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ABSTRACT: Molybdenum trioxide (MoOj;), an important transition metal oxide (TMO), has been extensively
investigated over the past few decades due to its potential in existing and emerging technologies, including catalysis,
energy and data storage, electrochromic devices, and sensors. Recently, the growing interest in two-dimensional
(2D) materials, often rich in interesting properties and functionalities compared to their bulk counterparts, has led
to the investigation of 2D MoO;. However, the realization of large-area true 2D (single to few atom layers thick)
MoO; is yet to be achieved. Here, we demonstrate a facile route to obtain wafer-scale monolayer amorphous MoO,
using 2D MoS, as a starting material, followed by UV—ozone oxidation at a substrate temperature as low as 120 °C.
This simple yet effective process yields smooth, continuous, uniform, and stable monolayer oxide with wafer-scale
homogeneity, as confirmed by several characterization techniques, including atomic force microscopy, numerous
spectroscopy methods, and scanning transmission electron microscopy. Furthermore, using the subnanometer
MoO; as the active layer sandwiched between two metal electrodes, we demonstrate the thinnest oxide-based
nonvolatile resistive switching memory with a low voltage operation and a high ON/OFF ratio. These results
(potentially extendable to other TMOs) will enable further exploration of subnanometer stoichiometric MoO;,
extending the frontiers of ultrathin flexible oxide materials and devices.
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INTRODUCTION electrochromic devices,'®'” have been successfully demon-
Molybdenum trioxide (MoO,), particularly the a-MoO, phase, strated by engineering these interesting properties. Bulk MoO,
has attracted significant attention due to its thermodynamic in the orthorhombic phase (a-MoOs) is made of atomically
stability and layered structure,”” together with interesting

electronic,” > optical, catalytic,” and electrochemical® proper- Received: September 2, 2021

ties. Notably, stoichiometric @-MoQj is a semiconductor with Accepted: February 14, 2022

a large electron affinity (>6 eV), wide bandgap (>3 eV), and Published: February 21, 2022

high ionization energy (>9 eV).”'’ As a result, many
.. . . .11 12,13 S

applications, including catalysis,” sensors, organic light-
emitting diodes (OLEDs),'* batteries,'* memory,?”4 and
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Figure 1. UV—ozone oxidation of wafer-scale MoS,. (a) Under the UV light, ambient oxygen converts into ozone (0zone generation) and the
generated ozone reverts (ozone decomposition) to ambient oxygen. Atomic oxygen is produced during ozone generation and
decomposition, which reacts with MoS, and converts it to MoO;. Two inch sapphire wafer with MOCVD grown monolayer MoS, (b) before
and (c) after 30 min of UV—ozone oxidation at 120 °C. The 2D MoS, converts into a transparent film after oxidation. (d)
Photoluminescence spectra on the marked locations (color-coded accordingly in b) of the wafer. The distinct sharp peak at 1.9 eV
characteristic of monolayer MoS, disappears after oxidation. The peak at ~1.78 eV corresponds to the underlying sapphire substrate. High-
resolution XPS spectra on the marked locations for (e¢) Mo 3d and (f) S 2p peaks.

thin sheets (0.7 nm), with each sheet consisting of double
layers of linked and distorted MoOg octahedra.'® The double-
layers are stacked with weak out-of-plane van der Waals (vdW)
forces with strong in-plane covalent bonding.
Two-dimensional (2D) MoO;, often different in physical
and chemical properties compared to the bulk counterpart,' is
highly desired for integrating with other 2D materials. Despite
the rich physical phenomena and potential technological
benefits, the material synthesis has not yet matured enough to
produce controlled and repeatable growth of large-area,
uniform, and high-quality 2D MoO;. Like other 2D materials,
the best quality 2D oxides are usually obtained from the
mechanical exfoliation of bulk crystals.””*' However, this lab
standard top-down approach is not technologically scalable in
its current form due to the random nature, low yield, and
inadequate area coverage. More extensive area coverage can be
obtained through liquid exfoliation, an ultrasonication-assisted
or ion-intercalation-based exfoliation method suitable for
producing large-area thin film.'>** Yet the monolayer yield is
poor (no more than a few tens of percent by number),
impeding the immediate translation into technological
applications.”® Liquid phase deposition, such as electro-
deposition,16 hydrothermal,24 and sol—gel,25 was studied too,
primarily producing bulk materials with small domains.
Vapor phase synthesis, especially physical vapor deposition
(PVD), has been a well-known method for scalable and
repeatable synthesis, offering good crystalline film with
controlled stoichiometry and morphology. Among various
PVD methods, thermal evaporation has been widespread for
the synthesis of a-MoO; for the ease of control over the
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deposition parameters, with reports of large-area thin films in
the temperature range 400—600 °C.*°~** Ultrathin materials,
even down to a few atomic layers, have been reported with
vdW epitaxy.””*° Molecular beam epitaxy (MBE) has been
explored to realize atomically thin films, but the crystal size is
limited to only a few micrometers.”"*> Pulsed laser deposition
(PLD)™ and atomic layer deposition (ALD)** have also been
exercised successfully. In addition, chemical vapor deposition
(CVD), another vapor phase technique, has been successfully
applied in the synthesis of MoOj thin films.”'” However, none
of these methods mentioned above could produce a single-
layer film of an area larger than few tens of micrometers.
Moreover, the precise control over the lateral (size) and
vertical (thickness) dimension of the film with a uniform
atomically thin layer is yet to be achieved with these methods.
In addition, the comparatively high temperature and relatively
long process pose additional material integration challenges for
technologically relevant applications.

