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MoS2 is one of the well-known transition metal dichalcogenides. The moderate bandgap of monolayer

MoS2 is fascinating for the new generation of optoelectronic devices. Unfortunately, MoS2 is sensitive to

gases in the environment causing its original electronic properties to be modified unexpectedly. This

problem has been solved by coating MoS2 with polymers such as polyethyleneimine (PEI). Furthermore,

the application of pressure is also an effective method to modify the physical properties of MoS2.

However, the effects of polyethyleneimine and pressure on the electronic and optical properties of

monolayer MoS2 remain unknown. Therefore, we elucidated this matter by using density functional

theory calculations. The results showed that the adsorption of the PEI molecule significantly reduces the

width of the direct bandgap of the monolayer MoS2 to 0.55 eV because of the occurrence of the new

energy levels in the bandgap region due to the contribution of the N-2pz state of the PEI molecule.

Remarkably, the transition from semiconductor to metal of the monolayer MoS2 and the MoS2/PEI

system occurs at the tensile pressure of 24.95 and 21.79 GPa, respectively. The bandgap of these

systems approaches 0 eV at the corresponding pressures. Importantly, new peaks in the optical

spectrum of the clean MoS2 and MoS2/PEI appear in the ultraviolet region under compressive pressures

and the infrared region under tensile strains.
1. Introduction

MoS2 is one of the most oen studied transition metal dichal-
cogenides (TMDs)1–24 due to the convergence of many advanced
properties for optical,1 electronic,2 and mechanical3 applica-
tions. Similar to graphene, the bonding between the layers of
MoS2 is the weak van der Waals interaction. Therefore, the
monolayer of MoS2 can be fabricated by exfoliation, which has
a thickness of about 0.65 nm. In particular, the monolayer MoS2
has a direct bandgap of ca. 1.8 eV,4 which makes this material
suitable for transistors,5 photodetectors, and light-emitting
diodes.6 Field-effect transistors (FETs) of monolayer MoS2
demonstrated a high on/off current ratio exceeding 108 and the
electronmobility of at least 200 cm2 V�1 s�1.5 Themain problem
of MoS2 is that it is sensitive to oxygen gas in air, whichmodies
its electronic properties unexpectedly. Thus, the bandgap
becomes narrower and even disappeared aer a few days of
exposure to oxygen gas.7 To solve this problem, the
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dichalcogenide can be covered with polymers such as poly-
ethyleneimine (PEI).8,9

Furthermore, control of the electronic and optical properties
of the monolayer MoS2 by changing the crystal structure,10 layer
thickness,4 and applying strain11 was achieved. The results
showed that the homogeneous biaxial tensile strain of around
10% led to the semiconductor-to-metal transition in all semi-
conducting TMDs.12 Several theoretical and experimental
studies showed that the bandgap of the monolayer MoS2
decreases as the tensile strain increases,12,13 while it is
a parabola for compression.14–17 Fan et al. demonstrated that the
bandgap at the K point changes from direct to indirect with
compressive pressure.14 Generally, the inuence on the elec-
tronic structure properties of monolayer MoS2 depends on the
type of applied strain. Experimentally, it is difficult to exert
a homogeneous hydrostatic strain on a 2D material sample and
can only generate a biaxial compressive strain up to 0.2% with
elaborate setups.18 In a recent study, the monolayer MoS2 was
investigated under extreme hydrostatic pressures of up to
30 GPa. Although a higher pressure is not experimentally
achievable at present, a metallization at the compressive pres-
sure of 68 GPa was predicted by theoretical calculations.19 In
addition to the ability to tune the electronic properties of the
monolayer MoS2, the applied strain was found to modify the
photoluminescence (PL) intensity. The PL maximum peak of
the monolayer MoS2 exhibited a blue shi20,21 at the rate of
RSC Adv., 2020, 10, 4201–4210 | 4201
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Fig. 1 The optimized structures of (a) the monolayer MoS2 and (b) the truncated-branched PEI molecule. Cyan, yellow, grey, blue, and white
colors represent Mo, S, C, N, and H atoms, respectively. Here, the Ny symbol denotes the N atom (red color) with three alkyl groups.
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approximately 20 meV GPa�1. At the pressure of 25 GPa, both
real and imaginary parts of the dielectric function were shied
to red, and the peak height increases correspondence with an
enhancement of the optical absorption.21 These results
demonstrated that one can adjust the electronic and optical
properties of MoS2 by applying pressures. Interestingly, the
monolayer MoS2 phototransistor exhibited a better photo-
responsivity compared to the graphene-based devices.22

