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Differentiating Polymorphs in Molybdenum Disulfide via

Electron Microscopy
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The presence of rich polymorphs and stacking polytypes in molybdenum
disulfide (MoS,) endows it with a diverse range of electrical, catalytic,
optical, and magnetic properties. This has stimulated a lot of interest in
the unique properties associated with each polymorph. Most techniques
used for polymorph identification in MoS, are macroscopic techniques
that sample averaged properties due to their limited spatial resolution. A
reliable way of differentiating the atomic structure of different polymorphs
is needed in order to understand their growth dynamics and establish the
correlation between structure and properties. Herein, the use of electron
microscopy for identifying the atomic structures of several important
polymorphs in MoS,, some of which are the subjects of mistaken assign-
ment in the literature, is discussed. In particular, scanning transmission
electron microscopy-annular dark field imaging has emerged as the most
effective and reliable approach for identifying the different phases in MoS,
and other 2D materials because its images can be directly correlated to
the atomic structures. Examples of the identification of polymorphs grown

is stacked with respect to the Mo layer in
one unit cell, makes them structurally dis-
tinct (Figure 1a). The intralayer stacking
sequence also determines the splitting
of degenerate d bands, leading to a dif-
ferent progressive filling of nonbonding d
bands, and thus distinct electronic prop-
erties.>!% Adding to these is another
degree of freedom by adopting different
interlayer stacking sequences between
individual S-Mo-S layers in multilayer
MoS,. Multilayer 1H phase MoS, exhibits
a variety of stacking polytypes, such
as 2H and 3R when the interlayer stacking
orders follow the AA” and ABC sequence,
respectively (Figure 1b). Note that bilayer
3R-stacked MoS, shows the AB stacking
sequence, whereas trilayer follows the
ABC sequence. Unlike 2H, 3R-MoS,
does not have inversion symmetry, thus

under different conditions in molecular beam epitaxy or chemical vapor
deposition, for example, 3R, 1T, 1T'-phases, and 1T’-edges, are presented,
including their atomic structures, fascinating properties, growth methods,

and corresponding thermodynamic stabilities.

1. Introduction

MoS, manifests in a wide range of polymorphs, the most
common among them include semiconducting 1H-MoS,,!'=%!
semimetallic 1T"-MoS,,* and metallic 1T-MoS,,”# in which
their different intralayer stacking order, that is, how the S layer
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3R can be distinguished from 2H by
second harmonic generation.!''12 Despite
theoretical predictions of unique proper-
ties in the 1T and 1T” polymorphs such as
ferromagnetism,!'3l Weyl semimetallicity,'
and superconductivity,"”! the realization
of these properties is hampered by the
considerable difficulty to grow macroscopically large MoS,
crystals of polymorphs other than the prevalent H phase. The
metastability of the 1T and 1T” phases also mean they degrade
rapidly under ambient conditions,! making their identification
challenging. Differentiating the various polymorphs is the first
step to understand the structure-dependent properties of MoS,.
With the advent of the spherical aberration corrector and cold
field emission gun,l'®7] the spatial resolution of conventional
transmission electron microscopy (TEM) and scanning TEM
(STEM) at low accelerating voltage has reached the sub-ang-
strom level in recent years.l'”] The collected STEM-annular dark
field (ADF) integrated intensity for one atom column oriented
along the electron beam direction varies with atomic number Z
as =Z"711% and for monolayer and bilayer materials it is also
approximately linear with the number of atoms contained in a
column. Therefore, the atom packing information along the
z-axis of a specific stacking polytype in few-layer MoS, is inti-
mately tied to its STEM image contrast,['®l making STEM a pow-
erful characterization tool for investigating the polymorphs and
stacking polytypes in mono- and multilayer MoS, films.[26.12]
Here, we discuss recent progress made on the growth and
identification of various polymorphs of MoS,. The advan-
tages of employing STEM-ADF for the phase identification of
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mono- and few-layer Mo$S, are presented, with emphasis on the
pitfalls to avoid.