Recently, the transport, electronic, and optoelectronic
properties of 2D MoS, have been modified by various surface
functionalization techniques, including thermal,*™*” oxygen-
plasma,** ™" and UV—ozone oxidation.”*™*" Some of these
functionalization techniques can lead to the complete/partial
conversion of the topmost 2D MoS$, layer(s) into 2D surface
oxides, yielding stoichiometric MoO; after careful process
optimization. There have been few reports of such atomic layer
conversion of 2D MoS, into 2D MoO; with a very limited
characterization of the oxide.’”****7*% Ag such, a detailed
and comprehensive study of the 2D monolayer MoOj has yet

https://doi.org/10.1021/acsnano.1c07705
ACS Nano 2022, 16, 3756—3767


https://pubs.acs.org/doi/10.1021/acsnano.1c07705?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c07705?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c07705?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c07705?fig=fig1&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c07705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

(a)

experiment i
- == envelope ,',
| e—Mo*-S 2 Mo*-3d
——525  Mo*-3d,, o
L Mo**-0 i

Intensity (a.u.)

236 232

(c)
experiment
[ - == envelope
— Mo0**-S
[ =S (near vacancies)

Intensity (a.u.)

166 164 162
Binding Energy (eV)

experiment
- ---envelope
Mo**-S
S2s
Mo®-0

®)

i 6+
§ Mo®-3dg,

30 min

3

232 228 224
s 2 |

experiment

[ (d)

166 164 162
Binding Energy (eV)

Binding Energy (eV)

Binding Energy (eV)

(e) = [ (f) B 100 (g) o

- A “ 0 min = 7
g 0 min =75 @/
- A 10 min o e
2 10 min 2 50 0
7 i ®
S ™, 22 M0 | 120 min 3 25 /
£ _ W s py

A / \ 30 min min Nk ol &

236 232 228 224 166 164 162 0 10 20 30

Process Duration (min)

Figure 2. High-resolution XPS spectra of monolayer MoS,. Mo 3d core-level peaks of (a) pristine MoS, and (b) MoS, following 30 min
oxidation at 120 °C. S 2p core-level peaks of (c) pristine MoS, and (d) MoS, following 30 min oxidation at 120 °C. Comparison of (e) Mo
3d and (f) S 2p core level peaks oxidized for various durations. (g) Conversion of Mo into MoO; with respect to the processing time. As the
process duration increases, the extent of oxidized Mo (MoO;) increases. For a process duration of 30 min, approximately 96% of Mo gets

oxidized and turned into MoO;.

to be conducted. Moreover, no report of large-area single-layer
MoOj; has been reported to the best of our knowledge.

In this work, we report the demonstration of UV—ozone-
based conversion (a gentle oxidation process suitable for
preserving material integrity) of 2D MoS, crystals into 2D
amorphous MoO; in a layer-by-layer precision. This low-
temperature (~120 °C) and straightforward (process time
~30 min) conversion method is also scalable to a whole wafer,
as demonstrated by converting a 2 in. homogeneous
polycrystalline single-layer MoS, into a uniform and
continuous amorphous monolayer MoO;. A systematic study
was performed to investigate the structural, chemical, optical,
and electrical properties of the monolayer film by using a
combination of various spectroscopic and microscopic
techniques, including cathodoluminescence (CL) spectrosco-
py, X-ray photoelectron spectroscopy (XPS), electron energy
loss (EEL) spectroscopy, scanning transmission electron
microscopy (STEM), and atomic force microscopy (AFM).
The XPS study confirms the evolution of Mo®" at the expense
of Mo*, indicating the conversion of 2D MoS, into MoOs,
while the nature of the MoOj; film was found to be amorphous
from the annular dark field (ADF)-STEM study. In addition,
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an atomic level investigation at the film cross-section by
spatially resolved EEL spectroscopy shows the hybridization
between O 2p and Mo 4d, probably due to the formation of
MoO;. Notably, a homogeneous, ultraflat (roughness ~0.30
nm), and uniform monolayer film (thickness ~0.70 nm) with a
bandgap of ~3.1 eV was formed, as confirmed from the Raman
mapping, AFM scans, and CL measurements. Subsequently,
memristor devices were fabricated on the atomically thin
MoOs; film, and a nonvolatile resistive switching phenomenon
was observed. This thinnest memory device also offers low-
voltage operation (<1 V), a high ON/OFF ratio (>10"), and
forming-free switching, all desirable for energy-eflicient storage
and neuromorphic computing.

