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Effect of Lithium doping on the optical properties of monolayer MoS;
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The effect of Lithium atoms evaporation on the surface of monolayer MoS, grown on
SiO,/Si substrate is studied using ultra high vacuum (UHV ~ 107! mbar) Raman
and circularly polarized photoluminescence spectroscopies, at low Lithium coverage
(up to ~0.17 monolayer). With increasing Li doping, the dominant Eég and Ay,
Raman modes of MoS, shift in energy and broaden. Additionally, non zone-center
phonon modes become Raman active. This regards in particular to double resonance
Raman scattering processes, involving longitudinal acoustic (LLA) phonon modes at
the M and K points of the Brillouin zone of MoS, and defects. It is also accompanied
by significant decrease in the overall intensity and the degree of circular polarization
of the photoluminescence spectrum. The observed changes in the optical spectra are
understood as a result of electron doping by Lithium atoms and disorder-activated
intervalley scattering of electrons and holes in the electronic band structure of mono-

layer MoS,.
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Monolayer (ML) Molybdenum Disulphide (MoSs) is one of the most extensively studied
members of the family of layered two dimensional (2D) materials. It shows several inter-
esting physical phenomena such as, a direct bandgap leading to efficient photoluminescence
(PL)Y2, many body physical effects eg. observation of trions® and biexcitons?, spin-valley
coupling®®, exciton-phonon coupling™® etc. State-of-the-art devices like field effect transis-
tors, solar cells, light emitting diodes etc. have been demonstrated based on these properties
of MoS,.? Optical techniques like PL, Raman, reflectance and absorption spectroscopies have
played a major role in MoS, related research.'® However, the optical spectrum of this mate-
rial is strongly affected by the presence of dopants and defects in the lattice. For instance,
excitons bind to mono and bi- Sulfur vacancy defects in the ML MoS, lattice and lead to
additional features in the PL spectrum apart from the nearly free exciton transition.!!!2
Raman spectrum of ML MoS, is strongly affected by the presence of structural defects and

additional phonon modes become Raman active in the disordered crystal.'?

The peak energy
and intensity of PL spectrum in ML MoS, can be tuned by chemical doping.!* Thus, it is
important to systematically study the effect of dopants and disorder on the optical proper-
ties of ML MoSs.

Previously, several strategies have been used for doping MoS, using different

17,18

t'416, substitutional doping!'™!8,

natured dopants, that include chemical treatmen

1920 and gating in a transistor geometry®?!. It

surface evaporation of dopants
has been shown both theoretically and experimentally that surface adsorption
of alkali metal atoms like Li, K, Cs etc. is an efficient way to reach very high lev-
els of n-type doping (~10'* cm™ electron density) in 2D materials.?>?* In bulk
or in epitaxially grown layers (in epitaxial case even in ML limit) deposition
of alkali metal atoms leads to ordered (intercalated) structures and possibility
to precisely determine and correspondingly control charge transfer per added
atom.?* 2622 On the other hand, for the adsorption of alkali metals or any other
atoms or molecules on ML MoS; (or other 2D materials) transferred or directly
grown on an amorphous SiO, support, such quantification is far from straightfor-
ward, notably because intercalation or stable adsorption of well-defined ordered
structure does not occur.'® Despite this difficulty, the investigation of atomic

and molecular adsorption on single or few-layer 2D materials on a dielectric

amorphous support such as SiO,, is of great importance with respect to possible



applications, for example in sensors based on field effect transistors or in related
devices for detection of changes in the optical response.'%?° Also, investigation
of the optical spectra of doped ML MoS, using circularly polarized light is im-
portant for design of valleytronic devices.?%

Another interesting aspect of this material is the existence of phases which differ in their
structural and electronic properties. In 2H phase of MoS,;, Mo atoms have trigonal pris-
matic coordination and the crystal is semiconducting while in the 1T phase, Mo atoms have
octahedral coordination and the crystal is metallic.3%3! 1T MoS, had been widely studied in
bulk form due to its application as anode material in Lithium (Li) ion batteries.?! Recently,
it has gained renewed interest due to its strong non-linear optical effects?®, application in
low resistance transparent contacts fabrication?”, theoretical prediction of a small bandgap
opening in the distorted (1T) form etc.3? Several strategies have been used to obtain the 1T

2031 glec-

phase of MoS, from its naturally occurring 2H phase, such as Li atom intercalation
tron beam irradiation®® and electron transfer from a metallic substrate®® etc. Although,
Li ion intercalation in 2H-MoS, has been extensively investigated for Li-ion

batteries?6:3!