The effects of organic molecules adsorption such as TCNQ,
TCNE, TTF, BV, F4TCNQ, and benzene on the electronic and
optical properties of the monolayer MoS2 have been studied in
the literature.23–26 A reduction of the bandgap was found due to
Fig. 2 The favorable adsorption sites of the PEI molecule on the MoS2
molybdenum atom (b), the sulfur atom (c), and the bridge site of two S

4202 | RSC Adv., 2020, 10, 4201–4210
the existence of the at molecular levels of the organic mole-
cules in the bandgap region of the monolayer MoS2. The theo-
retical study showed that the adsorption of TCNQ signicantly
enhances the peak height of the optical absorption of the
monolayer MoS2 in the infrared region of the spectrum.23,24 Du
et al. experimentally studied the adsorption of the PEI on
multilayer MoS2 eld-effect transistors.8 The experimental
results demonstrated that a reduction of 2.6 times in sheet
resistance and 1.2 times in contact resistance have been ach-
ieved. The enhancement of electrical properties was reected in
an improvement of 70% for ON-current and 50% for extrinsic
eld-effect mobility. Our previous study showed that the
monolayer when the Ny nitrogen atom over the hollow site (a), the
atoms (d).

This journal is © The Royal Society of Chemistry 2020
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Table 1 Adsorption energy Ea, the distances dN–S, dC–S, and dH–S (�A)
from the nearest atoms of the PEI fragment to the monolayer MoS2
with the change of lattice constant a

a (�A) Ea (eV) dN–S (�A) dC–S (�A) dH–S (�A)

2.84 0.139 3.53 3.63 2.26
3.00 0.063 3.57 3.72 2.30
3.18 �0.007 3.63 3.76 2.37
3.32 �0.085 3.68 3.81 2.42
3.48 �0.315 3.73 3.88 2.46
3.64 �0.479 3.83 3.93 2.51

Fig. 3 The adsorption energy of the PEI fragment on the monolayer
MoS2 as a function of the lattice constant.
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adsorption of the PEI molecule enhances the luminescence
ability of the multi-layer MoS2 FET from 0.14 to 4.41 AW�1.9

However, the inuences of both pressure and the PEI adsorp-
tion on the electronic and optical properties of MoS2 remain
unknown. Therefore, in the present work, we are going to clarify
this matter by using the density functional theory calculations.
1.1. Computational method

We used density functional theory calculations with the aid of the
Vienna ab initio simulation package.27–29 The Perdew–Burke–Ern-
zerhof version of the generalized gradient approximation (GGA-PBE)
was utilized for the exchange-correlation energy.30,31 The calcula-
tions of the band structure of monolayer MoS2 using various
schemes have been summarized in the literature.32 The GGA func-
tional plus van der Waals corrections underestimate the bandgap,
while GW correction and HSE06 functional overestimate it. Local
Table 2 The structural parameters of the MoS2 monolayer with the cha

a (�A) 2.84
Average bond length (�A) S1–S2 2.85

S1–S3 3.38
Mo1–Mo2 2.84
Mo–S 2.37

Average bond angle (�) Mo1–S1–Mo2 74.17
S1–Mo2–S2 74.32
S1–Mo1–S3 91.66

This journal is © The Royal Society of Chemistry 2020
density approximation and GGA-PBE methods offered the most
reasonable band gaps. Considering this result, as well as the accu-
racy in the geometries obtained by the GGA-PBE functional, in this
study we used this functional to determine the effects of PEI doping
on the MoS2 surface. The projector-augmented-wave method was
taken into account for the electron–ion interactions.33,34 The plane-
wave basis set was expanded with the cutoff energy of 600 eV. The
surface Brillouin zone integration was performed by using the
special k-point sampling technique ofMonkhorst–Pack35with the k-
pointmesh of 3� 3� 1.We also included the dipole corrections36,37

in the simulation for a periodic supercell to correct the interaction
between the repeated images. The Gaussian smearing of order
0 with the sigma value of 0.1 was used to speed up the convergence
of the calculations. The monolayer MoS2 (Fig. 1a) was modeled by
the supercell approach using the 5 � 5 unit cell with the vacuum
space of 16 �A along the z-direction. The vacuum space has been
checked to make sure of no signicant interaction of repeating
images of the supercell. The truncated branched PEI fragment
(Fig. 1b) was constructed based on the following requirements:9 (1)
the total charge of the fragment is neutral, (2) the structure of the
truncated fragment should contain nitrogen atoms accompanywith
one, two, and three alkyl groups. All atoms were allowed to fully
relax during the geometry optimization until the Hellmann–Feyn-
man force acting on each atom was less than 0.001 eV �A�1. Spin-
polarized calculations were performed for the geometry optimiza-
tion and the calculation of band structure.

