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We have deposited WS, thin films on Si, SiO»/Si, and sapphire substrates by reactive sputtering from a WS, target
in an Ar/Hj,S atmosphere. We demonstrate that it is possible to deposit (001)-textured tungsten sulfide films that
are thicker than 100 nm. However, the sputtered films are slightly substoichiometric with a composition of
WS1.94. Films were deposited at different processing pressures (0.67 Pa—6.67 Pa), substrate temperatures (up to
700 °C) and relative amounts of HyS (0%-100%) in the gas mixture. Structure, morphology, composition, and
resistivity of the films were investigated for the different processing conditions. Results from X-ray diffraction
show that best crystallization was achieved for the highest substrate temperatures and processing pressures. We
show that the addition of HyS may help obtaining fully stoichiometric films and reduce the risk of losing the
(001) texture for thicker films. The challenges of obtaining an epitaxial and fully stoichiometric film are pointed
out and suggestions on how to modify the process parameters in order to obtain films with even higher quality

are presented.

1. Introduction

The discovery of graphene triggered extensive research efforts
focused on synthesis and characterization of promising two-dimensional
(2D) materials [1-4]. An issue with graphene is its lack of a band-gap,
making it difficult to integrate this material into electronic applica-
tions. Therefore, the focus has lately shifted to semiconducting 2D ma-
terials. More than 5000 different compounds featuring a layered 2D
structure have been identified so far [5]. A large number of 2D materials
have already been successfully synthesised and thoroughly studied.
Examples of such developed 2D materials are graphene, hexagonal
boron nitride (h-BN), transition metal dichalcogenides (TMDCs),
MXenes, silicene [6], phosphorene, germanene, etc. [2,7]. These com-
pounds hold large diversity of electronic properties, ranging from in-
sulators and semiconductors over to semimetals and metals.
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TMDCs are a family of semiconducting 2D materials that has
attracted much interest recently. Unlike graphene which has all the
atoms in the same plane, each monolayer (ML) of a TMDC material
normally consists of one plane of transition-metal atoms sandwiched
between two planes of chalcogen atoms with a covalent bonding ar-
ranged in a trigonal prismatic network. The monolayers are bonded to
each other by weak van der Waals forces that can easily be broken. There
are no dangling bonds on either surface of each layer making the sur-
faces very stable and non-reactive. Among the transition metals, the
most studied are Mo or W, while the chalcogen are S, Se, or Te. These
materials with S or Se typically have optical band gaps in the range of
1-2 eV combined with a substantial exciton binding energy resulting in
even larger electronic band gaps [7,8]. WTe; is on the other hand a
semimetal. Moreover, the TMDCs typically have tuneable bandgaps that
decrease with the film thicknesses and there is also a transition from
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direct to indirect band gap as the film thickness goes from one mono-
layer to several monolayers. In addition, these materials generally have
a rather high carrier mobility (>100 em? vls™h [7,8]. The most
frequently studied TMDC materials are MoS; followed by WS,.

This work deals with WS, which has superior electronic properties
compared to several other TMDCs as described below. Further, WS,
exhibits a very strong light-matter interaction and it has been shown that
a ML of WS, can absorb up to 10% of the incident visible light [9,10].
This property implies a very large absorption coefficient of ~1.5 x 108
cm ! [9]. WS, has therefore potential in various optoelectronic devices,
e.g. photodetectors [11] and light-emitting devices [12]. It has further
been demonstrated that WS, can be integrated in high-performance
memristor devices [13]. Moreover, WS, has the highest theoretically
calculated electron and hole mobilities of all MX5 (M = Mo, W; X =S, Se)
materials.

