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Re Doping in 2D Transition Metal Dichalcogenides
as a New Route to Tailor Structural Phases

and Induced Magnetism

Vidya Kochat, Amey Apte, Jordan A. Hachtel, Hiroyuki Kumazoe,
Aravind Krishnamoorthy,* Sandhya Susarla, Juan Carlos Idrobo, Fuyuki Shimojo,
Priya Vashishta, Rajiv Kalia, Aiichiro Nakano, Chandra Sekhar Tiwary,*

and Pulickel M. Ajayan*

Alloying in 2D results in the development of new, diverse, and versatile
systems with prospects in bandgap engineering, catalysis, and energy
storage. Tailoring structural phase transitions using alloying is a novel idea
with implications in designing all 2D device architecture as the structural
phases in 2D materials such as transition metal dichalcogenides are corre-
lated with electronic phases. Here, this study develops a new growth strategy
employing chemical vapor deposition to grow monolayer 2D alloys of Re-
doped MoSe, with show composition tunable structural phase variations.
The compositions where the phase transition is observed agree well with the
theoretical predictions for these 2D systems. It is also shown that in addition
to the predicted new electronic phases, these systems also provide opportuni-
ties to study novel phenomena such as magnetism which broadens the range

of their applications.
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2D transition metal dichalcogenide (TMD)
alloys with tunable chemical composi-
tion have been gaining a lot of attention
recently due to their potential in bandgap
engineering, p-n junctions and val-
leytronics.'"111 While most of the studies
related to these phenomena were car-
ried out on mechanically exfoliated flakes
obtained from chemical vapor transport
grown bulk single crystals, a few efforts
have also focused on obtaining homoge-
neous 2D TMD alloys by chemical vapor
deposition (CVD) technique.*1213 Theo-
retical calculations and high resolution
scanning transmission electron micros-
copy (STEM) studies reveal that doping
of Group VI TMDs (MX,, where M = Mo,
W, and X = S, Se) with elements from
Groups V-VII energetically favors substi-
tutional doping instead of dopants occupying interstitial and
defect sites.'*13] Substitutional doping of Group V elements
such as Nb in MoS, has been shown to result in stable p-type
conduction from degenerate hole doping from Nb, whereas
electron donors such as Re, Mn, etc., results in n-type doping
along with spin polarized ground state according to density
functional theory calculations.'>?! Intercalation of alkali
metal ions such as Li, Na, K into TMDs with a stable 2H phase
(semiconducting) results in a structural modification to form
a metastable metallic 1T phase, which is the result of electron
transfer to the transition metal that stabilizes 1T phase having
an octahedral coordination for the metal atom.?>2%! 1T-phase-
stabilized TMD nanosheets have shown improved hydrogen
evolution reaction (HER) performance by making the basal
plane active toward HER, low resistance contacts to 2H-phase
TMDs and act as excellent supercapacitor electrode mate-
rials.*22728] Hence alternate routes to induce structural phase
transition on a large scale can be potentially very interesting.
Another subset of TMDs comprising of MoTe, and WTe, show
interesting phenomena such as semimetallicity and huge linear
magnetoresistance.?*31 While WTe, is thermodynamically
more stable in 1Td phase, MoTe, is more stable in 2H phase
and alloy of Mo,_,W,Te, was experimentally shown to undergo
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a semiconducting to semimetallic behavior as the chemical
composition is varied.3?2-3* Recent theoretical calculations show
that the energy barrier to observe a 2H to 1Td phase transition
in MoTe, is substantially lower than other TMDs and is pos-
sible to achieve by charge injection/gating and optical excitation
and this barrier is further reduced in the case of Mo;_,W,Te,
alloys.13>3% On a similar note, substitutional doping at the chal-
cogen site was also shown to result in such a structural phase
transition in the case of WSe,;_yTe,, for x > 0.7.57) Most of the
experimental efforts towards growing composition controlled
uniform alloys to observe such a correlated electronic and
structural phase transition has been through synthesis of bulk
single crystals.

