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The polymorphism of two dimensional MoS, promises new possibilities for nanoelectronics. The
realization of those possibilities necessitates techniques to enable flexible and controllable phase
engineering of MoS,. In the present study, based on first-principles calculations, a new and flexible route

to engineer the phase stability of MoS, by interfacing it with a GaN or AIN substrate is reported.

Depending on the surface termination of the underlying substrate, MoS, may exhibit either the 2H or 1T’
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(1T") phase. The interface coupling between MoS, and the substrate also affects the phase transition
kinetics. In addition, electron doping can act as another means to influence MoS,-substrate interactions
and enable further phase engineering of MoS,. The present findings contribute to new knowledge

towards phase engineering of MoS, and the design of hybrid nanodevices comprising both 2D and 3D

www.rsc.org/pccp optoelectronic materials.

1. Introduction

Among the wide variety of two dimensional materials and their
related heterostructures discovered to date, monolayer MoS, has
potential applications in optoelectronics,"™" piezoelectronics**?
and valleytronics."*® Regularly, exfoliated monolayer MoS,
consists of an S-Mo-S sandwich structure with P6m2 symmetry,
which is called the 2H phase. As monolayer 2H-MoS, is a direct
band gap semiconductor, it enables the design of two dimensional
nanodevices, such as LED,> *®® solar cell,**** and nano power
generator.'

Recently, the polymorphism of MoS, has attracted considerable
attention.”” > On one hand, the polymorphic phases enrich
the electronic properties of monolayer MoS,. More specifically,
1T-MoS, is metallic and can be used for hydrogen evolution
and electrochemical devices like lithium/sodium batteries.**
The two distorted versions of the 1T phase, ie. 1T’ and 1T”
phase, are near metallic with a band gap smaller than 0.1 eV
and have potential applications, such as in two dimensional
topological insulators.’®???° On the other hand, different
structural phases can be recombined, which would yield an inherent
heterostructure with a coherent interface among 2H/1T (1T’ or 1T")
phases. Owing to their compositional equality, the inherent
heterostructures bring more flexibility in designing MoS,-based
nanotransitors*>*"*? or optoelectronic devices.****

“ Department of Mining and Materials Engineering, McGill University, Montreal,
QC, H3A 0C5, Canada. E-mail: jun.song2@mcgill.ca

b Department of Electrical and Computer Engineering, McGill University, Montreal,
QC, H3A OE9, Canada

+ Electronic supplementary information (ESI) available. See DOI: 10.1039/c6cp05404h

This journal is © the Owner Societies 2016

To better exploit the distinct properties of those phases, one
needs to be able to control the phase transition within MoS,.
The state-of-the-art methods to enable phase transition in MoS,
include lithium intercalation,'”*®>" defect (vacancy, doping)
engineering,'>?%* electrostatic gating,*” and strain engineering,>*
among others. However, lithium intercalation and defect
engineering necessarily modify the defect structure and dis-
tribution within an MoS, sheet,'>*"*¢ thereby altering the
properties of the resultant MoS, phases. On the other hand,
the application of the electrostatic gating and strain engineering
is limited by the electron density and/or elastic strain
attainable in experiments.*>**” In view of the abovementioned
limitations, new routes to achieve phase engineering are still
needed.

In this study, utilizing density functional theory (DFT)
calculations, we report a new way to engineer phase transitions
in MoS, by interfacing it with a GaN or AIN substrate. With
similar application in the field of optoelectronics, there have
already been several experimental®®**° and theoretical***!
studies in MoS,/GaN (AIN) heterostructures. However, research
discussing the interface interaction and phase stabilities of
MosS, is still absent. Therefore, in this study, we focus on the
interaction between MoS, and c-plane GaN or AIN. The role
of surface termination of the c-plane surface on the phase
stabilities of different MoS, phases and associated phase
transition kinetics were studied. In addition, electron doping
as a means to influence the MoS,—substrate interactions and to
enable further phase engineering of MoS, was examined. In the
end, the implications of these results on phase engineering of
MoS, and the design of devices comprising both 2D and 3D
optoelectronic materials were discussed.
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2. Computational methodology

