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Abstract

We demonstrate for the first time the large area deposition and synthesis of 10mmx10mm
atomically thin Yb®*-doped MoS: films by femtosecond pulsed laser deposition on a silica glass
optical platform for device applications. The presence of Yb**-ion doping was confirmed using
photoluminescence (PL), X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy.
The PL studies using a 976 nm laser demonstrated the Yb3*-ion emission peak in MoS; films
at ~1002 nm arising via the ?Fs;>-?F7, transition, which was absent in the undoped films. The
XPS and Raman spectroscopic analyses of the Yb®*'-doped and undoped films showed that
the deposited films were a mixture of 2H- and 1T-MoS; after post-deposition annealing at
500°C. The Density Functional Theory analysis showed that the 1T phase was metastable by
+77kJ (~0.8eV)/mole, when compared with the 2H state at 0 K. Ultrafast nonlinear optical
measurements proved that the saturable absorption of undoped MoS; was significantly
modified after Yb®*-ion doping, by displaying dopant-host structure charge transfer which was
characterised by ultrafast transient absorption spectroscopy. The complex transient
absorption line shape showed a combination of bleach (negative) signals at the A (670 nm)
and B (630 nm) exciton energies, and a strong induced absorption below the A exciton level.
The results presented herein provide critical insight in designing novel rare-earth-ion doped

2D materials and devices. (214 words)



1. Introduction
Atomically-thin MoS: is recognized as a potential material for next generation of
optoelectronic devices, exhibiting quantum phenomena due to its unique electronic
structure, mainly because of the confined and reduced symmetry. For example, in
monolayer MoS;, the intrinsically broken crystal inversion symmetry allows the
generation of degenerate valley-selective electrons in the K and K' valleys in
momentum space locked by time-reversal symmetry.v Reduced dielectric
screening of atomically thin MoS2 allows to form highly stable neutral and charged
excitons even at room temperature with the binding energies many orders of
magnitudes higher than conventional Ga, In and As based 2D materials ' . The
charge transfer properties offer opportunities for optoelectronic device applications,
for example, n-type doping in MoS2 by coupling with a charge transfer complex of
aromatic benzyl viologen. Similarly, the donor-acceptor charge transfer between
MoSe> and graphene oxide has been shown to enhance the nonlinear absorption by
as much as 30 times.ﬂ By contrast, doping of MoS:> with rare-earth ions may enhance
absorption and emission of near-IR photons, in which the energy transfer may be
mediated through the intrinsic defect states of MoS; films. Such energy transfer
mechanisms might provide high photon yields via quantum cutting in the intra 4f-
electronic transitions, as shown elsewhere for photoluminescence and laser
characterisation in Tm®*-doped Si thin films and waveguide gain medium,
respectively. Although, the spectroscopic and structural studies on chemical vapour
deposited Er¥*-doped MoS: thin-films [ ] for demonstrating near-IR (800nm and 1550
nm) and visible emissions using blue laser source at 488 nm [ ] has been
demonstrated, however for optical and data communication devices, most Er¥*-doped

devices utilise the near-IR pumping scheme to make system engineering compatible



with low-cost fibre coupled semiconductor pump sources at 940-980nm.. For enabling
potential applications of MoS. photonic devices on silicon and silica planar platforms
using femtosecond pulsed laser deposition (fs-PLD) [, ], we have chosen Yb3*-ion
doping of MoS:; films for enabling low-cost 980 nm fibre or planar-circuit integrated
pumping scheme which will offer significant benefits for optical communication and
mid-IR device engineering. The other main advantage of Yb3*-ion doping is the
resonant overlap of its 2-level ground state (°Fs2 and 2F72) transition at ~1 eV, which
overlaps with the bandgap of silicon for energy transfer in PV devices for energy
harvesting. Photoluminescence (PL) studies using a 976 nm diode laser source reveal
that the doped MoS: films show room temperature emission centred at ~1002 nm,
originating from the optical transition between above-ground states, Yb3* 2Fs, to 2F7.2
level. By comparison, absence of the PL in atomically thin undoped MoS: is possible
pumping via A and B exciton bands centred around 670 and 630 nm, respectivelyﬂ'
The ultrafast transient absorption (TA) data present the direct evidence of the charge
transfer states in RE-doped atomically thin MoS., which are relevant for saturable

absorbers and optical switching, in lasers and isolators, respectively.

