74 -\\
/ CELEBRATING ™,

A simple method for understanding the triangular growth patterns of transition metal
dichalcogenide sheets
Siya Zhu and Qian Wang

Citation: AIP Advances 5, 107105 (2015); doi: 10.1063/1.4933021

View online: http://dx.doi.org/10.1063/1.4933021

View Table of Contents: http://scitation.aip.org/content/aip/journal/adva/5/10?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in

Enhancement of band-to-band tunneling in mono-layer transition metal dichalcogenides two-dimensional
materials by vacancy defects

Appl. Phys. Lett. 104, 023512 (2014); 10.1063/1.4862667

Charge conduction and relaxation in MoS2 nanoflakes synthesized by simple solid state reaction
J. Appl. Phys. 114, 043710 (2013); 10.1063/1.4816570

Controlled growth of vertically oriented molybdenum oxide nanoplates
AIP Conf. Proc. 1536, 35 (2013); 10.1063/1.4810087

First-principles theoretical analysis of transition-metal doping of ZnSe quantum dots
J. Appl. Phys. 112, 024301 (2012); 10.1063/1.4734841

Role of oxygen atoms in the growth of magnetron sputter-deposited ZnO films
J. Appl. Phys. 108, 033521 (2010); 10.1063/1.3457867

Applied mn 5 3
s\ -
NEW Special Tooic Saet
pecial Topic S¢ c -

P Applied Physics
Lithium Niobate Properties and Applications: !
Reviews of Emerging Trends AI P Reviews



http://scitation.aip.org/content/aip/journal/adva?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/209780474/x01/AIP-PT/AIPAdv_ArticleDL_061516/APR_1640x440BannerAd11-15.jpg/434f71374e315a556e61414141774c75?x
http://scitation.aip.org/search?value1=Siya+Zhu&option1=author
http://scitation.aip.org/search?value1=Qian+Wang&option1=author
http://scitation.aip.org/content/aip/journal/adva?ver=pdfcov
http://dx.doi.org/10.1063/1.4933021
http://scitation.aip.org/content/aip/journal/adva/5/10?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/104/2/10.1063/1.4862667?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/104/2/10.1063/1.4862667?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/114/4/10.1063/1.4816570?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.4810087?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/112/2/10.1063/1.4734841?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/108/3/10.1063/1.3457867?ver=pdfcov

CrossMark
AIP ADVANCES §, 107105 (2015) @ e

A simple method for understanding the triangular growth
patterns of transition metal dichalcogenide sheets

Siya Zhu'-22 and Qian Wang'?32

ICenter for Applied Physics and Technology, College of Engineering, Peking University,
Beijing 100871, China

’Key Laboratory of High Energy Density Physics Simulation, and IFSA Collaborative
Innovation Center, Ministry of Education, Beijing 100871, China

3Department of Materials Science and Engineering, College of Engineering,

Peking University, China

(Received 5 August 2015; accepted 28 September 2015; published online 7 October 2015)

Triangular nanoflake growth patterns have been commonly observed in synthesis
of transition metal dichalcogenide sheets and their hybrid structures. Triangular
nanoflakes not only show exceptional properties, but also can serve as building blocks
for two or three dimensional structures. In this study, taking the MoS, system as a
test case, we propose a Matrix method to understand the mechanism of such unique
growth pattern. Nanoflakes with different edge types are mathematically described
with configuration matrices, and the total formation energy is calculated as the sum of
the edge formation energies and the chemical potentials of sulfur and molybdenum.
Based on energetics, we find that three triangular patterns with the different edge
configurations are energetically more favorable in different ranges of the chemical
potential of sulfur, which are in good agreement with experimental observations. Our
algorithm has high efficiency and can deal with nanoflakes in microns which are
beyond the ability of ab-initio method. This study not only elucidates the mechanism
of triangular nanoflake growth patterns in experiment, but also provides a clue to con-
trol the geometric configurations in synthesis. © 2015 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution 3.0
Unported License. [http://dx.doi.org/10.1063/1.4933021]