2. Identification of MoS, Polymorphs and Stacking
Polytypes by Aberration-Corrected STEM

2.1. Atomic Structures of Various Polymorphs in MoS,

In monolayer 1H and 1T-phase MoS, (Figure 2a,b), each indi-
vidual layer consists of three atomic planes (S-Mo-S), the top and
bottom planes being sulfur atom planes with Pg,,, wallpaper group
symmetry, with the sandwiched Mo atom plane sharing the same
planar symmetry.”1% The intralayer stacking order in 1H-MoS,
and 1T-MoS, takes AbA and AbC stacking sequences, respec-
tively. 1T-MoS, is dynamically unstable, and it undergoes a Peierls
distortion to reduce the dimensionally of the 2D system into three
equivalent 1D zigzag (ZZ) chains, giving rise to the so-called
distorted 1T phase (Figure 2c), denoted as 1T” or ZT phase.l*®l
Various stacking polytypes have been documented in multilayer
H-phase MoS,, such as 2H and 3R (Figure 2d—f), which follows
the AA’, AB, or ABC sequences, respectively.”'% Note that the
prime symbol represents the mirror symmetry. Few reports have
discussed the stacking polytypes induced by the stacking of 1T or
1T’ phases, presumably due to their poor stability.”!

2.2. Polymorph Identification via High-Resolution TEM
(HRTEM) and Selected Area Electron Diffraction (SAED)

HRTEM and SAED images are both acquired with a parallel
incident electron beam. The HRTEM image, or the phase con-
trast image, is recorded from the real space intensity of the
electron wave modulated by the sample and microscope objec-
tive lens. Its real space contrast varies when sample thickness
and objective lens aberrations such as defocus and spherical
aberration change.'! Therefore, the bright and dark blobs in
the HRTEM images of MoS, are sometimes mistaken for atom
columns and interstices, respectively.? Although the sample
structure could be deciphered via multislice simulation?!! or
exit wave reconstruction,?223l the high time consumption of
this technique limits its application in static structure analysis.
SAED records the far field electron intensity diffracted from
the region with dimensions in the range of hundreds of nano-
meters, and it could be approximated as the squared magnitude
of the Fourier transform of the electron exit wave function.*l
More direct structure information could be acquired via SAED
compared to HRTEM due to the elimination of the objective
lens transfer function but at the sacrifice of spatial resolution.
However, the Bragg peak intensities are modulated not just
by lattice spacing but also by the surface profiles of the mate-
rial,?>2% which increases the difficulties in differentiating poly-
morphs in 2D materials via HRTEM and SAED.[20?7]

2.3. Polymorph Identification via STEM-ADF
The STEM-ADF imaging technique utilizes the converged

electron beam to reveal the localized atomic structure.?8] The
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integration of elastic and inelastic scattered electrons on the
STEM-ADF detector cancels the transverse and longitudinal
coherency of the electron beam.*’l The contrast of STEM-ADF
is named as incoherent Z contrast,?%3! in which elemental and
structural information can be revealed simultaneously. There-
fore, the Z-atom information of MoS, can be directly translated
into the contrast in STEM-ADF images, making it a powerful
characterization tool for uncovering the structure of 2D mate-
rials. In addition, varying the defocus value of the objective lens
to converge the electron beam at different depths, localized 3D
information on material structure can be potentially resolved
via 3D depth sectioning.*

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Atomic structures of various polymorphs in MoS,. Atomic models of: a) monolayer 1H, 1T, 1T’, and b) bilayer 2H, 3R, and trilayer 3R-stacked
MoS,, respectively. The side views and perspective views are depicted in the lower and right panels, respectively.

DT TS AAA
.

Experiments

c

L

=

=

:

(7]
T EEE S R AR R K
2920990292009 0900
PO 9990239309099 0
» 99 e e o'
> 0 W @R v

& ® o 0000 00

8 e e e

= |

S | Mo Mo Mo Mo [ Mo Mo [ Mo+S, Mo+S, Mo+, Mo+S,

8 | A \ A S,+Mo S,+Mo e 4

Q — 2 [ 2

| [ . — Mo Mo

2 |s s N H I

£ | X R H s, /[\/]\S

2 s s s s s s /iliss 2

Q | ¢ - ' VA —

b L ao— -~ - | I [ S ———— Y SR ————— R T

[ =S Y] 02 04 086 08 00 02 04 06 08 1.0 00 02 04 06 08 10 0.0 0.2 04 06 08 00 02 04 06 08 10

Figure 2. Atomic-resolution STEM-ADF images of monolayer: a) 1H, b) 1T, ¢)1T’, d) bilayer 2H (AA’), e) bilayer 3R (AB)-stacked, and f) trilayer 3R
(ABC)-stacked MoS,. Corresponding simulation results overlaid with atomic models are displayed in the lower panels. The intensity line profiles of each
atomic model from the yellow dashed lines are depicted below. The unit is nm in all line profiles. The digits stand for the number of MoS, layers in the
unit cell, and the letters indicate the crystal family where H stands for hexagonal, T stands for trigonal, and R stands for rhombohedral, respectively.
Note that bilayer 3R represents the AB stacking order. Scale bars: 0.5 nm. a) Adapted with permission.’®l Copyright 2016, Wiley-VCH. b) Adapted with
permission.l?®l Copyright 2016, American Chemical Society. c) Adapted with permission.l®l Copyright 2016, American Chemical Society. d—f) Adapted
with permission.'2l Copyright 2018, Wiley-VCH.
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2.4. Applications to Phase Identification of MoS,