Since a majority of rare-earth sulphides have high melting and boiling points, the
doping of RE®**-ions via chemical vapour deposition is non-trivial, as in the case of
solution methods. It is for this reason in this investigation we have adopted femto
second pulsed laser deposition, which aligns well with multi target use for in situ mixing
in the ablation plasma during deposition. By adopting fs-PLD, we demonstrate the
fabrication of nearly 2 nm atomically thin Yb3*-doped MoS: , in which a Ti-sapphire
laser was tuned to operate at 800 nm with 10Hz-1kHz repetition rate. The optimized

and precise control of ablation rate of target permits the growth of atomically thin MoS:
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layers, as shown herein without compromising the stoichiometry. The fs-PLD
approach demonstrated is based an earlier report on fs-PLD of Tm3*-doped Si films
for waveguide fabrication. Together with the control of deposition parameters,
namely the substrate temperature, chamber pressure and rastering of fs-pulsed laser
on the target, we were able to fabricate 2-5 nm Yb3*-doped MoS; of uniform thickness
over a large area of 20mmx10mm on silica glass substrates, which may then allow in
the future growth of such films of uniform thickness on a larger surface for photonic
and optoelectronic device applications. In an earlier report on nano-second excimer
PLD, using Er3*-ion doped glass and poly dimethyl silane targets, multilayer glass-
polymer superlattice growth was demonstrated for waveguide fabrication. Our vision
for future is to use multiple targets e.g. carbon for graphene and other types of di-metal
chalcogenide for engineering atomic layer growth of films, in the way as has been

achieved for the IlI-V and II-VI semiconductor heterostructures.

The complementary structural, spectroscopic, and excitonic characterisations are also
included for exploring opportunities for engineering materials using fs-PLD via control
of phase transformation from 1T to 2H phase in MoS,, transient absorption
measurements of excitons for engineering saturable absorber and ultrafast detectors
in visible, near-IR and mid-IR, and long-lived rare-earth ion doped 2D devices for

photon generation.

2. RESULTS AND DISCUSSION
Figure 1(a) shows the cross-section of a focussed ion beam prepared transmission
electron microscope (TEM) image of a 2nm atomically thin Yb3*-doped MoS-
»,deposited on silica, . which is intermittently discontinuous due to the low deposition

temperature maintained at 500°C. The nano-scale discontinuity is more evident in



Figure 1a, next to the silica substrate, which in the subsequent layers become more
continuous as the MoS: layers grow away from the silica substrate. Figure 1(b)
compares a typical vibrational spectroscopic structure of semiconducting trigonal 2H-
phase in undoped and Yb**-doped MoS,, with two characteristic intense Raman peaks
at 382 cm* and 405 cm* corresponding to the E'»q and Aiq vibrations, respectively for
in-plane symmetric stretching of Mo*" and S ions and out-of-plane vibration of S*
ions of crystalline 2H-M082. From the frequency difference of 23.5 cm™ between
the two vibrational modes, it is estimated that the overall thickness of the deposited
film is between 3 and 4 layers of MOSz' v, which was found to be consistent with
the TEM microscopic analysis, shown in Figure 1(a). Up to 5 nm thickness of MoS:
films were also grown on silica substrate, for which the Raman spectroscopic data are
compared in Figure (S1a) in the Supplementary Information. For characterising the
uniformity of deposited Yb3®-doped and undoped thin films of MoS;, the Raman
spectroscopic analysis was carried out at the left, right and centre of films with
10mmx10mm surface coverage, as shown in Supplementary Information Figure
(S1b). Both the large area (10x10 mm?) and point-by-point Raman spectroscopy data
confirm that the films were uniform with approximately 3 to 4 layers of MoS.. Figures
1(b) and (S1b) show that both the Raman spectra of undoped and doped films are
asymmetrically broadened, which may be attributed to the lack of extended 2D-order
in films due to the stochastic nature of fs-PLD, even at 500°C, when compared with
more epitaxial grovvth. The second reason for asymmetry in Raman peak may arise
as a consequence of the introduction of octahedral distortion due to the presence of
Yb3*-ions, which have a preferential 6-fold symmetry with S anions. The small red-