Adsorption energy was calculated to understand the binding
strength of the PEI fragment on MoS2 through the formula:

Ea ¼ Esub+PEI � (Esub + EPEI), (1)

where Esub+PEI is the total energy of the MoS2 + PEI system. The
total energy of the monolayer MoS2 and that of the isolated PEI
fragment are denoted as Esub and EPEI, respectively.

The pressure was estimated from the energy cost over the
change of volume by:19

P ¼ E � E0

V � V0

; (2)

here, E and V (E0 and V0) are the energy and volume of the
strained (unstrained) system, respectively. The unit cell volume
of the hexagonal lattice of the MoS2 was calculated by

V ¼
ffiffiffi
3

p

2
a2c; where a is the lattice constant and c is the thick-

ness of the slab. We perform the modication of pressure by
nge of lattice constant. See Fig. 4 for the atom index of MoS2

3.00 3.18 3.32 3.48 3.64
3.06 3.18 3.32 3.48 3.57
3.26 3.13 3.05 2.95 2.88
3.00 3.19 3.31 3.46 3.66
2.38 2.41 2.45 2.49 2.53

78.21 82.30 85.28 88.60 91.29
78.28 82.30 85.08 88.54 90.89
87.65 80.54 79.42 73.07 70.98

RSC Adv., 2020, 10, 4201–4210 | 4203
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Table 3 The structural parameters of PEI under the variation of lattice constant. See Fig. 5 for the atom index of PEI

a (�A) 2.84 3.00 3.18 3.32 3.48 3.64
Bond length (�A) Ny–C5 1.425 1.437 1.467 1.494 1.525 1.519

Ny–C4 1.427 1.438 1.462 1.484 1.501 1.486
Ny–C7 1.443 1.451 1.471 1.488 1.498 1.483
N1–C1 1.457 1.459 1.465 1.494 1.468 1.455
N2–C2 1.450 1.444 1.461 1.472 1.486 1.474
N2–C3 1.436 1.451 1.463 1.478 1.488 1.469
N3–C6 1.459 1.461 1.464 1.470 1.469 1.459
N4–C8 1.458 1.460 1.463 1.466 1.461 1.448
C7–C8 1.509 1.519 1.543 1.570 1.615 1.635
C3–C4 1.512 1.524 1.538 1.556 1.591 1.599
C5–C6 1.508 1.514 1.537 1.558 1.588 1.578

Bond angle (�) C6C5Ny 111.32 113.10 116.54 119.13 122.96 123.74
C4C3N2 110.41 112.37 115.27 117.23 118.62 118.63
C8C7Ny 109.56 110.63 113.54 115.63 119.09 119.27
C3C4Ny 109.81 111.11 115.02 117.74 121.79 122.44
C3N2C2 109.57 112.15 116.40 119.52 123.78 126.79
C5NyC4 113.45 113.52 114.45 115.11 116.75 116.77
C7NyC4 112.10 113.19 113.98 114.69 116.59 118.82
C7NyC5 111.90 110.93 111.71 112.22 113.97 111.86
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View Article Online
varying the lattice constant a while remaining the slab
thickness.

