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Abstract
The work presents a detailed account of the structural, optical, and thermal properties of
ytterbium-doped molybdenum disulfide (MoS₂:Yb3+) thin films. The thin films were grown by
femtosecond pulsed laser deposition technique. The thickness of the films was varied from 1–
10 nm. The structural characterizations were performed using x-ray photoelectron spectroscopy,
transmission electron microscopy, and Raman spectroscopy which reveal an enhancement of crys-
tallinity and strain relaxation with increasing thickness. Temperature-dependent Raman spectro-
scopy indicates Yb3+-induced phonon anharmonicity, reflecting in-plane strain compensation
and enhanced interlayer charge transfer. It is found that Yb3+ doping reduces thermal conductiv-
ity compared to pristine MoS₂, due to increased phonon scattering. The findings confirm the direct
relationship between the changes in the lattice induced by the dopants and the phonon transport.
This points to the fact that doping with rare earths together with control of thickness can modify
the thermal and structural properties of two-dimensional materials. This work demonstrates co-
engineering strategy of defects and thickness provides a scalable pathway that can be used for the
production of functional MoS₂-based materials for next-generation applications of optoelectronics
and heat management.

1. Introduction

Two-dimensional (2D) materials such as graphene, molybdenum disulphide (MoS₂), hexagonal boron
nitride (h-BN) and tungsten disulfide (WS₂), exhibit high carrier mobility (∼10000 cm2 (V·s)−1 for
graphene), tuneable bandgaps (∼1.8 eV for monolayer MoS₂), strong light-matter interactions, excep-
tional mechanical strength (∼1 TPa for graphene) and high thermal conductivity (∼300–500 W (m·K)−1

for graphene) [1–3]. These characteristics make them of special interest to quantum technologies, energy
and electronics [4]. Among these materials, MoS₂, a member of the transition metal dichalcogenide
(TMD) family has garnered significant attention due to its unique electronic and optical properties,
which vary dramatically with dimensionality and surface structure [4, 5]. The monolayer structure of
MoS₂ has a direct bandgap of ∼1.8 eV, is therefore extremely promising for use in photodetectors, LEDs,
and solar cells [6, 7]. Nevertheless, practical use of MoS₂ in devices usually requires modification of its
properties to optimize functionality and facilitate integration in real-world applications.

To tailor the electrical and optical properties of MoS₂, doping is a useful technique that involves
adding foreign atoms or ions [8]. The doping of rare-earth elements such as Yb3+ with MoS₂ was pos-
ited to gain significantly in performance. In particular, the Yb3+ ion is well noted due to its large optical
absorption and emission around 980 nm in the NIR region associated with the transition from 2F₅/₂
to 2F₇/₂ [9]. Yb3+ doping introduces localized energy states in the bandgap of MoS₂ to facilitate energy
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transfer processes to increase PL and widen its optoelectronic use [8]. Yb3+ ions have been demon-
strated to emit sharp NIR PL peaks around 975–1020 nm wavelengths to drive improvements in pho-
todetectors, NIR sources, and optoelectronics [10]. Besides doping, film thickness of MoS₂ plays a crucial
role in properties [6]. In bulk MoS₂, the material exhibits an indirect band gap of ∼1.2 eV, which trans-
itions to a direct band gap of ∼1.8 eV when reduced to a monolayer [11].

The present study investigates the influence of electron–phonon coupling with thickness in ytter-
bium (Yb3+)-doped MoS₂ thin films. Even though such interactions are central to thermal transport and
optoelectronic properties, tuning through rare-earth doping and film thickness is poorly understood.
Temperature-dependent Raman spectroscopy is a robust probe and shifts in E12g and A₁g phonon modes
are signatures of lattice anharmonicity and doping-induced strain effects. While dynamics of monolayer
MoS₂ have been previously investigated [12] the dual impact of Yb3+ doping and thickness on phonon
behavior remains under explored [13–16]. To address this, the present work investigates electron–phonon
interactions and the concomitant structural and optical modifications across a well-defined thickness
gradient 1–10 nm of Yb3+ doped MoS₂. The methodology is centered on exploiting femtosecond pulsed
laser deposition (fs-PLD) to achieve precise incorporation of Yb3+ ions, which introduce significant local
strain and distinct electronic states. It is demonstrated that the effect of these Yb3+ induced phonon
scattering centers is profoundly modulated by film thickness, thereby establishing a 2D parameter space
for material engineering. Defect-thickness co-engineering is an active and controllable method for tuning
thermal and optoelectronic performance, thus providing a basic framework and expanding the conven-
tional means of characterization. The knowledge gained can be directly transferred to the MoS₂ tech-
nology of the future, including, ultra-fast optoelectronics and integrated circuit thermal management,
where exceptional charge and heat transfer control will be required. The present research employs vari-
ous characterization techniques including x-ray photoelectron spectroscopy (XPS), PL, Raman spectro-
scopy, cross-section transmission electron microscopy (TEM), and UV–vis spectroscopy to probe Yb3+

ion incorporation, phonon dynamics, and photoluminescence characteristics. The insights obtained from
these techniques are very important for improving MoS₂-based devices such as photodetectors, LEDs,
and thermoelectric generators.

2. Experimental andmethodology section

2.1. Fabrication of thin films
The undoped and Yb-doped MoS₂ thin films were deposited on fused quartz (SiO₂) substrates using the
fs-PLD technique. Before deposition, the substrates were cleaned with acetone, isopropyl alcohol, and
distilled water sequentially using an ultrasonic bath. The substrates were dried and baked under vacuum
inside the deposition chamber. A turbo-molecular pumping system was used to maintain a base pressure
below 1 × 10−⁶ Torr in the chamber.

A Ti:sapphire laser operating at a wavelength of 800 nm with a pulse duration of 100 fs and a repe-
tition rate of 1 kHz was used for the deposition. The pulse energy was ∼12 µJ, corresponding to pulse
energy density of ∼4.88 J cm−2 at the target, and focused to a ∼25 µm spot. To ensure uniform abla-
tion and minimize localized heating the target was continuously rotated.

