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Si-CMOS Compatible Synthesis of Wafer-Scale 1T-CrTe, with

Step-Like Magnetic Transition

Jiwei Liu, Cong Wang, Yuwei Wang, Jianbin Xu, Wei Ji,* Mingsheng Xu,* and Deren Yang*

2D room-temperature ferromagnet CrTe, is a promising candidate material for
spintronic applications. However, its large-scale and cost-effective synthesis
remains a challenge. Here, the fine controllable synthesis of wafer-scale
1T-CrTe, films is reported on a SiO, /Si substrate using plasma-enhanced
chemical vapor deposition at temperatures below 400 °C. Magnetic hysteresis
measurements reveal that the synthesized 1T-CrTe, films exhibit
perpendicular magnetic anisotropy along with distinct step-like magnetic
transitions. It is found that 1T-CrTe, is susceptible to oxygen adsorption even
in ambient conditions. The theoretical calculations indicate that the oxidation

1. Introduction

The discovery of 2D intrinsic ferromag-
nets Crl;.[1 and Cr,Ge,Te..l”l confirmed
the existence of long-range ferromagnetic
(FM) order in 2D systems, challenging
the long-standing belief that such order
cannot exist in isotropic 2D systems at
finite temperatures.’) Few-layer Crl; has
perpendicular magnetic anisotropy (PMA)
and its interlayer antiferromagnetically cou-

of surface layers is crucial for the absence of out-of-plane easy axis in
few-layer CrTe,, while the interlayer antiferromagnetic coupling among the
upper surface layers leads to the observed step-like magnetic transitions. The
study provides a Si-CMOS compatible approach for the fabrication of
magnetic 2D materials and highlights how unintentional adsorbents or
dopants can significantly influence the magnetic behaviors of these materials.
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pling leads to layer-dependent magnetism.
Monolayer Crl; exhibits rectangular hys-
teresis in the Kerr rotation, a characteristic
of Ising-like ferromagnetism, while bilayer
Crl; of HT phase (C,,,,) shows a plateau in
the magneto-optical Kerr effect (MOKE) sig-
nal at field values of +£0.65 T due to the inter-
layer antiferromagnetic (AFM) coupling.[*°]
In comparison, Fe;, GeTe, (FGT) is an-
other prototypical van der Waals (vdW) fer-
romagnet with a Curie temperature (T()
ranging from 130 to 230 K,[®8] which, while higher than that
of Crl; (45-61 K),[] still substantially below room temperature.
The pursuit of high Curie temperature ferromagnets in 2D ma-
terials has garnered significant interest, yet only a few room
temperature ferromagnetic materials, such as CrS,,*1% CrSe, /1]
CrTe, 12131 Cr,Te, ™ Cryq,Te,"! Cu,Cr,Te, %) Fe;GeTe,,”]
and Fe,GaTe,,!"®! have been reported so far.

Bulk 1T-CrTe,, a transition metal dichalcogenide (TMD) with
a T of ~310 K,[*! appears to be a promising candidate mate-
rial for room-temperature spintronic applications. However, it
faces atleast two significant challenges: the achievement of large-
scale energy-efficient fabrication and the determination of mag-
netic properties. Specifically, 2D 1T-CrTe, single crystals (%60 um
in diameter) have been synthesized on SiO,/Si substrates via
chemical vapor deposition (CVD) at 710 °C using CrCl, and
Te powders.?”! This high fabrication temperature significantly
exceeds the compatibility limits of Si-COMS technologies. The
molecular beam epitaxy (MBE) technique reduces the growth
temperature to 375 °C for preparing Te-capped 1T-CrTe, lay-
ers on bilayer graphene formed on a SiC surface.l!l A more
complex MBE process further lowers the growth temperature to
240-270 °C, however, it involves multiple process steps, includ-
ing an initial epitaxial growth of a Bi layer followed by transfor-
mation to Bi,Te, as a buffer layer for growth of granular 1T-CrTe,
layers on SiN, substrates.?”] Thus, there is a pressing need for
a growth method that can produce large-scale samples in a Si-
CMOS compatible, energy-efficient, and straightforward manner
for CrTe, production.
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Moreover, the magnetization properties have been debated
among samples prepared using different methods. The CVD-
prepared crystal exhibits a distinctive step-like feature in their
magnetic hysteresis (M-H) loops.[?°! While similar phenomena
were observed on the granular 1T-CrTe, layers grown via MBE,
no step-like feature was observed in the Te-capped MBE 1T-CrTe,
layers. Additionally, the Te-capped MBE 1T-CrTe, samples (2-35
L) display an out-of-plane magnetic easy axis, >l whereas den-
sity functional theory (DFT) calculations suggested that the easy
axis of intrinsic few layer 1T-CrTe, should align in the in-plane
direction.?’] Therefore, clarifying the physical origins of this dis-
crepancy in magnetization direction and the step-like behavior
observed in M-H loops is essential for advancing its potential
applications.