The novel physical and chemical properties of graphene, together with its technological appli-
cations' have stimulated considerable interest in the search of other two-dimensional (2D) mate-
rials. Among them, monolayer transition metal dichalcogenides (TMDs) have currently been in
the focus due to their various novel electronic’® and optical®!" properties, and many promising
applications in catalysis,'? hydrogen storage,'? transistors,'# photovoltaic,'> and Li-ion batteries.'®
Despite the variety of compositions and properties, all monolayer TMDs (MX,, M = Mo, W, V;
X =S, Se, Te) share an interesting common feature in structure, namely the nanoflakes of TMDs
grow in triangular shapes varying in their edge compositions.!”!8 For example, on Au substrate
MoS, sheets grow in triangular shape with the edge length up to 115 um,'” which has also been
observed on single-crystalline sapphire (0001) substrates in chemical vapor deposition (CVD),?
and these triangular nanoflakes can form three-dimensional spirals.?! Moreover, the intriguing trian-
gular growth patterns have also been observed in MoS,-WS, hybrid sheets.?>?? It has been found
that the special triangular nanoflakes of TMDs exhibit many interesting physical and chemical prop-
erties.”* This unique growth pattern inspires people to investigate the underlying reasons. Although
density functional theory (DFT) based calculations?> were carried out to understand the stability of
triangular nanoflakes, the effect of edge configurations on the stability has not been studied yet. In
addition, DFT calculation cannot deal with the nanoflakes in micron dimensions containing millions
of atoms as observed in experiments. '’
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In this work, we develop a simple but effective Matrix method to understand the mechanisms
of triangular growth patterns of TMDS. Taking the MoS, system as an example, we find that with
different chemical potentials of sulfur, the triangular shaped MoS, nanoflakes with different edge
configurations have much lower formation energy among all the nanoflakes with other shapes. Our
results not only explain the experimental observations of triangular growth patterns and various
edge types of MoS; nanoflakes, but also suggest an appropriate synthesis condition to control the
edge configurations of nanoflakes.

Our DFT calculations were performed with the Vienna ab-initio simulation package (VASP
at the level of the generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof
(PBE)?! exchange and correlation functional. The wave functions are expanded with a plane-wave
basis set having a cutoff energy of 400 eV. For geometry optimization and total energy calcula-
tions of 2D MoS; nanosheets, a vacuum space of 20 A is applied in the direction perpendicular
to the sheet, and a k-mesh of 7 X 7 X 1 is used. While for MoS, nanoribbons, a vacuum space of
25 A x 20 A along the y and z directions is employed with a k-mesh of 7 x 1 x 1. For MoS, finite
nanoflakes, a 20 A x20A x 20 A supercell is used with a k-mesh of 1 x 1 x 1.

We first conducted geometry optimization for a perfect single-layer MoS, sheet, which is
composed of the hexagonal honeycomb unit cells with one sulfur atomic layer on the top and
bottom respectively, and one molybdenum atomic layer in the middle. The optimized structure
has a lattice parameter of 3.184 A, and the binding energy per MoS, unit is calculated to be
Ewos, = —21.797 eV, which agrees well with previous experimental and theoretical results.*>*}

Four different types of edges that are commonly seen in single-layer MoS; nanoflakes are taken
into account: zigzag-Mo edge, zigzag-S edge, antenna-S edge, and antenna-Mo edge, labeled as I,
IL, 111, and IV, respectively, as shown in Fig. 1.

Based on the feature of honeycomb structural cell of 2D MoS; sheets and previous experi-
mental findings of triangular and hexagonal MoS, nanoflakes, we consider the convex hexagonal
nanoflakes with all angles of 120°, and the six edges in the different configurations shown in Fig. 1.
We use a matrix to describe such a nanoflake. For instance, for the MoS, nanoflake shown in
Fig. 2(a), the configuration matrix X can be expressed as

)20

00 0 2

4 0 0 O

02 00
X =

00 40

02 00

4 0 0 O

I

FIG. 1. Top and side views of the four different edge configurations of MoS; nanoflakes. Zigzag-Mo edge, zigzag-S edge,
antenna-S edge, and antenna-Mo edge are labeled as I, I, III, and IV, respectively.
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FIG. 2. (a) A MoS; nanoflake with convex hexagonal shape. Edges are numbered I to VI from the top-left edge, correspond-
ing to the row in matrix. (b) Edge length of the hexagonal nanoflake.

where the four columns represent the four types of edges, and the six rows are for the edge length of
the six edges characterized by the number of the honeycomb structural unit cells, starting from the
top-left edge, as labeled in Figure 2(a).

In an infinite MoS, monolayer, one Mo atom is coordinated to six S atoms, and one S atom
is coordinated to three Mo atoms, forming a stable structure. However, in a finite MoS2 nanoflake,
Mo atoms on the edges no longer have perfect triangular prismatic coordination, and S atoms on the
edges no longer have perfect triangular pyramid coordination. Therefore, such unsaturated atoms
on the edges would increase the free energy, which is termed as edge formation energy, acting as
a controlling thermodynamical parameter in formation and growth of nanoflakes. The average edge
formation energy per unit length of an edge (y) is used to measure the stability of a nanoflake with
different edge configurations, namely the lower v, the lower total free energy, and more stable the
nanoflake is.