The target material was prepared by pressing MoS₂ pellets and 3% Yb3+ doped MoS₂ powder syn-
thesized via hydrothermal process [17] (details of the process are discussed in the supplementary section
SS1). During deposition, the substrates were maintained at 500 ◦C on a resistively heated substrate
holder positioned 50 mm away from the target. The deposited films were left to cool at a rate of about
5 ◦C min−1 to room temperature.

The thickness of the MoS₂:Yb3+ films was adjusted by varying the deposition time (40, 120, 150,
and 240 s). A schematic representation of the fs-PLD setup, showing the laser beam path, target, abla-
tion plume, and heated substrate geometry, is provided in figure 1. The various characterizations of the
deposited films are discussed in the following sections.

2.2. Characterization of films
The Renishaw Raman inVia Microscope (laser excitation at 514 nm) was used to characterize the MoS2
thin films. A 50x microscope objective and 0.8 NA was used. The gratings used in Raman spectroscopy
had a spectral resolution of greater than 1 cm−1 and a step size of 3–4 µm. To prevent laser-induced
film deterioration, the laser power was maintained below 1 mW. Internal silicon (Si) was used to cal-
ibrate the spectral position. The schematic of the Raman spectrometer is shown in the supplementary
figure S1.
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Figure 1. Schematic representation of the fs-PLD system used to grow MoS₂ thin films. The diagram shows, material is deposited
onto a heated substrate by an ablation plume created when the laser beam is focused onto a rotating target.

The samples were heated (5 ◦C s−1) for Raman measurement by placing on a heating plate which
can be accommodated in the Raman spectrometer. The surface temperature of the film was measured
using a K-type thermocouple (Thermosense, UK) with a resolution of 0.24 ◦C.

The temperature dependence of the Raman peak positions was analyzed using an empirical relation
to account for phonon anharmonicity [18, 19] (equation (1)):

ω (T) = ω0 +α(T−T0)+β(T−T0)
2 (T0 = 20 oC) (1)

where the coefficients α (linear) and β (quadratic) quantify phonon anharmonicity.
Cross-section TEM was conducted using an FEI Tecnai FT20 field emission microscope at 200 kV

operating acceleration voltage. Sample preparation was done within a focused ion beam system (FEI
Helios G4 UX). The surface of the film was first shielded with a platinum protection layer by electron-
and ion-beam-induced deposition to prevent damage by ions during milling. Thin lamellae (∼100 nm
thick) were then picked up and transferred to a TEM grid using a micromanipulator and thinned to
electron transparency at low ion beam currents (⩽50 pA) while minimizing amorphous damage. Abating
sample charging and beam damage was a critical part of obtaining high-resolution images; this was done
by applying a relatively low beam current and brief imaging exposure times.

For optical absorption measurements, a Perkin-Elmer UV–Vis–NIR spectrophotometer equipped
with a 60 mm integrating sphere was employed to record the excitonic absorption bands. An integrating
sphere is necessary for the measurement of thin films on substrates because it gathers both the directly
transmitted light and the diffusely scattered light, enabling accurate absorption not confused by scatter-
ing losses. The baseline correction was performed with an uncoated substrate as reference to compensate
for substrate absorption. No particular preparation of the samples was required other than ensuring that
they were clean and well positioned at the entrance port of the integrating sphere. The schematic of the
UV–Vis–NIR spectrophotometer is shown in the supplementary figure S2.

An XR50 x-ray monochromatic AlKα (1486.5 eV) high intensity SPECS system and a PHOBIOS
hemispherical electron analyzer with a pass energy of 30 eV and a vacuum of 10−10 Torr were used
to get XPS spectra. The maintenance of ultra-high vacuum (⩽10−⁹ Torr) was necessary to avoid the
contamination of the surface during the measurement. In addition, since the films were deposited on
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non-conductive fused quartz substrates, a low-energy flood gun was applied to counteract the charging
effects and to guarantee the accurate binding energy calibration. Energy calibration was referenced to
the adventitious C1s peak at 284.6 eV. Spectral deconvolution was performed using Casa XPS software
with a Shirley background subtraction. The core-level peaks (e.g., Mo 3d, S 2p, Yb 4d) were fitted with a
combination of Gaussian–Lorentzian line shapes (GL), specifically a 70% Gaussian/30% Lorentzian (GL
70/30) product function, which is standard for XPS analysis. The error on the peak position was given
by the standard error of the fit algorithm (±0.1 eV). Full width at half maximum (FWHM) for peaks of
the same chemical state was restricted to be the same in the fitting procedure.

X-ray reflectivity (XRR) data was collected using the EMPYREAN diffractometer. The sample was
precisely positioned and aligned using a 5-axis cradle. The apparatus has a Theta/Theta goniometer with
a minimum step size of 0.0001◦ for 2 Theta and Omega to enable the collection of high-resolution data.
The 240 mm Chi-Phi-X–Y–Z sample stage features a minimum of 0.01◦ for Chi and Phi, 0.01 mm for
X and Y, and 0.001 mm for Z for accurate measurement correction. It is possible to fine-tune the ori-
entation of the sample. Surface roughness has a huge impact on the precision of thickness and dens-
ity fitting. The films were required to be very smooth (roughness <1–2 nm) and flat because too much
roughness would reduce the contrast of the interference fringes and make the modeling more difficult.

The modeling the x-ray reflectivity (XRR) data was done to determine the thickness of the deposited
films. The fringes observed in form of oscillating pattern in the XRR curve (figure 2) results from the
constructive and destructive interference of x-rays reflected from the air-film and film-substrate inter-
faces. To the film thickness, d is inversely proportional to the period of these oscillations, ∆(2θ), fol-
lowing the relationship d ≈ λ/(2 ∆(2θ)), where λ is the x-ray wavelength. GenX software was utilized
to fit the experimental data. The best match between the simulated and measured reflectivity curve,
was obtained by iterative refinement of parameters for thickness, density, and surface roughness. The
goodness-of-fit was measured by the figure of merit (FOM) value, and the estimated uncertainty in the
thickness values is ±0.2 nm.

