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Texture has a significant impact on several key properties of transition-metal dichalcogenides (TMDs)
films. Films with in-plane oriented grains have been successfully implemented in nano- and opto-elec-
tronic devices, whereas, films with out-of-plane oriented material have shown excellent performance in
catalytic applications. It will be demonstrated that the texture of nanocrystalline TMD films can be deter-
mined with polarized Raman spectroscopy. A model describing the impact of texture on the Raman response
of 2D-TMDs will be presented. For the specific case of MoS,, the model was used to quantify the impact of
texture on the relative strength of the A4 and Elzg modes in both the unpolarized and polarized Raman
configuration. Subsequently, the capability to characterize texture by polarized Raman was demonstrated on
various MoS, films grown by atomic-layer deposition (ALD) and validated by complementary transmission
electron microscopy (TEM) and synchrotron based 2D grazing-incidence X-ray diffraction (GIXD) measure-
ments. This also revealed how the texture evolved during ALD growth of MoS, and subsequent annealing of
the films. The insights presented in this work allow a deeper understanding of Raman spectra of nanocrystal-
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Introduction

Layered 2D transition-metal dichalcogenides (TMDs) are a
class of promising materials with applications in the fields of
catalysis, photonics, opto- and nano-electronics.’® Excellent
transistor characteristics and logic performance have already
been demonstrated for mono and few layered TMDs obtained
by exfoliation and outstanding catalytic performance has also
been shown for TMD films.*°"* However, in order to adopt
these materials in the field of nanoelectronics, the develop-
ment of scalable synthesis methods for 2D TMDs such as MoS,
and WS, are essential."*”"” This is closely intertwined with the
development of reliable characterization techniques for syn-
thesized TMDs, in which Raman spectroscopy is of particular
interest. Raman spectroscopy has already emerged as the go-to
technique for characterization of exfoliated single-crystalline
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line TMDs and enable a rapid and non-destructive method to probe texture.

TMDs yielding insight into eg crystallinity and layer
thickness."® ' In contrast to the large single-crystalline flakes,
the synthesized material is typically nanocrystalline in nature
with grain size ranging from at best a few hundred nanometres
down to tens of nanometres.'>'®>>?3 Larger grain sizes have
so far only be obtained with greatly reduced growth rates or
with specially optimized workflows not compatible with large-
area synthesis.**2® Furthermore, synthesized TMDs exhibit a
wide range of textures depending on the synthesis conditions
as reported for e.g. atomic-layer deposition (ALD) and chemical
vapour deposition (CVD).">'>'72731 gynthetic MoS, films can
be amorphous or crystalline with a texture of the crystalline
material ranging from in-plane oriented grains (i.e. horizon-
tally aligned layers) to complex 3D structures with out-of-plane
oriented (OoPO) grains (ie. edge-on fins).">'*” It is well
known that the differences in grain orientation of these highly
anisotropic materials significantly impact film
properties.>*”*'** Horizontally aligned grains are typically
well suited for electronic applications, while OoPO grains are
very efficient electrocatalysts. It is therefore of paramount
importance to be able to characterize the texture of syn-
thesized TMDs to optimize performance. Furthermore, insight
into the evolution of the texture during synthesis can yield a
deeper understanding of the underlying growth mechanism
and crystallization kinetics, aiding in the further optimization
of film properties for the specific applications.

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) Definitions of the crystal axis for the 2D TMDs such as MoS,.

(b) For TMDs obtained by exfoliation, the Raman response originates
from a single grain because the spot size (pink area) <« grain size.
Generally, the c-axis of the exfoliated material will be oriented parallel
to the surface normal. (c & d) For synthesized material, the grain size is
typically on the nanometre scale and therefore the Raman response has
contributions from many grains. Depending on the synthesis conditions,
the nanocrystalline material can show (c) a preferred orientation such as
in-plane oriented grains or (d) more out-of-plane oriented grains in the
form of fins.

To obtain insight into the texture of the TMD films, both
the local structure of the grains (e.g. shape, size) and the
average grain orientation are of interest. A convenient metric
for the average grain orientation is the angular grain distri-
bution also known as the orientation distribution function
(ODF) in X-ray crystallography.®® The angular grain distri-
bution describes the volume fraction of grains as a function of
the orientation of their crystal axes. In practice, the orientation
of a TMD crystal can be described by the angle between the ¢
axis (as defined in Fig. 1(a)) and the surface normal; in most
cases the a axis is oriented randomly due to the van der Waals
nature of the TMDs. Of the established diagnostic techniques,
high-resolution transmission electron microscopy (HR-TEM) is
excellently suited to investigate the local structure but typically
lacks the field-of-view to efficiently gather enough data to gain
insight into the angular grain distribution. Moreover, sample
preparation for the especially insightful cross-section HR-TEM
analysis is destructive and time consuming. X-ray diffraction
(XRD) does yield (limited) quantitative insight into the angular
grain orientation but only in rare cases is it feasible to deter-
mine the full angular grain distribution; in general only the
texture coefficients are determined which only gives qualitative
information.*® Furthermore, the XRD signal from mono- and
few-layer TMDs is typically too weak to obtain quantitative
information related to the texture. In practice, often only a few
selected samples are analysed out of a larger series due to the
relatively low throughput of HR-TEM and XRD. This clearly
outlines the need for a non-destructive, ubiquitous, and rapid
methodology that is capable of determining the angular grain
distribution of these TMDs.

