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ABSTRACT: Recently discovered two-dimensional ferromagnetic |,
materials (2DFMs) have rapidly gained much interest in the fields -1 \‘i'\.‘ Foriaht
of spintronics and computing, where they may prove powerful PPN Wy,
tools for miniaturizing devices such as magnetic tunnel junctions =" ?, o
and spin-transfer torque memory bits. In addition, heterojunctions | - RS St
and twisted bilayer stacks of such materials may yield exotic spin S
textures. However, preparation of such devices is complicated by
the air sensitivity of many 2DFMs. Here, we report details on the
preparation of few-to-monolayer flakes of vanadium selenide
(VSe,) using electrochemical exfoliation in propylene carbonate.
We also present a detailed study of the effects of air on the
structure and magnetic properties of bare and passivated VSe, after
different concentrations of surface passivation treatment. We
characterized the microstructure of holes in the VSe, flakes and the formation of new compounds arising from air exposure, solvent
exposure during the exfoliating process, and deliberate electron beam irradiation (sculpting). We sculpt VSe, flakes while retaining
the 1T-VSe, lattice structure, opening the door for top-down patterned high-resolution 2DFM nanostructures. Additionally,
investigation of the magnetic response of nanosheets using magnetic force microscopy (MFM) showed that the oxidation-induced
damage only affects the surface fields locally and does not quench large-scale magnetic signal. The findings of this study pave the way
toward practical incorporation of 2D ferromagnetic materials in nanoelectronics.
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1. INTRODUCTION

Two-dimensional (2D) transition-metal dichalcogenides
(TMDs) VX, (X = S, Se) and their heterostructures have
been suggested to exhibit rich and unique electronic properties
including confinement-induced charge-ordered states, super-
conductivity, ferromagnetism, and Curie temperatures (T)
considerably above room temperature,' ® making them
extremely promising for room-temperature quantum and
spintronic applications. Developing these applications requires
the structural characterization of 2D materials and inves-
tigation of two main aspects of these materials: their properties

depending on material thickness.””"® Recently, however,
investigation of its electronic and magnetic properties has
begun to gain attention, which has led to both controversy and
practical challenges. Some theoretical studies have shown that
VSe, exhibits ferromagnetic behavior in the few- to monolayer
limit, with a predicted Curie temperature of 472 K. In
addition, recent experimental studies have shown the
emergence of ferromagnetic ordering stable above room
temperature.” However, the existence of intrinsic ferromag-
netism in VSe, has been called into question by recent

under dimensional reduction from bulk to 2D, 2D to one-
dimensional (1D), and the emergent phenomena induced by
stacking these materials in multilayers. While in recent years
the field of quantum devices has progressed from exploratory
work to implementation, the cryogenic temperatures required
for operation may limit practical applications. Through clever
preparation techniques, the realization of novel spin textures
and dynamics in materials such as VX, may be possible, which
motivates investigations into new preparation techniques and
methods of enhancing environmental stability.

Bulk vanadium selenide (VSe,) has primarily been known
for its unique three-dimensional (3D) charge density wave
(CDW) transition at approximately 110 K due to 3D Fermi
surface “nesting,” with the exact transition temperature
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experimental studies that report no ferromagnetic signal from

VSe, monolayer film at temperatures down to 10 K using X-ray

14,15

magnetic circular dichroism (XMCD) experiments. Using

the same technique, another study showed the absence of a
long-range magnetic order at temperatures down to 2 K and

magnetic fields up to a 7 T in VSe, monolayers.'®
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Figure 1. Exfoliation of ultrathin VSe,: (a) Exfoliation setup, including 3D-printed cuvette holder (CAD inset), glass cuvette containing propylene
carbonate, tetrapropylammonium chloride, platinum electrode, and titanium hook electrode holding bulk VSe, flake. (b) Propylene carbonate
containing exfoliated VSe, flakes and atomic structure of exfoliated 1T-VSe, layers. (c) Optical image of exfoliated VSe, flakes drop-cast onto Si/

SiO, wafer fragment.