In this work, we have experimentally demonstrated the
possibility of synthesizing 1-2 layers thin 2D solid solution/
alloy from parent TMD materials, where one is stable in 2H
phase and the other in 1T’ phase using the CVD technique.
The system we have investigated is Re-doped MoSe, where
the parent components are 2H-MoSe, and 1T’-ReSe, as
shown in Figure 1a. MoSe, has a trigonal prismatic coordina-
tion geometry and has hexagonal crystal structure with space
group symmetry P6;/mmc.*8] On the other hand, ReSe, crys-
tallizes in distorted 1Td crystal structure with triclinic sym-
metry P1.39%0 Since each Re atom has one unpaired electron,
the 1T structure undergoes Peierls distortion where Re atoms
dimerize to form zig-zag Re—Re chains along b-axis resulting in
semiconducting 1T structure with in-plane anisotropy.*1*?l Re
impurities in 2H-MoS, have been shown to be the nuclei for
phase transformation to 1T domains by in situ high resolution
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STEM studies.*¥! Earlier studies on WS, nanotubes also dem-
onstrated partial 2H to 1T transition under substitutional Re
doping.*Y Here we have employed the CVD technique to alloy
MoSe, and ReSe, during the growth phase and show that this
is an excellent method of obtaining large area uniform alloys
of Mo,_,Re,Se,. These alloys showed a structural phase trans-
formation from 2H to 1T” phase as a function of Re doping.
Detailed Z-contrast high-angle annular dark field (HAADF)
STEM investigations were carried out to understand the atom-
istic mechanism of phase transformation in regions with
varying Re doping. We also observed signatures of ferromag-
netic ordering in these alloy systems persistent in both 2H and
1T’ phases of the alloy which has been explained from spin-
polarized quantum-mechanical density functional theory (DFT)
calculations.

We also performed DFT calculations of relative energies of
Re-doped MoSe, in the 2H and 1T’ crystal structures to verify
the phase transformation to the 1T” crystal structure at high
Re-dopant concentrations. The DFT results, summarized in
Figure 1b, show that the 2H polymorph of undoped MoSe, is
more stable than the 1T” crystal structure by 0.35 eV per MoSe,.
In contrast, the 1T” ground state of pure ReSe, is more stable
than the corresponding 2H crystal structure by 0.89 eV per
ReSe,. At intermediate doping concentrations, the 1T” crystal
structure becomes monotonically more stable with increasing
Re concentration and becomes the ground state crystal structure
for Mo,_,Re,Se, systems with x > 0.42. The structural phase
transformation on Re doping as predicted by our energy calcu-
lations can also be understood from the perspective of crystal
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Figure 1. a) The lowest energy crystal structure of MoSe; and ReSe,. b) Energy of the 2H and 1T’ phases of MoSe, with increase in Re doping fraction.
The splitting of the degenerate 4d orbitals of Mo is shown for 2H (Ds},) and 1T’ (distorted Oy) phases with filling of extra electron from Re dopant.
c) Schematic of the CVD growth setup illustrating simultaneous sublimation of Mo, Re, and Se precursors. d) Optical and AFM images of the

Mo;_,Re,Se; alloys grown using the CVD technique.

Adv. Mater. 2017, 29, 1703754

1703754 (2 of 8)

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED

ADVANCED
MATERIALS

SCIENCE NEWS

www.advancedsciencenews.com

field theory and is analogous to the structural transformation
induced by lithiation treatment.*>*] The arrangement of the
negative chalcogen ions in the local environment of transition
metal ions (Mo) lifts the degeneracy of the Mo 4d orbitals. In
the 2H phase, where Mo has a trigonal prismatic coordination
with Se ions, the 4d orbitals split to form three energy levels:
(1) d,, which is lowest in energy, (2) degenerate d,, and d,,_,,,
and (3) degenerate d,, and d,,. The octahedral coordination of
Mo in 1T phase in turn splits the degenerate 4d Mo orbitals
into two energy levels: (1) degenerate d,,, d,,, d,, having lowest
energy and (2) d,; and d,,_,, which are the higher energy states
as shown in Figure 1b. Re doping into MoSe, lattice leads to
substitution of Re in Mo sites, with the addition of an extra
electron into lattice. This extra electron is promoted to the
higher energy level in trigonal prismatic coordination geometry
where the incomplete filling now destabilizes the 2H phase,
whereas in the octahedral coordination geometry this extra elec-
tron fills the lower energy state increasing the stability of 1T
phase. This shows that reorganization of the Mo 4d orbitals on
electron doping by Re results in structural transformation from
2H to a stable 1T phase.