First-principles DFT calculations employing the Perdew-Burke—
Ernzerhof (PBE) functional** and projector augmented-wave
(PAW)"® method were performed using the Vienna ab initio
simulation package (VASP).** The simulation cell comprises a
monolayer, MoS,, sitting on top of a substrate consisting of six
layers of a GaN or AIN slab with a [0001] facet, as illustrated in
Fig. 1. Benchmark calculations were performed showing that
the GaN and AIN slab models, considered, are energetically stable
(see ESIt). The dispersive van der Waals interactions between the
MoS, monolayer and underlying GaN (AIN) substrate were
included using the DFT-D2 method of Grimme.*™ A vertical
vacuum space of a dimension >2 nm (along the direction
perpendicular to the MoS, sheet) was used to eliminate the
periodic image interactions. A 2 x 2 supercell of GaN (AIN) slab
was paired with a 2 x 2 supercell of 2H-MoS,, 1 x 2 supercell of
1T-MoS, or 1 x 1 super cell of 1T"-MoS, to create the hetero-
structure model. It is important to note that those MoS, phases as
well as the GaN and AIN substrates exhibit different lattice
constants (see Table S1 in the ESIt). However, for simplicity, we
assume a commensurate interface between MoS, and the underlying
GaN (AIN) substrate, and that the lattices of all systems conform to
that of 2H-MoS,. A7 x 7 x 1 k-point grid and cutoff energy of 500 eV
were used in all calculations. It is worth mentioning that
spontaneous polarization,*®* a phenomenon often present in
GaN (AIN), was not considered in the present study.

One aspect worth discussing is the structure of the (0001)
GaN and AIN surfaces. As reported in several studies, the (0001)
surface can undergo surface reconstruction, particularly when
influenced by the external chemical environment.*> For
instance, Smith et al. reported Ga adatoms induced reconstruc-
tion of GaN(0001) surface,”® and Li et al. reported the surface
reconstruction of GaN(0001) triggered by the deposition of
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Fig. 1 (a) Top projection view of the c-plane surface of GaN or AN, where
A, B and C denotes the three possible standing sites for Mo and S. Three
example stacking combinations are illustrated, being (b) 2H/Mac, a 2H phase
sitting on the (0001) surface of GaN (AIN) with Mo and S directly on top of
sites A and C respectively, (c) 1T/Nga, a 1T phase sitting on the (0001) surface
of GaN (AIN) with Mo and S directly on top of sites B and A, respectively, and
(d) 1T"/Mcg, a 1T’ phase sitting on the (0001) surface of GaN (AIN) with Mo
and S directly on top of sites C and B, respectively. Parameter dy refers to
the equilibrium distance between the GaN (AIN) substrate and MoS,.
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Co atoms.”® Nonetheless, unreconstructed (0001) surfaces can
be achieved in experiments,”>** when the surface is properly
cleaned to remove contamination.>®”® In the present study, we
assume the (0001) GaN and AIN surfaces to remain unrecon-
structed for simplicity. Benchmark studies have been conducted
to demonstrate that the (0001) GaN and AIN surfaces are at least
energetically metastable (see ESIT).

At the interface, MoS, may be in contact with either metal
(Ga or Al) atoms or N atoms, depending on the Ga or N termination
of the GaN (AIN) ¢-plane surface, i.e. (0001) or (0001) surface. This,
along with the relative lateral shift of the MoS, sheet with respect to
the GaN (AIN) substrate, leads to several possible interface config-
urations. To distinguish the different interface configurations, a
notation of format P/Txy was utilized, where P stands for the phase
type of MoS, (being either 2H, 1T, 1T or 1T"), T stands for the type
of terminated atoms, being either M (Ga or Al) or N, and XY
represents the stacking sequence of MoS, on the GaN (AIN)
substrate. In particular, X and Y indicate the standing sites of Mo
and the S atoms on the (0001) surface of GaN (AIN) respectively. As
illustrated in Fig. 1a, there are three types of lattice sites on the
(0001) surface of GaN (AIN), labeled sites A, B and C. Sites A and B
denote the lattice locations occupied by the top and second layers
of atoms in GaN (AIN), and site C refers to the center of the hexagon
constituted by sites A and B. With the parameters, P, T, X and Y
decided, the interface configuration is fully prescribed.

Phonon calculations were also performed to examine the
phase stability of structures. Density Functional Perturbation
Theory (DFPT) calculations were used to yield the real space
force constant matrix Cy, ;5(q)

_OE
A (q)du (q)

being the second derivative of energy E with respect to dis-
placements u{(q) and uf(g), where g is the wave vector and u{'(q)
(¢ = o, B, i=1,]) indicates the displacement of atom i along
direction ¢. With the force constant matrix determined, the
phonon frequencies w(g) can be obtained by solving the secular
equation below:

Cruplg) = (1)

\/ﬁéum) — o g)| =0, @

where M; and M, are the atomic masses of atoms I and ],
respectively.

