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ARTICLE INFO ABSTRACT

ZrS,, ZrSe, and mixed alloy ZrS,Se,_y materials were achieved through chemical vapor transport. The incon-
gruent melting system of Zr-S-Se formed crystalline layered flakes as a transport product that grew up to 2 cm in
lateral size with cm-scale flakes consistently obtained for the entire compositional range exhibiting visible
hexagonal features. Bulk flakes of the series ZrS,Se,_, (x = 0, 0.15, 0.3, 0.6, 1.05, 1.14, 1.51, 1.8 and 2) were
analyzed through Raman spectroscopy revealing significant convolution of primary bonding modes and shifting
of Raman features as a function of increasing sulfur composition. Additionally, activation of new modes not
present in the pure compounds are observed as effects which result from disorder introduced into the crystal due
to the random mixing of S-Se in the alloying process. Further structural characterization was performed via x-ray
diffraction (XRD) on the layered flakes to evaluate the progression of layer spacing function of alloy composition
which was found to range between 6.24 A for ZrSe, and 5.85 A for ZrS,. Estimation of the compositional ratios of
the alloy flakes through energy dispersive spectroscopy (EDS) large-area mapping verified the relation of the
targeted source stoichiometry represented in the layered flakes. Atomic-resolution high angle annular dark field
(HAADF)-scanning transmission electron microscopy (STEM) imaging was performed on the representative Zr
(So.5Seo.5)2 alloy to validate the 1T atomic structure and observe the arrangement of the chalcogenide columns
stacks. Additionally, selected area diffraction pattern generated from the [0 0 0 1] zone axis revealed the in-plane
lattice parameter to be approximately 3.715 A.
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candidates for optoelectronic applications through theoretical and ex-
perimental studies [4-6] indicating the band gap energies should range

1. Introduction

The discovery of graphene has triggered increasing focus on gra-
phene-like layered materials which possess band gap properties suitable
for semiconductor applications. ZrS, and ZrSe, as indirect-semi-
conductor transition metal dichalcogenides (TMDs) offer promising
characteristics as active elements in optoelectronics based on high an-
isotropy of the 1T layered structure [1-3]. In this structure, ZrS, and
ZrSe, exhibit strong, mixed covalent/ionic bonding character within
the layer promoting excellent conduction properties through the layer
sheet. This structural anisotropy provides opportunities for large-area
excitation by photon absorption for optically active devices, such as
photovoltaics, if scalable synthesis methods for high quality single
crystals and thin films can be developed.

To date, ZrS, and ZrSe, have been evaluated as promising

from 1.2 eV for ZrSe, toward 1.8 eV for ZrS,. In addition, it has been
predicted that uniaxial strain applied to ZrS, sheets may alter the band
structure in a way that induces a transition from indirect to direct band
gap semiconductor [7]. There are rich possibilities to further explore
the ZrS,-ZrSe, system by considering the ZrS,Se, _, mixed alloy system,
providing an opportunity for highly customizable and tailorable device
structure with expanded material choices and spatial property varia-
tions. ZrS,Se, _, ternary alloy single crystal flakes have previously been
synthesized through the chemical vapor transport (CVT) method [8-11]
showing that the band gap progresses as approximately a linear func-
tion with composition and confirming modifiable optical absorption
characteristics in the visible spectrum attributed to differences in
bonding of randomly-mixed chalcogenide constituents and their
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electronegativity difference within the layered structure. An additional
possibility exists to evaluate the band gap and optical absorption evo-
lution of mixed ZrS,Se, _  alloys with application of strain which merits
further investigation.

