 °C. All the films grown at 200 °C were
amorphous and had a high resistivity compared to materials
deposited at 350 °C for all investigated doping cycle ratios
(e.g., 4 × 103 Ω·cm for a 1:4 doping). Subsequent annealing of
these films at 350 °C for 1 h in an H2S environmentsimilar
to the typical deposition conditions at 350 °Cshowed a large
degree of crystallization but a relatively small reduction of
resistivity for all doping cycle ratios (e.g., 20 Ω·cm for the 1:4
sample) compared to the samples grown at 350 °C (0.282 Ω·
cm for the 1:4 sample). This higher resistivity for films grown
at lower temperatures even after annealing at 350 °C suggests a
different doping mechanism for films grown at 350 °C, which
is more effective than the doping mechanism for films grown at
lower temperatures with or without subsequent annealing at
350 °C. This difference between the Al:MoS2 film grown at
350 °C and the films annealed at 350 °C but grown at 200 °C

might also explain why most two-step approaches such as
sulfurization of metals and metal oxides have so far been less
successful in achieving a widely tunable carrier concentration.
The influence of film thickness on the electrical properties

was explored for the optimal 1:4 doping at 350 °C varying
between 5 nm up to 30 nm (50 up to 300 cycles). The Hall
mobility showed a subtle increase from μ = 0.01 cm2 V−1 s−1 to
μ = 0.02 cm2 V−1 s−1 with increasing film thickness, and the
carrier density increased from Nh = 5 × 1020 cm−3 up to Nh =
1.2 × 1021 cm−3 for the thickest film (see the Supporting
Information). The cause of the increase in mobility and carrier
density with film thickness could be related to subtle changes
in grain structure, as regularly seen for other materials.58,59 On
the other hand, the thicker films are also simply subjected to
the deposition temperature (∼350 °C substrate temperature)
for longer. Effectively, thicker films are annealed longer in a
H2S environment than thinner films. Considering the impact of
annealing studied earlier, both effects will contribute to the
lower resistivity to some extent. Overall, the impact of film
thickness on the carrier density is small compared to the
tunability range accessible by varying the dopant cycle ratio.
To summarize, these results demonstrate control over

doping using the ALD supercycle approach. By changing the
doping cycle ratio, the carrier density could be tuned over a
wide range and showed a 1-to-1 correspondence with the Al
doping cycle ratio. This 1-to-1 relation allows for fine control
over the carrier density and resistivity by changing the Al:Mo
cycle ratio.

Dopant Profile and Film Characterization. ALD allows
for fine control over the introduction of the Al dopant in the
MoS2 films with respect to both the doping concentration and
the doping profile. The dopant concentration is determined by
the doping cycle ratio. The doping profile is the result of the
sequence of supercycles where each consecutive supercycle can
have a different doping concentration if desired. In this section,
the control that ALD affords over the doping profile will be
demonstrated. The local structure and especially the doping
profile were studied in dedicated TEM and EDX experiments.
The impact of doping on macroscopic aspects such as the
chemical composition, crystal structure, and the crystallinity of
the doped films will also be investigated.
Figure 4 shows a high-angle annular dark-field (HAADF)-

scanning TEM (STEM) image of a cross-section of a stack
consisting of three doped MoS2 regions with intrinsic regions
in between. The full stack structure is illustrated in Figure 4 as
well. A Si wafer with 450 nm SiO2 op top was used as a
substrate and the MoS2 stack was capped by SiO2 which was
needed for focused ion beam (FIB) processing. Each of the
MoS2 regions was grown by 100 cycles of ALD, resulting in a
thickness of ∼10 nm each. The 1:9-doped MoS2 region

Figure 4. (a) Cross-sectional HAADF-STEM micrograph showing the layered structure of the doped and intrinsic MoS2 films in the stack with the
deposition proceeding from bottom to top in time. Elemental mapping by EDX showing from left to right (b) a combined mapping, (c) the Mo
distribution, and (d) the Al distribution.
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adjacent to the bottom SiO2 layer in Figure 4 clearly shows the
2D layered structure of MoS2 in the TEM image, indicating
that the doped material is crystalline and layered in nature.
Furthermore, the layered structure of the doped region cannot
be differentiated from the layered structure of the intrinsic
MoS2 region deposited directly on top of it. A fast Fourier-
transform (FFT) analysis of the lattice spacing using HAADF-
STEM imaging (see the Supporting Information) of the stack
revealed a c axis of 0.65 ± 0.1 nm for both the doped and
intrinsic regions. Therefore, these results show that the impact
of the Al dopant on the crystal structure and crystallinity is
minimal. The minimal changes to the crystal structure are also
in line with the observation that doping impacts the carrier
density but does not significantly impact the mobility. If the
film texture (grain size and orientation) would be strongly
impacted by doping, this would influence the mobility which is
not observed in the electrical measurements. Also, it should be
noted that the unchanged crystal structure is a strong argument
to label this material as doped MoS2.
An open question is how the Al atoms are incorporated in

the MoS2 lattice. Apart from true substitutional doping (i.e., Al
on a Mo or S site), these materials are known to allow
intercalation of small atoms in between the 2D layers,
perturbing the distance between the layers.60,61 For MoS2
intercalated with Al, Miremadi and Morrison reported a (002)
spacing based on X-ray diffraction of 0.550 nm to 0.575 nm for
an Al:Mo atomic ratio ranging from 0 to 0.5.62 In our case,
such a change in (002) spacing was below the accuracy of the
HAADF imaging combined with FFT analysis (accuracy ∼0.1
nm) and therefore could not be observed. It should be noted
that even for bulk semiconductors such as Si, it is not trivial to
determine the exact site of the dopants, and further dedicated
studies will be needed to resolve this.
The doping profile was probed directly by acquiring an EDX