Monolayer 1T- and 1H-MoS, can be directly distinguished by
the intensity of sulfur atom columns in the STEM-ADF image.
In Figure 2a,b, experimental and simulated STEM-ADF images
of both phases are shown, and the corresponding atom col-
umns are marked. Due to the overlap of the two sulfur atoms
in the 1H phase along the beam direction, the intensity of the
atom column containing the S dimer in the simulated 1H phase
image is doubled compared to that in 1T phase image as veri-
fied by the intensity line profiles. It is often difficult to resolve
single sulfur atoms in the 1T phasel®** due to surface contami-
nation, and/or a nonlinear relationship between the image
intensity and number of collected electrons, particularly when
a high contrast is employed for visualizing 2D materials.’* To
enhance the contrast of the S monolayers in 1T-MoS,, a lower
accelerating voltage and use of the medium angle annular dark
field (MAADF) detector for imaging is recommended.

In the 1H phase, two layers of sulfur form an eclipsed con-
figuration and the atom column contains two S atoms which
form a dimerlike structure, which can be easily seen by
STEM. This contrasts with the staggered configuration of the
two S atoms in the 1T phase, each atom column containing
one sulfur atom which can hardly be seen by STEM.[26:333% In
multilayer films however, the presence of “stacking polytypes”
complicates the polymorph identification. This is because the
STEM image is basically a projected 2D image from a 3D struc-
ture. For example, the bilayer AA-stacked 1T film shares exactly
the same STEM image as a bilayer AB’-stacked 1H film.[*%l

A STEM-ADF image of the 1T"-MoS, phase shows distinctive
Mo zigzag chains (Figure 2c) where periodic in-plane S-S contrac-
tion and elongation is found, as shown in the intensity line pro-
file. In addition, (2 x 1) superspots appear in the corresponding
fast Fourier transform (FFT) pattern regardless of the sample
thickness. Although bilayer 2H-MoS, (Figure 2d) and monolayer
1H-MoS, (Figure 2a) share similar projected atomic structure, the
intensity of Mo and S, atom blobs in the honeycomb of 1H-MoS,
(Figure 2a) reveals a discernible intensity variation while the cor-
responding intensity variations of Mo+S, and S)+Mo atom blobs
in bilayer-MoS, (Figure 2d) are quite similar. Bilayer 3R-stacked
MoS, (Figure 2e) can be distinguished by the appearance of
weak spots in the center of each hexagon, compared to 2H.[237]
Although there are similarities between the projected atomic
patterns of 1T-MoS, and bilayer 3R-MoS,, the intensity of the
three atom column spots in bilayer 3R-MoS, are well resolved.
For example, the intensities of Mo+S,, Mo, and S, atom blobs in
each unit cell reveal a decreasing contrast, whereas the contrast of
the two S monomers in the 1T phase is equal and much weaker
than that of the Mo atom, hence could be easily buried in the
background intensity (Figure 2d,e). In trilayer 3R-MoS, all atom
columns contain an equivalent number of atoms, that is, Mo+S,,
therefore no discernible contrast variations could be found in
trilayer 3R-MoS, among all atom blobs (Figure 2f).

2.5. Commonly Encountered Challenges in STEM-ADF Analysis
In this section, we will discuss the commonly encountered chal-

lenges on phase differentiation of MoS, via STEM-ADF imaging.
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2.5.1. STEM-ADF Imaging with Low Signal-to-Noise (S/N) Ratio

The S/N ratio of the STEM image can be degraded by random
Poisson noisel®*®! and scanning noise®! during the image cap-
ture. In addition, surface contamination!*? as well as any under-
lying thin carbon filmM*!I reduce the S/N ratio. In many reports,
the assignment of 1T-MoS; has been made on the basis of the
absence of the S dimer, however, the S dimer in 1H-MoS, is
sometimes obscured by contamination!'? or an underlying
carbon film. Therefore, to differentiate the 1T and 1H phase in
a noisy STEM-ADF image is challenging.