RESULTS AND DISCUSSION

Figure la shows the process of UV—ozone oxidation by using a
benchtop UV cleaner. Under UV light (185 and 254 nm
wavelength) illumination, ozone generation and decomposi-
tion (see the Methods section and Figure S1 for more details)
occur, as expressed by the following equations:*’

Ozone generation (<200 nm):

https://doi.org/10.1021/acsnano.1c07705
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0,—-0+0 (1)
0+ 0, — 0, (2)
Ozone decomposition (200—300 nm):
0; - 0+0, 3)

Atomic oxygen, a strong oxidizing agent, is created during
ozone generation and decomposition. That, in turn, oxidizes

the MoS, into MoOs, as shown in the following equation:*’
Oxidation:
2MoS, + 70, = 2MoO, + 4SO, (4)

The total enthalpy change of the above reaction is estimated to
be —2347 kJ/mol>>*" The experimental setup includes a
benchtop UV cleaner (PSD Thermal Series UV—ozone
Cleaner from Novascan) containing a PID controlled heating
stage (4 in. X 4 in.) and a low-pressure mercury lamp (Figure
S1). The sample is mounted on the stage and heated at 120 °C
while the UV light is ON. Figure 1b shows an optical
micrograph of a wafer-scale MOCVD-grown MoS, (the details
of growth can be found in the Methods section) on a 2 in.
sapphire substrate.””>* Raman spectroscopic analysis revealed
the in-plane E%g and out-of-plane A;, characteristics peaks at
~388 and ~406 cm™' (separation ~18 cm', typical to
monolayer MoS,), as shown in Figure S2. Full-width at half-
maximum (fwhm) of E;, and A, are <4 and <7 cm™,
respectively, suggesting the good crystalline quality of the film.
Figure S2 compares Raman spectra from seven marked
locations on the wafer shown in Figure 1b. The negligible
variation in the peak position and intensity reveals the
uniformity of the grown material. The homogeneity of the
film is reconfirmed by the Raman maps (Figure S3) and AFM
images (Figure S4) acquired from different locations across the
wafer. Following oxidation at 120 °C for 30 min, the MoS, film
on sapphire transforms into a transparent film, as seen in
Figure lc. Raman spectroscopic analyses at the marked
locations now show no detectable peaks characteristic to
MoS,, indicating a complete conversion of MoS, film (Figure
S2). Similarly, the sharp, distinct peaks at 1.9 eV (fwhm <0.06
eV) from PL spectroscopies, characteristic to pristine
monolayer MoS,, at the marked locations disappear upon
oxidation (Figure 1d). The doublet at ~1.78 €V corresponds
to the characteristic peak of the underlying sapphire substrate.
To investigate the effect of UV—ozone oxidation on MoS,, the
elemental compositions of the pristine and oxidized films were
analyzed by XPS measurements. The XPS survey spectra are
shown in Figure S5. Figure le shows the high-resolution XPS
spectra of Mo 3d peaks at the marked locations. The binding
energies of Mo 3ds,, and Mo 3d;,, at ~229.5 and ~232.7 eV
correspond to the +4 oxidation state of Mo as previously seen
in the case of MoS,.”*>* Following oxidation, the Mo peaks
shift to higher binding energies of 232.7 and 235.9 eV showing
conversion to a Mo®" oxidation state. More detailed analysis
and quantification are discussed in Figure 2. High-resolution
XPS spectra for S 2p peaks are shown in Figure 1f. After
oxidation, the absence of S 2p peaks corroborates that all the
MoS, has been converted to molybdenum oxide (Figure 1f).