mapping from a region across the entire stack. The elemental
distributions of Mo, Si, and Al were extracted from the EDX
dataset upon pixel-by-pixel quantification of the EDX spectra.
Figure 4b shows a combined EDX mapping, Figure 4c the
individual mapping of Mo, and Figure 4d the mapping of Al.
See the Supporting Information for additional Si, O, and S
mappings. The Mo mapping shows a uniform distribution
throughout the whole stack. The Al mapping shows the three
doped and two undoped regions of the same sample, with the
sparse 1:19 doping region being faint but still discernible. The
spatial distribution of Al inside the doped regions (e.g.,
homogeneous or layered) could not be revealed because of the
low Al concentration combined with the limited spatial
resolution of the EDX measurement caused by sample drift.
The Al profile, calculated by horizontally integrating the Al
signal in the mapping, is shown in Figure 5. This line profile
shows the three doped regions, each separated by an intrinsic
region. The out-of-plane oriented fin structures, as indicated in
Figure 4, are commonly observed in synthesized MoS2 thicker
than ∼20 nm, and their formation is not fully understood.19

For thick films, the fin structure will negatively impact the
mobility in conjunction with the limited grain size. These fins
lead to an open structure that effectively decreases the density
of the film and causes the concurrent decrease seen in the Mo,
S, and Al signals in Figure 5. Because of the chosen sequence
of doped and intrinsic layers, the fins mainly consist of a “core”
of intrinsic MoS2, which is uniformly coated with Al:MoS2,
reflecting the conformal nature of the ALD growth.
Complementary to the TEM and EDX analyses, an X-ray

photoemission spectroscopy (XPS) depth profile by Ar
sputtering was also obtained on the same sample. This method
has a rather coarse depth resolution limited by factors such as
preferential sputtering, the probing depth of XPS, and the not
flat morphology of the sample. Nevertheless, the Al
concentration profile did show the expected trend as a
function of depth (see also the Supporting Information).
The sharp transition from the 1:9-doped region to the

intrinsic MoS2 seen in Figure 5 demonstrates the capability of
ALD to control the doping profile with a resolution better than
5 nm. The interpretation of the subsequent transitions is less
clear as they are affected by fin-like features roughening the
interface, which is also reflected in the decrease in the Al, Mo,
and S signals starting at ∼40 nm from the interface. Effectively,
the material is becoming less dense from this point onward due
to the fin formation. The EDX mapping clearly shows that the
bottom layer contains Al, while at the same time the HAADF-
STEM imaging did not show any change in the crystal
structure between the doped and intrinsic regions, nor is there
a visible disruption of the 2D layered nature or crystal structure
at the transition point. Large-scale migration or clustering of Al
can be ruled out based on the combined EXD and HAADF-
STEM analysis of the unannealed material prepared at 350 °C.
The impact of dopant incorporation on the crystallinity of

the films was also studied by Raman spectroscopy. All films
exhibited the characteristic A1g and E2g

1 peaks of crystalline
MoS2, in line with the crystallinity seen in the cross-sectional
TEM results. The Raman response of the doped MoS2 films
showed only minimal changes compared to the intrinsic film
(see the Supporting Information), with the 1:4 doping showing
a slight decrease in intensity and broadening of the
characteristic A1g and E2g

1 peaks. This suggests a slightly
more disordered, yet crystalline structure. The dopant
concentration in TMDs has been shown to affect the spectral
position of the Raman peaks;63 however, this effect is difficult
to isolate from other effects such as texture,57 strain,64 and
grain size,65 which also likely play a role in these films.
The chemical composition of the Al:MoS2 films was

determined by XPS surface scans. Figure 6 shows the typical
XPS response in the Mo 3d and S 1s, S 2p, Al 2p, and C 1s
regions (in this case, the 1:4 sample). The elemental
composition of the films was quantified from the XPS spectra
using appropriate sensitivity factors resulting in Table 1. Both
the doped and intrinsic films are stoichiometric in their Mo to
S content. The concentration of C and O in the bulk of the

Figure 5. Horizontally integrated Al, Mo, and S EDX intensity plotted
as a function of distance from the SiO2 interface. Markers in the S-
profile are placed at every 20th data point for clarity. The expected
locations of the doped regions (labeled by their doping cycle ratio)
and intrinsic regions (labeled i) are hatched and shaded gray,
respectively.
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film measured after an Ar-sputtering step was below the
detection limits of the XPS instrument. The XPS measure-
ments also gave qualitative insights into the trend of the Al
doping concentration with a doping cycle ratio. As can be seen
from Table 1, the Al concentration follows the dopant cycle
ratio quite well, especially in light of the non-idealities often
observed during the synthesis of doped materials.66,67 The 1:1
cycle ratio sample was not included in the XPS study because
its main purpose was to explore the upper limit of the carrier
density. Its composition is expected to be closer to a ternary
material than doped MoS2, and this film and its Al
incorporation are most likely not representative of the doped
material. The interpretation of the absolute Al concentration in
Table 1 is less straightforward because this is affected by
factors such as the strongly depth-dependent sensitivity of XPS
(on the nanometer scale). In this case, the absolute Al content
is expected to be overestimated for each sample as the Al
doping layer is the last step in the supercycle and thus on the
surface of the sample. To summarize, both the stoichiometry
and the trend in the Al concentration are in line with a well-
behaved ALD deposition process with the doping concen-
tration proportional to the dopant cycle ratio. A more detailed
interpretation of the chemical shift in the XPS spectra was also
performed giving an insight into the bonding of the elements,
see the Supporting Information for the full discussion. In brief,
there is no evidence for metal−metal bonds (e.g., Al−Mo) and
the chemical shifts point toward metal−sulfur bonds for both
Al and Mo.
Several open questions pertaining to Al doping remain that

