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ABSTRACT: Two-dimensional (2D) transition metal dichalcogenides are potential low dissipative semiconductor materials for 

nanoelectronic devices. Such applications require the deposition of these materials in their crystalline form and with controlled num-

ber of monolayers on large area substrates, preferably using growth temperatures compatible with temperature sensitive structures. 

This paper presents a low temperature Plasma Enhanced Atomic Layer Deposition (PEALD) process for 2D WS2 based on a ternary 

reaction cycle consisting of consecutive WF6, H2 plasma and H2S reactions. Strongly textured nanocrystalline WS2 is grown at 300 °C. 

The composition and crystallinity of these layers depends on the PEALD process conditions, as understood by a model for the redox 

chemistry of this process. The H2 plasma is essential for the deposition of WS2 as it enables the reduction of –W6+Fx surface species. 

Nevertheless, the impact of sub-surface reduction reactions needs to be minimized to obtain WS2 with well-controlled composition 

(S/W ratio of two). 

INTRODUCTION − Two-dimensional (2D) materials are 

the subject of several recent advances in the field of catalysis1–

3, opto-electronics4–6 and nanoelectronics7,8. In particular, the 

semiconducting 2D transition metal dichalcogenides (MX2 with 

M a transition metal and X a chalcogen e.g. S, Se, Te), such as 

MoS2 and WS2 hold promise as semiconducting channel mate-

rials in ultra-scaled nanoelectronic devices, e.g. Metal-Oxide-

Semiconductor Field Effect Transistors (MOSFETs) or Band-

To-Band Tunnel Field-Effect Transistors (BTBT-FET)7–11. The 

main interest for these materials originates from the improved 

electrostatic gate control over the channel as compared to bulk 

Si, due to their monolayer thickness and planar structure. Fur-

thermore, the MX2 surface is in theory completely passivated as 

it is free of dangling bonds. The anticipated absence of defects 

at the semiconductor interface is interesting as they are a major 

source of mobility degradation in conventional semiconductors. 

Moreover, 2D materials are also interesting for monolithic 3D 

integration, in which stacks of circuits are sequentially fabri-

cated on top of each other, a promising pathway to continuously 

increase device density12. In addition, the wide variety of MX2 

materials enables versatile combinations in van der Waals het-

ero-structures and opens new avenues for device physics and 

engineering13–15. 

The development of industrially relevant growth techniques 

for MX2 is essential to further explore the potential of MX2 ma-

terials and enable their integration for the proposed nanoelec-

tronic applications. However, for use of MX2 material as a sem-

iconductor, a highly crystalline 2D structure, continuous MX2 

monolayers and defect-free interfaces are required. In addition, 

the growth technique should provide control of the number of 

monolayers over large area substrates as the MX2 properties de-

pend on the number of monolayers16. Currently Chemical Va-

por Deposition (CVD) provides few layered MX2 films with 

good semiconductor properties17. Continuous MX2 films with 

micrometer-size crystal domains and monolayer thickness are 

obtained by CVD depending on the growth temperature 

(~400 °C–900 °C) from gas-phase metal-organic and halide 

precursors18–23. For MoS2 and WS2 CVD from the Mo(CO)6 and 

W(CO)6 precursors, the growth mode can be controlled over 

large substrates by controlling the reaction kinetics19. However, 

the reported processes require long deposition times. Kim et al. 

reported a self-limiting synthesis process based on the halide 

precursors, with the number of MX2 layers depending on the 

growth temperature21,22. Alternatively, crystalline MX2 materi-

als can be obtained by chalcogenidation from metal or metal 

oxide24,25. However, this requires high temperatures (800 °C–

1000 °C) and growth control down to a single monolayer re-

mains challenging. 

Atomic Layer Deposition (ALD) emerges as an interesting, 

alternative deposition technique to grow few-layered MX2 with 

single layer growth control at low growth temperatures, com-

patible with temperature sensitive structures e.g. for the hetero-

geneous integration with existing Si nanotechnology. In ALD, 

thin films are grown by sequential self-limiting surface reac-

tions of gas-phase precursors26,27. The self-limiting nature of the 

surface reactions ensures deposition with (sub-)monolayer con-

trol over large area substrates, as well as conformal deposition 



 

on three-dimensional structures. By introducing a low tempera-

ture plasma in the reaction cycle, additional reactivity is pro-

vided to the surface, denoted as Plasma-Enhanced (PE-) ALD28.  

The feasibility of MoS2 and WS2 ALD is demonstrated in a 

limited number of reports29–32. Polycrystalline WS2 films are de-

posited at a growth temperature of 300 °C–450 °C from tung-

sten hexafluoride (WF6) and dihydrogen sulfide (H2S) with ad-

dition of reducing agents such as diethylzinc, sacrificial Si lay-

ers and H2 plasma29,33. Few reports demonstrated the growth of 

a polycrystalline MoS2 film from another halide precursor 

MoCl5 in combination with H2S between 300 °C and 

450 °C30,34. In addition, several groups report MoS2 ALD pro-

cesses from a metal-organic precursor, Mo(CO)6, yielding 

amorphous layers at temperatures below 200 C31,35–37. How-

ever, so far, the structural quality of most of the ALD grown 

films is limited, as the as-deposited layers are amorphous or 

polycrystalline with limited crystal grains sizes (in the order of 

several tens of nanometer). Nevertheless, Browning et al.32 re-

cently reported mobility values of ~12 cm2/Vs for ALD grown 

WS2 from WCl5 and H2S at 390 °C, which are in line with the 

values for CVD grown material, but lower than for exfoliated 

flakes of MX2 material17.  

To optimize the structural quality of 2D MX2 layers deposited 

by ALD, a better understanding of the growth mechanisms is 

required. A first requirement for creating highly crystalline 

structures is a low impurity content in the deposited layers. In 

addition, X deficiencies or vacancies, which can result in MOx 

formation during air exposure, need to be avoided. Thus, under-

standing is needed on how the ALD process parameters affect 

the composition (M/X ratio) of the layers. This will imply an 

investigation of the redox mechanisms of the deposition process 

if the transition metal changes oxidation state during the ALD 

process. 

Therefore, in this work, we present a detailed investigation in 

the growth mechanisms of the recently reported WS2 PEALD 

process33, where the PEALD reaction cycle consists of a WF6, 

a H2 plasma and a H2S reaction. During the PEALD process, 

the W atom needs reduction from the +VI oxidation state in 

WF6 to the +IV oxidation state in WS2. We have investigated 

the impact of the deposition process parameters on the compo-

sition (S/W ratio) and 2D structure of the deposited films. Based 

on these results, we propose a model for the redox chemistry of 

the process. Finally, we discuss the influence of the growth tem-

perature on the Growth-Per-Reaction-Cycle (GPC) of the 

PEALD process, and how it influences the 2D structure. 