In this work, it will be demonstrated that polarized Raman
spectroscopy is excellently suited for determining the angular
grain distribution of (nano-) crystalline TMDs possessing the
D;p/Dep, point group such as 2H-MoS, or 2H-WS,. The Raman
response of these materials is dominated by the out-of-plane
Ay, and the in-plane E',, vibrations although weaker and
defect related contributions are also present.*>’ For these
TMDs, the non-polarized variant of Raman spectroscopy is
already an indispensable characterization method as stated
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before and it is used to probe crystallinity, crystal quality, and
gives a measure of film thickness.****° The indispensability
is partly due to the sensitivity of Raman spectroscopy towards
these properties, but also due to Raman spectroscopy being a
contactless and non-destructive measurement requiring (vir-
tually) no sample preparation. Therefore, the Raman response
of TMDs has been studied extensively both theoretically and
experimentally with the main focus so far on the understand-
ing of the Raman response of (nearly ideal) single
crystals.””***! Conversely, a fundamental understanding of
the Raman response of nanocrystalline TMDs — and especially
insight into the impact of texture - is lacking. The need for
more insight is illustrated by, for example, Kong et al. whom
reported a ~3 times higher A,,/E',, ratio for OoPO grains com-
pared to in-plane oriented grains.'>** They speculate that this
is most likely caused by the differences in texture but they
lacked a framework to fully interpret this result.'***> Moreover,
it is unclear if and how the Raman response can be used to
obtain insight into the angular grain distribution of these
nanocrystalline TMDs. Here, both topics are addressed: (1) the
impact of the angular grain distribution on the Raman
response will be modelled considering both the non-polarized
and polarized variants of Raman spectroscopy. This will
provide fundamental insight into the impact of the angular
grain distribution on the Raman response. (2) This will also
allow us to deduce that polarized Raman measurements can
be used to determine the angular grain distribution. Our work
will demonstrate that polarized Raman spectroscopy is a versa-
tile, easy to use technique to study the texture of various 2D
transition metal dichalcogenides.

The capability of polarized Raman spectroscopy to probe
the angular grain distribution will be demonstrated on MoS,
films ranging in texture from OoPO edge-on sheets to nearly
ideal horizontally oriented grains. The texture of MoS, films,
synthesized by either plasma-enhanced atomic-layer depo-
sition (PE-ALD) or by thermal sulphurization of MoO, films,
will be determined using polarized Raman spectroscopy. To
validate the Raman based approach, complementary texture
measurements using techniques including synchrotron based
2D grazing-incidence X-ray diffraction (GIXD) and cross-
section TEM will be performed. Following the validation of the
Raman analysis, the impact of a high-temperature anneal in
H,S gas on the texture of the MoS, films will be studied. This
should reveal if the improved photoluminescence (PL) of the
annealed films is (in part) correlated to a change in texture.

Results and discussion

Raman response of nanocrystalline TMDs: modelling the
impact of the angular grain distribution

A model of the Raman response of nanocrystalline TMDs was
derived taking into account several typical angular grain distri-
butions. This is a significant extension of earlier work on
other nanocrystalline materials such as Al,O; and
YBa,Cu;0,.**"*® In these earlier works, typically only the edge
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cases of fully textured and non-textured films are
considered.”*** The model derived here provides insight into
the impact of a wide range of texture on the Raman response
including the textures observed for synthesized TMDs.

Typically, a far-field Raman setup with a microscope objec-
tive is used to measure the Raman response of TMD samples.
Such a setup probes between 100 and 10 000 grains (spot size
>~1 pm versus a grain size of 10 nm up to 100 nm) in a single
measurement. Therefore, the measured Raman response is an
aggregate of the response of many individual grains as illus-
trated in Fig. 1. This means that to model the Raman response
of nanocrystalline TMDs, the sum of the signals emitted by
the individual grains - taking into account the crystal orien-
tation of each grain - needs to be calculated.*® The response of
each individual grain can be described by the known Raman
response of an appropriately oriented single crystal. Therefore
the starting point for modelling the Raman response of nano-
crystalline TMDs is the response of its single crystalline
counterpart and how this varies with orientation.