The distance between each layer in 2D WSy is about 0.65 nm. There
are no dangling bonds on either surface of each layer making the sur-
faces very stable and nonreactive. Due to the weak van der Waal forces
between the layers, the WS, crystal can be easily exfoliated. The stable
coordination of W is trigonal prismatic, referred to as the 2H phase
(which is the polytype found in nature). The unit cell of 2H WS, extends
over two layers with the S atoms of the second layer sitting on top of the
W atoms of the first layer and vice versa [7,8]. The optical gap changes
from a direct gap of 2 eV for ML WSy, to an indirect gap of around 1.5 eV
for 2 ML and approximately 1.3 eV (indirect gap) for 5 ML and thicker
films. Thus, bulk properties are obtained for 5 ML thick films. This
property is analogous to other TMDC materials. It should be kept in mind
that there is a difference between the electronic band gap and the optical
gap. This difference is determined by the exciton binding energy which
is 0.7 eV for ML thick WS and significantly smaller for thicker WS films
[7,8]. Thus the electronic band gap is approximately 2.7 eV for one ML
thick WS, films. When considering all phonon branches, the room
temperature (RT) electron and hole mobilities in ML WS are found to be
320 and 540 cm? V's7!, respectively [14]. When only long wave
acoustic phonons are considered, ML WS, is predicted to have an RT
electron mobility of 1103 cm? V1571 [15]. This fact indicates that WS,
has an enormous potential as transistor channel material. The thinness
will suppress short-channel effects, which enables further downscaling
of transistors. Transistors made from 2D WS, have demonstrated large
ON/OFF current ratios (>10°) [1 6,17]. However, the carrier mobilities
of such WSs-based transistors are still relatively low as compared with
theoretical predictions. High-performance transistors will require a high
quality WSy as channel material. Crystal defects, such as S vacancies, are
an intrinsic reason for significantly reduced carrier mobility [18,19].
Structural defects must therefore be avoided or repaired in order to
realize high mobility 2D WS, transistors.

Apart from the ability to synthesize high quality WS, films, the
technique used for such synthesis must also be scalable and cost effective
in order to enable integration into various electronic applications. The
weak van der Waals interaction between the layers in the WSy crystal
facilitates top-down synthesis techniques such as mechanical exfoliation
by scotch tape. Other top-down techniques include liquid phase exfoli-
ation and various types of intercalation followed by exfoliation [8] Such
top-down methods are, however, not scalable and viable for large scale
production and further they are not suitable for electronic applications
due to the presence of process residues. There are solution-based bot-
tom-up routes which involve chemical reactions in the liquid phase at
elevated temperatures that are suitable for high-yield mass production
but these methods do not allow for very high controllability over the
crystal quality and electrical properties [8]. Another method is
post-sulfurization/annealing (>650 °C) of seed films consisting of
W/WOy [20-23]. However, the quality of the 2D WS, film depends
strongly on the quality of the seed film and sulfurization process. Nor-
mally, the uniformity and quality of the films is relatively poor with
small grain sizes and high defect density. One example of a scalable
technique that also enables high quality films in industrial production is
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chemical vapor deposition (CVD) [7]. Kang et al. demonstrated CVD
synthesis of one ML thin WS;, films over a full 4” wafer for the first time
[24]. However, this WS, material exhibits an electron mobility of 5 cm?
V157! and has a very low growth rate of 26 h for full coverage over a
wafer. Furthermore, the grain size is relatively small (about 1 pm) with
random in-plane orientation. Other groups have also demonstrated
growth of WS, thin films by CVD [25-27]. Another example of a scal-
able, cheap, relatively simple, and industrially compatible technique is
sputtering. To be able to deposit a WS, film without the need for
post-sulfurization, it is necessary to provide sulfur as a source material in
the process. Sulfur can be provided from the target (WS target), from a
reactive gas (HzS), from an additional sulfur evaporation source, or from
a combination of these. Extensive and thorough work has been carried
out by Ellmer et al. [28-34], where WS, films have been sputtered from
W-target in Ar/H5S gas mixtures, as well as Levy et al. [35-37], who
used a WSy-target in Ar/H,S gas mixtures. There are some general
challenges and issues with sputtering of 2D TMDC (including WS,) films.
The sputtered films are often substoichiometric because of the very high
vapor pressure of the chalcogen (i.e. sulfur) which results in preferential
desorption of the chalcogen (S) from the surface of the growing film
before forming a chemical bond with a metal atom (W). Other mecha-
nisms responsible for substoichiometric films include preferential
re-sputtering of sulfur from the WS, film as well as the different depo-
sition rate profiles for S and W throughout the chamber [38]. These
mechanisms lead to sulfur vacancies/lattice defects that are responsible
for transformation of the film growth from the preferred structure in
which the layers are parallel to the substrate, i.e. (001)-texture, to an
undesirable structure where the layers are perpendicular to the sub-
strate, i.e. (100)/(101)-texture. Moreover, the vacancies create energy
levels close to the conduction band resulting in an increased carrier
density and a lower carrier mobility [39,40]. Another issue is the small
crystalline domain sizes due to high nucleation density resulting in an
increased amount of grain boundaries and defects/misalignments. These
issues degrade the electronic performance, especially the carrier
mobility, of the material despite a fairly good structural quality [3,4,28].