EXPERIMENTAL DETAILS − The WS2 layers are depos-

ited on 300 mm Si substrates covered with a 30 nm amorphous 

Al2O3 layer. The Al2O3 layer is deposited by ALD from trime-

thyl aluminum (TMA) and water (H2O) at 300 °C. On the back-

side of the Si wafer, first a 50 nm Si3N4 film is deposited to pre-

vent the WF6 precursor from reacting with the silicon substrate 

during WS2 deposition. The Si3N4 layer is deposited by PECVD 

at 400 °C from the silane (SiH4) precursor, ammonia (NH3), and 

nitrogen (N2) plasma. 

Next, WS2 is deposited by PEALD from WF6, H2S (10 % H2S 

in He, with 99.9 % pure H2S) and H2 plasma in a hot-wall, 

showerhead-type ASM PECVD reactor with direct (RF) plasma 

capability, connected to an Eagle12TM platform. Prior to depo-

sition, the wafers are stabilized in the PECVD reactor for 5 

minutes in N2 (1000 sccm). The PEALD reaction cycle consists 

of three reactions: a WF6 reaction, a H2 plasma reaction and a 

H2S reaction at a pressure of 2 Torr. Our best-known-method 

consists of 10 s of WF6 (50 sccm), 10 s of H2 plasma (500 sccm) 

at 100 W and 60 s of H2S exposure (in He, 695 sccm) at 300 °C. 

These pulses are separated by a 20 s evacuation of the reactor 

to the base pressure of 1.5∙10-1 Torr. A He flow (450 sccm) min-

imizes diffusion of precursor gasses underneath the susceptor. 

The wafers are unloaded through a load-lock where they cool 

down in N2 for 15 minutes before air exposure. In this work, the 

influence of the deposition temperature and plasma conditions 

among others are investigated. Therefore, the susceptor temper-

ature is varied between 250 ºC and 450 ºC, whereas the temper-

ature of the showerhead and the reactor walls remains constant 

at 225 °C and 175 °C respectively. The plasma power is varied 

between 100 W and 450 W. 

A 30 nm amorphous Al2O3 layer is used as a substrate for the 

WS2 PEALD at a deposition temperature of 300 °C. When 

growing WS2 at deposition temperatures above 300 °C, a poly-

crystalline Al2O3 layer is used to avoid plasma-induced damage 

to the Al2O3 layer during the PEALD WS2 process, as discussed 

in more detail in the Supporting Information. In that case, the 

amorphous Al2O3 layer is crystallized at a temperature of 

900 °C in N2 prior to the PEALD WS2 process.  

Optical Emission Spectroscopy (OES) measurements are per-

formed to analyze the reactive species in the direct plasma (Fig-

ure 1a). A quartz optical fiber connected to an Ocean Optics 

USB2000+ spectrometer is attached to a viewport of the reactor, 

and collects the light emitted by the plasma. Primarily H atoms, 

H excited species and radicals, and molecular excited H2 spe-

cies are detected. The Balmer emission lines from electron im-

pact excitation of atomic hydrogen in the ground state Hα and 

Hβ are detected. In addition, the broad band between 550 nm–

650 nm is the Fulcher band from molecular H2
38–40. This Ful-

cher band denotes the transition from the electronically excited 

state d3∏u to a3∑g
+ by spontaneous radiative decay. Given the 

fairly high reactor pressure, the emission lines are broadened 

due to multiple short-range collisions between neutrals, and 

electrons and neutrals. This collisional line broadening impedes 

 

Figure 1. (a) Optical emission spectrum from a 100 W capacitively 

coupled H2 plasma (13.56 MHz) recorded in the ASM PECVD re-

actor connected to an Eagle12-2 platform. (b) Raman spectra of 2 

ML WS2 as grown on 30 nm ALD Al2O3 at 300 °C as a function of 

the laser irradiation time from 0 s to 1200 s, using a vertical off-set 

between the individual spectra for clarity. 



 

the detection of electron-impact excitation and ionization reac-

tions.  

The amount and composition, i.e. the S/W ratio, of the depos-

ited layers are determined by Rutherford Backscattering Spec-

trometry (RBS) that quantifies the absolute amount of deposited 

W and S. The RBS measurements are carried out using a 

1.52 MeV He+ ion beam and a scatter angle of 170 °. Further-

more, the WS2 layer thickness is determined by Spectroscopic 

Ellipsometry (SE) for 21 points on the 300 mm wafer (edge ex-

clusion of 3 mm) and performed on a KLA Tencor SCD100 

system, assuming a single layer model for both the Al2O3 and 

the WS2 layer. In addition, the composition and chemical bonds 

in the deposited WS2 layers are determined by X-ray Photoelec-

tron Spectroscopy (XPS). The measurements are performed in 

Angle Resolved (AR) mode using a Theta300 system from 

Thermo Instruments with a monochromatized Al Kα X-ray 

source (1486.6 eV) and a spot size of 400 μm. For all the spec-

tra, the binding energies are referenced to the C1s peak. The 

peaks are fitted using pseudo-Voight functions (linear combi-

nation of Lorentzian and Gaussian) with fixed relative peak po-

sitions, after Shirley background subtraction. 

The crystallinity of the deposited films is determined by X-

Ray Diffraction (XRD, Cu Kα radiation, 50 kV, 30 mA) in a 

Bede MetrixL diffractometer from Jordan Valley. The XRD 

spectra are recorded for a 0.1° step size and 3 s step count, cor-

rected for the background and fitted with a pseudo-Voight func-

tion. Additional information about the crystallinity and texture 

is obtained by cross-sectional High-Resolution Transmission 

Electron Microscopy (HR-TEM) using a FEI Tecnai F30 elec-

tron microscope operating at 300 kV. The WS2 layer is trans-

ferred from the growth substrate to a Holey carbon TEM grid41 

for Plan-View TEM (PV-TEM) analysis of the crystal domain 

structure and size. For the PV-TEM analysis, a FEI TITAN 

electron microscope is used operating at 60 kV to minimize 

electron beam induced damage to the WS2 in both Bright- (BF) 

and Dark-Field (DF). The WS2 is transferred in a two-step pro-

cess24: first a Poly(methyl methacrylate) (PMMA) film (3 % 

chlorobenzene) is spin coated on the WS2 in two steps at 

1000 rpm and 3000 rpm for 30 s respectively, and dry-baked 

(120 °C, 5 minutes). A thermal release tape is adhered to the 

PMMA. Afterwards, the sample is immersed in a H2O bath 

(80 °C) for 15 minutes. Second, the WS2 layers are separated 

from the substrate in a sonification bath, and after air-drying 

transferred to the TEM grid. Subsequently, the PMMA is dis-

solved in acetone (two hours) and the grid with transferred film 

is rinsed sequentially in isopropyl alcohol (IPA) and water 

(H2O). The grid is stored in low vacuum until analysis.  

