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2D MoSe2 Structures Prepared by Atomic Layer
Deposition
Milos Krbal, Jan Prikryl, Raul Zazpe, Filip Dvorak, Filip Bures, and Jan M. Macak*
Here, we demonstrate the preparation of 2D MoSe2 structures by the atomic
layer deposition technique. In this work, we use ((CH3)3Si)2Se as the Se precursor
and Mo(CO)6 or MoCl5 as the Mo precursors. The X-ray photoelectron
spectroscopy (XPS) analyses of the prepared samples have revealed that using
the MoCl5 precursor the obtained structure of MoSe2 is nearly identical to the
reference powder MoSe2 sample while the composition of the sample prepared
from Mo(CO)6 contains a significant amount of oxygen atoms. Further inspection
of as-deposited samples via scanning electron microscopy (SEM), X-ray diffraction
(XRD), and Raman spectroscopy has disclosed that the MoSe2 structure based
on MoCl5 is formed from randomly oriented well crystalline flakes with their size
�100nm in contrast to the Mo–Se–O compact film originating from Mo(CO)6.
A few years ago, the success of graphene opened a door for a new
class of chalcogenidematerials with unique properties that can be
applied in the semiconductor technology. This class is so-called 2D
transition-metal dichalcogenides (TMDCs)[1–4] represented by a
generic formula MX2, where M is a IV–VI transition metal atom
(IV–Ti andZr;V–VandNb;VI–MoandW)andX is chalcogen (S,
Se, or Te). They possess a layered crystal structure where triple
layers in TMDCs (such as X-TM-X) are weakly coupled by van der
Waals forces, which determine the 2D nature of the crystalline
phases. In contrast to graphene,monolayers of 2DTMDCpossess
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a direct band gap[5] that is crucial for
optoelectronic applications.[3] Additionally,
the direct band gap can be easily tuned by
either chemical composition[6,7] or external
stimuli, such as external fields[1] or external
pressure.[8,9] Next to the optoelectronic
applications, where a monolayer planar
structure is necessary to employ, a layer
of standing flakes, which possesses a
large surface area, can be used in fields of
a hydrogen evolution,[10,11] a photodegra-
dation of organic dyes[12] or as electrodes
in Li ion batteries.[13,14]

Inprinciple,TMDCscanbepreparedintwo
ways, i.e., top-down and bottom-up techni-
ques.[3] Top-downfabricationmethods include
mechanical and chemical exfoliation based on direct ultrasonication
and ion intercalation whereas the bottom-up deposition methods,
suchas chemical vapordeposition (CVD)andatomic layerdeposition
(ALD) growth techniques, serve to fabricate large area layers with
monolayer precision. MoS2, a typical representative of TMDCs, has
beenwidely studied formany applications. Recently, the possibility to
employALDasa technique to growMoS2hasbeen reported. In these
works (CH3)2S2

[15] or H2S
[16,17] were used as the S precursor and

Mo(CO)6,
[15]MoCl5

[16] orMo(thd)3
[17] as theMoprecursors. From the

practical point of view, MoSe2 is even more interesting than MoS2
sinceMoSe2possessesahigherelectricalconductivity thanMoS2

[18,19]

which is extremely important in electrochemical applications such as
solar cells, batteries, supercapacitors, and electrocatalysis.[19] To the
best authors’ knowledge, there is no report on 2D MoSe2 films or
flakes deposited by ALD.

To close this gap, we deposited MoSe2 structures on fused silica
substratesbyALDusing((CH3)3Si)2SeastheSeprecursor,

[20,21]which
has been recently developed for selenides, and the aforementioned
Mo(CO)6 or MoCl5 as the Mo precursors to reveal the effect of Mo
precursors on the MoSe2 growth. The ALD growth was conducted
under the same conditions except of the deposition temperatures
which were 167 and 300 �C for Mo(CO)6 and MoCl5, respectively,
since Mo(CO)6 decomposes above 175 �C.[22] The quality of
as-prepared films or flakes was subsequently inspected by X-ray
photoelectron spectroscopy (XPS), scanning electron microscopy
(SEM), X-ray diffraction (XRD), and UV-Vis spectrophotometry.