In this work, we deposit WS, thin films by reactive pulsed direct
current (DC) sputtering from a WS, target in Ar/H,S gas mixture. The
choice of having sulfur in the target as well as in the reactive gas is based
on the fact that sputtering normally gives sulfur deficient films. Ellmer
et al. concluded that additional sulfur in the sputtering atmosphere may
help to eliminate sulfur vacancies and thereby reduce the probability of
transforming the film growth from (001)-texture to (100)/(101)-texture
[29].

We investigate the influence of the processing pressure, substrate
temperature, and gas mixture on the composition, structure and crys-
talline quality of the films. The films are characterized by X-ray
diffraction (XRD), transmission electron microscopy (TEM), Rutherford
backscattering spectrometry (RBS) and nuclear reaction analysis (NRA).
The purpose of the work is to expand the processing parameter space
with respect to previous work to be able to increase the level of un-
derstanding regarding the WS film growth during sputtering and above
all to be able to modify the process parameters to obtain stoichiometric
high quality 2D WS;, films. The effects of the substrate temperature, the
processing pressure, and the gas mixture during growth are studied. In
the following, we demonstrate the growth of nearly stochiometric WS,
films with thicknesses surpassing 100 nm. These films also display a
good crystalline quality and layered structure.

2. Experimental details

The WS, thin films were reactively sputtered from a 4 inch WS,
(99.8% purity) target using pulsed DC with a pulsing frequency of 20
kHz which was supplied by a Huttinger PFG 3000 DC power supply
equipped with Advanced Energy Sparc-le 20 pulsing units. HaS (purity
99.5%) was used as a process gas, either pure or together with Ar. The
substrate table (4 inch) was electrically floating and was rotating with
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approximately 20 rpm. We used a rebuilt von Ardenne CS600 cluster
sputtering system equipped with three magnetrons, all facing the sub-
strate at an angle of 45° and with target-to-substrate distance of 16 cm.
The base pressure was in the range of 107> Pa. The heater installed
under the substrate could give a maximum substrate temperature of
around 700 °C. The substrates used were oxidized Si (>100 nm SiO»), Si,
and (0001) sapphire. The target power was kept at 200 W. The film
thicknesses were around 20 nm and above.

XRD was carried out at a Phillips X’pert MRD diffractometer using Cu
K, radiation equipped with a parallel plate collimator. The patterns were
measured in 6—26 mode. The powder diffraction file used for reference
was the 2H phase tungsten sulfide (PDF 04-003-4478). The four point
probe measurements were carried out by a commercial sheet resistance/
resistivity measurement system from Advanced Instrument Technlogogy
(AIT) Model: CMT-SR2000 N. Ion beam analysis in the form of RBS and
NRA was performed using a 5 MV pelletron tandem accelerator at
Uppsala University. For RBS a beam of 2 MeV He™" primary ions was
employed. For NRA, we utilized the resonant 'H(**N, ay)'2CC nuclear
reaction, scanning the beam energy. Further details on the experimental
set-ups can be found elsewhere [41]. For quantification from
RBS-spectra, we employed SIMNRA [42]. Quantification in NRA was
done by relative measurements using an H-implanted Si-target as a
standard.

3. Results and discussion
3.1. Influence of the substrate temperature

A series of depositions was carried out for the following substrate
temperatures: room temperature (RT), 500 °C, 600 °C, and 700 °C. The
total processing pressure was kept at 6.67 Pa in pure Ar having a flow of
20 scem. Fig. 1a shows the XRD-diffractograms for all films. A perfect 2D
film with (001)-texture would only show very sharp peaks at (002),
(004), (006) and (008). We use the full width at half maximum (FWHM)
of the (002) peak at around 26 = 14.4 as a measure of the film quality.
Using the Scherrer equation (with ¢ = 0.885) [43], we obtain that gl;ain
sizes vary between 4 nm and 12 nm when the FWHM changes from 2 to
0.7 [43]. The diffractogram was fitted in a least squares procedure to
Voigt functions, the Lorentzian part was used to extract the FWHM for
the Scherrer equation.