The criteria of convergence for calculations of vibrational pro-
perties are set as 10~ eV for electronic relaxation and 107° eV A™*
for ionic relaxation. Higher precision settings than these conver-
gence criteria were tested and negligible difference in calculation
results were found. The PHONOPY®’ package is employed with
q grid of 17 x 17 x 1 applied for all the structures considered.

3. Results and discussion
3.1. Energetics and stability of MoS, phases
Defining the energy of a configuration P/Txy, E(P/Txy), as

E[P/Txy) = Etotal(P/TXY)/NMosz (3)
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Fig. 2 Calculated total energy E(P/Txy) of systems comprising of different
MoS, phases on top of (a) Ga-terminated (top left) and N-terminated
(bottom left) c-plane GaN, and (b) Al-terminated (top right) and N-terminated
(bottom left) c-plane AlN.

where E,o1(P/Txy) represents the total energy of the system and
Numos, is the number of MoS, units in the simulation cell, we
examined the energies of different MoS,-GaN and MoS,-AIN
heterostructure configurations, and the results are shown in
Fig. 2. For a MoS, monolayer sitting on top of the (0001)
surface, its preferable phase is always either 1T’ or 1T” regardless
of the stacking XY, whereas the preferable phase becomes 2H
when a MoS, monolayer interfaces with the (0001) surface.
To better illustrate the energy difference between different
configurations, all the calculated energy data are tabulated in
the ESI.T It is also worth noting that the 1T phase always exhibits
the highest energy. In addition, there is an apparent dependence
of E(P/Txy) on the stacking sequence XY.

The results, shown in Fig. 2, essentially show the relative
stability of different MoS, phases on a GaN (AIN) substrate. The
phase stability can be investigated further through phonon
dispersion calculations, as illustrated in Fig. 3. Partial phonon
density of states (PPDOS) associated with Mo and S atoms are
extracted to elucidate the phase stability of MoS, for different
interface configurations. Stacking sequences with the lowest
energy are selected according to the calculation results presented
in Fig. 2 so that AB stacking for GaN and AIN with metal or N
termination are studied as a result. For each time of termination,
PPDOS from four types of phases, i.e., 2H, 1T, 1T’ and 1T”, are
demonstrated on each subfigure (Fig. 3). Fig. 3 shows that for
both metal terminations, imaginary frequencies are observed for
2H-MoS,s and 1T-MoS;,s, while only positive frequencies can be
observed for 1T'-MoS,s and 1T”-MoS,s. On the other hand, for N
termination, only 2H-MoS, shows positive frequencies, while 1T,
1T, and 1T” phase possess imaginary branches of phonon
frequency. These observations are consistent and further sup-
port the corresponding energetic results in Fig. 2, which show
2H-MoS, and 1T-MoS, having higher energies than 1T’-MoS,
and 1T”-MoS, on a metal-terminated GaN (AIN) substrate. There-
fore, it was confirmed that phase stability can be tailored by the
surface polarity of GaN (AIN) substrates. It should be noted that
in our calculations, the 1T" and 1T” phases were slightly strained
as they were made to conform to the lattice of the 2H phase.
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Fig. 3 Calculated partial Phonon Density of States (PPDOS) for MoS,
phases on (a) Ga-terminated (top left) and N-terminated (bottom left)
c-plane GaN substrates, and (b) Al-terminated (top right) and N-terminated
(bottom right) c-plane AIN substrates.

Such straining can cause modification of the energetics, but it is
not expected to change the overall picture of phase instability
and transition in MoS, (see details in ESIt).

3.2. Role of interface on phase stability

The results shown above provide evidence that phase stability is
influenced greatly by the MoS,-GaN (AIN) interface. To understand
the physical origin underlying the interface effect, we examined the
deformation charge density; representative cases are shown in
Fig. 4. Note that the 1T phase of MoS, is always unstable (see
Fig. 2 and prior discussion) and thus we have not it included in
Fig. 4. For a substrate of metal termination, there is significant
charge transfer between MoS, and the underlying substrate. This is
expected because Ga and Al atoms have lower electronegativities
than Mo and S and thus, tend to lose electrons. In addition, the
level of charge transfer is considerably higher for 1T and 1T” MoS,
than for 2H MoS,, indicating that 1T’ and 1T” MoS, form a much
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Fig. 4 Representative deformation charge density plots for MoS, phases

on (a) Ga-terminated and N-terminated c-plane GaN substrates, and
(b) Al-terminated and N-terminated c-plane AIN substrates.
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Table 1 Values of E,, being the average of E,,(P/Txy) over all stacking XY for different MoS,—GaN (AIN) heterostructures. The notations, Myy and Nyy,
respectively, indicate whether the c-plane substrate is metal- or N-terminated, i.e., (0001) or (0001) surface

