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ABSTRACT: Preparing two-dimensional (2D) van der Waals 2D CrCl(acac), Af;::om:dzn P2

materials with atomic-level precision remains a major hurdle,
preventing both a number of fundamental explorations of quantum
phenomena and a wider range of applications that can be based on
a variety of their properties. It is especially challenging for tertiary
materials, such as CrPS,, which cannot be produced by controlled
deposition but could be managed by etching or thinning in a layer-
by-layer approach. Thin flakes of this material can display
ferromagnetic or antiferromagnetic behavior depending on the
number of layers since the crystal exhibits A-type antiferromagnetic
ordering. In order to understand the magnetism down to the
monolayer limit and the dynamic excitations in magnons and
excitons, and to eventually make devices based on this and similar materials viable, well-controlled layered structures must be
produced. The existing methods for controlling CrPS, thickness, such as mechanical and liquid exfoliation, are not well controlled
and are prone to introducing damage to the crystal structure. In this study, we show that thermal atomic layer etching (ALE) can be
used to controllably etch the 2D crystals of this material without noticeable contamination. As a starting point, CrPS, flakes were
mechanically exfoliated onto a solid substrate and mounted in an ultra-high vacuum chamber. ALE process consisted of a chlorine
gas dose from a solid-state halogen doser followed by exposure to gas-phase acetylacetone (acacH). This ALE approach showed an
etch rate of approximately 0.10 nm/cycle at 450 K, confirmed by atomic force microscopy. The etch rate is noticeably faster for the
flakes with a large number of defects. The overall process is highly temperature-dependent with a narrow window for successful
application.
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Bl INTRODUCTION Achieving precise control over the preparation of few-layer
and monolayer flakes of 2D materials is a prerequisite for
understanding fundamental quantum phenomena; however,
the technology based on this control is also immediately
relevant to applications in components of integrated circuits.
As the critical dimensions of these components have decreased
substantially every year following Moore’s law, the semi-
conductor industry is rapidly evolving beyond Moore’s law to
include three-dimensional structures. The nodes in the current
gate-all-around (GAA) technology have reached sub-3 nm
dimensions, and it is expected that the critical dimensions will
reach sub-1 nm by 2035, allowing 2D materials (such as CrPS,
with its interplanar distance of 0.61 nm) to serve as the perfect
templates for bottom-up manufacturing.” In addition to this
advantage, 2D materials can potentially be prepared with low-

Two-dimensional (2D) van der Waals ferromagnets display a
rare combination of unusual properties that offer a platform to
test fundamental physics, to explore and apply quantum
phenomena, and also to advance a number of applications
including imaging, gas and biosensing, photovoltaics, spin-
tronics, and microelectronics.' ™ However, many 2D van der
Waals ferromagnets are particularly susceptible to degradation
in ambient conditions through hydration or oxidation.” One
2D ferromagnet that has been shown to resist oxidation is
chromium thiophosphate (CrPS,).”

CrPS, is a ternary transition metal chalcogenide (TTMC).
Monolayer and few-layer flakes of this material are of interest
because they have unique properties in contrast to the bulk
crystal. This includes A-type antiferromagnetism, which is
predicted to be energetically most favorable for CrPS,,

meaning that adding a single layer of the material causes Received: June 8, 2024
alternation between antiferromagnetic and ferromagnetic Revised:  July 23, 2024
behavior."® CrPS, has a puckered structure. Each layer has Accepted: July 24, 2024

a spacing of 0.61—0.62 nm, which varies based on the
substrate.” The general structure of the CrPS, layers is
presented in the inset of Figure 1.

© XXXX American Chemical Society https://doi.org/10.1021/acs.chemmater.4c01606

W ACS Pu bl ications A Chem. Mater. XXXX, XXX, XXX=XXX



Chemistry of Materials

pubs.acs.org/cm

2 (<] Q
Q k Py th“ »
@ Cr atom // © <

|

|

|

| ©Satom \ /
| © Patom / \ /
|
|

/‘\\

- CI2 =»acacH=»

Figure 1. Schematic of the atomic layer etching (ALE) of CrPS, using
half-cycles of Cl, and acacH. The zoomed-in areas show the structure
of 2D CrPS,. The interlayer spacing (represented by the yellow line)
is 0.614 nm.® The red line depicts one of the lattice constants for the
CrPS, unit cell and is 1.0871 nm.°

defect densities. In traditional materials scaled to the same
dimensions, defects, such as dangling bonds and atomically
rough surfaces, could lead to a decrease in charge carrier
mobility and an increase in short channel effects.” Another
great advantage of using these materials is the potential to
create perfect interfaces between the components or elements
of a device since they bind to other materials through van der
Waals forces. Van der Waals heterostructures (vdWHs) do not
suffer from lattice mismatching, and most of the time do not
require extreme treatments or high temperatures for
preparation.” With new paradigms continuously being
developed in microelectronics, vdWHs are also highly viable
options for exploring novel and unconventional device
concepts.9

