
Original Citation:

Synthesis of Large-Area Crystalline MoS2 by Sputter Deposition and Pulsed Laser Annealing

ACS publications
Publisher:

Published version:
DOI:

Terms of use:

(Article begins on next page)

This article is made available under terms and conditions applicable to Open Access Guidelines, as
described at http://www.unipd.it/download/file/fid/55401 (Italian only)

Availability:
This version is available at: 11577/3490781 since: 2023-08-13T12:08:06Z

10.1021/acsaelm.3c00362

Università degli Studi di Padova

Padua Research Archive - Institutional Repository



1 

 

 

Synthesis of large area crystalline MoS2 by sputter deposition and 
pulsed laser annealing 

 

Enrico Di Russo1,2,3,*, Alessandro Tonon1, Arianna Mischianti1, Francesco Sgarbossa1,2, Emma 
Coleman4, Farzan Gity4, Luca Panarella4, Brendan Sheehan4, Vasily A Lebedev5, Davide De 
Salvador1,2, Ray Duffy4,*, and Enrico Napolitani1,2,6,*  

 

1) Università degli Studi di Padova, Dipartimento di Fisica e Astronomia, via Marzolo 8, 35131 Padova, Italia.  

2) Istituto Nazionale di Fisica Nucleare, Laboratori Nazionali di Legnaro, viale dell’Università 2, 35020 Legnaro 
(PD), Italia.  

3) CNR-IMM, Via Gobetti 101, Bologna, 40129, Italy.  

4) Tyndall National Institute, University College Cork, Lee Maltings, Cork, T12 R5CP, Ireland.  

5) Bernal Institute, University of Limerick, V94T9PX Limerick, Ireland. 

6) CNR-IMM, Via S. Sofia 64, 95123 Catania, Italy.  

*) Corresponding author: enrico.dirusso@unipd.it, enrico.napolitani@unipd.it.  

 

 

ABSTRACT 

The wafer-scale synthesis of layered transitional metal dichalcogenides presenting 

good crystal quality and homogeneous coverage is a challenge for the development of next 

generation electronic devices. This work explores a fairly unconventional growth method 

based on a two-step process consisting in sputter deposition of stochiometric MoS2 on Si/SiO2 

substrates followed by nanosecond UV (248 nm) pulsed laser annealing. Large scale 2H-MoS2 

multi-layer films were successfully synthetized in N2 rich atmosphere thanks to a fine-tuning 

of the laser annealing parameters by varying the number of laser pulses and their energy 

density. The identification of the optimal process led to the success in achieving (002)-

oriented nanocrystalline MoS2 film without performing post-sulfurization. It is noteworthy 

that the spatial and temporal confinement of laser annealing keeps the Si/SiO2 substrate 
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temperature well below the back-end-of-line temperature limit of Si CMOS technology (770 

K). The synthesis method described here can speed up the integration of large-area 2D-

materials with Si-based devices, paving the way for many important applications. 

 

 

Keywords: MoS2, laser annealing, sputtering deposition, FET devices, heat flow calculations. 

 

1. INTRODUCTION 

There is a growing interest in applying pulsed laser annealing to Transition Metal 

Dichalcogenides (TMD) materials for various applications and purposes1–4. Notably, short 

time laser processing has tuned TMD properties by localised patterning5,6, site-specific 

modification7,8, thinning or etching9–11, as well as electronic material modification such as 

phase transformation12–14 and doping15. The potential application space is quite broad, 

including nanoelectronics16,17, optoelectronics18, catalysis19,20, photovoltaics10, bio-medical21, 

and energy6, to provide only a few examples.  

However, it is important to note that laser conditions can vary significantly depending 

on the wavelength, laser source, repetition rate, pulse duration, and on whether the laser is 
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pulsed or continuous. Needless to say, the optimum laser condition is highly dependent on 

the processing aim, substrate type, material under investigation, and application. 

Specifically focussing on laser annealing of MoS2, there have been material studies 

that span deposition or synthesis techniques, as well as substrate types. Many authors initially 

have focussed on MoS2 flakes22–24,  but the work has recently moved to thin films25,26,  often 

sputter-deposited27. The substrate usually depends on the application, mentioned previously, 

but the most common are SiO2 on Si19,28 and glass10,29, while studies have also been 

undertaken using Polydimethylsiloxane (PDMS)30,31, and boron-nitride (BN)32,33. Moreover, 

MoS2 and other TMDs have been laser processed on a variety of high-k dielectrics on top of a 

handle substrate13,34,35. The choice of substrate will potentially affect the irradiation 

reflectance or absorbance, and hence may require specific tuning of the laser conditions to 

find the optimum set-up. Different laser sources and wavelengths have been used on the laser 

processing of MoS2. The most common approach to date is the use of the Raman 532 nm 

wavelength laser source36–39, however in the general area of laser processing of TMD 

materials, laser wavelengths have spanned the very large wavelength range of 248-1048 

nm40,41, and the laser sources are numerous, such as Ti:sapphire32, Ar ion42, KrF excimer UV43, 

and Nd:YAG44. 

There have been noteworthy examples of using laser processing to crystallise 

amorphous MoS2 after it has been deposited on substrates by either pulsed-laser deposition 

or RF magnetron sputtering27,45. Most of these studies to date have focussed on structural, 

stoichiometric, or morphological analysis with characterisation primarily considering Raman, 

Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), Atomic Force 

Microscopy (AFM), X-ray photoelectron spectroscopy (XPS), and Auger spectroscopy, again 
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with the range of laser sources and wavelengths varying from study to study, suggesting there 

is not yet a consensus as to the best approach.  

For example, Ahmadi et al.46 used a nanosecond pulsed fibre laser, with a wavelength 

of 1064 nm, pulse duration in the range of 261 ns, and a repetition rate of 1 MHz, to crystallise 

pulsed laser deposited MoS2 on a silica substrate, and characterised the films by UV-vis 

spectroscopy and Raman. Rai et al.31 worked with a 532 nm Nd:YAG laser source to crystallise 

MoS2 and WSe2 on PDMS substrates, and characterised their material modification by TEM, 

Raman, XPS, vis-UV spectroscopy. Furthermore, Wuenschell et al.47 used a 473 nm 

continuous-wave (CW) laser and a 355 nm pulsed NdYVO3 laser for their work on crystallising 

magnetron sputtered MoS2 on glass and yttrium-stabilized zirconia substrates. 