2.5.2. Influence of Improper Filtering

To enhance the image S/N ratio and fidelity in structural
analysis, many post image processing techniques have
been employed. However, when filters such as a Fourier
filter are applied to experimental data with low S/N ratio
(Figure 3a), artifacts such as pseudo atom column blobs
(Figure 3b) can appear in the 1H-MoS, structure. Also, the
Fourier filtered image may not reliably represent the real atomic
structure due to lens astigmatism and other residual aberra-
tions. As shown in Figure 3d, the intensity profile marked by
the red line in the Fourier filtered image (Figure 3b) based on
the STEM image of a noisy 1H-MoS, (Figure 3a) shows the
appearance of pseudo atom columns, which can be wrongly
interpreted as the 1T phase. The phases and amplitudes of the
Bragg peaks in the frequency space of experimental images can
deviate from those of pristine samples due to surface contami-
nation and lens aberrations.*?! In fragile 2D samples, the peri-
odicity can be interrupted by surface ripples and morphology
changes induced by the high energy electron beam.*3]

In the experimental STEM-ADF image, the periodicity in
the image may be interrupted by lattice distortion and phase
boundaries.?>*46 Fourier filtering will modify the actual
structure information, especially along boundaries or edges.
The information containing the exact boundary configuration
exists in the region between Bragg peaks, therefore, structural
information derived from MoS, boundaries, edges, or islands!*’!
after filtering may considerably deviate from the actual infor-
mation and is not recommended for phase identification.

2.5.3. Other Challenges

The theoretical lattice parameters of 1T and 1H-MoS, differ
from each other by <0.01 A,*3#] and such small differences
are obscured by scanning noise, local lattice distortion, rippling
effects, etc. Therefore, the phase identification of 1T-MoS, by
determining the lattice constant is not reliable.*%) In the litera-
ture, rotational disorder®! and bilayer 3R-stacked MoS,[*”) have
sometimes been misassigned as 1T-MoS,. In addition, when
the orientation of the MoS, film deviates from the exact [0001]
zone axis, as is common along the edge regions, 1T-phase
identification becomes much more challenging and additional
image simulations need to be conducted.

Therefore, the identification of 1T-MoS, is not without pit-
fall. We have listed a few challenging situations below that may

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. lterative template matching methods. a) A typical STEM-ADF image of surface contaminated CVD grown monolayer TH-MoS, film. b) The
Fourier filtered image of the yellow box region in (a). c) Iterative template matching processed image of the same region in (a). d) Intensity line profiles
of the red line in (b), and blue line in (c). Pseudo peaks are observed in the Fourier filtered image but avoided by template matching. e) Flow chart
of the iterative template methods for enhancing the S/N ratio of a TH-MoS, image.’"l a,b) Adapted with permission.[' Copyright 2018, Wiley-VCH.

lead to wrong interpretation: (1) Noisy 1H-MoS, images, (2)
Fourier filtering a noisy 1H-MoS, image, (3) phase differentia-
tion based on 1H/1T lattice mismatch,*?! (4) bilayer 3R-stacked
MoS,,1?7l (5) 1T-Mo0S,,P% and (6) twisted bilayer or few-layer
MoS,.[4

2.6. Recommended Image Processing Method for Phase
Identification

A real space method based on template matchingP! is rec-
ommended to generate an averaged structure with enhanced
S/N ratio. Figure 3e shows the workflow; first, the STEM-
ADF image should be low-pass filtered, to remove frequencies
above the information limit of the microscope. Then the
influence of the scanning noise will be suppressed, but the
sample spatial frequencies are retained. Next, an arbitrary
region (Figure 3e), larger than the size of the unit cell, serves
as the starting template for the averaged structure.’!) After the
cross-correlation coefficients are computed with the template
using the whole frame, the maxima of these coefficients accu-
rately correspond to the positions of matched regions. Finally,
the template is updated each time by averaging the matched
regions, and the above procedure can be repeated iteratively
to enhance the S/N ratio as indicated by the red arrows.>?
In Figure 3c, an averaged region of a contaminated 1H-MoS,
image (Figure 3a) is generated via the above iterative template
matching method. As shown by its line profile in Figure 3d
marked by the blue line, the pseudo atom blobs induced by
Fourier filtering are eliminated confirming the 1H phase of
MoS,. In addition, a strong background due to the surface
contamination is retained. While this method is reliable for
phase identification, one drawback is that it will average out
any point defects.
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3. Stacking Polytypes in Multilayer H-Phase MoS,

Geometrically there are five different types of stacking polytypes
in bilayer H-phase MoS, films,”3 and 15 types!3% in three-layer
films if staggered and eclipsed configurations are considered
solely. So far, only 2HP*%] and 3RI'>°¢ stacking polytypes
have successfully been fabricated in large scale. Other stacking
orders, such as AA, A’B, and AB’ are rarely reported.[3¢-53>7]
In addition, few reports have discussed the stacking polytypes
induced by stacking of the T or T’ phase, attributed presumably
to their poor stability.!