Ey (eV)

2H/Myy 1T [Myy 1T /Myy 2H/Nyy 1T’ /Nyy 1T" /Nyy
GaN 0.64 + 0.22 1.38 + 0.21 1.46 + 0.20 0.18 + 0.09 0.36 + 0.11 0.37 + 0.11
AIN 0.80 + 0.35 1.67 + 0.18 1.72 + 0.21 0.15 + 0.01 0.30 + 0.06 0.29 + 0.11

stronger binding with the (0001) surface, and thus are energetically
favored (¢f Fig. 2).

On the other hand, for a substrate of N termination, there
appears to be minimal charge transfer between MoS, and the
substrate, suggesting weak mutual interactions. Therefore, one
would expect that the substrate has little influence on the phase
stability of MoS, and consequently 2H remains the most stable
phase, which is consistent with the results in Fig. 2.

The abovementioned observations can be confirmed by
examining the work of adhesion, E,, at an interface configuration
P/Txy,

Ew(P/Txy) = [E(M0S,") + Es — Etotal(P/Txy))/Nyos,» (4)

where E(MoS,") denotes the energy of a free-standing MoS,
sheet of phase P and Es denotes the energy of the substrate,
while Eyoa1(P/Txy) is previously defined in eqn (3). The average
value of Ey(P/Txy) and over all stacking XY, namely Ey, are
listed in Table 1 (see ESIt of E(P/Txy) for individual stacking).

As shown in Table 1, E, generally exhibits rather small
values when the substrate is N-terminated, suggesting weak
interaction between MoS, and the underlying substrate. On the
other hand, when the substrate is metal-terminated, E,, exhibits
considerably higher values. In particular, the value of E,, in the
case of MoS, being 1T’ or 1T” is about two times as large as the
one in the case of 2H MoS,, which indicates that 1T’ (1T”) MoS,
has much stronger interaction with the substrate than 2H MoS,.

3.3. Kinetics of phase transition

In addition to the energetics, another important aspect pertinent
to phase stability of MoS, on the GaN (AIN) substrate is the
kinetics. As previously noted, the energetically preferable phases
are 1T’ (1T”) and 2H for MoS, on metal- and N-terminated
substrates, respectively. Therefore, we investigated the phase
transitions between 2H and 1T’ (1T”). For simplicity, we focus
our discussion on MoS,-GaN (AIN) heterostructures of the AB
stacking as representatives. The minimum energy paths (MEPs)
and corresponding transition-states (see Fig. S6 in the ESIY)
associated with the phase transitions were examined, and the
values of activation barriers are tabulated in Table 2. The
activation barrier E}, ranged from 0.54 to 1.56 eV per u.c. First,
one can note that E}, associated with 2H — 1T’ (and 1T — 2H)
are similar to the one associated with 2H — 1T” (and 1T” — 2H).
This is well expected given the similarity in energetics and
charge transfer behaviors of 1T’ and 1T” on the GaN or AIN
substrate (¢f Fig. 2-3). Second, the barriers associated with
2H — 1T’ (1T") transition are barely affected by the substrate, as
evidenced by them being close to the ones of free-standing MoS,.
On the other hand, the barriers associated with 1T" (1T") — 2H

33354 | Phys. Chem. Chem. Phys., 2016, 18, 3335133356

Table 2 Activation barrier E,, (normalized by the number of MoS, units)
for phase transitions between 2H and 1T’ (1T”), for the representative
stacking sequence AB

Ey, (eV per u.c.)

2H - 1T" 2H - 1T 1T » 2H 1T - 2H

GaN P/Gang 1.06 1.04 1.56 1.56
P/Nag 1.08 1.07 0.54 0.55
AIN P/Alxp 1.08 1.08 1.34 1.35
P/Nag 1.04 1.04 0.51 0.52
Free-standing MoS,  0.90 0.95 0.29 0.34

increase compared to the ones associated with free-standing MoS,.
The increase in the activation barrier is particularly significant when
the substrate is metal-terminated, which can be attributed to the
strong interaction between 1T’ (1T') MoS, and metal-terminated
substrates, as previously discussed (cf., Fig. 4 and Table 1). In the
kinetic terms, this increase in barrier would help stabilize the 1T’
(1T") phase on the GaN or AIN substrate.