cannot be conclusively answered at this point. For example,
how is Al bonded to its environment? How does it dope
theMoS2? What is its multiplicity and doping efficiency?
Dedicated experiments with specialized diagnostics such as

extended X-ray absorption fine structure combined with ab
initio simulation will most likely be necessary to directly
address these questions. While there is insufficient evidence to
conclusively answer these questions, several possibilities can
already be ruled out at this stage. The XPS results indicate that
Al is not bound to Mo or Al, ruling out (i) the formation of
large metallic clusters and (ii) Al occupying a S site. This is
also in line with the EDX mapping not showing Al clusters.
The position of the Al 2p peak suggests that Al is bonded to S.
Another possibility that can be ruled out is the formation of
Al2S3 clusters. Although Al2S3 exists and can be synthesized by
ALD,53,68,69 this material is a wide band gap insulator.53,70

Therefore, formation of Al2S3 inclusions on a large scale would
almost certainly lead to an increase in resistivity with increasing
Al concentration rather than the decrease observed in this
work. The Al atoms could occupy a Mo site, but other
possibilities including interstitial positions and intercalation (as
discussed earlier) cannot be ruled out based on our current
data. Ab initio density-functional theory (DFT) simulations by
Zhang et al. and Luo et al. have shown that it is energetically
favorable for Al to occupy a Mo site.71,72 On the other hand,
extrapolating the DFT simulations by Zhao et al. for Sc
through Zn doping of the related MoSe2 would suggest that Al
could occupy an interstitial site.73 It is not straightforward to
determine the doping efficiency as it is not yet known how Al
dopes with MoS2 combined with the fact that Al can assume
different dopant multiplicities (from Al1+ up to the Al3+

state).68,74−76 However, the simplest scenario of Al acting as
a 1-fold acceptor seems unlikely based on a carrier density of
1021 cm−3 and an Al density of 5 × 1020 cm−3 (estimated using
the known Mo density of MoS2 and the atomic percentage of
Al, as measured by XPS). Al could act as a dopant with higher
multiplicity or more indirectly dope the material by, for
example, impacting other impurities in the material.51

Taking a step back, at this stage, several scenarios have been
ruled out: there is no evidence for the formation of clusters of
metallic Al or insulating Al2S3, which could impact the
electronic properties. It is also not likely that Al acts as a
simple one-fold substitutional donor. As stated before, further
work most likely in the form of dedicated mechanistic studies
is necessary to fully understand how Al dopes MoS2, but this
does not diminish the practical application of this material.

■ CONCLUSIONS
Aluminum doped MoS2 films were synthesized by ALD,
resulting in a p-type doped material with excellent control over
the carrier concentration ranging from 1017 to 1021 cm−3

without a significant impact on the charge carrier mobility by
varying the dopant cycle ratio. This precise control is also
reflected in the 1-to-1 relation between the Al-to-MoS2 cycle
ratio and the carrier density. Our supercycle ALD approach
also afforded excellent control over the doping profile: a TEM
and EDX study mapping a cross-section of a stack of doped
and undoped layers demonstrated control over the doping
concentration on the nanometer scale. The Al:MoS2 grown by
ALD at 350 °C was found to be crystalline and the
introduction of the dopant did not disturb the 2D layered
nature of the material or the crystal growth. Furthermore, the
well-behaved nature of the ALD supercycle scheme implies
that the key merits of ALD such as excellent thickness control,
uniformity, and conformality are retained. The ALD supercycle
scheme used here to synthesize the Al-doped MoS2 film has
already been shown to be compatible with large-scale material

Figure 6. XPS spectra of Mo3d and S2s, S2p, Al2p, and C1s regions
for an Al-doped MoS2 sample prepared with a dopant cycle ratio of
1:4. The solid line is the envelope of the fits to the experimental data
(markers). The C seen in this surface scan is predominantly
adventitious and serves as a reference for binding energy. The
amount of C and O observed in the film after Ar sputtering was below
the detection limit of the setup.

Table 1. Composition Measured by XPS for Films with
Varying Doping Densitya

sample Mo (at. %) S (at. %) Mo/S ratio Al (at. %)

intrinsic 31 69 0.91:2
1:19 32 66 0.97:2 3
1:9 29 65 0.89:2 6
1:4 29 61 0.95:2 10

aMo, S, and Al contents determined from a surface scan taking into
account the appropriate sensitivity factors. The error in the
composition of each element is 5% and mostly systematic.
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synthesis for more conventional materials such as doped metal
oxides. Therefore, the workflow presented here is expected to
be compatible with the fabrication of nanoelectronics. To
conclude, the realization of the desirable p-type 2D material
doping, the widely tunable carrier concentration, and the
control over the doping profile combined with the compati-
bility of the approach with semiconductor fabrication make the
Al:MoS2 process a promising step toward the fabrication of
high-performance (doping-based) nanoelectronics.