In addition to the above-mentioned debate, obtaining
robust, large-area monolayer flakes of VSe, present some
difficulties. Mechanical exfoliation down to monolayers is
challenging possibly due to relatively strong attractive forces
between the monolayer and the polymer or the tape used for
peeling.'” In addition, ultrathin VSe, flakes are extremely
unstable in air, due to the oxidation of Se vacancies.'® Several
avenues have been explored in efforts to attain monolayer
VSe,, including molecular beam epitaxial (MBE) growth,”"
mechanical exfoliation from bulk crystals,”***" chemical vapor
deposition (CVD) growth,”'**'~** colloidal synthesis,”>~**
liquid-phase exfoliation,” and electrochemical exfoliation.'® In
addition, after successful isolation of ultrathin layers of
materials, aging and degradation are important aspects that
need to be considered for further practical applications and
device performance. For example, aging of 2D transition-metal
dichalcogenides over several months showed changes in
morphology and severe quenching of the direct gap photo-
luminescence, which could be prevented by encapsulation of
the monolayer sheet by an ~10 nm thick polymer.***°

Recently, preparation of ultrathin VSe, has been reported
using electrochemical exfoliation and surface passivation with
1H,1H,2H,2H-perfluorodecanethiol (FDT, C,,H;F,,S)."® This
study supported the existence of a ferromagnetic response in
room-temperature VSe, and demonstrated that passivation
with FDT protected against oxidation.'® In this paper, we
conduct a detailed study of ultrathin 1T-phase VSe, flakes
obtained via this electrochemical exfoliation technique. We
further investigate and expand upon the previous exfoliation
protocol and study the properties of the resulting flakes. In this
study, we highlight the development and effects of holes and
other defects developed during the exfoliation process, the air
stability of the as-prepared VSe, flakes, and the concentration-
dependent effect of chemical passivation with dilute FDT using
atomic and magnetic force microscopy (AFM and MFM). In
addition, the defects induced by solvent and electron beam
have been investigated using transmission electron microscopy
(TEM) down to cryogenic temperatures (see Supporting
Information, SI Figure S1) and electron-dispersive X-ray
spectroscopy (EDS). We find that when ultrathin flakes of
VSe, oxidize, the oxide forms small pillars on top of the flake.

Additionally, we demonstrate the suitability of VSe, ultrathin
flakes for TEM nanosculpting and take the solvent-mediated
decomposition of VSe, in propylene carbonate (PC) to its
logical extreme and identify the decomposition products.

2. METHODS

High-purity bulk VSe, was purchased from 2D semiconductors
and stored under vacuum until ready for use. Following the
procedure established by Yu et al.,'® we prepared few-layer to
monolayer samples of VSe, via electrochemical exfoliation.
The electrolyte solution was composed of S mM tetrapropy-
lammonium chloride (TPAC, Sigma-Aldrich, 98%) dissolved
in propylene carbonate (PC, Sigma-Aldrich, 99.7%). The VSe,
cathode was held by a bent strip of titanium foil (Figure 1a),
and platinum wire served as the anode. The reaction took place
in a glass cuvette. To drive tetrapropylammonium cation
(TPA") intercalation and exfoliation, voltages between 2 and
2.5 V were applied, with exfoliation of the flakes selected for
study occurring at 2.5 V for 30 min. The expanded VSe, crystal
was removed to a fresh solution of PC after turning completely
black and visibly expanding (Figure la). After manually
shaking the resultant solution until it appeared well dispersed
and then sonicating the black suspension for 1—2 min (Figure
1b, top), the solution was transferred to an argon glovebox and
immediately drop-cast.