In order to further study the growth behavior and composition-
property assessments, the CVT method has been employed here to
produce ZrS,Se,_y layered crystal flakes over a wide compositional
range with source stoichiometry ofx = 0, 0.2, 0.5, 0.8, 1.0, 1.2, 1.5,
1.8, 2.0 as nominal values. The source stoichiometry has been found to
match reasonably well with compositional determinations of CVT-
grown flakes through energy dispersive spectroscopy (EDS) area map-
ping, confirming a uniform mixing distribution of chalcogenide mem-
bers along with the presence of Hf as a metal source constituent that
must be considered in source material selection for synthesis of Zr-
based TMDs. The Raman signatures of select ZrS,Se, _ alloys were also
collected to illustrate the activation of alloy-specific vibrational modes
along with shifting and broadening of binary endmember Raman fea-
tures with changing composition. The oriented flakes were also scanned
with x-ray diffraction (XRD) which provides a progression of the in-
terlayer spacing character as a function of composition. An additional
component of this study includes a preliminary examination of the
atomic-scale arrangements of the chalcogenide atoms surrounding the
Zr metal atoms for a mixed alloy Zr(Sp sSeo.s)> system to validate the
expected structural formation, crystalline quality and homogenous
chalcogenide mixing in the flakes.

2. Materials and methods

The growth of ZrS,Se,_ alloys was performed through the che-
mical vapor transport method. Growth trials were conducted in a four-
zone tube furnace that was fitted with a ceramic center baffle that
produced an appropriate temperature gradient (see Fig. 1). A standard
heating procedure was utilized for the furnace which involved several
key stages. Initially the furnace was heated slowly at 0.50 °C/min from
room temperature to an intermediate temperature of 450°C and
maintained equally across each heating zone for 24 h in order to initiate
an equilibrium of sulfur vapor sublimation and allow for metal-chal-
cogenide pre-reactions and source compounding to occur. Following
this stage, the furnace temperature was ramped upward at a rate of
0.70 °C/min and 0.60 °C/min to reach reaction zone temperature of
900 °C and growth zone temperature of 800 °C respectively. The tem-
perature gradient was found to maximize the transport product density
and enhance the size of the flakes that were produced. The gradient was
held constant for 200 h following a slow cooling at 0.15 °C/min back to
room temperature.

Source materials were loaded into a quartz ampoule with inner
diameter of 10 mm with 2 mm wall thickness. The ampoules were also
loaded with an iodine transport agent at a concentration of 5 mg/cm>.
The ampoules were evacuated at a turbo pumping station to a pressure
of approximately 10~ ° Torr and sealed with oxy-hydrogen torch to a
total length of 180 mm. Two Zr sources were employed to observe any
potential differences in the mass transport and/or formation of growth

20mm
BAFFLE ZrS,Se, .
T w—— -
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..c_———”z/
Treaction 800 °C
b 180 mm "

Fig. 1. Chemical Vapor Transport process ampoule schematic showing or-
ientation of source and reaction zones and respective temperatures divided by
refractory baffle to provide temperature gradient.
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product. Each source stoichiometry used the two Zr source materials,
one of which being a fine grain —325 mesh powder (Sigma-Aldrich,
Product #756385-5G 99.5% metals basis, excluding Hf) and the other
being a bulk 3-6 mm Zr lump source (Alfa Aesar, Product #36253
99.8% metals basis, excluding Hf) combined with chalcogenide sources
comprising selenium powder (Alfa Aesar, Product #036208, —200
mesh 99.999% metals basis) and sulfur pieces (Alfa Aesar, Product
#10755, Puratronic® 99.999% metals basis). One will note the presence
of Hf contained within the two Zr sources as a natural impurity that
cannot be refined beyond the purification process absent of extensive
effort and monetary expense. The Hf content in the lot of Zr powder
utilized in the growths was provided as 1.8 atomic %. Likewise, the Zr
lump source Hf content was provided as 1.4 atomic %. Therefore, one
may expect the presence of Hf at a considerable level beyond a mod-
erate or high-doping concentration as an impurity constituent in the
ZrS,Se, _ flakes grown.

Optical characterization was performed using the Amscope Circuit
Zoom Stereo Microscope with 144 LED white light ring. The composi-
tional ratios of the grown flakes were determined through EDS with
large-area imaging and compositional mapping performed with FEI
Nova NanoSEM 630 SEM with field emission excitation source
equipped with Bruker QUANTAX EDS detector for alloy compositional
estimates. Further stoichiometry quantification was achieved by in-
ductively coupled plasma mass spectroscopy (ICP-MS) performed by
EAG Laboratories. Raman measurements were carried out at room
temperature on the Horiba LabRam instrument using a 532nm ex-
citation source operating a 0.41 mW. The x-ray diffraction spectra were
obtained utilizing a Malvern Panalytical Empryean X-Ray dif-
fractometer using Cu K-alpha radiation source and PEXcel 3D detector
operating in reflection mode with a theta-theta goniometer.