Therefore, it is important to controllably and conformally
etch 2D materials, including CrPS, with atomic or at least
layer-by-layer precision following its deposition. Mechanical
exfoliation is commonly used to deposit thinned flakes onto a
substrate, but the resulting flakes often have rough surfaces and
vary tremendously in thickness and width, which can be
affected by the choice of substrate.'”'" CrPS, flakes can be
mechanically exfoliated onto silicon and SiO, substrates, but
gold substrates open doors for easily exfoliating large few-layer
and even monolayer flakes.'”"® Liquid exfoliation often results
in a wide distribution of sizes and shapes and could damage the
crystals; chemical vapor deposition (CVD) has not been
heavily explored for this material, but CVD of other 2D
materials like MoSe, often results in poor-quality monolayers;
and chemical vapor transport (CVT) can only be used to
create relatively large crystals that require subsequent
thinning, 1111920

Thermal atomic layer etching (ALE) could potentially
provide a much more controlled and scalable method for
thinning CrPS, flakes, along with a way to ehmlnate defects
and produce a nearly atomically flat surface.”’ It is worth
noting that ALE approaches have been proposed for a number
of binary 2D materials; however, they mostly rely on plasma-
or laser-assisted removal of material, which may cause physical
damage to the surface and the layers.””** Recently reported
thermal ALE of MoS, was achieved at 250 °C by a
combination of MoF and H,0.”* In that set of investigations,
the amorphous material was etched successfully but etching of
the highly crystalline, low-defect areas of MoS, flakes was very

slow, with a reported rate below 0.02 nm/cycle. Another
method for etching MoS, with steam treatment has been
reported to produce different edge morphologies of this
material.”> This observation brings up the question of
anisotropic etching and the role of defects and edges in the
ALE of 2D materials in general, suggesting that the same
challenges may be present for the thermal ALE of crystalline
CrPS,.

Complicated 2D materials composed of more than two
elements are even more challenging to grow or etch than
binary materials since additional complexity could lead to
unwanted enrichment or depletion of the material compo-
nents, leading to substantial changes in physical properties. It
has been demonstrated previously by our group that thermal
ALE of tertiary material CoFeB can be optimized to maintain
the concentrations of each element in the alloy without
affecting its magnetic properties, but this has never been shown
for tertiary 2D van der Waals materials.*®

In designing the chemistry for thermal ALE, all of the above-
mentioned issues have to be considered. In addition, the
reactions proposed for individual elements of the alloy or
ternary material must be viable. For example, the first half-cycle
of the thermal ALE process is often oxidation or chlorina-
tion.””** The second half-cycle most of the time involves an
organic ligand that makes a volatile compound, which can
easily desorb from the surface.””*® In previous work, our group
demonstrated the effectiveness of Cl, and acacH as reactants in
half-reactions for the thermal ALE of a CoFeB alloy. The
volatile acetylacetonates of Co and Fe are very well-known,
and they were expected to play a role in ALE. However, mixed-
ligand compounds were formed for both light (B), and heavy
(Co, Fe) elements in the form of M(acac),Cl, as shown by
temperature-programmed desorption (TPD) measure-
ments.””*" In fact, the formation of volatile acetylacetonates
of Co and Fe does occur, but at much higher temperatures
compared to the ones used in ALE.**' ™%

In a similar approach, one could start considering Cr(acac),
and H;PS, as potential products of the ALE of CrPS,.
Cr(acac); is a stable compound that is capable of subliming at
500 K,** providing a possibility of etching in a non-self-limiting
regime (also considered below). The key, however, is to find
the chemistry that will be capable of removing all of the
elements of the target 2D material with similar rates at similar
conditions and to perform this using coreactants leading to
true atomic-level control. Chlorine has been shown to weaken
the bonds between the transition metal it is attached to the
surrounding matrix.*® Therefore, chlorination should allow for
controlled removal of the entire layer of CrPS, by combining
this step with a dose of acacH, even if the resulting species are,
in fact, compounds with mixed ligands (M(acac), Cl) rather
than Cr(acac);. The specific chemistry could be the sub]ect of
a separate investigation; however, one can consider chemical
reactions leading to the formation of various mixed-ligand
compounds. Some of these potential reaction pathways may be
based on the processes including the following reactions:

CrPS, + SCl, + 2acacH
— CrCl(acac), + PCl, + 2S,Cl, + 2HCI (1)

CrPS, + 3Cl, + 4acacH

— CrCl(acac), + HPS,(acac), + S,Cl, + 3HCl  (2)

https://doi.org/10.1021/acs.chemmater.4c01606
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CrPS, + Cl, + 3acacH
—CrCl(acac), + HPS,Cl(acac) + S,Cl, + 2HCl  (3)