To calculate parameter y, we label the formation energy of the four types of the edges in Fig. 1
as yr, Yu, Y and 7y, respectively, which is a function of the chemical potentials of sulfur and
molybdenum. We define the edge formation energy vector I as

Y1
Y
Yt
Yiv

Thus, the average edge formation energy can be expressed as

_¥X-T
= 55%

Therefore, the formation energy computed by DFT method in previous work?* can be calculated
now by the simple algebra equations in our Matrix method.

In order to find the formation energy of different edges, a common method is to calculate the
total free energy of the nanoribbons with different edge configurations, and subtract the chemical
potentials of the species in their corresponding 2D crystalline nanolayers.?>2

For the MoS, nanoribbons with the different edge configurations constructed by the combina-
tion of the four edges, as shown in Fig. 3, we have

@

vi+ v = Epr—6pym, — 12us 3)
v+ vm = Epenr — 6pmo — 14 4
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I+ I+IV TI+IIX HI+Iv

FIG. 3. MoS; nanoribbons with four different combinations of the typical edge configurations: (a) I+1I, (b) I+1V, (c) II+1II,
and (d) IIT+1V.

Yi+Yv = Erav = Tpmo — 1215 )

Yur + v = Enerv — 7pimo — 14 s (6)
where E is the total free energy of the nanoribbons, 1, and ug are the chemical potentials of
molybdenum and sulfur.

From Equation (3) to (6), we obtain that E;.;; + Eyyypv equals Epiyy + Ejppr
While from DFT calculations, we get

Ejir=-126.373 eV

Ejep = —137.067 eV
Ejiy = —135.956 eV
Envy = —146.695 eV

Thus, Ej.y+ Eppey = —273.068 eV, and Ejyy + Eypoy = —273.023 eV, showing a gOOd self-
consistency of the equations.

Equations (3)-(6) derived from the nanoribbons are not enough to solve the formation energy of
each edge, so that a triangular nanoflake with the shape characterized by the configuration matrix:

[0 3 0 0]
00 0
0 3 0 O
X =
00 1 0
0 3 0 O
| 0 0 1 O |
is computed to provide another equation:
[0 3 0 0]
0 0 1 O Vi
0 3 0 0 Yi
= 9yu + 3y = Eoye3mr — 100 — 30us @)
0 0 1 0 Y
0 3 0 0 Yiv
10 0 1 0|

With DFT calculations, we get the binding energy of the nanoflake: Eqy.3; = —245.931 eV.
In an equilibrium growth and annealing condition of MoS; nanoflakes, we have

HMos, = Mo + 2{ds ®)

which equals to the energy of a unit cell of MoS, nanosheet, namely -21.797 eV.
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TABLE I. Total energy Eioa (in eV) and edge formation energy vy (in eV) of the four typical shaped MoS; nanoflakes
calculated by DFT and our matrix method.

DFT computation Matrix method
Shape X matrix E'total Y Erotal Y
0 4 0 0
¢ LL
i1 0 0 1 0
0 4 0 0
o ;\Q 1‘;{» o 0 1 o0 -359.288 -2.136-2us -359.460 -2.167-2us
A
COLL fos oo
(S0 vl ¥ A% y ©
0 0 1 0
0 0 1 0
p oo U K
NN e o 1 0 o -162.730 1.164- s -163.015 1.138- L pus
O
o 2.0 0 0
0 2 0 0
0 2 0 0
B
L&Z 1 2 0 0 0
(22 0 2 0 O
i A\I}I Pt 5 0 0 0 -234.789 2.231 -235.098 2.201
Iﬂ Ao 0 2 0 0
2.0 0 0
l\L 03 0 0
;\ 1 00 1 0
0 3 0 0
. im j\ l{, 5 0 0 0 -277.803 0.428— L us -276.554 0.524— L us
bbb
A\lﬁf\i 02 0 0
o 20 0 0

With Equations (3)-(8), the formation energy of each edge can be solved as following:

yr =5.929 eV + %us
vy =-1.518¢eV - %ys
vy = —4.765 eV — glus.
viv = 10.696 eV + %ug

In CVD process, the chemical potential of sulfur changes in the range of -5.4 eV ~ -3.8 eV.>* To
examine the accuracy of our method, the formation energy of four typical shaped MoS, nanoflakes
(triangle, parallelogram, hexagon, and pear) were calculated by both DFT and our Matrix method.
The calculated results are given in Table I, which shows that the results provided by Matrix method
are in good agreement with those obtained by DFT, confirming the accuracy of our method.

