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Enhancing photoluminescence (PL) of single layer (1L) MoS, is critical to its
application as thinnest light-emission material. In this report, we show that the PL
intensity of 1L MoS, can be greatly enhanced by physorbtion of H,0, molecules that
act as p-type dopants. By using toluene to form the sandwiched structure of
H,0,/1L-MoS,/toluene, the PL intensity of 1L MoS; can be enhanced up to 27.4 times.
Our research proposes a simple but effective method to enhance the light emitting

properties of 1L MoS,.
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Abstract Enhancing photoluminescence (PL) of single-layer (1L) MoS, is critical
to its application as thinnest light-emission material. In this report, we show that
the PL intensity of 1L-MoS, can be enhanced by 8 times using physisorption of H,0,
molecules as p-type dopants. By using toluene to form the sandwiched structure of
H,0,/1L-MoS,/toluene, the PL intensity of 1L-MoS, can be enhanced up to 27.4
times. Our research proposes a simple but effective method to enhance the light
emitting properties of 1L.-MoS,.

1. Introduction

In recent years, as the thinnest optoelectronic material, single-layer MoS, has
drew much attention in various potential applications, such as light emitting" 2,
photon-detection®>, energy harvesting® ,etc. Bulk MoS, crystal is composed by
periodic layers bonded together by Van der Waals force. Within each period a layer
of molybdenum atoms are sandwiched between two layers of sulphur atoms®. When
the layer number is reduced from multilayer to 1L, the band structure of MoS,
transits from indirect (band gap~1.1eV)’ to direct band (band gap™~2.0eV). Large band
gap and high exciton binding energy (~600meV)?® of 1L-MoS, result into strong light

emission in red light (620-680nm) even at room temperatureg. However, in contrast
1
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10, 11

to other widely used rare earth compounds , the PL quantum efficiency of

pristine 1L-MoS, is too low (0.4%)° to meet the requirements of light emitting

10, 11

devices . Hence various methods such as localized surface plasmon(LSP)"

resonance and molecule doping™>™ etc, had been proposed to enhance the PL
intensity and tune the band position. Doping using p-type molecules, such as H,0",
oxygen'* >, adzobenzene®®, etc., allows to enhance the PL intensity of 1L-MoS, by up
to tens of times. Theoretically, the PL enhancement using these p-type molecule is
attributed to the weakened the Auger-related non-radiative recombination, which is
induced by the reduced electron concentration of 1L-MoS, with the presence of
p-type dopants’®>. However, although H,O and oxygen molecules are p-type

14, 15

molecules , adsorbtion of such molecules from ambient condition is unable to

enhance the PL intensity of 1L-MoS,". Therefore activation process like vacuum

annealing is critical to enhance PL of 1L-MoS, with such molecules 14,15

. Using a
p-type molecule with strong oxidability or good contact with MoS, , such as
astetracyanoquino- dimethane TCNQ®,  such activation process may be
unnecessary and the preparation process of 1L-MoS, with high PL yield can be
greatly simplified. With strong oxidability than H,O and oxygen, H,O, can be a useful
p-type dopant that may effectively enhances the light emission of 1L-MoS, without
activation process. However, to our best knowledge, few reports concerned on this
topic had been published yet.

In order to obtain effective PL enhancement, the dose of H,0, molecules needs

to be carefully controlled due to high reactivity of H,O0, molecules. If the
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concentration of H,0, is high enough to react with MoS, following the equation
MoS;,+7H,0,=Mo003+7H,0+2S0,, the lattice of 1L-MoS, may partially or totally react
into MoO3 and consequently the PL of 1L-MoS, is quenched. Therefore, low
concentration of H,0, molecules is desirable to maintain intact lattice of 1L-MoS,; so
that PL enhancement can be obtained. In this study, we employed two different
methods, i.e. physisorption of H,0, molecules on SiO, substrates (method I of
Figure. 1) and spin-coating of H,0, molecules with low concentration (method Il of
Figure.1). It’s expected that with same concentration of H,0, solutions, the dose of
H,0, molecules prepared by physisorption (method [ ) is much lower than that of
spin-coating (method II). It’s shown for the first time that the PL intensity of
1L-MoS; can be greatly enhanced by using H,0, with optimized dose. Much stronger
enhancement than that of H,0,/1L-MoS,; is observed on a new sandwiched structure
of H,0,/1L-MoS,/toluene. Our research is expected to benefit 1L-MoS, in the
application of light-emission devices with high performance.
2. Details of experiment and calculation