shift in the Raman peaks for the El>q and Aig vibration modes may be attributed due

to temperature dependent relaxation of MoS: layers [*?3] which was also reported




earlier in the case of Er¥*-doped films [Bai et al]. In addition to the E*>q and Aig modes,
three disorder peaks were fitted (Figure 1b inset), which originate from the transverse
optical (378 cm?), longitudinal optical (370 cm), and out of plane optical branches
(414.5 cm™) at the M point of the Brillouin zones. The large integrated intensities of
these modes, compared to the E';g and Aig modes, indicate the presence of local
disorder or lack of continuum of structure in the deposited films, which might be due
to the low deposition temperatures.?. The temperature-dependent change in the
El,y and Aig Raman peaks, however, was found to be symmetrical. The second
reason for asymmetry is likely to be due to the incorporation of octahedrally co-
ordinated Yb**-ions into the layered MoS; structure. The structural change in the
ionic co-ordination of MoS: in the 2H-type pyramid structure may be expected due to
the presence of 6-fold co-ordinated Yb3*-ions, which is heavier (173.04 amu for Yb)
than Mo**-ion (95.94 amu for Mo) in 2H-type MoS:. The changes in ionic co-ordination
and atomic mass may therefore introduce vibrational anharmonicity due to the
changes in the Coulombic force (i.e. the spring constant in the linear harmonic
oscillator), which is why the Raman peaks appear asymmetrically broad in Figures 1b
and S1b. Consequently, the Raman peaks shift to lower energy with respect to the

undoped peak.

The chemical composition of the deposited MoS, was investigated by X-ray
photoelectron spectroscopy (XPS). Figure 1(c) shows a comparison of Yb- 4ds core
level spectra of the undoped and doped MoS:; films. Yb3* ions are clearly present in
the 2nm thick doped MoS: film. This is confirmed by the binding energy of Yb-4ds
peak at 185.3+0.5 eV which is consistent with the Yb being in the 3+ oxidation state
with a sulphur coordination shell ;, with concentration of Yb®*-ions around 1 ion%.

For comparison, the core level spectra of molybdenum (Mo) and sulphur (S) are also



presented in Figure S2 (supporting information). From the comparison of molybdenum
core-level data for doped and undoped MoS: thin films herein with the literature data
on Er3*-doped films [Bai et al], it is evident that the doping with Yb3*-ions has led to a

shift in the peak energies (Mo 3ds2).

Figure 1d compares the UV-visible absorption spectra for the Yb3*-ion doped and
undoped MoS: films, from which it is evident that the background loss in 2 nm thick
films of MoS: increases with doping, which may be due to the following reasons. In
the fs-deposited films the octahedral crystal field distortion of Yb3*-ions perturbs the
structural continuity of the 10x10mm? 2D-films and may be contributing to the
Rayleigh-scale scattering. The second reason may be due to the increased
concentrations of carrier states, contributing to the overall absorption which is likely
due to the difference in the charge on Yb3* and Mo** ions, creating a donor level in the
MoS:; lattice. The UV-visible spectra in Figure 1d (and the 2" derivative spectra in the
inset) of doped and undoped films reveal two absorption peaks at 620 nm and 670
nm, corresponding to the B and A excitonic bands, respectively originating from the

doubly degenerate valence band of Mo**-ion.