Further, it is not desirable to have Verticaol plane growth which is
manifested by peaks at 20 = 32.8 and 20 = 34.4, corresponding to (100)
and (101) peaks respectively. If present, the small sharp peaks at around
55 originate from the substrate holder. We define a texture parameter,
Ctex, as 1(002)/1(100), where I signifies the intensity of a certain
diffraction peak. It is not surprising to see that the film deposited at RT
has no distinguishable XRD peaks and lacks any periodic structure,
including a layered 2D structure, and it is therefore not possible to define
FWHM or texture parameter for this film. Fig. 1b shows the FWHM of the
(002) diffraction peak as well as cx vs. the substrate temperature. From
Fig. 1 it is clearly seen that as temperature increases, the FWHM is
significantly reduced from 2.0" to 0.7° and the texture parameter is
dramatically increased. Consequently, the quality of the sputtered film
increases at higher temperatures. The fact that high temperature is
beneficial for the synthesis of high-quality WS, films has been observed
by others [7,28,44].

3.2. Influence of the processing pressure

To investigate the influence of the processing pressure, a series of
depositions was carried out at different processing pressures: 0.67 Pa,
1.33 Pa, 4.00 Pa, 5.33 Pa, and 6.67 Pa. The substrate temperature was
kept at 700 °C and the processing gas was pure H,S (20 scem). Fig. 2a
shows the XRD-diffractograms for all films and Fig. 2b shows the FWHM
and the texture parameter vs. processing pressure. The (100)/(101)
peaks are clearly visible at pressures below 5.33 Pa and are barely
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Fig. 1. (a) XRD for films deposited at different substrate temperatures in pure
Ar at a pressure of 6.67 Pa; (b) FWHM of the (002) peak and the ratio between
the intensities of the (002) and (100) peaks vs. substrate temperature. Error
bars are within the size of the markers.

detectable at 6.67 Pa. This pressure dependence is also seen in Fig. 2b
where the general trend is that the texture parameter is improving with
the pressure. The point at 0.67 Pa is an exception to this trend. However,
at this high substrate temperature the process features a very high
adatom surface diffusion and tends to maintain a good crystallinity, and
consequently a low FWHM, that is only weakly dependent on the pres-
sure. In fact, the FWHM is less or equal for all films at high temperature
regardless of pressure (in Fig. 2b) as compared to the high temperature
film in Fig. 1b. With domain sizes varying from 13 to 30 nm computed
from the Scherrer equation. This is on the same order as the film
thicknesses.

This means that crystal defects or sulfur vacancies that may occur
during growth as a result from energetic bombardment will effectively
be annealed owing to the high temperature. One should keep in mind
that WSy may crystallize in a 2D layered structure even for x < 1.7 [31].
Therefore, the high temperature may give a high quality layered 2D
structure although the material is significantly substoichiometric. RBS
measurements (not shown) confirm that the films deposited at
0.67-1.33 Pa have a [S]/[W] ratio of about 1.8 while the same ratio is
higher at higher pressures. A low [S]/[W] ratio is undesirable since
sulfur vacancies results in a lower carrier mobilities [39,40]. Also, such
sulfur vacancies are nucleation seeds for WS, crystallites growing in the
(100)/(101) orientation, making it more likely that the film growth
switches over to the undesired (100)/(101) growth. The compositional
trend versus processing pressure can be explained by the preferential
re-sputtering of sulfur from the growing film due to energetic particle
bombardment, which is facilitated by a long mean free path as a
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Fig. 2. (a) XRD for films deposited at different processing pressures in pure H,S
at a substrate temperature of 700 °C; (b) FWHM of the (002) peak and the ratio
between the intensities of the (002) and (100) peaks vs. pressure. Error bars are
within the size of the markers.

consequence of a low processing pressure [29,31]. To eliminate this
effect, the pressure should be high enough to thermalize all energetic
particles from the target [45]. A processing pressure of 6.67 Pa is suf-
ficient to achieve this.