X-ray reflectivity or XRR measurements were performed to get the thickness, density, and interface
roughness of the thin films. The GenX software, applies a differential evolution algorithm for parameter
optimization. The fitting was done using the Parratt recursive formalism, which simulates the x-ray
reflectivity from multilayer thin films by considering the electron density contrasts at each interface. The
Nevot–Croce correction was used to include the surface and interface roughness effects in the mo this
correction adjusts the Fresnel reflection coefficients to consider Gaussian interface roughness. By itera-
tion, the best parameters were retrieved through the process of minimizing the difference between the
experimental and theoretical reflectivity curves. The relative percentage error (RPE) between the fitted
model and experimental data was maximum 3.5%, which reflects excellent agreement and hence, trust-
worthy structural parameter extraction,

RPEmax =max

(
| Iexp − Ifit |

Iexp
× 100%

)
where Iexp and Ifit represent the experimental and fitted intensities, respectively.

Using a Bruker Dimension Icon atomic force microscopy (AFM) in contact mode, surface morpho-
logy was examined to look at the topography of films and surface roughness. For topographical meas-
urements with great spatial resolution, an NM-TC AFM tip with a tip radius of less than 20 nm was
employed. The necessary feature analysis was used to modify the scan size and resolution. The vertical
resolution offered by the AFM system is better than 1 nm. The scanning force was carefully regulated to
the lowest possible level to reduce any potential tip-induced changes. The scan angle was 90◦ and the tip
velocity was 9.96 µm s−1.

3. Results and discussion

3.1. Thin film thicknesses and cross-section layered structure
The thicknesses of Yb3+doped MoS2 films deposited for varying durations were analyzed using X-ray
reflectivity (XRR) measurements, as shown in figure 2. The film thickness, estimated by fitting the XRR
data, are ∼ 1.8, 2.8, 4.3, and 10.2 nm for samples deposited for 40 s, 120 s, 150 s and 240 s respectively.
The thickness of the films was obtained by fitting the XRR profiles using the standard Parratt formal-
ism implemented in GenX software. The fits were optimized by minimizing the FOM to obtain the best
agreement between experimental and simulated data.

Cross-sectional analysis of the films was performed using TEM. Figures 3(a) and (b) present cross-
sectional TEM images of the films deposited for the maximum (240 s) and minimum (40 s) durations,
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Figure 2. X-ray reflectivity (XRR) measurements of Yb3+doped MoS2 films deposited for (a) 240 s, (b) 150 s, (c) 120 s, and (d)
40 s. The experimental data were fitted using GenX software to determine the thicknesses of the films.

Figure 3. TEM images of MoS₂: Yb films deposited for (a) 250 s, (b) 150 s, and (c) 40 s, together with (d) an undoped MoS₂ film
deposited for 150 s. The corresponding film thicknesses are approximately 8.7, 1.3, 5, and 6.3 nm, respectively. White arrows
denote the overall film thickness, while white double arrows indicate the interlayer spacings (0.63–0.67 nm), consistent with the
characteristic MoS₂ d-spacing. Regions of structural variation are illustrated with dashed boxes: yellow boxes indicate stacking
irregularities, while red boxes indicate more diffused areas. In general, diffused appearance is a characteristic of thinner films,
while localized stacking irregularities and interlayer variations are observed in thicker films. The undoped film have relatively uni-
form structure, which suggests that the Yb ion doping along with film thickness is the factor contributing to the local structural
inhomogeneities.

respectively. The thickest film reveals a thickness of ∼8.7 nm, while the thinnest film shows a thick-
ness of ∼1.3 nm. The thickest and the thinnest films show the relative error of approximately 14.7%
and 27.8% respectively between XRR and TEM results. The larger difference observed for the ultrathin
film may arise from interface roughness and limited TEM contrast at the film–substrate boundary for
thin samples. Overall, the consistent trend between both techniques confirms the precision of the film
thickness control.

Figures 3(a)–(d) shows TEM images of MoS₂:Yb ion doped films deposited for different times (250 s,
150 s, and 40 s) and an undoped MoS₂ film deposited for 150 s for comparison. The measured thick-
nesses of the Yb ion-doped films are approximately 8.7 nm, 5 nm and 1.3 nm for 250 s, 150 s, and 40 s
respectively. The undoped film (deposited for 150 s) has a thickness of approximately 6.3 nm. The inter-
layer spacings, indicated in the images, are around 0.67 nm for the thicker films and 0.63–0.64 nm for
the thinner films, values consistent with the characteristic d-spacing of MoS₂ [20]. The slight variations
in spacing may be due to thickness-dependent growth dynamics [20]. The microstructural differences
between the films are annotated in the figures 3(a)–(d). Thinner Yb ion-doped films, although generally
continuous, appear more diffused, whereas the thicker doped films exhibit areas where stacking irreg-
ularities and local interlayer spacing variations are observed. Whereas the undoped film (figure 3(d))
appears comparatively more uniform, with fewer visible irregularities. These observations suggest that

5



J. Phys. Mater. 9 (2026) 025002 G Sharma et al

Figure 4. XPS spectrum of the Yb3+doped MoS2 films deposited for 240 s showing Mo3d region for deconvoluted profile with
seven peaks, indicating the presence of a mixed phase in the thin films. The XPS spectra were analyzed using a Shirley back-
ground and Voigt line shapes, with and area ratios allowed to vary only within the standard literature values for Mo core levels.
The goodness of fit, indicated by the values for χ2, was found to be 1.60.

Yb ion incorporation, together with thickness, impact structural uniformity. The optical and electronic
properties of MoS₂ based devices can be greatly influenced by such subtle changes in microstructure
[21].