To identify the nature of oxides and study the effect of
oxidation duration on the MoS, films, elemental analysis and
chemical stoichiometry quantification were performed via XPS
studies. Figure 2 shows the high-resolution XPS spectra for
pristine and oxidized MoS,. In Figure 2a, the binding energies
of Mo 3ds;, and Mo 3d;, at ~229.5 and ~232.7 eV
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correspond to the +4 oxidation state of Mo, as previously seen
in the case of pristine MoS,.”"*> Additionally, the as-grown
monolayer has a minimal presence of Mo (IV) oxide, as
evident from the two peaks appearing at 230.4 and 233.6 eV
(Mo* 3d;/, and Mo*" 3d;), respectively). This limited
contribution from the Mo (IV) oxide peak may arise due to the
exposure to ambient and/or surface adsorbed oxygen, as seen
previously in the case of CVD-grown MoS,.*® The complete
absence of any photoelectron peak at 236—236.5 eV (Figure
S6), where the characteristic Mo 3d;,, peak for Mo (V) and
Mo (VI) atoms are detected, confirms that the as-grown film
does not contain Mo in a higher oxidation state than (IV). To
demonstrate the gradual oxidation of the film with increasing
exposure duration, Figure 2e shows the high-resolution XPS
analyses of the samples with varying exposure times such as 0,
10, 20, and 30 min. Oxidation of the as-grown monolayer
MoS, film by exposure to UV—ozone at 120 °C for 10 min
converts all of the Mo (IV) oxide as well as significant amounts
of Mo (IV) sulfide to Mo (VI) oxide. This is demonstrated in
Figure S7 by the disappearance of the Mo (IV) oxide peaks at
230.4 and 233.6 eV (clearly visible in Figure 2a) and the
emergence of a new doublet at 233.2 and 236.3 eV that
corresponds to Mo®" 3ds,, and Mo® 3d;),, respectively.’”*
Small amounts of nonstoichiometric Mo (V) oxides can also
be observed at 232.1 and 236.3 eV, corresponding to Mo®*
3ds/, and Mo®" 3d,),, respectively (Figure S7). After an
oxidation duration of 20 min, the Mo®" peaks almost doubled
in intensity compared to Mo*" peaks, showing a substantial
increase in film oxidation, as shown in Figure S7. At 30 min, all
MoS, is converted to MoQj, as shown in Figure 2b,e.

Parts ¢, d, and f of Figure 2 show the corresponding S 2p
peaks. The characteristic photoemission peaks at 163.1 eV (S
2ps/,) and 164.3 eV (S 2p,,) correspond to the —2 oxidation
state of sulfur in as-grown MoS, (Figure 2c).”” A small
additional doublet (Figure 2c) characteristic of sulfur atoms
near vacancies is also detected in the S 2p region, thus
indicating the ejection of sulfur from the film and suggesting
the formation of substoichiometric M0S,.°” The quantification
of the Mo/S ratio using either the S 2p signal or the S 2s
signals (Figure 2c), which was computed to be 1:1.9, confirms
the presence of a nonstoichiometric sulfide, whose origin may
be attributed to the presence of oxides and/or sulfur (S)
vacancies in the CVD grown film. With increasing oxidation
duration, the S-content of the film gradually reduces, as seen
from the diminishing S 2p peaks in Figure 2f. The presence of
a SO, doublet at 168.5—169 eV in the S 2p region for the film
oxidized for 10 min indicates that at least some of these
nonstoichiometric Mo (V) states are oxi-sulfide intermediates,
as shown in Figure §7.°%°% For a sulfurization duration of 30
min, the intensity of the S 2p peaks is below the detection limit
(Figure 2d,f), confirming the absence of any MoS, in the
remaining film. The change in MoO;/Mo peak areas with
increasing oxidation duration is shown in Figure 2g,
demonstrating the gradual conversion of MoS, film to MoO;
with negligible intermediate oxides (<5%). The percentage of
suboxides can be found in Figure S8. Finally, we have also
added O 1s spectra in Figure S9.

Next, ADF-STEM was performed on oxidized monolayer
(with few secondary domains) 2D MoS, crystals (CVD
grown) to obtain an atomic-scale insight into the conversion
process and the outcome. The process was intentionally
stopped after 15 min (as opposed to the routine time of 30
min) to avoid the complete conversion of the 2D MoS§, crystal.
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Figure 3. ADF-STEM characterization of UV—ozone oxidized CVD MoS, at room temperature. (a) ADF-STEM image of oxidized MoS,.
Inset, high-magnification ADF-STEM image of the amorphous material. (b) ADF-STEM image of a region of MoS,, amorphous oxide, and
vacuum (void). (c) Magnified view of the green box area in (a) showing the Mo$, lattice and surface oxide reactions (green ovals). (d) ADF-
STEM image of a bilayer region of MoS,. (e¢) ADF-STEM image showing the crystalline MoS, region. Inset (bottom left), the power
spectrum from the yellow box in (e) is calculated by the FFT. (f) ADF-STEM image showing the amorphous region. Inset (bottom left), the
power spectrum from the yellow box region in (f) is calculated by the FFT. (g) Line profile is taken from the yellow region in (e). (h) Line