The aim of this work is to shown an in-depth investigation of the role of both Si and 

SiO2 substrates and 248 nm KF laser annealing conditions for synthetizing crystalline MoS2 

layers on wafer-scale area. We will demonstrate that this method, within the correct process 

range, is suitable for obtaining highly-crystalline MoS2 films and fabricate operative field 

effect transistors (FETs). In addition, we will show that the main advantage of nanosecond 

laser anneal is the localised thermal treatment (both spatially and temporally), so enabling 

modification of a local area of MoS2 and/or applying this where control of the overall thermal 

budgets is critical. In fact, laser anneal locally heats the top surface of the substrate, and so 

underlying regions are not affected. This could be fundamental in many applications, 

including flexible electronics and direct integration of MoS2 films into silicon-based CMOS 

technology at the back-end-of-line (BEOL)27,48. Remarkably, excimer nano-second lasers are 

the most commonly used type of laser applied in semiconductors manufacturing, making the 

approach proposed here very promising for future industrial-scale applications.  
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2. EXPERIMENTAL SECTION 

 

2.1 Materials and sample preparations 

A molybdenum disulfide (MoS2) target supplied by NanoVision (99.95 % purity, 2.00" 

diameter, 0.125" thickness) was used to deposit MoS2 layers by radio-frequency (13.56 MHz) 

magnetron sputtering. In order to accomplish this, the deposition chamber was firstly 

pumped down to about 1 x 10-6 mBar. Then, high-purity Ar2 gas was injected into the chamber 

under dynamic vacuum condition, maintaining the chamber pressure at 5 x 10-3 mBar. The 

power applied to the sputtering torch during the deposition was 40 W. A 90 s power raising 

/decrease ramp was set to avoid any target thermal shock. Before any deposition, the torch 

shutter was kept closed for an additional 1 minute in order to clean the target surface.   

MoS2 thin films were created on two types of substrates: Si and SiO2-on-Si. The Si 

substrate consists of a standard 550 µm thick <100> Czochralski wafer, presenting a native 

oxide. The SiO2-on-Si wafer was supplied by Ossila and presents a (90.0 ± 4.5) nm thick SiO2 

layer thermally grown (dry) on a p-type (B-doped, resistivity < 0.001 Ω/cm) (725 ± 25) µm 

thick <100> Czochralski wafer. Before sputtering, substrates were cleaned by dipping in 

acetone (10 min), followed by isopropanol in an ultrasonic bath (10 min). After blow-drying 

with a N2 gun, substrates were finally cleaned in a UV/ozone cleaner (10 min).  

The laser annealing was performed immediately after sputtering (with minimal air 

exposure) using a Coherent COMPex 201 KrF excimer laser emitting at 248 nm (laser pulses 

duration: 22 ns; repetition frequency: 1 Hz). A very uniform beam over a 5 × 5 mm2 square 

area is generated by a micro-lens laser beam homogenizer49, with spatial energy density 

variations of <2 %. The pulse energy density relative reproducibility was ±1 %. Laser processes 
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were performed under normal temperature and pressure, flushing N2 at 10 l/min over the 

sample surface (for comparison, some samples were also processed without fluxing nitrogen). 

The system is equipped with a 3-axis high-speed/precision stage, that allows an accurate 

control of the sample position. A custom designed software allows to automate laser 

annealing processes, covering centimetre-square area in only few seconds. 

2.2 Material characterization 

A Thermo Scientific DXR2 confocal Raman microscope equipped with a 532 nm laser 

focused on a 1.1 μm diameter spot through a 100× magnification objective was used to collect 

Raman spectra. The Raman signal was analysed using an 1800 lines/mm grating, with a 

nominal resolution of about 1.6 - 2.0 cm-1. Each spectrum was acquired in the range from 30 

to 1889 cm-1 by averaging 20 consecutive exposures with an integration time of 3 seconds 

each. These conditions, in combination with a laser power set at 5 mW, were chosen to avoid 

sample heating.   

A Veeco AutoProbe CP-II atomic force microscope (AFM) was used to image the 

sample micro-structure morphology. The microscope was operated in non-contact mode 

using the PPP-NCHR probes supplied by Nanosensor (tip curvature radius < 10 nm; nominal 

constant force equals 42 N/m). The image size was set to 2 x 2 µm2 (512 x 512 pixels). The 

scanning parameters were fixed as follows: scan frequency = 1 Hz; set-point = 0.0020; gain = 

0.15.  

The S and Mo areal doses were measured by Rutherford Backscattering Spectrometry 

(RBS). In order to do this, RBS random spectra were acquired using a 2.0 MeV 4He+ beam 

generated by the AN2000 accelerator at INFN-Laboratori Nazionali di Legnaro. According to 
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the geometry of the experiment50, the scattering angle was set to 160° and the detector solid 

angle was calibrated by measuring an implanted standard sample. The system was equipped 

with a high-resolution vacuum goniometer (angular resolution of 0.01°) that allowed to finely 

move the measured samples with respect to the incoming low divergence particle beam. 

X-rays diffraction (XRD) spectra for selected MoS2 films growth on 90 nm thick SiO2 

substrates were reordered using a Philips PANalytical X’Pert PRO diffractometer. X-rays were 

generated by the thermionic-electrons and accelerated through a potential difference of 40 

kV towards a high purity Cu anode. A Göbel mirror caused a divergent beam to strike the 

mirror and yield a diffracted parallel beam with divergency Δω = 0.022°. This mirror also acted 

as a monochromator, suppressing the Bremsstrahlung radiation and the Kβ lines and 

generating a beam with spectral bandwidth Δλ/λ = 3 × 10-4. In particular, the final beam was 

the convolution of the two emission lines Kα1 and Kα2 with wavelength λ = 1.54056 and 

1.54439 Å, respectively. The X-rays beam impinged on the sample surface fixing the incidence 

angle ω. Then, the signal was collected at angle 2θ using a parallel plate collimator with 

acceptance Δ(2θ) = 0.03°. A divergence slit with acceptance 1/16 or 1/32° was inserted after 

the PPC to further control angular divergence in the same 2θ plane. Finally, a Soller slit was 

placed before the detector in order to reduce the divergence on the beam in the plane 

perpendicular to the ω-2θ one.  