The EDAX analysis (supplementary figure S3) verifies the existence of molybdenum and sulphur,
while the elemental mapping reveals an even distribution of the two elements throughout the surface
of the film. The AFM analysis was carried out to investigate the impact of deposition time and Yb ion
doping on the surface morphology of MoS₂ thin films. The results show that surface roughness increases
with deposition time, and that Yb-doped films are rougher than undoped films deposited under identical
conditions. A detailed comparative analysis with AFM images is provided in the supplementary informa-
tion SS2 (figure S4, in the supplementary section).

3.2. Phase composition and electronic structure
The XPS analysis offers critical information about phase composition, oxidation states, and bonding
environments. The XPS survey spectra of pristine and Yb3+ doped MoS₂ films (240 s) are presented in
figure S8 in the supplementary section. The emergence of Yb peaks in the doped sample is a clear sign
of the Yb ion doping with no detectable impurities. The XPS spectrum of the Mo3d region for MoS₂
doped with Yb ion films deposited for 240 s is shown in figure 4, revealing a deconvoluted spectrum
comprising seven peaks. The 3d doublet peaks associated with the metallic 1 T phase are observed at
228.4 eV for 3d₅/₂ and 231.5 eV for 3d₃/₂, while the semiconducting 2H phase exhibits peaks at 229.6 eV
(3d₅/₂) and 232.7 eV (3d₃/₂). Additionally, peaks at 233.3 eV and 236.3 eV are attributed to the oxidation
states of molybdenum (Mo⁶+), indicating some degree of oxidation within the films, which can intro-
duce defect states or trap levels influencing the optical properties. The peak at 226.8 eV corresponds to
contributions from S2s electrons, further elucidating the sulphur environment around the molybdenum
atoms [22, 23].

XPS S2p (figure S6(a) in the supplementary section) pattern of MoS₂ shows distinguishable peaks
indicating the 2 H and 1 T phases, which are of interest to understand electronic structure and sul-
phur bonding condition. In case of 2 H phase, the S 2p₃/₂ and S 2p₁/₂ peaks are observed at 162.8 eV
and 164.0 eV, respectively, whereas for the 1 T phase, these peaks appear at lower binding energies
of 162.3 eV and 163.6 eV [22]. These variations in binding energies are due to variations in the local
electronic sulphur environment brought about by the difference in coordination geometries of the two
phases of MoS2: trigonal prismatic in the 2 H semiconducting phase and octahedral in the 1 T metal-
lic phase. Confirmation of the existence of Yb ion in the Yb3+ oxidation state comes from the Yb4d
spectrum (figure S6(b) in the supplementary section). The Yb4d5/2 peak is observed at 185.8 ± 0.5 eV,
which is consistent with the Yb ion being in the 3+ oxidation state with a sulphur coordination shell[22,
24]. Yb3+ doping may cause redistribution of charge, which alters the electronic environment of S and
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Mo atoms, as suggested from the alteration of the Mo3d valence band spectrum upon Yb3+ doping (The
details are discussed in supplementary section SS3; figure S7 in the supplementary section).

In addition, Yb3+ incorporation into the MoS₂ lattice may cause creation of new electronic states or
strain effects, both of which can be responsible for the shifts in binding energy observed. Herein, the
detected shift to higher binding energies in the XPS Mo3d core-level spectra (figure S5, supplementary
information) contrasts with the observation of shifts toward lower binding energies of MoS₂ films depos-
ited under an argon atmosphere. This difference is due to the deposition atmosphere. Argon constitutes
a mildly reducing atmosphere and thus considered to promote the transfer of electrons from Yb atoms
to the MoS₂ lattice and lower binding energies. In contrast, under the vacuum deposition method, the
reducing effect of argon is absent. Hence, the incorporation of Yb3+ ions result in slight electron deple-
tion and local lattice distortions, ultimately leading to an increase in the binding energies reported here.

The XPS spectra were fitted with a Shirley background and Voigt line shapes, with spin–orbit split-
ting and area ratios allowed to vary only within the standard literature values for Mo, S, and Yb core
levels. The values for χ2 indicating goodness of fit were found to be 1.60 in the Mo 3d, 2.08 in the S
2p and 1.70 in the Yb 4d region, indicating a good agreement between the experimental and the fitted
spectra. Binding energies and peak separations and relative intensities upon deconvolution are consistent
with literature values, which confirm the trustworthiness of the fitting procedure. The XPS data shown
for the 240 s sample are representative of all thicknesses since chemical states remain consistent, and
Yb3+ incorporation is kept constant across the series due to identical deposition conditions.

3.3. Absorption spectra and excitonic transitions
Figure 5(i) shows the absorption spectra of MoS₂: Yb3+ films deposited for various durations: (a) 240 s,
(b) 150 s, (c) 120 s, and (d) 40 s. The presence of direct excitonic transitions, designated as ‘A’ and ‘B,’
are evident from the slight increase in absorbance around 670 nm and 615 nm. These excitonic trans-
itions take place in the Brillouin zone K point between the valence band split maxima and the conduc-
tion band minimum [11]. Around 440 nm and 290 nm, there is wide increase in absorbance that indic-
ate the ‘C’ and ‘D’ transitions, which are linked to Van Hove singularities in the electronic density of
states of multilayer MoS₂ [6]. Figure 5(i) shows that background absorption increases with the thick-
ness of the MoS₂ films. The formation of grain boundaries and higher density of point defects might be
leading to the increase in background absorption with thickness. These defects create mid-gap states that
act as absorption centers [25]. This is consistent with the charge difference between Yb3+ and Mo⁴+
ions, which introduces donor levels into the MoS₂ lattice [4, 11]. These types of defects, along with their
points and interfaces, can still exist where the material has been locally crystallized to a high degree.
Also, this can be inferred due to the narrowing of Raman peaks observed in thicker films (section 3.4).
It is clear from the valence band spectra that due to Yb3+ doping there is increased density of states near
the valence band maximum (details of valence band spectroscopy analysis is shown in figure S7 in sup-
plementary section). Additionally, the Yb3+ ions octahedral crystal field distortion breaks the structural
continuity of the formed 2D films, which may be a factor in Rayleigh-scale scattering [26, 27].

