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A theoretical analysis of the stimulated emission of monolayer MoS: taking into
consideration of the piezoelectric effect has been conducted using the quantum mechanics
theory. It is found that extra piezoelectric charges induced by applied mechanical forces
increase the overall charge density of the MoSz, subsequently enhancing the emission

intensity.
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ABSTRACT

We report on manipulating the stimulated emission of the monolayer
molybdenum disulfide (MoS2) with the piezoelectric effect. The analysis is
based on quantum mechanics emission of this
two-dimensional material has been simulated to establish the relation between
the total emission rate and the energy of the photon excitation. We demonstrate
that the piezoelectric induced charges enhance the emission rate by changing
the carrier concentration. It is found that the emission intensity is proportional
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theory. Stimulated
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Heidelberg 2016 to the carrier density in the low-density range, and it eventually reaches to a
steady value in the high-density region. Externally applied mechanical force

KEYWORDS also leads to change of the second harmonic generation from the monolayer

. . MoSa.

Piezo-phototronics

Luminescence

MoS:

Introduction bandgap as compared to its bulk form [2]. This

property will significantly enhance the photon

The transition-metal dichalcogenide semiconductor
MoS: has caused great attention attributed to its
superior electronic, optical, and catalytic properties
[1] [2] [3] [4]. It has been found that the monolayer
has the distinctive semiconductor property — direct

emissions against the indirect bandgap exhibited in
the bulk form, which will have great potential in
applications such as light emitting devices. Pioneer
study on piezotronics of the MoS: has been
conducted to unveil its another important property —

Address correspondence to Lijie Li, L.Li@swansea.ac.uk; Yan Zhang, zhangyan@uestc.edu.cn
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piezoelectricity [5] [6] [7], which promotes this
material in energy harvesting and sensor applications.
Though the research on photoluminescence of the
MoS:  has
investigated in Ref. [8], theoretical research has not

monolayer been  experimentally
been conducted, especially for the non-trivial aspect
of piezoelectric enhanced luminescence, which leads
to the emerging field of piezo-phototronics [9] [10]
[11].
luminescence

Interesting  approaches of  controlling
through combined magnetic and
has [12]. A

comprehensive review on tuning the luminescence

piezophotonic been reported in
with various methods was presented in [13]. From
the theory, there are two known parameters affecting
the stimulated luminescence, one is the charge
density, the other is the bandgap of the material. In
majority of previous reported strategies, the ultimate
aim was to tune the charge density in order to control
the intensity of the luminescence. In essence it is
aimed to increase the amount of electrons available
that transit from states of higher band to states of
lower band. The bandgap of the material mainly

determines emission wavelength. In this work we

.
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Figure 1.

Theory

As a beam of light with energy E, strikes on a
be

transmitted, or absorbed. Here we only consider the

semiconductor material, it will reflected,
portion that is absorbed. Some of absorbed light
energy inelastically interact with electrons causing

them transit from energy states in conduction band

analyze the stimulated emission of the monolayer
MoS: the
interaction. Due to the direct bandgap of the

based on inelastic photon-electron
monolayer MoSz, our approach of using the Fermi
golden rule is taken to analyze the light emission rate.
The theoretical method has been used in previous
study in zinc oxide nanowires [14]. Our aim in this
work is to theoretically explore the impact on the
luminescence attributed to photonic and electronic
parameters i.e. bandgap, incident photon energy.
Furthermore, the emission rate depending on the
piezoelectric effect for this material requires urgent
the

been proposed

since
has
recently. The advantage of using piezoelectric is its

exploration, especially interesting

piezo-phototronic  concept
dynamical tunability of piezoelectric charges created
by applied strain. For 2D materials fixed on substrate,
doped 2D materials will change luminescence, for
example, luminescence wavelength can be extended
effectively by rare-earth Er-doped MoS: [15]. The
mechanism of the possible enhancement on the
luminescence by the piezoelectric effect will be
detailed in the following sections of this paper.