Preliminary transmission electron microscopy (TEM) characteriza-
tion was performed on the Zr(Sy s5Seq5)2> (x = 1) alloy to determine the
crystalline quality and chalcogen distribution in the lattice. Samples for
TEM characterization were prepared using mechanical exfoliation of
CVT grown flakes onto Si/SiO, wafers [12] followed by a gentle poly-
carbonate (PC)/polydimethylsiloxane (PDMS) based transfer of ex-
foliated flakes onto TEM grids [13]. Mechanical exfoliation was carried
out inside a glove box to minimize the exposure of exfoliated crystals to
ambient atmosphere. This proved to improve the quality of imaging
because Zr based dichalcogenides are known to be sensitive to outside
environment. Also, the transfer method that was chosen for this study
minimizes the time spent by the exfoliated crystals outside the glove
box and exposure to harsh chemicals before going into a TEM for
characterization. Briefly, the transfer process begins with coating the
Si/SiO, wafer, onto which flakes were exfoliated, with a solution of PC
in chloroform (~0.04 g in 0.8 mL) to form a thin PC film on the surface.
Then, a PDMS stamp was used to detach the PC film along with the
exfoliated flakes from the wafer. The “PDMS/PC/Zr(S¢ 5Seo 5)- flakes”
assembly is then turned upside down so the Zr(Sy sSeq s)- flakes are on
top and PDMS is on bottom. A Quantifoil holey carbon Cu TEM grid is
placed on the top of the exfoliated flakes with the carbon side of the
grid facing the flakes. A drop of isopropanol (IPA) is dropped on the top
to separate the “Zr(Sy s5Seo s)2 flakes/PC” assembly from the PDMS. At
this point, “TEM grid/Zr(So.5Seo 5)- flakes/PC” assembly floats on top of
PDMS which can be captured with a pair of tweezers. The assembly is
then kept on a hot plate at 120 °C to let the IPA dry so the PC film is
adhered to the carbon film on the TEM grid. PC is dissolved from the
assembly using a chloroform bath in the final step of the transfer to
leave the TEM grid with just the exfoliated flakes.

FEI Tecnai G2 20 XTWIN TEM was used to obtain selected area
diffraction patterns (SADP) which are then used to determine the
symmetry and in-plane lattice parameters of the alloy. Atomic-resolu-
tion high angle annular dark field (HAADF)-scanning transmission
electron microscopy (STEM) imaging was performed using double
aberration corrected FEI Tian® G2 microscope operated at 80kV to
assess atomic structure to reveal the chalcogen distribution. HAADF-
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Fig. 2. Optical images of CVT flake products as a function of zirconium metal source with representative Raman spectra for (a) ZrS, and ZrSe, materials as a function
of 3-6 mm Zr lump source and (b) ZrS3 and ZrSe; materials grown by the —325 mesh Zr powder source.

STEM imaging was performed using 30 mrad semi convergence angle
and 60 pA current.

3. Results and discussion

The ZrS,Se,_ flakes grown in this study exhibited a sharp contrast
in structure and stoichiometry as a function of the zirconium source
selected to carry out the CVT process. The morphology of the flakes
display large-scale hexagonal features with lateral size up to approxi-
mately 20 mm which could be reliably obtained for all compositions
when utilizing the Zr lump source particles. However, the reaction
products of experiments using the — 325 mesh Zr powder source exhibit
a needle-like morphology indicating a linear or chain-type of growth
morphology which is more revealing of a ZrXs-type structure. The

morphology contrast for binary components ZrSe, and ZrS, is displayed
in Fig. 2 with optical magnified images and SEM micrographs.