profile is taken from the yellow region in (f).
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Figure 4. Spatially resolved electron energy loss (EEL) spectroscopy. EEL measurements were done with the StripeSTEM method,*® by
which spectra are collected simultaneously with an image scan. (a) ADF image showing a triple-layer MoS, layer sandwiched between the
SiO, support and Pt protective layer. (b) EEL spectra taken line-by-line in parallel with the image scan. Each line in the stack image displays
the EEL intensity camulated over a scan line in the image. Markers indicate the onset of elemental core loss excitations for Si, S, Mo, and O.
(c) Intensity profiles extracted from the EEL spectra after background subtraction as a function of the coordinate orthogonal to the MoS,
layer stack. The signal intensity in each profile is related to the elemental concentration. The oxygen signal shows a pronounced peak on the
top surface of the MoS,. (d) Fine structure of the O—K edge in three different locations: in the SiO, support, on the top surface of the MoS,,
and in the protective Pt layer. The O—K pre-edge feature (marked by an asterisk) in the spectrum extracted from the top surface of the MoS,

indicates a hybridization between O 2p and Mo 4d states.

Figure 3 shows an ADF-STEM image of the area of oxidized
MoS, that is amorphous. The region shows a relatively uniform
thickness in the long-range (10—100 nm) but with some
nanoscale porosity in the sub 10 nm scale (inset). The oxidized
MoS, film is supported by an amorphous carbon layer beneath.
The amorphous carbon has weak scattering and barely
contributes contrast to the ADF-STEM image relative to the
heavier Mo-based materials. Figure 3b shows a region where
some of the monolayer MoS, is still intact, next to the
amorphous oxide region. The number density of Mo in a
single-layer crystalline a-MoOj is roughly 18% higher than 1L
MoS,.*>%*%* As such, in principle, the 2D conversion would
create voids (nanoscale) unless there is a significant mass
transport to compensate the lattice parameter differences. We
have also observed the voids/vacuum in Figure 3b due to the
nanoporosity of the oxide material. However, as Raman, PL,
and AFM experiments confirmed, no voids or discontinuity are
observed on the microscopic scale. Figure 3¢ shows the region
from the green box in Figure 3b. The excessive Mo atoms are
seen on the MoS, with increased contrast in the regions
indicated by the green ovals. These regions indicate MoS, that
has begun oxidation and the start of the phase transformation
from monolayer MoS, into the ultrathin MoO; material. Some
regions of the sample still contained a MoS, bilayer lattice
(outside the green oval) structure, as seen in the central area of
Figure 3d, where the 2H stacked region is visible. The rest of
the surrounding area still contains lattice from the MoS, but
the surface is coated with an amorphous Mo oxide layer. This
shows that only the top layer is oxidized during the reactions
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and that the underlying bottom layer remains relatively intact
and retains its MoS, lattice structure. This is examined in more
detail in Figure S10. Parts e—h of Figure 3 examine the
reciprocal space features of the MoS, and oxide regions. In
Figure 3e, a region of monolayer MoS, is still present, and the
power spectrum calculated by the fast Fourier transform (FFT)
(inset of Figure 3e) shows sharp spots in its reflections,
indicative of its crystallinity. A line profile taken across the
inset of Figure 3e is shown in Figure 3g, and the MoS, lattice
peaks (0.27 nm) are clearly seen. In Figure 3f, the amorphous
region is selected, and the power spectrum is shown in the
inset. No sharp spots or reflections are observed. A line profile
across the inset of Figure 3f reveals weak broad peaks at 0.25
nm (Figure 3h), which measures the average lateral spacing of
the amorphous material in the X—Y plane.

In order to roughly estimate the thickness of the amorphous
material, we found a region of crystalline MoS, monolayer and
used this as a reference guide (Figure S11). Several line profiles
were taken to measure regions of MoS,, Mo—O amorphous
material, and vacuum. The signal from the amorphous regions
was slightly higher in intensity relative to MoS,. Vacuum
regions gave counts of ~6 X 10°, MoS, had counts of 8—9 X
105, and Mo—O regions had counts of 9—10 X 10°. This
provides good evidence that the oxidation process leads to an
ultrathin amorphous material similar in thickness to its original
starting material of MoS,. Direct measurement of the step
height on the edge of an oxidized MoS, (single-crystal CVD
MoS, oxidized by the same recipe) by AFM leads to a
thickness of ~0.7 nm (Figure S12), consistent with the
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reported data for monolayer oxides.”” The baseline-corrected
cathodoluminescence (CL) spectroscopy performed on this
single-layer amorphous MoO; shows a peak position around
3.1 eV, as shown in Figure S13, suggesting an optical bandgap
value ~3.1 eV consistent with the reported data for amorphous
MoO,.*