The Raman Spectroscopy measurements are performed using 

a Horiba Jobin-Yvon HR800 Raman instrument at 532 nm laser 

excitation wavelength to evaluate the 2D structure of the WS2. 

The excitating laser (~2.33 eV) resonates with the energy of the 

B exciton in bulk WS2, that alters the relative intensities of the 

Raman modes compared to non-resonant Raman scattering and 

leads to both first and second-order Raman excitations42,43. The 

laser is operated at ~2 mW laser power with a laser spot size of 

1 μm2. A 300 μm confocal hole is used with a 1800 gr/mm grat-

ing. Single and few-layered WS2 films degrade during laser ir-

radiation. The absolute intensity of the Raman modes for WS2 

decreases as a function of the acquisition time during laser ex-

posure time (Figure 1b). Most likely, the WS2 layers degrade by 

a localized increase of the surface temperature during laser ex-

posure44. We therefore fixed the acquisition time to 200 s to 

minimize the impact of laser induced degradation of the WS2 

layers, and avoid misinterpretation of the results. The Raman 

spectra are normalized to the Si peak at 300 cm-1 and corrected 

for the background by a blanket Si reference measurement. All 

peaks are de-convoluted into the individual Raman modes by 

using Voight functions. 

RESULTS AND DISCUSSION – The paper is organized as 

follows. In section 1, we demonstrate that a strongly textured 

nanocrystalline WS2 layer is grown by PEALD using a ternary 

reaction cycle of WF6, H2 plasma and H2S at 300 C. The WS2 

thickness is controlled by the number of PEALD reaction cy-

cles. The crystallinity of WS2 is characterized by both in- and 

 

Figure 2. (a) W4f XPS spectrum of 3 ML WS2 with corresponding 

peak deconvolution into WO3 doublet (~36 eV) and WS2 (~33 eV); 

(b) F1s XPS spectra of amorphous ALD Al2O3 layer (top), and 

PEALD WS2 layer on ALD Al2O3 (bottom). The AlF3 singlet 

(~687 eV) is observed suggesting the fluoridation of Al2O3 after 

PEALD WS2; (c) W areal density (RBS), film thickness (SE) and 

the S/W ratio for a series of six wafers with 3 ML WS2; and (d) 

wafer uniformity of the film thickness up to 11 % (SE, 21 measure-

ment points) and the FWHM of the (0002) basal plane of 3 ML 

WS2 (XRD, 9 measurement points). The ~3 ML WS2 is grown on 

30 nm amorphous ALD Al2O3 by the best-known method that con-

sists of 10 s WF6, 10 s and 100 W H2 plasma and 60 s H2S, and for 

a total of 65 PEALD reaction cycles at 300 C. 



 

out-of-plane TEM characterization. In section 2, we have ana-

lyzed the self-limiting behavior of the individual precursor re-

actions and the composition (S/W ratio) of the deposited layers 

by RBS and XPS. Based on these results, we propose a model 

that describes the redox mechanisms of the individual half-re-

actions of the reaction cycle (section 3). Finally, in section 4, 

we describe the impact of the growth temperature.  

1. WS2 DEPOSITION BY PEALD AT 300 °C – First, we 

characterize the WS2 layers with a thickness of three monolay-

ers (MLs), obtained by the PEALD at a growth temperature of 

300 C. The optimized reaction cycle, as will be further dis-

cussed below, consists of a WF6 reaction of 10 s, a H2 plasma 

exposure of 10 s at 100 W and a H2S reaction of 60 s. The fol-

lowing overall reaction equation for deposition of WS2 can be 

proposed:  

WF6 + x (H2 plasma) + 2 H2S → WS2 + 6 HF + (x-1) H2  

In line with the formation of mainly WS2, the amount of de-

posited S is about two times higher than the amount of W de-

posited, with the S/W of 1.8 ± 0.1 (RBS) and 1.9 ± 0.1 (XPS). 

XPS confirms the formation of mainly WS2: the doublet in the 

W4f spectrum at a binding energy of ~33 eV and 35 eV indi-

cates the presence of W–S bonds with W mainly in the +IV ox-

idation state (Figure 2a). No metallic W (~31 eV – 32 eV) is de-

tected. In addition, minor contributions of WO3 with W in the 

+VI oxidation state are identified by a second doublet at the 

binding energy of ~36 eV and 38 eV. The angular dependence 

of the XPS spectrum suggests that the WO3 is present through-

out the WS2 layer, that is only ~2 nm thin. We presume that this 

small amount of WO3 is formed during air exposure from S va-

cancies at and near the top surface and at grain boundaries (as 

will be discussed below) of the WS2 layer.  

F is detected at the interface between the WS2 layer and the 

Al2O3 layer. During WS2 PEALD, the surface of the Al2O3 layer 

is fluoridized and AlF3 is formed, as determined from the XPS 

F1s spectrum at ~687 eV (Figure 2b). Either WF6 or HF, a re-

action by-product of the PEALD process, can directly fluoridize 

the Al2O3 substrate. The fluoridation of Al by repeated WF6 ex-

posures has been previously reported45–47. 

The uniformity of the layer thickness for a 3 ML WS2 varies 

up to 11 % over the 300 mm substrate (Figure 2c), with the cor-

responding 300 mm wafer map of the layer thickness as deter-

mined by SE (Figure 2d). The wafer-to-wafer uniformity is 9 % 

for a series of six wafers (SE). RBS determines that the W areal 

density and the S/W ratio vary by 7 % and 3 % respectively be-

tween wafers, in agreement with SE. The outlier as indicated in 

the box plot is omitted from the calculation (Figure 2c).  

X-Ray Diffraction (XRD, Figure 3a) indicates that the WS2 

layers have the 2D structure with interplanar distance ~0.65 nm 

as calculated from the (13.7 ±0.1) º XRD peak position. It fur-

thermore indicates that the films are nanocrystalline and highly 

textured, with the basal plane orientation parallel to the sub-

strate surface. The corresponding 300 mm XRD wafer map of 

the FWHM of the (0002) basal plane confirms that WS2 is de-

posited over the full wafer (Figure 2d). From a XRD rocking 

curve analysis, the tilt misorientation of the (0002) basal plane 

is only 0.15 º, indicating that the layers are highly textured and 

the WS2 basal planes oriented parallel to the substrate (Figure 

3b). 