Cross section transmission electron microscopy (TEM) lamellae were prepared using 

dual beam focused ion beam (FIB) FEI Helios NanoLab 600i. Firstly, a 50/300 nm thick C/Pt 

stack was deposited in-situ with electron beam induced deposition, following by 3 μm thick C 

layer with ion beam induced deposition. The lamella was then thinned with 30 kV Ga+ ions, 

with a final clean-up procedure performed at 5 kV (47 pA) to reduce the ion-beam induced 
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damage to a less than 2 nm thin layer on both sides of each lamella. TEM observations were 

finally performed using a JEOL 2100 TEM operated at 200 kV and equipped with double tilt-

holder and an energy dispersion X-ray (EDX) detector for chemical analysis. 

The fabrication of back-gated FET devices based on laser annealed crystalline MoS2 on 

SiO2-on-Si began with photolithography, where a hard mask designed with a range of varying 

channel lengths and channel widths, was used. This was followed by electron beam 

evaporation of Ni(20 nm)/Au(200 nm) electrodes, which acted as the source and drain 

contacts. A lift-off process was then carried out. To isolate each individual FET device, the 

samples went through a second photolithography step followed by a dry etch of the MoS2 

material using photoresist as a mask to protect the channel region.  

 

3. RESULTS AND DISCUSSION 

3.1 Synthesis on Si substrates  

MoS2 layers were deposited by sputtering using the very same recipe for both Si and 

SiO2-on-Si substrates, fixing the deposition time at 3 minutes. The thickness of the resulting 

MoS2 film was monitored in control samples with a KLA Tencor P17 stylus profilometer, 

resulting to be (8 ± 1.5) nm. RBS areal dose measurements were also performed to assess 

both Mo and S areal doses, and were (12.2 ± 0.2) and (20.7 ± 0.5) × 1015 atom/cm2, 

respectively. The equivalent film thickness estimated by considering Mo and S element 

densities was (7.4 ± 0.2) nm, in good agreement with the profilometer measurements and 

suggests the formation of a compact amorphous layer.  
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Figure 1 shows selected Raman spectra of the MoS2 films grown on Si substrates. The 

spectral window selected reveals the two dominating lines belonging to 2H-semiconducting 

phase of MoS2: the E1
2g mode at around 380 cm-1 and the A1

1g mode at around 410 cm-1. These 

two lines correspond to the in-plane and out-of-plane phonon modes observed in a MoS2 

layered structure. 

After sputtering deposition, the MoS2 layer shows no peaks confirming its amorphous 

phase. The laser energy density (ED) of 150 mJ/cm2 is the threshold to observe the formation 

of MoS2 Raman peaks, thus leading to the crystallization of the amorphous layer deposited 

by sputtering (figure 1.a). The increasing of the ED from 150 to 250 mJ/cm2 is associated with 

a remarkable increase of the MoS2 Raman peaks intensity. A similar effect on the Raman peak 

intensity was observed when performing multi-pulses annealing at fixed ED of 250 mJ/cm2, 

suggesting an improvement on crystallinity (figure 1.b). 

 

Figure 1: Selected Raman spectra for MoS2 grown on Si substrates. A) Evolution of the 

E1
2g and A1

g peaks intensities as a function of the laser energy density (ED) for a single pulse; 
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b) Peaks dependence as a function of the laser pulse numbers at ED = 250 mJ/cm2. All the 

samples were processed under N2 flux. 

Furthermore, the spectral separation of the above E1
2g and A1

1g Raman peaks provides 

an indication of the number of stacked layers forming the MoS2 film51. However, a reliable 

determination of the film thickness is possible only for a film having less than 5-6 MoS2 layers 

and in the absence of lattice strain and folded structures. This results in a peak distance of Δk 

≈ 18-20 cm-1 for a single layer and increased Δk values as the film thickness increases52. The 

distance observed here is Δk ≈ 30 cm-1 and hence, strongly suggests that all our films 

correspond to thickness close to the bulk MoS2 (i.e., at least 6 layers thick).  

Several laser annealing conditions were then explored by varying the laser ED, the 

number of laser pulses, and the processing atmosphere (i.e., with or without fluxing N2 over 

the sample surface). Results are summarized in figure 2, where the A1
g peak intensity 

measured with respect to the Raman spectra acquired before laser annealing is represented. 

For a single laser pulse, the Raman signal was observed to be maximized for EDs 

corresponding to 250-300 mJ/cm2, then it decreases for EDs higher than 350 mJ/cm2 (figure 

2.a). This suggests a strength of the MoS2 interlayer coupling, which is interpreted in terms of 

enhancement of the film crystallinity53. Interestingly, noticeably smaller Raman peak 

intensities at any given laser ED were observed without applying the N2 flux over the sample 

surface. For this reason, the N2 flux was adopted during all the subsequent annealing 

processes. Then, multi-pulse processes were systematically performed by increasing the laser 

ED in order to identify the best laser annealing process range (figure 2.b). For ED 

corresponding to 100, 150 and 200 mJ/cm2, a slight enhancement of the Raman signal was 

obtained by increasing the number of laser pulses to 16. A strong improvement of the Raman 
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signal was instead found for energies between 250 and 350 mJ/cm2. In particular, the 

optimized laser processing conditions had 4 laser pulses with ED = 250 mJ/cm2. By further 

increasing the laser ED up to 350 mJ/cm2 at a given number of laser pulses a reduction of the 

Raman signal intensity was observed. 