In this study, we will show that we can controllably etch
CrPS, and that defects play a major role in the process, as
highly defective features are etched at substantially higher rates
than those of terraces. A combination of chlorine (from a solid-
state doser) and gas-phase acetylacetone (acacH) dosed
sequentially, as shown schematically in Figure 1, yields an
ALE rate of approximately 0.10 nm/cycle. We have identified
the species formed on the surface of CrPS, by these etchants
spectroscopically, but only a combination of both results in
atomic-level control. This process is highly temperature-
dependent, since ALE cycles performed at 420 K do not
result in any etching while increasing the temperature to 450 K
does. Further increase in the temperature and acacH pressure
apparently leads to a substantially faster etching rate, but
proceeds beyond thermal ALE regime.

B EXPERIMENTAL SECTION

Sample Preparation: Mechanical Exfoliation. Exfoliations
conducted without gold employed <100> p-type (boron), single-
side polished, prime-grade CZ Virgin Silicon Wafers purchased from
Ted Pella or 500 ym thick <100> p-type, single-side polished silicon
wafers with 300 nm SiO, deposited on top. Preceding exfoliation, the
wafer was cleaved into square chips measuring approximately 1 cm X
1 cm. The exfoliation procedure was carried out on the polished side
of the silicon chips after blowing the chip with N, for 10—1S5 s to
remove large contaminants. This procedure begins by placing large
bulk crystals of CrPS, (HQ Graphene) onto blue tape (ProTapes
Nitto SPV224 PVC Vinyl tape). The tape was folded onto itself 3—5
times to cleave the crystal into smaller pieces on the tape. These
freshly exposed surfaces were gently pressed onto the surface of the
substrate for about a minute. This was done quickly after cleaving the
crystals to prevent contamination of the fresh surface, which we found
limits the size of the exfoliated flakes. The tape was gently peeled from
the surface of the substrate, leaving flakes of varying size on the
surface of the silicon wafer.

Sample Preparation: Gold-Assisted Exfoliation. Exfoliations
conducted with gold to obtain flakes of larger sizes used 500 ym thick
<100> p-type, single-side polished silicon wafers with 300 nm SiO,
deposited on top. The wafer was cleaved into 1 cm X 1 cm squares
polished side up. These chips were blown with N, before being loaded
into the sputtering chamber. Gold deposition was performed at room
temperature by using DC magnetron sputtering at 1 X 107 Torr base
pressure. A 2 nm titanium adhesion layer was deposited at 40 W
power followed by 7.5 nm of gold at 15 W power. Within
approximately S min of removing the film from the vacuum, CrPS,
was exfoliated following the procedure described above. The gold-
assisted exfoliation procedure is conducive to producing flakes of
CrPS, of larger lateral dimensions that are more amenable for selected
investigations; however, it is also much more elaborate than the
simple mechanical exfoliation. Since the main target of the current
work is an investigation of the ALE regime in relatively thick (20—30
nm) flakes, it was assumed that the substrate does not significantly
affect the ALE process. Further work will be needed to determine the
role of the substrate when only a few monolayer flakes are the starting
point for ALE.

Reactor 1. All ALE experiments were performed in a near
ultrahigh vacaum chamber (UHV) with a base pressure below 2 X
107® Torr. The chamber has a bake-out period, where a temperature
of 375 K is maintained for 3 days, followed by a degassing period
before any experiments are performed. The UHV chamber is
equipped with a differentially pumped quadrupole residual gas
analyzer mass spectrometer (MS, Hiden Analytical). Samples were
chlorinated in situ using a home-built solid-state electrochemical
chlorine source based on silver chloride and cadmium chloride.***%*”

This source provides precise fluxes of Cl, gas molecules, and the
corresponding surface coverage on a sample can be calibrated
spectroscopically, as briefly described below. The organic compound
was degassed by repeated dosing into the chamber, until the mass
spectrum showed the expected m/z fragments. The pressure was
monitored by a cold cathode vacuum gauge.

Atomic Layer Etching. The first ALE half-cycle consists of a 40
min chlorine dose [S pA and 70—90 V applied] at 450 K. These
dosing parameters were shown to saturate a substrate surface with
approximately a monolayer of chlorine, as determined by previous in
situ Auger electron spectroscopy measurements.’’ The second ALE
half-cycle consists of a 1500 Langmuir (L) acacH dose (5 x 107 Torr
for S min) at 450 K. Liquid acacH (2,4-pentanedione, 99% purity)
from Thermo Scientific Chemicals was connected to a leak valve and
used to dose acacH onto the sample in the gas phase. The mass
spectrum was collected in situ to ensure that the acacH was degassed
and produced the expected mass spectrum verified with the NIST
library.*® A nearly identical set of ALE experiments was performed at
420 K.