The structure and flake size are representative to the type of reac-
tion products that were obtained for growth of ZrS,Se, _x mixed alloys.
In addition to the visual structural differences, the Raman signatures
varied of materials obtained as a function of source choice which is
displayed as well in Fig. 2. Through this we have observed that the
products obtained by using the —325 mesh Zr source are a pre-
dominant chalcogenide-rich phase indicating a ZrS,Ses _, stoichiometry
in the flakes while the Zr lump source allowed for growth of the desired
dichalcogenide phase ZrS,Se, _ single crystals as confirmed by Raman
spectra of the binary materials and EDS compositional ratios displayed
for mixed alloy in Fig. 3. The lateral sizes and morphology of the flakes
from this study closely resemble the visual characteristics of ZrS,Se;_x
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Fig. 3. Optical images of CVT flake products as a function of zirconium metal source with EDS compositional area maps and inserts of the respective Raman spectra

as a function of (a) 3-6 mm Zr lump source and (b) —325 mesh Zr powder source.

and ZrS,Se; _, materials discussed in prior growth studies [8,10].

The large area EDS elemental mapping shown in Fig. 3 represents
the mixed alloy growth behavior of the crystalline flakes produced as a
function of zirconium source material. For all compositions it is ap-
parent that the mixing of S and Se is homogenous across large areas
indicating uniformity of S and Se distribution within the bulk flakes. An
interesting observation is the presence of Hf that was measured through
EDS as at significant impurity presence within ZrS,Se,_ flakes. It is
also noted that Hf was not detected in any ZrS,Se;_, materials by EDS
indicating a remarkably lower Hf content in the ZrS,Se;_, flakes. The
service of inductively coupled plasma mass spectroscopy (ICP-MS) was
sought (EAG Laboratories) to perform sensitive quantification of the
metals impurity presence and stoichiometric ratio of Zr:Hf within each
type of flake grown as a function of zirconium source. The values dis-
played in Table 1 reveal Hf is indeed present likewise in the ZrS,Se;_4
material though on the order of approximately one magnitude lower
than that measured in the ZrS,Se, _ flakes. This may suggest that Hf is
not as well accommodated by the ZrS,Se;_ chain-like structure and
may contribute to added defect density and stacking faults/irregula-
rities of the bulk flakes. The ICP-MS quantifications also further confirm
the structural contrast between each type of flake obtained as the
chalcogen:metal ratio is found to be approximately 2 for the ZrS,Ses _x
formed from Zr lump source and close to 3 for the ZrS,Se;_, material
formed by — 325 mesh Zr source powders respectively. The Hf impurity
level from each vendor was specified to by 1.8% for 3-6 mm Zr lump
source and 1.4% for — 325 mesh Zr powder so with a similarity in the
Hf content in each source this cannot be attributed to the difference in
Hf levels measured in the CVT flake products. Instead, we consider the
source particle morphology to be the primary attributing factor as a
particle with a high surface-volume ratio may contain a greater

Table 1

ICP-MS molar quantification of metals content in the as-grown Zr(SpsSep.s)>
and Zr(So 5Seo.5)3 flakes as a function of Zr source selection with the ratio of
chalcogenide to metal stoichiometry.

Zr Source Composition Zr Hf Chalcogenide:Metal

3-6 mm lump
— 325 mesh powder

Zr(So.55€0.5)2 31.6 0.4 2.1
Z1(So.5S€0.5)3 22.3 0.07 3.4

presence of oxidation shells on particle outer surfaces which can hinder
the Zr sublimation and transport during the CVT process. This effect is
magnified in the Zr powder source to a higher degree relative to the
larger gain lump source where the surface-to-volume ratio is approxi-
mately 2 orders of magnitude lower. The results suggest a lower
transport rate of Zr in the experiments using the Zr fine grain powder,
which results in a metal-deficient vapor species at the reaction zone
promoting formation of a chalcogenide-rich layered phase. Further in-
vestigation will be needed to explicitly confirm this source effect of
metal sublimation and mass transport rates as a function of oxide pre-
sence, thickness and particle morphology, however this factor should be
considered in experimental design of TMD bulk single crystal CVT
processes.

As indicated in Fig. 3, the targeted stoichiometry of equivalent S and
Se content in the mixed alloy flakes is represented. The chalcogen
compositional estimations made through EDS elemental mapping re-
veals the stoichiometric S:Se ratio matches well with the source stoi-
chiometry loaded into the ampoule for the ZrS,Se,_ flakes. In the
ZrS,Se3_ there appears to be a higher variation in chalcogenide con-
tent with respect to the source stoichiometry which suggests some
added molar compensation may be needed in experimental design for
synthesis of ZrS,Se;_, by similar vapor reaction and transport growth
methods. A tabular listing of atomic content in ZrS,Se, _ flakes for all
compositions determined through EDS growth by Zr lump source is
given in Table 2.