Cross-sectional HR-TEM confirms that the orientation of the 

WS2 basal plane is parallel to the substrate (Figure 3c). The 

layer thickness varies locally between two and three single lay-

ers. HR-TEM indicates an (0002) inter-planar distance of 

0.65 nm, in agreement with XRD. This value is slightly higher 

than reported in literature (0.62 nm) for natural bulk WS2 crys-

tals. The larger inter-planar distance could be induced by either 

strain in the polycrystalline layers, or due to intercalation of im-

purities.  

In plain view along [0001], a mosaic structure of nanocrys-

talline 2D WS2 domains is observed (Figure 3d). Different in-

plane orientations of the WS2 grains exist within a single layer 

and across the number of layers, as expected in the absence of 

a template for epitaxial seeding. The first WS2 monolayer, 

which is formed on the amorphous Al2O3 surface, consists of 

several grains with different in-plane orientations. Indeed, an 

amorphous Al2O3 layer cannot provide an ordered template for 

 

Figure 3. (a) XRD pattern of WS2 for different plasma power 

(300 °C); (b) rocking curves for WS2 (0002) reflection 

(2Θ = 13.8 °) at 300 °C and 450 °C; (c) High-resolution electron 

micrograph, and (d) corresponding plan view electron micrograph 

of WS2 (300 °C). The highlighted triangles guide the eye and do 

not mark the grain boundaries, but rather indicate the symmetry of 

the inner regions. 3 ML WS2 is grown on 30 nm amorphous ALD 

Al2O3 by the best-known method that consists of 10 s WF6, 10 s 

and 100 W H2 plasma and 60 s H2S for a total of 65 PEALD reac-

tion cycles. Only in the plan-view TEM, a thicker 5 ML WS2 (130 

PEALD reaction cycles) is used to highlight the growth of WS2 on 

the WS2 surface. 



 

epitaxial seeding, explaining the different in-plane orientations 

of the grains. In contrast, some grains in the second WS2 layer 

are in register with the underlying WS2 monolayer, suggesting 

that epitaxial seeding on the WS2 basal plane is possible (Figure 

3d, in blue). Other grains in the second WS2 layer have a differ-

ent in-plane rotation than those in the first layer as indicated by 

Moiré patterns (Figure 3d, in purple). A grain in the second WS2 

layer might grow across a grain boundary of a grain in the first 

layer, explaining the difference in orientation. 

The WS2 domain sizes are broadly distributed up to 20 nm as 

determined from corresponding Dark-Field-TEM analysis (not 

shown). Given the nanocrystalline grain structure of the WS2, 

we propose that next WS2 layers grow either from a grain 

boundary or on the basal plane of the underlying WS2 layer. The 

crystal edges of 2D materials generally have a higher reactivity 

than the basal planes48–50.  

Raman spectroscopy confirms that the WS2 layer has the 2D 

structure. The following Raman modes are identified (Figure 

4a): the second order longitudinal acoustic phonon mode 

2LA(M) at 352 cm-1, the in-plane optical mode E1
2g(Γ) at 

356 cm-1 and the out-of-plane optical mode A1g(Γ) at 420 cm-1. 

In addition, the first order in-plane optical mode at the M point 

E1
2g(M) can be observed at 330 cm-1. The FWHM of these peaks 

and the signal intensity ratios (e.g. 2LA/A1g) are related to the 

WS2 structural quality, while the relative differences in peak 

positions can be correlated to the number of WS2 monolay-

ers42,51. The 2LA(M) mode appears as the prominent mode for 

the PE-ALD grown WS2 at the laser excitation wavelength of 

532 nm, irrespective of the number of layers, in agreement with 

literature52. The FWHM of this 2LA(M) mode can be used as a 

qualitative measure for local disorder in the atomic ordering of 

the in-plane WS2 crystal lattice52. The as grown 3 ML WS2 has 

a slightly larger FWHM as compared to exfoliated bulk crystals 

(Table 1), which suggests that the PEALD WS2 shows some 

disorder in the crystal lattice. 

Second, the growth curve of the PEALD process indicates 

that the thickness of the WS2 layer is well-controlled by the 

number of PEALD reaction cycles. In the bulk regime, the WS2 

thickness increases linearly with the number of PEALD reac-

tion cycles and the steady Growth-Per-Cycle (GPC) for deposi-

tion at 300 °C is (2.2±0.1)∙1013 W atoms/cm2/cycle (RBS) or 

~0.017 nm/cycle (Figure 4b). As in a perfectly crystalline WS2 

monolayer, the areal density is 1.16∙1015 W atoms/cm2, the 

amount of deposition per PEALD reaction cycle is only ~2 % 

of the monolayer. The low GPC value is most likely related to 

the low reactivity of the WS2 crystal basal planes, and will be 

explained more in detail from the proposed growth model in 

section 3.3. As demonstrated above, the WS2 layer is nanocrys-

talline but highly textured, and the top surface is proposed to 

consist mainly of the S-terminated WS2 basal planes of the crys-

tals. It has been demonstrated that the basal planes of 2D MX2 

materials have a rather low reactivity towards ALD48–50, which 

could explain the low value of the GPC in the PEALD process.  

In line with this, a higher growth-per-cycle of 

(5.6±0.1)∙1013 W atoms/cm2/cycle (or ~0.042 nm/cycle) is ob-

served in the first 30 PEALD reaction cycles on the Al2O3 sub-

strate, indicating substrate enhanced growth. That is, the Al2O3 

surface is more reactive towards the PEALD precursors com-

pared to the WS2 layers. The WF6 precursor chemisorbs on the 

Al2O3 surface from the first PEALD reaction cycle, and the 

Al2O3 surface becomes fluoridized as well. The GPC decreases 

with the number of PEALD reaction cycles and eventually stag-

nates to the steady value of (2.2±0.1)∙1013 W atoms/cm2/cycle 

(or ~0.017 nm/cycle). Thus, as the Al2O3 substrate gets covered 

by the deposited WS2 layer, the surface becomes less reactive 

towards PEALD.  

2. INVESTIGATION OF THE PEALD HALF-

REACTIONS (300 °C) – Next, we investigate the individual 

half-reactions in the PEALD process, and how the precursor 

doses affect the amount of deposition, the composition (S/W 

ratio) and 2D structure of the as-deposited layers. The growth 

temperature is fixed at 300 C. To minimize the potential im-

pact of the starting surface and study the WS2 deposition in the 

steady growth regime, the reaction cycle is repeated 65 times.  

