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ABSTRACT: As two-dimensional (2D) electronic devices
continue to advance, the need for integrating high-quality,
high-κ nanoscale dielectrics becomes more essential. Plasma-
enhanced atomic layer deposition (PEALD) is a promising
approach for depositing ultrathin dielectrics directly onto the
surface of 2D materials. However, the mechanism for PEALD
film growth on the van der Waals materials, along with the
impact of the plasma process on structural and interfacial
properties of 2D materials, has not been fully explored. In this
work, we demonstrate the effects of the plasma process on
monolayer, bilayer, and trilayer MoS2. Back-gated MoS2
transistors of varying thickness were tested before and after
ALD/PEALD HfO2, and it was verified that plasma damage
does occur, predominantly in the surface layer of the MoS2,
leading to significantly greater impact in monolayers. By increasing the thickness of the MoS2, the adverse effects of the plasma
process are reduced appreciably. This observation is further supported by Raman and transmission electron microscopy analysis.
In addition to providing information about defect generation and morphology, this study provides key insights into the charge
transfer between HfO2 and MoS2. Overall, this detailed analysis of the impact of the PEALD plasma process on MoS2
contributes to the reliable integration of ultrathin, high-κ dielectrics in 2D devices.

KEYWORDS: two-dimensional electronic devices, high-κ nanoscale dielectrics, plasma enhanced atomic layer deposition, monolayer,
bilayer, trilayer, MoS2, HfO2, 2D transistor, dielectric nucleation

Recent advances in the study of two-dimensional (2D)
crystals, including molybdenum disulfide (MoS2), have

increased interest in the applications and integration of these
layered materials. 2D crystals have shown great promise in a
range of applications, from high-performance field-effect
transistors (FETs) to flexible optoelectronics.1−6 The 2D
nature of MoS2 (a transition metal dichalcogenide (TMD)) is
a result of its unique crystal structure and bonding properties.
The crystal structure consists of a Mo layer sandwiched
between two S layers arranged in a hexagonal lattice, where the
intralayer atoms are strongly bound by covalent forces and
weak interlayer van der Waals forces bring the individual layers
together to form bulk MoS2.

7 These binding properties make it
possible to isolate a monolayer via mechanical exfoliation or
direct layer-by-layer growth.8 Because of the atomically thin
planar geometry, dielectric screening in 2D devices plays a
central role in determining the functionality; hence, the ability
to effectively integrate oxides with 2D materials is an important

aspect of any technological advancement.9−11 The growth of
thin, high-quality, and high-κ dielectrics on 2D crystals requires
a concerted effort to develop deposition processes that are
nondamaging to the underlying crystal and produce suitable
interfaces between the 2D crystal and high-κ dielectric.
In principle, on certain substrates, ALD is a powerful layer-

by-layer deposition technique with precise atomic control on
the stoichiometry of the dielectric and complex oxide stacks
(Figure 1c).12 However, research has shown that 2D crystals
are far from the ideal substrates for ALD growth due to their
inert basal plane.13,14 The sparse density of nucleation sites
results in island growth on the 2D surface that leads to
continuous films only when a sufficiently thick layer is
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deposited (>15 nm).1,3,15 Some proposed approaches to
enhance nucleation on 2D surfaces include surface modifica-
tion procedures and buffer layers, but these suffer from
interfacial integrity, reliability, and scalability.16,17,26,18−25

Therefore, finding other means of controlled nucleation and
growth in the ALD process is needed. Recently, plasma-
enhanced atomic layer deposition (PEALD) has been shown
to yield ultrathin (<5 nm) high-κ dielectric (e.g., HfO2) film
growth on MoS2.

27 While these results showed promise for
devices of relatively thick 2D crystals (>7 nm), there has been
no exploration of how PEALD impacts single or few-layer
MoS2. Furthermore, an understanding of how the PEALD
process is affecting the properties of the underlying MoS2,
including the different impact on the topmost layer versus
underlying layers, remains to be explored.
In this work, we used PEALD to deposit HfO2 on

