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Thickness control over a large area

Similar to graphite, bulk transition metal 
dichalcogenides form layered structures 
composed of 2D layers stacked on top 
of one another. The chemical formula 
of TMDs is MX2, where M is a transi-
tion metal (e.g. Mo, Ti, W) and X is a 
chalcogen (S, Se, Te). A single 2D layer 
(monolayer) typically consists of hexago-
nally arranged metal atoms sandwiched 
between two planes of hexagonally ar-
ranged chalcogen atoms (figure 1, left 
panel). When moving from bulk to the 
monolayer regime, the electronic band 
structure changes due to so-called quan-
tum size effects, giving the 2D materials 
exciting new electronic properties that 
are not present in bulk material.
Even though layered TMDs can be ob-
tained by techniques such as chemical 
vapor deposition, achieving precise con-
trol over the thickness/number of layers 
has remained difficult. Through its self-
limiting surface reactions, ALD provides 
angstrom-level thickness control, mak-
ing it a promising synthesis technique 
for controlling the number of TMD lay-
ers. In ALD the desired film thickness 
can be achieved by simply varying the 
number of ALD cycles depending upon 
the growth obtained per cycle, as is illus-
trated for WS2 in figure 2a. A monolayer 
is achieved after around 10 ALD cycles 
[1,2]. Owing to the typical ALD charac-
teristics, the control over thickness can be 
realized on both planar and high-aspect 
ratio 3D growth surfaces (figure 2b) over 
large areas (figure 2c) at temperatures be-
low 450°C [1-3]. This makes ALD excel-
lently suited for growing 2D-TMDs over 
demanding 3D electronic structures.

Tailoring the properties of  

2D transition metal dichalcogenides  

by ALD

Two-dimensional transition metal dichalcogenides (2D-TMDs) are 
an exciting class of new materials. Their ultrathin body, optical band 
gap and unusual spin and valley polarization physics make them very 
promising candidates for a vast new range of (opto-)electronics and 
catalysis applications. So far, most experimental work on 2D-TMDs 
has been performed on exfoliated flakes made by the ‘Scotch tape’ 
technique. The major next challenge is the large-area synthesis of 
2D-TMDs with control over their properties by a technique that ul-
timately can be used in industry. This article will focus on ALD for 
large-area 2D-TMD synthesis for application in (opto-)electronics 
and catalysis and will highlight the precise control over the thick-
ness, morphology, composition and phase of the 2D-TMDs that can 
be obtained by ALD.
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Figure 1 High-resolution HAADF-STEM images of cross-sections of ALD-grown 

TiS
2
 and TiS

3
 and corresponding ball and stick models.  

TEM credit: Marcel Verheijen.
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Synthesis of doped TMDs and alloys

Tunable properties such as the carrier 
density and the band gap of TMDs are 
essential for their prospective applica-
tions including nano-electronics but also 
photonics and spintronics. The intrinsic 
TMDs already offer a wide array of mate-
rial properties (semiconducting, metal-
lic, insulating) allowing the selection of 
a TMD that comes close to the require-
ments of a specific application. However, 
for high-performance devices and the 
fabrication of advanced device concepts, 
controllable and finely tunable properties 
are essential. For example, a finely tun-
able carrier density will be essential in 
the fabrication of high-performance na-
noelectronics such as CMOS transistors 
using TMDs; control over the band gap 
can be exploited in photonic devices.
Tunability and control over the electrical 
and electronic properties of TMDs can 
be realized by alloying and doping these 
materials. These materials can be grown 
by ALD by repeatedly switching between 
different ALD processes during deposi-
tion (left panel of figure 3). Because a sin-
gle ALD cycle deposits a sub-monolayer 
of material (figure 2a), fine mixing of the 
constituent materials and excellent con-
trol over the composition can be achieved 
by simply changing the cycle sequence.
This is demonstrated by two showcases: 
Mo1−xWxS2 alloys and aluminum-doped 
MoS2. For Mo1−xWxS2 an ALD supercycle 
recipe was developed in our group and 

we demonstrated excellent control over 
its composition (right panel of figure 3). 
We can tune the luminescence and the 
band gap of this alloy by changing the 
composition. The fundamental mecha-
nisms responsible for this tuning can be 
traced back to the atomic structure of 
the alloy through first-principles simula-
tions. Using a similar experimental ap-

proach, we can grow doped TMDs with 
excellent control over the carrier density. 
In the approach we developed, the car-
rier density of the semiconductor MoS2 
can be tuned between 1017cm−3 (insula-
tor like) up to 1021cm−3 (near metallic), 
covering the range of carrier densities 
needed for advanced nanoelectronic de-
vice concepts.

Figure 2 (a) Thickness as a function of number of cycles for an ALD process 

for ALD of WS
2
 [1]. (b) Transmission electron microscopy image of MoS

2
 layers 

having similar thickness profiles in a high-aspect ratio trench structure [2]. 

Uniformity map of a 4 inch wafer covered by plasma-assisted ALD WS
2
 measured 

by spectroscopic ellipsometry [1]. TEM credit: Marcel Verheijen.