Reactor 2. A high vacuum (HV) chamber was used to dose acacH
on the surface for ex situ analysis. The high vacuum chamber was
equipped with a mechanical pump and a turbo pump. The base
pressure was 107® Torr. The pressure was monitored with a cold
cathode vacuum gauge.

Dosing acacH in High Vacuum. CrPS, flake samples were
mounted in a high vacuum experimental setup. Liquid acacH (2,4-
pentanedione, 99% purity) from Thermo Scientific Chemicals was
dosed via a leak valve into the chamber at a pressure of 0.1 Torr. The
doses were completed at room temperature, 415 K, and above 450 K.

Sample Characterization. All sample characterization was
completed at the Surface Analysis Facility (SAF), Advanced Materials
Characterization Lab (AMCL), or Keck Center for Advanced
Microscopy and Microanalysis at the University of Delaware.

X-ray photoelectron spectroscopy (XPS) was performed by using a
Thermo Scientific K- X-ray Photoelectron Spectrometer, and the
results were used to determine the composition of the sample surface.
The XPS uses a 180° double-focusing hemispherical analyzer, an Al—
Ka X-ray monochromatic source (hv = 1486.6 eV) at a 35.3° takeoff
angle with respect to the analyzer, and an adjustable 30—400 ym spot
size. Survey spectra were collected over the energy range of 0—1000
eV. High-resolution spectra were collected with 0.1 eV resolution and
a pass energy of 20 eV. All spectra were calibrated by setting the C 1s
peak to 284.6 eV. CasaXPS (version 2.3.25PR1.0) software was used
for XPS spectra analysis.>”

Atomic force microscopy (AFM) imaging was completed using an
Anasys Nano IR2 in tapping mode. The AFM tips are Sb-doped Si
with a S0 nm Au coating and a radius of 20 nm. The AFM tips (PR-
EX-TNIR-A-10) have a resonance frequency of 75 + 15 kHz and a
spring constant of 1—7 N/m. The resulting height profiles were used
to determine the flake thickness change after ALE. The images were
analyzed using Gwyddion software (version 2.64).

Time-of-flight secondary ion mass spectrometry (ToF-SIMS)
surface spectra were obtained using an IONTOF TOESIMS §
system, which employs a 30 keV Bi cluster ion source. A low-energy
electron flood gun is used for charge compensation during analysis.
The surface spectra were used to determine what species were present
on the surface of the sample. SurfaceLab 7 (version 7.3) software was
used to analyze all of the ToF-SIMS data.

Cross-sectional transmission electron microscopy (TEM) samples
were prepared using a focused ion beam-scanning electron
microscopy (FIB-SEM) system. The cross-sectional TEM samples
were prepared by using an AURIGA 60 Crossbeam FIB-SEM dual
beam instrument. TEM was performed using a 20—200 kV thermionic
Thermo Scientific Talos F200C TEM. The TEM images were used to
characterize the Au substrate under a CrPS, flake after ALE
experiments.

An optical microscope (Olympus BX60 Brightfield/Darkfield
Transmitted and Reflected Light Microscope) was used to collect
optical images of the flakes of interest.

https://doi.org/10.1021/acs.chemmater.4c01606
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B RESULTS AND DISCUSSION

Characterization of the CrPS, Surface. Although it is
assumed that CrPS, is very stable and resistant to oxidation, it
is important to confirm that ambient conditions do not
substantially affect the chemistry and composition of the
surface of this material and that the etching components (Cl,
and acacH) would adsorb directly onto the clean surface. XPS
and ToF-SIMS were used to characterize the CrPS, flakes
before and after the etching experiments. Figure 2 shows an
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Figure 2. Optical image (left) of few-layer CrPS, flakes neighboring a
thick flake as well as the corresponding 500 ym wide ToF-SIMS ion
images (right). The black-dashed box on the optical image is the S00
um wide raster area that was scanned to obtain the ToF-SIMS ion
images. The flakes were deposited on a thin Au film. The same area
was scanned for both negative and positive ion collection. All
expected species (Cr*, P7, and S7) are clearly visible on the flake areas
and absent on the substrate. The Au® signal is completely obstructed
by the thick flake, but less so by the few-layer flakes.

optical image of a relatively thick flake of CrPS, along with a
few flakes that are only several layers thick, as indicated by the
arrows. The ToF-SIMS ion images for selected ions zoom in
on a 500 ym area to compare the chemistry of the thick and
thin flakes shown in the optical image. As expected, the Cr”,
P7, and S” species are clearly visible on the flakes but not on
the substrate. It is also obvious that the ion images provide
information about the surface of the CrPS, material as no
substantial difference in intensity of the key representative ions
is noticeable between thick and thin flakes. The Au" signal
from the substrate is clearly blocked by the CrPS, material.