Two different methods, i.e. absorbtion method(method I, top panel of Figure
1) and spin-coating method (method II, bottom panel of Figure 1), were used to
prepare H,0, treated samples. In method [, SiO,(300nm)/silicon substrates firstly
were ultrasonically rinsed in H,0, solution with different concentrations (0.3%,
3%,30%) for 10mins. Then the substrates were drained and rapidly dried at room
temperature, which left a thin layer of H,0, molecules adsorbed on SiO, surface.

After mechanical exfoliation, the H,0, molecules physisorbed on SiO, surface were

Page 4 of 21



Page 5 of 21

RSC Advances

sandwiched between SiO, and 1L-MoS,. In method II, MoS, flakes were firstly
exfoliated on clean Si0,(300nm)/Si substrates, then 10ul of H,0, solutions with
different concentrations of (0.3%, 3%,30%) were spin coated with spin speed of
6000-8000 rpm. Then the samples were flushed with deionized water immediately
after spin-coating. In the preparation of H,0,/1L-MoS,/toluene samples,
H,0,/1L-MoS; samples were firstly prepared using method [, and immediately spin
coated with different concentration(lO'G, 10'9moI/I) of toluene/ethanol solution.

The modified 1L-MoS, flakes were identified using optical microscope. PL and
Raman spectra were measured on a Raman spectroscopy (Senterra, Bruker) in back
scattering mode. A Nd:YAG double frequency laser (532nm) was used as excitation
source. An 100x objective lens with N.A.=0.9 was used for excitation and collection of
PL and Raman signals. A low laser power as 0.2mW at the sample was used to
avoid overheating. Gratings with 400 grooves/mm and 1200 grooves/mm were used
to obtain PL and Raman spectra, respectively. Exposure time of 10s and 120s were
used for PL and Raman measurements, respectively. An atomic force microscope
(AFM, Agilent 5500) operated at tapping mode was used to measure topographic
images of 1L-MoS,.

The geometry optimization and electronic structure calculations of 1L-MoS,
before and after adsorbtion of H,0, molecules were performed using the
self-consistent full potential linear augmented plane wave method implemented in
WIEN2k code'” within the density functional theory(DFT) with a conventional

exchange- correlation Perdew, Burke, and Ernzerhof (PBE) potential. In the
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calculation of electronic properties, a 5x5x1 super cell was used. The effect of
spin-orbit coupling was considered in our calculations. The value of Ky xRur=7.0
was kept constant throughout our calculations, which controls the size of the basis
sets in calculations. The cutoff energy was chosen as - 6.0 Ry to separate valence and
core states. The convergence criteria for charge and energy were set to be 1 x10eV
and 1 x10™ Ry during self-consistency cycles, respectively.
3. Results and discussions

AFM topography images of samples treated by method I and Il are presented
in Figure 2(a)-(c) and (d)-(f), respectively. Smooth surfaces (RMS(sq)<0.5nm) are
found on samples treated with 0.3% of method 1 and 30% of method II (Figure2(a)
and (f)). Nanoscale corrugates with scale and density strongly dependent on the
preparation method can be found on other samples (Figure 2(b)-(e)). In phase image
shown Figure 2(g), with uncertainty of 5° to -5° , the corrugates show nearly same
phase as the area nearby. Therefore, most of the observed corrugates in Figure 2(c)
and (d) are assigned to the ripples of MoS,, possibly induced by biaxial compressive
strain inside the H,0, adsorbed 1L-MoS;(see Raman analysis in the following section).
In Figure 2(c) and (d), we also observe some tall corrugates with much higher heights
than the ripples nearby. Thus, these tall corrugates in Figure 2(c) and (d) may be the
adsorbates from the ambient. Note that in Figure 2(b)-(e), most of scale of ripples
and adsorbates are much smaller than the size of laser focus (~¥800nm). Thus in the