and chemically/electrochemically exfoliated preparation of single-
layer MoS, nanosheets'>?’, the structural evolution of MoS,, especially the in-
termediate phases such as 1T-MoS, and the occupancy of the Li atoms in it, is
still not clear.?”
In this letter, we discuss our investigation of the effect of in-situ evaporation of Li atoms on
the surface of ML MoS, on SiO,/Si substrate under ultra high vacuum (UHV) (10~!* mbar)
conditions using micro-Raman and circularly polarized micro-PL spectroscopies at low tem-
peratures (~6K). We observe that Li doping causes shifts and line-broadening of the domi-
nant Raman modes of MoS, and appearance of new Raman modes. Also, the intensity and
circular polarization of PL spectrum of MoS, are affected by Li doping. Our analysis of the
Raman and PL spectra evolution with Li doping, indicates that the observed changes may
arise from electron doping and disorder in the ML MoS, lattice caused by Li atoms. Here,
we would like to comment that such a behavior has not been obtained in case of potassium
doping in ML MoS,.(see supplementary material)

Monolayer 2H MoS, films were grown in a homemade chemical vapor deposition (CVD)

system from MoOj and S precursors. Sulfur vapor was produced by heating 50-100 mg

of Sulfur to 140 °C by a separate heater in front of the main furnace. Growth substrate,
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FIG. 1. Circular polarization resolved (a) Raman and (b) PL spectrum of ML MoS;. Green and
blue circular arrows denote the excitation polarization of laser and detection polarization for the

backscattered Raman and PL signals of the sample respectively.

285 nm SiO, on highly doped Si, was placed in center of the furnace and heated to 750 °C
during growth which typically lasted for 10 minutes. After growth, the substrate was cooled
in furnace to 200°C in Ar stream before removal. The samples were mounted on sample
holders and moved inside a home built UHV system®6. They were initially annealed in
the preparation chamber at 200-250 °C under UHV for 2-3 hours to get rid of the surface
residues and subsequently transferred to the analysis chamber equipped with a liquid He
cryostat and an optical window for spectroscopic studies. The Li evaporation was done in
steps inside the preparation chamber using high purity SAES Li getters with samples kept at
room temperature. A quartz microbalance was used to estimate the thickness of deposited
Li. 100 s of Li evaporation corresponds to ~0.13 ML coverage of Li. After each evaporation
step the sample was put back in the analysis chamber and was given sufficient time to cool
down before doing measurements. Samples were excited using either 532 nm or 633 nm laser
beams. A combination of linear polarizers and quarter wave plate along with a
commercial Renishaw spectrometer were used for circular polarization resolved
Raman and PL spectroscopy (see supplementary material). The spectral and spa-
tial resolution of the setup were ~0.5 cm™! and ~5 pum respectively.

Figures 1(a) and (b) show the results of circularly polarized Raman and PL measurements
respectively. The green and blue circular arrows indicate the polarization of the excitation
laser beam and that of the detected Raman or PL signal respectively. Clockwise rotation is
for right circular polarization (RCP) and anti-clockwise for left circular polarization (LCP).

Figure 1(b) shows the helicity dependence of the two main Raman modes. First note that
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FIG. 2. (a)-(d) Experimental spectra (black) and Lorentzian fits (red) for the Raman peaks
around the Eég (blue) and Ay, (pink) Raman modes of ML MoS; for different Li exposure times.
(e)-(h) Experimental Raman spectra and Lorentzian fits for the new Raman modes for different Li
exposure times including Raman modes due to LA(K) (dark grey) and LA (M) (orange)
phonons. Dark green peaks in panels (a) - (h) denote the individual Lorentzian peaks
due to the other identified Raman modes (see supplementary material). (i) Peak energy
and (j) linewidth of the Ej, and Aj, Raman modes as a function of Li exposure time. (k) Ratio of
the intensity of Raman modes due to LA(K) and LA(M) phonons and that of the E%g mode, as a
function of Li exposure time.