To obtain the atomic resolution profile of the MoO;,
spatially resolved EEL spectroscopy was performed in a STEM.
The TEM sample was prepared by oxidizing a four-layer (4L)
MoS, (exfoliated on SiO,/Si substrate) under the same
conditions mentioned above for 15 min to oxidize the topmost
layer. This process led to the top layer’s oxidation with the
bottom three layers not oxidized, forming a MoO5/MoS, (1L/
3L) heterojunction, where the layer number was confirmed
from Raman spectroscopy (Figure S14). Cross-section TEM
samples were prepared by lamellae cut in a focused ion beam
(FIB) instrument out of this MoO; (1L)/MoS, (3L)/SiO,/Si
structure. Before FIB milling, a protective layer of platinum
(Pt) was deposited on top of the MoOj; film (see more details
in the Methods section). Figure 4a shows an ADF image of 3L
MoS, (~2 nm) sandwiched between SiO, support and the Pt
protective layer. EEL spectra were taken line-by-line in parallel
with the image scan, as shown in Figure 4b. Each line in the
stack image of EEL spectra displays the energy loss intensity
accumulated over a scan line in the image. Markers indicate the
onset of elemental core loss excitations for Si, S, Mo, and O.
We also note the presence of carbon signal, possibly from
sample contamination under observation. To retrieve the
elemental profiles of Si, S, Mo, and O, the corresponding
intensity profile was extracted after background subtraction,
with the background-subtracted signal integrated over a
window of a few 10 eV above the onset of the absorption
edge. The intensity profile (related to concentration of the
elements) as a function of the coordinate normal to the MoS,
surface is shown in Figure 4c. The oxygen signal shows a
pronounced peak at the interface of MoS, and Pt. Otherwise,
the Si and O signals are mostly coincident in SiO, and MoS,
regions. Residual O and parasitic Si are observed in the Pt
capping layer, a sign of surface damage during FIB milling.
Notably, the O peak at the MoS,/Pt interface starts before the
onset of the parasitic Si peak. The fine structure of the O—K
absorption edge in SiO,, MoS, surface, and Pt is shown in
Figure 4d for further information on the bonding. The O—K
fine structure obtained from the MoS, surface is distinctive
from that of SiO,, with a pre-edge feature observed in the
former. The pre-edge feature (marked by an asterisk) in the
spectrum extracted from the top surface of the MoS, indicates
a hybridization between O 2p and Mo 4d states, suggesting the
presence of MoOj at the interface.

Transition metal oxides (TMOs) have been widely used as
the active layer in resistive switching-based nonvolatile
memory (NVM) devices.”” % The nonvolatile resistance
switching (NVRS) devices store information by switching
between a high-resistance state (HRS) and a low-resistance
state (LRS), where the state can sustain without a power
supply. The MoOj; obtained from the oxidation of monolayer
MoS, has been used in the NVRS device, allowing for a
subnanometer thick active layer that is otherwise difficult to
obtain with conventional metal-oxide-based devices. Two
different types of NVRS devices, such as (i) the crossbar
devices (Figure S15) and (ii) the litho-free devices (Figure 5),
are fabricated and characterized. The crossbar devices can offer
a smaller active device area where the active layer (MoOs) is
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Figure 5. Nonvolatile resistive switching (NVRS) memory based
on monolayer MoOj;. (a) Schematic and (b) representative I-V
curve of the litho-free device. Top electrode area is 15 X 15 pm’.

sandwiched between the local bottom electrode (BE) and the
top electrode (TE). The electrodes (Cr/Au 2/60 nm) are
patterned by e-beam lithography, subsequent e-beam metal
deposition, and metal lift-off. The channel material is
transferred on BE by using a PDMS-based transfer method.
A representative I-V switching curve for a MoOj; crossbar
device is shown in Figure S15. The device starts at HRS. With
a voltage sweeping to ~3.2 V, the current abruptly increases to
the compliance (1 mA), indicating a transition from HRS to
LRS (SET process). To RESET the device from LRS back to
HRS, a reverse bias is needed in a bipolar operation (the
current decreases at ~ —0.5 V). On the contrary, the litho-free
devices have active channel material between ultraflat Au-film
BE and local TE. The ultraflat metal film is deposited on a
silicon substrate where large-area MoS, can be exfoliated and
subsequently converted into MoO; by UV—ozone oxidation
described above. Later, local top electrodes are obtained by e-
beam metal deposition with a shadow mask, making the whole
device fabrication a litho-free process, thereby offering process
contamination and residue-free interfaces. The switching
behavior (Figure Sb) with low switching voltages at ~1 V
for SET and ~ —0.5 V for RESET confirms that the observed
NVRS phenomenon is an intrinsic property for MoO;. Note
that the forming process is not needed in these devices, an
initial step before the switching cycles required to establish a
conductive filament in most bulk metal-oxide-based NVRS
devices. The demonstration of the subnanometer MoO;-based
NVRS devices not only set a record for the thinnest oxide-
based resistive switching phenomenon but also inspires further
applications on ultrathin flexible nonvolatile memory fabrics
and neuromorphic computing with the advantages of a small
switching voltage (<1 V), large ON/OFF ratio (>107), and
forming-free characteristics.