The WF6 reaction, the first reaction in the ternary PEALD 

reaction cycle, shows the ALD saturation behavior, indicative 

of a self-limiting surface reaction. The amount of deposited W 

saturates readily with WF6 exposure time to a value of 

(3.0±0.1)∙1013 W at/cm2/cycle or ~0.022 nm/cycle (RBS, Figure 

5a). In line with the formation of WS2, the amount of deposited 

S is about two times higher than the deposited W content, with 

the S/W varying between 1.7±0.1 and 1.9±0.1, irrespective of 

the WF6 exposure time. In the next experiments, we will fix the 

WF6 exposure time to 10s in the saturation region. 

 

Figure 4. (a) Raman spectra for 3 ML WS2 with peak deconvolu-

tion and assignment (inset) for 100 W and 450 W H2 plasma power 

(65 PEALD reaction cycles); (b) The W areal density, WS2 thick-

ness and S/W ratio as a function of the number of PEALD reaction 

cycles as determined by RBS on a 30 nm amorphous ALD Al2O3 

layer. The steady-state GPC is ~0.017 nm/cycle. The WS2 is grown 

with the best-know method at 300 C. WS2 thickness is extracted 

from the W areal density (RBS) and the atom density. 

 

Table 1. FWHM of the prominent Raman modes for 3 ML 

WS2 as grown by PEALD by the best-known method (65 

PEALD reaction cycles, 300 C), and pristine and exfoliated 

(bulk) WS2, on 30 nm ALD Al2O3 layer. 

FWHM (cm-1) PEALD WS2 Pristine WS2 

2LA(M) 20.5 ± 0.8 8.9 ± 0.5 

E1
2g(Γ) 5 ± 2 3.6 ± 0.3 

A1g(Γ) 9 ± 2 3.5 ± 0.5 

 



 

The H2S reaction, the last reaction in the ternary PEALD re-

action cycle, also shows the conventional ALD saturation be-

havior for both the W and S content, similar to the WF6 reaction 

(Figure 5b). Saturation of the amount of deposited W and S is 

observed for H2S exposures times of 60 s (corresponding to H2S 

exposures of 1.4·107 L) and longer. The S/W ratio is 1.8±0.1 in 

this saturation region, confirming the formation of mainly WS2. 

For too short H2S exposures, between 10 s and 60 s, S deficient 

layers are obtained with a S/W ratio that is systematically lower 

than two. XPS indicates that after air exposure, the layers con-

sist of both WS2 and WO3 (Figure 5c). For 1s H2S exposures, 

much less W and almost no S is deposited, with the S content 

below the detection limit of RBS (< 2·1014 at/cm2). The surface 

reaction of H2S is less efficient than the surface reaction of WF6. 

The reaction efficiency is estimated by dividing the amount of 

deposited W or S on the 300 mm wafer surface by the total 

amount of W or S introduced in the reactor by WF6 or H2S. For 

WF6, the reaction efficiency is 1.2·10-3 %, while for the H2S the 

reaction efficiency is only 2.2·10-6 %. As a result, a long expo-

sure time of 60 s H2S (or 1.4·107 L) is required to deposit WS2 

at 300 C.  

The H2 plasma reaction is essential for the WS2 deposition at 

300 C: when the plasma pulse is left out of the reaction cycle, 

using only sequential WF6 and H2S exposures, no WS2 is de-

posited on the Al2O3 surface. The deposited amounts of W and 

S are below the limits of quantification of RBS (1·1013 W at-

oms/cm2 and 2·1014 S atoms/cm2) irrespective of the deposition 

conditions tested (up to 10 s WF6 and 60 s H2S), and only dep-

osition of F is observed on the surface (~3·1015 F at/cm2 , XPS). 

 

Figure 5. (a) W and S GPC and S/W ratio (RBS) as a function of 

WF6 exposure per reaction cycle (in seconds and Langmuir) for 

constant 10 s, 100 W H2 plasma and 60 s H2S; (b) W and S GPC 

and S/W ratio (RBS) as a function of the H2S exposure (in seconds 

and Langmuir) for constant 10 s WF6 and 10 s, 100 W H2 plasma; 

and (c) W4f XPS spectra of 3 ML WS2 as grown for different H2S 

pulses. The WS2 is grown on 30 nm amorphous ALD Al2O3 

(300 C) for a fixed number of PEALD reaction cycles (65). The 

dotted lines are guide to the eye. 

 

 

Figure 6. (a) S/W ratio as a function of H2 plasma power, for con-

stant 10 s WF6, 10 s H2 plasma and 60 s H2S reaction. (b) Corre-

sponding W4f XPS spectra for increasing H2 plasma power; (c) W 

and S GPC and S/W ratio as a function of H2 plasma exposure per 

reaction cycle (in seconds) for constant 10 s WF6 and 60 s H2S re-

action, and for 100 W H2 plasma power; (d) Corresponding W4f 

XPS spectra for increasing H2 plasma exposure time. The WO3 

doublet (~36 eV) and WS2 (~33 eV) are indicated. The WS2 is 

grown at 300 C on 30 nm amorphous ALD Al2O3 for a fixed num-

ber of PEALD reaction cycles (65). The dotted lines are guide to 

the eye. 

 

 



 

In contrast, WS2 deposition is enabled by including a H2 

plasma reaction in between the WF6 and H2S reactions, at least 

in a confined window for the H2 plasma parameters. While both 

the WF6 and H2S reactions show ALD-like saturation behavior, 

a more complex reactivity is observed for the H2 plasma reac-

tion. Both H2 plasma power and exposure time affect the com-

position of the WSx layer. The deposition of WS2 is observed 

for a low H2 plasma power of 100 W, and the S/W ratio of 

nearly two is repeatable from wafer to wafer (Figure 2c). When 

the H2 plasma power increases, the S content in the layers de-

creases (RBS, Figure 6a) and the amount of WO3 significantly 

increases (XPS, Figure 6b). This is understood from the reduc-

tion of the WS2 layers by the H2 plasma to W that during the ex-

situ XPS analysis oxidizes to WO3. In addition, the repeatability 

of the composition from wafer to wafer severely degrades at 

higher plasma power. The poor wafer-to-wafer repeatability is 

clearly illustrated for a plasma power of 300 W, where the S/W 

ratio ranges between 0.6 and 1.6 (Figure 6a). In addition to S 

deficiencies in the WSx layer, the too strong H2 plasma power 

and/or time even induce damage to the underlying Al2O3 layers, 

as blisters form at the interface between the Al2O3 film and the 

Si substrate.  