 

 

Figure 2: A1
g peak intensity with respect to the Raman spectra measured before laser 

annealing varying: a) laser energy density (ED) and processing atmosphere (error bars 

represent the variability of the signal in different surface region); b) Number of laser pulses as 

a function of the ED, under N2 flux (dashed boxes indicates annealing conditions not explored 

in this work). 

The evolution of the MoS2 film morphology was investigated by AFM. Selected images 

are reported in figure 3. The MoS2 layer appears smooth, homogeneous and exhibits no 

surface roughness (Rq = 90 pm) after sputtering deposition, confirming the good quality of the 

sputtering deposition process. After performing thermal annealing by applying a single laser 

pulse with ED = 150 mJ/cm2, the film surface appears to be structured in ~50 nm wide 

nanograins, resulting in a non-continuous film. Interestingly, surface morphology variations 
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were observed by introducing a N2 flux during the laser annealing. In particular, the size of 

both voids and nano-grains is reduced, and the sample surface roughness Rq decreases from 

3.2 to 2.2 nm. A further increase in the laser ED from 150 to 200, and then 250 mJ/cm2, leads 

to the marked modification of the MoS2 film morphology, leading to formation of a smooth 

surface and full substrate coverage.  In particular, at ED = 250 mJ/cm2, the MoS2 grains present 

~20-40 nm width with voids 1-5 nm deep, resulting in surface roughness decreasing to Rq = 

1.2 nm. Under the latter laser processing condition, the average grain size estimated from 

consecutive grains are similar to results reported by Kumar et al. from pulsed laser deposition 

(i.e., approximatively 35 nm), confirming the good quality of MoS2 films obtained in this work, 

as well as the beneficial effect of a nitrogen-rich processing atmosphere54. In order to explain 

such important morphology modifications observed by varying the ED from 150 to 250 

mJ/cm2, we must note that the crystal domain size is determined by the competition of crystal 

growth from the amorphous matrix and the nucleation of new crystal domains55. By reducing 

the ED (i.e., reducing the annealing temperature) the nucleation is expected to be relatively 

suppressed, leading to a partial substrate coverage and promoting the film coalescence. This 

is further confirmed by the AFM images collected after multiple pulses at 150 mJ/cm2 (see fig. 

S.1 in supporting information), showing an improvement of the substrate coverage and a 

reduction of surface roughness as the number of laser pulses increases from 1 to 16. 
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Figure 3: AFM maps of the MoS2 films before and after performing laser annealing, 

varying the laser energy density and the processing atmosphere (i.e., in air or under N2 flux). 

The images size is 2×2 µm2. The surface roughness Rq is reported below each image. Selected 

profiles are extracted from the maps. 

Rutherford backscattering spectrometry (RBS) was then performed on selected 

samples in order to assess the amount of Mo and S after sputtering deposition and laser 

annealing. Results are summarized in figure 4. A slightly S-poor composition was observed 

after sputtering deposition, leading to a Mo:S ratio of 1:1.75. This is most likely due to the 

preferential evaporation of S atoms during sputtering operations56 or to sample handling 

effects, as repeated sputtering tests, performed subsequently, showed that a composition 

closer to the 1:2 ratio can be indeed usually reproduced. After performing laser annealing 

with a single pulse, only the S areal dose was observed to decrease and a Mo:S ratio equal to 

1:1.02 was obtained for an ED = 400 mJ/cm2 (figure 4.a). Surprisingly, this trend is in contrast 

with the Raman data reported in figure 2.a. Despite the S areal dose reducing strongly with 

the increasing of the ED, the Raman signal increased until ED = 300-350 mJ/cm2. This clearly 

indicates that in this ED range a crystallinity enhancement was obtained despite the reduction 
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of the amount of S atoms available to form the MoS2 crystals. A similar effect was observed 

by increasing the number of laser pulses from 1 to 8, keeping the ED constant at 200 mJ/cm2 

(figure 4.b). No significant variation of the areal doses was observed by varying the laser 

annealing atmosphere. On the other hand, the influx of a sulphur precursor directly on the 

sample surface during laser annealing may compensate the systematic sulphur deficiency of 

the film observed after performing laser annealing. The use of a S-rich sputtering target may 

also offer an alternative solution in order to mitigate the S-loss mechanisms. 

 

Figure 4: RBS areal doses of S and Mo measured immediately after the thin film deposition 

and after various laser annealing processes. Dose dependence on: a) the energy density (ED) 

and the process atmosphere; b) the number of laser pulses for processes performed in air with 

ED = 200 mJ/cm2. The red arrow indicates the S dose corresponding to the stoichiometric 

composition (Mo:S ratio equals to 1:2). 

 3.2 Synthesis on SiO2-on-Si substrates 

 The synthesis of crystalline MoS2 films was then investigated on 90 nm thick SiO2-on-

Si substrates. The results of Raman spectroscopy performed on these samples are 
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summarized in figure 5. Fixing the ED at 100 mJ/cm2 and varying the number of laser pulses 

from 1 to 8, selected Raman spectra reveal that a single pulse leads to the formation of 

crystalline MoS2, as suggested by the appearance of weak E1
2g and A1g Raman lines. 

Nevertheless, a significant improvement of the Raman peaks intensities was observed after 

the second laser pulse, reaching the maximum intensity after 8 pulses. Interestingly, a clear 

broadening of the E1
2g peak emerged at lower Raman shift. This is explained in terms of 

formation of crystalline defects giving rise to disorder-activated vibrational modes at 358 and 

377 cm-1 53. Different annealing conditions were then explored by varying the number of laser 

pulses and their ED. Data clearly indicate a quite sharp process window for optimum material 

crystallization. Differently from what was observed using Si substrates, single laser pulses with 

energies higher than 200 mJ/cm2 have formed non-homogeneous MoS2 layers that exhibit a 

Raman signal only in correspondence of few micrometres large regions revealing a darker 

contrast in the optical microscope images (see fig. S.2 in supporting information). It must also 

be noted that the Raman signals observed for samples grown on SiO2-on-Si are remarkably 

higher than those recorded for samples prepared on Si substrate. This is due to the 

enhancement factors of the Raman signal that depends on the thickness of the SiO2 layer, the 

Raman laser wavelength and the number of MoS2 layers57. Under our experiment conditions 

and considering 5 MoS2 layers, the enhancement factor is expected to be 15. Taking this into 

account, the Raman results achieved for samples grown on Si (figure 1.b) can be compared to 

those obtained for samples grown on SiO2, revealing that similar crystalline quality was 

obtained under the optimized laser annealing conditions (i.e., 16 pulses with ED = 250 mJ/cm2 

for Si substrates, and 8 pulses with ED = 100 mJ/cm2 for SiO2 substrates). 
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Figure 5: a) selected Raman spectra for MoS2 grown on SiO2-on-Si substrates as a function of 

the laser pulse numbers at ED = 100 mJ/cm2; b) A1g peak intensity with respect to the Raman 

spectra measured before laser annealing, varying both the number of laser pulses and the ED. 