Finally, we have compiled a list of relevant conversion
methods for obtaining atomically thin MoO;, as shown in
Table 1. Another list comparing various synthesis methods can
be found in Table S1. Moreover, a detailed comparison among
UV—ozone, thermal, and oxygen-plasma methods has been
conducted in Figure S16.

CONCLUSIONS

In summary, we developed a simple and repeatable method of
obtaining wafer-scale subnanometer amorphous stoichiometric
MoO; by UV—ozone oxidation of MoS,. Raman/PL, AFM,
and XPS confirmed a highly uniform, continuous, and
homogeneous film, evidenced by nearly identical data from
spatially different regions across the wafer. The film was
amorphous, as demonstrated by the absence of a long-range
order in the atomic resolution STEM images. In addition,
more than 95% of the starting 2D MoS, crystal converted into
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Table 1. Different Methods for Conversion of Mono- and Few-Layer MoS, into MoO,

oxidation method lateral size

UV—ozone wafer-scale
UV—ozone 100—200 pgm
UV—ozone ~10—-20 ym
UV—ozone ~1 cm
oxygen—plasma <100 ym
thermal ~10—20 ym

minimum thickness (nm)

0.7
0.7
0.7
0.7

1.8

0.7

limitations references
this work

structure damaged 70
rough surface 45
rough surface 47
suboxides present
suboxides present 41 and 42
rough surface
>400 °C 35 and 36

etch pits (nonuniform)

a stoichiometric 2D MoOj, as estimated from the XPS analysis.
Spatially resolved EEL spectra taken in a cross-sectional
geometry show the hybridization between O 2p and Mo 4d,
possibly originating from the presence of interfacial MoO;.
Single-layer oxide (<1 nm) was used as the active layer in a
resistive switching-based forming-free NVRS memory device,
representing the thinnest oxide-based resistive switching layer.
This method of conversion is potentially extendable for other
TMDs to realize TMOs with varying transition metals.

METHODS

UV-Ozone Oxidation. A benchtop UV cleaner (PSD Thermal
Series UV—Ozone Cleaner from Novascan) with a PID controlled
heating stage (4 in. X 4 in.) was used for the oxidation. The UV light
is a low-pressure mercury lamp (generates light with 184.9 and 253.7
nm wavelengths) placed about 13 cm from the heating stage. The
wavelength of 184.9 nm (typically <200 nm) strikes molecular oxygen
in the system and splits the molecule into two single oxygen atoms
known as atomic oxygens. The freed oxygen atom then combines with
molecular oxygen to form an ozone molecule called ozone generation.

Conversely, the molecular ozone is struck by the ray of 253.7 nm
(typically 200—300 nm) and dissociated into molecular and atomic
oxygen, a process called ozone decomposition. Thus, atomic oxygen, a
strong oxidizing agent, is created in the process of both ozone
generation and decomposition. To further enhance the process, this
UV—ozone cleaner has a heating stage (maximum temperature 150
°C) to elevate the energy state of the sample surface and drive off the
humidity layers that may block oxidation. The topmost layer is
oxidized after an oxidation time of ~10 min, while it takes >15 min
for oxidation of the top two layers (Figures S17—S19). After that, the
oxidation terminates itself due to the diffusion barrier of incoming
atomic oxygen through it. As such, the process can be called a self-
limiting process.

2D Materials Preparation and Characterization. MOCVD
grown wafer-scale MoS, was achieved in a single step process at 1000
°C, with molybdenum hexacarbonyl (Mo(CO);) as a metal precursor
and hydrogen sulfide (H,S) as the chalcogen source with H, as the
carrier gas.”>* The coalesced monolayer growth across the 2 in. wafer
was achieved in 18 min. The substrate was cooled in H,S to 300 °C to
inhibit decomposition of the film after the growth is achieved. Optical
characterization was performed using an Olympus microscope
(BXS3M) and their proprietary software Stream Essentials. Raman
spectroscopy was performed in a Renishaw inVia micro-Raman
system. An excitation wavelength of 532 nm with an incident beam
power of ~1 mW and an exposure time of 10 s were used for Raman.
A 3000 1/mm grating was used for <5 cm™! resolution. The CL was
performed in an SEM (JEOL JSM-6500F) with a Gatan MonoCL3
system under an accelerating voltage of 5 kV at room temperature. A
region of interest with a size of 15 X 20 ym? was selected and scanned
under fast scan mode. The emitted light was collected under a step
size of 1 nm and a dwell time of 2 s.