The CVD setup for growth of Mo,_,Re,Se, alloys is shown
in schematic Figure 1c. For composition controlled growth of
the alloys, the Mo and Re precursors were taken in fixed weight

www.advmat.de

ratios (1:4 for Alloy A, 1:12 for Alloy B, and 1:18 for Alloy C).
The optical micrographs and AFM images of the flakes grown
using this technique is shown in Figure 1d. The morphology of
the flakes and their thickness were investigated in detail using
AFM, which showed sub-nm average thickness indicating that
these flakes are mostly monolayers. The compositional and
structural characterization was carried out using Raman spec-
troscopy, X-ray photoelectron spectroscopy (XPS) and STEM.
Raman spectra collected from these samples display marked
changes for alloys with increasing Re precursor concentration
in comparison to the spectra obtained for CVD grown pure
MoSe, and ReSe, as shown in Figure 2a. The intensity of the
MoSe, A;, peak at 238 cm™ is reduced on alloying with Re in
alloy A and B along with the appearance of additional peaks at
122, 152, 220, and 250 cm™!. The decrease in the intensity of
Ajg mode which results from the out-of-plane vibration of Se
atoms, can be attributed to the softening or renormalization of
Ay, phonon due to significant changes in the electron-phonon
coupling arising from the n-type doping from Re.*¥) We also
observe splitting of the E,, mode (about 288 cm™) which is a
combination of LO and TO phonons due to the polar nature of
MoSe, crystal.**>% In earlier studies on MoSe, samples with
Se vacancies, additional peaks around 150 and 250 cm™! were
reported from the momentum contribution from phonons with
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Figure 2. a) Raman spectra of pristine CVD grown MoSe, and ReSe, along with the alloys. b) Ratio map of Raman intensity of A,/E',, for Alloys
A and B and E'5,/A;, for Alloy C. c) Photoluminescence characterization for MoSe,, alloys, and ReSe,. The alloys showed completely quenched PL.
d) XPS characterization of Mo 3d, Re 4f, and Se 3d orbitals showing evolution from 2H to 1T phase on increasing Re %. The blue curve represents the

XPS fits (R? = 0.9) to the data represented by black circles.
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large wave vectors activated by defects.*2 Raman spectrum of
1T-phase MoSe, also shows peaks 106, 151, and 221 cm™! which
could also be observed in alloy B.>3l ReSe, has 18 Raman-active
A, modes in the range 100-300 cm™" arising from lower struc-
tural symmetry and nondegenerate normal modes arising due
to atomic displacement from inversion center as shown.*? The
Raman maps in Figure 2b shows intensity ratio (A;4/E';, for
Alloys A and B, while reverse for Alloy C) showing the uni-
form nature of the A, peak reduction all over the flakes. The
photoluminescence (PL) measurements in Figure 2c reveal
strong PL peak for MoSe, and ReSe, at 1.54 and 1.4 eV, respec-
tively, whereas the PL was completely quenched for Alloy C.
Further insight into the composition and bonding state informa-
tion was obtained from XPS investigations shown in Figure 2d.
The spin-orbit split 3ds,, and 3d;;, orbitals of Mo displayed
peaks at binding energies of 229.1 and 232.3 eV, respectively,
consistent with 2H-phase MoSe, with oxidation state of +4. For
alloy A, we did not observe much shift/splitting for the Mo 3d
peaks and the Se 3d peak could also be fit using a two-peak
fitting for the 3ds,, and 3d;;, orbitals, but at the same time
spin-orbit split Re 4f; , and 4f; , peaks showed additional split-
ting due to an interplay between 2H and 1T coordination. With
increase in Re concentration, the Mo 3d peaks showed peak
shifts toward lower binding energy values which can be corrob-
orated with split peaks and the Se 3d peak became a convolu-
tion of four peaks clearly demonstrating the change in coordi-
nation of Mo from trigonal prismatic to octahedral geometry.?
For Re 4f5), and 4f;, states, we find an oxidation state of +4 and
the larger intensity for the lower energy split peaks indicating
tendency toward octahedral coordination. The blue colored
peak in ReSe, at =46 eV corresponds to the 4f;, orbital of Re in
NH,ReO, (unreacted reactant).