Optical properties were determined through the frequency-
dependent complex dielectric function, 3(u) ¼ 31(u) +
i32(u)21,38 which is the measure of the light absorption and
emission of material. The imaginary part of the dielectric
constant 32(u) was computed by using the following
expression:38

32ðuÞ ¼ 2pe2

V30

X
k;v;c

���jc
kjû$rjjv

k

���2d�Ec
k � Ev

k � ħu
�
; (3)

where u is the frequency of light, 30 is the dielectric constant of
vacuum. jc

k and jv
k are the conduction and valence band wave

functions, respectively. V is the volume of the unit cell and û is
the vector dening the polarization of the electric eld of the
incident light. The real part 31(u) can be calculated through
32(u) using the Kramer–Kronig relation,
Fig. 4 The upper and lower panels are the top and side views of the Mo

4204 | RSC Adv., 2020, 10, 4201–4210
31ðuÞ ¼ 1þ
�
2

p

	ðN
0

du0


u0�232ðuÞ
ðu0Þ2 � u2

: (4)
2. Results and discussion
2.1. The adsorption of the PEI fragment on the monolayer
MoS2

We have to perform the geometric optimization of the mono-
layer MoS2 before the study of the PEI adsorption. The lattice
constant of the monolayer MoS2 was optimized by the GGA-PBE
method and obtained the parameters of a ¼ b ¼ 3.18 �A. The
average bond length of Mo–S is 2.42�A. The S–Mo–S and Mo–S–
Mo angles are 82.30�. The thickness of the triple atomic layers of
MoS2 is 3.13 �A. These results are in good agreement with the
previous experimental and theoretical studies.23,39,40
S2 slab with the change of lattice constant, respectively.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 The atom index of PEI on MoS2.

Table 4 The bandgap of MoS2 and MoS2/PEI

a (�A)

MoS2 MoS2/PEI

P (GPa) Eg (eV) P (GPa) Eg (eV)

2.84 �56.18 1.05 �50.48 0.53
3.00 �32.44 1.55 �38.51 0.81
3.04 �27.65 1.72 �22.44 0.83
3.12 �10.69 1.80 �11.94 0.82
3.16 �9.46 1.75 �8.12 0.69
3.18 0 1.68 0 0.55
3.20 1.53 1.61 0.95 0.46
3.24 5.04 1.29 5.74 0.02
3.32 10.13 0.81 10.25 0.01
3.48 24.95 0 21.79 0
3.64 41.14 0 31.62 0
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To study the inuences of the pressure, we varied the lattice
constant with the constraint a ¼ b of the clean MoS2 and the
MoS2/PEI system and explored the differences of two systems
before and aer changing the lattice constant. We considered
the following values of the lattice constant: 2.84, 3.00, 3.18, 3.32,
3.48, and 3.64 �A. Two rst values correspond to compressive
strains and three last values correspond to the tensile strains.

The MoS2/PEI system was prepared by loading the PEI frag-
ment on the optimized monolayer MoS2. The MoS2/PEI system
was allowed to fully relax for every step of the calculations. The
PEI fragment was initially placed parallel to the surface of the
Fig. 6 The band structure and total density of states of MoS2 (upper pa

This journal is © The Royal Society of Chemistry 2020
monolayer MoS2 with a vertical distance of around 3.5�A. Since
the stability of the PEI adsorption correlates to the number of
nitrogen atoms associated with the surface of the substrate, the
stable geometry of the MoS2/PEI system was obtained with a at
structure of the PEI fragment on the surface of the monolayer
MoS2. We considered several possible adsorption sites of the
PEI molecule on the surface of MoS2, see Fig. 2. Aer per-
forming the geometric optimization, we obtained the optimized
structures of MoS2/PEI with the total energies of �741.39,
�741.38, �741.43, and �741.41 eV for those in Fig. 2a–d,
respectively. Based on these energies, we found the most
favorable adsorption conguration of the PEI molecule as the N
atom with three alkyl groups, denoted as Ny, positioned on the
top of the S atom (Fig. 2c). The average vertical distance from
the lowest nitrogen atoms, the lowest carbon atoms and the
lowest hydrogen atoms of PEI to the surface of the substrate are
3.63, 3.76, and 2.37 �A, respectively.

We now perform the structural optimization for each varia-
tion of the lattice constant for the most favorable adsorption
nel) and MoS2/PEI (lower panel) with the variation of pressure.

RSC Adv., 2020, 10, 4201–4210 | 4205
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Fig. 7 The bandgap versus pressure of MoS2 and MoS2/PEI.
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conguration of the PEI molecule on the MoS2 substrate. The
adsorption energy of the PEI fragment on the substrate and the
distances from this molecule to the substrate are listed in Table
1. We found that the distances increase slightly with the
increase of the lattice constant.