Following the structural and chemical characterizations, the room temperature
photoluminescence studies on Yb®*-doped and undoped MoS:; thin films were carried
out using a 976nm laser diode as an excitation source. The room temperature PL of
Yb3*-doped MoS: is shown in Figure 2a and the PL of the Yb3**-doped film compares
well with the data in literature ; on crystals and glass materials. Considering the
apparent small volume of film on a 2nm scale and the resulting influence of
inhomogeneous broadening of the PL line shape, the full-width-of-half maximum
(FWHM) of the optical transition: 2Fs>— 2F72 is less than 12nm with the emission peak

centred at 1002nm, which is in reasonable agreement with the 70-80nm FWHM data
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in bulk materials. The apparent reduction in FWHM to 12 nm in a 2 nm thick Yb3*-
doped MoS: appears to be due to the confined dimensions of the film. In Figure 2b,
the apparent shifts towards lower energies, observed in the Mo-3d core level XPS
spectra for Yb*-ion doped films are compared with the undoped films, and the
apparent shifts are consistent with data for Er®*-ion doped MoS: [ ]. Further detailed

analysis are included in Figure S2 and Table S1 in SI.

In this experimental analysis of fs-pulsed laser deposited films, formed via ablation
and plasma relaxation in the sub-nano to pico second regime, the influence of sub
nano second time scale deposition on the phase transformation on 2H to 1T phase
transformation in undoped MoS: structures has also been further investigated. Since
the DFT characterisation of low dimension Yb3*-doped film is non-trivial and requires
more explanation, it is excluded in this article and will be published separately by
emphasizing the phase transformation in doped materials. For this reason, the DFT
calculations have been performed using the pseudopotential code, Castep on both
the 2H-MoS: and the metastable 1T-MoS: structures. The bulk structures were
geometry optimised using the dispersion corrected TS-GGA-PBE functional which
ensures that the weak interlayer forces are correctly described. A kinetic energy cut-
off of 490 eV and a k-point mesh of 0.02 A1 was used to ensure high precision with a
force convergence tolerance of 0.01 eV AL, The energy minimised lattice parameters
are shown in Table S2. Note that the DFT optimises the structures at zero Kelvin. A
comparison is made in which, the experimental 2H-MoS; being an extrapolation to OK
and the 1T-MoS: being the recent room temperature structure determination.
The DFT minimised lattice parameters are in excellent agreement with experiment;
the expected large expansion coefficient in the direction perpendicular to the interlayer

spacing (c-axis) for the 1T-MoS: accounts for the 5% deviation between calculated



and experimental c-lattice parameter. The MoS: coordination geometries for the 2H
(trigonal) and the 1T (octahedral) are shown in Figures S4a and S4b (In supporting
file), the Mo-S bond lengths being 2.401 A and 2.418 A, respectively. A comparison
of the total energies of the optimised structures confirms that the 2H MoS: is

thermodynamically more stable than the 1T (+76.1 kJ/mol.fu), as shown in Table S2.

Itis known that DFT, using standard exchange-correlation functionals, can significantly
underestimate the band gap in materials. For 2H-MoS; and 1T-MoS., further electronic
structure calculations were performed with the recent hybrid HSEO6 functional
which has been demonstrated to give accurate band gaps for a range of materials,
albeit with a large increase in computational cost. The DFT results herein show an
indirect band gap of 1.3 eV for bulk 2H-MoS; and bulk 1T-MoS; to be a conductor. In
addition, an electronic structure calculation on a monolayer of MoS, with the 2H
geometry (15A vacuum in c-axis), showed an opening of the band gap to a direct gap

of ~2.3 eV.

From the Raman analysis in Figure 1b, the volume fraction ratio of 2H and 1T phases
were ascertained for the doped and undoped MoS: films, annealed at 500°C. The
literature (2l data shows that although the annealing stabilizes the 2H-phase, in this
study longer annealing time (see Sl) at elevated temperature reduce the fractions of

1T phase.

The excitonic dynamic analysis of fs-PLD MoS: films are unknown, especially when
the deposited films may be a mixture of 2H and 1T phases. For photonic device
applications, it is also important that the rare-earth ion dopants (e.g. Yb3*-ions) are
incorporated for photon generation by taking advantage of the excitonic states in the
materials. After a systematic analysis of structure of the deposited films, the nonlinear