■ EXPERIMENTAL DETAILS
The Al-doped MoS2 films were synthesized using an Oxford
Instruments FlexAL2 using a supercycle scheme. The films were
grown using a table temperature of 450 °C, resulting in a sample
temperature estimated to be 350 °C.77,78 The Al part of the
supercycle recipe was based on the approach of Kuhs et al.53 for the
synthesis of Al2S3 and consisted of a trimethylaluminum (Al(CH3)3)
dose of 40 ms followed by a purge and a H2−H2S−Ar plasma
exposure (flow: 2, 9, and 50 sccm, respectively) for a duration of 20 s
again followed by a purge. The residual gases from the ALD reactor
are routed through a mechanical filter and a carbon filter, diluted, and
then go through a water-scrubber before being fed into the exhaust
lines of the cleanroom in which the setup is situated. The MoS2 part
of the supercycle is a replicate of the work of Sharma et al.21

performed in the same ALD system. In brief, during the MoS2 cycle,
(NtBu)2(N(CH3)2)2Mo was dosed for 6 s as the Mo precursor,
followed by a purge, then the aforementioned H2−H2S−Ar plasma
exposure for a duration of 20 s, and a purge. All films were grown on a
Si(100) substrate with a thermally grown 450 nm SiO2 film on top.
The thickness of the films grown by the supercycle-based ALD

process was monitored during growth by in situ SE using a Woollam
M2000F. The optical properties of the Al:MoS2 film were described
using a B-spline model, which showed a complex refractive index
comparable to that of MoS2. The ALD process showed virtually no
growth delay on the SiO2 surface nor was the growth disrupted of the
MoS2 cycle(s) directly after an AlSx cycle, as shown in Figure S1 of
the Supporting Information. Furthermore, the MoS2 cycles showed a
growth-per-cycle similar to that reported for the undoped material.21

To summarize, the characteristics are indicative of a well-behaved
ALD process.
The electrical characterization of the films was performed with a

four-point probe (4PP) setup based on a Keithley 2400 source using a
Signatone SP4-40045TRS as a probe head. The resistivity was
calculated from the sheet resistance measured by the 4PP using the
film thickness determined by SE using a Woollam M2000D. The
mobility and carrier density were measured in a van der Pauw
configuration using a Lakeshore 8404 Series HMS. To detect the
relatively weak Hall voltages, an AC measurement scheme with lock-
in on the oscillating magnetic field was used on all samples. The
chemical composition of the samples was studied by XPS using a
Thermo Scientif ic K-Alpha spectrometer equipped with a mono-
chromatic Al Kα X-ray source (hν = 1486.6 eV). The charge on the
samples was neutralized during the XPS analysis using a flood gun in
order to correct for differential or nonuniform charging. The Raman
response was measured using a Renishaw inVia confocal Raman
microscope with a 415 nm laser and a 50× NA = 0.75 objective. For
each measurement, 10 spectra were acquired with an integration time
of 10 s each and a laser power of ∼0.2 mW focused on a ∼1 μm
diameter spot. The TEM and STEM imaging was performed using a
probe-corrected JEOL ARM 200F operated at 200 kV, equipped with
a 100 mm2 Centurio SDD EDS detector. The cross-sectional TEM
sample was obtained using FIB preparation following a standard lift-
out procedure.
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Preserving the Emission Lifetime and Efficiency of a Monolayer
Semiconductor upon Transfer. Adv. Opt. Mater. 2019, 10, 1900351.
(33) Jin, W.; Zeng, X.; Guo, Z.; Zeng, Y.; Wang, W.; Zeng, Y.; Hu,
Y.; Xiao, Y.; Lu, J.; Lu, J.; Wang, J. Optoelectronic Properties of
Lateral MoS2 p-N Homojunction Implemented by Selective P-type
Doping Using Nitrogen Plasma. J. Phys. D: Appl. Phys. 2020, 53,
405102.
(34) Urban, F.; Martucciello, N.; Peters, L.; McEvoy, N.; Di
Bartolomeo, A. Environmental Effects on the Electrical Characteristics
of Back-Gated WSe2 Field-Effect Transistors. Nanomaterials 2018, 8,
901.
(35) Di Bartolomeo, A.; Pelella, A.; Liu, X.; Miao, F.; Passacantando,
M.; Giubileo, F.; Grillo, A.; Iemmo, L.; Urban, F.; Liang, S. J.
Pressure-Tunable Ambipolar Conduction and Hysteresis in Thin
Palladium Diselenide Field Effect Transistors. Adv. Funct. Mater.
2019, 29, 1902483.
(36) Yang, L.; Majumdar, K.; Liu, H.; Du, Y.; Wu, H.; Hatzistergos,
M.; Hung, P. Y.; Tieckelmann, R.; Tsai, W.; Hobbs, C.; Ye, P. D.
Chloride Molecular Doping Technique on 2D Materials: WS2 and
MoS2. Nano Lett. 2014, 14, 6275−6280.
(37) Hallam, T.; Monaghan, S.; Gity, F.; Ansari, L.; Schmidt, M.;
Downing, C.; Cullen, C. P.; Nicolosi, V.; Hurley, P. K.; Duesberg, G.
S. Rhenium-Doped MoS2 Films. Appl. Phys. Lett. 2017, 111, 203101.
(38) Bai, G.; Yuan, S.; Zhao, Y.; Yang, Z.; Choi, S. Y.; Chai, Y.; Yu, S.
F.; Lau, S. P.; Hao, J. 2D Layered Materials of Rare-Earth Er-Doped
MoS2 with NIR-to-NIR Down- and Up-Conversion Photolumines-
cence. Adv. Mater. 2016, 28, 7472−7477.
(39) Hsu, W. K.; Zhu, Y. Q.; Yao, N.; Firth, S.; Clark, R. J. H.; Kroto,
H. W.; Walton, D. R. M. Titanium-Doped Molybdenum Disulfide
Nanostructures. Adv. Funct. Mater. 2001, 11, 69−74.
(40) Kim, H.-J.; Yang, S.; Kim, H.; Moon, J. Y.; Park, K.; Park, Y.-J.;
Kwon, J.-Y. Enhanced Electrical and Optical Properties of Single-
Layered MoS2 by Incorporation of Aluminum. Nano Res. 2018, 11,
731−740.
(41) Li, N.; Feng, L.-P.; Su, J.; Zeng, W.; Liu, Z.-T. Optical and
Electrical Properties of Al:WS2 Films Prepared by Atomic Layer
Deposition and Vulcanization. RSC Adv. 2016, 6, 64879−64884.