The absorption intensity demonstrates a non-linear dependence on film thickness, with a more pro-
nounced increase observed between 1.8 nm and 2.8 nm compared to between 2.8 nm and 4.3 nm, des-
pite comparable absolute thickness differences. One of the reasons for such a behavior is the emergence
of a critical thickness range of about 2–4 layers where the quantum confinement effects quickly lessen
and the interlayer screening effect becomes more significant [28]. The increase in absorption is more
prominent in the thinner film limiting the major modification in the electronic density of states when
the system switches from few-layer to multilayer phase, which is in line with the documented thickness-
related optical properties in 2D TMDs. Specifically, the absorption saturation beyond ∼3 layers has been
attributed to reduced quantum confinement and enhanced dielectric screening effects [29].

3.4. Raman spectroscopy and structural insights
The Raman spectra of MoS₂:Yb3+ (figure 5(ii) and supplementary figure S9) show the presence of both
semiconducting 2 H and metallic 1 T phases, which are identical to the phases revealed by the XPS res-
ults. The main contributors to the spectra are the modes related to the 2 H phase: the in-plane E12g peak
and the out-of-plane A₁g peak. The lower frequency regions present the characteristic J₂ (∼230 cm−1)
and J₃ (∼330 cm−1) modes of the 1 T phase [30, 31]. The analysis primarily focuses entirely on the
E12g and A₁g modes, because these two phonon modes as they reveal the clear signature of thickness-
dependent phonon behavior and the interlayer coupling.

Figure 5(ii), and table 1 shows the systematic variations in the Raman spectra upon changes in
the thickness. It is observed that a definite trend is being set by the increase in thickness ranges from
1.8 nm to 10.2 nm for the E12g mode to move down from 379.0 cm−1 to 376.4 cm−1. Concurrently,
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Figure 5. (i) UV–visible absorption spectra of MoS₂: Yb3+ films deposited for durations of (a) 240 s, (b) 150 s, (c) 120 s, and (d)
40 s, showing prominent excitonic bands at 615 nm and 670 nm; (ii) Raman spectra of MoS₂: Yb3+ doped films for deposition
times of (a) 240 s, (b) 150 s, and (c) 120 s, highlighting characteristic vibrational modes of MoS₂. The experimental data were
accurately represented by all Raman spectra being fitted with a sum of Voigt functions. This was also supported by reduced chi-
squared (χ2) values of 1.1, 1.5, 1.7, and 1.8 for the 240 s, 150 s, 120 s, and 40 s deposition samples, respectively.

Table 1. Raman peak positions (E12g and A1g), full width at half maximum (FWHM) of E12g, and frequency difference (∆F) for MoS₂:
Yb3+ films deposited at varying durations (240 s, 150 s, 120 s and 40 s), illustrating the influence of deposition time on vibrational
modes and structural properties.

Deposition time (s) E12g (cm
−1) A1g (cm

−1) FWHM of E12g ∆F (cm−1)

240 376.4± 0.3 407.2± 0.1 11± 1 30.8± 0.6
150 378.6± 0.1 406.7± 0.2 14± 1 28.1± 0.8
120 378.9± 0.2 406.5± 0.3 34± 2 27.6± 0.5
40 379.0± 0.3 406.2± 0.2 37± 3 27.2± 0.6

the A₁g mode shifts from 406.2 cm−1 up to 407.2 cm−1. This opposite shifts in the two bands leads to
increase in the peak separation (∆ω) from 27.2 cm−1–30.8 cm−1. This is a clear indicator of transform-
ing from few layers to multilayer system. The E12g mode downshift is attributed to the combination of
the increased interlayer interactions and the lattice strain relaxation as the number of layers add. The A₁g
mode upshift is due to the variation of MoS₂ mechanical properties with the thickness due to the signi-
ficantly enhanced interlayer coupling [32].

The thicker films exhibit a significant decrease in the FWHM of the E12g mode (from 37 ± 3 cm−1

for the 1.8 nm film to 11 ± 1 cm−1 for the 10.2 nm film). This might be due to improved short-range
crystalline order and reduced phonon confinement effects, which favor more coherent phonon modes
[33, 34].

The phenomenon of reduced linewidths of the Raman peaks is in line with the increased film
thickness leading to the relaxation of in-plane strain and improvement of crystallographic coherence.
Interlayer coupling in MoS₂ films may also affect their vibrational modes by changing the phonon
dispersion [35]. All Raman spectra were fitted with a sum of Voigt functions, yielding excellent agree-
ment with the experimental data, as evidenced by reduced chi-squared (χ2) values of 1.1, 1.5, 1.7 and1.8
for the 240 s, 150 s, 120 s and 40 s deposition samples, respectively.

3.5. Photoluminescence and decay characteristics
Figures 6(i) and (ii) present the room-temperature PL and lifetime measurements of MoS₂: Yb3+ films,
obtained using a 976 nm laser diode as the excitation source. The PL decay characteristics of the thin
film is shown in figure S10 in the supplementary section. Photoluminescence decay curves (supplement-
ary figure S10) were analyzed by fitting with a single-exponential decay function, equation (2)

I(t) = I0exp
( t

τ

)
+C (2)

where I(t) is the PL intensity at time t, I0 is the initial intensity, and τ is the lifetime and C is a con-
stant accounting for background noise. The goodness of the fit was indicated by the coefficient of
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Figure 6. (i) Room-temperature PL spectra of MoS₂:Yb3+ films deposited for different durations: (a) 40 s, (b) 120 s, (c) 150 s,
and (d) 240 s, showing emission in the near-infrared region around 1000 nm; (ii) lifetime measurements of MoS₂:Yb3+ films as a
function of deposition time, indicating an increase in lifetime with longer deposition durations.

determination (R2) which was close to 0.98 for all the samples. The error in the lifetime values repres-
ents the standard deviation from fitting multiple measurements on different sample areas.