Raman spectra were obtained at room temperature to elucidate the
effects of the alloying process on the vibrational modes in ZrS,Se,_
flakes. The 1T crystal structure of the endpoint compounds ZrSe,
(x = 0) and ZrS; (x = 2) belongs to the Ds; point group (space group
P3m1, #164). Therefore, the Raman-active modes have A;; and E,
symmetry. A, and E, modes correspond to either out-of-plane or in-
plane vibrations of the chalcogen atoms, respectively, while the tran-
sition metal atoms remain stationary. As shown in the Raman spectra of
Fig. 4, we measure the E, and A;, modes in ZrSe, at ~147 cm ™!
and ~194cm ™! and in ZrS, at ~251cm ™' and ~320 cm ™ ?, respec-
tively, which agree well with previous Raman measurements. The large
peak at ~334cm™! is believed to result from hybridization of the
Raman-active A;, mode with infrared-active modes [14].

Measurements displayed in Fig. 4 reveal a smooth evolution of the
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Table 2
Alloy EDS determinations considering instrumental measurement errors.
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Alloy Source Stoichiometry Zr Atomic % Hf Atomic % S Atomic % Se Atomic % Calculated EDS Composition
Parameter (x) (+0.10%) (+0.01%) (+0.57%) (= 0.50%) Parameter
Zr(So.1Sep0)2 0.2 33.7 0.48 5.0 60.8 0.151
Zr(So.255€075)2 0.5 34.0 1.36 9.50 55.1 0.294
Zr(So.4Se0e)2 0.8 35.3 0.54 19.5 44.6 0.609
Zr(SosSeos)a 1.0 35.8 0.69 30.9 32.7 0.970
Zr(So6Seo.a)2 1.2 36.2 0.59 36.0 27.2 1.14
Z1(So75S€0.25)2 1.5 37.0 0.53 47.3 15.2 1.51
Zr(SooSeo1)a 1.8 40.2 0.41 53.2 6.2 1.79
" . S ) U A, g' CN— The ZrS,Se,_« flakes as grown in this study reveal the c-parameter
N IR phonons ranges from 5.851 A for ZrS, increasing to 6.242 A for ZrSe,. The values
of several ZrS,Se, _, compositions are given in Table 3 and compared to
values of equivalent composition provided by earlier works of
ZrS,Se, _ alloys grown through CVT processes. The functions of the c-
- parameter for each study confirms the quadratic evolution of the c-
= | x=1.51 plane spacing which diminishes as a function of increasing sulfur con-
@ tent.
¥ It is noted that the values recorded for ZrS,Se,_ materials in the
= present study are consistently above what has been reported in the prior
g x =1.05 works. This is directly attributed to the significant Hf content in the
= crystals as an impurity constituent as outlined previously. The sub-
& stitution of a higher period transition metal provides an enlargement
effect of the c-parameter without perturbing the hexagonal layered
structure shared by TMD materials. This effect resembles the lattice
W parameter evolution determined experimentally through XRD in an
A1 earlier assessment and structural characterization of CVT-prepared
9 Mo, —xW,Se, alloy single crystals [22].
Further, the Zr(Sy5Se.5)2 (x = 1) alloy was examined using trans-
ZI'Se2 Vs 9 mission electron microscopy (TEM) to understand the atomic structure
e — ] : — I — : of the CVT-grown crystal at atomic length scale to visualize the defects
100 150 200 250 300 350 400 present in the material, such as Hf impurities, and observe distribution

wavenumber (cm'1)

Fig. 4. Raman spectra of ZrS,Se, 4 alloys (x = 0.30, 1.05, 1.51) and ZrS,, ZrSe,
binary endpoints at room temperature.