ACS Applied Nano Materials www.acsanm.org Article

https://dx.doi.org/10.1021/acsanm.0c02167
ACS Appl. Nano Mater. 2020, 3, 10200−10208

10207

https://dx.doi.org/10.1021/acsnano.6b07661
https://dx.doi.org/10.1088/2053-1583/aa91a7
https://dx.doi.org/10.1088/2053-1583/aa91a7
https://dx.doi.org/10.1021/acs.chemmater.6b00430
https://dx.doi.org/10.1021/acs.chemmater.6b00430
https://dx.doi.org/10.1021/acs.chemmater.6b00430
https://dx.doi.org/10.1109/mspec.2020.8976901
https://dx.doi.org/10.7567/jjap.57.015801
https://dx.doi.org/10.7567/jjap.57.015801
https://dx.doi.org/10.1088/0268-1242/29/12/122001
https://dx.doi.org/10.1088/0268-1242/29/12/122001
https://dx.doi.org/10.1088/0268-1242/29/12/122001
https://dx.doi.org/10.1016/j.electacta.2017.11.080
https://dx.doi.org/10.1016/j.electacta.2017.11.080
https://dx.doi.org/10.1016/j.electacta.2017.11.080
https://dx.doi.org/10.1021/am503995s
https://dx.doi.org/10.1021/am503995s
https://dx.doi.org/10.1021/am503995s
https://dx.doi.org/10.1021/acs.chemmater.6b05214.s001
https://dx.doi.org/10.1021/acs.chemmater.6b05214.s001
https://dx.doi.org/10.1021/am506198b
https://dx.doi.org/10.1021/am506198b
https://dx.doi.org/10.1039/c8nr02339e
https://dx.doi.org/10.1039/c8nr02339e
https://dx.doi.org/10.1039/c8nr02339e
https://dx.doi.org/10.1021/acs.chemmater.9b01008
https://dx.doi.org/10.1021/acs.chemmater.9b01008
https://dx.doi.org/10.1021/acs.chemmater.9b01008
https://dx.doi.org/10.1021/acs.chemmater.9b02895
https://dx.doi.org/10.1021/acs.chemmater.9b02895
https://dx.doi.org/10.1002/admi.201700123
https://dx.doi.org/10.1002/admi.201700123
https://dx.doi.org/10.1002/admi.201700123
https://dx.doi.org/10.1088/1361-6528/ab7593
https://dx.doi.org/10.1088/1361-6528/ab7593
https://dx.doi.org/10.1063/1.4867197
https://dx.doi.org/10.1063/1.4867197
https://dx.doi.org/10.1126/sciadv.aav5003
https://dx.doi.org/10.1126/sciadv.aav5003
https://dx.doi.org/10.1126/sciadv.aav5003
https://dx.doi.org/10.1016/j.apsusc.2015.12.142
https://dx.doi.org/10.1016/j.apsusc.2015.12.142
https://dx.doi.org/10.1016/j.apsusc.2015.12.142
https://dx.doi.org/10.1021/acs.chemmater.5b00986
https://dx.doi.org/10.1021/acs.chemmater.5b00986
https://dx.doi.org/10.1021/acs.nanolett.6b00536.s001
https://dx.doi.org/10.1021/acs.nanolett.6b00536.s001
https://dx.doi.org/10.1021/acs.nanolett.6b00536.s001
https://dx.doi.org/10.1002/adom.201900351
https://dx.doi.org/10.1002/adom.201900351
https://dx.doi.org/10.1088/1361-6463/ab985d
https://dx.doi.org/10.1088/1361-6463/ab985d
https://dx.doi.org/10.1088/1361-6463/ab985d
https://dx.doi.org/10.3390/nano8110901
https://dx.doi.org/10.3390/nano8110901
https://dx.doi.org/10.1002/adfm.201902483
https://dx.doi.org/10.1002/adfm.201902483
https://dx.doi.org/10.1021/nl502603d
https://dx.doi.org/10.1021/nl502603d
https://dx.doi.org/10.1063/1.4995220
https://dx.doi.org/10.1002/adma.201601833
https://dx.doi.org/10.1002/adma.201601833
https://dx.doi.org/10.1002/adma.201601833
https://dx.doi.org/10.1002/1616-3028(200102)11:1<69::aid-adfm69>3.0.co;2-d
https://dx.doi.org/10.1002/1616-3028(200102)11:1<69::aid-adfm69>3.0.co;2-d
https://dx.doi.org/10.1007/s12274-017-1682-4
https://dx.doi.org/10.1007/s12274-017-1682-4
https://dx.doi.org/10.1039/c6ra10474f
https://dx.doi.org/10.1039/c6ra10474f
https://dx.doi.org/10.1039/c6ra10474f
www.acsanm.org?ref=pdf
https://dx.doi.org/10.1021/acsanm.0c02167?ref=pdf