3.3. Influence of the gas mixture

From the depositions at different temperatures and pressures it is
concluded that the overall best film quality is obtained at high pro-
cessing pressure and high substrate temperature. This is in line with
earlier studies [3,7,29,35,44]. However, to our knowledge, there is no
study on films sputtered from a WS, target at these high pressur-
es/temperatures where the processing gas is varied from 0 to 100% HjS.
To investigate the influence from the processing gas composition, a se-
ries of depositions was carried out with 0%, 20%, 40%, 60%, 80%, and
100% of HyS in the HyS/Ar gas mixtures. The processing pressure was
6.67 Pa and the substrate temperature was kept at 700 °C. Fig. 3a shows
the XRD for all films, Fig. 3b shows the FWHM and the texture parameter
vs. HaS content, and Fig. 3c shows the [S]/[W] ratio as measured from
RBS and the hydrogen content as measured by NRA. From the XRD,
specifically the texture parameter and FWHM,, it seems as if the crys-
talline quality is best at around 60-80% HjS. Also the [S]/[W] ratio is
the highest (1.94) at 60% HsS (and 0% H,S). This ratio falls to 1.9 for
80% H,S and to 1.86 for 100% H5S. It is not obvious why the S content in
the film decreases when the S content in the chamber increases as a
consequence of higher supply of HyS (crystallite domain size 18 nm for
the smallest FWHM). Nonetheless, this trend was also observed by
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gas at a substrate temperature of 700 °C and a pressure of 6.67 Pa; (b) FWHM of
the (002) peak and the ratio between the intensities of the (002) and (100)
peaks vs. the relative amount of H,S; (¢) the [S]/[W] ratio as measured from
RBS and the hydrogen content measured by NRA vs. the relative amount of HjS.
Error bars are within the size of the markers.

Ellmer et al. during sputtering from a W target in different HoS/Ar gas
mixtures [29]. They argued that since the gas phase contains an
oxidizing (S) as well as a reducing component (H), it is not clear whether
the required sulfurization really occurs. Further, he particularly referred
to the high amount of reactive hydrogen, i.e. atomic hydrogen, which is
formed in the plasma leading to a much more pronounced reducing
effect compared to a thermal H,S treatment. Given the rather complex
and non-linear processes in a plasma, it may very well happen that the
relative strength of the oxidizing component and the reducing
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component is varying with the HyS concentration. A similar mechanism
may be responsible for the hydrogen content versus % HsS as estimated
from NRA and presented in Fig. 3c, which shows that the hydrogen
content in the film is peaking at around 10% for 80% HS whilst not
detectable up to 20% H,S in the processing gas. These hydrogen con-
tents are comparable with those found in other studies [29,32]. It is
interesting to note that the significant contents of hydrogen do not seem
to have a negative impact on the film quality determined from the XRD
and [S]/[W] ratio. However, there seem to be slight shifts for the XRD
peaks for 20-80% of H,S in the gas mixture, possibly related to a change
in lattice constant due to hydrogen intercalation between the S-W-S
layers. Nonetheless, significant amounts of hydrogen are detrimental for
the electronic properties and a method of increasing the [S]/[W] ratio
without adding hydrogen to the film would be desirable, e.g. by adding
more sulfur vapor. Yang et al. claim to have deposited stoichiometric 2D
WS, thin films by DC magnetron sputtering from metallic targets in a
vaporized sulfur ambient using a substrate temperature of 750 °C [44].
This technique can be considered to be a hybrid process between sput-
tering and evaporation. It is crucial that the sputter deposited metal is
uniformly deposited in such process since the added sulfur will only
contribute to the film growth where there is tungsten to react with.
Mutlu et al. tried to synthesize WSs film by post-sulfurization of W metal
films by S-vapor. However, due to the island-like morphology of the W
metal seed layer, the resulting WS, film is discontinuous with
non-uniform thickness [20]. Jung et al. sulfurized differently thick W
films by S-vapor and they found that the structural orientation of the
obtained WS films was strongly related to the sputtered W metal film
thickness. The layer orientation of WS, was vertical to the substrate for
thick W seed films (15 nm), while it was parallel to the substrate for very
thin W seed films (2 nm). The reason for this is a significant volume
expansion for the conversion of W seed to WS, film due to the insertion
of S atoms. When the seed layer is very thin, the horizontal volume
expansion can be accommodated. For thicker continuous W films, the
horizontal volume expansion cannot be accommodated upon sulfuriza-
tion. As a result, the sulfurized thicker films have a vertically aligned
orientation [22]. Similar results have been observed for sulfurization of
50 nm thick sputtered W films that were sulfurized in gas mixture
containing HyS. Here a vertical structure was obtained at sulfurization
temperatures below 950 °C while 1000 °C was enough to convert the
complete film into a fully stoichiometric WS, film with horizontally
aligned orientation [46]. Altogether, the studies referred above indicate
that post-sulfurization to increase the [S]/[W] ratio in the films is
possible without adding hydrogen to the film. One should remember
that post-sulfurization in HS without plasma will not produce any
atomic hydrogen that is responsible for the reduction of the films and
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most likely also the incorporation of hydrogen into the film. The studies
also indicate that the post-sulfurization of pure metal films may be
difficult and result in non-uniform films with low quality and undesired
structure unless the temperature is unrealistically high. However, if the
films already have a good structure and well-defined horizontally
aligned layers but are slightly sulfur deficient, it is likely that a
post-sulfurization in HyS at elevated temperature, after the plasma is
switched off, will increase the [S]/[W] ratio. Indeed, Lignier et al. report
that such annealing in an Ar/H,S atmosphere resulted in an increase in
the [S]/[W] ratio [47]. It remains an open question whether additional
hydrogen in the film will be reduced during such post-annealing.
Nonetheless, an annealing step in HaS would not only increase the sul-
fur content but also increase the grain sizes [47]. Apart from sulfur
vacancies, small grain sizes also give rise to low carrier mobilities. The
Scherrer results points to 80% HjS together with a higher temperature
yielding largest coherent domain sizes.