Results and Discussion: The compositional analyses of the as-
prepared MoSe2 structures deposited on fused silica substrates
wereperformedbyXPS.Figure1 showsXPSspectra forMo3dand
Se 3d core levels of as-deposited MoSe2 structures prepared by
ALDusingMo(CO)6 andMoCl5Mo precursors and compared to a
MoSe2 powder reference sample. It is obvious at a first sight that
the compositionof the sample prepared fromMo(CO)6 is different
from the sample prepared fromMoCl5 and the reference sample.
by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. XPS spectra for Mo 3d (left) and Se 3d (right) of as-deposited
MoSe2 structures prepared by ALD using Mo(CO)6 or MoCl5 as Mo
precursors and ((CH3)3Si)2Se as the Se precursor. MoSe2 powder sample
is the reference material.

Table 1. Contribution of elements to XPS signal, %.

Elements Mo Se C O

Mo(CO)6 16 25 21 38

MoCl5 22 35 26 17

MoSe2 powder 10 16 70 7

Figure 2. SEM images of as-deposited MoSe2 thin films or flakes,
prepared by ALD usingMo(CO)6 or MoCl5, respectively, as Mo precursors
and ((CH3)3Si)2Se as the Se precursor.
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The deeper analysis of Mo 3d core levels disclosed that the XPS
spectra of all samples are a mixture of Mo(IV)–Se (light blue) with
the binding energy EB(3d5/2)¼ 229.1 eV,[23,24] Mo(IV)–Se/O
(light green) with EB(3d5/2)¼ 229.9 eV,[25] Se 3s (orange) with
EB(3s)¼ 230.5 eV[25] and Mo(V/VI)–O (dark blue) with EB(3d5/2)¼
231.6 eV/233 eV[26–28] (theMoOxcomponentsaredrawntogether for
better clarity in Figure 1). The position of EB(3d5/2) for Mo(IV)–Se
indicates 2H MoSe2 phase.

[29] The corresponding spin–orbit split
doubletsofMo–SeandMo–Sex–Oydepicting theSe

2–oxidationstate
withEB54.7and55.4 eV,

[25] respectively, are identified in theSe3d in
Figure 1.ComparisonofMo3dandSe 3d core levels for as prepared
samples from different Mo precursors with the MoSe2 reference
sample clearly manifests that the composition of flakes of MoSe2
deposited from MoCl5 is nearly identical to the reference sample
whereas a significant contribution of MoOx component can be
found in the thinfilmgrown fromMo(CO)6.The strongoxidationof
the latter sample is further corroborated with the presence of Se-
oxide (magenta) with EB(3d5/2)¼ 56.1 eV[26,27] and Se-suboxide
(yellow) with EB(3d5/2)¼ 59.1 eV[26,27] observed in Se 3d spectrum.
No trace of elemental Se was detected in any samples. Based on the
quantitative analysis ofMo 3d, Se 3d, andO 1s (not shown) spectral
areas, the elemental ratio ofMo:Se:O corrected on sensitivity factors
are written in Table 1.

Figure 2 demonstrates the morphology of as-deposited Mo-Se
films (present uniformly on the whole area of fused silica
substrates with the size of 2.5� 1.5 cm) which was monitored by
Phys. Status Solidi RRL 2018, 12, 1800023 © 21800023 (2 of 4)
a field emission scanning electron microscope. The SEM image
of MoSe2 thin film deposited from Mo(CO)6 unveiled that the
surface of the fused silica substrate is evenly covered. However,
no sign of typical crystalline structures of TMDCs such as plane
triangles or standing flakes can be observed. On the other hand,
MoSe2 grown fromMoCl5 at 300 �C is formed from well evolved
standing flakes with an average size of 100 nm attached to a thin
underneath base layer. Larger magnification SEM top-view
images of the same samples are shown in Figure S1, Supporting
Information. Cross-sectional images of MoSe2 flake layer (from
the MoCl5 precursor) are shown in Figure S2, Supporting
Information and reveal thickness of the base layer on the scale of
�10 nm. It is fair to point out that the ALD growth of MoSe2
from the latter Mo precursor at 200 �C, which is comparable
temperature to the former Mo precursor, led to the formation of
small islands with unknown composition, as shown in
018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Raman spectra of as-deposited MoSe2 structures prepared by
ALD using Mo(CO)6 (blue) or MoCl5 (red) with out-of-plane (A1g) and in-
plane (E12g) vibration modes.
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Figure S3, Supporting Information along with SEM images of
the MoSe2 reference powder sample.