A single crystal TMD which possesses the Dju/Dgn sym-
metry, such as a flake of MoS, or WS,, exhibits a Raman
response dominated by two vibrational modes in the mid-IR:
the doubly degenerate in-plane E',, vibration and the non-
degenerate out-of-plane A, vibration (named E' and A’ for the
Ds;, point group), see also Fig. 2.>”*77>* The spectral positions
and intensities of the A;, and ElZg modes vary from material-
to-material but the polarization behaviour of the Raman
modes is the same for all TMDs; the symmetry of the vibration
and thus the crystallographic structure of the TMDs primarily
determine its polarization behaviour.>”*’ %> The Raman
scattering of each specific vibrational mode - including its
polarization behaviour - can be described by a 3 x 3 Raman
tensor R,.”" For an in-depth discussion on the Raman tensor
and symmetry see the work by e.g. Cardona considering all
crystal classes, or the work of Ribeiro-Soares et al. focusing on
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Fig. 2 (a) The key components of a Raman setup with the additional
elements needed to perform polarized measurements highlighted in
red. The output of the laser is assumed to be linearly polarized e.g.
achieved by a polarizer (not shown). (b) The polarized Raman response
of a thick MoS, flake obtained by exfoliation measured in the parallel
polarization (upper spectrum) and the cross polarized (lower spectrum)
configuration showing the dominant A;4 and Elzg peaks. Notice the
non-zero A;4 peak in the spectrum measured in the cross polarized
configuration. This non-zero response is in a large part caused by the
non-zero E field in the z direction due to the relatively high numerical
aperture used in the experiments. The inset shows an Illustration of the
Aig and E129 vibrational modes in a bilayer of MoS,.
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2D TMDs specifically.’®>> The magnitude of the non-zero
elements of the R, tensor varies from material-to-material, and
depends on e.g. the excitation wavelength. The value of the
tensor elements can be predicted with ab initio calculations or
determined experimentally.*"®" The measured Raman inten-
sity I, of vibration x - described by the sum over the known
Raman tensors R; , — is given by:

I, = Z |Escattered Ri,inn|Za (1)
i

with the Ei, and Escatered VECtOTS describing the electric fields
of the incident and scattered light, respectively.”’° A crystal
with a different orientation is described by eqn (1) by applying
a rotation matrix @ to R, and its inverse @ to the Ey,. For the
backscattering experiments considered in this work, as illus-
trated in Fig. 2(a), the excitation electric field Ein = Eseattered =
x for the parallel polarized configuration (for a collimated
beam) and Ein = % and Eeayerea = J for the cross polarized con-
figuration (zXXz and zXYZ in Porto’s notation respectively).

To complete the model, an accurate description of the elec-
tric fields is needed. In a typical far-field Raman setup a high
numerical aperture (NA) microscope objective is used to
efficiently probe the Raman response of solids. The electric
fields in the focal plane of such a high NA objective are quite
complex as shown by Turrell et al.***> For example, a signifi-
cant electric field in the propagation direction of the light is
present for high NA.***> The impact of this effect can be
seen in Fig. 2 contributing significantly to the non-zero A,
response in the cross polarized configuration which increases
with higher NA, an effect also observed for other materials.**
Hence, the direction and magnitude of the electric field in the
spot have to be taken into account and cannot be assumed to
be purely in-plane. The description of the electric fields intro-
duced by Boivin and Wolf was used in this work together with
the approach taken by Turrell et al. to describe the collection
of the light and Gaussian intensity profile of the laser.***>*”

The Raman response of nanocrystalline TMDs can now be
calculated by summing up the individual responses of grains
described by eqn (1) and the full equations can be written
down. However, instead of summing over the individual
grains, it is more convenient to integrate over all possible
orientations and introduce an angular grain distribution
“weighting” function W(0,y,¢) which represents the fraction of
the grains with a specific crystal orientation 6O,y,¢. In most
cases the in-plane orientation of the grains is randomly distrib-
uted - ie. a texture similar to the fibre texture for thin-films**
- and the weighting function can be simplified to W(6) with 6
the angle between the z-direction and the c-axis of the grain;
illustrated in Fig. 3 for several relevant distributions. The
Raman response of a nanocrystalline material can now be
written as an integral over the 6,y,¢ angles sampling all poss-
ible grain orientations (weighted using the W(6,y,¢) function)
together with the aforementioned description of the electric
fields which also consists of two sets of integrals. The intensity
I of a Raman mode x due to tensor R, of a nanocrystalline

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (top row) Illustration of the different textures and (bottom row)

the associated angular distributions functions for different textures.
From left to right, nanocrystalline material consisting of in-plane
oriented grains, grains with a Gaussian distribution, out-of-plane
oriented grains, and a uniform distribution are shown. Except for the
angle 6, i.e. the angle between the c-axis and the z direction, all orien-
tations are assumed to be equally likely.

material with angular grain distribution W(0,y,¢) probed in
the back-scattering geometry is given by

E-field excitation Light collection Grain orientation

IW,R,] = m / / / vdudvdy) / / / sin(6')do’dy'dg’ / / / do"dy" dg" (2)