Bulk 3R crystals assume a periodic ABC stacking order, and
bilayer 3R phase takes the AB stacking sequence. The pres-
ence of broken inversion symmetry in monolayer 1H-MoS,
affords its wide applications in nonlinear optics,”® and val-
leytronics.''7] Those fascinating properties, however, vanish
in even-layered 2H-stacked MoS, films due to the recovery of
centrosymmetry.M In 3R-stacked MoS, however, each layer
shares the same crystallographic orientation and shifts relative

3
to the bottom layer by 3 ¢ along the ZZ direction, leading

to a staggered ABC stacking order.”>*”] This staggered stacking
geometry maintains non-centrosymmetry regardless of the
layer number. Thus, 3R-MoS, films show enhanced nonlinear
response and robust spin polarization.>%

The 3R-stacked MoS,% however is less thermodynamically
favorable as compared to 2H-stacked MoS,, thus synthetic
MoS, crystals predominantly adopt the 2H stacking reg-
istry.’>] Recently,'? we successfully grew dendritic structures
of 3R-stacked bilayer MoS, under a nonequilibrium chemical
vapor deposition (CVD) growth condition.’® Exploiting the
inherent microscopic anisotropy of transition metal dichalcoge-
nide (TMD) crystals, the growth rate anisotropy of the Mo and
S edges is especially accentuated at low S chemical potentials,

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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leading to the growth of highly organized MoS, dendrites which
are 3R-stacked. One consistent trend is that a high growth
temperature (=1050 °C) favors the growth of 3R-stacked MoS,
crystals.'?l The presence of 3R stacking registry is confirmed
by atomic-resolution STEM-ADF imaging (Figure 4a), where
weak atom blobs are formed in each honeycomb as shown in
the enlarged image (Figure 4b). In addition, the intensity ratio
between the three unique atom columns, that is, Mo+S,, Mo,
and S,, in bilayer 3R-stacked MoS, match perfectly with the
simulation results (Figure 4c,d). The exposed edges are assigned
to Mo-ZZ edges (Figure 4e,(f) according to the interlayer
stacking order. The large-scale formation of bilayer 3R-stacked
MoS, films was further verified by the giant enhancement
of second and third harmonic generation (SHG and THG)
(Figure 4g,h). The transformation from 2H to 3R stacking poly-
types in bilayer MoS, films can be accomplished by introducing

e
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a mirror symmetry operation plus a relative in-plane
displacement.l3*>°! For example, we found that the presence of
a mirror twin boundary (MTB) could accommodate the forma-
tion of 2H|3R lateral hybrid structures (Figure 4i,j) in various
bilayer group VIB TMD films (MoS,, MoSe,, and WSe,). Inter-
estingly, when two MTBs in two different layers are within
interaction distance, a lateral 3R|2H|3R lateral hybrid structure
(Figure 4k,]) is formed. The size of the 2H domains increases
linearly with the separation distance between the two MTBs.3!
Recently, Wu and co-workers!®! found that introducing Nb sub-
stitution into MoS, crystals leads to the formation of 3R-stacked
MoS, crystals. Density functional theory (DFT) calculation
suggests that the 3R-stacked MoS, becomes thermodynami-
cally stable in the presence of Nb dopants and overtakes 2H
as the most thermodynamically stable stacking order when
the Nb doping level exceeds 1.4%. Cortes et al.l!l found that
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Figure 4. Controlled growth of bilayer 3R-stacked MoS, films. a) Atomic-resolution STEM-ADF image of a bilayer 3R-stacked MoS; film. b) The enlarged
yellow box region from (a), and c) the corresponding simulated image. d) Intensity line profiles from the white dashed lines in (b) and (c) showing the
intensity variations in bilayer 3R-stacked MoS, films. e) A STEM-ADF image showing a mono- and bilayer MoS, film, with the bilayer region exhibiting
a 3R (AB) stacking registry. f) Atomic-resolution STEM-ADF image depicting the TH to 3R transition across the interface; the exposed edges are Mo-ZZ
edges. The atomic models are shown in the lower panel. g) Optical image of dendritic-like MoS, crystals. h) Nonlinear spectral images acquired at the
corresponding SHG and THG emission wavelengths. i,j) Atomic-resolution STEM-ADF images of bilayer MoSe,-1 MTB (i) and bilayer MoSe,-2 MTB
(j) films revealing 3R|2H and 3R|2H|3R lateral hybrid structures. k,I) Atomic models of bilayer MoSe,-1 MTB (k) and bilayer MoSe,-2 MTB (I) films are
displayed in the lower panels. MTBs are highlighted by cyan and yellow false color. Scale bars: 2 nm in (a), 5 nm in (e), 0.5 nm in (fi,j), and 100 um
in (g). a-h) Adapted with permission.l'?l Copyright 2018, Wiley-VCH. i-l) Reproduced with permission.53 Copyright 2018, American Chemical Society.
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Mo interstitials stabilize the 3R phase, which suggests that the
phase conversion can be controlled by increasing the chemical
potential of Mo during growth. In addition, 3R-stacked MoS,
had also been prepared by artificial folding of monolayer films,
and several other stacking polytypes have successfully been
realized.’”! It is worth pointing out that 3R-stacked MoS$, films
have been reported to show enhanced hydrogen evolution reac-
tivity compared to 2H-stacked Mo$, films.1*’]