following parts of this study, the PL and Raman spectra we obtain are an average

signal of corrugates within the laser focus.
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Raman spectra of samples prepared using method [ is shown in Figure 3(a).
Two distinct Raman modes, i.e. Ajgat ~404 cm™(out of plane mode) and
Ezlg“385cm’1(in plane mode) can be identified for all the three samples'® *°. The
separation between two Raman peaks are calculated to be between 19-20cm’,
which agrees with the distinct Raman feature of 1L-M0522°. In contrast to the Raman
peaks of pristine 1L-MoS,, blue shifts can be identified for both A,zand Ezlgpeaks of
the 1L-MoS, treated with method. As proposed by Rice et al*, Ezlg peak is much
more sensitive than A;; when strain is loaded on 1L-MoS,. Blue (red) shift of Ezlg
mode indicates compressive(tensile) strain’’. Moreover, according to the AFM
topographic image in Figure 2, biaxial strain rather than uniaxial strain is expected in
1L-MoS,. The blue shift of Ezlg peak of 0.6, 1.0, 1.1cm™ for samples treated with
0.3%, 3%, 30% using method [ indicates biaxial compressive strain with level of
<0.2% in H,0, treated 1L MoS,*%*. According to the dependence of Raman Aig shift
on gate-voltage measured by Chakraboty®>, the blue (red) shift of Aqgindicates
p(n)-type doping. Because the blue shift of A;,; caused by compressive strain is
negligible®® with the strain level of 0.2%, the blue shift of Ay peakare all attributed
to p-doping behavior of H,0, molecules®. After compare the Raman shift to the
dependence of A4 shift vs gate voltage, the electron density in treated 1L-MoS,
using method | can be estimated to be 3-4 X 10" cm™ using Aqg shift as
1.2-1.7cm™ %,

PL spectra of H,0, treated 1L-MoS, using method [ are presented in Figure

3(b). Pronounced exciton bands are assigned to B exciton band (~ 2 eV), A° exciton
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(neutral exciton, ~1.89 eV) and A” exciton( trion, ~1.84 eV) %°. It can be found that the
PL intensity of 1L-MoS, is greatly enhanced by optimizing the amount of adsorbed
H,0,. By using method [ with different concentrations of H,0, (0.3%, 3%, 30%), the
PL intensities of 1L-MoS, are enhanced by about 3.0, 4.69, 7.26 times, respectively.
Prior to further analysis of enhancement mechanism, the influences of biaxial strain
on the PL enhancement need to be discriminated as strain also affects the PL

2729 Unlike biaxial tensile strain which enhances the PL of

position and intensity
1L-MoS,**, biaxial compressive strain is expected to reduce the PL intensity and
induce blue shift of PL peak®’?°. As indicated by Li et al, biaxial compressive strain
with level of 0.2% only reduce the PL intensity by 10%>” *°, which is much lower than
the PL enhancement in our study. Therefore, the PL quenching induced by biaxial
compressive strain is negligible.

The PL intensity of different excitons are also calculated and shown in Figure.
3(c). The intensity of neutral exciton is enhanced by up to 26.7 times for sample
treated by 30% H,0, (method I ) in contrast to that of pristine 1L.-MoS,. With the
enhancement of neutral excitons, the PL intensities of trions are also enhanced by up
to 3.6 times. This simultaneous enhancement of neutral exciton and trion had been

30, 31

observed and interpreted in our previous researches in which different p-type

molecules are used to enhance the PL of 1L-MoS,. In pristine 1L MoS;, intrinsic
defects such as sulphur vacancies are expected to generate mid-gap trapping states

32, 33

in the energy band, which further trap the carriers and induce a strong

non-radiative recombination of the excitons. Like the passivation of surface defects in
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quantum dots** **