In this study, we utilized plasma-enhanced chemical vapor de-
position (PECVD) method to synthesize uniform wafer-scale 1T-
CrTe, films on SiO, (300 nm)/Si substrates using pre-deposited
Cr film and Te powder at temperatures below 400 °C. We also
investigated their magnetization properties, revealing that our
1T-CrTe, films (6-18 L) exhibit an out-of-plane easy axis along
with step-like magnetic transitions. Through DFT calculations,
we found that the oxidation of 1T-CrTe, surface layers plays a crit-
ical role in determining the magnetic easy-axis orientation and
attributed the observed step-like features in M-H loops to the ab-
sence of local interlayer antiferromagnetic (AFM) coupling in up-
per surface layers.

2. Results and Discussion

Our low-temperature synthesis of wafer-scale CrTe, on SiO,
(300 nm)/Si is realized with the assistance of H,/Ar plasma
(Figure 1a). We first deposited a 1-3 nm thick layer of Cr on the
substrate using magnetron sputtering as a seed layer. Consider-
ing the instability of H, Te gas, we chose Te powders as tellurium
precursors. Previously, Ahn et al. reported the formation of ion-
ized H;S* ions during their PECVD synthesis of MoS,.[?* In the
process of our PECVD, it is inferred that Te may react with ion-
ized H,/Ar plasma first to form H,Te* ions as we can see the
color of plasma changing from pink to bright white during the
process. We further find that CrTe, cannot be synthesized below
400 °Cifno H, /Ar plasma is involved. Thus, the generated H, Te*
ions activate Cr atoms and react with them to form CrTe,. The
detailed Experimental Section are shown in Experimental Sec-
tion and Figure S1 (Supporting Information). By this method,
smooth and uniform wafer-scale CrTe, films (Figure 1c) can be
easily produced. As revealed by the atomic force microscopy mea-
surement, when the thickness of the Cr seed layer is 1, 2, and
3 nm, the thickness of as-grown CrTe, is ~3.8, 7.3, and 11 nm,
respectively (Figure S2, Supporting Information). This relation-
ship of thickness between the Cr seed layer and 1T-CrTe, film can
be deduced from the atomic radius of the Cr atom. It is assumed
that all Cr atoms of a 1 nm film stack in bce structure, the lattice
constant a can be calculated by the equation: a = 4%. The atomic

radius of Cr in crystals is 140 pm,/?! hence the lattice constant a
is 323.3 pm. In other words, there should be 7 layers of Cr in
a 1 nm film that transformed into 7L 1T-CrTe,. However, since
the deposited Cr films are generally amorphous and the atomic
stacking is much less compact than the bee stacking, the actual
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1T-CrTe, film we obtained is thinner than the theoretical value.
In our work, ~6L of 1T-CrTe, can be obtained from 1 nm Cr film.