4. Polymorphs in Monolayer MoS,

4.1. 1T Phase

The 1T phase is one of the most widely encountered poly-
morphs in MoS,. It is metallic, unlike the semiconducting
1H-MoS,, which favors applications in catalysis and energy
storage. In stark contrast to air stable semiconducting H-phase
MoS,, 1T-MoS, is dynamically unstable.*®*¥ Due to the huge
energy barrier of 0.85 eV/unit cell for the transition from 1H
to 1T phase,**! direct growth of 1T-MoS, by CVD or molecular
beam epitaxy (MBE) at high temperature is difficult. Recently,
Chen and co-workers263362 reported the direct growth of
1T-MoS, (Figure 5ab) and alloyed 1T-Mo,_,W,S, by CVD
(Figure 5c). The formation of the 1T phase is believed to be
associated with the in-plane thermal strains imposed by the
substrate, which permits the phase transformation from 1H to
1T during the cooling process.[*3l When the 1T and 1H phases
meet at the domain boundary, atomically sharp 1T|1H junctions

Intensity (a.u)

Distance (nm)

www.advmat.de

(Figure 5a) are formed,?® suggesting that devices based on
lateral heterophases can be made into metallic-semiconductor-
type junctions.”l The phase transition from 1T to 1H is further
confirmed by the intensity line profile (Figure 5b) where the
intensity of staggered S monomers in the 1T phase is almost
half that of the eclipsed S dimer in the 1H phase. Solvothermal
synthesis is another approach for synthesizing 1T-MoS,.l%%]
However, instead of the 1T phase, electron microscopy data
shown in the reports indicate the presence of 1T’ phase, which
can be judged by the presence of zigzag chains in the atomic-
resolution STEM images or the appearance of superspots in the
SAED or FFT patterns.%4 1t is quite rare to find the 1T phase
in solution phase synthesized flakes,*”%! perhaps due to the
rapid phase transformation from the 1T to 1T” phase.

Other than direct growth, a variety of post phase transforma-
tion methods have been developed to prepare the 1T phase, and
these have relied on charge transfer to stabilize the metastable
1T phase. Electron beams (Figure 5d.e),*® alkali metals,!
donor element dopants,[® and electrostatic gatingl®’! have also
been demonstrated as effective approaches for realizing the 1H
to 1T phase transformation.

4.2. Structure and Properties of 1T

1T"-MoS, is semimetallic and exhibits a small direct bandgap
of about 22 meV.*”) DFT calculations show that it is more
stable than 1T-MoS, but less stable than 1H-MoS,.4* The