Furthermore, Fig. 3 shows that the adsorption energy
becomes more negative; and hence, the favorable order of the
PEI adsorption increases with the increase of the lattice
constant. For the compression, with the lattice constant a < 3.18
�A, the adsorption energy is positive, which indicates that the
adsorption of the PEI molecule is unstable on the surface of the
monolayer MoS2. In contrast, for the cases of without strain (a¼
3.18�A) and tensile strains (a > 3.18�A), the adsorption energy is
negative. This result implies that the adsorption of the PEI
molecule is stable. We found that the higher the lattice
constant, the stronger the PEI molecule adsorbs. However, the
interaction between the PEI molecule and the monolayer MoS2
is weak and the PEI molecule physisorbed on the MoS2.
Furthermore, the phonon vibrational energy of the stretching
mode of PEI is 0.43 eV. This value is comparable to the
adsorption energy of PEI; therefore, the adsorption of PEI is
thermodynamically unstable except for applying a high enough
tensile pressure to the MoS2/PEI system.

The structural information was shown in Table 2 for MoS2
and Table 3 for PEI with the change of lattice constant. We
found that the average bond length between S1–S2, Mo–Mo,Mo–
S, and the average bond angles Mo1–S1–Mo2, S1–Mo2–S2
Table 5 The Bader charge (e) for the MoS2/PEI system: (+) charge gain, (
atoms of the PEI with the S atoms of the MoS2 denotes by F1, F2, and F
attraction and repulsion, respectively. The total force F ¼ F1 + F2 + F3

P (GPa)

MoS2/PEI

23H 8C 5N 25Mo 50S PEI

�50.48 �1.62 �3.21 4.79 �40.27 40.32 �0.05
�38.51 �1.91 �3.09 4.96 �43.45 43.48 �0.04
0 �1.94 �3.11 5.01 �43.66 43.70 �0.04
10.25 �1.95 �3.10 4.92 �43.27 43.40 �0.13
21.79 �2.52 �2.97 5.07 �42.85 43.27 �0.42
31.62 �2.76 �3.06 5.24 �42.01 42.59 �0.58

4206 | RSC Adv., 2020, 10, 4201–4210
increase, while the thickness of the MoS2 slab shown by S1–S3
and also the angle S1–Mo1–S3 decrease with the increase of
lattice constant. Although the structural parameters for the
MoS2 monolayer have been modied, the MoS2 monolayer
under pressure remains the 2H phase similar to that of without
strain. We can conrm this information by Fig. 4, where the top
view of the MoS2 shows the honeycomb structure and the side
views exhibit a similar structure for all considering lattice
constants of 2.84, 3.18, and 3.64�A. Table 3 shows the structural
information of PEI that the bond lengths of N–C and C–C, and
the bond angles of C–C–N and C–N–C somehow increase with
the increase of the lattice constant.
2.2. Effects of the PEI adsorption and pressure on electronic
structure properties of MoS2

The effects of the PEI adsorption and the pressure variation by
changing a ¼ b on the electronic properties of the monolayer
MoS2 were elucidated through the band structure, the density of
states (DOS), and the charge exchange of the systems before and
aer these factors taking place.

Fig. 6 shows that, at zero pressure, the monolayer MoS2 has
a direct bandgap of 1.68 eV at the K point in the Brillouin zone,
which is in good agreement with the previous publications.4,32,41

The total electronic density of states shows that the valence
band maximum (VBM) and the conduction band minimum
(CBM) are contributed mainly by Mo-4d states and weakly by S-
3p states. The adsorption of the PEI molecule makes the energy
levels of the MoS2/PEI system lower than that of the isolated
monolayer MoS2, simultaneously creates new at energy levels
in the bandgap region which signicantly decreases the direct
bandgap of the monolayer MoS2 to 0.55 eV. The new energy
levels appear in the region of the valence band of MoS2/PEI
implying that the monolayer MoS2 became an n-type semi-
conductor upon the adsorption of the PEI molecule. The new
at energy levels mainly come from the contribution of the N-2p
lone pair. Notably, at non-zero pressures, the bandgap of MoS2
and MoS2/PEI becomes narrower than that at zero pressure and
gradually approaches 0 eV at some specic values of the pres-
sure. When MoS2 and MoS2/PEI still show the semiconductor
property, the signicant difference between the electronic
properties of two systems is that the bandgap of MoS2 changes
from direct to indirect upon the variation of pressure, while
�) charge loss. The electrostatic force (e2�A�1) between the H, C, and N

3, respectively. The negative and positive signs of the force imply the

Eg (eV) F1 F2 F3 FMoS2

0.05 0.53 �28.97 �35.66 54.67 �9.96
0.04 0.81 �36.07 �36.08 60.41 �11.74
0.04 0.55 �35.84 �36.14 60.32 �11.67
0.13 0.01 �34.95 �35.30 57.99 �12.25
0.42 0 �44.24 �33.16 58.80 �18.60
0.58 0 �46.76 �33.21 58.26 �21.71

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 The charge density difference of the MoS2/PEI system. Occu-
pied and unoccupied states are presented in red and green,
respectively.