I which confirms the

the energy difference between the two modes is ~18 cm™
ML quality of our sample.?” We also observe that, while the A;, mode is dominant when
the helicity of the detected Raman signal matches with that of the excitation laser, Eég
mode is active only for the detection of opposite helicity. This helicity dependence comes
from the symmetry properties of these phonon modes.?® These results are completely in
line with previous studies®® which prove the feasibility of our setup and the good quality
of our samples. The time reversal symmetry and absence of inversion symmetry together
with a large spin-orbit (s-0) coupling in ML MoSs leads to optical spin-valley selection rules
such that in the absence of inter-valley scattering (IVS) processes, a sample excited using a

circularly polarized light with energy in resonance with an exciton transition, should show

PL with the same helicity as the excitation source.>® Thus, a highly circularly polarized PL



signal as shown in Fig. 1(b) is again an indication of the good quality of our pristine ML
MoS, samples. (supplementary material)

After certifying the good quality of our sample, we proceeded to stepwise evaporate Li atoms
on the surface of MoSs, in-situ without exposure to air. After each step, the Raman and
circularly polarized PL spectrum of the sample were obtained. Note that all measurements
were done at low temperature (6K on the sample holder) to eliminate removal of Li atoms
caused by laser heating. Low temperature is also relevant to make the Li atoms immobile,
since at room temperature the charge transfer from Li atoms to MoS, may vary due to
mobility and/or loss of Li atoms. Figures 2(a) - (h) show the experimental spectra and
Lorentzian fits to Raman spectrum for different Li exposure times. They show that on Li
exposure, apart from Eég and A;, Raman modes, a number of new phonon modes become
Raman active. These modes were previously observed in ion-bombarded ML MoS,.!3 Based
on previous studies, we can attribute majority of these modes to be due to phonons at the
M and K points of Brillouin zone (BZ), which become Raman active in the presence of
disorder in the MoS, lattice (see supplementary material).’®? Figures 2(i) and (j) respec-
tively show the changes in peak energy and linewidth of the E%g and A;, Raman modes as
a function of Li exposure time. The A;; mode shows an initial redshift in energy and an
increase in linewidth after 30 s of Li exposure. In subsequent Li exposure steps, it blueshifts
and keeps broadening. The Eég mode shows a small blueshift in the first Li exposure step
and redshift in subsequent exposures. The A;, Raman mode in MoS, is sensitive to the
electron density and a redshift and broadening of this mode is an indication of electron
doping of ML MoS, by Li atoms.?! We estimate the electron density in MoS, at this stage
to be ~0.3x10' cm~2.2! However, the subsequent blueshift of this mode with increasing Li
exposure cannot be explained by electron doping. This may likely result form the breaking
of translational symmetry of phonons due to disorder in the MoS, lattice and their resultant
spatial confinement.!®%° Some of the new Raman modes (Fig. 2(e) - (h)) can be identified
as due to double resonance Raman scattering (DRR) processes involving the LA(M) and
LA(K) phonons and defects in the ML MoS, lattice.'®3" The Raman modes due to LA(K)
and LA(M) phonons have a dispersion of -24.5 cm™! /eV and -10.5 cm™! /eV respectively.?®
We fixed the peak positions of these modes for 532 nm (2.33 eV) excitation and fitted our
data using Lorentzian lineshape functions. In Fig. 2(k), we plot the ratio of the intensity of

the Raman modes due to LA(K) and LA(M) phonons to that of the E3, Raman mode. This
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FIG. 3. (a)-(c) Experimental data (black) and Gaussian fits (red) for the circularly polarized
PL spectrum (excitation and detection of right circular polarization) of ML MoSsy for different Li

exposure times. (d) The integrated PL intensity as a function of the Li exposure time.

ratio quantifies the disorder in the MoS, lattice.!® An increase in this ratio with increasing
Li exposure time shows that disorder in MoSs lattice increases with increasing Li doping. As
we mentioned above, Li doping can lead to the 2H to 1T phase transition in MoS, for high
Li coverage (~2 ML of Li).'5?* This transition is driven by the electron transfer from the Li
atoms to MoSs, which results in stabilization of the 1T phase relative to the 2H phase due

24,30,31

to the absence of a bandgap in the former. Structurally, the transition involves a rear-

rangement of atoms in MoS, which can cause lattice distortions and grain boundaries.?®3!
Thus, the tendency to undergo the phase transition from 2H to 1T form with Li doping
could be responsible for the observed structural disorder in ML MoS,.1%24