We characterize the atomic arrangement structures of the syn-
thesized CrTe, films. The Raman spectra (Figure 1d) collected
at 16 different points across the 2-inch CrTe, thin film displays
two prominent peaks, i.e., 121.5 cm™" for E,, vibration mode
and 141.3 cm™ for A,, vibration mode. The Raman peaks of
CVD-grown 1T-CrTe, flakes were reported at 123 cm™" (E,,) and
143 cm™ (A,,).”% In the case of exfoliated 1T-CrTe, flakes with-
out h-BN encapsulation, the Raman peaks were at 125.5 cm™!
(E;g) and 145 cm™ (A,,).I"") Further, the two Raman peaks of
freshly exfoliated or sealed flakes were observed at 102 cm™" (E,,)
and 134 cm™ (A,,), which were shifted to 126 cm™ (E,,) and
142 cm™ (A,,) after one week of exposure to air.*%l Therefore, the
Raman features of our sample confirm the formation of uniform
1T phase of the as-grown CrTe, films, and the samples may be
partially oxidized due to exposure to the ambient environment.
The XRD patterns for our PECVD-synthesized 1T-CrTe, film
(Figure S3, Supporting Information) with peaks at 20 = 29.8° cor-
respond to the (0 0 2) diffraction. The d spacing is 5.996 A as cal-
culated based on the Bragg equation, which agrees with the pre-
vious reports.l??’] For the wafer-scale 1T-CrTe, film, we also cap-
ture streaky reflection high-energy electron diffraction (RHEED)
patterns (Figure S11, Supporting Information) from any direc-
tion, which indicates the polycrystalline structure of our sample.
Auger Electron Spectroscopy (AES) technique is a powerful tech-
nique for 2D materials study,[?®?] which can determine the com-
position and distribution of elements in atomic-thick 2D materi-
als. The AES element analysis of our 1T-CrTe, sample (Figure 1e)
gives the Te: Cr concentration ratio of ~2:1. We also detect an
O signal by the AES, which is due to the adsorption of oxygen
atoms on the surface and the oxidation of the 1T-CrTe, surface
when the sample was exposed to the air as addressed below. An
aberration-corrected scanning transmission electron microscope
(ac-STEM) was further used to characterize the atomic structure
of the CrTe, films as shown in Figure 1f,g. Since the Te atom
has a higher atomic number than the Cr atom, Te atoms have
a brighter contrast in the images. The atomic resolution STEM-
HAADF image shows each Cr atom is surrounded with six Te
atoms arranged into a hexagonal lattice with the lattice param-
eters of a = b = 3.80 A, consistent with the atomic configura-
tion of 1T phase.[?)] The cross-sectional image of 1T-CrTe, sub-
stantiates a regular layered structure (Figure 1h), and the energy-
dispersive X-ray spectroscopy (EDX) (Figure S4, Supporting In-
formation) indicates the homogeneous distribution of Cr atoms
and Te atoms with Te/Cr ratio of ~2:1.

We investigate the plasma power and temperature effects on
the synthesis of 1T-CrTe, films to achieve precise control over
the synthesis process. First, CrTe, films were synthesized at the
same temperature but with different plasma powers of 50, 150,
and 300 W and analyzed by the AES Profile technique (see Exper-
imental Section for more details). The distribution of samples’
atomic concentrations as a function of depth can be obtained us-
ing the AES Profile technique. Disregarding electron beam irra-
diation damage, the relative ratio of Te atoms to Cr atoms should
be 2 in any detective depth theoretically. Figure 2a shows the ra-
tio of Te/Cr at different depths of the samples, which can reflect
the reaction degree between the Te and Cr atoms. It is found that
Te atoms could react with Cr atoms as long as the plasma power
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Figure 1. Wafer-scale synthesis of 1T-CrTe, thin films by PECVD. a) Schematic illustration of the synthesis process of 1T-CrTe,. b) Top and side views of
the atom arrangement in 1T-CrTe, crystal structure. c) Photograph of wafer-scale 1T-CrTe, film synthesized on a 2-inch SiO,/Si substrate. The inset is
the optical microscope image of as-grown 1T-CrTe,. d) Raman spectra of 16 different points on a 2-inch 1T-CrTe, sample. The 16 collected points with
different colors are shown in (c). e) AES spectrum of the 1T-CrTe, sample. f) Atomic resolution STEM high-angle annular dark-field (HAADF) image,
and g) the corresponding inverse FFT (IFFT) image. The green dots represent Te atoms, and the yellow dots represent Cr atoms. h) STEM image of the

1T-CrTe, viewed in cross-section.
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Figure 2. 1T-CrTe, films synthesized at different conditions by PECVD. a) Te/Cr atomic ratio and b) Raman spectra of the corresponding 1T-CrTe,
synthesized with different plasma powers at 370 °C. c) Te/Cr atomic ratio and d) Raman spectra of corresponding 1T-CrTe, synthesized at different
temperatures with 300 W. e,f) AES spectra to varying depths of the 1T-CrTe, synthesized at (e) 370 °C, 300 W and f) 350 °C, 300 W.