monolayer, bilayer, and trilayer MoS2 and examined the
properties of the HfO2−MoS2 system using electrical
characterization, photoluminescence (PL), Raman spectrosco-
py, transmission electron microscopy (TEM), and first-
principles calculations. The PEALD process used was the
same as that used in ref 27, which includes details, such as its
conformal nature on MoS2 and absence of any detectable
formation of MoO3, of the PEALD HfO2 film on MoS2. By
comparing the electrical characteristics of back-gated FETs
before and after ALD and PEALD HfO2 deposition (Figure
1b), we examined the interfacial changes and their effect on
device performance. While significant degradation of the
device performance was observed in monolayer samples, we
noticed systematic improvement as the layer thickness is
increased. Additionally, we used PL and Raman measurements
to gain a more detailed understanding of the interfacial
properties between the MoS2 and PEALD HfO2. First-
principles calculations were also used to explore the role of
interfacial or subsurface O-vacancy. Our data suggest that O-
vacancy as small as 0.90% induces a significant charge transfer
from the HfO2 substrate to the MoS2 monolayer. These results

show that while the PEALD process is an excellent method for
the growth of ultrathin high-κ dielectrics on relatively thick 2D
crystals, better control of defects and interfacial quality is
needed to adapt this growth approach to few-layer crystals.

■ METHODS
Chemical Vapor Deposition (CVD) MoS2 Growth. MoS2

triangular domains were grown on SiO2/Si substrates by atmospheric
pressure powder vaporization. Prior to growth, the substrates were
cleaned in a piranha solution for 15 min followed by 5 min soaks in
deionized (DI) water, acetone, and isopropyl alcohol. Afterward, 40
μL of perylene-3,4,9,10-tetracarboxylic acid tetrapotassium salt
(PTAS) was spin coated on each sample as a seeding layer for the
growth. MoO3 powder (18−20 mg) was added to an alumina boat,
and four PTAS-coated substrates were placed on top of the alumina
boat facing up with a 1.2 mm gap between each sample. The boat was
loaded into the center of the furnace. The sulfur precursor (15−17
mg) was loaded in another alumina boat and placed in a region
outside of the furnace where the temperature could be independently
controlled by a heating tape. The growth process was performed in a
tube furnace at a sample temperature of 750 °C and sulfur
temperature of 250 °C. The growth was carried out for 10 min
during which argon (5 sccm) was used as a carrier gas. After the
growth was complete, the tube furnace was opened and the argon flow
rate was increased to 200 sccm to quench the growth process.

ALD and PEALD HfO2 Growth. ALD and PEALD were carried
out in the same Kurt J. Lesker tool (model number ALD 150-LX)
(Figure 1a). After initial electrical/Raman/PL characterization either
ALD or PEALD HfO2 was deposited onto the samples. Tetrakis-
(dimethylamido)hafnium(IV) (TDMAH) was used as the Hf
precursor and either H2O vapor or O2 plasma was used as the
oxidant for thermal or plasma-enhanced ALD, respectively. For ALD
HfO2 the process had the following step times: 0.25 s pulse
precursor/15 s purge/0.4 s pulse oxidant/15 s purge. PEALD HfO2
had the following step times: 0.25 s pulse precursor/6 s purge/5 s
pulse oxidant/5 s purge. The purge gas is 99.999% pure Ar, and the
O2 in the remote plasma has a purity of 99.999%. Both reactions were
carried out at 120 °C, and the PEALD process was carried out at 400
W. Note, the plasma is upstream and does not have line-of-sight
access to the substrate; rather, the plasma radicals flow through a
showerhead structure to the growth substrate. The growth per cycle

Figure 1. Schematics illustrating the (a) ALD/PEALD reaction chamber, (b) the final device structure, and (c) the ALD/PEALD reaction process.
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(GPC) for PEALD HfO2 is 0.13 nm/cycle and for ALD HfO2 it is
0.12 nm/cycle. The number of cycles was variant upon the
experiment. For the devices, 250 cycles of ALD/PEALD were
deposited, and for the Raman and PL measurements, 42 cycles were
deposited.
Device Fabrication. A grid was fabricated onto the untransferred

CVD MoS2 using a Vistec EBPG5000+ES electron beam lithography
(EBL) system and CHA e-Beam Vacuum Evaporator System (EVAP)
of Ti/Au. First, PMMA 950 A4 was spin coated onto MoS2, and EBL
was used to define the MoS2 channel. After EBL, the chip was
developed using a mixture of MIBK and IPA and then reactive ion
etching was used to etch away the surrounding MoS2. The remaining
resist was removed using hot (80 °C) acetone. Next, the contact
regions were defined using EBL and then EVAP was used to deposit
the 50 nm Ni/50 nm Au contacts. The samples were left overnight
under high vacuum in the EVAP, and the EVAP process was carried
out at ∼3 × 10−6 Torr. In order to remove the remaining resist, the
samples were left in hot acetone overnight (Figure 1b).
Electrical Characterization. Devices were tested before and after