(42) Nipane, A.; Karmakar, D.; Kaushik, N.; Karande, S.; Lodha, S.
Few-Layer MoS2 P-Type Devices Enabled by Selective Doping Using
Low Energy Phosphorus Implantation. ACS Nano 2016, 10, 2128−
2137.
(43) Na, J.-S.; Peng, Q.; Scarel, G.; Parsons, G. N. Role of Gas
Doping Sequence in Surface Reactions and Dopant Incorporation
during Atomic Layer Deposition of Al-Doped ZnO. Chem. Mater.
2009, 21, 5585−5593.
(44) Wu, Y.; Giddings, A. D.; Verheijen, M. A.; Macco, B.; Prosa, T.
J.; Larson, D. J.; Roozeboom, F.; Kessels, W. M. M. Dopant
Distribution in Atomic Layer Deposited ZnO:Al Films Visualized by
Transmission Electron Microscopy and Atom Probe Tomography.
Chem. Mater. 2018, 30, 1209−1217.
(45) Wu, Y.; Potts, S. E.; Hermkens, P. M.; Knoops, H. C. M.;
Roozeboom, F.; Kessels, W. M. M. Enhanced Doping Efficiency of Al-
Doped ZnO by Atomic Layer Deposition Using Dimethylaluminum
Isopropoxide as an Alternative Aluminum Precursor. Chem. Mater.
2013, 25, 4619−4622.
(46) Shin, S.; Jin, Z.; Kwon, D. H.; Bose, R.; Min, Y.-S. High
Turnover Frequency of Hydrogen Evolution Reaction on Amorphous
MoS2 Thin Film Directly Grown by Atomic Layer Deposition.
Langmuir 2015, 31, 1196−1202.
(47) Tiong, K. K.; Liao, P. C.; Ho, C. H.; Huang, Y. S. Growth and
Characterization of Rhenium-Doped MoS2 Single Crystals. J. Cryst.
Growth 1999, 205, 543−547.
(48) Tang, H.; Roy Morrison, S. Optimization of the Anisotropy of
Composite MoS2 Films. Thin Solid Films 1993, 227, 90−94.
(49) Serna, M. I.; Yoo, S. H.; Moreno, S.; Xi, Y.; Oviedo, J. P.; Choi,
H.; Alshareef, H. N.; Kim, M. J.; Minary-Jolandan, M.; Quevedo-
Lopez, M. A. Large-Area Deposition of MoS2 by Pulsed Laser
Deposition with In Situ Thickness Control. ACS Nano 2016, 10,
6054−6061.
(50) McCluskey, M. D.; Haller, E. E. Dopants and Defects in
Semiconductors; CRC Press, 2018.
(51) Ellmer, K.; Bikowski, A. Intrinsic and Extrinsic Doping of ZnO
and ZnO Alloys. J. Phys. D: Appl. Phys. 2016, 49, 413002.
(52) Tian, Z.-L.; Zhao, D.-H.; Liu, H.; Zhu, H.; Chen, L.; Sun, Q.-
Q.; Zhang, D. W. Optimization of Defects in Large-Area Synthetic
MoS2 Thin Films by CS2 Treatment for Switching and Sensing
Devices. ACS Appl. Nano Mater. 2019, 2, 7810−7818.
(53) Kuhs, J.; Hens, Z.; Detavernier, C. Plasma Enhanced Atomic
Layer Deposition of Aluminum Sulfide Thin Films. J. Vac. Sci.
Technol., A 2018, 36, 01A113.
(54) Macco, B.; Knoops, HC; Kessels, WM Electron Scattering and
Doping Mechanisms in Solid Phase Crystallized In 2 O 3 :H Prepared
by Atomic Layer Deposition. ACS Appl. Mater. Interfaces 2015, 7,
16723.
(55) Heyne, M. H.; de Marneffe, J.-F.; Radu, I.; Neyts, E. C.; De
Gendt, S. Thermal Recrystallization of Short-Range Ordered WS2
Films. J. Vac. Sci. Technol., A 2018, 36, 05G501.
(56) Chiappe, D.; Asselberghs, I.; Sutar, S.; Iacovo, S.; Afanas’ev, V.;
Stesmans, A.; Balaji, Y.; Peters, L.; Heyne, M.; Mannarino, M.;
Vandervorst, W.; Sayan, S.; Huyghebaert, C.; Caymax, M.; Heyns, M.;
De Gendt, S.; Radu, I.; Thean, A. Controlled Sulfurization Process for
the Synthesis of Large Area MoS2 Films and MoS2 /WS2
Heterostructures. Adv. Mater. Interfaces 2016, 3, 1500635.
(57) Vandalon, V.; Sharma, A.; Perrotta, A.; Schrode, B.; Verheijen,
M. A.; Bol, A. A. Polarized Raman Spectroscopy to Elucidate the
Texture of Synthesized MoS2. Nanoscale 2019, 11, 22860.
(58) Knoops, H. C. M.; van de Loo, B. W. H.; Smit, S.; Ponomarev,
M. V.; Weber, J.-W.; Sharma, K.; Kessels, W. M. M.; Creatore, M.
Optical Modeling of Plasma-Deposited ZnO Films: Electron
Scattering at Different Length Scales. J. Vac. Sci. Technol., A 2015,
33, 021509.
(59) Ponomarev, M. V.; Verheijen, M. A.; Keuning, W.; van de
Sanden, M. C. M.; Creatore, M. Controlling the Resistivity Gradient
in Aluminum-Doped Zinc Oxide Grown by Plasma-Enhanced
Chemical Vapor Deposition. J. Appl. Phys. 2012, 112, 043708.