3.4. Further tuning of phase stability via electron doping

As seen in Section 3.2., the influence of the substrate on phase
instability of MoS, is mainly attributed to the charge transfer
between MoS, and the substrate. In particular, for the cases of
metal-terminated substrates, the substrate loses electrons or
effectively “injects” electrons to MoS,. Therefore, the substrate
engineering of MoS, can naturally couple with charge injection.
The ability of electron doping to further tune the phase stability
of MoS, (on a metal-terminated GaN or AIN substrate) is
discussed below.

For electron doping density ranging from —0.5g, to 0.5¢,
(g0 = 1.6 x 10~"° C per u.c.), it was found that electron doping
can induce a phase transition for interface configurations
P/Mac, P/Mga, P/Mpc and PMcy (M = Ga or Al) in MoS,-GaN
(AIN) heterostructures (rest of the situations can be found in the
ESIt). The influence of electron doping can be evaluated as follows:

AE(P/Mxy) = E7(P/Mxy) — E°(2H/Mxy), (5)

where E9(P/Mxy) denotes the energy of the configuration P/Myy
at an electron doping density of g, while E°(2H/Myy) denotes
the energy of the corresponding 2H/Myy without electron
doping. Both E9(P/Myy) and E°(2H/Myy) are defined in a similar
way as mentioned in eqn (3). As shown in Fig. 5, 1T’ (1T")
remains the preferred phase when the system is doped by a
negative charge, while the 1T’ (1T”) — 2H transition can be
triggered by the injection of a positive charge (except for the
case of P/Gaxy, where 1T" becomes the preferred phase again

This journal is © the Owner Societies 2016
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Fig. 5 Influence of electron doping on the energetics (ie., AEF(P/Myy), see
eqn (5)) of different MoS, phases on (a) Ga-terminated c-plane GaN substrates
of interface configurations Gaac, Gaga, Gagc, and Gaca, and (b) Al-terminated
c-plane AIN substrates of interface configurations Alac, Alga, Algc, and Alca.

Table 3 Threshold charge density for the 1T’ (1T”) — 2H transition in GaN
(AIN) supported MoS; sheet. The value of g is in the unit of g, with gg = 1.6
x 107%° C per u.c.

Threshold doping density g(q,)

P/Muc P/Mg, P/Mgc P/Mca
GaN 0.05 0.20 0.43 0.21
AIN 0.14 0.12 0.05 0.17

under excessive doping of a positive charge, ie., g > 0.36¢). The
abovementioned effects of electron doping can be explained by in
Fig. 4, where one can observe that the underlying metal-terminated
GaN or AIN substrate loses its electrons to MoS,. The injection of a
positive charge effectively neutralizes those electrons, and thus
weakens the interaction between MoS, and its underlying substrate,
eventually resulting in a transition of 1T” (1T”) to the 2H phase
for MoS,. The values of electron doping density corresponding to
the 1T’ (1T”) — 2H transition are listed in Table 3. These values
are all well within the range of density achievable through, e.g.,
doping,*>?®°® electrostatic gating®>*” or external electric field,*”
in the experiments, suggesting that electron doping is a feasible
route in device applications.

4. Conclusion

Utilizing density functional theory, phase stability and transi-
tion in MoS, interfacing with a c-plane GaN or AIN substrate
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was studied. It was revealed that the relative phase stability and
phase transition kinetics of MoS, can be manipulated by
altering the surface termination of the underlying GaN or AIN
substrate. In particular, for cases where MoS, interfaces with a
metal-terminated substrate and MoS,, significant charge transfer
occurs at the interface, leading to strong MoS,-substrate interactions
that favor 1T’ (1T") phases over the 2H phase. Such MoS,-substrate
interactions also substantially increase the activation barrier of
1T'(1T") — 2H transition, which further contributes to stabilizing
the 1T (1T”) phase on metal-terminated GaN or AIN substrate. The
phase stability of GaN (or AlN)-supported MoS, can be modified by
employing electron doping. With the injection of positive charges,
the energetically preferable phase of MoS,, on a metal-terminated
GaN or AIN substrate, can revert to the 2H phase. The present
findings suggest a new route of phase engineering in MoS,, via
interface coupling with a GaN or AIN substrate and electron doping,
contributing new knowledge towards the design of novel devices
integrating 2D and 3D optoelectronic materials.
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