ALD/PEALD HfO2. After ALD, the contacts were probed through
the ALD/PEALD HfO2. All measurements were done under high
vacuum in order to avoid interactions that could be dominated by
surface adsorbates, such as water. The electrical characterization was
carried out using a Kiethley 4200 parameter analyzer.
Computational Approach. First-principles electronic structure

calculations were performed using density functional theory (DFT)
with planewave basis set as implemented in the Vienna Ab Initio
Simulation Package.28,29 The calculations were done using the
Perdew−Burke−Ernzerhof exchange-correlation functional. In con-
structing the MoS2−HfO2 slab, we used the monoclinic phase of
HfO2. The monoclinic phase of HfO2 is not only the most
energetically stable at ambient conditions but also provides a natural
hexagonal surface along its 111-direction. For the computations, we
assume a crystalline HfO2; however, in reality it is most likely
amorphous. The MoS2−HfO2 interface is studied by constructing an
S-terminated MoS2 and O-terminated HfO2 (111) surface to form a
periodically repeated slab separated by a vacuum of 25 Å. For the
adsorption of TDMAH on MoS2, the periodic images of the slabs
were separated by ∼15 Å. The HfO2 part of the slab is composed of
56 Hf and 112 O atoms, which is thick enough to support the MoS2
layer of 25 Mo and 50 S atoms. The slabs were fully relaxed until the
energy (charge) is converged to within ∼10−4 (10−7) eV and the
forces dropped to ∼10−3 eV/Å. The optimization is done by sampling
the Brillouin zone at the Γ-point. During the relaxation the ionic
positions were allowed to move while keeping the volume of the cell
constant. All calculations included van der Waals interactions and
dipole corrections. At equilibrium pristine structure, the MoS2 lies
2.93 ± 0.2 Å above the HfO2 surface while the TDMAH sits at
approximately 3.20 Å above the MoS2 surface. For the defect
structures, the above distances reduced by approximately 0.5 Å. We
observed no covalent bonds on the defect-free MoS2−HfO2 interface.
The MoS2−HfO2 slab has an in-plane distance of 15.915 Å leading to
a lattice mismatch of ∼1.1%. The small strain in the slab did not
change the location of the energy bandgap of MoS2, which only
decreased by ∼0.04 eV and remained direct at the K-point of the high
symmetry of the first Brillouin zone. In both the MoS2−HfO2 and the
MoS2-TDMAH hybrid structures, the MoS2 monolayer crystal
remained unperturbed with insignificant change in the bond lengths
and lattice constant.
Raman and PL. Raman and PL were carried out in a WITec Alpha

300RA system. The measurements were carried out at liquid N2
temperatures (∼72 K) using a 532 nm laser at a power of 1 mW in the
backscattering configuration. The spectra were measured using a 63×
objective and a grating of 1800 grooves/mm. Raman spectra were
acquired before and after 42 cycles of ALD/PEALD HfO2 and were
normalized to the A1g peak. The Raman conditions were shown not to
damage the MoS2 as shown in Figure S7.
TEM and STEM. The TEM and STEM were conducted in a JEM

2100 FE-TEM. The operating voltage was 200 kV and the point-to-
point resolution is ∼0.2 nm.

■ RESULTS AND DISCUSSION

Effect of PEALD Plasma on Monolayer MoS2 FETs.
The interfaces between different regions of field-effect devices
play an important role in determining their electronic
properties.30 Interfacial effects are even more important in
2D van der Waals structures because poor screening induces
stronger interfacial Coulombic scattering and more suscepti-
bility to surface impurities.31 As a result, the design and
optimization of interfaces in 2D FETs, such as the dielectric/
channel material interface, is critical to the success of 2D
device development.
PEALD is a plasma-enhanced process for deposition of

extremely thin dielectrics (Figure 1c). The highly reactive
properties of the plasma species at the deposition surface
enables a greater level of control on materials processing, such
as enabling lower growth temperatures and a greater variety of
films that can be deposited when compared to traditional
thermal ALD.32 This is precisely the reason that plasma-
enhanced processes are explored for ultrathin oxide deposition
on 2D crystals.27 One drawback of PEALD is the potential for
destructive interactions between the high-energy plasma
radicals and the 2D crystal surface. To examine the impact
of the plasma process on MoS2, we designed a series of
experiments on different thicknesses of MoS2 and charac-
terized the corresponding changes in the electrical properties
of resultant 2D FETs.
The PEALD and ALD HfO2 layer affect monolayer MoS2

