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We report the first gradient aerosol chemical vapor deposition
approach to fabricate vertically graded Mo,W; ,S, and W,Mo, ,S,
thin films.

Compositionally graded films are a promising class of advanced
materials with applications in a range of fields' such as thermo-
electric energy conversion,” electrocatalysis,® photoelectrocatalysis,”
photocatalysis,” photovoltaics,” photonics,” optoelectronics,®
sensors,” corrosion, wear, thermal shields,'* and biomedicine.*
Compositionally graded thin films are distinguished from homo-
geneous thin films by spatial variation in elemental or crystal-
lographic composition. Spatial grading of a thin films composition
the may allow optimization of the physical properties of thin films
such as electrical and optical properties and thermal transport.*
It may also result in improved efficiencies in, for example, water
splitting,® and enhanced device stability against degradation in
challenging environmental conditions.'® Compositional varia-
tion can either be lateral (in the x/y-dimension)>* or vertical (in
the z-dimension),*® with the latter far more useful for device
fabrication.

In compound semiconductors, particularly isostructural and
isoelectronic inorganic semiconductors such as Bi,S;/Sb,S;,
MoS,/WS,, or PbS/PbSe, the metal and/or non-metal components
can be substituted within the crystal structure with little thermo-
dynamic penalty, allowing control over composition, with negli-
gible impact on phase stability and with crystallographic lattice
parameters obeying Vegard’s law as a function of mole fraction.®
However, the compositional changes in many cases does have a
significant impact on the electronic and/or optical properties of
these materials, allowing, for example, bandgap engineering of
materials as a function of composition.®*'* Compositional con-
trol thus enables these semiconductors to be highly tuneable,
enabling tailored functional and physical properties, and this has
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been demonstrated by myriad theoretical, computational, and
experimental studies.>®*>

Aerosol assisted chemical vapor deposition (AA-CVD) using
single source precursors is a well-developed, effective technique
toward thin film deposition.’**® It has become popular pri-
marily because the requirement for volatile precursors that is
crucial in other CVD techniques is relaxed by the nature of the
precursor delivery in AA-CVD, and thus a wide range of precur-
sors, often inorganic complexes, have been used to produce materi-
als. Indeed, AA-CVD has been previously exploited to deposit films
with laterally graded composition for Ga,In,_,0s,"” and TiO,/SnO,’
using in situ precursor mixing and for producing multi-layer films
via multiple deposition steps.'® However, to the best of our knowl-
edge, deposition of compositionally graded films in the vertical
direction has not yet been achieved using this technique. In this
paper, we demonstrate a new aerosol CVD methodology - gradient
aerosol chemical vapour deposition (-CVD) — which can deposit
vertically graded metal sulfide thin films. We use Mo-W-S alloys as
an exemplar system to showcase the approach.

The experimental setup for depositing vertically graded thin
films is shown in the ESIT (Fig. S3). A programmable precursor
feed introduces [Mo(DTC),] and [W(S)S,(DTC),] to a digital
ultrasonic humidifier. These precursors were chosen as they
individually decompose to produce MoS, and WS,, which are
isostructural transition metal dichalcogenides.'®' They are
also able to produce the full range of Mo,W;_,S, alloys when
the precursors are co-decomposed in a relatively narrow tem-
perature range commensurate with each other, which has been
demonstrated in both solventless thermolysis and in AACVD
experiments.'>"*?! The generated aerosol from the dual feed of
precursors is carried to the reactor vessel (pre-heated to 450 °C)
with an argon carrier gas. This setup allowed the incorporation
of both Mo and W into the deposited thin film, with the levels
of each element delivered by the precursor feed changing over
the course of the experiment. Table S1 (ESIY) gives details of the
syringe pump parameters over the course of a typical deposi-
tion. By increasing Mo concentration and decreasing W
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Fig. 1 (a) Grazing incidence powder X-ray diffraction (GI-XRD) patterns of
Mo,W; S, and W,Mo,_,S, thin films compared to a standard 2H-MoS;
powder pattern. (b) Raman Spectra of Mo,W;_,S, and W,Mo,_,S; thin films.
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concentration over time in the precursor feed we were able to
produce vertically graded Mo,W, _,S, thin films. By increasing
W concentration and decreasing Mo concentration over time in
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the precursor feed, we were able to produce vertically graded
W,Mo,_,S, thin films. In both cases, x is defined as 0 at the
substrate interface with the metal chalcogenide.

Grazing incidence powder X-ray diffraction (GI-XRD), with
an incidence angle of 3° was used to confirm that a single
crystalline phase was achieved for both types of graded deposi-
tions as shown in Fig. 1(a). Both diffraction patterns were
indexed to isostructural hexagonal 2H-molybdenite/tungstenite
phases. Reflections centred at ca. 14.3°, 33.3°, 39.0°, 58.6°, and
60.6° were observed, corresponding to the (002), (101), (103),
(110), and (112) Bragg planes, respectively.*” We compared this
data to that of binary MoS, and WS, thin films and a ternary
Mo, sW, 5S, film which were deposited by standard AA-CVD and
characterised by GI-XRD (Fig. S4(a), ESIT). All peaks present in
the diffraction pattern can be assigned to the desired material
suggesting there were minimal crystalline impurities. Rietveld
refinements were also undertaken on all XRD patterns to extract
crystalline unit cell parameters. Two isostructural intermetallic
phases based on the 2H-molybdenite phase were allowed to
refine independently to encompass the broad range of unit cell
parameters observed in the sample, until a fit of acceptable
quality (R, < 10) was reached (Table S2 and Fig. S5, ESIt). The
fit predicts that both phases were significantly expanded along
the unique axis in comparison to the bulk binary phases (which
are very close to one another due to the similar ionic radius of
Mo and W), which suggests that there may be significant
residual stress within the sample. The final fit also revealed
substantial preferred growth in the (002) plane for the one of the
included phases and in the (101) plane for the other phase. We
observed very similar behaviour when refining the patterns of
the binary MoS, and WS, (Fig. S4 and S5, ESIt), suggesting the
variation is not caused by differences in composition of the film.
Preferred orientation in the (002) plane has previosuly been
observed in MoWS thin films deposited by AA-CVD.'*'2°
Raman spectroscopy (Fig. 1b) was also used to further confirm
molybdenite/tungstenite formation, with peaks associated with
the E,, (assigned to WS,, 352 em™ '), E,, (assigned to MoS,,
374 em™ '), and A;, (M0S,/WS,, 415 cm™ ') phonons all present,