.

' .
o_e_s s

MoS2

Schematic of the single layer MoS: stretched by the force F, affecting the stimulated emission.

to those of valence band emitting light with energy
of ne. We focus on the interaction of the electrons
and photons resulting in light emission when

electrons make the interband downward transition

I,. When an electromagnetic wave is propagating

through a semiconductor, only interband transition
in which the initial and final states of the electron
belong to different bands is allowed according to

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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both the energy and momentum conservation rules.
It is a vertical transition in k-space as the optical
momentum is much smaller than electron
momentum causing no horizontal shift in the
k-space. It is assumed the electron spin is conserved
during the photon/electron interaction process. In
2D materials such as monolayer MoS, for the event
of excited electrons making their transition from a
higher state i in conduction band to a lower energy
state j in valence band, releasing new photons with
identical optical properties (i.e. phase, frequency,
polarization, and direction) as the incident wave,
we shall use stimulated emission theory to calculate
the transition rate. The emission rate for photons of
energy hew is based on Fermi’s golden rule [16],

which is

T \W.,\ D§P (h)B () f (1 f,) (1)

2

where # is the reduced Planck’s constant, I\Nij|

is the squared matrix element coupling the initial
2

and the final states. I\Nij| is determined by the

electron wavevector k and the polarization direction
of the electromagnetic wave. In most of III-V and
II-IV semiconductors, the average value of the

momentum matrix element can be treated as a

2.2
(hw)“ng

constant. Dy” (hw) === is the density of photon
Thoc

states, and B(iw) = is the Bose-Einstein

-1
(o TkeT) _q

occupation factor for photons. nr denotes the
refractive index of the material, and c represents the
speed of light in air. fc and fo are Fermi-Dirac
distribution functions of electron states in the
conduction band and valence band respectively

1

( m . fc(l-fv) essentlally means that the

transition rate depends on the presence of charge
carriers in the conduction band, and the numbers of

vacant sites in the valence band facilitating the

=S

transition to take place. The total emission Rst for
specific photon energy is the sum of all energy

levels separated by this photon energy, that is
Rst =Zri—j5(Eij —h) )
k

Delta function sets the constraint for the energy
conservation. In equation (2), the integral of the

d3k
Delta function with respect to k, IWS(E”- -ho)
Vs

is essentially the density of states Ds3(E) in
three-dimension for the bulk materials. Density of
states (DOS) is defined as the number of states in a
conductor per unit energy. The DOS for bulk

materials with no confinement is written as

1 om 3/2
D3(ha))=—( fj (ho— E )2
2”2 h2 g

3)
hao > Eg
1 1 1
where the reduced effective mass —— = =1t —=

My mg my

m'. and m" are effective electron and hole mass
respectively. Eg = E-Eo. For 2D materials such as
monolayer MoSz, the DOS is a constant expressed as

D, () = —
27h

4)
ho > Eg

Integrating the equation (2), and combining with
equation (3) leads to the total emission rate for the

bulk material

2z (ha)) nd
st= T§|Wu| B(ho)x
3/2 ®)
1 (2m
xz—z[ hsz (ho—Eg)? 1.~ f,)
T

For monolayer MoSz, electrons are likely confined in
two dimensions, akin to the quantum well. Therefore
stimulated emission Rs-2¢ can be obtained from the
equations (2) and (4), which is

f@ E‘N%IEESQYI‘LE s{}s @ Springer | www.editoriaimanager.com/nare/default.asp
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2z (ha))
Rst-2p = 2213c3 |W'J|
(6)
Re-arrange equations (5) and (6), i 2, they
become
22m%2n, 2 A
Rst = ———— (h0)" B(hew) x
7°h'c
1/2
3
men,~A
Rst-2d = TR L (ho)’ B(ho) f,(1- f,)