FETs (Figure 2a) differently, as shown in the representative
transfer curves (Figure 2b and c). In order to achieve uniform
coverage of MoS2 with both ALD and PEALD films, 250 cycles
of ALD/PEALD were deposited. Both films are assumed to be
pinhole free due to their thickness, and previous research that
has shown these films to be pinhole free even when
considerably thinner (ref 27). The ALD HfO2 encapsulation
of the MoS2 device strongly shifts the threshold voltage (Vt) to
the left and reduces the hysteresis while maintaining the on-
current (Ion) (Figure 2b). The shift in Vt can be attributed to
n-type doping of MoS2, as it takes a larger negative voltage to
turn off the device. Due to the strong n-doping observed in our
transfer characteristics, it is assumed that the ALD HfO2 is
oxygen deficient, causing it to be a charged film that influences
the carrier density in the channel and contact regions.33 These
oxygen-dominated vacancy defect states in the HfO2 can have
occupied states that line up with the conduction band of MoS2,
thus doping the underlying MoS2 leading to an electron-rich
sample.34−36 In addition, the reduction in hysteresis could be
due to the ALD HfO2 acting as a protective passivation layer to
ward off unstable adsorbates. These results confirm the effects
of the HfO2 layer on the electrical properties of MoS2 and, as
expected, the ALD process preserves the quality of the 2D
crystal.
The 2D-FETs with ALD HfO2 are used as a baseline to

determine the influence of PEALD processing on MoS2.
Similar to the reference thermal ALD results, the hysteresis in
the PEALD HfO2-encapsulated MoS2 devices was reduced
(Figure 2c). However, in contrast to the reference devices, a
pronounced degradation in Ion, shift in Vt, and a rise in the p-
branch is clearly discernible in the PEALD 2D-FETs indicating
possible p-doping. These changes support the hypothesis that
the plasma-enhanced process modifies the underlying MoS2
crystal. It also could indicate that the PEALD HfO2 is more
electron rich compared to thermal ALD HfO2. An increase in
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the scattering centers at the MoS2−HfO2 interface as a result
of plasma damage can directly explain the degradation of the
on-state conductivity in the devices. We hypothesize that the
accompanied Vt shift and rise of the p-branch are also due to
defect formations. One possibility is the formation of Mo−O
bonds which have been shown to p-dope MoS2, although this
possibility is questionable due to no formation of MoO3 being
found in the XPS of ref 27 which used the same process as
used here. Defects in the vicinity of the metal contacts can
induce band bending and Fermi level pinning, both of which
can modify the contact barrier characteristics. The band
bending and Fermi level pinning supersede the doping effects
seen in the ALD devices and dominate the Vt shifts.

First-Principles Calculations. In order to test our
hypothesis and gain further understanding of the role of the
plasma process on the MoS2−HfO2, we carried out first-
principles calculations on the monolayer MoS2−HfO2 interface
using density functional theory (DFT) [see Figure S1 in the
Supporting Information (SI) for the structures] and exper-
imentally examined the device characteristics of samples made
on bilayer and trilayer MoS2.
The electronic band structure and the density of states

obtained for the pristine structures are shown in Figure 2d.
The pristine slab shows the absence of covalent bonds and
negligible charge transfer (CT) as could be inferred from the
difference of the electron localization function (see Figure S1c
in the SI). This could be understood from the more than 1.0
eV band offset for both the conduction and valence bands of
HfO2 and MoS2, respectively. The absence of intrinsic
potential difference and the large band offset creates a barrier
for any charge transfer. The pristine electronic structures reveal
a small change in the bandgap of monolayer MoS2−HfO2
interface. Herein, we focus on the states in the proximity of the
bandgap. The valence band maximum is formed by the
hybridization of MoS2 (mainly from Mo-4d and S-3p states)
and HfO2 (O-2p states) while the conduction band maximum
is derived predominantly from the Mo-4d states of MoS2
monolayer. To model the defect structures, we constructed a
MoS2−HfO2 slab with one missing oxygen atom from the
interface VOis

and subsurface VOss
of HfO2. The electronic band

structure and the corresponding density of states (for the VOis

structure) as compared to the pristine slab is presented in
Figure 2e. Both VOis

and VOss
(see Figure S2 in the SI) led to a

decrease of ∼0.32 eV in the bandgap of the pristine slab and
the Fermi level is shifted to higher energies confirming the n-
type doping effects observed in our experiment. We also
observed significant charge transfers (CTs); for example, in the
interfacial O-vacancy hybrid structure, our calculations reveal a
net charge transfer from the HfO2 surface to the MoS2
monolayer of 1.16 |e| (5.29 × 1013 e/cm2) per O-vacant site
(details in Figures S1d, e and S3 in the SI).