The Yb3+ doped MoS₂ film room-temperature PL is in good agreement with that of the PL proper-
ties of Yb3+ doped glass materials [36, 37]. Despite the small volume of the film relative to bulk mater-
ial, and therefore the respective impact of inhomogeneous broadening on PL line shape, the FWHM
of the optical transition (2F₅/₂ → 2F₇/₂) is less than 12 nm with an emission maximum at 1002 nm
[22]. In bulk materials, this transition is comparatively wider (70–80 nm FWHM). The thin film con-
strained dimensions seem to be the cause of this FWHM narrowing in comparison to the wider 70–
80 nm seen in bulk materials. Figure 6(i, ii) illustrates a distinct relationship between film thickness
and PL characteristics. The thinner films (40 s deposition) have the shortest lifetime (∼0.012 ms), i.e.,
fast and efficient radiative recombination. This indicates that there are fewer defects and lower strain
in the thinner films, enabling the excitons to recombine radiatively and thus stronger PL emission. It is
believed that the longer lifetime of the PL in the thick layers (∼0.019 ms for the 10.2 nm film) is due
to the higher density of defects, e.g. the stacking faults and grain boundaries seen in the TEM images
(figure 3). Normally, the defects would facilitate the non-radiative recombination of carriers, however,
they can in some cases be the trapping centers for excitons which would prolong the carrier lifetime
by slowing down the recombination process. Increased lifetimes in thick films reflect lower recombina-
tion dynamics because of defect trapping and a more relaxed crystalline structure. The PL characteristics
identified highlights the contribution of film thickness to radiative efficiency and recombination kinetics.
The PL and lifetimes suggest that thin films, with greater PL intensity and shorter lifetimes, are suitable
for optoelectronic devices such as LEDs and laser diodes, where rapid radiative recombination is pre-
ferred. Thick films, with lower PL intensity and longer lifetimes, would be better suited for photovoltaics
and photodetectors, where slow recombination facilitates carrier collection. The recombination channels
which are non-radiative in thicker films could have useful applications like thermal management, where
dissipation of energy via heat is beneficial. PL tunability and thickness-dependent recombination dynam-
ics facilitate engineering of MoS₂ devices for some functionalities to encompass efficient light generation
through to energy harvesting and complex sensing systems.

At first sight, the observation of narrower Raman linewidths and longer PL lifetimes in thicker films
seems to be contradictory, but this is due to different physical phenomena the mentioned techniques
investigate. Raman spectroscopy is sensitive to short-range crystalline order and phonon confinement,
which improves with thickness due to strain relaxation. On the other hand, the PL lifetime is governed
by the density of defects such as stacking faults, which act as exciton traps that delay recombination.
This interpretation agrees with the TEM analysis (figure 3), which shows that thicker films exhibit both
well-defined layered structure (consistent with improved short-range order) and the presence of stacking
faults (providing exciton trapping sites).

3.6. Analysis of thickness-dependent electron–phonon coupling inMoS₂: Yb3+ films
The charge transport and optoelectronic properties of 2D semiconductors are fundamentally affected by
the electron–phonon interaction. A widely adopted phonon-induced linewidth model was used to study
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Table 2. Calculated electron–phonon parameters for MoS₂:Yb3+ films of different thicknesses.

Thickness (nm)
Experimental Γ
(300 K) (meV)

A (meV) from
equation (4) Calculated Γ0 (meV)

1.8 17.50± 0.10 10.9± 0.3 15.66± 0.10
2.8 16.94± 0.10 11.4± 0.2 15.01± 0.10
4.3 16.84± 0.10 12.2± 0.5 14.78± 0.12
10.2 16.73± 0.10 15.1± 0.6 14.18± 0.14

Figure 7. (a) Variation of inhomogeneous broadening Γ0 with film thickness for MoS₂: Yb3+ films. The slight decrease with
thickness reflects improved crystallinity. (b) Thickness-dependent electron–phonon coupling strength A(d) = 10+ 0.5 · d.

the thickness-dependent electron–phonon parameters in MoS₂: Yb3+ films [38, 39] (equation (3))

Γ(T) = Γ0 +
A

exp
(

h̄ω0
kBT

)
−1 (3)

where Γ(T) is the PL linewidth at temperature T, Γ0 represents inhomogeneous broadening from static
disorder, A is the electron–phonon coupling strength, h̄ω0 = 50 meV is the phonon energy of MoS2, and
kB is the Boltzmann constant (8.6173 × 10−2 meVK−1).
Based on the physical principle of reduced quantum confinement in thicker films, it is proposed that
the electron–phonon coupling strength increases linearly with thickness (as shown in equation (4))
[40, 41].

A(d) = 10+ 0.5 · d(meV, with d in nm). (4)

Using the experimentally obtained room-temperature linewidths Γ(300 K) and electron phonon coupling
strength, A in equation (3), the inhomogeneous broadening Γ0 for each film thickness was calculated.
The calculated parameters are summarized in table 2.

The room temperature value of exp
(

h̄ω0
kBT

)
− 1≈ 5.92, thus leading to an approximate phonon

contribution of A/5.92. The obtained Γ0 values reveal a steady decrease with sample thickness, from
15.66 meV (1.8 nm) to 14.18 meV (10.2 nm), which signifies better crystallinity in thicker films, in line
with the Raman and TEM analyses (section 3.4). Whereas the electron phonon coupling strength, A,
increases with thickness, indicating stronger phonon participation due to interlayer coupling and Yb3+-
induced lattice modulation.