Fig. 4a and b show TEM images for films deposited at 0% H,S (i.e.
pure Ar) and 60% H,S respectively. There are no significant differences
between the films but careful inspection of the images reveals that the
film deposited in pure Ar (Fig. 4a) exhibits a higher defect density,
mostly dislocations, visible as bifurcations and shorter lattice planes of
S-W-S layers. This observation further corroborates the observation that
the film crystallinity is best at around 60-80% H,S in the gas mixture.
Furthermore, a close inspection of Fig. 4a and b reveal a top surface with
signs of island growth that has been terminated upon coalescence
resulting in defects from layers that have eclipsed each other. However,
the growth continues to progress along the original horizontal direction.
Although we refer to this as layer-by-layer growth, a more precise
description would probably be layer-by-layer growth with some ele-
ments of island growth (Stranski-Krastanov growth mode). The locally
introduced defects can be readily observed and may serve as nucleation
centers for vertical growth but does not necessarily have to do so. There
is however no detectable growth of layers perpendicular to the substrate
in these film. This is confirmed by the absence of (100)/(101) peaks in
the corresponding diffractograms.

3.4. Thicker films and different substrates

The [S]/[W] ratio is the result of a complex balance between the
addition of W and S. This is particularly true when the S atoms originate
from different sources, such as sputtered S-atoms from the target and
radicals from H,S gas produced in the plasma confined close to the
target. The plasma also produces hydrogen radicals which may be
reducing the S-content in the films as described above. Another potential
source of S is the outgassing of sulfur from previous sulfur rich deposits

Fig. 4. TEM images of films deposited at 700 °C and 6.67 Pa with a H,S/Ar gas mixture of: (a) 0% HsS (i.e. pure Ar): (b) 60% H,S.
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on the chamber walls. This source of sulfur may be more significant if
the preceding depositions were carried out at lower temperatures since
there exists amorphous WS3 and WSs phases at temperatures below
250 °C [28,48]. This means that high sulfur content phases may be
deposited onto parts of the chamber walls having temperatures lower
than this.