Effect of PEALD Plasma on Bilayer and Trilayer MoS2
FETs. To gain further understanding of the mechanisms
involved in the interface, we extended our study into bilayer
and trilayer samples. By examining the effect of ALD and
PEALD on bilayer and trilayer MoS2 FETs, we determined the
extent of the plasma damage on the structures. Looking first at
the baseline ALD results, we observe that the bilayer and
trilayer devices behave similar to monolayer samples showing a
negative Vt shift and a reduction in hysteresis (Figure 3a and
b). Additionally, the PEALD HfO2 devices behave similarly to
the monolayer samples as they exhibit a shift of Vt, lowering in
Ion, and reduction in hysteresis (Figure 3c and d). However,
considering the on-current magnitudes and the transfer
characteristics, the bilayer and trilayer PEALD devices show
significant improvement over the monolayer devices (Figure
2d). This observation suggests that the plasma interactions
occur primarily at the topmost MoS2 layer. For the monolayer
devices, the plasma process degrades most of the channel
material and considerably deteriorates the transistor properties.
However, for both the bilayer and trilayer samples, the device
properties are better preserved since the majority of the sample
degradation occurs in the first layer. Since the damage is
occurring mostly at the topmost MoS2 layer, MoS2 FETs with

Figure 2. ALD versus PEALD HfO2 growth on back-gated,
monolayer MoS2 devices. (a) Schematic of back-gated MoS2 devices
showing how they are tested before/after dielectric deposition.
Subthreshold curves of monolayer MoS2 before/after (b) ALD HfO2
(W = 1.0 μm, Vds = 1.0 V, Lch = 0.9 um) and (c) PEALD HfO2 (W =
1.0 μm, Vds = 1.0 V, Lch = 0.9 um). The electronic band structure,
obtained from DFT calculations, unfolded onto the first Brillouin
zone of monolayer MoS2 and the associated density of states for (d)
pristine crystals and (e) crystals with interfacial O-vacancy. The
deposition of HfO2 on MoS2 leads to a negligible change in the
bandgap of MoS2, while either interfacial VOis

or subsurface VOss
O-

vacancies induce a decrease of ∼0.32 eV in the bandgap. The
horizontal dashed line is the Fermi level, which is set at the zero
energy scale.
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a thicker channel are able to retain their electrical perform-
ance.27

Raman and PL of PEALD HfO2 on MoS2. The electrical
measurements demonstrate the impact of the PEALD process
on the electrical characteristics of MoS2 and support the
hypothesis that defects can explain these observations. For a
more detailed understanding of the role and effects of the
plasma-induced defect states on MoS2, Raman and PL
spectroscopy of MoS2 was carried out. These spectra are
strongly affected by the MoS2 surrounding dielectric environ-
ment, strain, defects, and doping.37−46 By probing how the
PEALD process affects the vibrational and optical properties of
MoS2 via Raman and PL spectroscopy, it was possible to
examine the extent of interfacial changes. The symmetry
characteristics of MoS2 allow for four experimentally
observable Raman active modes: 34(E2g

2), 286(E1g), 383(E2g),
and 409(A1g) cm−1.47 Our measurements focused on the A1g
and E2g normal modes, which represent the out-of-plane and
in-plane vibrations of the S−Mo−S, respectively. To examine
the MoS2−HfO2 interface, we performed Raman and PL
measurements on our samples before/after ALD/PEALD
HfO2. Focusing on the two main normal modes A1g (out-of-
plane vibrations) and E2g

1 (in-plane vibrations), we observed
significant changes due to the addition of ALD HfO2 (Figure
4a and b). In order to accurately compare the spectra before/
after ALD/PEALD the peaks were calibrated to the Raleigh
scattering peak.
After ALD HfO2, the spectra of both monolayer and bilayer

MoS2 samples were blue-shifted with A1g affected more than
the E2g

1 mode. The addition of the high-κ dielectric could

influence the MoS2 Raman spectra in three major ways: the
lattice mismatch between the two films can induce strain in the
MoS2 layers, the charge transfer between the two materials can
change the electron−phonon scattering, and changes in the
dielectric environment can modify the screening properties. All
of these effects can modify the bonding properties within MoS2
and the frequencies of the Raman normal mode. Compressive
strain will stiffen the bonds and cause both modes to upshift.
However, it is expected for the E2g

1 mode to be affected more
than the A1g mode, which does not resemble the trends we
observe in our results.48,49 Tensile strain should cause the E2g