The H2 plasma exposure also affects the composition of the 

deposited layers. Too short plasma exposures, e.g. 1 s and 2 s, 

result in a negligible amount of W and S deposition, indicating 

no activity of the H2 plasma, similar as for the thermal WF6 and 

H2S reaction cycle. For a fixed H2 plasma power of 100 W, H2 

plasma exposure times between 10 s and 20 s result in well-re-

peatable depositions of WS2 (Figure 6c,d). Furthermore, the 

blister formation is not observed. Thus the combination of low, 

100 W H2 plasma power and 10 s exposure yields repeatable 

WS2 deposition and no damage to the underlying Al2O3 layers 

(Figure 6d). In line with that, this condition results in the best 

structural quality of the WS2 monolayers, as the Raman features 

are most pronounced. When the H2 plasma power increases, the 

FWHM of the 2LA(M) mode increases, indicating that the 2D 

structure deteriorates as the S content in the WSx layers de-

creases (Figure 4a). The degradation of the 2D structure is fur-

ther confirmed by XRD, the (0002) diffraction peak gradually 

decreases with increasing H2 plasma power (Figure 3a). For 

450 W, no characteristic features are observed in XRD. The 2D 

structure is obviously affected by the composition of the 2D 

material. 

To conclude, the composition of the layer (the S/W ratio) is 

strongly determined by the H2 plasma and H2S reaction condi-

tions. The H2 plasma is essential for WS2 deposition, but never-

theless the reactivity of the H2 plasma should be limited to avoid 

the formation of S-deficient layers and blisters underneath the 

underlying Al2O3 layers. On the other hand, the H2S reaction is 

slow and extensive H2S exposures are needed to avoid the for-

mation of S-deficient layers.  

3. MODEL FOR THE REDOX CHEMISTRY OF THE WS2 

PEALD – We now propose a model for the chemisorption re-

actions and redox reaction mechanisms of the bulk WS2 

PEALD process, based on the experimental observations as de-

scribed above (Table 2).  

During the WF6 exposure, WF6 chemisorbs on the WS2 sur-

face and the surface reaction is self-limiting, as indicated by the 

observed saturation behavior (Figure 5a). The reactive surface 

sites for WF6 reaction can be either surface S atoms or –SH 

groups, created by the H2S reaction in the preceding reaction 

cycle, and volatile HF is released as reaction product. As no re-

ducing agent is present and as the deposition temperature is low, 

we can presume that the W atoms remains in the +VI oxidation 

state after chemisorption.  

The –SH groups are created during the precedent H2S reac-

tion and most likely exist only at the edges of the WS2 crystals 

and not on the WS2 basal planes. According to literature, the 

adsorption of H atoms on the S passivated basal planes is ener-

getically unfavorable53–55. The S passivated basal plane of WS2 

is anticipated to be less reactive than the crystal edges. How-

ever, from our current investigation we cannot exclude that re-

actions at the WS2 basal plane occur. TEM reveals that some of 

the WS2 layers are grown in registry with underlying WS2 

grains. Therefore direct van der Waals epitaxy on the WS2 basal 

plane cannot be excluded, initiated by weak adsorption of WF6 

on the basal planes or through S vacancies or interstitials. 

In the subsequent H2 plasma reaction, these −WFx surface 

species are reduced from the +VI oxidation state to lower oxi-

Table 2. Growth model for the proposed ternary PEALD reaction cycle consisting of a WF6, H2 plasma and H2S reaction.  

WF6 Surface 
−W−SH (s) + WF6 (g)                        → −W−S−WF(6-x)

 
(s) + x HF (g) 

WS2 (s) + WF6 (g)                              → WS2−WF6 (s) 

H2 

plasma 

Surface 

−S−WF6-x (s) + ½(6-x) H2 (plasma)       → 

−S−WF6-x (s) + ½(7-x) H2 (plasma)        → 

−S−WF6-x (s) + ³∕2x H2 (plasma)               → 

(1) −S−W0 
(s) + (6-x) HF (g) 

(2) −S−WH 
(s) + (6-x) HF (g)  

(3) −S−WF6-2xH2x
 
(s) + x HF (g) 

Bulk 
WS2 (s) + 2 H2 (plasma)                         → 

2 WS2 (s) + 3 H2 (plasma)                      → 

(1’) W0 (s) + 2 H2S (g) 

(2’) 2 S−W−H (s) + 2 H2S (g) 

H2S 

Surface 

(1) 2 −W0
 (s) +2 H2S (g)                    → 2 −W−SH (s) + H2 (g)  

(2) −WH 
(s) +  H2S (g)                       → −W−SH (s) + H2 (g) 

(3) −WF6-2xH2x
 
(s) +  H2S (g)             → −W−SH (s) + (6-2x) HF (g) + (2x-5∕2) H2 (g)  

Bulk 
(1’) W0 (s) + 2 H2S (g)                       → 

(2’) 2 S−W−H (s) + 2 H2S (g)            → 

WS2 (s) + 2 H2 (g) 

2 WS2 (s) + 3 H2 (g) 

The model assumes that the surface is saturated with –SH sites during the steady-state deposition and that gas-phase reactions are ne-

glected. Only the growth of WS2 on the closed and continuous WS2 surface is considered neglecting the impact of the starting substrate. The 

individual H2 plasma and H2S reactions are separated into a surface and sub-surface (‘bulk’) reaction pathway with the WS2 film. (s): solid 

phase, (g): gas phase.  

 



 

dation states, with the formation of HF as highly volatile reac-

tion product. We have confirmed that reduction is indeed pos-

sible, as even metallic W can be deposited by WF6/H2 plasma 

PEALD process in the same conditions of the H2 plasma. The 

presence of metallic W was confirmed by XPS (Figure 7a), and 

similar amounts of F were detected when compared to WS2 dep-

osition (up to 3.0·1013 W at/cm2). Note that the layer was partly 

oxidized to WO3 during air exposure as the XPS analysis was 

performed ex-situ. The WF6/H2 plasma PEALD of W at tem-

peratures between 300 °C and 400 °C has also been reported 

previously in the literature56.  