was not zero, and the Te/Cr ratio is close to 1.9:1. When the ac-
cumulation of etching time reaches 2 min, the ratio of Te/Cr has
a significant deviation from 2:1, because the sample was almost
etched away, and the structure of CrTe, may be destroyed by the
long-time exposure to Ar ion. The full width at half maximum
(FWHM)[3%31] and intensity!®?! of the Raman spectrum are indi-
cators for crystalline quality; the smaller FWHM and higher in-
tensity represent better crystalline quality. As shown in Figure 2b,
we collect a series of Raman spectra in the same test conditions
to reveal the relationship between crystalline quality and plasma
power. The FWHM of each Raman spectrum in Figure 2b is cal-
culatedas 13.1cm ™! for 50 W, 12.6 cm™~ for 150 W, and 11.7 cm™*
for 300 W, respectively. Moreover, the Raman intensity of each
spectrum increases monotonously with the increase of plasma
power. All these results indicate that H, /Ar plasma could reduce
the reaction barrier and promote the reaction of Cr and Te atoms
to obtain a better crystalline quality. Second, we synthesized 1T-
CrTe, films at different temperatures (330, 350, 370, and 390 °C)
with the same plasma power of 300 W. As found in Figure 2¢,d,
the samples synthesized at 330 and 370 °C have a relatively con-
sistent Te/Cr atomic ratio except the oxidized surface layers (cor-
responding to sputter time of 0-0.2 min), and the ratio is close
to 2:1, while the atomic ratio of the samples synthesized at 350
°C and 390 °C is close to 1.8:1. It can be derived from the Ra-
man spectra that the FWHMs are 14.1 cm™! for 330 °C, 12.9 cm™!
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for 350 °C, 12.4 cm™! for 370 °C, and 13.6 cm™! for 390 °C, re-
spectively, and the intensity of E,, or A, increases first and then
decreases with the increase of the synthesis temperature. Among
them, the 1T-CrTe, samples synthesized at 370 °C have the small-
est FWHM and highest intensity of the Raman spectrum, indi-
cating the best crystalline quality. Although the Te/Cr atomic ra-
tio of the samples synthesized at 330 °C is very close to 2:1, the
large FWHM and weak Raman peak intensity indicate it is more
likely to an amorphous structure rather than a highly crystalline
structure. Moreover, we surprisingly find that the 1T- CrTe, film
synthesized at 370 °C with 300 W has negligible oxygen content
inside the sample as observed on the weak O KLL signal in the
AES spectra (Figure 2e). In contrast, the O KLL signal is intensive
in the 1T-CrTe, film synthesized at 350 °C and 300 W (Figure 2f).
These results indicate higher synthesis temperature could facili-
tate the formation of 1T-CrTe, and exorcise oxygen in samples.
To study the role of the O atoms in the synthesis of CrTe,, we
deliberately terminate the reaction process and investigate the
compositions of the sample. As observed on Figure 3, the etch-
ing of the sample by Ar ions for 0.4 min removed the O atoms
on the surface (Figure 3a,d) but could not completely etch away
the CrTe, (Figure 3b,c). Although further etching another 0.8 min
removed the CrTe, layer (Figure 3c), strong Cr LMM and O KLL
signals are observed (Figure 3b,d). This suggests the co-existence
of O and Cr but without Te in the sample after etching for 1.2 min,
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Figure 3. Profile elemental distributions of incompletely reacted 1T-CrTe, sample. a) SEM image of the CrTe, surface and the step etched by Ar ions.
b) Cr LMM Auger electron mapping. c) Te MNN Auger electron mapping. d) O KLL Auger electron mapping.