(60) Miremadi, B. K.; Morrison, S. R. The Intercalation and
Exfoliation of Tungsten Disulfide. J. Appl. Phys. 1988, 63, 4970−4974.
(61) Muhammad, Z.; Mu, K.; Lv, H.; Wu, C.; Rehman, Z. ur.;
Habib, M.; Sun, Z.; Wu, X.; Song, L. Electron-Doping Induced
Semiconductor to Metal Transitions in ZrSe2 Layers via Copper
Atomic Intercalation, 2018. arXiv:1803.08242. arXiv [cond-mat.str-
el].
(62) Miremadi, B.; Morrison, S. R. Aluminum Inclusions and
Precipitates in Restacked Exfoliated MoS2. J. Catal. 1988, 112, 418−
426.
(63) Chakraborty, B.; Bera, A.; Muthu, D. V. S.; Bhowmick, S.;
Waghmare, U. V.; Sood, A. K. Symmetry-Dependent Phonon
Renormalization in Monolayer MoS2 Transistor. Phys. Rev. B:
Condens. Matter Mater. Phys. 2012, 85, 161403.
(64) Wang, Y.; Cong, C.; Qiu, C.; Yu, T. Raman Spectroscopy Study
of Lattice Vibration and Crystallographic Orientation of Monolayer
mos2 under Uniaxial Strain. Small 2013, 9, 2857−2861.
(65) Mignuzzi, S.; Pollard, A. J.; Bonini, N.; Brennan, B.; Gilmore, I.
S.; Pimenta, M. A.; Richards, D.; Roy, D. Effect of Disorder on Raman
Scattering of Single-Layer MoS2. Phys. Rev. B 2015, 91, 195411.
(66) Elam, J. W.; George, S. M. Growth of ZnO/Al2O3 Alloy Films
Using Atomic Layer Deposition Techniques. Chem. Mater. 2003, 15,
1020−1028.
(67) Hag̈glund, C.; Grehl, T.; Tanskanen, J. T.; Yee, Y. S.; Mullings,
M. N.; Mackus, A. J. M.; MacIsaac, C.; Clemens, B. M.; Brongersma,
H. H.; Bent, S. F. Growth, Intermixing, and Surface Phase Formation
for Zinc Tin Oxide Nanolaminates Produced by Atomic Layer
Deposition. J. Vac. Sci. Technol., A 2016, 34, 021516.
(68) Sinha, S.; Mahuli, N.; Sarkar, S. K. Atomic Layer Deposition of
Aluminum Sulfide Thin Films Using Trimethylaluminum and
Hydrogen Sulfide. J. Vac. Sci. Technol., A 2015, 33, 01A139.
(69) Meng, X.; Cao, Y.; Libera, J. A.; Elam, J. W. Atomic Layer
Deposition of Aluminum Sulfide: Growth Mechanism and Electro-
chemical Evaluation in Lithium-Ion Batteries. Chem. Mater. 2017, 29,
9043−9052.
(70) Bube, R. H. Photoelectronic Properties of Semiconductors;
Cambridge University Press, 1992.
(71) Zhang, R.; Fu, D.; Ni, J.; Sun, C.; Song, S. Adsorption for SO2
Gas Molecules on B, N, P and Al Doped MoS2: The DFT Study.
Chem. Phys. Lett. 2019, 715, 273−277.
(72) Luo, H.; Cao, Y.; Zhou, J.; Feng, J.; Cao, J.; Guo, H. Adsorption
of NO2, NH3 on Monolayer MoS2 Doped with Al, Si, and P: A First-
Principles Study. Chem. Phys. Lett. 2016, 643, 27−33.
(73) Zhao, Y.; Tu, J.; Sun, Y.; Hu, X.; Ning, J.; Wang, W.; Wang, F.;
Xu, Y.; He, L. Enhanced Photocatalytic Activity of 2H-MoSe2 by 3d
Transition-Metal Doping. J. Phys. Chem. C 2018, 122, 26570−26575.
(74) Khallaf, H.; Chai, G.; Lupan, O.; Chow, L.; Park, S.; Schulte, A.
Investigation of Aluminium and Indium in Situ Doping of Chemical
Bath Deposited CdS Thin Films. J. Phys. D: Appl. Phys. 2008, 41,
185304.
(75) Prathap, P.; Revathi, N.; Subbaiah, Y. P. V.; Ramakrishna
Reddy, K. T.; Miles, R. W. Preparation and Characterization of
Transparent Conducting ZnS:Al Films. Solid State Sci. 2009, 11, 224−
232.
(76) Newman, R. C. Defects in Silicon. Rep. Prog. Phys. 1982, 45,
1163.
(77) Faraz, T.; van Drunen, M.; Knoops, H. C. M.; Mallikarjunan,
A.; Buchanan, I.; Hausmann, D. M.; Henri, J.; Kessels, W. M. M.
Atomic Layer Deposition of Wet-Etch Resistant Silicon Nitride Using
Di(sec-Butylamino)silane and N2 Plasma on Planar and 3D Substrate
Topographies. ACS Appl. Mater. Interfaces 2017, 9, 1858−1869.
(78) Balasubramanyam, S.; Sharma, A.; Vandalon, V.; Knoops, H. C.
M.; Kessels, W. M. M.; Bol, A. A. Plasma-Enhanced Atomic Layer
Deposition of Tungsten Oxide Thin Films Using (tBuN)2(Me2N)-
2W and O2 Plasma. J. Vac. Sci. Technol., A 2018, 36, 01B103.