All the samples were processed under N2 flux. 

 As revealed by AFM maps illustrated in figure 6, the morphology evolution of MoS2 

layers grown on SiO2 are quite different of those observed in films grown on Si substrates. 

The formation of large size and low-density coalescences was observed for ED = 75 mJ/cm2. 

Increasing the laser ED to 100, then 150 and 200 mJ/cm2, the coalescences lateral size was 

strongly reduced from ~100 to ~50 nm. Simultaneously, the surface roughness decreased 

from 13.7 to 4.5 nm, a clear sign of the marked decrease in the height of the coalescences as 

the laser energy increases (i.e., from 50 to 15 nm, approximately). Similar out-of-plane surface 

features as those that are commonly reported in MoS2 films grown on SiO2 using CVD or 

ALD53,58,59 were observed. Interestingly, after scratching the MoS2 films with the AFM tip by 

high force contact mode, it resulted that on the SiO2 substrate a ~5 nm continuous layers 

could be formed in sample processed with ED = 100 mJ/cm2.  
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Fig. 6: AFM maps of the MoS2 films deposited on 90 nm thick SiO2 after performing laser 

annealing, varying the laser energy density and the number of pulses. The images size is 2×2 

µm2. The surface roughness Rq is reported below each map. 

More insights concerning the crystalline structure of MoS2 layers were provided by 

XRD. In particular, measurements were carried out on the samples processed with multipulse 

fixing the ED at 100 mJ/cm2. Results are reported in figure 7. XRD spectra reveal that the only 

peak ascribed to 2H-MoS2, at 2θ = 14.125°, is associated to the diffraction on (002) planes. 

These planes are parallel to the SiO2 substrate and clearly indicate a film planar growth 

following the substrate. No peak ascribed to (020) planes is present, which would instead 

suggest a perpendicular growth of the film. This is explained in terms of low substrate 

roughness, which was (0.3 ± 0.1) nm, along with a film thickness lower than 10 nm. In fact, 

planar growth collapses to vertical growth should require higher substrate roughness values 

and/or a film thickness of least ~20 nm60–62. Despite weak Raman peaks ascribed to 2H-MoS2 

were observed after a single pulse, (see figure 5.a), no peak appeared in XRD spectrum most 
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likely due to poor material crystallinity. On the other hand, increasing the number of laser 

pulses from 2 to 8, a good correlation was found between the formation of Raman and XRD 

peaks, confirming the improvement of the 2H-MoS2 layers crystallinity. The FWHM of XRD 

(002) peaks was about 2.3°, resulting in a Scherrer mean size of the ordered crystalline 

domains of about 3.5 nm, that corresponds to a stack of about five 2H-MoS2 layers. A second 

broad and weak XRD peak was observed at 2θ = 23°, and was associated with the 90 nm thick 

SiO2 substrate. 

 

Figure 7: XRD pattern of MoS2 grown on SiO2-on-Si substrates for the multipulse series at ED 

= 100 mJ/cm2. A model showing planar growth on the substrate, and planar growth collapsing 

to vertical growth, is depicted on the right. 

 Lastly, RBS measurements were carried out in order to estimate the composition 

variation occurring in the samples grown on SiO2 substrates after performing laser annealing. 

The S/Mo dose ratios measured as a function of the laser ED and the number of laser pulses 

are represented in figure 8. Before laser annealing, amorphous MoS2 presented a S/Mo dose 

ratio equals to 2.1, a value very close to that of the stoichiometric composition (i.e., S/Mo = 
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2). This is due to a higher S areal dose compared to those obtained in the precedent dataset, 

while the Mo areal dose was unaltered. After a single laser pulse, the S areal dose significantly 

decreased to a S/Mo ratio of about 1.0-1.2, whatever the energy density used. A further 

preferential loss of S atoms was observed after multi-pulses annealing. In particular, an 

important degradation of the S/Mo ratio after the second laser pulse was observed by 

increasing the laser ED from 100 to 200 mJ/cm2, explaining the reduction of the Raman signal 

by increasing the ED reported in figure 5. It must be noted that the optimal laser annealing 

conditions identified by Raman spectroscopy and XRD (i.e., ED = 100 mJ/cm2, 2-8 pulses) are 

associated with S-poor composition and S/Mo of ~1.0. In order to mitigate the systematic loss 

of S observed, different strategies could be implemented in future. Among them the use of 

target with S/Mo ratio >2, or the deposition of a S layer on the top of amorphous MoS2. 

Alternative approached could also be based on the deposition of a UV-transparent capping 

layer to prevent the evaporation of S.  
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Figure 8: S/Mo dose ratio measured by RBS as a function of the laser density of energy and 

the number of laser pulses. The annealing conditions associated to the presence of fully 

amorphous and crystalline MoS2 (respectively, a-MoS2 and c-MoS2) are reported. 

  TEM investigations provided a more detailed understanding of the microstructure of 

the samples. In particular, the analyses carried out focused on the samples prepared on SiO2 

substrate and annealed using condition close to those identified to obtain the best material 

crystallization (i.e., 4 pulses with ED = 100 mJ/cm2). Cross-section bright-field TEM images 

(figure 9.a) revealed the coalescences (~100 nm width, ~25 nm heigh) formed on the sample 

surface and observed in AFM maps (figure 6). EDS-compositional analyses indicated that 

these coalescences are associated to amorphous regions formed by Mo, S and O (figure 9.b). 