The effect of the Re doping on the structure can be more
clearly seen in Figure 3, which contains a series of STEM
images of different regions of the Re-doped MoSe, sample,
showing different structural configurations. Figure 3a shows an
HAADF image of a large monolayer area in the 2H phase. In
HAADF imaging the contrast of an atom (or column of atoms)
is directly tied to the atomic number (or Z value of the column),
hence a heavy atom like Re (Z = 73) stands out compared to the
lighter atoms such as Mo (Z = 42) and Se (Z = 36). Figure 3b
shows the HAADF intensity histograms of the metal sites (i)
and chalcogenide sites (ii) for the image shown in Figure 3a.
From the metal site histogram, the difference between the Mo
and Re intensities can be clearly distinguished. The atoms are
then identified and labeled as more likely to be Mo or more
likely to be Re based off of their HAADF intensities and sites.
From the labeled image, the Re doping concentration in the
region can be quantified, which is determined to be =23%.
This corresponds well with the calculations in Figure 1 which
shows that below 40% Re doping the 2H phase should be the
preferred state. Figure 3¢ shows the location of the Mo, Re, and
Se atoms throughout the sample, showing that in this region
the Re dopants are uniformly dispersed throughout the MoSe,
lattice. However, Figure 3d shows that the structure changes
within the same sample in different locations. Here, a phase
transition between the 2H and 1T’ phases is observed over a
small, sub-nm distance. This shows that these systems exist as
solid solutions with homogeneous structural phases. In both
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the 2H and 1T” phases the high Z-value of Re makes it easy to
identify, which is shown in Figure 3e (2H phase in (i) and (ii),
and 1T’ phase in (iii) and (iv)). Quantification of the Re con-
centration akin to that performed in Figure 3a—c is difficult in
the 1T” phase due to significant structural variations over large
areas and a higher sensitivity to the electron beam, and is not
performed. Instead, a pure ReSe, sample is imaged and shown
in Figure 3f as a reference of a highly regular 1T” crystal struc-
ture. Here it shows that the Re atoms group into 2 x 2 unit
cells with an orthorhombic periodicity. Figure 3g shows a high-
magnification view of the Re-doped Mose, structure in the 1T”
phase, the same 2 X 2 unit cells are observed but many with
only two or three bright atoms. The stark contrast between Re
and Mo allows us to straightforwardly label the atoms in these
positions as Mo based off of their Z-contrast to demonstrate the
presence of Mo atoms in the 1T’ crystal structure, which are
also uniformly distributed throughout the 1T” region. Addition-
ally, it is clear that in this region, the Re atoms outnumber the
Mo atoms indicating that the doping concentration is above the
40% threshold where the 2H phase ceases to be the preferred
structure.