W (0" )" dd")| Escatterea(@', V', ¢') - D(0"0"dd") Ry $(6"4"dg") - Ein(u,v, )|

with Cphorm normalizing the integral of the W(0,y,¢) function
over the appropriate angles. For the total Raman response, the
appropriate tensors describing a Raman mode have to be
summed up as described in eqn (1). Eqn (2) can be used in
two ways: i (numerical) inversion of measured data or ii evalu-
ation with specific W(...) functions. Here the second route is
chosen because an inversion goes hand-in-hand with a
measurement performing a full scan of the Euler angles. The
integral in eqn (2) is evaluated for several different angular
grain distributions W(6) using the generic R, tensors for the
A,y and El2g modes valid for all TMDs. Fig. 3 shows an illus-
tration of the W(0) function associated with each of the distri-
butions considered in this work. Evaluation of eqn (2) for an
isotropic or powder-like distribution, described by W(6) = 1,
indeed yields the well-known result for isotropic media.”® To
model distributions with grains that have perfectly aligned
c-axes but with a randomly distributed a-axis, the angular
grain distribution can be described by W(0) = §(@ — 6,). This
delta distribution represents in-plane oriented grains for 6, =
0° and describes perfectly aligned OoPO grains for 6, = 90°. A
Gaussian distribution described by W(0) = exp(—(0 — 6,)*/a”)
was also considered, representing a grain distribution with a
predominant angle 6, and a spread around this angle given by
the full-width-half-maximum a. Each of these distributions
was evaluated and closed analytical expressions were found,
allowing the solutions to be used in e.g. fitting of experimental
data. Note that the equations were solved for generic tensors
(i.e. with all elements unique and non-zero) and that this
model therefore can treat any arbitrary Raman tensor or
material. See the ESIT for the exact expressions which are not
shown here for brevity.>®

This journal is © The Royal Society of Chemistry 2019
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To ascertain the impact of the angular grain distribution on
the Raman response, the MoS, case is studied in more detail.
The model is used to predict the Raman response of nanocrys-
talline MoS, considering different angular grain distributions.
The exact values of the elements of R, tensors describing the
A,y and ElZg vibrations were determined from a reference
measurement on a thick exfoliated MoS, flake in the cross and
the parallel polarized configuration. The two measured spectra
yield 4 data points for 4 unknown tensor components, see also
the ESL1°® Once the tensor elements are known for both
vibrations, the strength of the A;, and ElZg modes for both
polarization configurations can be calculated for different
angular grain distributions. In practice, the ratio of the A,
and Elzg contributions is a more robust metric and therefore a
mapping of the A, /E',, ratio onto the parameters of the distri-
bution was calculated for: (i) the delta distribution, (ii) the
uniform distribution, and (iii) the Gaussian distribution.

Fig. 4 shows the mapping of the A;,/E',, ratio calculated for
MoS,, described by the Gaussian distribution for the parallel
and cross polarized configuration, see the ESIf for NAs other
than 0.75.°® The A,,/E',, ratio calculated for the delta distri-
bution, also shown in Fig. 4, overlaps with the ratio described
by the Gaussian angular distribution at @ — 0, demonstrating
the consistency of the model for the two different distri-
butions. The non-polarized case is qualitatively similar to the
parallel polarized configuration but it is not shown since the
measured A;,/E'5, ratio by a non-polarized setup depends on
the Raman instrument. Turning our attention to the magni-
tude of the variation in the Alg/ElZg ratio for the polarized con-
figurations, it can be seen in Fig. 4 that this variation is quite
significant. In most cases the effect of texture dominates over
other effects such as defect density and strain.*’***° This
observation underlines the importance of texture and, more
specifically, the angular grain distribution in interpreting the
Raman response of nanocrystalline TMDs.

Fig. 4 can also be used to determine the angular grain dis-
tribution from two complementary polarized Raman measure-
ments. Each measured A;,/E1,, ratio describes a curve in the
mapping in either the parallel or cross polarized configuration.
The point where these two curves intersect represents the
angular grain distribution of the sample. If the two lines do
not intersect, the angular grain distribution cannot be
described by a single Gaussian distribution. Furthermore, this
also illustrates why it is in general not possible to uniquely
determine the angular grain distribution from a single (unpo-
larized) Raman spectrum. A single measurement does not
describe a point but a line in Fig. 4 and hence does not
uniquely characterize the angular grain distribution.
Furthermore, the Alg/E12g peak ratio measured by an unpolar-
ized Raman measurements varies from setup to setup making
interpretation difficult. See the ESIf for more details on: the
impact of e.g. strain and grain size, the impact of the NA on
the Ay,/E',, peak ratio, and a discussion of unpolarized versus
polarized peak-ratio measurements. To summarize, the model-
ling showed that the angular grain distribution has a signifi-
cant impact on the A;,/E';, ratio which cannot be neglected

Nanoscale, 2019, 11, 2286022870 | 22863
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Fig. 4 The Alg/Elzg ratio of MoS,, as a function of the FWHM and predominant angle of the Gaussian grain distribution for (left) the parallel and
(right) cross polarized Raman configuration in a backscattering geometry utilizing a 50x objective and a numerical aperture of 0.75. The insert
shows the overlap for the delta distribution and the Gaussian distribution with a negligible FWHM of the AlglElzg ratio as a function of the predomi-

nant angle.

and insight into the angular grain distribution can be gained
by measuring at least two complementary polarized Raman
spectra.