Quantitative information about the composition of the
CrPS, flakes and the oxidation states of the corresponding
elements is obtained by XPS. Figure 3 compares the XPS
spectra of the CrPS, single crystal (no substrate) right after its
cleavage to minimize exposure to ambient conditions and after
extended exposure to ambient conditions. These spectra are
also compared to the XPS of CrPS, flakes deposited on Au by
mechanical exfoliation and XPS of the flakes deposited on Si
after an ALE experiment. This comparison confirms the
presence of Cr, P, and S and suggests that exposure to ambient
conditions does not appear to affect the chemistry of this
material. Specifically, the high-resolution Cr 2p, P 2p, and S 2p
spectral regions do not exhibit any changes after extended
exposure to ambient conditions, regardless of whether the
material is in the form of a single crystal or a flake. The ratio of
these elements does not change among these samples,
confirming that both exfoliation and ALE maintain the overall
stoichiometry of CrPS,.

An additional comment can be made about the oxidation
states of the elements within this material. The positions of the
chromium features, including characteristic spin—orbit cou-
pling and a unique additional splitting of the Cr 2p;,, feature,
confirm that Cr is in a +3 oxidation state.”*’ The two peaks in

Cr2p —Ax S2p P2
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Figure 3. High-resolution XPS scans of the Cr 2p, S 2p, and P 2p
binding energy regions for (a) freshly cleaved single crystal with
minimal exposure to ambient conditions, (b) the crystal that was
exposed to ambient conditions for several days, (c) the exfoliated
CrPS, flakes as deposited on an Au film, and (d) the exfoliated flakes
on a Si substrate after an ALE experiment. The black reference lines
indicate the actual binding energies for each orbital (Cr 2p- 5§75.0,
576.0, 585.2 €V; S 2p- 162.3 and 163.4 eV; and P 2p- 132.4 and 133.2
€V). The solid reference lines indicate the positions of the 2p;, peaks,
and the dashed reference lines indicate the positions of the 2p,,,
peaks.

the P 2p spectral region correspond to spin—orbit-coupled
peaks in phosphosulfides* and prove that there is no
noticeable oxidation of this element, as the potential peaks
corresponding to phosphates are fully absent above ~133
eV.*'7* The positions of the spin—orbit-coupled peaks in the
S 2p spectral region are consistent with sulfur in CrPS,* but
are not consistent with elemental sulfur (2p;,, and 2p, ,, peaks
expected at 164 and 165 eV, respectively) or sulfur oxides
(expected above ~166 €V).*’ ™" Thus, analysis of the XPS
spectra presented in Figure 3 supports the observation that the
flakes transferred onto the support material by exfoliation and
the flakes after an ALE experiment are representative of CrPS,
and are not affected by exposure to ambient or ALE
conditions. Most notably, no surface oxidation is observed
by XPS, making it possible to apply the same ALE chemistry to
the starting surface and to the underlying layers to control the
thicknesses of these supported flakes. One can notice that the
sample with CrPS, flakes subjected to ALE shown in Figure 3d
appears to exhibit a very small shift in binding energy
compared to the samples in Figure 3a—c. This small shift is
most likely caused by the substrate modified by ALE steps, as
the flakes occupy a very small portion of the sample surface
and the positions of all of the peaks are always calibrated by the
dominant C 1s feature. This small shift does not affect the
conclusions that all of the elements comprising the CrPS,
flakes are not affected noticeably by exposure to ambient
conditions and that their oxidation states remain the same after
ALE.

Individual Half-Cycles for ALE of CrPS,. Given the
confirmed chemical stability of the supported CrPS, flakes,
before the roadmap to a successful thermal ALE can be offered,
it is important to test whether the proposed chlorination and
acacH exposure could actually modify the surface of this
material within the same temperature window. The challenge
with confirming chlorination is that it has to be demonstrated
specifically on the flakes rather than on the support material.
To confirm that the CrPS, flakes can be chlorinated, chlorine

https://doi.org/10.1021/acs.chemmater.4c01606
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was dosed on the flakes at 420 K in UHV. ToF-SIMS surface
ion images (Figure 4) show that there is definitely an overlap
between the images of Cr* and CI~ after dosing Cl, although
some amount of chlorine is indeed present on the Au surface
of the support. Thus, the fact that flakes can be chlorinated is
confirmed. No etching was observed for Cl, exposure in UHV
within our range of conditions; however, further investigations
will be needed to determine if Cl, gas can etch CrPS, at higher
temperatures and pressures.

Figure 4. ToF-SIMS Cr* (m/z = 51.940) and Cl” (m/z = 34.970) ion
images of a CrPS, flake on an Au film after UHV chlorination at 420
K. The same flake was scanned for both negative and positive ion
collection.