i.e., the oxidization of the Cr layer occurred prior to tellurization
(Figure 3d). These results indicate that Te and O coexist to form
CrO, Te, at the initial stage of the reaction and as the reaction pro-
gresses, O atoms are gradually replaced by Te atoms, and finally,
CrTe, is formed. In addition, we perform an AES depth profile
of the Cr seed layer, and the results show that the O atoms do
come from the oxidation of the Cr layer rather than the SiO,/Si
substrate (Figure S5, Supporting Information). Previously, Liang
et al. used AES to study the intermediate process of MoS, grown
by a CVD method.[*}] Their results showed that O and S coex-
isted in the sample at the initial nucleation stage and the O sig-
nal disappeared when the reaction was over. Based on the above
results and considering the Cr layer is easily oxidized as exposed
to air, the seed layer for our synthesis could be CrO,. Therefore,
the mechanism for synthesizing 1T-CrTe, using PECVD is as fol-
lows: 1) H, /Ar plasma controls the reaction by reducing reaction
temperature. Without plasma assistance, Cr and Te do not react
below 400 °C (Figure S6, Supporting Information). 2) The H, /Ar
plasma activates both the Te powder to first form H,Te* and the
CrO,. 3) The CrO, seeding layer is first tellurized into the inter-
mediate state of CrO,Te, and finally becomes CrTe,, accompa-
nied by the generation of by-product H,O.

We measure M-H loops of our as-synthesized 1T-CrTe, films
using SQUID-VSM under magnetic fields parallel and vertical
to the c-axis of the film. Figure 4a,b illustrate the M-H curves of
~7 nm and ~11 nm thick 1T-CrTe, films under 5, 100, 150, and
300 K, respectively. The two samples exhibit colossal out-of-plane
magnetic moments but feeble in-plane moments. Moreover, the
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room-temperature magnetic features are observed on both sam-
ples. Surprisingly, a striking step-like feature is presented in the
M-H curves when the measured temperature is below 100 K.
Previously, a similar but weak phenomenon in the CVD-grown
1T-CrTe, crystals was observed, which was attributed to a com-
plex magnetic domain structure.*”! Such step-like features were
also observed on some other systems with labyrinthine magnetic
domains.[”3*37] In our results (Figure 4a,b, dark blue and dark
red M-H curves at 5 K), once the out-of-plane field switches from
+0 T to —0.5 T, some moments sensitively start canting, which
leads to a decrease in magnetization. In comparison, the remain-
ing moments switch their directions until the field reaches ~1.2
T, and vice versa. It’s also noticed that when the magnetic field
is vertical to the c-axis, the M-H curves are faint, and the values
of M are far less than those at the field parallel to the c-axis. We
further fabricate Hall bar devices of the 1T-CrTe, film for elec-
trical transport measurement at 10 K, 100 K, and room tempera-
ture (RT) to prove the perpendicular magnetic anisotropy (PMA).
The square R,y signal (shown in Figure S12b, Supporting In-
formation) is clearly observed at 10 and 100 K, which strongly
demonstrates the PMA. However, the RT R,y signal is not as
clear as those at lower temperatures. This phenomenon may be
ascribed to the degradation of the 1T-CrTe, incurred by the Hall
bar device fabrication process. Furthermore, the step-like mag-
netic transition is surface-sensitive. Besides the oxygen influ-
ence on the 1T- CrTe, top surface layers, the fabrication of the
Au/Ti electrodes on the top surface of the CrTe, may damage the
surface layers of 1T-CrTe,. We will address the origins of such
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Figure 4. Magnetic properties of 1T-CrTe, films grown by PECVD. a,b) Magnetic hysteresis loops for 1T-CrTe, films with thickness of ~7 nm (a) and
~11 nm (b) under the magnetic field parallel and vertical to the c-axis, respectively. c,d) M-T curves under an out-of-plane magnetic field of 2 T for

(c) 1T-CrTe, /SiO,/Si sample, SiO,/Si substrate, and (d) 1T-CrTe, film.

observation by performing DFT calculations later. Figure 4c,d
and Figure S13 (Supporting Information) display the magnetiza-
tion versus temperature (M-T) curves under an out-of-plane mag-
netic field of 2 T for the 11 nm 1T-CrTe, film. The cooling pro-
cess was conducted under zero field. Because the diamagnetic
SiO, (300 nm)/Si (400 um) substrate is much thicker than the
CrTe, film, the signal of the CrTe, /SiO, /Si sample is diamagnetic
(Figure 4c). We measured the M-T curve of a pure SiO,/Si sub-
strate (Figure 4c) to obtain the real magnetic signal of 1T-CrTe,
(Figure 4d). It is found that the magnetization first increases and
then decreases with the decrease in temperature, which is the
character of antiferromagnetic orders. However, it is undeniable
that the peak on the M-T curve is not sharp enough to define the
Neel temperature, which indicates only part of the magnetic or-
der exhibits antiferromagnetism.