Most nanocrystalline samples will have an angular grain
distribution that is more complex than a single Gaussian func-
tion. If the mismatch between the actual distribution and the
Gaussian distribution is large, there will be no solution or in
other words, the lines described by the measured Aig/ElZg
ratios for the parallel and cross polarized configuration do not
intersect. Typically, thicker synthesized MoS, films have predo-
minantly in-plane oriented grains near the interface with the
substrate, while the top layer is dominated by OoPO grains.
Fig. 5 shows an X-TEM image of such a film, combined with
an angular grain distribution determined by a 2D-Fourier
transform analysis of this image. The quantitative interpret-
ation of the angular grain distribution obtained in this fashion
is not straight forward and will be discussed later but qualitat-
ively it does show the complexity of the W(6) function. To rep-
resent this richer texture, the Raman response can be
described by a weighted sum of two contributions: a contri-
bution representing the in-plane grains (6, = 0°) and a contri-
bution for the OoPO grains (6, = 90°). This “two-layer”
approach to model the angular grain distribution is used
throughout this work to determine the OoPO material fraction
from the Raman data and it is quite similar in concept to the
texture coefficients used in the field of X-ray diffraction.**

Texture evolution during PE-ALD growth of MoS, studied by
polarized Raman spectroscopy

The evolution of the texture of PE-ALD grown MoS, was
studied as a function of thickness (i.e. the number of ALD
cycles) using polarized Raman spectroscopy and selected
samples were also measured with complementary techniques.
This allows the validation of the texture obtained with polar-
ized Raman spectroscopy and, at the same time, provides
insight into the crystal growth. From our earlier work, it is

22864 | Nanoscale, 2019, 11, 22860-22870
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Fig. 5 (a) Cross-section HAADF image of a MoS; film grown with 200
cycles of PE-ALD clearly showing the in-plane oriented grains near the
interface with the substrate and the further evolution of the texture to
out-of-plane oriented grains near the surface. (b) Angular grain distri-
bution associated with this specific TEM image with the contribution of
the horizontal layers at angle 0° and the largest fin at 55°. Because of
the limited field-of-view only a few out-of-plane grains are present in
the image and, as a result, these large out-of-plane grains dominate the
W(9) function leading to relatively narrow peaks. (c) Cross-section
HR-STEM image of a thermally sulphurized MoO, film showing predo-
minantly horizontally oriented grains and (d) the associated angular
grain distribution.

already known that the texture of MoS, grown by PE-ALD
shows predominantly in-plane oriented grains for thin films
and changes into a texture with OoPO grains on top when
growing thick films.'> MoS, films were synthesized on a Si
(100)/450 nm SiO, substrate by performing 15, 20, 50, 100,
200, and 500 cycles of the PE-ALD process at 450 °C as

This journal is © The Royal Society of Chemistry 2019
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described by Sharma et al.'®> This resulted in MoS, films of
1.2, 1.6 nm, 4.0 nm, 8.0 nm, 16 nm and ~40 nm thick,
respectively.

Fig. 6 shows the Raman spectra of four of these MoS, films
measured in both the parallel and cross polarized configur-
ation. The same A;, and E12g peaks are present for both the
exfoliated MoS, (Fig. 2) and the synthesized material (Fig. 6),
with the latter showing slightly larger peak broadening.
Synthesized TMDs commonly show this larger peak broaden-
ing and a higher A, -to-E',, separation (for the same thick-
ness), most likely caused by effects such as finite grain size
and peak shift due to strain averaged over many grains.®**" To
quantify the Raman spectra further, the A1g/E12g peak ratio was
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Fig. 6 The polarized Raman response of MoS; films grown by (a) 20, (b)
50, (c) 100, (d) 200 cycles of PE-ALD. For each sample, the response in
both the parallel (upper spectrum) and the cross (lower spectrum) polar-
ized configuration in shown. The A;g/E';4 peak ratios calculated from
the fit (solid line) to the data (markers) are also shown for both polariz-
ation configurations.
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determined from the peak area by fitting both the A, and the
E';, peaks with two Voigt peaks each, as is commonly
practice.”>*® Table 1 lists the measured A,,/E',, peak ratio
obtained using this procedure. For the PE-ALD MoS, films, a
decrease in the Aig/ElZg ratio was observed for both polariz-
ation modes with increasing film thickness up to 100 cycles.
Above 100 cycles, the Alg/E12g ratio increases again for both
polarization configurations. The A;4/E',, ratio found for the
500 cycles sample in the cross polarized configuration shows a
large jump which is most likely caused by both the increasing
OoPO fraction and an increase in scattering causing depolariz-
ation. Based upon the trend in the Alg/E12g ratio, we can quali-
tatively conclude that the texture of the ALD grown films starts
out (to a degree) OoPO and becomes more akin to that of the
exfoliated material up to 100 cycles, then the texture starts to
become more OoPO oriented again. To quantify the trend in
the Raman spectra, the measured Aig/El2g ratios were fitted to
the 2-layer model. In this fit, the adjustable parameters of the
2-layer model were determined by minimizing the sum of the
square of the difference between the measured and modelled
Ay /E',, ratios. The fraction of out-of-plane to in-plane
oriented grains found with this procedure is listed in Table 1
and shows a decreasing from 0.68 for the thinnest film up to
0.45 for the 100 cycles sample. Thicker films again show an
increase in OoPO fraction up to 0.55 for the film grown by 200
cycles.