We studied the crystallinity of the films and flakes using XRD
in grazing incidence geometry. We performed background
subtraction using FullProf software package[30] to remove the
XRD signal of the glass substrate. One can see from Figure 3 that
the XRD spectrum of the thin film deposited from Mo(CO)6
contains a single peak at 2θ¼ 14.4� in contrast to the XRD
pattern of the MoSe2 sample grown from MoCl5 which is
characterized by three peaks at 2θ¼ 15.9�, 2θ¼ 36.95�, and
2θ¼ 66� corresponding to the (002), (100), and (110) planes of
hexagonal MoSe2.

[31] In comparison with the reference powder
sample, the positions of crystallographic planes of ALD MoSe2
grown from MoCl5 perfectly match with those of the reference
sample which indicates that we have prepared well crystalline
single phase of 2H MoSe2. Regarding the structure of the ALD
film prepared from Mo(CO)6, the single peak is shifted toward
lower 2θ than in pure MoSe2. This shift can be attributed to the
substitution of some Se by O within the MoSe2 structure which
is supported by the XPS analysis. Further, the intensity of the
only one peak is four times lower comparing to the ALD MoSe2
film prepared from MoCl5, which might lead to the conclusion
that the crystalline phase co-exists with the amorphous MoOx

phase.
Raman spectroscopy is a powerful tool to evaluate the quality

of prepared TMDCs and their number of layers. We investigated
the vibration modes of MoSe2 fabricated from Mo(CO)6 and
MoCl5 shown in Figure 4. Using an excitation wavelength of
532 nm, the MoSe2 sample deposited from the MoCl5 precursor
consists of the characteristic out-of-plane A1g mode at 241 cm�1

and the weak in-plane E12gmode peaking at 287 cm�1 which is in
excellent agreement with published Raman spectra of
MoSe2.

[32,33] In contrast, MoSe2 film prepared from Mo(CO)6
contains peaks at 238, 256, 285, and 299 cm�1. The latter
vibration can be attributed to MoO3.

[34] The vibration at
�285 cm�1 is presented in both MoSe2 and MoO3 phases.

[32,35]

Since vibrations at 238 and 256 cm�1 are close to pureMoSe2 and
MoO3 we assign them to Mo–Sex–Oy.
Figure 3. XRD patterns of as-deposited MoSe2 structures prepared by
ALD using Mo(CO)6 (blue) or MoCl5 (red). The black line represents
MoSe2 powder sample as the reference material.
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Finally, we investigated optical properties of ALDMoSe2 films
or flakes. Figure 5 shows absorbance spectra of ALD MoSe2
structures deposited from both Mo precursors. One can see that
excitons, which correspond to the splitting of the valence band by
spin orbit coupling,[3,32] are generated only in the MoSe2 sample
deposited from the MoCl5 precursor. Since the presence of
excitons is associated with the crystal symmetry in Brillouin
zone,[36] the observation of this phenomenon confirms as well
the high crystalline quality of prepared MoSe2 flakes using the
MoCl5 precursor. In the case of bulk MoSe2, the A and B
excitonic transitions at 300K were localized at 1.54 and
1.81 eV.[37] On the other hand, it has been recently reported
that the position of B excitonic feature for monolayered MoSe2
was slightly shifted to lower photon energies in comparison with
the bulk MoSe2.

[38] We found that A and B excitons for ALD
MoSe2 layer are positioned at 807 (1.54 eV) and 710 nm (1.75 eV)
which are in good accordance to previously reported values for
monolayered MoSe2

[38] indicating that the MoSe2 deposited by
Figure 5. Absorbance spectra of as-deposited MoSe2 structures prepared
by ALD using Mo(CO)6 (blue) or MoCl5 (red) as Mo precursors and
((CH3)3Si)2Se as the Se precursor. The inserted figure shows the region of
excitonic features labeled A and B.

018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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ALD possesses 2D layered character rather than the bulk
structure.

In conclusion, we have demonstrated the preparation ofMoSe2
structuresby theALDtechniqueusing ((CH3)3Si)2SeandMo(CO)6
or MoCl5 precursors. Upon characterization of as prepared
materials by several techniques, we found that high quality
crystalline MoSe2 flakes can be obtained from the MoCl5
precursor, in contrast toMoSe2 films withMoOx content obtained
using Mo(CO)6 precursor. We believe that the developed
methodology can pave the way to advanced MoSe2 structures
with tailored properties and further prospective applications.
Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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