We perform DFT calculations to elucidate the origin of oxida-
tion in the synthesized 1T-CrTe, layers. The dissociative adsorp-
tion of O,, a critical step in oxidization-related material degra-
dation, is exothermic, releasing a piece of energy of 0.06 eV
per O atom on the 1T-CrTe, surface. This differs from the en-
dothermic adsorption observed on the CrSe, surface,®! suggest-
ing that the subsequent oxidation reactions will occur sponta-
neously at finite temperatures. Given the high oxidation ratio of
~10%, predominantly observed on the 1T-CrTe, surface in our
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experiments (Figures le and 2e), we further investigate the ex-
tent of oxidation in the top two surface layers of the few-layer
1T-CrTe,. For simplicity, we focus on a 6L 1T-CrTe, model, the
thinnest 1T-CrTe, film available in our experiments. The forma-
tion enthalpies of various oxidization configurations of 6L 1T-
CrTe, are presented in Figures 5a and S8 (Supporting Infor-
mation). Among all configurations considered, the O, substi-
tutional impurity (CrTe,,O,) is the most energetically favorable.
Our calculations indicate that the Oy, substitutional impurity is
prone to occur in the surface layers rather than the bulk layers,
consistent with our AES results that predominately detected O
KLL signals from the surface layers. Substituted Te atoms have
a tendency to intercalate at the vdW gap (CrTe, O, Te,), with a
negative formation entropy of —1.75 eV.

Incorporating the Oy, substitutional impurity and/or the Te
intercalation offers a potential route to modulate the magnetic
properties of 1T-CrTe,. The interlayer magnetic coupling of 1T-
CrTe, is dominated by the competition among Pauli repulsion,
Coulomb repulsion, and kinetic energy in vdW gaps.*®3% In a
multilayered 1T-CrTe, system, the surface layer is attracted by
dispersion forces in only one direction, resulting in a 0.2 A short-
ened interlayer distance between the top two surface layers. The
0.2 A reduction in the interlayer distance between the two upper
surface layers enhances the Pauli repulsion, favoring interlayer
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Figure 5. Oxidation influence on magnetism of few-layer 1T-CrTe,. a) Enthalpies of formation for the O intercalations, antisite defects Oy, and Te
intercalations resulting from Te atoms escaping from O-occupied Te sites. b—d) Schematic representations of interlayer magnetic orders, including (b)
FM, (c) FiM, and (d) AFM are depicted. e) Relative total energies of the FM (red rectangles), FiM (blue triangles), and interlayer AFM (green circles)
orders of 6L 1T-CrTe, with different types of oxidation defects. The reference zero is chosen as the energies of the FM order. f~h) Angular dependence
of the calculated MAE of 6L 1T-CrTe, (f) and 1T-CrTe, with different types of oxidation defects. Here, 6 and ¢ correspond to the angles between the
magnetization direction and the z and x axes, respectively. A step size of 10° was used in our calculations. The total energy of the Cr moment oriented

to the easy axis direction was chosen as the zero-energy reference.

antiferromagnetic coupling between the surface layers®! and
causing ferrimagnetism (FiM). As shown in Figure 5¢, the FiM
state remains the magnetic ground state even with O substitution
or Te intercalation (corresponding to CrTe, O, and CrTe, O, Te,).
However, in the presence of only Oy, substitutional impurity
without Te intercalations, the FM order (Figure 5b) becomes the
magnetic ground state. Figure 5e reveals that the values of rel-
ative energies between the FM and interlayer AFM or FiM or-
ders increase by at least twofold following oxidation, indicating
a substantial enhancement in interlayer spin exchange coupling.
Moreover, the antiferromagnetic coupled magnetic moments of
the surface and bulk layers do not flip synchronously in a mag-
netic field, resulting in the appearance of a step-like feature ob-
served in our M-H curves.