Interestingly, the observation of a region poor of both Mo and S around the coalescences is a 

clue that the formation of dots isles originates from the condensation of material during laser 

annealing. Although the coalescence formation mechanism is yet to be fully understood, the 

presence of such structures is ascribed to the heat flow barrier effects associated to the 

presence of the SiO2 layer which could lead to the local anomalous rising of the MoS2 layer 

temperature up to the material melting, most likely forming sulphides and oxides63. In 

addition, it must be noted that the average S-poor composition measured by RBS could be 

strongly influenced by the formation of these coalescences. Because these cover a significant 

fraction of the sample surface, a S-depletion associated to these non-crystalline regions have 

a major impact on the average composition measured over the whole sample. 

High-resolution TEM images (figure 9.c) showed the structure of the MoS2 layers. 

These were formed by poly-crystals with a preferential orientation along (002) plane, in 

agreement with XRD investigations (see figure 7). In particular, the best material structure 
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was observed in the sample annealed using a 4 laser pulses with ED = 100 mJ/cm2, where 

crystals are made of approximately 6-7 layers and present a later size of ~15-20 nm, in good 

agreement with the material morphological parameters estimated using other techniques. 

On the other hand, a single laser pulse led to a partial crystallization of the MoS2 layer, mostly 

confined in close proximity of the MoS2/SiO2 interface, while higher laser energies (e.g., ED = 

150 mJ/cm2) produced a very poor crystal quality material, fully confirming the results 

obtained by Raman spectroscopy (see figure 5). 

 

Figure 9: TEM micrographs of MoS2 grown on a 90 nm thick SiO2 substrate. a) TEM bright field 

image of the lamella specimen (laser processing parameter: ED = 100 mJ/cm2 - 4 pulses); b) 

EDS compositional maps of a selected region of the lamella specimen. c) high resolution 

images with the detail of the continuous MoS2 layer for samples processed varying the laser 

energy density and the number of pulses. 

 3.3 Heat flow calculations 
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In order to determine the time evolution of the MoS2 film temperature, heat flow 

calculations were performed using the LIMP software (from Harvard University)64, calibrated 

on MoS2, SiO2, and Si physical and optical literature data65,66. Despite the model not allowing 

a prediction for the amorphous to crystalline phase transformation of MoS2, important 

considerations on the process thermal budget can still be drawn. Results are summarized in 

figure 910. The temperature evolution after the laser absorption by the whole sample 

strongly depends on the laser ED and the presence of a SiO2 layer between the MoS2 film and 

the Si substrate (see figure 9.a). In fact, the presence of an interlayer between 2H-MoS2 and 

Si plays a critical role in the overall thermal conductance of the system, and therefore 

determines heat dissipation during laser annealing. The maximum temperature reached by 

the MoS2 film is obtained 20 ns after the beginning of the laser pulse absorption (i.e., t = 20 

ns). Considering an ED = 100 mJ/cm2, this temperature was 560 K in the absence of the SiO2 

layer, rising to 1243 K for ED = 250 mJ/cm2 (see figure 9.b). In this case, the laser pulse 

efficiently heated the underlying Si buffer for about 1 µm deep. By introducing a 90 nm thick 

SiO2 layer, two effects were observed. Firstly, the MoS2 film temperature increased 

significantly up to 1650 K; secondly, a strong temperature gradient was observed along the 

thickness of the oxide, which acted as a thermal barrier reducing the temperature of the Si 

buffer to a maximum of 440 K. During the following tens of nanoseconds, the MoS2 film 

temperature dropped rapidly, reaching 645 K. Simultaneously, the Si substrate temperature 

was slightly raised, but always remained below 500 K.  

 Finally, calculations were performed by varying the ED from 20 to 500 mJ/cm2 for 

substrates with the SiO2 layer thickness equal to 0, 30, 60 or 90 nm (see figure 9.c). Results 

indicate that the surface maximum temperature Tmax reacted during the laser annealing could 
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induce the substrate damage if the ED is high, with a possible degrading effect of the overlying 

MoS2 film. In particular, our calculations have suggested that an ED higher than 325 mJ/cm2 

can result in the Si substrate to melt. It must be noted that the optimal Raman signal was 

obtained for an ED = 250 mJ/cm2, followed by a slow signal degradation for higher energies 

(see figure 2). Instead, the adoption of a 90 nm thick SiO2-on-Si substrate limited the best 

annealing ED to 125 mJ/cm2. In fact, our heat-flow calculations revealed that the melting of 

the SiO2 layer could occur for slightly higher ED, where a rapid temperature rise of the MoS2 

layer was observed. This prediction was corroborated by the Raman spectra, where the 

degradation and ultimately disappearance of the 2H-MoS2 peaks is observed at ED of 125 

mJ/cm2 (see figure 5). In this sub-melting regime, the incorporation of Si atoms in the 

crystalline MoS2 layer could not be ruled out. Interestingly, the operation range of laser 

annealing for the synthesis of 2H-MoS2 is compatible with Si CMOS technology at the back-

end-of-line (BEOL), because the Si substrate temperature always stayed well below the BEOL 

temperature limit corresponding to about 770 K 67.  

 

Figure 10: Time-evolution of temperature following the arrival of a laser pulse (t = 0 ns) for a 

sample grown on (a) 90 nm thick SiO2 and (b) Si substrate. (c) Maximum surface temperature 

Tmax as a function of the laser density of energy (ED) and the SiO2 film thickness. 

 3.4 FET fabrication and characterization 
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After identifying the optimal laser annealing conditions to obtain crystalline MoS2 

films on SiO2 substrates, FET devices were fabricated using samples processed using 1 or 4 

laser pulses with ED = 100 mJ/cm2.  