To confirm the reactivity of acacH with CrPS, flakes on
SiO, and Au substrates, 0.1 Torr of acacH was dosed onto the
samples for 50 min in a high vacuum chamber. The samples
were heated to 295 K, 415 K, or above 450 K during the acacH
doses. In this experimental setup, reading precise surface
temperatures above 450 K was challenging, and the actual
surface temperature in this experiment was between 450 and
500 K. ToF-SIMS surface spectra taken after each dose show
that acacH does strongly interact with the CrPS, surface.
Figure S clearly shows the presence of acac-based chromium-
containing species. At 295 K, the formation of these species is
noticeable; but at 415 K, they are very clearly present.
Additionally, Figure 5 summarizes the correct identification of
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Figure S. ToF-SIMS surface spectra of m/z ranges corresponding to
an acac ligand bound to the most abundant chromium isotopes
(*°Cr(acac)*, %Cr(acac)*, and #*Cr(acac)*). Spectra are provided for
(a) the as-deposited CrPS, flakes, and (b) flakes after dosing acacH at
room temperature, (c) 415 K, and (d) >450 K (controlling precise
surface temperature above 450 K was challenging, and the actual
surface temperature in this experiment was between 450 and 500 K).
The black-dashed reference lines specify the exact m/z for each of the
indicated species (148.991, 150.985, and 151.985).

Cr(acac)* based on the isotope abundances of *°Cr (2.37%),
52Cr (83.8%), and **Cr (9.50%). Identifying Cr(acac)," based
on Cr isotope ratios was especially important because any
given peak can be attributed to an abundance of different
possible species, especially at higher m/z. Similar results were
collected for Cr(acac),” species (Figure S1). On the other
hand, no confirmation of the presence of Cr(acac);* (Figure
S2) could be obtained with these experiments at any
temperatures studied. This observation suggests that Cr(acac),
does not form at temperatures below 450 K on the CrPS,
surface, but above 450 K, it could potentially form and then
desorb.>* Interestingly, if the surface temperature is raised
above the nominally measured 450 K, all of the spectral
signatures of Cr(acac),” disappear, suggesting either desorp-
tion of acac-containing species or possibly acac decomposition.

That last observation appears to offer the possibility of
continuous etching of CrPS, by acacH at elevated pressures
and temperatures. Indeed, as summarized by AFM analysis of
the sizes of the flakes before and after acacH exposure in
Figure 6, exposure of CrPS, flakes to large doses of acacH

30 === As Deposited
20 == After acacH Etch

8 nmI

00 05 10 15 20 25
X (um)

Figure 6. Etching of CrPS, flakes on an Au film by a 50 min 0.1 Torr
acacH dose in HV at 450 K (controlling precise surface temperature
above 450 K was challenging, and the actual surface temperature in
this experiment is between 450 and 500 K). AFM height images are
provided for the CrPS, flake sample before (a) and after (b) the
etching experiment. The total thickness etched was 8 + 2 nm after the
experiment (based on an analysis of 29 points). The line profiles
correspond to the white lines drawn over the triangular flakes in each
image.

under high vacuum at a temperature between 450 and 500 K
results in continuous etching. In this specific experiment, a
single dose of 0.1 Torr of acacH for S0 min resulted in a
decrease of the flake thickness by 8 nm, clearly a regime that is
much faster than ALE and is not self-limiting. This regime
change is a subject of further investigation; however, dosing S
X 107 Torr acacH for 5 min at 450 K in a UHV setup (where
the temperature is monitored with much higher precision) and
repeating this dose 30 times does not result in measurable
etching, suggesting that the etching is kinetically driven by the
higher pressure doses at temperatures above 450 K or,
possibly, that the etching is driven by impurities present in
the HV setup. It does open up the possibility of controlling the
etching rate by temperature and even of achieving ALE by
thermal cycling.>*~>°

The key to designing an ALE process for complex materials
is in the self-limiting nature of the half-cycles. At the same
time, a full cycle has to result in complete removal of all of the
components of complex (tertiary) materials. So far, surface
chlorination and the formation of chemical bonds between the
chromium and acac ligands are confirmed. However, how does
the etching occur for the PS, fragments? A key comparison can

https://doi.org/10.1021/acs.chemmater.4c01606
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again be drawn between CrPS, and the previously studied
CoFeB alloy ALE.” It was initially assumed that Co and Fe
components would form acetylacetonates, and if chlorination is
used, boron would be removed as BCl;. However, it was
discovered that the formation of true acetylacetonates of the
transition metals occurred at temperatures much higher than
the ALE processing conditions and that all of the elements,
including boron, were removed as M(acac)x(Cl)y com-
pounds.”***7** That was especially surprising for the light
element boron. If PS, fragments are to be removed by
interacting with chlorine or acac ligands, one must confirm that
surface species containing P, S, and corresponding ligands can
be formed on the surface of CrPS, flakes. The ToF-SIMS
surface spectra presented in Figure 7 reveal signatures of

PS,CgH,0, PS,C4H;0,"

(a), As Deposited

[y

:

40
(b), 295 K acacH

.l (c), 415 K acacH

(d), 2450 K acacH

10

Counts

f—

]
1
]
s bl
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1
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2750  275.2

mi/z

263.0

Figure 7. ToF-SIMS surface spectra of m/z ranges corresponding to
PS,C¢HgO,” and PS,CoHgO, . Spectra are provided for (a) the as-
deposited CrPS, flakes, and (b) flakes after dosing acacH at room
temperature, (c) 415 K, and (d) > 450 K (controlling precise surface
temperature above 450 K was challenging, and the actual surface
temperature in this experiment is between 450 and 500 K). The black-
dashed reference lines specify the exact m/z for each of the indicated
species (262.960 and 274.960).

several species containing PS, and acac simultaneously. More
interestingly, in this case, these complex species are formed
immediately upon acacH adsorption at room temperature. In
fact, the intensity of the corresponding features decreases
dramatically even by the time the surface temperature reaches
415 K, and no intensity is recorded by 450 K. Thus, PS,
fragments not only participate in the chemical modification of
CrPS, with acacH but also appear to form surface fragments
that are removed more easily than those containing chromium,
offering the possibility of an efficient thermal ALE process
based on self-limiting chromium removal.

Thus, the chemistry of the CrPS, surface with individual
half-cycle reactants with the potential to be coreactants for
thermal CrPS, ALE suggests that

(1) Both Cl, and acacH, when dosed individually, chemi-
cally modify the surface of CrPS,;

(2) Cr-acac bonding is confirmed, but the formation of a
stable Cr(acac); compound is not recorded within the
target temperature range (although the formation may
be possible when the temperature is raised above 450
K), providing a self-saturation pathway with acacH and
the possibility of mixed-ligand compound formation
within a controlled temperature range;

(3) PS, fragment is also a clear part of surface modification
with acacH, and it appears that the resulting fragments
are thermally easier to remove than Cr-containing ones.

Overall, this summary suggests that it is possible to design
thermal ALE for CrPS, and that the target of controlling the
self-limiting process should be the removal of chromium.

Thermal Atomic Layer Etching. There are several targets
of the thermal ALE of CrPS,. The most obvious one is the
control of the thickness of the flakes. However, the second
objective is to reduce the size and quantity of defects on the
exfoliated flakes. Thermal ALE is well-known to result in
smoother surfaces compared to the starting ones.”*”** So, in
addition to the main goal, we aim at examining the effect of
ALE on the surface defects created by the exfoliation.

Figure 8 summarizes the AFM results after a representative
ALE experiment was performed on CrPS, flakes exfoliated on
an Au support surface. The as-deposited structure in this image
has three representative regions: a relatively thick flake with
clear terraces; the defects created on top of these terraces
during exfoliation (islands of approximately S nm in height);
and very thin layers of approximately 4 nm with holes tens of
nanometers in width created during mechanical exfoliation.
One would aim to eliminate the defects and also to control the
thickness of the flakes using ALE, so the relatively thick areas
and defective features should be examined individually.

Thirty ALE cycles were completed at 450 K in UHV and
resulted in 0.10 + 0.07 nm/cycle based on 75 AFM line scans
from multiple flakes of each type across the sample. Figure 8
shows a representative image with the main types of surface
structures investigated and subjected to ALE. The terraces of
the relatively thick (tens of nanometers) flakes are etched the
slowest at 0.07 + 0.04 nm/cycle. This is illustrated in part A of
Figure 8. The island defects (also shown in part A of Figure 8)
and the relatively thin few-nanometer-thick flakes with a high
density of hole defects shown for part B in Figure 8 are etched
at a rate of 0.15 + 0.02 nm/cycle. In these images, the highly
defective areas are almost completely removed by 30 ALE
cycles. The etching rate was also confirmed by varying the
number of cycles up to 4S.

Part C of Figure 8 zooms into the defect-free area of the
flake, where the terrace features are clearly observed. It is
interesting to note that even though the defect islands are
removed by the ALE treatment, the terraces at different steps
are etched at the same rate as all of the step features appear to
be fully maintained. Of course, the resolution of AFM does not
allow for a reliable comparison of the etching rates of the step
edges and terraces; however, it is clear that the step structure is
maintained.

Thus, following ALE in UHYV, the flakes become smoother
because the defective areas are etched faster than the main
terraces, and, at the same time, the step structure of the
crystalline flakes is maintained.