Raman spectra as ZrSe, and ZrS, are alloyed together. The alloys show
a superposition of the features from the endpoint compounds, as seen in
previous studies of TMD alloys [15], but with significant asymmetrical
broadening and decreased intensity. Asymmetrical broadening of the
vibrational modes is known to result from relaxation of the g = 0
Raman selection rules due to broken translational symmetry in the
lattice [16]. Here, broken translational symmetry is caused by sub-
stitutional atoms incorporated into the lattice during the alloying pro-
cess, and scattering off of these disorder sites results in the activation of
finite momentum phonons, as seen in the TMD alloys Mo; _yW,Te,
[17], as well as other alloy systems such as Al,Ga; 4N [18] and
Ga; _ Al As [16]. Additional features present only in the alloys are most
likely the result of disorder-enhanced infrared modes or new modes
originating from different S-Se arrangements around the Zr atoms that
yield spatial force constant variations that influence lattice dynamics
[17,19,20]. A more detailed discussion of these Raman features is
presented in Ref. [21].

X-ray diffraction was also performed as a measure to illustrate the
compositional shift of the ZrS,Se,_, crystals by orienting the flakes as
flat samples to be scanned in 2-theta range of 10-70 degrees where the
reflections of the oriented (0010) peaks for [ = 1, 2, 3, 4 were found.
With increasing S content, thus reducing the content of the larger Se
constituents, there is a shift in peak position for each of these reflections
toward higher 2-theta values as an indication of decreasing plane spa-
cing. Fig. 5 shows the shifting of these reflections for each composition
and a plot of c-plane spacing.

of chalcogens (S/Se) atoms in the lattice. Additionally, TEM char-
acterization was used to measure the in-plane lattice parameters and to
confirm the 1T stacking expected from the crystal structure of Zr based
dichalcogenides.

Fig. 6(a) is an image of an exfoliated flake transferred to Quantifoil
holey carbon TEM grid using the transfer method described in the
Materials and Methods section. Selected area diffraction pattern (SADP)
obtained from the flake is presented in Fig. 6(b). The spots in the SADP
highlight the single crystal nature and hexagonal symmetry of the
crystal. The spots were utilized to calculate the interplanar spacing
values of the indexed planes which in turn were used to deduce the in-
plane lattice parameters of the crystal. Lattice parameter values ob-
tained from the three primary reflections indicated in the SADP are
3.707 f\, 3.719 1°\, 3.710 A. The values are well-aligned to the values
previously reported for the Zr(SosSeps)> (x = 1) alloy (~3.715 A)
[23,24], thus confirming the nominal composition of the alloy obtained
from EDS and ICP-MS measurements. The zone axis of SADP is [0001].
Atomic-resolution HAADF-STEM imaging further revealed the atomic
arrangement in the sample, as shown in Fig. 6(c). Since HAADF-STEM
images are dominated by atomic number (z) contrast, Zr metal atoms
(z = 40) appear brighter compared to chalcogen atoms (z of
sulfur = 16; z of selenium = 34). A closer inspection reveals some of
the metal atoms are brighter than other metal atoms in the lattice. They
are highlighted by dashed yellow circles and are attributed to Hf im-
purities in the crystal because Hf atoms (z = 72) have higher atomic
number compared to Zr atoms. A higher magnification image was used
for more in-depth analysis of the atomic structure as explained in
Fig. 6(d)-(f). First, Fig. 6(d) underlines the effect of ambient environ-
ment on the sample imaging quality. The dashed blue box shows de-
gradation of the material preventing from obtaining good images from
the area. Thin areas are especially more prone to this degradation as
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Fig. 5. (a) Graphical representation of XRD peak shifting for oriented peaks (0 0 1), (00 2), (00 3) and (0 0 4) and (b) the progression of c-plane spacing as a function

of increasing sulfur content.

Table 3

Comparisons of c-axis parameter from prior experimental x-ray diffraction
measurements of ZrS,Se, , single crystals prepared by iodine vapor transport
with the current study.