, the intrinsic defects may be passivated with H,0, molecules
adsorbed on 1L-MoS,*°. The non-radiative recombination decay may be greatly
suppressed and finally result in the enhanced radiative recombination rate of
different excitons and their PL intensity®®. Let X,  to be the decay rate of 4’ to
4,and kp to bethe decay rate of 4° and 4 to defect state( Figure 3(d)). The
low PL quantum yield of pristine MoS, can be attributed to high %, and &, ) both
of which are ~O.5ps'136. However, for H,0, passivated 1L-MoS,, k. may be reduced

to 0.05 ps™ - 0.1 ps™ due to p-doping of H,0, molecule. The adsorbtion of H0,

molecules on 1L-MoS;, attract electrons from MoS, and the non-radiative

recombination via Auger process, k k., . are also diminished™™>.  Due to the

P4 T
passivation effect, %, may also be greatly reduced below 0.02 ps*, which finally
results in the simultaneous PL enhancement of neutral exciton and trion.

Beside the PL enhancement, increasing blue shifts of B, A% and A excitons are
also observed with the increasing doping concentration (Figure 3(e)). For 1L-MoS,
sample treated by 30% solution(method I ) , maximum blue shifts for B, A’ and A"
excitons are observed as 49, 8 and 14meV. Because the thickness of the adsorbed
H,0, on silicon is very thin, these blue shifts of excitons can be attributed to the
modification of band structure (see the following calculation of band structure for
details) rather than dielectric screening®’.

Raman and PL spectra of samples prepared using method Ilare shown in
Figure 3(f) and (g). For samples prepared by method II, the decrease of E%g shifts

with different H,0, concentration (Figure 3(f)) indicates compressive strain are
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partially released. It’s also worth to note that the PL intensity of samples prepared by
method II is much lower than method [ (shown in Figure 3(g)), which indicates PL
guenching probably induced by over oxidation at high H,0, concentration. Note that
even for sample treated by 0.3% H,0, using method 1II, the dose of adsorbed H,0,
is expected to be higher than the samples prepared by method 1 . Decreasing of PL
intensity observed on samples treated with method II (3% and 30%) can be
attributed to extremely high concentration of H,0,, which may damage the lattice of
1-MoS; and finally quenches the PL intensity. Because of blue shift of Az peak is in
contrary to that observed on suspended 1L MoS,*, the enhancement induced by
suspending of 1L-MoS; is excluded. By comparing figure 3(b) to figure 3(f), we can
conclude that method [ is desirable to prepare samples with strong enhancement.
In order to explain the blue shift of excitons, we calculate the electronic band
structure of 1L-MoS, before and after adsorbtion of H,0, molecule. A schematic of
the H,0, molecules on the 1L-MoS; is shown in Figure 4(a). It is found that the
pristine 1L-MoS, shows a direct band gap of 1.93 eV at K point (Figure 4(b)), which is

3990 The structures for both valence band

in good agreement with reported works
and conduction band of 1L.-MoS, are not significantly altered by H,0, (Figure 4(c)).
Only a down shift of ~0.5eV of the whole band is observed. The band gap value is
enlarged to be 1.97 eV with an increase by 40meV. This enlargement of band gap
also induces blue shift of the energies of B exciton and A excitons , which agrees well

with the blue shift of B excitons observed in Figure 3(e). Hence, the shift of excitons

we observed in Figure 3(e) is attributed to the enlarged band structure. Two impurity
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states emerge inside the band gap with the adsorbtion of H,0,, namely, one
occupied state 490 meV above the top of valence band, one occupied state 27meV
below the bottom of conduction band. Due to the instrumental restriction, the PL of
excitons trapped into these two impurity states had not been observed in this study.