Piranha-cleaned silicon wafer fragments coated with 300 nm
of thermal silicon oxide (Figure 1c) and fresh holey carbon
grids were used as substrates for the exfoliated flakes for AFM/
MFM measurements and TEM experiments, respectively.
These samples were then immediately transferred to the
vacuum antechamber of the glovebox attached to an Edwards
RVI2F rotary-vane pump to dry overnight (for the quick
drying experiment—see SI Figure S2—an Edwards nXDS 6i
scroll pump was used instead), except in the case of the grid
used for cryogenic TEM. After drying, bare VSe, grids were
transported to a JEOL F200 TEM under argon and quickly
loaded into the TEM for atomic-resolution imaging. The cryo-
TEM grid was loaded into the Gatan Ultra Low Temperature
Double Tilt (ULTDT) liquid helium TEM holder immediately
after drop-casting with the propylene carbonate VSe,
suspension and while still wet, then placed under high vacuum
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Figure 2. Atomic force microscope topography of VSe, flakes treated with (a) pure ethanol, (b) 3 mM C,,H,F,,S in ethanol, (c) S mM C,oHF,S
in ethanol, and (d) pure C;,H;F,,S at roughly 0 (top) and 24 (bottom) hours.
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Figure 3. Magnetic force microscopy phase of VSe, flakes treated with (a) pure ethanol, (b) S mM C,,H,F,,S in ethanol, and (c) pure C,oH:F,S
at roughly 0 (top) and 24 (bottom) hours. In (a), the features in the top quarter of the 24 h image are not associated with any topography and are
suspected to be spurious instrument fluctuations. In (c), note that after passing over a high feature in the approximate center of the first scan, the
contrast inverted at the horizontal line. The authors have inverted the contrast again for easier viewing, but noncorrected data are available as the
Supporting Information. The contrast change between 0 and 24 h is due to the AFM realignment.

overnight. For surface passivation, FDT (97% Sigma-Aldrich)
was used on its own as well as diluted to the following
concentrations in ethanol: undiluted, 5 mM, and 3 mM.
Control samples were treated with pure ethanol. All samples
were immersed in their treatment solutions overnight and then
washed with acetone. AFM/MFM samples were then quickly
dried in air with a nitrogen gun before being returned to the
argon glovebox, whereas TEM grids were allowed to dry

evaporatively under argon. Immediately prior to AFM and
MFM measurement, samples were immersed and gently
agitated in isopropanol for 10 min before blow-drying and
mounting on magnetic sample pucks. Before TEM measure-
ments, grids were rinsed in methanol and dried under argon.

Atomic and magnetic force microscopy measurements were
performed with a Bruker MultiMode8 AFM in air to determine
the extent of VSe, degradation in atmosphere over a span of 24

https://doi.org/10.1021/acsomega.2c04749
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Figure 4. TEM and Raman analysis of bare VSe,. (a) Room-temperature HR-TEM of suspended thin VSe,, showing lattice spacing of 0.311 nm.
(b) Room-temperature diffraction of suspended thick VSe, with simulation inset. The diffusion in FFT could be due to solvent contamination and
oxide formation. (c) 87.8 K HR-TEM image of suspended thin VSe, with lattice spacing of 0.305 nm. (d) EDS spectrum of bare VSe, on holey
carbon copper grid, showing vanadium and selenium as well as a miniscule sulfur peak, but no fluorine. (e) Raman spectra of thick (red) and thin

(blue) bare VSe, flakes on Si/SiO, wafer fragment.

h. At the time of measurement, the exfoliated samples shown
had been stored in the glovebox for four months. However,
topography measurements on samples prepared from a new
exfoliation and measured within the same week behaved
similarly (SI Figure S2). Topography measurements were
taken using Bruker’s PeakForce HR mode and associated tips.
For MEM, Bruker MESP-V2 tips were used. The MESP-V2
tips were magnetized with a lateral field in a custom holder (SI
Figure S2 and supplementary .stl files) for 10 min before being
loaded. For the first MFM scan, the magnetized tip was set to
the highest lift height at which good contrast was achieved, and
the scan taken the next day maintained that lift height, typically
around 20 nm.

TEM data were taken at 200 kV in a JEOL F200 high-
resolution transmission electron microscope (HR-TEM) in
phase contrast, selected-area electron diffraction (SAED), and
scanning transmission electron microscopy (STEM) modes.
EDS mapping and analysis were performed in Digital
Micrograph.

Raman spectroscopy of the bare and S mM FDT-passivated
VSe, nanoflakes on Si/SiO, substrates was performed under
785 nm laser excitation. Spectroscopy was performed on the
same bare and S mM FDT-passivated flakes that were used for
the AFM and MFM time series, and spectra were collected
after the AFM and MFM measurements had taken place.