1

mode to down-shift appreciably while leaving the A1g mode
relatively unchanged.50 Tensile strain also causes the E2g

1

mode to split for both monolayer and bilayer MoS2.
39 Since

our observations do not follow these patterns, we conclude
that neither compressive nor tensile strain play a significant
role in the changes observed in the Raman spectra for ALD
HfO2−MoS2. From our transport measurements, we con-
cluded that the ALD HfO2 is yielding an n-type doping effect
on MoS2 samples, causing changes in the electron densities of
the material. If the electron transfer from the ALD-HfO2 to
MoS2 dominates the interactions, it is expected for the A1g
peak would soften and broaden while the E2g

1 mode remains
roughly unchanged.51,52 As the MoS2 is doped further (oxygen
levels decrease in HfO2) the shift and broadening of the A1g
peak becomes more pronounced.53,54 While the Raman spectra
changes as the HfO2 films become more and more oxygen
deficient HfO2, oxygen rich MoS2 displays very little to no shift
in Raman modes.33 Other n-type dopants also show the A1g
shifting to the left and broadening.55,56 In contrast, electron
transfer out of the 2D layers should upshift both Raman
modes.57,58,66 The Raman spectra of a p-type dopant on MoS2
shows a slight shift to lower values, but the distance between
the peaks remains the same.59 Stronger p-type dopants have
both Raman peaks shifting to the right.57 Since the Raman
analysis (both peaks shift upward indicating p-type doping)
and transport measurements (Vt shift to the left and increase in
electron on-current indicating n-type doping) are contra-
dictory, we conclude that doping is not the cause of the Raman
peaks shift, instead another factor must be considered. One
factor to consider is the change in the dielectric environ-
mentgoing from air to high-κ. This increase in the dielectric
screening of the stacked HfO2−MoS2 should stiffen the bonds
and upshift both peaks. The pattern of our results suggests that
this is the dominant effect resulting in the uniform upshift of
both normal-mode frequencies of the pristine ALD HfO2−
MoS2.
The Raman spectra acquired from the PEALD HfO2−MoS2

stacks suggest a significant change in the interface properties.
These effects in the monolayer samples include the rise and
disappearance of peaks and changes in peak positions and line
width of the normal modes relative to the reference samples
(Figure 4c and d). To explain the observed effects, we need a
better understanding of the phonon dispersion characteristics
and the role of defects in MoS2.

60 Defects perturb the spatial
translational invariance of crystalline structures resulting in
finite phonon correlation length. These phonon confinement
effects breakdown the selection rules; allowing new phonon
peaks to arise and the first order Raman peaks to shift and
broaden.61 The effects of these changes on the Raman spectra
can be explained by the phonon confinement model.51 The
theory suggests that the shift in the normal peak positions as a
function of the density of defects should resemble the phonon

Figure 3. Impact of ALD/PEALD HfO2 on bilayer and trilayer MoS2
FETs. Subthreshold curves of (a) bilayer and (b) trilayer MoS2 FETs
before and after ALD 30 nm HfO2. Subthreshold curves of (c) bilayer
and (d) trilayer MoS2 FETs before and after PEALD HfO2 (W = 1.0
μm, Vds = 1.0 V, Lch = 0.9 um).
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dispersion of each branch moving away from the Γ point.
Looking at the phonon dispersion curves of MoS2, from the
center of the Brillion zone, we expect that as the density of
defects increases, the frequency of the ZO phonon branch will
increase whereas the LO and TO phonon branches should
decrease. The broadening of the E2g

1 Raman modes and
appearance of new peaks is expected due to the defect-
activated mechanism. The E2g

1 peak should split into the
LO(SP), LO(M), and TO(M) peaks near the A1g peak, an
additional ZO(M) peak should also arise.61,62

The shift and broadening of the normal modes in our
experiments follow the predictions of the phonon confinement
model for MoS2 in the presence of defects, with slight changes
due to the dielectric screening effects in the high-dielectric
stacks (Figure 4c and d). In addition, observing the defect-
mediated longitudinal acoustic LA(M) mode at 228 cm−1

further confirms the formation of defects in MoS2. This peak is
a signature of disorder in MoS2, and its intensity has been
correlated to the density of defects.63−65 The more commonly
observed, second order peak related to this branch of acoustic
modes, 2LA(M), is absent in the spectra, most likely due to the
significant rise in the lattice distortions in the material after
PEALD processing.44 In comparison, a distinct behavior can be
seen in bilayer MoS2 where the PEALD HfO2 resulted in a
blue-shift of both Raman modessimilar to post ALD HfO2
on monolayer and bilayer MoS2. Therefore, we conclude that
monolayer samples sustain significantly more damage at the
interface as compared to bilayer samples. However, what is not