The decline in Γ0 signifies a more ordered lattice, and at the same time, the linear rise in A indic-
ates that phonon coupling strength was enhanced with an increase in film thickness. These findings
indicate that Yb3+ incorporation effectively tailors phonon transport and strain dynamics in 2D MoS₂
systems [8, 35, 38]. Figure 7(a) illustrates the thickness dependence of Γ0, while figure 7(b) shows
the variation of A with film thickness. These values are consistent with previously reported exper-
imental measurements of MoS₂ thin films and other 2D materials [42–44]. To check how well the
model corresponds to the experimental data the RPE was calculated using relationship, relative error
(%) = (Γexp−(Γ0 + A/5.92))/Γexp × 100. The calculated errors are 0.00%, 0.12%, 0.06%, and 0.06%
for 1.8 nm, 2.8 nm, 4.3 nm and 10.2 nm respectively. The process was considered reliable since all the
relative error was less than 1.2%.
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Figure 8. (a–j) Temperature-dependent Raman spectra of Yb3+-doped MoS₂ thin film (deposition time: 240 s), recorded at
20 ◦C, 30 ◦C, 50 ◦C, 70 ◦C, 90 ◦C, 110 ◦C, 130 ◦C, 150 ◦C, 170 ◦C, and 200 ◦C, respectively. The spectra feature two charac-
teristic peaks attributed to the in-plane E12g mode and the out-of-plane A₁g mode of MoS₂. A consistent red shift in both modes is
observed with increasing temperature (from (a) to (j)), indicating phonon softening due to thermal lattice expansion and anhar-
monic phonon–phonon interactions.

Table 3. Temperature-dependent Raman shift positions and full width at half maximum (FWHM) of the E12g and A₁g vibrational modes
in Yb3+-doped MoS₂ thin films (240 s deposition). With increasing temperature (20 ◦C to 200 ◦C), a gradual red shift is observed in
both modes, along with variations in peak broadening.

Temp (◦C)

E12g (cm
−1) A1g (cm

−1)

Position FWHM Position FWHM

20 380.9± 0.3 9.16± 0.3 410.2± 0.3 6.9± 0.3
30 380.4± 0.2 8.46± 0.4 409.8± 0.1 6.8± 0.2
50 380.2± 0.4 8.55± 0.6 409.4± 0.2 7.1± 0.4
70 380.0± 0.5 8.60± 0.3 409.1± 0.4 6.7± 0.5
90 379.8± 0.1 8.29± 0.3 409.0± 0.3 6.8± 0.3
110 379.5± 0.3 8.36± 0.4 408.6± 0.4 6.8± 0.4
130 378.9± 0.2 8.74± 0.3 408.3± 0.2 7.0± 0.6
150 379.0± 0.4 8.26± 0.5 408.3± 0.3 6.9± 0.4
170 378.9± 0.3 8.59± 0.3 407.9± 0.1 7.1± 0.3
200 377.9± 0.2 9.16± 0.4 407.6± 0. 2 7.3± 0.3

3.7. Temperature-dependent Raman analysis and defect quantification
Temperature dependent Raman spectroscopy (20 ◦C–200 ◦C) was utilized to investigate the vibrational
properties of Yb3+-doped MoS₂ film (240 s deposition). Temperature-dependent Raman study was
conducted on the 10.2 nm (240 s) MoS₂:Yb3+ film which is the thickest and most crystalline sample
among the others in this study. This case was picked as a good example to get high signal-to-noise
ratios and to develop a strong method for getting phonon anharmonicity and thermal transport para-
meters. Figure 8 illustrates the Raman spectra recorded at different temperatures, demonstrating the
temperature-dependent progression of phonon modes. For temperature dependent Raman measure-
ments, it is important to use appropriate laser power because high laser powers can significantly increase
the local temperature on the sample [19, 45]. This often affects the Raman spectra by broadening and
shifting of the Raman peaks in addition to the possibility of damaging the sample. An increase in laser
power up to 0.6 mW showed no noticeable effect on the peak position or broadening of the Raman sig-
nals. Therefore, this laser power was selected for conducting the temperature-dependent Raman exper-
iments. Table 3 lists the temperature-dependent Raman shift positions and FWHM of the E12g and A1g

vibrational modes in Yb3+-doped MoS₂ thin film (240 s deposition).
The temperature was raised in increments of 20 ◦C from 20 ◦C to 170 ◦C to precisely monitor the

linear thermal shift of the Raman modes at the lower end of the temperature scale. After this, another
measurement at 200 ◦C was performed to give a stronger constraint for the determination of the quad-
ratic anharmonicity coefficient (β) in the fitting model and to extend the range of temperatures meas-
ured. The consistent and monotonic red shift that was seen up to 170 ◦C demonstrated that the phonon
softening effect was already well-established and therefore the larger final step to a higher temperature
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Table 4. Temperature coefficients between MoS₂:Yb3+.

Mode α (cm−1/◦C) β (cm−1◦C2)

E12g −0.0128± 0.0005 (−8.7± 1.7)× 10−⁶
A₁g −0.0186± 0.0005 (+29.2± 5.8)× 10−⁶

without an intermediate measurement at 190 ◦C was justified. This strategy allowed a wide temperature
range for strong fitting while at the same time, reducing the possibility of laser-induced heating effects
due to longer measurement times. A validation check indicated that the values of the linear coefficient
(α) fitted were consistent within the margins of errors not depending on the inclusion of the 200 ◦C
data point and thus strengthened the reliability of the method.

The temperature evolution of Raman modes was modeled using the empirical relation (1)
[ω(T) = ω0 + α (T–T0) + β (T–T0) 2] with T0 = 20 ◦C [18, 46]. The temperature coefficients α and
β in table 4 were obtained by nonlinear least-squares fitting of the experimental Raman shifts to the
empirical relation equation (1). The complete fitting of the dataset is provided in supplementary figure
S11. The value of R2 ∼ 0.98 for both modes validates the obtained parameters. The coefficients α (lin-
ear) and β (quadratic) quantify phonon anharmonicity (table 4). The uncertainties reported for α and β
in table 4 are the standard errors obtained from the covariance matrix of the fit.