1T” phase can be considered as a charge density wave state of

e

Semiconductor

R

Figure 5. Synthesis of 1T and 1T-MoS,. a) An atomic-resolution STEM-ADF image of an atomically thin phase boundary (indicated by the arrows)
between the 1T and 1H phases in a monolayer MoS, film. b) Intensity line profile of the white dashed line in (a) confirming the 1T/1H phase boundary.
c) STEM-ADF image of the CVD-grown Mo,_,W,S,. d,e) STEM-ADF image of electron beam irradiation induced TH and 1T heterostructure in a mono-
layer MoS, film. f) An atomic-resolution STEM-ADF image of a typical grain orientation with inset showing a filtered magnified image of the degenerate
1D zigzag chains. g) A typical STEM-ADF image of 1T"-phase Li,MoS, and h) the corresponding FFT pattern with three orientation variants highlighted
by yellow, blue, and green arrows. h) An atomic-resolution STEM-ADF image of a typical grain orientation with inset showing a filtered magnified image
of the degenerate 1D zigzag chains. Scale bars: 2 nm in (a,f), 1 nmin (d,e), and 5 nmin (g). a,b) Adapted with permission.?®l Copyright 2016, American
Chemical Society. c) Reproduced with permission.**l Copyright 2018, American Chemical Society. d,e) Reproduced with permission.3% Copyright 2014,
Nature Publishing Group. f~h) Reproduced with permission.!¥l Copyright 2016, American Chemical Society.
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1T-MoS, due to the Peierls instability, which manifests as a
(2 x 1) superstructure. Due to the unique quasi-1D array struc-
ture, 1T"-MoS, shows peculiar properties like the quantum spin
Hall effect, [ Weyl semimetallicity,' dipolar ferroelectricity,®%)
superconductivity,™®! charge density wave formation,’” and
nonlinear optical properties.”!! In addition to 1T’, other forms
of distorted 1T phase, denoted as 1T” or DT, have been pre-
dicted by theory. The 1T” phase reveals a 2 X 2 superstruc-
ture (tetramerization) and it exhibits supreme electron (hole)
mobility comparable to that of graphene.l However, the atomic
structure of 1T”-MoS, has rarely been reported. So far nano-
sized 1T”-MoS, domains have been observed in chemically
exfoliated nanosheets,* and nanosized 1T”-WS, domains have
been produced in situ and characterized by e-beam irradiation
in STEM.72

The preparation of 1T"-MoS, was first demonstrated in 1992
by Wypych et al.”¥! via the sulfidation of K,MoO, to form an
intermediate 1T" phase K;_(H,0),MoS,, as confirmed by
SAEDP4 and scanning tunneling microscopy (STM).”! Sub-
sequently, the intercalated K was removed in water, leading to

Monolayer 1T

Bilayer 1T’
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the formation of large-scale high-quality 1T’-MoS, crystals.[0+7¢]
It should be noted that the 1T” phase was commonly misas-
signed as “1T” in these papers. The 1T’-MoS, crystals prepared
by sulfidation of K,MoO, are not thermodynamically stable
and are convertible to 2H-MoS, following thermal annealing
(<100 °C) or laser irradiation.””! So far, the preparation of 1T"-
MoS, is predominantly realized via 1H to 1T’ phase transfor-
mation, similar to the fabrication of the 1T phase. Alkali metal
intercalation is usually applied to trigger the phase evolution.!”!
In our recent report® we used lithium naphthalenide and
achieved nearly 100% 1T’-MoS, conversion (Figure 5f). The syn-
thesized 1T"-MoS$,; sheets consist of mosaic-like 1T” nanocrystal-
line domains (Figure 5g,h), which enable a much higher cycle
stability, capacity, and rate capability compared to polycrystal-
line MoS, flakes when utilized as the electrode for lithium-ion
batteries.[®! The 1T’ phase can also be produced by solid-phase
reaction between bulk MoS, crystals and thermally evaporated
lithium;”! lithiated 1T’-phase MoS, affords giant optical Kerr
nonlinearity and high optical transparency. It should be noted
that again a few reports®%3737576] mistakenly assigned the 1T’
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\
2 75 % LA AW n‘hU_Mo/S:
8 2 \‘ o 6 9 /
&8 \ e e s
S P %
‘,\“EAO- \?ﬁ:ﬂ:ﬂt CAFAFAY
&2 x s o o
§§_60_ \‘ XA A A
T @ \\ ,3 2 L =
5 £l R
8 \\ LiMoS,
-100 - - = L]
As-prépared 1 dlay 1 wéek 1 mo'nth
Duration of air exposure
Cc
4 —— h-Li MoS, (3 month)
—Li,MoS, (1 hour)
35
8
z
o«
é 2 A'a
100 150 200 250 300 350 400 450
Raman Shift (cm™)
© T T
-
<
N <£ 4
==
+f -
L L
-0.02 0.00 0.02 Bilayer h-Li MoS,
Ap(elA)

Figure 6. Stabilization of 1TT’-MoS, via hydrogenation. a) STEM-ADF image showing monolayer and bilayer h-Li,MoS, regions with false color to differentiate
the different layers. The inset shows a magnified filtered image of the 17" phase region in the dotted orange box. b) Degradation of h-Li,MoS, in ambient
conditions, investigated by the change in % 1T’ phase compositions as determined by XPS. c) Raman spectra of h-Li,MoS, and Li,MoS,. Duration of air
exposure is indicted in brackets next to their label. Raman modes unique to the 1T phase are labeled in red. d,e) DFT-calculated differential charge density
after intercalation of Li (d) and LiH (e) into bilayer 1T"-MoS,. Plane-averaged differential charge density (Ap(z)) plots are shown in the left panels of the
region marked by a black box of the isosurface side-view profiles at 0.02 A= in the right panels. The black dashed lines refer to an interface with vacuum. The
red (blue) color of the isosurface plots denotes loss (accumulation) of electrons in the system. Scale bars for the image and inset are 2.5 nm and 0.5 nm,
respectively. a—e) Reproduced with permission.”"l Copyright 2017, American Chemical Society.
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phase as 1T phase in their alkaline metal intercalated MoS,
films.