Finally the scaled stimulated emissions for both
Rgron’c3

6.3
S Ry = Rst—zd71°C )
2v2m?'2n 3A -

scenarios ( Rg; = 3
m.n,~A

are given by
Rst = (h)?B(ho)(hiw—Ey )2 £, (1~ f,)

) : ®
Rst_2q4 = (@) B(ho) f. (1- f,)

Clearly the emission rate due to photon-electron
interaction is proportional to squared incident energy,
Bose-Einstein distributions of photons, square root of
the energy difference between incident wave and the
band gap of the material, and the electrons
occupation distributions in both bands for the bulk
MoS: material. For monolayer MoS, as the 2D DOS
can be treated as a constant, the total emission rate no
longer depends on the bandgap E; Further
quantitative study based on aforementioned theory is
described in the next section.
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Figure 2, Calculation results of the relation between the emission and the incident photon energy %@ under an increasing external
force F for the 2D MoSa.

Results and Analysis

According to the equation (8), we calculate the
stimulated emissions numerically. Dispersion in the
refractive index is not considered in this simulation.
The chemical potential for a number of electrons and
holes per unit volume at certain temperatures is
required to calculate in order to obtain f. and 1-f.. The
chemical potential is determined by carrier density
and temperature. Taking the spin degeneracy of 2
into consideration, the relation between the chemical

potential and carrier density at a fixed temperature

for a three-dimensional electron gas (bulk material) is

© 3/2
1 (2m
n:z[Ds(E)Zf(E)dEzﬁ(h—z] x
)

Efax =0

1
x EY2____ - 4E
] j e E-ATKsT 1

min =0

To obtain the chemical potential y numerically, the
procedure in reference [14] is followed. The
maximum chemical potential is given by the Fermi

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



h2k2
2m
carrier density. The minimum chemical potential at

energy fmax =Ef = ke :(37r2nc)1/3 , nc is the

high temperature limit is given by
o2 3/2
Hmin =KgT In %[kaT] . Same approach can be

adopted for the 2D materials, in which case the 2D
DOS is used in the equation (9), which becomes
E

max =

I v e (10)

m
n.c[Dz(E)Zf(E)dE - AT

Epmin =0

The chemical potential can be derived analytically
from the above integral for quasi-Fermi levels of

2
1—exp{ mka ]
s (12)

2
exp[{ ”’r’nﬁ - Emjl(kBT) —1}

The calculated quasi-Fermi levels for electrons and
holes are then used in equation (8) to calculate the
stimulated emission rate. In the calculation, effective

Hh = *kBT In

electron and heavy hole mass are taken as 0.37m0 and
0.44 mo respectively, where mo is the electron mass
[17]. Temperature is set to 300K. The bulk MoS2
crystal usually has an indirect-gap of 1.29 eV, and a
direct band gap of 1.90 eV for the monolayer MoS:2 [2].
It is noted that in principle, the photon energy cannot
assist the non-vertical interband electron transition.

electrons and holes (the material is assumed i ; o
For the piezoelectric enhanced emission, we shall
undoped). They are expressed as ) . . .
consider the single layer material. The refractive
1—exp[[nﬂh2 _ Em] /(kBT)J index of the monolayer MoS: was measured
_ m (11)  previously, and the real part of the refractive index is
He = kBT In
exp( nah? ] 1 around 4 at the wavelength range of 450 nm to 750
mkgT nm [18].
> 2] '
© ‘e
© 1; 1
—
o E
= c
€ 0r 1
©
gy - E,
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: T
o
oL ]
0 1 2 3
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Figure 3, Simulated quasi-Fermi levels for electrons and holes when varying carrier density. As carrier density increases, we and un

gradually entre to conduction and valence band, eventually leading to saturation of the total emission. Here we set the middle of the

bandgap as 0.