The Raman approach was validated by contrasting the
OoPO fraction determined from the Raman spectra to the
texture measured by complementary diagnostics on selected
samples. The cross-section TEM (X-TEM) measurement per-
formed on a thick (200 cycles) PE-ALD grown MoS, film, see
Fig. 5, showed a significant amount of OoPO grains on top of
the in-plane oriented grains; qualitatively in-line with the
OoPO fraction determined using Raman spectroscopy. To
quantify the TEM results, a Fourier analysis was performed on
the image determining the angular grain distribution shown

Table 1 The thickness and measured AlglElzg peak area ratio for different MoS, films synthesized by either sulphurization of MoO, or synthesized
by PE-ALD. The measured Alg,/Eizg ratios were used as input for the 2-layer model, resulting in the out-of-plane oriented material fraction listed in
the table. The Raman response of a thick exfoliated MoS, flake which was used as a reference for the calculated Raman mapping and as a bench-
mark for the 2-layer model is also included. The first row lists the typical errors: the error in the thickness was derived by considering the impact of
varying optical properties of these TMDs with thickness, whereas, the error in the Alg/Eizg ratio was established by comparing the influence of
different baseline procedures. The asterisk symbol * indicates that light scattering leading to depolarization is probably impacts the Alg/Elzg to some
degree for that particular sample. The Raman intensity for the thinnest sample was relatively weak and especially the Al._J,/Elzg ratio labelled ** might

be less accurate due to the weaker signal compared to the background

Ratio A,/ ElZg OoPO quantification

Sample description Thickness Parallel Cross Raman X-TEM XRD Tf100 2D GIXD
Exfoliated >1ml 2.60 + 0.05 0.10 + 0.02 0% — — —
Sulphurized MoO, 8.0 + 0.5 nm 2.99 0.19 <5% 0% + 10% — —
PE-ALD 450 °C 500¢ 3.89* 1.82* — — 0.43 68 +10%

200c¢ 3.55 0.31 55% 75% 0.24 47%

100¢ 3.33 0.28 45% — — —

50c 3.39 0.30 49% — — —

20c 3.71 0.49 68% — — —

15¢ 4.84 0.70** — — — —
PE-ALD & H,S Annealed 20c 2.77 0.10 <5% — — —

50c 2.47 0.09 <5% — — —

This journal is © The Royal Society of Chemistry 2019
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in Fig. 5(b), for more details see S5 of the ESL.¥ The interpret-
ation of the OoPO fraction obtained by this approach and how
it compares to the TEM study is nuanced: for example, small
grains (e.g. <2 nm) are under sampled in TEM because of
limited contrast but will contribute significantly to the OoPO
fraction measured by Raman. As such, an absolute interpret-
ation of the OoPO fraction as a volume fraction of grains for
either TEM or Raman spectroscopy is not straightforward.
Nevertheless, an out-of-plane fraction of 0.55 for the 200 cycles
PE-ALD sample is comparable to the estimated OoPO fraction
of 0.75 from the TEM analysis especially considering the bias
to visually appealing images. Similarly, the MoS, film obtained
by sulfurization of MoO,, discussed in more detail later,
showed virtually no OoPO material in both the X-TEM and
Raman measurements. Electron backscatter diffraction (EBSD)
was not feasible due to the small grain size (~10 nm) and elec-
tron diffraction by TEM was found to be relatively insensitive
to the OoPO material. XRD measurements in the Bragg
Brentano configuration only showed the 002 reflection for thin
(from monolayer up to 10 nm), if any, despite both crystalline
in-plane and OoPO material being present."® For thicker films
grown by 200 and 400 cycles PE-ALD, the XRD patterns did
shown the 002 reflection (associated with in-plane material),
the 100 reflections and to a lesser extent the 101 reflection
(both associated with OoPO material) allowing texture factors
to be determined. The texture factor for the 100 peak is listed
in Table 1 and it is a measure for the fraction of the 100
texture. A higher texture factor indicates a stronger texture of
that specific orientation, but it cannot directly be associated
with a volume fraction of OoPO material. That said, the
increase in the degree of 100 texture with increasing thickness
measured by XRD is in-line with the increase in the fraction of
OoPO material observed from the Raman analysis. 2D grazing-
incidence X-ray diffraction (2D GIXD) measurements using
synchrotron radiation (1.4 A) at incidence angles of 0.2° and 1°
were also performed on MoS, films grown by 200 and 500
cycles of PE-ALD at 450 °C. Fig. 7 shows a typical 2D GIXD
pattern recorded at the 1.0° incidence angle, probing the full
depth of the film, showing diffraction peaks associated with
the 2H-MoS, crystal structure. The most prominent peaks for
texture determination can be found at |g| = 1 A™", with the in-
plane oriented material ((100) plane parallel to the substrate
surface) contributing to the signal at g,, = 0 and the OoPO
material ((100) plane perpendicular to the substrate surface)
contributing to the signal at g, ~ 0. On the other hand, the
0.2° measurement only probes the top section of the MoS,
film and showed predominantly OoPO material, see also S6 of
the ESL1>® This indicates that the OoPO material is predomi-
nantly located at the surface, in-line with the X-TEM images.
The OoPO fraction can be determined from the GIXD measure-
ment at 1° from a further analysis of the GIXD data. Fig. 7(b)
shows the angular grain distribution of the two samples deter-
mined from a pole-figure analysis of the GIXD data recorded at
1.0°. From this angular grain distribution, an OoPO fraction of
0.47 and 0.68 was found for the 200 and 500 cycles sample,
respectively. The good agreement between the Raman and
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Fig. 7 (a) 2D GIXD diffraction pattern of a MoS, film grown by 500