clear in these observations is the possible charge transfer
characteristics of the stacked system.
For more insight into the charge transfer in the HfO2−MoS2

heterostructures, we performed PL measurements on mono-
layer and bilayer CVD-grown MoS2. Bulk MoS2 is an indirect
bandgap semiconductor with a small radiative emission.
However, the transition into a direct bandgap semiconductor
for monolayer MoS2 allows for the observation of strong PL
emission peaks.66 The MoS2 PL spectra includes two sharp
emission peaks, namely A (665 nm) and B (615 nm),
corresponding to the excitonic transition from the spin−orbit
split of two valence band edges to the bottom of the
conduction band.67,68 Additionally, the changes in the electron
doping levels in MoS2 can lead to clear changes in the
characteristic PL emission spectra. The two-dimensional
nature of MoS2 and the screening effects generally lead to
strong binding energies and the appearance of charged
excitons, namely negatively charged trions (A−). The PL
spectrum in MoS2 has therefore shown strong sensitivity to
doping levels. As electron concentrations change in MoS2, the
trion population changes and results in modification of the PL
intensity.38,41,46,69 These effects appear in the PL spectra of the
material in the form of changes in the intensity of the shoulder
near the A peak. By fitting the PL peaks and quantifying the
underlying emission properties, one can extract a detailed
understanding of the underlying mechanisms of interactions
involved (Figure 5).

Figure 4. Raman spectroscopy analysis of ALD and PEALD effects on monolayer versus bilayer MoS2. Raman spectra (measured at liquid nitrogen
temperatures and under high vacuum) of (a) monolayer and (b) bilayer MoS2 before/after ALD HfO2. Raman spectra of (c) monolayer and (d)
bilayer MoS2 before/after PEALD HfO2.
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We measured the PL spectra of ALD HfO2−MoS2 samples
to determine the reference interactions between the pristine
interfaces of the dielectric and the 2D material. Our PL
measurements on these samples show a noteworthy blue-shift
and a strong increase in the PL intensity of both monolayer
and bilayers after ALD of HfO2 (Figure 4a and b). These
results are somewhat contradictory. If MoS2 was becoming
more electron rich, one would expect an upward shift, decrease
in intensity, and a rise in the trion peak.55 As HfO2 becomes
more oxygen deficient, the PL decreases in intensity and shifts
increasingly more.54 After ALD, the PL results show a redshift,
increase in intensity, and rise in the trion peak. Since the PL
measurements do not follow all of the requirements to exhibit
n-type doping, other factors that could influence the PL spectra
must be considered. One such factor, is the change in the
dielectric environment as the high-κ dielectric oxide replaces
vacuum. Consistent with the Raman measurement, the
dominant interaction between the ALD HfO2 and MoS2 is
the stiffening of the bonds (the blue-shift in PL and Raman)
and changes in the dielectric shielding. The resultant influence
of these changes on the binding energy of excitons describes
the strong increase in the intensity of the emission peaks
(Figure 5a and b). In addition to these changes, a rise in a
shoulder peak (A− peak) is clearly discernible and is attributed
to the changes in electron concentration levels in the material.
The dielectric in contact with MoS2 can exchange charge and
dope MoS2 (either making it electron-rich or -deficient). Even
though our results do not exhibit all of the characteristics

associated with electron doping, the increase of the trion peak
(A−) does indicate that there is a transfer of electrons from
HfO2 to MoS2. Based on our results, we conclude that there is
a stiffening of the bonds, change in dielectric shielding, and a
charge transfer from the HfO2 to MoS2 in the stacked structure
in both monolayer and bilayer samples.
The PL emissions from the post-PEALD HfO2 monolayer

MoS2 show contrasting behavior when compared to the ALD
HfO2 stacks. Although there is a PL blue-shift because of the
dielectric changes in the environment, which resembles the
blue-shift of the ALD stacks, the intensity decreases
substantially and the ratio of B to A excitons increases. The
most likely reason for this change is defect formations in MoS2,
as was previously confirmed in our Raman studies of Figure 3.
Defects in MoS2 have been shown to significantly reduce the
PL intensity, which we observe in the case of PEALD
HfO2.