Sputtered WSy and other TMDCs are known to grow in a layer-by-
layer fashion with the basal plane parallel to the surface for the first
2-50 layers if sufficient energy to overcome kinetic crystallization bar-
riers is provided. This growth mechanism is a result of the low surface
energy of the material. Since a system is most stable when its total en-
ergy is minimized, coating a surface with a different material having a
lower surface energy, e.g. WS5 on top of SiO,, facilitates a layer-by-layer
growth. After a period of horizontal growth, a transition to different
growth modes may occur. This transition is triggered by crystal defects
such as sulfur vacancies, grain boundaries, misalignment or bifurcation
of the basal planes so that the crystal edge is exposed. The edge of the
crystal may then act as seed location for growth of planes that are
vertically oriented with respect to the substrate surface [3,29]. The
surface energy at the edge of the crystal is significantly higher than the
basal plane. Consequently, growth occurs much faster at these edges as
the driving force for atomic attachment is dramatically higher. In fact,
the surface energy of the edge sites is almost 2 orders of magnitude
higher than that of the basal plane [22]. At high deposition tempera-
tures, deposited sulfur is diffusing around on top of the rather inert basal
plane until it is either reacting with W at the edge of the crystal or
desorbed from the surface. The reduced sulfur content in the films with
increasing temperature is due to the increased vapor pressure of sulfur
that will desorb from the substrate prior to reaction with W. A high
sulfur content in the film is promoted by a high S-content in the gas
phase together with a low film growth rate, which will allow all the W to
react with S. Minimizing sulfur vacancies is a prerequisite for a
continuous layer-by-layer growth. Regula et al. and Ellmer et al. have
indicated a few tens of nm of (001)-textured layer-by-layer growth
before the growth mode switches to vertical growth mode [29,35]. The
film growth rates in these studies were around 3-4 nm/min. Regula et al.
measured the sheet resistances of films ranging from 20 nm to 1400 nm
and found that the sheet resistance was almost independent of the
thickness. It was concluded that the current was flowing mainly in an
interfacial layer of about 20 nm in thickness corresponding to the region
of the film that demonstrated a (001)-texture.

To study the switching from layer-by-layer growth mode to vertical
growth mode, films with three different thicknesses were deposited: 20
nm, 35 nm, 110 nm. Substrate temperature was kept at 700 °C and the
pressure was 6.67 Pa using pure HyS (20 sccm) as processing gas. XRD-

| (002) (004) (100) (101)  (006) (008)

I
‘5.

35 nm

1 1 1 L L 1 1 | L L 1
10 15 20 25 30 35 40 45 50 55 60
26 1°
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Fig. 5. XRD for films with different thicknesses deposited at 6.67 Pa, 700 °C,
and pure H,S. Error bars are within the size of the markers.
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diffractograms from these films are shown in Fig. 5 and it is seen that
(100)/(101) peaks clearly appear for the thickest film which indicates
that at least parts of the film have switched over to vertical growth
mode. Fig. 6a and b show TEM images for the thickest film. It is clearly
seen that the (001)-texture can be maintained throughout the whole film
which is 110 nm thick. This would indicate a thicker (001)-texture than
found in previous studies [29,35]. The film structure is however not the
same all over the film. This is of course indicated already from the
(100)/(101) peaks in the XRD (with a probing size of several tens of
mm?). At other spots on the sample it is possible to observe a switch to
the perpendicular growth mode. One example of this may be found in
Fig. 7a and b which show how a crystal defect [29] serves as a seed
location for vertical growth at a film thickness less than 20 nm. Fig. 7b
demonstrates how the growth at the edges, perpendicular to the c-axis of
the crystal, is much faster (about a factor of 5) than the growth along the
c-axis, i.e. in the (001) direction. This demonstrates that once the film
growth has switched over to vertical growth mode, it is not possible to
obtain a high quality (001)-textured film regardless of post annea-
ling/sulfurization procedure. It is therefore paramount to maintain the
(001)-texture throughout the film to have a chance of improving the film
quality in terms of larger grain size and higher sulfur content by an
additional annealing step in H,S atmosphere. In order to estimate how
large portion of the film that exhibits layer-by-layer growth (on the
macroscopic scale), we conducted four point probe measurements on the
thickest film (110 nm) and the thinnest film (20 nm). These measure-
ments showed sheet resistances of around 6 MQ/sq and 15 MQ/sq for
the thickest and thinnest film respectively, corresponding to 30 Qcm and
66 Qcm. This is of the same order of magnitude that has been obtained
by others [31,35,49]. Since the thickest film exhibits a resistivity about
twice as high as the 5-6 times thinner film, it can be concluded that a
significant portion of the film has a layer-by-layer structure throughout
the film depth. This is in contrast to what was observed by Regula et al.
who reported a sheet resistance that was only increased by a factor of 1.5
when the films thickness increased from 20 nm to 1400 nm [35].