However, in the case of too strong H2 plasma conditions in 

the WS2 PEALD process, the reduction reaction is not confined 

to the top surface only, and contributions from sub-surface re-

actions also play a role. The reduction reaction of the WS2 lay-

ers by the H2 plasma was verified by exposing 3 ML of WS2 to 

a H2 plasma for different plasma powers. Indeed, the S/W ratio 

decreases from ~1.9 in the as grown WS2 to 1.5 after plasma 

exposure, as determined by XPS and RBS (Figure 7b). This 

confirms that the H2 plasma reduces part of the WS2 layer cre-

ating a S-deficient layer prone to oxidation in air. Aggressive 

plasma conditions (plasma power higher than 100 W, plasma 

exposure times longer than 20 s) not only result in the formation 

of S-deficient layers, but also create damage to the underlying 

Al2O3 layers. Thus, the plasma parameters need to be carefully 

controlled to confine the reduction as much as possible to the 

top surface only. 

The formation of WS2 occurs by sulfidation by the H2S reac-

tion, the final reaction in the PEALD reaction cycle. This oxi-

dation reaction yields W in the final +IV oxidation state. H2S 

can sulfidize the metallic W or W in intermediate oxidation 

states at and near the top surface at the relatively low PEALD 

temperature of 300 °C. Indeed, we demonstrate this by the in-

situ reaction of H2S with thin W layers. First, a metallic W layer 

of (1.4 ± 0.1)·1015 W at/cm2 is deposited by 65 reaction cycles 

of the WF6/H2 plasma PEALD. Next, this W layer is exposed to 

a single H2S reaction of 60 s or 1.4·107 L at 300 C, as used in 

the PEALD WS2 reaction cycle. WS2 formation is evidenced by 

XPS from both the W4f 7/2 doublet (at ~33 eV) and the S2p 

doublet (Figure 7c). This experiment also indicates that the dif-

fusion of H2S in the W layer is limited at the low temperature 

of 300 C: W layers of (1.4 ± 0.1)·1015 W at/cm2 are only partly 

sulfidized, with about 0.3·1015 W at/cm2 converted into WS2 

(RBS). The amount of S deposited per PEALD WS2 reaction 

cycle is (4.0 ± 0.2)·1013 S at/cm2/cycle. Therefore we conclude 

that H2S can oxidize W surface species even at growth temper-

atures as low as 300°C, provided that the amount of reduced W 

species formed during the H2 plasma reaction is limited. 

Thus, for the H2S to sulfidize all the W formed during the H2 

plasma exposure, the H2 plasma reaction needs to be confined 

to the surface of the WS2. That is, the hydrogen plasma cannot 

reduce more W at and below the surface by sub-surface reac-

tions than can be sulfidized during the next H2S reaction. Thus, 

the H2 plasma conditions need to be carefully controlled to min-

imize these sub-surface reactions and as such the composition 

of the WS2 is controlled. This can be achieved by using mild H2 

plasma conditions (100 W, 8 s–20 s) in combination with long 

H2S exposures of 60 s. When too aggressive H2 plasma condi-

tions are applied (300 W–450 W, > 20 s), or too short H2S ex-

posures (< 60 s), the layers are S deficient layers as both WS2 

and metallic W is present, the latter being oxidized to WO3 by 

air exposure (Figure 2a).  

To conclude, the H2 plasma and H2S reactions have an oppo-

site reactivity in terms of redox behavior, with reduction occur-

ring during the H2 plasma reaction and oxidation occurring dur-

ing the H2S reaction. Mild H2 plasma conditions are needed 

(100 W and exposure times between 10 s and 20 s) to enable 

WS2 deposition. In that case, the reduction and oxidation reac-

tions at (and possibly near) the top surface are completely bal-

anced. Whether or not contributions from subsurface reactions 

occur in these conditions cannot be concluded from the current 

investigation and would require further investigations by in-situ 

characterization techniques. In contrast, sub-surface reactions 

clearly play a role in the case of aggressive H2 plasma condi-

tions (higher plasma power or longer plasma exposure time), 

and explain the formation of S deficient WSx layers. Note that 

sub-surface reactions have been previously proposed to contrib-

ute in other ALD processes, such as Pt-group metals including 

Ru and Pt ALD57–60.  

 

Figure 7. (a) Angle-Resolved W4f XPS spectra for a 0.5 nm W film 

grown by a PEALD process of WF6 and H2 plasma at 300 °C, and  

measured at exit angles of 21 ° and 78 ° with respect to the normal 

of the substrate (65 PEALD reaction cycles of 10 s WF6 and 10 s 

H2 plasma, 100 W, 300 C); (b) S/W ratio as a function of the H2 

plasma power as determined by XPS and RBS for an as grown 

3 ML WS2 layer exposed to a H2 plasma (600 s). The dotted lines 

are guide to the eye; and (c) the Angle-Integrated W4f and S2p XPS 

spectra for a 0.5 nm W film grown by a PEALD process of WF6 

and H2 plasma at 300 °C after a single H2S reaction of 60 s or 

1.4·107 L at 300 C.  



 

Finally, the proposed reaction mechanism can also explain 

the low value of the GPC in the PEALD process of 

(2.2±0.1)∙1013 W atoms/cm2/cycle (RBS) (~0.017 nm/cycle or 

2 % of a WS2 monolayer). The density of –SH sites on the sur-

face is anticipated to be low, as –SH groups exist only at the 

edges of the WS2 crystals and not on the basal plane53. In addi-

tion, direct van der Waals epitaxy on the WS2 basal plane can 

occur by weak adsorption of WF6 on the basal planes or through 

S vacancies or interstitials. 

4. PEALD TEMPERATURE WINDOW – Next, we investi-

gate the impact of the deposition temperature of the WS2 

PEALD process on the GPC and the structure of the WS2 layer. 

We have fixed the PEALD reaction cycle at the optimal condi-

tions for 300 °C, and we also fixed the number of reaction cy-

cles (65) to determine the GPC. As the GPC for each deposition 

temperature is calculated as the average after a fixed number of 

reaction cycles, there might be an influence of the substrate on 

the nucleation of the first WS2 layers and that nucleation behav-

ior can also depend on the deposition temperature. 

We observe that the composition of the deposited layers 

strongly varies with the deposition temperature between 250 °C 

and 450 °C. WS2 with a S/W ratio of 1.8 ± 0.1 (RBS, XPS) is 

grown only at deposition temperature of 300 °C and 450 °C 

(Figure 8a,b). The formation of WS2 suggests that the reduction 

and oxidation reactions are balanced, although the contribution 

of sub-surface reactions cannot be excluded. In contrast, at 

250 °C, the S/W ratio is significantly lower than two (~1, RBS) 

and the layers are partially oxidized after air exposure. This in-

dicates that the sulfidation reaction occurs slower at lower dep-

osition temperature, while the reduction reaction by H2 plasma 

is less affected. The H2S reaction does not reach saturation at 

225 °C. Therefore, not all deposited W species are sulfidized, 

resulting in S deficient layers that consist of WS2 and WO3 after 

air exposure. Thus, it will be necessary to adjust the H2 plasma 

and H2S conditions to yield deposition of WS2 at this lower dep-

osition temperature. Fluoridation of the Al2O3 substrate occurs 

irrespective of the deposition temperature: between 2∙1015 and 

3∙1015 F at/cm2 are detected by XPS, with F bonded mainly to 

Al. 