optical absorption of atomically thin ~2nm doped and undoped MoS: films were
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characterized using the conventional open aperture Z-scan method, which helped in
the quantitative determination of the total transmittance as a function of incident laser
intensit?. The normalized Z-scan peaks and the evolution of shapes therein for
the Yb3*-doped MoS:; films are presented in Figure 3a for three on-axis peak intensities
at 77, 110 and 156 GW/cm?. The sub-bandgap excitation was at 800 nm, which is at
a higher energy than the above-ground state of Yb3*:2Fs/, in doped MoS;, from which
it is evident that the normalized transmittance of the films at 110 and 156 GW/cm?
intensities show a gradual increase towards the focal point, by reaching its maximum
transmittance value at the Z=0 focal point. However, the films did not show any
nonlinear absorption below a threshold peak intensity of 77 GW/cm?, even though the
excitation wavelength at 800 nm was in the 2-photon absorption regime. From Figure
3b for the undoped MoS; thin filmirradiated at 77, 110, and 156 GW/cm?, the saturable
absorption was apparent at each intensity. Furthermore, the saturable absorption was
analyzed and quantified using the Z-scan theory. In the experimental method

discussed, the propagation equation may be described as a function of the position as

a _
where a(I) is the intensity dependent absorption coefficient which can be calculated
as

a(l) zl(j__oi-l'BTPAI (2).

Is
Here Is, Btpa and ap are the saturation intensity, two photon absorption coefficient and
linear absorption coefficient, respectively. Since it was found that the contribution of
Brra is negligible due to the nanometer scale thickness (z) of thin films, we used the
minimum value of Brpa for fitting the experimental data. From the best fit to the

normalized transmittance curve, it was found that the saturation intensity (Is) value for
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Yb3*-doped MoS:; is of the order of 882+58 to 399+20 GW/.tm? for the peak intensities
of 110 and 156GW/cm?, respectively. By comparison, at these two peak intensities,
the values for undoped MoS; films were found to be 228+13 GW/cm? and 149+06
GWtm?, which are much lower than that for the Yb3*-doped thin films. Although 800
nm excitation wavelength lies below the bandgap region of both the undoped and Yb3*-
doped MoSy;, in order to explain the observation of ultrafast saturable absorption, a 3-
level model with energy transfer for MoS; and Yb3*-doped MoS: films is proposed for
the defect states, valence and conduction bands, as shown in Figure 3c and 3d. The
model is further supported by the band structure diagrams for 2H and 1T in Figures
S3a and S3b (Supporting file), respectively. The 800 nm excitation creates resonant
single photon absorption of carriers from the valence band to the defect state, as
shown in Figure 3c. Since the density of defect states are low, typically less than
~10%8/cm?, the defect states are almost occupied when peak intensity increases above
77 GW/cm?. Consequently, Pauli blocking stops further absorption, which eventually
results in saturable absorption. After demonstrating saturable absorption, it is also
important to calculate the ground-state (ogs) and excited-state (Oes) absorption cross-
sections, which helps in identifying the mechanism for the 3-level saturable absorption

in undoped MoS; and occurs when Oes is much smaller than (ogs).

—log T,
_—'g 1y 3
Tos NL )
~log T
— mex 4
Oe NL @)

where To, Tmax, N, and L are the transmission in the linear regime, high intensity
saturated transmission, ground state carrier density and thickness of the saturable

absorber for 2nm thick MoS: film, respectively. The calculated values of ges and Ogs
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for Yb3*-doped MoS; are 1.97x102 cm? and 9.8x10? cm?, respectively. From the
calculated values of absorption cross-sections, the ratios of 0es0gs Were found to be
0.75 and 0.50 for the doped and undoped MoS., respectively, which point out that the
excited state absorption cross-section has increased significantly with Yb**-ion doping

at ~1 ion% by creating a new level in the excited state of MoS..