We believe that part of the explanation to be able to grow such thick
(001)-textured films is the extremely low growth rate of about 0.3 nm/
min (obtained at 6.67 Pa in this study) which is one order of magnitude
slower than that of Regula et al. and Ellmer et al. who both demon-
strated only tens of nm thick (001)-textured films [29,35]. The low
growth rate is a consequence of the high processing pressure and the
large target-to-substrate distance [50]. The high pressure and large
distance is also advantageous since it will effectively thermalize ener-
getic particles originating from the target [45]. Therefore, the low
growth rate is accompanied by a significantly lower kinetic particle
energy at the substrate, which alters the growth conditions and in-
fluences the texture of the coating.

The results so far have concerned SiO,/Si substrates. In Fig. 8 we
present results of depositions on sapphire and unoxidized Si substrates
together with the SiOy/Si presented above. The diffractograms are
normalized to the (002) reflection peak height. The Laue oscillations
around the (002) peak indicate a smooth and uniform film. Besides
additional peaks from the substrate in the sapphire case, the diffracto-
gram envelopes are similar. The FWHM of the WS, reflections are also
similar. This can be explained by a weak interaction between the
deposited WS, and the substrate.

Since sapphire has a hexagonal symmetry, similar to WS,, this might
have helped to align the nucleated grains and enable epitaxial growth of
WS, on such substrates [7]. However, no significant difference in quality
between the films grown was observed.

4. Conclusions

We have sputter deposited WS, thin films by reactive sputtering from
a WS, target in an Ar/H»S atmosphere. This is an industrially compatible
and scalable process, capable of producing wafer scale WS films on
SiO9/Si, Si, and sapphire. Films were deposited at different processing
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Fig. 6. TEM images of a 110 nm thick film deposited at 700 °C, 6.67 Pa, pure H,S (a) close-up view of the (001)-textured growth revealing a relatively low density of
bifurcations and lattice defects (b) zoomed out view showing how the (001) growth extends throughout the whole film.

Fig. 7. TEM images of a 110 nm thick film deposited at 700 °C, 6.67 Pa, and pure H,S (a) close-up view of the (001)-textured growth switching over to (100)/(101)
growth due to lattice defects/sulfur vacancies. The borders between the (001) and (100)/(101) textures are circled. (b) Zoomed out view illustrating how the (100)/
(101) growth is much faster (about 5 times) than the (001) growth as a consequence of the much higher surface energy at the edge of the (001)-plane.
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Fig. 8. XRD for 5 nm thick films deposited at 700 °C, 6.67 Pa, and pure H,S onto different substrates. The diffractogram intensity is normalized to the main (002)
reflection. Apart from a background the FWHM of the (002) reflection is the same for the three different depositions. In the sapphire case the additional peaks

originate from the substrate.

pressures (0.67 Pa—6.67 Pa), substrate temperatures (up to 700 °C) and obtaining a good film quality in terms of crystallinity and stoichiometry.
relative amounts of HyS (0%-100%) in the Ar/H,S gas mixture. High At the highest pressure and temperature, we investigated the influence
processing pressure and high substrate temperature were beneficial for of different amounts of HjS in the gas mixture. We were not able to
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obtain fully stoichiometric films and the highest [S]/[W] ratio was 1.94.
The addition of the HjS resulted in a slightly better film quality while it
did not improve the [S]/[W] ratio. For 60-100% of HsS in the gas, there
were significant amounts (5-10%) of hydrogen in the films. Further, the
[S1/[W] ratio was reduced for H,S contents over 60%.

Owing to its low surface energy, the WS, films always start to grow in
a layer-by-layer fashion, i.e. (001)-texture, while after tens of nm, the
growth may easily be switched into a growth mode where the layers are
perpendicular to the substrate, i.e. (100)/(101)-texture. The switch in
growth mode is caused by lattice defects e.g. sulfur vacancies or bi-
furcations [29]. Once the switch to (100)/(101)-texture occurs, it is not
possible to obtain the (001)-texture again. Nonetheless, we were able to
deposit a 110 nm films that exhibit only (001)-textured growth
throughout the film thickness. However, at several positions also this
film showed switching over to (100)/(101)-texture.

We believe that key components that promote high quality film
growth are very low deposition rate and large target-to-substrate dis-
tance. Furthermore 40-60% H,S in the gas mixture gives optimized
films in terms of the combination of crystallinity, [S]/[W] ratio, and
reduced hydrogen impurities. Films grown within this range of HsS in
the gas might have a higher chance of maintaining the (001)-texture for
thicker films. Such films may be further improved in a post annealing
step in pure HjS.
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