consistent with previously reported Mo-W-S, alloys.">"*
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Fig. 2 Representative secondary electron (SE) micrographs of the deposited thin films. (a) W,Mo,_,S,, (b) Mo,W;_,S,, and (c) plots of the thickness of the
thin films as measured by cross-sectional SEM, W,Mo;_,S,, and Mo,W;_,S,. were prepared by GA-CVD and the two MogsWpsS, by AA-CVD. The
quantity of precursors used for the thin film samples with greater thickness (i.e., the two taller bars) is twice the amount used in preparing the other two

thin film with a thickness of ~0.8 um. Scale bars represent 5 pm.
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Scanning electron microscopy (SEM) coupled to energy
dispersive X-ray (EDX) spectroscopy was used to measure ele-
mental homogeneity laterally across the films. SEM-EDX
images are shown in Fig. S9 (ESIt) and show an even incorpora-
tion of Mo, W, and S across the thin films.

The morphology of the Mo,W,;_,S, and W,Mo;_,S, film
surfaces was assessed using secondary electron SEM imaging.
The images in Fig. 2(a and b) reveal that densely packed, floret
(WMo, _,S,) and vertically aligned lamellar (Mo,W;_,S,) crys-
tallites were formed, which were evenly distributed on the
entire substrate. These morphologies are consistent with a
previous report of synthesised Mo, ,W,S, (0 < x < 1) thin
films fabricated via AA-CVD." Cross-sectional SEM (Fig. S8(a
and b), ESI{) imaging showed that a continuous film was
deposited, with a thickness of ca. 0.8 pm and 1.5 pm for
Mo,W; _,S, and W,Mo, _,S, films, respectively. The discrepancy
in the film thickness arises from the fact that W,Mo,_,S, was
synthesized using twice the combined molar quantity of pre-
cursors compared to that used for Mo,W,_,S, (see Table S1,
ESIt). This was intentionally undertaken to demonstrate that
compositional gradients can be achieved at varying film thick-
ness, showing the tailorable nature of this method.

Glow discharge optical emission spectroscopy (GDOES) is an
ablative elemental analysis technique that was used to investigate
the elemental composition of the films as a function of their
thickness. The lateral x/y resolution is 500 pm. Fig. 3(a and b)
shows that as one metal signal linearly increases in intensity in
the z-dimension the other is diminished linearly: this matches
with the profile of the delivery of the precursors within the
aerosol feed in the production of both Mo,W; ,S, and
W,Mo, _,S, films. This depth profile analysis confirms the suc-
cessful fabrication of crystalline thin films with a vertically
graded metal sublattice. As a control experiment, the GDOES
elemental depth profiling of Mo and W was also performed on
the Mo, sWy 5S, thin film deposited with the standard AA-CVD
experiment. We found a near constant composition across the
whole depth of the film in the z-dimension, with hardly any
elemental variation in Mo or W, unlike the compositionally
graded films produced by GA-CVD (Fig. S10, ESIt). This, along-
side the Raman and GI-XRD data suggest that GA-CVD allows
fabrication of vertically graded semiconductor thin films. Given
the wide array of extant literature on AA-CVD which includes
examples of deposition of inorganic, organic and hybrid materi-
als, it is likely that myriad other functional thin films will now be
possible through vertical grading.'**¢2°

In conclusion, a rapid and facile approach - gradient aerosol
chemical vapour deposition (GA-CVD) - toward fabricating verti-
cally graded thin films with full compositional control over metal
stoichiometry in the z-dimension has been developed. We have
demonstrated the utility using the Mo,W,;_,S, and W,Mo;_,S,
systems (where x = 0 at the substrate-metal chalcogenide interface)
as exemplars. Linear control over the metal stoichiometry in the z-
dimension has been achieved in these crystalline thin films in
both cases. Given the now large library of metal-organic precursors
available from the literature on AA-CVD, it is more than likely that
GA-CVD can be easily expanded to further materials beyond the
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Fig. 3 Glow discharge optical emission spectroscopy (GDOES) plots
revealing spatial changes in composition of Mo and W as a function of
depth in deposited thin films. (a) Mo,W;_,S, and (b) W,Mo;_,S,.

Mo,W,S, system. Broadly speaking, this new technique could also
overcome the myriad challenges associated with lattice matching
strain, adhesion, contamination and stability at the interfaces of
successive depositions that have been observed perennially in the
CVD literature, the elimination of which are important in the
manufacture of semiconductor devices.**
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