42149

3. RESULTS AND DISCUSSION

3.1. Atomic and Magnetic Force Microscopy (AFM
and MFM). Figure 2 shows the results of topography scans for
samples treated with (a) pure ethanol, (b) 3 mM EDT in
ethanol, (c) 5 mM FDT in ethanol, and (d) pure FDT. Severe
degradation of the control flake is apparent: only the very
thickest parts of the flake remain intact, while the rest of the
area has become a loose debris field. During the first day of
measurements on the control flake, substantial debris built up
along the edges of the scanned region, which can be seen in the
lower half of Figure 2a. The 3 mM FDT-treated sample shown
in Figure 2b also degraded significantly, with the “lacy” areas
becoming lacier and a larger network of holes opening in the
thin flakes on the right side of the image. Additionally, the
small bumps that can be seen on the flakes (red) grew larger.
The 5 mM FDT-treated flakes showed less degradation in the
lacy areas with holes and smaller presumptive vanadium oxide
towers (Figure 2c). In addition, the few-layer flakes did not
decompose into a network of holes as the 3 mM-treated flakes
had. Finally, the sample treated with pure FDT (Figure 2d)
shows very little change over the span of 24 h, with only the
appearance of small bumps similar to those seen on the 3 mM-
treated flakes being observed as a noticeable difference. These
regions were observed even after extremely brief periods in air
and regardless of passivation technique. This agrees with the
findings of Yu et al. that show the damage accrued with time

https://doi.org/10.1021/acsomega.2c04749
ACS Omega 2022, 7, 42146—42154


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04749/suppl_file/ao2c04749_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04749/suppl_file/ao2c04749_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04749?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04749?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04749?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04749?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04749?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

spent in the PC suspension increases.'® SI Figure S2 supports
this conclusion, as the sample shown dried faster than the
other samples. This decreased both the drying time and the
observed damage to the very thinnest flakes. Indeed, a
monolayer region with relatively few holes can be seen in
the bottom left part of SI Figure S2a,b.

Figure 3 shows the same time series with MFM scans of the
ethanol control, 5 mM FDT-passivated, and pure FDT-
passivated samples. Initially, the control flake shows strong
signal in the lacy monolayer areas and at high peaks in the
scanned region. The main body of the flake and some of its
surface features are readily distinguishable from background
but are dwarfed by the monolayer lacy and high-peak areas.
The main body of the flake is about was measured to be 4 nm
thick. At the same settings, the MFM signal of the control flake
decreased by about one order of magnitude after 24 h and,
other than the large central patch that also remains in the
topography, is nearly indistinguishable from background. The
S mM FDT-treated sample in Figure 3b shows that the
observed topographical peaks, hypothesized to be oxidation,
increase overnight in air but only locally suppress the magnetic
response without affecting the rest of the flake. In addition, the
surface fields from the lacelike degraded areas can be seen,
strengthening our conclusion that while complete oxidation
almost destroys the magnetic signal, more moderately
damaged VSe, retains some virtue, consistent with the
transport results presented by Yu et al.'® Finally, in Figure
3¢, we can see that there has also been little to no discernible
degradation of the magnetic signal, as expected since little to
no damage was discernible in the topography.

3.2. Materials Analysis of Bare VSe,. To verify the
structure of the exfoliated material, some of the VSe,
suspension was immediately drop-cast onto holey carbon
grids for atomic-resolution TEM imaging. As can be seen in
Figure 4a,b, the crystal structure of the flake is hexagonal, and
measurement of the high-resolution images viewed down the
[001] zone axis yields a lattice constant of 0.311 (£0.004) nm,
which compares favorably with a literature value of 0.336 nm
measured using XRD.” Figure 4c shows an HR-TEM image of
bare VSe, at 87.8 K, which has a smaller lattice spacing of
0.305 (+0.001) nm. These ranges are reported based on the
lattice constants measured using fast Fourier transform (FFT)
of the entire TEM images and the numbers are extracted using
a script written in python “HexDiff” based on Miller indices
indexing. This code is available upon request (see SI Figure S4
for FFTs of the entire images). The ultralow temperature TEM
imaging was performed to study charge density waves (CDW).
However, we did not observe any superlattice associated with
the CDWs, possibly due to the thickness-dependent and
solvent residue on the flakes. The small difference between the
obtained lattice constant of VSe, at room temperature and 87.8
K could be due to a distortion in lattice structure at lower
temperatures, possibly in response to the CDW transition
around 110 K" However, further study should be conducted
to confirm that this change in the in-plane lattice constant is
due to the CDW. The EDS spectrum shown in Figure 4d,
meanwhile, shows the presence of vanadium, selenium, and
oxygen,” as well as background carbon, copper, and zinc.
Figure 4e compares the Raman spectra for thick and thin
untreated VSe, flakes (see SI Figure SS for optical images).
The characteristic vibration peak appearin% at 206 cm™!
corresponds to the A;, mode of 1T-VSe,.'"***** The peaks
at 236 and 249 cm™!, meanwhile, indicate the presence of