The doping of Re in MoSe, lattice can have other interesting
phenomena apart from the structural phase transition due to
extra electron added to the Mo;_,Re,Se, alloy system per Re
atom which can manifest in a magnetic ground state as sug-
gested by DFT calculations.'*?!l In order to investigate the
possibility of magnetism in the Mo;_[Re,Se, alloy samples,
magnetic measurements were performed using a Quantum
Design SQUID magnetometer from 300 K down to 10 K. The
total magnetic moment of the samples, Alloy A which shows
2H phase and Alloy C which shows 1T” phase measured as
a function of the applied field at 300 and 10 K are shown in
Figure 4a. At 300 K, we observe a large diamagnetic signal along
with a superimposed weak hysteresis curve near zero field,
suggesting possibility of ferromagnetic ordering even at room
temperature. On cooling down to 10 K, we observe the field
dependence to be that of ferromagnetism superimposed on
paramagnetism. Figure 4a(iii) shows the low field dependence
of measured moment at 10 K for both the alloy samples clearly
showing hysteresis with coercive field values of 170 and 70 Oe
for alloy A and C, respectively indicating higher coercivity for
alloys in 2H phase. The zero-field cooled (ZFC) and field cooled
(FC) measurements as a function of temperature with H = 100
Oe is shown in Figure 4b. The splitting between the ZFC and
FC curves from 300 K suggest ferromagnetic behavior persists
to above room temperatures in these alloys. The sharp upturn
in FC-ZFC in the low-temperature regime (T < 20 K) is indica-
tive of the superimposed paramagnetic behavior of Re-doped
MoSe, samples which can arise from the uncorrelated spins in
these systems. The divergence between the FC and ZFC curves
and the appearance of a peak (or cusp) in the temperature
regime (20 K <T < 80 K) are signatures of frustrated magnetic
systems such as spin glasses.’*>% The negative Curie-Weiss
temperature values obtained from fitting the high-temperature
m-T data indicates the presence of antiferromagnetic correla-
tions competing with ferromagnetic order. This sharp upturn
resulting in the anomalous peak is more prominent in the case
of alloys in 1T phase. These measurements reveal the presence
of competing magnetic correlations in these alloys.
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Figure 3. a) High-angle annular dark field image of Re-doped MoSe, monolayer in 2H phase. b) Histogram of HAADF intensities for (i) metal sites
and (i) chalcogenide sites showing that Re doping in 2H region <40%. c) Atom-labeled image of (a) showing Re dopants uniformly spaced throughout
MoSe, lattice. d) HAADF image showing phase transition from 2H to 1T". e) Line profiles of HAADF intensities showing how strong difference in
Z-contrast between Mo (42) and Re (73) allows for easy distinction between atoms in both 2H (i and ii), and 1T’ (iii and iv) phases. f) HAADF image of
pure ReSe, in 1T phase as reference. g) High-magnification view of Re-doped MoSe, monolayer in 1T’ phase. Atoms in bottom left corner are labeled

to show presence of Mo atoms in 1T’ region.

In order to understand the electronic origin of the unique
magnetism in 2D Mo, ,Re,Se,, we performed quantum
molecular dynamics simulations, which follow the trajecto-
ries of all atoms while computing interatomic forces quantum
mechanically from first principles (see the Experimental

Adv. Mater. 2017, 29, 1703754 1703754

Section for simulation details). We simulated both 2H phase
(x = 0.14) and 1T’ phase (x = 0.83). Figure 4c,d, shows partial
spin densities-of-states (DOS) for 2H and 1T” phases, respec-
tively, in the absence of magnetic field at temperature 0 K.
Slight asymmetry between spin-up and spin-down DOSs

(5 of 8) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

a 0002 :
_ AlloyA (i) Alloy C (it)
=S H 0.001
£ 0.001 (2H)
S
13
€ 0.000 0.000
[
£
[=} §
= -0.001 |
{ ——10K | -0.001 ——10K
i —— 300K —— 300K
0002 L Y i Py " n n
-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30
Field (kOe)
@iy 2

m (10 emu)
: o

9 m;;g% E%

: 10K
1 Y | —e—Alloy C
r %% ‘ —o— AIIO));AI
2 -1 0 1 2
Field (kOe)
c 2H (14 % doped)

www.advmat.de

o

Alloy C
1.4 -%gf"o.% (AT
‘OO
12f T a0, O Py
=3 o0 r}ﬂ
P - PR P
g 1.0 o :
e ﬁfﬂ”mﬁd - —o—ZFC
5 o8| -
€
o
€
2! o
14} Qo Alloy A
é %bdn \ @H)
=12} “
oo
10 "\o‘cb\
Y & N
08l \ R
ml:h Y
06}
0 100 200 300
Temperature (K)
d 1T’ (83 %
| O, |

doped)
| (-

1 | R

4 [ T | S | S | W

DOS (states/atom/eV)

I
2 -1 0 1
Energy (eV)