For E12g, the reduced α (−0.0128 cm−1/◦C) compared to pristine MoS₂ (−0.015 cm−1/◦C) [19, 47]
indicates Yb3+ induced in-plane strain compensation, consistent with XPS-detected YbMosubstitution
(Yb 4d peaks at 186.5 eV). The reduction in α corresponds to a YbMo defect density of 3.2 × 1014 cm−2

via the relation |∆α/α0| = 0.47cYb [47] (the estimation of defect density is discussed in the supplement-
ary section SS4). Conversely, the enhanced A1g α (−0.0186 cm−1/◦C vs. −0.014 cm−1/◦C in pristine)
reflects interlayer charge transfer, supported by Mo3d core-level shifts in XPS. The negligible β for E12g
(−8.7 × 10−6 cm−1/◦C2) and positive β for A1g (+29.2 × 10−6 cm−1/◦C2) further confirm minimal
sulphur vacancies (XPS S 2p at 162.3 eV shows a minor shoulder near161 eV) [48].

3.8. Thermal conductivity estimation
The in-plane thermal conductivity (κ) was approximated using Raman data via integrating phonon
lifetime analysis, mean free path determination, and the kinetic theory of heat transport. The phonon
lifetime (τ ) was calculated from FWHM of the E12g mode using the relation τ = (2πcΓ)−1, where c is
the speed of light and Γ is the phonon spectral linewidth [49, 50]. At 20 ◦C, the measured linewidth,
Γ = 9.16 ± 0.3 cm−1 yields a phonon lifetime of τ ≈ 0.58 ± 0.02 ps. The phonon mean free path
(ℓ) was obtained via ℓ = vsτ , employing the in-plane speed of sound in MoS₂, vs = 6.8 × 103 m s−1

[47, 51]. This results in ℓ ≈ 3.9 ± 0.2 nm, indicating a reduction relative to pristine MoS₂, which
exhibits ℓ ≈ 5.2 nm [47, 52]. The thermal conductivity was computed using the kinetic expression
κ = (1/3)Cvvsℓ, where the volumetric heat capacity was taken as Cv ≈ 1.5 × 10⁶ J (m·K)−3 [53]. The
value of κ was found to be ≈ 66 ± 6 W (m·K)−1 at 20 ◦C. The decrease in κ relative to pristine MoS₂
(85 W (m·K)−1 [19]) and few layer MoS2 (100 W (m.K)−1) [54] is attributed to enhanced phonon scat-
tering introduced by trivalent Yb3+ dopants. The effect agrees with the observed softening in E12g anhar-
monicity (temperature coefficient α = − 0.0128 cm−1/◦C vs. −0.015 cm−1/◦C in undoped MoS₂). The
volumetric YbMo defect density for the 10.2 nm film is nY b

3 D ≈ 3.1 × 1020 cm− 3 (based on the areal
density of 3.1 × 1014 cm−2). These results are consistent with previously reported κ values decrease
due to trivalent dopants such as Re in MoS₂ [55]. Yb3+-doped MoS₂ allows tunable phonon transport
through defect engineering to decrease in-plane thermal conductivity. This is key to miniaturized elec-
tronics, thermoelectric, and on-chip cooling technology.

In this method of thermal conductivity analysis, which is based on Raman spectroscopy, the influ-
ence of the substrate is naturally reduced to a minimum because the important factor that determ-
ines κ—the phonon lifetime (τ ) is taken from the inherent linewidth of the E12g vibrational mode. This
linewidth primarily originates from phonon–phonon and phonon–defect scattering processes within the
MoS₂:Yb3+ film rather than from interfacial effects. While substrates can impose strain or introduce
minor doping, our temperature-dependent Raman measurements (table 4) show a consistent anhar-
monicity parameter (α) characteristic of intrinsic phonon decay in the doped MoS₂ layer. Additionally,
literature reports confirm that optical phonon lifetimes obtained via Raman spectroscopy of supported
2D materials are weakly affected by substrate scattering compared to acoustic phonon transport [49–
53]. The observed reduction in κ (from ∼85–100 W m·K−1 in pristine MoS₂ to 66 ± 6 W m·K−1 in
Yb3+-doped films) is consistent with enhanced point-defect scattering from trivalent dopants [55], fur-
ther supporting that the calculated κ reflects the in-plane thermal conductivity of the film. Hence the
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substrate may contribute minor interfacial scattering, the dominant contribution to the measured κ is
intrinsic to the MoS₂:Yb3+ film itself.

4. Conclusions

The present work proposes a novel predictive approach for managing the MoS₂ thin films multifunc-
tional performance through the synergistic influence of Yb3+ doping and nanoscale thickness tuning.
The creation of well-controlled defects at the atomic level combined with dimensional confinement leads
to the very accurate tuning of the structural, optical and thermal features. Different techniques used
for structural characterization such as x-ray diffraction and AFM verified the control of thickness in
the range of 1–10 nm and moreover, the existence of 2 H and 1 T phases as well as that the Yb3+ was
incorporated was disclosed by XPS measurements. The application of the Raman scattering technique
led to the detection of the thickness-dependent shifts in the vibrational modes, which are indicative of
the varying interlayer coupling. The introduction of Yb3+ ions into the MoS₂ lattice decreased the in-
plane thermal conductivity (κ ≈ 66 W m−1 K−1) via the promoting the phonon scattering mechanism.
The results obtained show that the defect-thickness co-engineering is a very effective and efficient design
method for tailoring the electron–phonon interactions and ultimately the functional properties in MoS₂.
The proposed approach could provide useful design rules for integrating doped 2D materials into opto-
electronic and thermal management technologies, which can be potential for scalable device-level applic-
ations in large-scale electronics, photonics, and energy systems.
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