It should be clearly stated at this point that the FET devices in this study are part of 

the metrology of the material and thin-film processing, much like AFM, TEM, EDS, RBS, Raman 

etc. presented up to this point. It was not the aim here to target a specific device figure-of-

merit as a focus of this work, but rather, to use device fabrication and electrical device 

behaviour as another means to gain insight into the material properties arising from sputter 

deposition and pulsed laser annealing. By combining metrology methods in this way, and 

cross-correlating results from different fields, a more comprehensive and reliable picture of 

the material properties can be presented. 

Figure 11 shows representative images relating to the device fabrication process, as 

well as metrology to provide insight into the device electrical behaviours, for laser processing 

parameters: 1 pulse, ED = 100 mJ/cm2. Figures 11 (a) and (b) show a visual inspection after 

device fabrication to check for any obvious problems related to defects, MoS2 thin-film 

delamination, or metal contact lift-off processing. No obvious issues were flagged in the visual 

inspection. Next, Raman spectrometry was performed to ensure that the MoS2 had withstood 

FET fabrication. This Raman was performed on a separate system in Tyndall National Institute 

– Renishaw RAMAN inVia (Modu-514 nm laser). A number of measurements were done on 

different sites around a device structure, e.g., MoS2 in the middle of the channel, and around 

the metal contacts. Peaks were observed at 381 cm−1 (E2g) and 409 cm−1 (A1g), the delta shift 

between the modes was consistent with multilayer MoS2
68.  Having verified the samples 

visually and by Raman, devices were passed for electrical characterization. Also, in figure 11 



25 

 

is cross-sectional analysis of the thin-films, post-device fabrication, as it cannot be assumed 

that the device fabrication process has not altered the MoS2 thin-film in some way. TEM 

imaging at various magnifications was performed and representative images are shown here. 

The MoS2 for this laser anneal condition (1 pulse, ED = 100 mJ/cm2) showed good crystallinity, 

where the MoS2 appeared 6-8 layers thick, and was poly-crystalline in nature. Overall, the 

thin-films in this case did not show vertical growth, surface perturbations, or large 

agglomerations. It was noted at the contact edge that the MoS2 thin film was gently curved 

(see figure 11 (e)), this effect is related to lithography and the presence of the metal contact, 

and has been seen in the past69,70.  This could potentially affect the device performance, 

namely causing localised parasitic resistance. Finally, the EDS imaging showed the thin-film 

nature of the MoS2 for this laser condition, and unlike in figure 9 there were no obvious 

occasional surface agglomerations.  
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Figure 11: Representative images related to the device fabrication and analysis, for laser 

processing parameters: 1 pulse, ED = 100 mJ/cm2. (a) Optical microscope image of 

transistors at the chip level where the 2 columns to the right were the areas of laser 

annealing. (b) Optical microscope image of FET device array, the metal contacts appear as 

bright squares. The devices are back-gated, so the gate electrode is on the back surface of 

the samples. (c), (d) and (e) Bright-field TEM of the MoS2 device showing the contact, the 

MoS2 thin-films (approximately 6-8 layers thick), and the region at the contact edge where 

the MoS2 appears curved due to the FET fabrication process. (f), (g) and (h) EDS 

compositional maps of a selected region of the lamella specimen showing the continuous 

nature of the MoS2 thin film. 

 

Electrical testing consisted of measuring transfer and output FET characteristics, as 

well as the extraction of important figures of merit. Seen in figure 11(b), the devices were 

patterned in an array, with varying channel width and length dimensions. Not all devices in 

the array were operational, issues surrounding device yield should be addressed in future 
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studies. In this paper, we will show a representative set of device data from operational 

transistors. 

 

Figure 12: Representative data related to the device performance for laser processing 

parameters: ED = 100 mJ/cm2, 1 pulse (a-c) and 4 pulses (d-h). Channel length (L) and width 

(W) are specified within the individual figures. (a) FET transfer characteristics demonstrated 

by Vgs and Vds variations of current. Current flows with both negative and positive gate 

voltage. (b) and (c) FET transfer characteristics of devices with the same layout dimensions 

within each plot. (d) For 4 pulses, once again representative FET transfer characteristics 

demonstrated by Vgs and Vds variations of current. (e) Some process- or structural- related 

device-to-device variation still present for this case. (f) Representative output characteristics 

for the 4 pulses laser anneal case. (g)-(h) Taking the output characteristics and replotting in 

accordance with standard semiconductor device theory for insight into whether contact or 
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channel resistance dominates the current characteristics. As the analysis of (g) produces a 

straight line this would indicate these devices are channel resistance dominated.  

 

A systematic analysis was done throughout the working FET devices where the 

samples had been laser annealed. Figure 12 shows the representative data related to the 

device performance for laser processing parameters: 1 pulse, ED = 100 mJ/cm2 (figure 12 a-c) 

and 4 pulses, 100 mJ/cm2 (figure 12 d-h). Channel length (L) and width (W) are specified within 

the individual figures. Figure 12a shows FET transfer characteristics demonstrated by Vgs and 

Vds variations of current, indicating the switching behaviour of the transistor. Current flows in 

both negative and positive gate voltages. The p-type branch appears to reach saturation at 

high negative gate bias. In order to confirm this, transconductance was calculated (gm = 

δIds/δVgs) and it confirmed a peak at approximately Vgs = –20 V in most cases.  In figures 12b 

and 12c, FET transfer characteristics of devices with the same channel dimensions within each 

plot are shown. This indicates that there is some device-to-device variation, possibly due to 

local variations of MoS2 thickness across a large channel surface area, as was seen in figure 

11. Process- or layer-related device-to-device variation mean extraction of FET figures of 

merit are unreliable. Figure 12d shows the representative FET transfer characteristics 

demonstrated by Vgs and Vds variations of current for 4 laser pulses, indicating the switching 

behaviour. Some device-to-device variation is still present for this case, as shown in figure 

12e. No significant gate leakage current was measured, revealing that laser processing do not 

damage the SiO2 layer (see fig. S.4 in supporting information). 