Additionally, the oxidation-introduced O, substitutional im-
purity and/or Te intercalation can profoundly change the elec-
tronic state occupation near the Fermi level, thereby modifying
the magnetic anisotropic energies and the direction of the mag-
netic easy axis.***?l As shown in Figure 5f, in pristine 6L 1T-
CrTe,, the magnetic moments predominately align along the y
direction, consistent with the bulk CrTe, behavior. However, O
substitution in 1T-CrTe,, either without (CrTe,,O,) or with Te
intercalation (CrTe,,O,Te,), causes the magnetic moment to tilt
~70° or 60° off the z-axis (Figure 5g,h). These tilted magnetic
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moments result in a spin-flop transition under small critical
magnetic fields, giving rise to a noncollinear spin texture in 1T-
CrTe,.I**] Since the oxidation preferentially occurs at the surface,
the high concentration of O substitution could prevent further
oxidation from O atoms penetrating deeper into the bulk lay-
ers, allowing the intrinsic magnetic characteristics of 1T-CrTe,
in thicker layers to prevail. Consequently, the easy axis direc-
tion in thicker samples is prone to orient in the in-plane y
direction.*!

3. Conclusion

In summary, we have demonstrated the synthesis of wafer-scale
uniform 1T-CrTe, films in a cost-effective PECVD method, which
significantly reduces synthesis temperature to less than 400 °C,
compatible with the fabrication of BEOL (back-end-of-the-line)
devices of Si-COMS technologies. We have found that Te and O
coexisted to form CrO,Te, at the initial reaction stage, which fi-
nally transformed into 1T-CrTe,. The 1T-CrTe, films exhibit per-
pendicular magnetic anisotropy and special step-like magnetic
transition features. Our DFT calculations have shown that the
surface oxidation in 1T-CrTe, films has a great influence on mag-
netic anisotropy and the special FiM magnetic ground state may
be the origin of the observed step-like characters. This unique
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magnetic order as observed on our wafer-scale 1T-CrTe, films
provides opportunities to understand the magnetic properties of
2D magnetic materials and apply for novel spintronic devices.
Also, our study suggests that it is necessary to further explore
approaches to mitigate degradation of the intrinsic magnetic
properties or modify the magnetic properties of the materials so
that these materials are more in line with the actual application
scenarios.

4. Experimental Section

PECVD Synthesis of 1T-CrTe,: A Cr seed layer of 0.6-3.0 nm was de-
posited on a 2-inch SiO, (300 nm)/Si substrate by magnetron sputtering
regarded as the Cr source, and tellurium (Te, 99.999%, SCR) powder was
used as the Te source. To remove impurities from the PECVD system, the
process chamber was purged with Ar for 3 times following gas cleaning
with 100 sccm Ar for 10 min after loading Cr/SiO,/Si substrate. Next, the
process chamber was warmed up to 110 °C and hold for 10 min to fur-
ther remove residual H,O. Then, the substrate was heated to the designed
temperature, saying 370 °C, within 15 min under an Ar atmosphere. After
that, 25 sccm H, and 15 sccm Ar were introduced into the chamber, and
plasma was generated at various powers for 120 min to tellurize the Cr
seed layer completely. After the reaction, the chamber was quickly cooled
to room temperature under an Ar atmosphere.