vanadium oxides,>** supporting the hypothesis that the

“towers” appearing in the AFM topography correspond to
oxide formation. It is worth mentioning that according to the
previous study by Yu et al. and the topography images in this
study the oxide towers are present in all samples that were
exposed to air whether treated or untreated. However, the
oxides were more pronounced and observable using the Raman
microscope on the thicker flakes, enabling us to resolve the
oxide peak in the Raman spectra of the thicker samples.
Figure 5 shows HR-TEM images of VSe, flakes from the
same grid as shown in Figure 4 after approximately 12 h air

Figure 5. Oxidation damage and both naturally occurred and
deliberately sculpted structures using electron beam irradiation
appeared in bare VSe, with approximately 12 h air exposure. (a)
Low-magnification image of air-exposed VSe, flake over carbon grid,
showing many patches where material has oxidized. A bare,
unoxidized flake is shown in the inset for comparison. (b) HR-
TEM image of oxidized region adjacent to crystalline VSe,. Crystalline
region has a lattice spacing of 0.35 nm. (c) “Nanobridge” found in the
damaged region of air-exposed VSe,, showing a lattice spacing of 0.45
nm, potentially indicating the presence of orthorhombic vanadium
oxides.*” (d) Edge of a pore drilled by rapidly bringing the beam to
crossover in high-resolution TEM mode. There is an approximately 5
nm region of amorphous material between the pore itself and
crystalline hexagonal VSe, with a lattice spacing of 0.33 nm. Lattice
spacing was measured directly using a line profile on the region of
interest (close to the beam-affected area).

exposure. The patchiness of the suspended flake in Figure Sa
contrasts dramatically with the inset image, which shows a
freshly prepared VSe, flake that was placed in the TEM directly
without time to oxidize. The semioxidized region shown in
Figure Sb appears amorphous and appears primarily around
complete holes in the material. Such holes in the VSe, flakes
arise from both air exposure and electron beam irradiation. In
Figure 5S¢, a “nanobridge” was located that may, with a lattice
constant of 0.45 nm, be composed of orthorhombic V,04.> It
also proved possible to drill through the VSe, flake and create a
pore in high-resolution mode—the beam was brought to
crossover and idled for approximately one to three second
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Figure 6. Analysis of passivated VSe,. (a) Phase contrast TEM of suspended VSe, treated with pure C,;HFy,S, showing extensive carbon
contamination from higher-magnification imaging (dark circles), STEM spot mode (black ovals), and beam damage. (b) Diffraction pattern of S
mM-treated thin VSe, flake. (c¢) HR-TEM image of suspended VSe, flake treated with pure C;oHsF;,S. Amorphous regions due to carbon
contamination of the surface are abundant, but it is possible to obtain a lattice spacing of 0.324 nm from noncovered areas of the sample. (d) EDS
of S mM C,HF,S -treated sample post RTA, showing vanadium and selenium, as well as small fluorine and sulfur peaks; inset: zoomed-in spectra
pointing out to the fluorine K line. (e) Comparison of bare (red) and S mM C,HF,,S-treated (blue) VSe, Raman spectra.

before re-spreading (beam current ~ 150—200 pA/cm?).
Figure Sd shows the result of this experiment: the pore was
surrounded by an approximately 5 nm region of amorphous
material, but beyond that band, the material evidently
remained 1T-VSe, with a lattice constant of 0.331 nm.
Controlled hole formation in a ferromagnetic 2D material may
present interesting opportunities for in situ sensing of local
electromagnetic fields and engineering of new spin textures.