cycles of PE-ALD at 450 °C using an incident angle « of 1.0°. The radial
profile of e.g. the 002 reflection at |g| = ~1 A~* reveals the texture of the
MoS; films. The diffraction pattern shown here is the sum of 180 individ-
ual GIXD diffraction patterns measured at different azimuths phi
(rotation around the surface normal). For both samples, no significant
variation was observed as a function of phi and the pole figures calcu-
lated from the individual patterns further confirmed the fibre texture of
the samples. (b) Angular grain distribution for the MoS, films grown by
200 and 500 cycles of ALD deduced from the pole diagrams.

GIXD results should be seen in the context of the significant
uncertainty in the absolute value of the OoPO fraction present
in either approach and should therefore not be over inter-
preted Moreover, each of these diagnostics probes an overlap-
ping but slightly different subset of the material due to its own
“selection” rules. The trend in the data, on the other hand, is
expected to be accurate and all approaches do indeed show the
same trend in the OoPO fraction with thickness. This data set
showed that polarized Raman spectroscopy is capable of
rapidly (<30 s) characterizing the texture of the MoS,
films across a wide thickness range of 2 up to 20 nm. As such,
polarized Raman spectroscopy can be used to differentiate
between films with and without OoPO material even for
few-layer MoS, films, ie. the fast screening of synthesized
material.

The OoPO fraction reported in Table 1 for the ALD thick-
ness series also provides evidence for the growth mechanism

This journal is © The Royal Society of Chemistry 2019
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put forward by us and others during ALD, highlighting the
value of texture data. In our previous work we presented a
model predominantly based upon TEM studies in which
we proposed that the formation of horizontal grains occurs
first followed by the development of OoPO material most likely
at the point where the horizontal grains meet (after about
10 cycles).” For the initial stages of growth of the related ALD
process of WS,, Groven et al proposed that these
horizontal grains most likely form due to coalescence of small
highly mobile clusters on the surface during the first few
cycles.®®> The growth proceeds predominantly on the edges of
the large grains once these are established. The insights
into the angular grain distribution obtained in this work
confirm and complement these models: the polarized
Raman data suggests that the small clusters that precede the
grain formation have a fairly random orientation. With the for-
mation of larger horizontal grains the texture of the
material becomes more akin to that of exfoliated material,
evidenced by the decrease in the OoPO fraction with thickness
up to 100 cycles. For films grown by more than 100 cycles an
increase in the OoPO fraction was found from the polarized
Raman data, in line with the formation of fins as seen in
Fig. 5.

Texture of sulphurized MoO, and H,S
annealed MoS,

Fig. 8(a) shows the Raman spectra of a MoO, film sulphurized
an H,S environment at 900 °C. The Raman response of the
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Fig. 8 The polarized Raman response of MoS, synthesized by: (a) sul-
phurization of ALD MoO,, (b) annealing of the MoS, grown by 20 cycles
(as deposited shown in Fig. 6(a)) and (c) 50 cycles PE-ALD (as deposited
shown in Fig. 6(b)) after an anneal in H,S. For each sample, the response
in both the parallel (upper spectrum) and the cross (lower spectrum)
polarized configuration in shown. The Alg/Elzg peak ratio calculated
from the fit (solid line) to the data (markers) is also included. (d) The PL
response of the same 20 cycles PE-ALD MoS; film deposited by PE-ALD
as-deposited and after the anneal step.
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MoO, based film showed Alg/E12g ratios quite close to that of
the exfoliated MoS,. This implies that the material consists
predominantly of in-plane oriented grains and the analysis of
the Raman spectra revealed an OoPO fraction <5% in both
cases. This is in line with the in-plane oriented grains of MoS,
observed by X-TEM shown in Fig. 5(c) of a similar sample. In a
separate experiment, the change in texture in two PE-ALD
MoS, films caused by annealing in the same H,S environment
was investigated by Raman. Comparing the Raman spectra of
the MoS, film grown by PE-ALD before (Fig. 6(a and b)) and
after the H,S anneal (Fig. 8(b and c)) revealed a significant
change in the Alg/Elzg ratio, indicating a conversion of OoPO
grains into in-plane oriented grains. The 2-layer model was
applied to these two cases and the results are listed in Table 1.
For the PE-ALD MoS, films, a decrease in the out-of-plane frac-
tion from 49% and 68% down to <5% was observed. The
change in texture due to the H,S anneal is also reflected in the
photoluminescence (PL) response. For the 20 cycles MoS,
films a significant improvement was observed in the PL
response which improved by a factor of 6.5 upon annealing,
see Fig. 8(d).