Fig. 8 Total and projected DOS of MoS2 (upper panel) and MoS2/PEI (lower panel).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ja

nu
ar

y 
20

20
. D

ow
nl

oa
de

d 
on

 6
/1

8/
20

25
 2

:5
3:

25
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
MoS2/PEI remains direct bandgap with a smaller value due to
the at characteristics of the new energy levels but at a different
position of the k-point mesh.

The pressure correspondence to the variation of the lattice
constant of the MoS2 and MoS2/PEI systems was calculated by
using the expression (2). The detailed values of the bandgap
versus the pressure and the lattice constant were listed in Table
4. We found that the pressure varies from �56.18 to 41.14 GPa
and �50.48 to 31.62 GPa for the lattice constant from 2.84 to
3.64 �A for the MoS2 and MoS2/PEI systems, respectively. The
negative and positive signs represent the compressive and
tensile strains in that order. We see that the pressure scale for
the isolated MoS2 is similar to that for the MoS2/PEI system at
the same value of the lattice constant.

The bandgap versus the pressure is visualized in Fig. 7. We
found that the behavior of the bandgap for the isolated MoS2 is
similar to that for MoS2/PEI, which is a parabola with
a maximum value of 1.80 and 0.83 eV at the pressure of �10.69
and �22.44 GPa for the isolated MoS2 and MoS2/PEI systems,
respectively. Furthermore, when the tensile pressure
approaches 24.95 and 21.79 GPa, the bandgap approaches 0 eV
for these systems in that order. This result implies that the
monolayer MoS2 and MoS2/PEI systems transit from semi-
conductor to metal at the obtained values of the tensile pres-
sure. The transition was found to be a little easier for the MoS2/
PEI than the monolayer MoS2. The parabolic behavior of the
bandgap is in good agreement with the experiment for the
isolated MoS2.16

The amount of the charge exchange between the monolayer
MoS2 and the PEI fragment was presented by the Bader point
charge in Table 5. The plus and minus signs denote the charge
gain and loss, respectively. Particularly, the hydrogen and
carbon atoms donate while the nitrogen atoms gain charge. The
total outcome is that the PEI molecule donates and the MoS2
gains charge. The charge exchange was found to inversely
proportional to the bandgap. The higher the charge exchange,
This journal is © The Royal Society of Chemistry 2020
the narrower the bandgap becomes. This result supports the
nature of the n-type doping to the substrate by the PEI polymer.

In common sense, a simple adsorbate will approach the
substrate surface as its adsorption energy becomes more
negative. However, for the complicated structure as the PEI
molecule, as shown in Table 1, the distances from the nearest N,
C, and H atoms of PEI to the surface of the MoS2 monolayer
exhibit that the PEI molecule is slightly moving away from the
surface as the lattice constant increases with the more negative
RSC Adv., 2020, 10, 4201–4210 | 4207
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Table 6 The HOMO of isolated PEI and the LUMO of isolated MoS2

a (�A) 2.84 3.00 3.12 3.16 3.18 3.32 3.48 3.64
Isolated PEI HOMO (eV) �0.51 �0.53 �0.49 �0.53 �0.56 �0.51 0.00 0.00
Isolated MoS2 LUMO (eV) 0.60 1.11 1.32 1.27 1.22 0.40 0.00 0.00
LUMO–HOMO (eV) 1.11 1.64 1.81 1.80 1.78 0.91 0.00 0.00
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adsorption energy. This observation seems to be contradicted;
however, it can be explained in terms of the attractive electro-
static force between the PEI and the MoS2, which increases with
the increase of the lattice constant. As shown in Table 5, the
attractive force was found for the pairs of H–S and C–S and the
repulsive force for the pairs of N–S atoms. The N–S repulsive
force is strong enough to win the H–S and C–S attractive forces;
and hence, it somehow lis the whole PEI molecule away from
the MoS2 surface. However, the total electrostatic force F
remains the increasing attractive property with an increase in
the pressure. The increasing attractive property of the total force
is attributed mainly to the increase of the attractive interaction
of the H atoms with the S atoms.