Figure 3 (Left) Alloys can be synthesized in a highly controlled manner by ALD by using the so-called supercycle approach, 

where ALD cycles of the constituents (i.e. material A and B in the illustration) are performed in an alternating fashion. (Right) 

Measured composition and stoichiometry of Mo
1−xWxS2

 alloys as a function of the supercycle ratio.
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Tailoring the morphology

The applications of TMD layers are also 
governed by their morphology. When 
the 2D-TMD layers are aligned hori-
zontally to the substrate surface they are 
promising candidates for applications in 
(opto)-electronics due to their high car-
rier mobility and sizeable bandgap. How-
ever, when the 2D-TMD layers are verti-
cally aligned with respect to the substrate 
surface they expose a high density of 
reactive edges of the basal planes, which 
make them ideal for electrocatalytic ap-
plications such as water splitting [4]. We 
have recently shown that the use of vari-
ous plasmas during the co-reactant step 
(plasma-assisted ALD or plasma-en-
hanced ALD, PEALD) can be exploited 
to tailor the 3D morphology of the 2D 
layers and in such influence the catalytic 
performance of these films [2]. Figure 4 
illustrates that the morphology of verti-
cally aligned 2D WS2 layers can be varied 
by modulating the plasma gas composi-
tion (H2/H2S ratio) in the co-reactant 
step. This has a direct influence on the 
number of edge sites and consequently, 
the catalytic performance of WS2  films 
[2].

While vertically aligned 2D-TMDs are 
ideal for catalysis applications, these ver-
tically aligned structures are undesirable 
for nanoelectronic applications, as they 
hinder charge transport and consequent-
ly raise film resistivity [5]. We developed 
an approach to suppress the growth of 
the in this case undesired 3D structures, 
and grow only horizontally aligned 2D 
layers during ALD. In this ALD pro-
cess an additional plasma step (Ar or 
H2 plasma) is added to the original two-
step plasma-assisted process [6]. This 
approach reduces the density of out-of-
plane structures by ~80% (figure 5c, d) 
and consequently, lowers film resistivity 
by an order of magnitude. We confirmed 
that the suppression of vertical 3D struc-
tures goes hand in hand with grain size 
enhancement together with other physi-
cochemical effects.[6].

Phase control by ALD

In addition to the 2D TMDs, there is 
a class of layered materials involving 
analogous elements, but with a transi-
tion metal to chalcogenides ratio of 3 
(figure 1, right panel). These materials 
are known as transition metal trichalco-

genides (TMTs) and also exhibit a wide 
variety of electronic properties (metal-
lic, semiconducting, superconducting). 
Some TMD / TMT pairs have comple-
menting properties. For instance, TiS2 
(TMD) is a metal/semimetal, while TiS3 
(TMT) is a semiconductor. Therefore, 
controlling phase transitions between 
TMDs and TMTs during synthesis could 
lead to direct tailoring of the electrical 
characteristics of these low-dimensional 
materials and could offer new possibili-
ties for device fabrication.
In our lab, we demonstrated a novel low 
temperature (<400°C) processing ap-
proach that can modulate the crystal 
phase of transition metal chalcogenides 
through atomic layer deposition [7]. 
Phase-control between the metallic TiS2 
and semiconducting TiS3 phases was 
achieved by carefully tuning the co-reac-
tant (H2S gas vs plasma) and deposition 
temperature during ALD. The two mate-
rial phases were differentiated using a va-
riety of characterization techniques. Their 
corresponding properties were further 
discerned by electrical measurements re-
vealing the low resistivity of metallic TiS2 
films and by photoluminescence attesting 
the direct bandgap of TiS3. Our ALD pro-
cess is the first reported low temperature, 
scalable synthesis process for any TMT-
class material. It also sets the foundation 
for achieving electrical property modu-
lation through phase-control in low-di-
mensional materials during synthesis.

Conclusion

Our recent progress in the field of atomic 
layer deposition of two-dimensional 
transition metal chalcogenides showcas-
es that ALD could enable large-area, low 
temperature, 2D transition metal chal-
cogenide growth, with precise control 
over the material thickness, morphology, 
doping and crystal phase. Although there 
are still challenges to tackle, such as fur-
ther grain size enlargement and defect 
control, this lays the foundation for ALD 
as an enabling technique for large scale 
2D transition metal chalcogenides appli-
cations.

Figure 4 (a-b) Schematic illustration and electron microscopy images of WS
2
 

layers with different morphologies realized for electrocatalytic water splitting. 

The layers were synthesized using (a) H
2
S and (b) H

2
 + H

2
S plasmas in separate 

plasma-assisted processes. The layers synthesized with H
2
S plasma had a high 

density of edge sites and thus a better catalytic performance [5]. TEM credit: 

Marcel Verheijen.
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Figure 5 (a) Top-view and (b) cross-section transmission electron microscopy 

images showing the growth of undesired 3D structures along with the desired 

horizontal WS
2
 layers deposited using a regular ALD process. Corresponding (c) 

top and (d) cross-section images showing the suppression of the undesired 3D 

structures by our novel ALD process involving an additional plasma (Ar or H
2
) 

step. The 3D structures can be identified by their brighter contrast in the top-

view images (a) and (c). TEM credit: Marcel Verheijen.

Ageeth is professor at Eindhoven 
University of Technology with 
expertise in the synthesis and in-
tegration of nanomaterials. Cur-
rently, her main focus is on atomic 
layer deposition of 2D materials 
for electronics, photonics and ca-
talysis.

7 S.B. Basuvalingam, Y. Zhang, M. Blood-
good, R. Godiksen, A. Curto, J.P. Hof-
mann, M.A. Verheijen, W.M.M. Kes-
sels, A.A. Bol, Chemistry of Materials, 31 
(2019) 9354.