With the different chemical potential of sulfur ug, the formation energies of the edges change
gradually, as shown in Figure 4(d). Hence, different shapes of nanoflakes are determined by the
energetics. Based on Figure 4(d), we can clearly see that antenna-Mo edge configuration is energeti-
cally most unfavorable, while the relative stability of other three edge configurations depends on the
chemical potential of S, which can be discussed in the three ranges: —5.4 eV < us < —=5.347 eV,
—5.347 eV < ug < —4.871 eV, and —4.871 eV < ug < —-3.8 eV, controlling the formation energy
of nanoflakes with different edge configurations.
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FIG. 4. (a), (b), and (c) Geometries of the three thermodynamically stable triangular nanoflakes. (d) Variation of the edge
formation energy with respect to the chemical potential of sulfur us for the triangular nanoflakes with different edge
configurations.

(i) =5.4¢eV < ug < —5.347 eV

Under this condition, the stability follows the order of zigzag-S edge > zigzag-Mo edge >
antenna-S edge. However, a hexagonal MoS, nanoflake cannot be formed with zigzag-S edges
merely. In fact, at least three alternated edges should be either zigzag-Mo edges or antenna-S edges.
Therefore, the thermodynamically most stable structure within such g range should be in a trian-
gular nanoflake, with three zigzag-S edges as long as possible, and three zigzag-Mo edges as short
as possible, as shown in Fig. 4(a), named shape A.

(i) —5.347 eV < ug < —4.871 eV

In this range, Fig. 4(d) shows that the zigzag-S edge configuration is more stable than the
antenna-S edge one, which is in turn energetically preferable than the zigzag-Mo edge configura-
tion. Therefore the most thermodynamically stable structure should also be in a triangular shape,
with three zigzag-S edges as long as possible, and three antenna-S edges as short as possible, as
shown in Fig. 4(b), named shape B.

(i) —4.871eV < ug < -3.8eV

In this case, the antenna-S edges have the lowest formation energy, and then the zigzag-S edges.
Therefore the most thermodynamically stable structure should still be in a triangular shape, with
three antenna-S edges as long as possible, and three zigzag-S edges as short as possible, as shown in
Figure 4(c), named shape C.

Based on above discussions, three thermodynamically stable configurations are identified for
different ug, and all of them have triangular shape with favorable formation energy. This is the
reason why triangular growth patterns have been observed in many experiments.”!” However, when



107105-7 S. Zhu and Q. Wang AIP Advances 5, 107105 (2015)

10*
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FIG. 5. Variation of the average edge formation energy with respect to the edge length N and chemical potential ugs for
MoS; nanoflakes in shape A (a), B (b) and C (c).

Us is about -4.871 eV, the formation energies of the zigzag-S edges and antenna-S edges are compa-
rable. Therefore, growth of six edges of the hexagonal MoS, has no priority, and orthohexagonal
nanoflakes of MoS, can be synthesized in such special chemical condition. Recently, the Wang
group reported the synthesis of such hexagonal MoS, nanoflake experimentally.?’

To simulate the configuration evolution during the growth from small to large size in mi-
crons for these three stable triangular structures, we study the relationship among y (average edge
formation energy per unit length of the edge), N (the edge length, characterizing by the number of
hexagonal unit cells in the edge), and ug (the chemical potential of S). The calculated results for the
triangular nanoflakes in shape A, B and C are plotted in Fig. 5(a), 5(b) and 5(c), respectively, where
the color with scale bar represents edge formation energy. The Figure shows that the average edge
formation energies of shape A and C become smaller when the size N is getting larger. For shape
B, when ug < —4.871 eV, vy decreases with N; when ug > —4.871 eV, y increases with N. In other
words, in a Mo-rich environment, all three shapes have tendencies to grow thermodynamically,
while in a S-rich environment, the growth of shape A and C to large size is preferable but not for
shape B. The Lauritsen group'® reported that shape B only exists in the nanoflakes with edge length
less than 5, and big nanoflakes are practically in shape C. Based on above discussions, we conclude
that the synthesis of nanoflakes in shape A and C should be in a S-rich condition, where the growth
of nanoflakes in shape B is unfavorable, while shape C is thermodynamically favorable.

In summary, we propose a Matrix method to calculate the edge formation energy of nanoflakes
where the configuration of nanoflakes is described with a matrix, and the total formation energy is
approximated to be the sum of edge formation energies and the chemical potentials of sulfur and
molybdenum. We have identified three thermodynamically stable triangular shapes with different
edge configurations for MoS, nanoflakes which are controlled by the chemical potentials of sulfur
and molybdenum. In a Mo-rich synthesis condition, shape A and B are preferable, while in a S-rich
synthesis environment, shape C is more favorable. Our Matrix method not only provides the results
that agree well with those obtained from DFT calculations, but also it is beyond DFT as it can
deal with large nanoflakes in microns containing millions of atoms as observed in experimental
synthesis. Furthermore, we can extend the matrix method to other transition metal dichalcogenide
nanoflakes like WS,.28
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