We do not observe a temperature window where the GPC re-

mains constant, even though the PEALD half-reactions of WF6 

and H2S are self-limiting at 300 °C. Instead, the amount of de-

posited W first decreases and then again increases with the dep-

osition temperature. The average GPC in the first 65 reaction 

cycles first decreases from (4.5 ± 0.1)∙1013 at/cm2/cycle at 

250 C to (0.5 ± 0.1)∙1013 at/cm2/cycle at 400 C (Figure 8a). 

Only small amounts of W are deposited between 350°C and 

400 °C. At 450 °C, the GPC again increases to (3.0 ± 0.1)∙1013 

at/cm2/cycle. A similar temperature dependence is observed for 

the W PEALD process from the WF6 precursor and H2 plasma 

(Figure 8c). That is, the average W GPC decreases with the 

growth temperature between 250 °C and 375 °C, and increases 

again for temperatures up to 450 °C. At all growth tempera-

tures, up 3∙1015 F at/cm2 are detected, similar as observed for 

the PEALD WS2 process.  

The temperature dependence of the GPC might relate to how 

the deposition temperature influences the individual surface re-

actions, in line with the proposed model for the redox chemistry 

of the WS2 PEALD process. Furthermore, since the influence 

of the starting substrate cannot be excluded here, the nucleation 

of WS2 on the starting surface can depend on the deposition 

temperature and as such influence the GPC. Even though the 

amount of AlF3 was found to be independent of the deposition 

temperature, the nucleation of WS2 might still be temperature 

dependent. Note that the starting substrate, the deposition tem-

perature and the type of reactant used in the reaction cycle for 

W ALD processes from WF6 and Si2H6 (or SiH4) have shown 

to influence the nucleation behavior of W films61–64. It is un-

likely the increase in GPC at 450 °C is related to thermal de-

composition of the WF6 precursor, as WF6 starts to decompose 

only at temperatures above 750 °C65.  

In conclusion, further investigation of the saturation behavior 

of the PEALD process at different deposition temperatures as 

well as the corresponding nucleation behavior is beyond the 

scope of this investigation as our results show that this might be 

very complex. Our proposed reaction mechanism nevertheless 

gives the necessary insight that can guide the further develop-

ment of WS2 growth at different temperatures.  

 

Figure 8. (a) W and S GPC and the S/W ratio as determined by 

RBS, and the corresponding WS2 GPC (in nm/cycle) of the PEALD 

WS2 as a function of the deposition temperature. (b) W4f and S2p 

XPS spectra of the WS2 PEALD process for three different deposi-

tion temperatures. The spectra are aligned to the maximum inten-

sity to simplify chemical comparison, and shifted vertically at fixed 

off-set for clarity. The WS2 is grown by the best-known method for 

a 10 s WF6, 10 s and 100 W H2 plasma and 60 s H2S reaction 

(65 PEALD reaction cycles). (c) The W GPC as determined by 

RBS and the corresponding W GPC (in nm/cycle) as a function of 

the deposition temperature for the PEALD W process. The W lay-

ers are grown by a PEALD reaction cycle consisting of a 10 s WF6, 

10 s and 100 W H2 plasma (65 PEALD reaction cycles). A poly-

crystalline 30 nm ALD Al2O3 is used for all deposition tempera-

tures. The dotted lines are guide to the eye. 

 

 



 

Finally, the deposition temperature also affects the crystallin-

ity of the WS2, in particular the orientation of the crystal basal 

planes with respect to the substrate, as reported previ-

ously29,33Error! Bookmark not defined.,Error! Bookmark 

not defined.. At 300 °C, the WS2 has the preferential (0002) 

orientation (Figure 9a-b), and a low mean spread in orientation 

of the basal plane with a (0002) tilt misorientation of ~0.15 ° 

(Figure 3a-b). In contrast, the orientation between the different 

crystal grain basal planes becomes more random at the higher 

growth temperature of 450 °C. That is, the basal planes are lo-

cally misaligned and oriented out-of-plane as evidenced by 

HRTEM micrographs (Figure 9c). Note that WS2 is expected to 

be mechanically strong and flexible, comparable to MoS2 (with 

elastic bending modulus of 9.61 eV for monolayer MoS2
66), 

which might explain the bending of the (0002) planes that can 

be observed locally. At 450 °C, the WS2 has a weakly (0002) 

textured component, as suggested by the broadening of the 

rocking curve (Figure 3b). No sharp feature is observed, sug-

gesting large and random (0002) orientation. The WS2 layer 

was grown on polycrystalline Al2O3 at 450 °C in order to avoid 

the formation of blisters (cf. Supplementary Information). The 

higher surface roughness of the polycrystalline Al2O3 layer 

(~0.3 nm, AFM) might contribute to the more random orienta-

tion of the WS2 (0002) basal planes. 

CONCLUSIONS – The composition, purity and the crystal-

linity of semiconductors directly influences the semiconductor 

properties and therefore these need to be carefully controlled in 

ALD processes for 2D MX2 materials. This paper presents an 

insight in the growth mechanisms of a ternary PEALD process 

for WS2 layers at 300 °C, using a reaction cycle with WF6, H2 

plasma and H2S pulses. Nanocrystalline, strongly textured WS2 

layers with controlled composition (S/W ratio) are grown on 

amorphous Al2O3 substrates. This is realized by confining the 

reactions to the surface and by minimizing contributions from 

sub-surface reduction reactions during the H2 plasma reaction. 

This is provided that the amount of W surface species formed 

during the H2 plasma reaction can be sulfidized during the H2S 

reaction, which is slow at the low deposition temperature of 

300 °C. Such sub-surface reactions have also been reported in 

other ALD processes and typically lead to impurities and de-

fects in the films. In particular for 2D materials, with a high 

surface to volume ratio, such sub-surface reactions should be 

avoided.  

Finally, also the nucleation mechanisms in ALD processes 

determine the crystallinity of the deposited layers. As such, fur-

ther research is needed to obtain fundamental understanding of 

the nucleation mechanisms of ALD grown MX2 material, and 

the impact on the 2D structure (e.g. domain size and alignment) 

and semiconductor properties. 
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