ACS Applied Nano Materials www.acsanm.org Article

https://dx.doi.org/10.1021/acsanm.0c02167
ACS Appl. Nano Mater. 2020, 3, 10200−10208

10208

https://dx.doi.org/10.1021/acsnano.5b06529
https://dx.doi.org/10.1021/acsnano.5b06529
https://dx.doi.org/10.1021/cm901404p
https://dx.doi.org/10.1021/cm901404p
https://dx.doi.org/10.1021/cm901404p
https://dx.doi.org/10.1021/acs.chemmater.7b03501
https://dx.doi.org/10.1021/acs.chemmater.7b03501
https://dx.doi.org/10.1021/acs.chemmater.7b03501
https://dx.doi.org/10.1021/cm402974j
https://dx.doi.org/10.1021/cm402974j
https://dx.doi.org/10.1021/cm402974j
https://dx.doi.org/10.1021/la504162u
https://dx.doi.org/10.1021/la504162u
https://dx.doi.org/10.1021/la504162u
https://dx.doi.org/10.1016/s0022-0248(99)00296-1
https://dx.doi.org/10.1016/s0022-0248(99)00296-1
https://dx.doi.org/10.1016/0040-6090(93)90190-z
https://dx.doi.org/10.1016/0040-6090(93)90190-z
https://dx.doi.org/10.1021/acsnano.6b01636
https://dx.doi.org/10.1021/acsnano.6b01636
https://dx.doi.org/10.1088/0022-3727/49/41/413002
https://dx.doi.org/10.1088/0022-3727/49/41/413002
https://dx.doi.org/10.1021/acsanm.9b01591
https://dx.doi.org/10.1021/acsanm.9b01591
https://dx.doi.org/10.1021/acsanm.9b01591
https://dx.doi.org/10.1116/1.5003339
https://dx.doi.org/10.1116/1.5003339
https://dx.doi.org/10.1021/acsami.5b04420
https://dx.doi.org/10.1021/acsami.5b04420
https://dx.doi.org/10.1021/acsami.5b04420
https://dx.doi.org/10.1116/1.5036654
https://dx.doi.org/10.1116/1.5036654
https://dx.doi.org/10.1002/admi.201500635
https://dx.doi.org/10.1002/admi.201500635
https://dx.doi.org/10.1002/admi.201500635
https://dx.doi.org/10.1039/c9nr08750h
https://dx.doi.org/10.1039/c9nr08750h
https://dx.doi.org/10.1116/1.4905086
https://dx.doi.org/10.1116/1.4905086
https://dx.doi.org/10.1063/1.4747942
https://dx.doi.org/10.1063/1.4747942
https://dx.doi.org/10.1063/1.4747942
https://dx.doi.org/10.1063/1.340441
https://dx.doi.org/10.1063/1.340441
https://dx.doi.org/10.1016/0021-9517(88)90156-x
https://dx.doi.org/10.1016/0021-9517(88)90156-x
https://dx.doi.org/10.1103/physrevb.85.161403
https://dx.doi.org/10.1103/physrevb.85.161403
https://dx.doi.org/10.1002/smll.201202876
https://dx.doi.org/10.1002/smll.201202876
https://dx.doi.org/10.1002/smll.201202876
https://dx.doi.org/10.1103/physrevb.91.195411
https://dx.doi.org/10.1103/physrevb.91.195411
https://dx.doi.org/10.1021/cm020607+
https://dx.doi.org/10.1021/cm020607+
https://dx.doi.org/10.1116/1.4941411
https://dx.doi.org/10.1116/1.4941411
https://dx.doi.org/10.1116/1.4941411
https://dx.doi.org/10.1116/1.4903951
https://dx.doi.org/10.1116/1.4903951
https://dx.doi.org/10.1116/1.4903951
https://dx.doi.org/10.1021/acs.chemmater.7b02175
https://dx.doi.org/10.1021/acs.chemmater.7b02175
https://dx.doi.org/10.1021/acs.chemmater.7b02175
https://dx.doi.org/10.1016/j.cplett.2018.11.054
https://dx.doi.org/10.1016/j.cplett.2018.11.054
https://dx.doi.org/10.1016/j.cplett.2015.10.077
https://dx.doi.org/10.1016/j.cplett.2015.10.077
https://dx.doi.org/10.1016/j.cplett.2015.10.077
https://dx.doi.org/10.1021/acs.jpcc.8b09361
https://dx.doi.org/10.1021/acs.jpcc.8b09361
https://dx.doi.org/10.1088/0022-3727/41/18/185304
https://dx.doi.org/10.1088/0022-3727/41/18/185304
https://dx.doi.org/10.1016/j.solidstatesciences.2008.04.020
https://dx.doi.org/10.1016/j.solidstatesciences.2008.04.020
https://dx.doi.org/10.1088/0034-4885/45/10/003
https://dx.doi.org/10.1021/acsami.6b12267
https://dx.doi.org/10.1021/acsami.6b12267
https://dx.doi.org/10.1021/acsami.6b12267
https://dx.doi.org/10.1116/1.4986202
https://dx.doi.org/10.1116/1.4986202
https://dx.doi.org/10.1116/1.4986202
www.acsanm.org?ref=pdf
https://dx.doi.org/10.1021/acsanm.0c02167?ref=pdf