The carrier density for the undoped monolayer MoS:
was reported to be ~ 10 cm? [19]. Piezoelectric
constant en was reported as 0.5 C/m? or 2.9 x 10-10
C/m normalized by the thickness [7] [20]. The
corresponding piezoelectric strain tensor (di) of the
material is predicted from the following relation [21]
011 =€, /(Cy1 — Cyp) , where Cu and Ci2 are planar elastic

stiffness coefficients, which are 132.7 N/m and 33.0

N/m based on the relaxed ion calculation, du is then
calculated to be 2.9 x 1012 C/N. The size of the
monolayer MoS: is designed as 5 um width and 10
pum length, with thickness of a single layer atom.
piezoelectric equations  describing
relationships between electrical and mechanical
behaviour of the structure are

Constituent

{@ TSINGHUA @ Springer | www.editorialmanager.com/nare/default.asp
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S=sFT +dE
D=dT +¢'E

where S, T, E, D are strain, stress, electrical filed
strength, and dielectric displacement respectively. s, d,
¢ are mechanical compliance, piezoelectric constant,
and dielectric constant, where the superscripts to the
symbols denote the quantity kept constant under
boundary conditions. For this

(13)

case, as the
mechanical-to-electrical conversion and the optical
behaviour will be investigated, the electrical circuit
connecting two ends of the MoS: ribbon is open,
assuming there is no external electrical field the
equation (13) is simplified to D =dT . The stretching
force F is applied on both ends of the ribbon along
the x-axis (Figure 1). The strain induced piezoelectric
charges will be accumulated on both sides of the
ribbon, the induced charge Q = duF, du has been
specified in the previous section. The force is set
varying from 0 to 0.45 N, the increment of carrier
concentration is calculated from the initial set value
0.5 x 107 m2 up to 2.1 x 10”7 m=2. The total stimulated
emission vs. incident photon energy 7@ s
calculated and shown in Figure 2. It is seen that the
emission intensity increases with the increasing
external force (carrier density). For a fixed external
force, the emission is at maximum when the photon
energy equals to the direct bandgap of the material.
The emission reaches to a saturation point for large

2

1.98

1.96

1.94

incident energy (eV)

1.92

1.9
0

1 2
carrier density (m '2)

carrier densities. Quasi Fermi levels for electrons and
holes have been calculated and results are shown in
Figure 3, where we set 0 to the middle of the
bandgap for purpose.  While
conduction band and valence band edges are set to 0
in the calculation. It is seen that for a small carrier

demonstration

density value, pe and pn are within the bandgap. As
the external force increases, the piezoelectric induced
charges cause them deviate from each other, and
enter to conduction and valence bands respectively.
Figure 2 shows the emission intensity approaches to
a saturation point at a large carrier density, it is
detailed
carrier

imperative to unveil the relationship
between photons energy, density, and
emission intensity. Figure 4 display the results
showing that emission increases rapidly in the region
of 0 to 1.5 x 107 m?2, and the emission remains
unchanged after 2 x 1017 m2. It is noted that this is the
simulation based on response of the
piezoelectric, and screening effect on piezoelectric
potential [22] is not considered, which may reduce

static

the luminescence as time evolves. In this work, only
single layer MoS: is considered because it exhibits
pure direct bandgap. The thickness consideration in
[5] is facilitated by multiple-layers, which is not taken
into consideration in this paper. We neglect the edge
effect in this work. The edge effect will be considered
in our further model which
electrodes.

include

device

<)
o
N
emission rate, a.u.