Fig. 8 presents the total DOS and the orbital projected DOS of
the monolayer MoS2 and MoS2/PEI systems. At zero pressure,
the total DOS exhibits a high symmetry of spin-up and spin-
down components implying the non-magnetic properties of
both MoS2 and MoS2/PEI systems. For the negative pressures,
the projected DOS of the monolayer MoS2 shows that the
contribution to the VBM and CBM is attributed to the dx2�y2

orbital of the Mo atoms and the px state of the S atoms. For the
pressure $ 0, the dz2 orbital becomes dominant for the energy
range near the Fermi level. The adsorption of the PEI molecule
contributes to the occurrence of the new states, which comes
from the contribution of the pz states of the N atoms. We can see
more details in Fig. 9, the charge clouds of the Ny nitrogen
atoms clearly exhibit the shape of the pz orbitals. The charge
donation and accumulation distribute on the PEI fragment and
the surface of the MoS2, respectively. This result is in good
agreement with the behavior of the Bader point charge.

The parabolic behavior of the bandgap, as shown in Fig. 7, is
attributed to the different responses of the dx2�y2 and dz2 orbitals
of the MoS2 monolayer toward the pressure, see Fig. 8 (upper
panel). At the negative pressures, the dx2�y2 orbital plays the
main role, while at the higher pressures, the dz2 orbital gradu-
ally becomes dominant at the VBM and CBM. The contribution
Table 7 The wavelength and dielectric function at the maximum intens

P (GPa)

MoS2

Eg (eV) Ep (eV) l (nm) 32(u)

�56.18 1.05 4.66 266 11.06
�32.44 1.55 2.60 477 11.58
0 1.68 2.73 453 14.88
10.13 0.81 2.39 521 13.36
24.95 0 2.00 621 13.18
41.14 0 1.42 873 12.06

4208 | RSC Adv., 2020, 10, 4201–4210
from these orbitals is balanced at the VBM and CBM; and
hence, the bandgap is broadest for the pressure of �10.69 GPa.
When the dz2 orbital approaches the Fermi level, the bandgap
becomes narrower, as the tensile pressure increases. Further-
more, the study of HOMO and LUMO can support the under-
standing of the interaction between the MoS2 substrate and the
PEI adsorbate; and hence, the parabolic behavior of the MoS2/
PEI bandgap. We presented the HOMO and LUMO states of the
isolated MoS2 and isolated PEI in Fig. 8 (lower panel). The
values of the MoS2 LUMO and the PEI HOMO were also listed in
Table 6. We found that the HOMO–LUMO gap varies with the
parabolic behavior as that of the bandgap of the MoS2/PEI
system (Fig. 7), which increases rst and then decreases with
the increase of the pressure from the negative to the positive
value.

2.3. Optical properties of MoS2 and MoS2/PEI

In this section, we studied the effects of the PEI adsorption and
the pressure on the optical properties of the monolayer MoS2.
The imaginary dielectric function 32(u) of MoS2 and MoS2/PEI
systems were calculated through the expression (3) and shown
in Table 7. The photon wavelength was calculated by using the
formula l ¼ hc/Ep, where h is the Planck constant, c is the speed
of light in vacuum, and Ep is the photon energy. The obtained
result is listed in the third and seventh columns of Table 7.

As shown in Fig. 10a, at P ¼ 0 GPa, the photoluminescence
spectrum of the monolayer MoS2 exhibits the main peak at
453 nm within the range of visible light (400–800 nm). The
result indicates that the MoS2 can absorb and emit the blue
light, which is in agreement with the previous report.22,32 At non-
zero pressures, themain PL peak shis to the longer wavelength
and simultaneously suppresses the peak height compared to
that at zero pressure. Besides, for the positive pressure, the
main peak tends to separate into two peaks. Furthermore, the
intensity of the maximum PL is lower for the negative pressure
than the positive pressure. We also found new peaks in the
ity of photoluminescence

P (GPa)

MoS2/PEI

Eg (eV) Ep (eV) l (nm) 32(u)