Due to its metastability, there is a need to identify a robust
method to stabilize the 1T” phase. We found that hydrogena-
tion of lithium intercalated 1T-MoS, is an efficient and robust
method to stabilize 1T-MoS, (Figure 6a) due to the forma-
tion of a relatively stable lithium hydride (h-Li,MoS;) phase
compared to the highly reactive lithium. The spectroscopic
signatures of 1T” phase in hydrogenated 1T’-MoS,, as tracked
by X-ray photoelectron spectroscopy (XPS), Raman spectros-
copy (Figure 6b,c), and X-ray diffraction (XRD), remain stable
for over a month. The increased stability of the 1T” phase in
LiH-intercalated MoS, is due to two reasons. First, the forma-
tion of lithium hydride passivates the Li from reacting with
air. Second, LiH (0.879 e/lithium atom) acts as a strong elec-
tron donor to MoS,, and stabilizes the 1T’ phase (Figure 6d,e).
DFT calculations also reveal a significant charge redistribution
induced by the relatively large dipole moment of LiH, especially
in between the MoS, layers, as shown by the isosurface plots in
Figure 6d,e. The increase in dipole—dipole interactions creates
a strong intermolecular force which decreases the chemical
energy of the system. Importantly, it was found that the hydro-
genation of the alkali metal intercalant to form alkali metal
hydrides, for example, potassium hydride, sodium hydride, and
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lithium hydride, improve the air-stability of the respective 1T”
phases significantly over pure alkali metal intercalants./”!]
Although it is difficult to grow the 1T phase as a film directly
due to its metastability, we find that it may exist as a 1D struc-
ture at edges or domain discontinuities. STEM revealed that the
edges of nanoporous H-phase MoS,; films grown by MBE under
Mo-rich (high Mo flux) conditions are 1T’-like (Figure 7a).”®l
The as-grown 1T"-edges remain stable at 900 °C as confirmed
by in situ STEM experiments (Figure 7b,c). In the 1T” edges, the
outermost atoms are made of a strip of Mo atoms, and the sulfur
dimers split into a staggered configuration, similar to that in the
1T-phase.’l The experimentally observed atomic structure was
further verified by combined DFT calculation and image simula-
tion (Figure 7d). Analyzing nanoporous MoS, films by STEM,
we found that the 1T” phase can be grown and stabilized at the
edges while the basal plane is comprised of the 1H phase. In
addition to 1T” edges, Mo-Klein edges (Figure 7e), S-ZZ edges
(Figure 7f), and Mo-ZZ (Figure 7g) edges were also identified."””!

5. Conclusions and Outlook

The synthesis of large-area MoS, polymorphs other than the
thermodynamically stable 2H phase is a challenging task.

in situ annealing

1T edge

< > {

MO K b )

Figure 7. 1T’-edges in monolayer 1H-MoS, films. a) Atomic-resolution STEM-ADF image showing the atomically sharp 1T"-edges. STEM-ADF images
of a region in the sample b) before and c) after in-situ annealing at 900 °C for 30 min inside the STEM. The S-ZZ edge from the region highlighted in
(b) evolved into a 1T"-edge, as highlighted in the yellow box region in (c). d) Simulated image with overlaid DFT optimized 1T"-edges. e-g) Atomic-resolution
STEM-ADF images showing the Mo-Klein (e), S-ZZ (f), and Mo-ZZ (g) edges. DFT optimized atomic models are overlaid and corresponding side
views are depicted in the lower panels. Scale bars: 0.5 nm in (a,d—g) and insets of (b,c); 2 nm in (b,c). a—g) Adapted with permission.’® Copyright
2018, American Chemical Society.
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However, various polymorphs can coexist in CVD-grown MoS,
arising from multiple degrees of freedom in intralayer or inter-
layer stacking sequences. 1H polymorphs are sometimes misi-
dentified as 1T in the STEM-ADF images due to scattering or
image processing artifacts. We have discussed the protocols to
avoid this here. Although the basal plane of monolayer MoS,
usually adopts the 1H phase, it is noticed that edge or boundary
discontinuities can manifest in a wide range of reconstructions.
Correct identification of different phases provides insights on
growth dynamics as well as structure—property correlations.
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