Figures 3(a) - (c¢) show the experimental data and Gaussian fits for the circularly polarized
PL of ML MoS, for different Li exposure times. Note that we do not fit the data for the sam-
ple with 130 s of Li exposure because its PL has almost entirely vanished and the spectrum
is dominated by background of the Raman signal. Also, the fits are not ideal because apart
from the exciton transition, the PL may have contribution from an unresolved trion related
transition.>®!* After the first 30 s of Li exposure, PL peak shows a redshift due to electron
doping from Li atoms.? After 70 s of Li exposure, it blueshifts. Such blueshift of the PL
spectrum of ML MoS, was also seen earlier in disordered samples.*! Figures 3(d) shows the
plot of integrated PL intensity with increasing Li exposure. We observe that the PL decays
by more than three orders of magnitude after 70 s of Li exposure. The observed decay

of PL intensity originates from different factors dominating at different stages

of Li doping. Initially, electron doping due to charge transfer from Li atoms re-
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sults in trion formation (also evident from the redshift of the PL spectrum) and
consequent decrease in the radiative recombination of excitons.*!'* With further
increase in Li doping, structural disorder dominates as indicated by the changes
in the Raman spectrum and also blueshift of PL spectrum. Structural defects
in MoS, can serve as sites for excitons to bind and decay non-radiatively.'® Also,
disorder promotes IVS of electrons and holes to neighboring valleys from where
they can possibly find paths for non-radiative decay.?® Finally, with further in-
crease in Li doping, the change in the band structure around the K-point due
to the 2H to 1T phase transition leads to complete vanishing of the PL.!34
Figure 4(a) shows the evolution of the circularly polarized PL with Li doping. As we dis-
cussed earlier, the circular polarization of the PL spectrum is due to spin-valley optical
selection rules. The degree of circular polarization is defined as

I(RCP) — I(LCP)

I(RCP) + I(LCP) (1)

p:

where I(RCP)/I(LCP) denote the intensities of the RCP/LCP PL signals.® p is a measure of
valley polarization (VP) in ML MoS,.% Figure 4(b) shows a plot of p around the PL peak en-
ergies, for different Li exposure times. It shows that p decreases with increasing Li exposure.
To make sure that we have not been probing a defective region of the sample by chance, we
measured 30x30 pm spatial maps of p in a typical region of the sample. Figures 4(c) and
(d) show the maps for the pristine and 70 s Li exposed MoSs sample respectively. The maps
show that for pristine sample p is between 0.8-0.9 while after 70 s Li exposure, it decreases
to 0.5-0.6.

The observed decay in the degree of circular polarization of PL (which is a measure of
VP) can result from two main mechanisms. One is electron doping from Li atoms which
may lead to increase in the electron-hole exchange interaction resulting in decrease in VP or
valley depolarization.® However, one does not observe a significant decrease in PL circular
polarization for Potassium doping in ML MoS,.(see supplementary material) The second
mechanism is IVS processes. IVS in MLL MoS, requires a simultaneous spin flip and a large
change (~K) in the crystal momentum of the excited carriers.® Following resonant excita-
tion of electron-hole pairs in ML MoS,, the electrons can undergo a fast spin flip due to
very small (~3 meV) s-o splitting of the conduction band. However, the s-o splitting of the

valence band is large (~150 meV) and hence the hole spin flip is suppressed.® Thus, pristine
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FIG. 4. (a) Evolution of the circularly polarized PL spectrum of ML MoS; for different Li exposure
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(b) Degree of circular polarization of PL (p) defined by eqn. 1, for different Li exposure times.
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ML MoS; shows a large VP. As we observed in the Raman spectra of Li doped MoSs,, with
increasing disorder, the DRR processes become active. These processes involve the scatter-
ing of an electron from —K to K valley and from K(—K) to @ valleys involving LA(K') and
LA(M) phonons respectively and defects.!®3? Scattering of electrons between —K and Q
valleys may partly contribute to the decrease in PL intensity as we have already discussed.
Valley depolarization on the other hand requires a simultaneous scattering of both electrons
and holes between —K and K valleys. Even though hole scattering has to overcome a large
spin-flip barrier, it can happen via the spin-degenerate I' valley.*? This would effectively
lead to valley depolarization and hence the decrease in p.

In conclusion, we have observed that the evaporation of Li atoms on the surface of ML MoS,
grown on SiO4/Si substrate causes significant changes in the optical spectrum of ML MoSs.
With increasing Li doping, DRR processes become active leading to new peaks in the Raman
spectrum. The circularly polarized PL spectrum shows a decrease in overall intensity and
degree of circular polarization. These changes might be explained as a result of electron
doping from Li atoms and IVS processes that become active because of disorder induced by
Li atoms. Our results are a step towards understanding of the effect of doping and disorder
on the optical spectrum of ML MoS, and similar 2D transition metal dichalcogenides.

See supplementary material for a description of the optical setup and in-situ im-

age of the sample, room temperature VP measurements, identified Raman modes in



disordered MoS,, Raman and circularly polarized PL spectrum of Potassium doped ML
MoS; and circularly polarized Raman spectrum of Li doped ML MoS.
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