Sample Characterizations: The Raman spectra were performed using
a Renishaw InVia system under 532 nm laser excitation at room temper-
ature. Powder XRD experiments were performed by the Shimadzu XRD-
700 diffractometer using Cu Ka radiation (4 = 0.15418 nm) at room tem-
perature with a voltage of 40 kV and a current of 40 mA. The AES mea-
surements were carried out with a scanning Auger electron spectroscope
ULVAC-PHI 710, and the voltage of the primary electron beam was 5 kV.
Please note that AES may cause irradiation damage to samples which de-
pends on electron beam energy and exposure dose.l?844 Empirically, the
primary electron beam energy should be 10 times to the measured Auger
electron energy. Consequently, all the AES spectra of the samples were ac-
quired with a primary electron beam of 5 kV to minimize the irradiation
damage and ensure the accuracy of the data. The equipped Ar ion gun
with a voltage of 1 kV was used for depth profile in the scanning Auger
electron spectroscope. The AES Profile technique operated as follows: Ar
ion with the voltage of 1 kV was used to etch CrTe, samples first, and ev-
ery single etching time was set to 0.2 min. Then AES multiplex spectrum
was collected, and the Te/Cr atomic ratio was calculated after each col-
lection. The XPS measurement was performed by ThermoFisher SCIEN-
TIFIC ESCALAB Xi+ equipped with a monochromatic Al Ka X-ray source
(hv = 1486.6 eV). The sample’s morphology was observed by a spheri-
cal aberration-corrected transmission microscope (Tian G2 60-300, FEI).
Quantum Design MPMS3 obtained temperature-dependent magnetiza-
tion hysteresis loops. The PECVD-synthesized CrTe, sample was preserved
in N, gas during transportation and tested in the MPMS system as quickly
as possible to avoid possible degradation. The MBE-RHEED system was
used for RHEED measurement. RHEED measurement was conducted us-
ing a 14 keV electron gun after baking pretreatment. The electrical trans-
port measurements of the Hall bar device were performed in a Quantum
Design physical properties measurement system (PPMS) in a Hall bar con-
figuration with lateral dimensions of 100 um x 500 um.

Computational Methods: The calculations were performed using
the generalized gradient approximation and projector augmented-wave
method!*’] as implemented in the Vienna ab-initio simulation package.[46]
A uniform Monkhorst—Pack k mesh of 21 x 21 x 1 was adopted for in-
tegration over the Brillouin zone. A kinetic energy cutoff of 700 eV and
600 eV for the plane-wave basis set was used for the structural relaxation
and electronic structure calculations, respectively. A sufficiently large vac-
uum layer over 20 A along the out-of-plane direction was adopted to elim-
inate the interaction among layers. Dispersion correction was performed
at the vdW-DF level,[’] with the optB86b functional for the exchange
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potential,[®] which was proven to be accurate in describing the structural
properties of layered materials.3%#34% and was adopted for structural-
related calculations in this study. The lattice of pristine few-layer 1T-CrTe,
was adopted and kept fixed during the structure relaxation process. All
atoms were allowed to relax until the residual force per atom was less
than 0.01 eV A=" in the calculations when considering different oxidation
configurations. To compare energy among different magnetic configura-
tions, the PBE functional.’®l was used based on the vdW-DF-optimised
atomic structures. The on-site Coulomb interaction to the Cr d orbitals
had U and J values of 2.0 and 0.6 eV, respectively, as revealed by a linear
response method!®' and comparison with the results of HSE06.[°2] These
values were comparable to those adopted in modeling Crls,[4 CrS,,[53]
and CrSe,.383%] The role of U values on the predicted magnetic ground
state and the logic of choosing a proper U value are discussed elsewhere.
The magnetic easy axis was identified using the Renmin Magnetic Easy
Axis Finder (ReMEAF) toolkit,!>*] which utilizes the simulated annealing
algorithm and invokes VASP to determine the global easy-axis orientation.
MAEs were calculated for certain angles and used linear interpolation to
generate the continuous plots. Formation enthalpies of CrTe, with differ-
ent types of oxidation defect configurations are calculated using the total
energy method defined as Equation (1):

AHpom = Eameaso = Eqrea =M X pr, =N X o (M

where pp, and pg are the chemical potential of the added Te and O atoms
to form the oxidated CrTe,. The formation enthalpy (Hgo,,) of the CrTe,
with oxidation is plotted as a function of Te chemical potential in Figure 5a.
The value of x in CrTe,Ox was set to 0.16 in the calculations, correspond-
ing to an oxidation rate of #16%. This is consistent with the experimental
observed over 10% oxygen content in the sample. Oxidation was confined
to the top two layers of the 1T-CrTe, films in the calculations results shown
in Figure 5. This assumption aligns with calculated the formation energies
(Figure S8, Supporting Information) and experimental findings, where ox-
idation was most pronounced at the surface. Oxidation concentration, ox-
idation distribution, and number of layers used in the calculation models
do not qualitatively change our conclusions (Figures S9, S10, Supporting
Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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