3.3. Materials Analysis of FDT-Treated VSe,. Similar
material analysis was also performed on VSe, flakes treated
with FDT, as shown in Figure 6. The most defining feature of
the FDT-treated samples during TEM analysis was extensive
carbon contamination: the dark rings and fully black ovals that
can be seen in Figure 6a are due to carbon contamination on a
grid treated with pure FDT and then washed with acetone and
isopropanol from viewing the imaged region under higher
magnification and STEM mode, respectively. Figure 6b shows
a diffraction pattern from a sample treated with S mM FDT,
rinsed in acetone and isopropanol, and then run through a
rapid thermal annealing (RTA) cycle at 350 °C to remove
excess carbon so that EDS analysis could be performed without
carbon contamination building up to the point that it heavily
obscured the imaging region.

Despite the significant challenge, we were able to collect an
HR-TEM image of the pure-FDT-treated sample that had not
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undergone RTA, as shown in Figure 6¢, and obtained a lattice
constant of 0.324 (+0.002) nm. Figure 6d shows the EDS
spectrum results for the 5 mM FDT-treated and annealed flake
(EDS for an unannealed flake can be found in SI Figure S7): In
addition to the previously detected elements, a notable fluorine
K line appears, indicating the presence of the FDT
fluorocarbon. The sulfur signal remains quite small—this is
unsurprising due to the stoichiometry of the FDT molecule.
Figure 6d compares the Raman spectra of bare VSe, flakes and
5 mM FDT-treated VSe, flakes. No shift in the A;, peak of
VSe, was observed, but the peak appeared somewhat larger for
the treated flakes. This difference may be attributed to
differences in flake thickness.

3.4. Materials Analysis of Aged Suspension. To further
investigate the effects of extended exposure to PC on VSe,, we
prepared a holey carbon TEM grid with exfoliated VSe, that
had spent 48 h in PC suspension after chemical exfoliation
(aged suspension). Fewer VSe, flakes were observed than in
younger suspensions, and those that were found appeared
thicker in the electron microscope, were often damaged, and
had high sensitivity to further beam damage. Specifically, we
observe that upon electron irradiation, the aged flakes were
damaged more easily and over a shorter time period than the
freshly deposited flakes (Figure 7). The possible reason for this
observation could be the presence of holes and defects in the
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Figure 7. TEM analysis of VSe, flake from 48 h old propylene carbonate suspension. (a) Low-magnification image of analyzed VSe, flake. (b) HR-
TEM image of the flake, showing a lattice spacing of 0.319 nm. (c) Example of inherent and beam-induced damage to the VSe, flake. Central defect
began small and expanded rapidly during imaging. (d) EDS analysis of VSe, flake.

materials induced by solvent that are more prone to damage
and expansion by electron beam compared to pristine and
hole-free flakes. The accrued damage is likely to make the flake
structurally weak, and a large network of preexisting defects
means that fewer bonds need to be broken for the expansion of
defects/holes the authors witnessed to occur (Figure 7). TEM
and EDS analyses of these flakes are presented in Figure 7. The
HR-TEM images obtained from these flakes nonetheless
demonstrated a lattice spacing of 0.319 (+0.004) nm (Figure
7), which remains consistent with the published value for
VSe,.” It is worth mentioning that these damaged flakes were
not the only solids to appear in the aged solution. Both
rectangularly symmetric nanowires and highly porous “chunks”
with a network of circular holes were found on the same grid.
SI Figure S8 shows TEM and EDS analysis of a few of the
nanowires. It can be seen in SI Figure S8a that the nanowires
are numerous, rectangular in shape, and can be several microns
in size. The HR-TEM image in SI Figure S8b and its associated
FFT in SI Figure S8c confirm the rectangular symmetry, and a
lattice spacing of 0.45 nm is observed. This measurement
agrees with published values for selenium nanowires.”> Our
hypothesis that the rectangular crystals are primarily elemental
selenium gains support from the EDS maps shown in SI Figure
S8d—f. The vanadium in the region of the nanowire is
suppressed, while the selenium signal is atypically strong, as
one would expect for a selenium crystal precipitated atop a
damaged VSe, flake.