43,44,61 Additionally, we observe a rise in the A− trion
peaks, which also suggest that there is a charge transfer from
HfO2 to MoS2. A similar trend in the bilayer samples is also
observed, suggesting that while defect formation is inherent to
the plasma-enhanced process, a charge transfer from the oxides
to the 2D system ensues. However, only a direct analysis of the
defects and their role can validate the spectroscopic evidence.

TEM of Trilayer MoS2 Post PEALD HfO2. To further
study the defects at the interface of PEALD and MoS2, we
employed scanning transmission electron microscopy (STEM)
and high-resolution transmission electron microscopy
(HRTEM) to examine the trilayer MoS2 samples (Figure 5a

Figure 5. Photoluminescence analysis of ALD and PEALD effects on monolayer versus bilayer MoS2 under vacuum at liquid N2 temperature.
Photoluminescence of monolayer/bilayer MoS2 after the deposition of (a/c) ALD or (b/d) PEALD HfO2. The peaks are fitted using Gaussian
fitting parameters; the blue lines represent the B exciton, the green line is the A exciton, and the red line is the trion.
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and b). In the case of ALD HfO2, the STEM (Figure 6a) image
indicates little or no damage to the MoS2 sample and the three
MoS2 layers can be perfectly distinguished. This is expected as
the ALD process causes insignificant damage to MoS2 samples
as it grows by physical adsorption or via naturally occurring
defect sites.14 However, the PEALD HfO2 samples show very
different interfacial properties (Figure 6b) where three MoS2
layers are visible, but they are blurry and indistinct indicating
possible damage. By imaging further using HRTEM, it
becomes evident that there are two distinct MoS2 layers and
a third (topmost) blurry layer (Figure 5b inset). The results
strongly support our electrical and spectroscopic measure-
ments and suggest that the PEALD process induces substantial
damage to the topmost MoS2 layer. The consistent evidence of
damage at the topmost layer of PEALD samples is at times
complemented in some regions with extensive damage and
total amorphization of MoS2 extending into all of the layers.
While these results give a more complete picture of the
interfaces, they also emphasize the need for further process
development for optimization of the PEALD process in order
to scale the gate dielectric. To guide these future efforts, we
need a theoretical understanding of the role of defects in the
nucleation and growth of ALD materials. The most energetic
orientation of the TDMAH precursor on MoS2 is determined
using the nudged elastic band method. We calculated the
adsorption energy for three different scenarios of an ALD
precursor on MoS2. We examined TDMAH energetics on
pristine MoS2 (Figure 6c), at sulfur vacancies within MoS2
(Figure 6d), and with hydrogen-passivated sulfur vacancies
(Figure 6e) (see also Figures S3−S6 in the SI). It is clear from
our results that the hydrogen-passivated vacancies in MoS2
have the lowest adsorption energy and, as such, are the most

chemically stable, meaning that the defect formations in the
plasma-enhanced process most likely promote material
nucleation and growth in the ALD reaction and are a necessary
component of the dielectric growth. This makes the device
characteristics in monolayer MoS2 and dielectric thickness
scaling two competing properties.

■ CONCLUSION

In summary, we have explored the impact of the PEALD
process on monolayer, bilayer, and trilayer MoS2. We used
electrical measurements, Raman spectroscopy, PL, TEM
imaging, and first-principles calculations to provide a detailed
understanding of the device interfaces and the role of plasma in
PEALD HfO2 on MoS2. It is evident from our spectroscopic
studies and TEM imaging of the interfaces that the PEALD
process leads to significant damage to the monolayer samples.
These effects combined with the charge transfer properties
inherent to the substoichiometric HfO2 constitute the changes
at the PEALD HfO2−MoS2 interface. Even though the damage
due to defects in the crystal structure of MoS2 promotes ALD
growth and enables dielectric thickness scaling, it also
substantially degrades the device performance for MoS2 of a
few layers or less. However, our results suggest that this
damage at the interfaces is incurred primarily at the topmost
layers and when the thickness of the 2D layers is scaled up, the
deterioration of the device performance is greatly reduced.
These results unveil a competing relationship between the
dielectric thickness scaling, 2D material thickness scaling, and
device electrical properties that stem from the inertness of the
surface of 2D materials. These observations present a deeper
understanding of the role of the plasma process on MoS2 in

Figure 6. STEM and HRTEM (inset) images of trilayer MoS2 after (a) ALD and (b) PEALD HfO2. The calculated binding energy of TDMAH to
(c) pristine MoS2, (d) sulfur vacancies, and (e) hydrogen- passivated sulfur vacancies is shown.
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device processing and provide a guideline for the integration of
high-κ dielectrics onto 2D crystals.
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