For more in-depth characterisation of the saturable absorption of Yb3*-doped
MoS. due to the presence of defect states, analysis using ultrafast broadband
transient absorption (TA) spectroscopy was performed. In this experiment, Yb3*-doped
MoS; was excited with 120 fs pulses centred at 400 nm, and the changes in absorption
of wavelengths between 525 nm and 735 nm, which overlap with the A and B exciton
transitions and defect states, were recorded by using white-light continuum pulses.
The TA of the Yb®**-doped and undoped film was mapped in the contour plot shown in
Figure 4(a) and Figure 4(b), respectively. It is evident from the transient data that a
strong excitonic bleach is observed in doped MoS2 compared to undoped MoS.. The
cross sections of the contour at different probe delays are compared in Figures 4c and
4d for Yb**-doped MoS; and undoped films, respectively. The complex TA line shape
may be better described as a combination of bleach (negative) signals at the A
(energy, 1.81 eV) and B (energy, 2.04 eV) exciton energies and a strong induced
absorption below the A exciton energy that appears only after the carrier
thermalization (300 fs). The energy values and delayed response clearly suggest that
these features are originating from the trap and Yb3*-states. To account for the
instantaneous bleaching of the excitonic resonances, it was assumed that the electric
field produced by the exciton of the pump beam causes the Stark effect on the
absorption of the probe beam exciton. In such cases, the spectral signature of the TA

closely matches with the second derivative of the ground state absorption spectrum,
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i.e. AA(v) a E2A’(v), where E and A” are the strength of the electric field and second
derivative of the ground state absorption spectrum, respectively as shown in Figure
4d. At the initial timescales, the Coulomb interaction between the excitons blue shift
and broaden the excitonic resonance. This is manifested in the TA spectrum as the
bleaching signal at the positions of the resonant exciton energy and an induced
absorption at the higher energy regions. At this stage, we assume that the contribution
from the state filling to the band edge signals are insignificant since the sample was
excited with above bandgap, using a 400 nm source, and therefore the band edge
states remain unoccupied at the early times. In order to access better insight into the
time dependent shift of the exciton resonances due to the correlated exciton
interactions, we have carried out the global fitting of the TA using the following
equation:

AA = 22: A (es)e—«x—xm—si)/ri)z _ A(gs)e—«x—xm)/vvi)z (5),

i=1

where &, I'i and w; are the shift in exciton energy due to the exciton-exciton
interactions, the FWHM of exciton transition in the excited state, FWHM in the ground
state, respectively. Ai(es) and Ai(gs) are the Gaussian functions describing the excited
and ground states exciton absorption and ‘i’ corresponds to A and B excitons. The
solid lines in Figure 4c show the representative fits at each selected At using Equation.
5. From this figure, it is evident that the proposed model exactly reproduces the TA
spectrum, i.e. bleaching features corresponding to A and B excitons and the

absorption feature in between them.

For analysing the dopant-host structure charge transfer of defect and Yb3*-ion states,
we have examined the lower-energy part of AA spectrum because their contribution is

more pronounced below the A exciton resonance energy. Note that the features of
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induced absorption in the TA does not disappear even after the complete decay of
excitonic bleach (Figure 5(a) and 5(b)), which may be attributed to the defect and
Yb3*-ion states related absorption, originating from the re-excitation of band edge
carriers captured by these states. These defect states are associated with layer
interfaces, grain boundaries and surface defects have already been observed in many
theoretical and experimental studies on MOSz. In Yb3*- doped MoS: the saturable
absorption bands are much weaker than that in the undoped MoS», which may be
explicable on the basis of cross-relaxation of defect and excited states, both of which
lie higher than the highest sub-Stark state in Yb*":?Fs; in the 1-1.025 eV range, as
shown in Figure 3c. Note that these absorption bands are much weaker in Yb3*-doped
MoS», as compared to the undoped MoS;, which manifest the dopant-host structure
charge transfer between the defect and Yb3* states. The characteristics of defects and
Yb3*-states can be better understood by the temporal analysis. It is evident from the
lifetime of excited carriers in the defect and Yb3*-states that the mAA curves are not
reaching zero even after maximum experimental time window of 1200 ps (Figure 5c),
whereas in the undoped films of MoSz, the relaxation time reaches zero value within
300 ps, as shown in Figure 5d. The delay in the Yb3": doped MoS: film is due to the
long lifetimes (100s ps) in  undoped MoS: Figure. 5(d). Figure 5c and 5d show the
temporal evolution of TA, the experimental values are fitted with exponential functions
for analysis. The best fit to the experimental data were obtained with decay constants
for MoSz t = 16.1 + 0.4 ps and for Yb3" doped MoS; t = 180 * 10 ps. Thus, the TA
measurements discussed herein provide direct evidence for the presence of defect

states and the lifetimes of carriers in such states.