While we were unable to determine lattice constants from
the highly porous chunks (SI Figures S8g and S9) due to the

combination of both polycrystalline and amorphous materials,
EDS maps of the porous chunks in SI Figure S8g, shown in SI
Figure S8h,i, are more telling. The vanadium signal from the
selected region is extremely strong, and the selenium signal is
quite weak, which is the reverse of what one would expect from
VSe, based on its stoichiometry. Based on these observations,
it is likely that when kept in propylene carbonate for relatively
little time, VSe, nanoflakes decompose into their elemental
constituents. This observation further supports the solvent
(PC) effect and provides additional information on the
degradation products.

4. CONCLUSIONS

In this work, we have confirmed the ability to electrochemi-
cally exfoliate ultrathin VSe, flakes including monolayers. We
characterized the oxidation and degradation of the resultant
flakes using atomic-resolution TEM down to cryogenic
temperatures, AFM, and Raman spectroscopy. Additionally,
we used MFM to explore changes in the observed magnetic
response due to the formation of hole defects and putative
oxide towers over time. Our results show that both propylene
carbonate (PC) and oxidation damage only locally affect the
surface fields measured by MFM rather than leading to wide-
scale quenching of the MFM signal. We also demonstrated the
ability to use an electron beam to sculpt VSe, nanosheets,
which opens the way toward controllable TEM defect
engineering and nanopatterning.

We have also expanded upon process parameters that affect
the quality of electrochemically exfoliated VSe, ultrathin flakes:
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any delay in removing the solvent, including drying time,
contributes to the degradation of monolayer and bilayer
regions of the flakes. This degradation initially manifests as a
lacelike network of holes and eventually progresses to wide-
scale decomposition of the VSe, into selenium nanowires and a
porous sponge consisting primarily of vanadium. Damage can
be mitigated by performing the exfoliation and drop-casting
process quickly and minimizing the drying time. Regardless,
changing to an electrolyte solvent with a higher vapor pressure
and lower reactivity may be a more fruitful avenue for reliably
producing quality ultrathin VSe, flakes.

Additionally, we determined that dilute FDT passivation can
be performed with concentration-dependent efficacy and that
the previously reported method of a simple acetone rinse is
insufficient for removing excess FDT.'® In addition, a rapid
thermal annealing cycle proved necessary to collect meaningful
TEM data without massive carbon contamination. Device
applications will likely require similar processing for clean
electrical contact. This study provides a detailed, multipronged
structural analysis of 2D VSe, during preparation and
deposition on substrates and during top-down TEM nano-
fabrication, providing necessary insights for correlating
structure with material properties and further advancing
studies and applications of a novel 2D ferromagnetic material.
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Additional cryogenic phase contrast transmission elec-
tron microscope (TEM) images of VSe, (Figure S1);
topography of VSe, electrochemically exfoliated and
dried using an Edwards nXDS 6i scroll pump, treated
with § mM C10HSF14S, and measured the same week
as preparation (Figure S2); apparatus used for magnet-
izing atomic force microscope (AFM) tips and samples
(Figure S3); HR-TEM images of bare VSe, measured
(Figure S4); optical images of thinner and thicker VSe,
flakes characterized by Raman spectroscopy (Figure SS);
zoomed-in EDS spectrum of the bare VSe, on holey
carbon copper grid, demonstrating overlap between
vanadium L line and oxygen K line (Figure S6); EDS
mapping of unannealed VSe, flake treated with S mM
C10HSF14S in ethanol (Figure S7); and TEM analysis
of nanowires and porous chunks that form in 2-day-old
VSe, suspension in PC (Figure S8) (PDF)
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Bl ADDITIONAL NOTE

“Note, the oxygen K line and the vanadium L line overlap
substantially in EDS and could not be resolved, the zoomed-in
spectra are presented in SI Figure S6.
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