�50.48 0.53 4.61 269 9.98
�38.51 0.81 2.76 449 11.10
0 0.55 2.72 456 14.91
10.25 0.01 2.35 527 13.38
21.79 0 2.01 618 12.86
31.62 0 1.41 877 11.12

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Imaginary dielectric function 32(u) versus wavelength for MoS2 (a) and MoS2/PEI (b).
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photoluminescence of the isolated MoS2 occurring in the
ultraviolet region upon the compression and in the infrared
region upon the tensile strain. The photoluminescence spec-
trum of the MoS2/PEI system in Fig. 10b remains almost
unchanged compared to that of the isolated MoS2. This result
implies that the benet of the PEI coating is not only to protect
the MoS2 from the adsorption of the unexpected gases but also
remain the optical properties of theMoS2, which can be used for
various optoelectronic applications.
3. Conclusion

In this paper, we have studied the electronic and optical prop-
erties of the monolayer MoS2 under the inuences of the poly-
ethyleneimine adsorption and the pressure. We found that the
bandgap of the monolayer MoS2 reduces signicantly upon the
PEI adsorption, which was attributed to the pz state of the
nitrogen atoms occurring in the bandgap region. The bandgap
of MoS2 and MoS2/PEI systems approaches 0 eV at the tensile
pressure of 24.95 and 21.79 GPa, respectively. The pressure also
modies the photoluminescence spectrum of the monolayer
MoS2 and MoS2/PEI systems as shiing the main peak to the
longer wavelength. Particularly, the compression and tensile
strain generate new peaks in the ultraviolet and infrared
regions, respectively. However, the PEI adsorption does not
signicantly alter the characteristics of the photoluminescence
spectrum of the monolayer MoS2 at all pressure ranges. The
coating of the polyethyleneimine does not only protect the
monolayer MoS2 from the sensitive gases but also remain the
optical properties of this system. This result is perhaps useful
for the utilization of the MoS2/PEI in optoelectronic devices.
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7 J. Martincová, M. Otyepka and P. Lazar, Is Single Layer MoS2
Stable in the Air?, Chem.–Eur. J., 2017, 23, 13233–13239.

8 Y. Du, H. Liu, A. T. Neal, M. Si and P. D. Ye, Molecular
Doping of Multilayer MoS2 Field-Effect Transistors:
Reduction in Sheet and Contact Resistances, IEEE Electron
Device Lett., 2013, 0741–3106.

9 S. Hong, G. Yoo, D. H. Kim, W. G. Song, O. K. Le, Y. Ki Hong,
K. Takahashi, I. Omkaram, D. N. Son and S. Kim, The doping
mechanism and electrical performance of polyethylenimine-
doped MoS2 transistor, Phys. Status Solidi C, 2017, 1600262.

10 M. Chhowalla, H. S. Shin, G. Eda, L.-J. Li, K. P. Loh and
H. Zhang, The chemistry of two-dimensional layered
transition metal dichalcogenide nanosheets, Nat. Chem.,
2013, 5(4), 263–275.

11 L. Yang, X. D. Cui, J. Zhang, K. Wang, M. Shen, S. Zeng,
S. A. Dayeh, L. Feng and B. Xiang, Lattice strain effects on
the optical properties of MoS2 nanosheets, Sci. Rep., 2014,
4, 5649.
RSC Adv., 2020, 10, 4201–4210 | 4209

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra09042h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ja

nu
ar

y 
20

20
. D

ow
nl

oa
de

d 
on

 6
/1

8/
20

25
 2

:5
3:

25
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
12 P. Johari and V. B. Shenoy, Tuning the Electronic Properties
of Semiconducting Transition Metal Dichalcogenides by
Applying Mechanical Strains, ACS Nano, 2012, 6(6), 5449–
5456.

13 Q. Yue, J. Kang, Z. Shao, X. Zhang, S. Chang, G. Wang, S. Qin
and J. Li, Mechanical and electronic properties of monolayer
MoS2 under elastic strain, Phys. Lett. A, 2012, 376, 1166–
1170.

14 X. Fan, C.-H. Chang, W. T. Zheng, J.-L. Kuo and D. J. Singh,
The Electronic Properties of Single-Layer and Multilayer
MoS2 under High Pressure, J. Phys. Chem. C, 2015, 119,
10189–10196.

15 F. Li, Y. Yan, B. Han and T. Cui, Pressure connement effect
in MoS2 monolayers, Nanoscale, 2015, 7(19), 1–8.
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