3. CONCLUSIONS
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The present investigation demonstrates a first step towards large area (10x10mm?)
deposition of undoped and Yb?3*-ion doped MoS; films of sub 5-nm scale using near-
IR fs-PLD on a silica platform. The deposited MoS: films at 500°C on a 2nm scale
show a mixture of 2H and 1T-type phases. The phase stability of undoped 1T and 2H
MoS: phases in bulk and thin film forms were compared using the DFT, and it is
evident that the total energies of the optimised structures confirms that the 2H MoS»>
is thermodynamically more stable than the 1T phase. The DFT results also predicts
that the thin film 2H geometry showed a direct band gap of ~2.3 eV. The presence of
1T- and 2H-phases were evident from the optical phonon and chemical shifts in
Raman and XPS spectra of undoped and Yb3*-doped MoS:; films, respectively. The
film thickness analysis using Raman and cross-sectional TEM were found to be

consistent.

The room temperature photo luminescence analysis clearly shows the evidence for
photoluminescence with peak at 1002nm, corresponding to the 2Fs»—?F7;2 optical
transition in Yb%*-state. The presence of 1 ion% concentration of Yb**-ions in the films
was confirmed by XPS spectroscopy. The presence of photo-generated excitons and
Stark effect due to pump exciton were investigated by analysing the ultrafast transient
absorption data. Ultrafast nonlinear optical measurements using 800 nm excitations
shows that the saturable absorption of MoS: is significantly different when compared
with the data for Yb*":doped MoS,. The evidence for dopant-host structure charge
transfer has been verified with the help of ultrafast pump-probe measurements
supported by trap state kinetics. These results suggest that Yb**-ion doped MoS; are
promising for optoelectronic applications. Overall, the novel fs-pulsed laser deposition
technique may be possible to align with the making 2D-TMS materials on silica and

silicon integration platform for photonic devices in future.

16



17



Experimental Section

Synthesis of MoS:2 and Yb3*- doped MoS: films:

Undoped and rare-earth doped MoS; films were deposited using a femtosecond
pulsed laser deposition (fs-PLD). Before deposition, the PLD chamber was pumped
until a base pressure of <10 Torr. The substrates were carefully cleaned using a two-
step process using an ultrasonic bath of acetone and ethanol. After which the
substrate was dried and baked inside the deposition chamber under vacuum. A
femtosecond laser with a wavelength of 800 nm, pulse duration of 100 fs and repetition
rate of 1 kHz was used to deposit the films. The few layers of MoS; and Yb3*-doped
MoS; were deposited under a positive pressure of argon gas, maintained at 10 Torr.
By ablating the pressed pellets of powder materials, MoS, and 5% Yb3**-ion% doped
MoS; targets with fs-PLD, the undoped and doped MoS, sub 5 nm films were
deposited at 500°C on a silica substrate. The substrates were mounted on a sample
holder at a distance of 50 mm from the target. For depositing films on the SiO:
substrates, the laser fluence used was 3 J/cmz. After the growth of films, the
samples were cooled down from 500°C to room temperature at a rate of 5°C/min. The
deposited films were characterized using a range of techniques discussed below and

in the article.
Characterization of films:

The undoped and Yb3*-doped MoS: thin films were characterized using a Renishaw
Raman inVia Microscope, equipped with a laser excitation at 514 nm. A 50x
microscope objective with 0.8NA was used. The gratings used in the Raman
spectroscopy have a step size of 3-4 microns and a spectral resolution better than 1
cm®. The laser power was kept below 1 mW to avoid the laser induced degradation

of films. The spectral position was calibrated with internal Silicon (Si). The TEM
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analysis was carried out using an FEI Tecnai FT 20 Field Emission microscope,
operating at 200 kV. The Perkin-Elmer UV-visible-near IR spectrophotometer was
used for the characterisation of excitonic absorption bands in the films. XPS spectra
were acquired using a SPECS system with high intensity XR50 X-ray monochromatic
Al Ka (1486.5 eV) source, and a PHOBIOS hemispherical electron analyser with a
pass energy of 30 eV under vacuum of 10-2° Torr. Curve fitting was performed using
Casa XPS software and energy calibrated to the C 1s peak at 284.6 eV, employing

Gaussian-Lorentzian peak shapes and a Shirley background.