3
17
x 10

Figure 4, Total emission rate vs. incident energy and carrier density.
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In [23], the 2D material is used together with a drain
and a source to form the transistor type device,
where the drain voltage is constantly applied. But
our simulation is one of simplified models where the
2D material is purely connected to two mechanical
pads that can be dielectric, and no drain voltage is
applied. When the type
structured, consideration of charge transportation

transistor device is
(including the screening effect) through the material
dominates, whereas we only simulate the static state,
i.e. when the electrode is considered, the conduction
band of the MoS: will be pulled down/up on the
metal-semiconductor interfaces, forming Schottky
junctions. However the direct bandgap remains
unchanged and the photon energy will not change.
The emission intensity changes with the depletion
region at the interfaces. Because the model does not
involve electron transportation through the material
and electrodes, the junction effect is neglected in this
work. In fact the pads attaching to the 2D MoS2 can
be a dielectric material, as they are only used for

conveniently applying mechanical forces.
piezoelectric induced charges increase the carrier
density, hence increasing the luminescence. When a

static force is applied, piezoelectric charges are
generated at the interface, and distribute in a nano
scale. The width of piezoelectric charge distribution
can be treated as uniform in 2D material as a
simplified model, which is used in our previous ZnO
The width of
piezoelectric charge distribution has been calculated

nanowire transistor model [24].

by first principle simulations in piezoelectric
semiconductor nanowire, such as ZnO and GaN [25].
It is found that the width of piezoelectric charge
distribution depended on not only different
piezoelectric semiconductor materials, but also the
width  of

piezoelectric charge distribution will be calculated in

metal electrodes of devices. The

our further work by the density function theory.

The applied strain induces piezoelectric charges,
subsequently increases the carrier density in the
material. The lattice deformation is not considered in
the calculation, the qualitative prediction is that the
crystal structure is being stretched by the mechanical
force, hence inducing the change of the second

P .
i\@ PEN$VIET§SI($YP|!I¥SAS @ SPr inger

harmonic generation (SHG) spectrum. Since the
piezoelectric property of the monolayer MoS: is due
to lack of inversion symmetry, which also allows
strong optical SHG [26] [27] [5] [28] [29]. As reported
previously, for the parallel polarization component,
the SH intensity from monolayer MoS: exhibited a
six-fold
azimuthal angle O for rotation about its surface

symmetric response as a function of

normal (Figure 5a), where 0=0 implies the incident
beam is parallel to the mirror plane (horizontal line)
of the crystal. The SH intensity is governed by
Iy =lgcos?(30+6y) [27] [28] [26]. Figure 5b shows
the SH intensity for the parallel polarization
component. It is straightforward to envisage that
when a mechanical force F is stretching the
monolayer MoS: as shown in Figure 5c, the crystal
structure is skewed, causing change of the SH
angular spectrum, especially for the polarization
angles 60°, 120°, 240°, and 300°. Equivalently, new
crystal orientations causes the intensity function
become  13KWed — |1 cos?(30 + Gpfreer) - Calculation for
0=+25° has been shown in the Figure 5c. From
previous sections of this paper it is clearly to see that
the mechanical force enables manipulation of the
stimulated emission as well as SHG due to the
non-centrosymmetric property of the monolayer
MoS..

Conclusion

We can conclude from the analysis that for the 2D
MoS:,
simulated from the theory of photon-solid interaction.
The main difference between the bulk and 2D MoS:
in terms of the theoretical mechanism is due to the

monolayer stimulated emission can be

different density of states. For 2D material, the
emission is peaked at the bandgap value and
decreases as the photon energy increases. This is due
to the decreasing number of energy states above
conduction band minimum and below the valence
MoS:
demonstrates piezoelectric property, simulation has

band maximum. As the single layer
also been conducted to unveil the impact on emission
by the piezoelectric effect. It is shown that the

emission is enhanced by the increasing piezoelectric
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charges in the low carrier density region. At high

carrier density region, the emission eventually

saturates. SHG from the single layer MoS: also

Mo

changes subjecting to the external mechanical force.

This study paves the way for further exploitation of

the 2D MoS: in light emitting devices.

Figure 5, Polar plot of the SH intensity from monolayer MoS: as a function of 4. (a) schematic of the crystal structure. (b) Simulated

polar plot of SH intensity without mechanical force. (c) Simulated polar plot of SH intensity with a stretching force F in the

horizontal direction. The graph shows polarization angle has been changed by the distortion of the crystal structure.
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