In the work described in this article, the flakes were
exfoliated on either Au-coated silica or uncoated silicon wafers,
and the thickness of the flakes investigated was assumed to be
sufficiently high to consider any possible substrate-dependent
ALE effects are negligible. The effects of the substrates on the
etching rate of the thin (few-nanometer thick) flakes are a
subject of ongoing work; however, exfoliating the flakes on the
Au surface allows for a preliminary assessment of the produced
interfaces. The Au surface appears to become slightly rougher
following the ALE treatment (RMS roughness 0.33 nm before
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Figure 8. AFM images for CrPS, flakes before and after 30 ALE cycles at 450 K. Each plot gives the line profile before (pink) and after (black) ALE
in UHV. (A) Island defects atop the terrace of the thicker flake were 2—5 nm after deposition and were almost completely removed after ALE. The
terrace of the thicker flake was etched 2 nm after 30 cycles, suggesting that it is etched at a slower rate compared to the defects. (B) Few-layer thick
flake area, which was 4 nm thick after deposition, is almost completely removed after ALE. (C) Structure of the steps on the surface of the thick
flake is preserved. The black circles in the central images highlight the island defects that are removed after ALE. The white circles highlight the

few-layer thick flake that is almost completely removed after ALE.

30 cycles of ALE vs 0.39 nm after ALE); however, the gold
surface protected by the CrPS, flakes may be unaffected by the
conditions of the experiment.

To further investigate this effect, a different ALE experiment,
which used much higher dosing pressures, was performed on a
CrPS, sample. After the ALE experiment, 2 ym of Cu was
deposited over the sample as a protective layer. Then, a cross-
sectional TEM sample of a CrPS, flake was prepared by using
FIB-SEM. The resulting image is shown in Figure 9. This
experiment indeed confirms that the interface between the
CrPS, flake and the gold-covered substrate does not exhibit
any noticeable changes and is protected by the flake.

Figure 9. Cross-sectional TEM images of a CrPS, flake after ALE,
along with the underlying Au film and SiO, wafer. The Au protected
by CrPS, remained flat, continuous, and intact. The 2 ym layer of
copper was deposited after ALE experiments to protect the flake from
damage by the FIB-SEM.

Opverall, it is not expected that the etching of the underlying
substrate plays any substantial role in our experiments.
Although gold ALE with chlorination and subsequent dose
of triethylphosphine (PEt;) has been reported at elevated
temperatures and mTorr pressure range, a very specific Au*
etching product, AuCIPEt;, was recorded.’® The formation of
this type of product is not expected in our case, but we
confirmed the absence of appreciable gold removal in our ALE

process by comparing the survey XPS spectra before and after
ALE and analyzing the ratios of Au signal to those of
underlying substrates. Oxidized silicon used in selected
experiments as a substrate has also been shown not to be
etched by the process.*

The ALE regime was demonstrated for CrPS, at 450 K, and
it was also shown that at higher temperatures and higher
reagent exposures, the etching could occur at a substantially
higher rate without self-limited half-cycle reactions. However,
ToF-SIMS tests also suggested that surface species that are key
to the material removal are formed on its surface at
temperatures as low as 415 K. To test the temperature
window of ALE processing, 30 ALE cycles were performed on
a CrPS, flake sample on Au at 420 K. However, the experiment
summarized in Figure 10 did not result in any significant
etching. Even the defect islands on top of the CrPS, flakes
were not removed, showing that the CrPS, ALE is highly
temperature-dependent.

B SUMMARY AND CONCLUSIONS

We have shown that, based on ToF-SIMS, the surface of CrPS,
flakes can be chlorinated. Additionally, acacH interacts with
the CrPS, surface at 295 and 415 K but does not result in
measurable etching. The etching is indeed achieved at
temperatures above 450 K in high vacuum at high exposures
of acacH, but this regime is not self-limiting. A similar
experiment in UHV using an acacH partial pressure of 5 X
107 Torr at 450 K does not result in measurable etching.
Using Cl, in combination with acacH results in a controllable
self-limiting process. This process is highly temperature-
dependent, with no discernible etching occurring at 420 K.
Not even defect island areas are observed to be changed at this
temperature.

When ALE cycles are completed at 450 K in UHV with Cl,
dosed for the first half-cycle, the CrPS, flake etching rate is
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Figure 10. AFM images of CrPS, flakes before (a) and after (b) 30
ALE cycles at 420 K. None of the features, not even the defect ad-
islands on the flake surface, are removed, suggesting that ALE cycles
at this temperature will not result in any etching.

0.10 + 0.07 nm/cycle. Thinner flakes and defects are etched
fastest (over 4 nm after 30 ALE cycles, 0.15 + 0.02 nm/cycle),
and terraces are etched slower (~2 nm after 30 ALE cycles, 0.7
+ 0.4 nm/ cycle). Because of the faster etching rate for defects,
the ALE regime presented here can be used to achieve an
atomically flat CrPS, surface. The proposed ALE process does
not substantially affect the step structure of the surface.

Thus, we have shown that thermal ALE can be used to
control the thickness of 2D TTMC CrPS, with atomic-level
precision. This approach is amenable to creating structures of
controlled numbers of layers of CrPS,, which will allow its
unique physical properties to be studied. Further work is
required to investigate the ALE control for few-layer thick 2D
materials and to investigate the effect of the substrate on both
the material properties and the interface between the substrate
and TTMC.
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