c-parameter (A) ZrSe, ZrSpsSe; s 718 oSeq o ZrS, 5Seo s ZrSy

This Work 6.242 6.091 6.046 5.963 5.851
Ref. [8] 6.131 6.071 6.013 5.925 5.817
Ref. [11] 6.136 6.070 6.020 5.920 5.813

their surface to volume ratio is high. Fig. 6(e) is a zoomed in picture of
Fig. 6(d) from the region inside the yellow rectangle and is utilized for
plotting atomic intensity line scans to learn about stacking in the

o110 @
WS 78

S
&

—_-
e

20 Zone axis: [0001]

crystal. Line scan plotted along the direction of the red dashed rectangle
in Fig. 6(e) is illustrated in Fig. 6(f). The intensity profile shows peaks
corresponding to metal columns separated by two relatively weaker
chalcogen column peaks. This is a characteristic of 1T stacking com-
monly observed in transition metal dichalcogenides [25]. Since the
crystal is an exfoliated flake, its thickness is uncertain. But, the intensity
profile in 1T stacking doesn’t vary with the thickness of the crystal [26]
which makes it easy to distinguish metal columns and chalcogen col-
umns. The invariability line scan intensity profile was understood from
the crystal structure models of ZrS,Se, _ alloy in top and side views, as
seen in Fig. 6(g) and (h). Fig. 6(h) indicates that metal and chalcogen
atoms line up on top of themselves in multilayer 1T stacking which
results in the intensity profile seen in Fig. 6(f). Fig. 6(g) is a top view of

CrayVau
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Fig. 6. (a) TEM image of an exfoliated Zr(So sSeo s)2 (x = 1) alloy flake; scale bar is 200 nm, (b) SAD pattern obtained from the flake in (a); scale bar is 2 nm?, (¢)-(d)
atomic resolution HAADF-STEM images of Zr(Sy.sSeo.s)2 (x = 1) alloy; scale bars are 2 nm and 1 nm, respectively, (e) zoomed in picture of (d) from the region
outlined by yellow rectangle; scale bar is 0.5 nm, (f) Intensity profile along the line scan drawn in (e) and (g)-(h) atomic crystal structure models of Zr(Sp sSep.s)>
(x = 1) alloy in top and side views, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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the crystal with S (yellow) and Se (blue) chalcogens distributed in a
random manner. Comparing it with Fig. 6(c) and (d), it is clear that the
exfoliated flake has a uniform metal lattice with nearly equal intensities
and a disordered chalcogen lattice with varying intensities. Varying
intensities is an indication of variation in sulfur and selenium atom
count in each chalcogen column, meaning chalcogens are distributed
randomly in the lattice. This correlates well with the Raman observa-
tions indicating disorder in chalcogen lattice in the basal plane.

4. Conclusions

7rS,, ZrSe, and mixed alloy ZrS,Se, _, materials were synthesized
through chemical vapor transport. The incongruent melting system of
Zr-S-Se formed crystalline layered flakes as a transport product that
grew up to 2cm in lateral size with cm-scale flakes consistently ob-
tained for the entire compositional range exhibiting visible hexagonal
features. We have shown that the reaction products vary in stoichio-
metry as a function of metal source choice in terms of particle size and
surface-to-volume ratio. Bulk flakes of the series ZrS,Se,_, (x =0,
0.15, 0.3, 0.6, 1.05, 1.14, 1.51, 1.8 and 2) were analyzed through
Raman spectroscopy and revealed the superposition of vibrational
modes from the endpoint compounds ZrSe, and ZrS, together in the
same spectra, but with significant asymmetrical broadening. New
modes not present in the pure compounds were also found in the alloys,
and most likely result from disorder-activated finite momentum pho-
nons, enhancement of infrared modes, or from the random mixing of S
and Se that introduces spatial variations in the force constants that
affects lattice dynamics. Additional structural characterization was
performed via x-ray diffraction (XRD) on the layered flakes to evaluate
the progression of c-plane layer spacing function of alloy composition
which was found to range between 6.24 A for ZrSe, and 5.85 A for ZrS,.
Estimation of the compositional ratios of the alloy flakes through en-
ergy dispersive spectroscopy (EDS) large-area mapping verified the
relation of the targeted source stoichiometry represented in the layered
flakes and uniform distribution of S and Se mixing in the structure.
Atomic resolution HAADF-STEM imaging of the Zr(SpsSeps)» alloy
validated the 1T atomic structure and enabled preliminary observation
mixing in the chalcogenide lattice. Additionally, selected area diffrac-
tion pattern generated from the [0 00 1] zone axis reveals the in-plane
lattice parameter to be approximately 3.715 A.
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