Figure 12f plots representative output characteristics for the 4 pulses laser anneal 

case. The output characteristics were replotted in accordance with device theory for insight 

into whether contact or channel resistance dominates the current characteristics71.  Eqn. 1 is 
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the description of current flow at a contact with tunnelling dominant. Therefore, ln(Ids/Vds
2) 

versus 1/Vds is expected to give a linear trend.  Eqn. 2 conveys the description of current flow 

with a dominant Schottky barrier. If there is a significant Schottky barrier, thermionic emission 

dominates the transport, and the Richardson-Schottky equation (Eqn. 2) can be applied. 

Therefore, the plot of ln(Ids) versus Vds
1/2 is expected to have a linear dependency. 

In this case, with the output characteristic plotted as ln(Ids/Vds
2) versus 1/Vds in figure 

12g with a linear behaviour, it appears a tunnelling model applied at the contact, and this 

device is dominated by the resistance of the channel. If a Schottky contact resistance is 

dominating the performance, in figure 12h we would expect the data to lie on a straight-line, 

which it does not. 

𝐼𝑑𝑠 ∝ 𝑉𝑑𝑠
2 𝑒𝑥𝑝 [

−4𝑑√2𝑚ϕ𝐵
3

3ℏq𝑉𝑑𝑠
] ;  Eqn. (1) 

 𝐼𝑑𝑠 ∝ A × 𝑇2𝑒𝑥𝑝 [
−ϕ𝐷+√𝑞

3𝑉𝑑𝑠/4𝜋𝜀0𝜀𝑟𝑑

𝑘𝐵𝑇
] . Eqn. (2) 

 

Where m is carrier effective mass, φB is Schottky barrier, q is elementary charge, ℏ is 

Planck’s constant, kB is Boltzmann constant, T is temperature, d is barrier width, ε0 and εr are 

absolute and semiconductor dielectric constants, respectively. 

Current conduction in both positive and negative gate bias regimes is observed in the 

Ids versus Vgs characteristics. This is commonly referred to as ambipolarity and is related to 

the carrier injection mechanisms at the semiconductor-metal contacts. It has been noted 

ambipolarity is suppressed whenever there is sufficient Fermi-Level-Pinning (FLP) at this 

interface to limit carrier injection72. Ambipolarity shows potential for enabling metal-oxide-

semiconductor (MOS) circuit design and systems73, as a single material can be used for NMOS 

and PMOS transistors side-by-side without additional process steps to locally define n-type or 

p-type regions. In relation to MoS2, ambipolarity has been reported in mostly flake, 
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heterostructures74 or CVD grown monolayer devices75.  It has also been noted in several 

studies on liquid-gated MoS2 devices using flakes76,77. Ambipolarity can be promoted by 

applying specific process steps such as an oxygen plasma treatment78, catalytic oxidation79, 

indium edge contacts80, or chemical doping81. Furthermore, the choice of substrate is 

significant, related to enhancing or eliminating FLP, as well as the choice of MoS2 thickness82. 

In that work the very thin layers appear more likely to be unipolar, while the current in the 

very thick layers was difficult to modulate. 

The current levels are admittedly not optimised, as stated before, the aim of this 

transistor study was not to focus on a device figure-of-merit, but rather to extract insight into 

the quality and current carrying capability of the material thin-films. However, the current 

levels are comparable with FETs fabricated using ALD thin-films processed only at low 

temperatures, namely 100-300 °C 83. Performing a high temperature anneal or synthesis can 

undoubtedly and impressively improve the current levels and FET device figures-of-merit84,85 

through better crystallinity and reduced defect concentrations, but that would limit the use 

to front-end-of-line applications or relying on risky layer transfer. The strategy of synthesising 

at low temperature, performing localised annealing, and limiting subsequent process thermal 

budgets to < 150 °C, will bring a loss in performance that cannot be ignored or glossed over, 

but on the other hand opens doors to new applications that are temperature sensitive. The 

open question for future works is to determine whether that loss in, say, current can be 

tolerated in those application spaces. 

In terms of a demonstrable electronic change caused by laser process induced 

transformation of amorphous to crystalline MoS2, there are only a few early reports. 

McConney et al.86 revealed a resistance change in magnetron-sputtered few-monolayer-thick 

MoS2 on PDMS due to 514 nm CW laser processing. Likewise, Ahmadi et al.41 observed a 
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resistance change in current-voltage characteristics from crystallised pulse-laser deposited 5 

nm thick MoS2 on PDMS, using a 1064 nm nanosecond pulsed fibre laser. Finally, Sirota et 

al.48 showed increased current and gating behaviour in a pulsed magnetron sputtered 10 nm-

thick MoS2 field-effect-transistor on PDMS, using a 248 nm KrF laser, with pulse duration in 

the order of 10 ns, and 1 Hz repetition rate. A non-intentionally doped MoS2 device, that had 

Al2O3 high-k gate dielectric and Ti/Au contacts, showed transfer characteristics that were p-

type in nature, and conductivity approximately one order of magnitude above that of the as-

deposited amorphous films. 

 

4. CONCLUSIONS  

 

In summary, a homogeneous wafer-scale 2H-MoS2 film was obtained with a two-step 

growth method based on sputtering deposition of stoichiometric MoS2 followed by 

nanosecond UV laser annealing. Depending on the material substrate, the optimal laser 

annealing process was adapted through a systematic study based on Raman spectroscopy. 

The crystallization of MoS2 directly on Si wafers was obtained after performing multi-pulses 

with energy density equals to 250 mJ/cm2. Instead, the heat-barrier effect associated to the 

introduction of 90 nm thick SiO2-on-Si lowered the energy density required to obtain the 

formation of crystalline MoS2 to 100 mJ/cm2. Structural and morphological investigations, 

including AFM, TEM and XRD, confirmed the formation of (002)-oriented MoS2 films, 

presenting nanometre-size domains. In addition, amorphous coalescences are formed on the 

sample surface, making it non-uniform. Numerical calculations indicate that laser annealing 

targets the synthesis of MoS2 directly on Si CMOS at the back-end-of-line, due to the low 

substrate temperatures reached during laser processes. The present work sets a stepping 
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stone to synthesize 2D-materials on Si/SiO2 using a cost-effective methodology, and could 

enable further refinement in order to fabricate heterostructures targeting optoelectronic and 

nanoelectronics directions. 
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