XPS Characterization. XPS spectra (Omicron Multiprobe system
with base pressure below 3 X 107'° mbar) were acquired using
monochromatic Al-Ka (hv = 1486.7 eV) operated at 15 kV at room
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temperature. The photoelectrons were collected with an emission
angle (EA) of 42.5°. XPS spectra were obtained with an incident X-
ray beam of 6.3 mm diameter. For high-resolution spectra, the
measurements were performed in constant-analyzer-energy (CAE)
mode with a pass energy of 10 eV and a step size of 0.01 eV (fwhm of
the peak for Ag 3d;, is 0.60 eV). Survey spectra were collected using
a pass energy of 100 eV and a step size of 1 eV. The high-resolution
spectra were processed using CasaXPS$ (v2.3.16, Casa Software Ltd.).
Peak fitting was performed after background subtraction, which was
carried out using an iterated Shirley—Sherwood algorithm. The peak
binding energies were referred to the aliphatic carbon signal at 284.7
eV. Quantitative analysis of XPS data was performed using the
method described in ref 71. Briefly, once the integrated area was
obtained from fitting the original spectra after background
subtraction, the quantification was performed using the first principle
with Powell’s equations.”” The inelastic mean free path was computed
using the TPP-2 M formula.”® The lineshapes for the synthetic peaks
used to fit the experimental data were determined through the analysis
of reference compounds, namely, MoS,, MoO,, and MoO;.

STEM Characterization. ADF-STEM experiment was conducted
using JEOL ARM-300CF, equipped with a JEOL ETA corrector at
the electron Physical Sciences Imaging Centre (ePSIC) at Diamond
Light Source. The imaging was carried out at the accelerating voltage
of 60 kV. A dwell time of 10—20 ys was used for imaging with a pixel
size of 0.006 nm px !, beam current of 48.5 pA, convergence
semiangle of 39.1 mrad, and acquisition angles of 56.4—207.1 mrad
(inner-outer).

Electron Energy Loss Characterization. STEM images and
EEL spectrum data were recorded in a double aberration-corrected
Themis-Z transmission electron microscope (Thermo Fisher
Scientific Microscopy Solutions, Hillsboro, OR) equipped with a
Schottky type high-brightness electron gun and CEOS double
hexapole aberration correctors. Measurements were performed at an
acceleration voltage of 80 kV to limit radiation damage. Annular dark-
field (ADF) images were recorded with a semiconvergence angle of
30 mrad and a probe current of 50 pA, resulting in a probe size of
approximately 1.2 A on a Fischione Model 3000 detector with a
collection angle of 80—300 mrad. EEL spectra were recorded on a
Gatan Quantum GIF 966ERS energy loss spectrometer (Gatan Inc.,
Pleasanton, CA) with an Ultrascan1000 CCD camera with a STEM
probe with a semiconvergence angle of 30 mrad and a beam current of
80—100 pA. The outer semicollection angle of the spectrometer was
60 mrad.

Energy loss measurements were performed using the StripeSTEM
method,”® by which EEL spectra were collected simultaneously with
an image scan. The EEL spectrometer is too slow to resolve a single
fast scan line (“x-direction”) but retains the sampling in the slow scan
direction (“y-direction”). Aligning an interface normal along the slow
scan direction allows for mapping the elemental composition across
the interface. The electron dose distribution along scan lines further
reduces radiation damage to the sample during the recording of
energy loss signals.”*

Device Fabrication.

e Crossbar: Bottom electrodes (BEs) were patterned by e-beam
lithography and deposited with 2 nm Cr/80 nm Au by e-beam
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evaporation on Si/SiO, substrate. Then, 1L MoS, thin film was
transferred onto Erefabricated BE using a PMDS water-assisted
transfer method.”® Top electrodes (TEs) were prepared using
the same procedure as BE.

Litho-free device: Centimeter-scale MoS, thin film can be
obtained by exfoliation of MoS, bulk crystal (2D Semi-
conductor Inc.) on the ultraclean and flat Au thin film on a Si
substrate (Platypus Technologies, LLC).”® The Au surface
must be very fresh with less than 10 min air exposure, which is
the key to the successful large-area MoS, exfoliation. The Au
thin film can be used as a global BE. A shadow mask was used
to deposit TE to avoid any lithography process.

Electrical Characterization. The DC characteristics of the
memory devices were performed using a Cascade Microtech Summit
11000B-AP probe station with an Agilent 4156 semiconductor
parameter analyzer under ambient conditions.
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