Nonlinear optical properties of undoped and Yb**doped MoS; were studied using the
open aperture Z-scan technique where the exciting pulsed laser is centred at 800 nm
and 120 fs pulse. The exciting beam was focused by a plano-convex lens of focal
length 20cm. The sample was moved along the z-axis of the beam by using a
computer controlled translation stage. The Rayleigh length (zo) and the beam waist
were 11 mm and 42 pm respectively. During irradiation with ultrashort pulses the
repetition rate of the laser is maintained at 1 kHz, so that the radiation induced heating
and associated structural changes in the films were negligible. To calculate the
excitonic lifetime, the ultrafast transient absorption pump-probe spectroscopic analysis
was performed where the pump was centred at 400 nm and probe range was chosen
to cover both A and B-exciton studies. Amplifier output of 120 fs pulse width centred
at 800 nm fall on a BBO crystal to generate the second harmonic of 800nm (i.e, 400
nm). 400 nm pulsed laser acts as the pump and 800 nm laser falls on a CaF; crystal
to generate white light which acts as a probe. There is a software controlled delay

stage which generates pump-probe delay.
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Supporting Information

The supporting information section includes the supplementary Raman, XPS, DFT and

Z-scan nonlinear data.
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Figure. 1. (a) Cross-sectional TEM image of discontinuous MoS: film with the evidence for
island formation at the SiO»-MoS; interface; a comparison of (b) Raman spectra of undoped
and Yb®*-doped MoS,, showing a marginal shift in the peak positions of Aiq and E',4 to lower
energies as a result of Yb*'-ion incorporation. The inset shows the fitted optical phonon
vibrational modes. (c) XPS core level spectra of Yb**-4d of undoped and doped MoSz; (d)
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Optical absorption spectra of Yb*"-doped and undoped MoS:, shown by a small hump in the
620-630 nm region. The second-derivative of ground state optical absorption was shown in

inset.
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Figure 2:
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Figure 2: a) Room temperature photoluminescence spectrum of Yb3*-doped MoS: thin film
using 976 nm excitation source. The inset shown the energy level diagram of Yb*'-ions with
2F42 ground state and above ground 2Fs,. The excitation wavelength may vary between 900
nm to 976, with corresponding Stokes shifted emission lines at longer wavelengths. The
apparent observation of room temperature PL is consistent with the energy level diagram. b)
Compares the core level XPS data for doped and undoped films, showing that the Yb3‘ion
doping results into a uniform shift towards lower binding energies. (Figure S2 provides

supplementary details and data in Table 2S).
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Figure 3:
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Figure. 3 (a) Normalized transmittance as a function of position in open-aperture Z scan at
120 fs, 800 nm excitation (a) 2 nm (Yb®*";doped MoS); (b) 2 nm (undoped MoS,); and (c)and
(d) Energy-level representation showing the transfer of energy from the defect and excited

states to the Yb*'-ions present in the MoS, and MoS; films which will lead to diminution in
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apparent saturable absorption, via the Yb®*:2Fs;-F7, optical transition.
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Figure 4:
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Figure. 4 (a) The Contour plot of TA (transient absorption) spectrum Yb®" doped MoS; and
(c) undoped MoS:; thin film when excited with pump pulses at 400 nm. (c) Cross sections of
contour plot of Yb%" doped MoS:; at selected pump probe delays. Here the solid lines represent
the global fit using Eqg. 1. (d) Comparison of the second-derivative of ground state optical

absorption and TA at selected pump-probe delay of Yb*" doped MoS..
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Figure. 5. Contour plot of TA spectrum for trap state kinetics at 1.5 eV for (a) 2 nm doped

MoS: (b) 2 nm MoS.. The decay kinetics at 1.5 eV (the temporal evolution of TA) at 826 nm

for (¢) 2 nm doped MoS; (d) 2 nm MoS..
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