After understanding the role of H,0, in the enhancement of 1L MoS,, we
further investigate the PL of 1L-MoS, treated by H,0; and toluene, i.e. a sandwiched
structure of H,0,/1L-MoS,/toluene. As shown by AFM topographic image of
H,0,/1L-MoS, treated by 10® mol/I toluene (Figure 5(a)), the surface of 1L-MoS; is
fairly smooth, which agrees well with the high volatilization of toluene and also
indicates low concentration of H,0, molecules beneath 1L-MoS,. Blue shift of Raman
E%g peak as 2.1 and 1.3 cm™ with 10® and 10° mol/I of toluene (Figure 5(b)),
respectively, indicates much stronger p-doping than the samples treated only by
H,0,. With such strong p-doping, the PL intensity of 1L-MoS, is massively enhanced
by up to 27.4 times in contrast to that of pristine MoS,(Figure 5(c)). Because toluene
and H,0, molecules are adsorbed on separate sides of 1L-MoS,, new p-type
molecules containing —OH radicals are not likely to be formed, which excludes the PL
enhancement from these new molecules. As aforementioned, H,0, behaves as good
molecule to passivate the defect on 1L-MoS,. With the presence of toluene molecule
and H,0,, the passivation effects may be enhanced to be even better than that
obtained only with H,0, molecules. From the quantum yield map (Figure 4(b)) of
reference®), it can be estimated that %, and %, are reduced to <0.005 ps'1 , Which
results in strong PL with enhancement >25 times and quantum yield >12%. Detail

10
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calculation of band structure of H,0,/1L-MoS,/toluene is more complicated than
H,0,/1L-MoS,. The calculation and understanding of band perturbation is still
ongoing and will be published in the future.

In summary, we show that the PL intensity of 1L-MoS, can be greatly enhanced
up to 8 times by carefully selection the concentration and addition method of H,0,
molecules. The PL intensity of 1L.-MoS, can be further enhanced by 27.4 times by
using the sandwiched structure of H,0,/1L-MoS,/toluene. The modification of
1L-MoS, with H,0, molecular provides much wider control of light emission than
conventional electric filed gating. Our study provides a simple and effective method,
which benefits the potential application of 1L-MoS, in new optoelectronic devices.
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Captions of Figures

Figure 1 Schematic of H,0, doping 1L-MoS, prepared by method [ ( top panel) and method
II (bottom panel);

Figure 2 (a)-(c)typical AFM topographic images of sample prepared by method I using H,0,
with concentration of 0.3%, 3%,30% , respectively; (d)-(f) typical AFM topographic images of
sample prepared by method II using H,0, with concentration of 0.3%, 3%,30% , respectively;
(g) Phase image obtained with topographic image of Figure 2(c), the inset shows the phase
profile (most falls within +5° ) along the dashed line, note the errors of the phase image is
also +5° .

Figure 3 (a) Raman spectra of 1L-MoS, samples prepared by method 1 ; (b) Measured and
deconvoluted PL spectra of 1L.-MoS, prepared by method I ; (c) calculated intensity of neutral
exciton and trion, and electron density of 1L-MoS, prepared by method [ ; (d), exciton

transition in 1L-MoS, with defect state(D, 1.8eV) involved. In this image FAO FA, and I, are

radiative decay rates of neutral exciton, trion and trapped excitons, respectively. kA, and kD are

yu

0 - _
decay rates of A" to A and D, respectively. kD is decay rate from A~ to D. ki 0

A

kiiA, and k,._Dare non-radiative decay rates of A°, 4" and trapped excitons related with
carrier-phonon scattering & Auger process, respectively. (e), exciton energy of 1L-MoS, prepared
by method I ;(f) PLand (g) Raman of 1L.-MoS2 prepared by method 1I.

Figure 4 (a) Side view (top panel) and top view(bottom panel) supercell of MoS, adsorbed with a

H202 molecule; (b) band structure diagram of a pristine 1L MoS,; (c) band structure diagram of

1L-MoS2 adsorbed with a H,0, molecule;

14



RSC Advances Page 16 of 21

igure a topographic image of H,0,/1L-MoS,/toluene with toluene o mol/l;
Fi 5 (a) AFM hic i f H,0,/1L-MoS,/tol ith tol f 10°mol/l; (b)

Raman and (c) PL of H,0,/1L-MoS,/toluene samples with different concentration of toluene.
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Figure 2 Su et al
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Su et al

Figure 4
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