Conclusion

We have gained fundamental insight into the influence of
texture on the Raman response of nanocrystalline TMDs. An
accurate description of the impact of the angular grain distri-
bution of nanocrystalline TMDs on the (polarized) Raman
response was derived. A variation of approximately a factor 3 in
the A1g/E12g ratio in the Raman response was predicted for the
particular case of MoS, when going from a predominantly in-
plane texture to out-of-plane oriented material. This model
can also be used to predict the impact of texture on other
TMDs with the D;n/Dg, symmetry and for other classes of
material without any modifications. Furthermore, we have
shown that our model can be used to determine the angular
grain distribution from the measured polarized Raman
response which was validated on several MoS, films with tex-
tures ranging from in-plane to out-of-plane material. Good
agreement was found between the angular grain distribution
determined from the Raman spectra and the texture deter-
mined from cross-sectional TEM, XRD, and 2D GIXD. The
main benefit of probing texture with Raman spectroscopy over
established techniques, such as XRD and TEM, is that this
approach is non-destructive, it requires (virtually) no sample
preparation, and its short measurement time. Moreover, the
typical ease-of-use of Raman spectroscopy and the capability
to obtain spatial mappings are undiminished and also apply
to the texture determination presented here. For material
growth studies, polarized Raman spectroscopy will allow the
monitoring of the crystallization and texture during film
growth (i.e. kinetics). In future work, we will generalize our
model to also describe the nonlinear optical response of nano-
crystalline materials such as second-harmonic generation
(SHG).
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Methods

Polarized Raman setup

The Raman spectra in this work were collected using a
Renishaw inVia confocal Raman microscope. All measurements
were performed with a 415 nm laser using a Leica N Plan EPI
50x objective with a NA of 0.75 in conjunction with an 1800
lines per mm grating. For each measurement, ten spectra were
acquired with an integration time of 10 seconds each and a
laser power of ~0.2 mW focused on a ~1 pm diameter spot.
For the polarized measurements the input polarization was
varied whereas the detected polarization was kept constant.
This is important since the efficiency of the grating and
the sensitivity of CCD camera can vary an order of magnitude
for p and s polarization depending on the specific setup. The
variation in input power due to the switching of the input
polarization state was found to be minimal (<1% judging from
the El2g intensity). Moreover, variation in input power below
the aforementioned laser power did not affect the Alg/ElZg
ratio.

Synthesis and H,S treatment of MoS, films & characterization

The PE-ALD films were grown at 450 °C using the procedure
detailed in the work on Sharma et al. on Si(100) wafers with a
450 nm thermal SiO, film on top obtained from SIEGERT
WAFER GmbH." The subsequent anneal of the MoS, films in
the H,S atmosphere was performed at 900 °C for 45 minutes
in a Ar + 10% H,S flow using a ramp rate of 10 °C min~" dwell-
ing the sample at 150 °C for 15 minutes. MoO, films were
grown with the PE-ALD process as described by Vos et al. after
which the films were sulphurized using the same procedure.®?
The thickness of the MoS, films was determined using a
Woollam M2000D spectroscopic ellipsometer employing a
B-spline model for the optical properties of the MoS, film. The
TEM images were obtained using a probe corrected JEOL ARM
200F operated at 80 kV. Cross-sectional preparation of the TEM
samples was performed using a standard lift-out Focused Ion
Beam (FIB) procedure. The GIXD measurements were con-
ducted at the Elettra XRD1-beamline in Trieste, Italy. The
experiments were performed with X-rays with a wavelength of
1.4 A while the incident angle o was set to either 0.2 or 1.0
degrees to vary the penetration depth into the sample. The
intensity of the scattered X-rays was measured using a Pilatus
2M detector situated approximately 150 mm after the sample.
To obtain information about the crystallites’ in-plane orien-
tation, the sample was rotated around its surface normal
during exposure and 180 separate images were recorded, each
integrating two degrees of the sample rotation. The software
package GIDVis was used for data conversion to reciprocal
space, general data analysis and to extract the pole diagrams
figures from the 2D GIXD data.®
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