Figure 4. a) Magnetic measurements of moment as a function of applied field for samples Alloy A (i) and Alloy C (ii) at T=10 and 300 K. (iii) The low
field behavior for the alloys display hysteresis at 10 K. The inset shows the zoomed in region near zero field. b) The temperature dependence of total
moment obtained by ZFC and FC and measured in a field of 100 Oe is shown for Alloy A and C. c,d) Partial spin densities-of-states for 2H (x = 0.14)
and 1T (x = 0.83) phases. Solid green and red lines are for Mo and Se, respectively, whereas blue dashed line is for Re. The origin of the energy is the
Fermi energy. e,f) Up (blue) and down (red) spin densities of 2H (x=0.14) and 1T’ (x = 0.83) phases. In (e), isosurfaces of 7 x 107 a.u.”® (blue) and
—1.5x10* a.u.”® (red) are shown, while in (f), those of 1.5 x 107 a.u.”® (blue), and =1 x 107 a.u.”® (red) are shown. Pink, purple, and yellow spheres

represent Mo, Re, and Se atoms, respectively.

amounts to small total magnetization of 2.779 X 10~* g and
6.092 X 10™* U per chemical unit (Moy_ Re,Se,) in the 2H
and 1T” phases, respectively. Figure 4e,f, shows spin densities
for the 2H and 1T’ configurations. We found that Re atoms
(colored purple in Figure 4) tend to cluster, which produce
Re-Se-Re groups even at low Re concentration (x = 0.14,
Figure 4e). Figure 4c shows clear ferromagnetic ordering of
these next nearest-neighbor Re pairs, shown by positive (colored

Adv. Mater. 2017, 29, 1703754
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blue) spin densities around Re atoms. In contrast, Mo atoms
have no spin. A similar pattern is also observed at the high
Re concentration (x = 0.83, Figure 4f). Figure S1 (Supporting
Information) shows the corresponding magnetic properties at
a temperature of 600 K. The high temperature suppresses the
magnetism, though major trends remain unchanged.

In summary, we have demonstrated alloying of 2D materials
of structurally different phases and show that the structure of

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the alloy is tunable by the concentration of the parent phases.
The Re doping strategy can be generalized to the system of
MX, (M = Mo, W, and X = S, Se) TMDs to alter the stacking
sequences by electron donation. We find interesting new phe-
nomena arising in these 2D systems such as magnetic ordering
which can have useful applications in the field of spintronics.

Experimental Section

Growth of Mo;_Re,Se, alloys: Mo, Re,Se, 2D alloy samples were
grown via chemical vapor deposition. In a 2 in. quartz tube, ammonium
molybdate, and ammonium perrhenate powders in fixed weight ratios
were taken in separate porcelain boats (as described in Figure 1c and the
main text). Sapphire substrates were cleaned with acetone/isopropanol
and placed downstream of ammonium molybdate and selenium powder
was kept upstream of ammonium perrhenate, respectively. The tube was
filled with 15% H, in Ar gas and the temperature was ramped to 600 °C
and held for 15-20 min before cooling down ambiently.

Characterization of alloys: Raman and photoluminescence spectra
was recorded on a Renishaw inVia confocal microscope equipped with
a 532 nm laser focused via 50X objective lens and 10s acquisition
times. Atomic force micrographs were obtained on a Bruker Multimode
8 AFM with NanoScope V controller operating in tapping mode. XPS
spectra were recorded using a PHI Quantera Il automated scanning
XPS module with Al Kot X-ray source (1486.6 eV, 50 W) and pass energy
of 26 eV. Magnetic measurements were carried out using an MPMS
SQUID system from Quantum Design from 300 to 10 K. STEM Analysis:
STEM imaging performed on a Nion aberration-corrected UltraSTEM
100 operated at 60 kV accelerating voltage.’”) Quantitative analysis of
Re concentration in the 2H phase was accomplished using an in-house
script written in Python. The function “peak_local_max” within the SciKit
Imaging python module was utilized in the algorithm implemented to
identify the atomic positions and their respective intensities.’®! The
metal sites and chalcogenide sites are distinguished from the orientation
of the three nearest neighbors of each atom and then the final HAADF
intensity histogram for each site. Threshold between Mo and Re is set by
fitting Gaussians to the Re and Mo peaks and placing the threshold at
the overlap point.

Supporting Information

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