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TiSs and ZrSs are quasi-one-dimensional materials from the family of transition metal trichalcogenides
with the general composition MXs;, where M is a transition metal and X is a chalcogen. Although
isostructural, TiSs and ZrSs have very different bandgaps of approximately 1 eV and 2 eV, respectively.
Consequently, Zr;_,Ti,Ss solid solutions are promising for achieving a composition-dependent bandgap
that is tunable across a broad spectral range, from visible to infrared, for various electronic and
optoelectronic applications. Previous studies demonstrated the synthesis of Zr;_,Ti,Ss solid solutions
from elemental precursors at 800 °C, but only in a narrow compositional range of 0 < x < 0.33, while
higher Ti content led to the formation of a secondary TiS, phase. In this work, we optimized the
synthetic conditions and produced the entire range of Zr; ,Ti,Ss solid solutions (0 < x < 1) via a direct
reaction between Zr—Ti alloys and sulfur vapor at a lower temperature of 600 °C. All Zr; ,Ti,Sz composi-
tions crystallized as needle-like structures within the P2;/m space group, with lattice parameters increas-
ing with the Zr content, as confirmed by X-ray diffraction analysis. The optical bandgaps of the prepared
crystals were within the 1 to 2 eV range and also increased with the Zr content, demonstrating that
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sensors,”*® and charge transport materials in light-emitting

devices.”* Many of these applications benefit from the variable
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Transition metal trichalcogenides (TMTCs) are quasi-one-
dimensional (quasi-1D) materials with the general composition
MX;, where M is a transition metal such as Ti, Zr, Hf, Ta, or
Nb and X is S, Se, or Te."” Members of the TMTC family
exhibit intriguing physical phenomena, including temperature-
dependent metal-insulator transitions, charge density waves, and
superconductivity,” ® possess remarkable properties, such as ani-
sotropic electronic transport> ™ and high breakdown current
densities,"*'* and show promise for numerous electronic
and optoelectronic applications,>"® ranging from field-effect
transistors,’'®'” polarization-sensitive photodetectors,®>*
and printed electronics®? to thermoelectric converters,*** gas
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bandgaps of TMTCs that can be either metallic, such as TaS; and
NbSe;, have small bandgaps of about 1 eV or less, such as TiS;,
ZrSe;, and HfSe;, or have bandgaps around 2 eV or larger, such as
ZrS; and HfS;.” Interestingly, despite the great diversity of TMTC
materials, they do not cover the visible-to-near-infrared range
from 1 to 2 eV, which is crucial for many optoelectronic and
photonic technologies. Materials with bandgaps in this range are
commonly used for efficient light absorption and charge carrier
generation in photovoltaic devices.*® They are also employed in
light-emitting devices and photodetectors for telecommunica-
tions, integrated photonics, biomedical imaging, and many other
applications. Therefore, the potential applications of TMTCs
could be significantly expanded if these materials were engineered
to exhibit tunable bandgaps within the 1-2 eV range.

In this work, for the bandgap engineering in TMTCs we
considered solid solutions of TiS; and ZrS;. These are isostruc-
tural compounds that have a monoclinic ZrSe;-type crystal
structure (space group P2,/m) that is schematically shown in
Fig. 1a and b. TiS; has a bandgap of about 1 eV,**** while ZrS;
has a larger bandgap of about 2 eV.»'*?*?> Therefore,
Zr,_,Ti,S; solid solutions (0 < x < 1) provide a promising
material platform for realizing a composition-dependent
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(@) Scheme of crystal structure and unit cell of Zr; ,Ti,Ss solid solution. (b) Scheme of 1D chain of Zr;_,Ti,Ss solid solution along the b

crystallographic direction. (c) Scheme of the chemical vapor transport method used to obtain Zr;_,Ti,S3 with crystal shape illustrations for TiSs, ZrSz and
Zr1_,Ti,S3 solid solutions. (d) Photographs of glass slides with slot-die printed layers of the full range of Zr;_,Ti,Ss solid solutions.

bandgap that is tunable across a broad spectral range, from
visible to infrared.

Several previous works focused on the synthesis and char-
acterization of Zr,_,Ti,S; solid solutions.>*° Gard and co-
workers performed spectroscopic studies of Zr; ,Ti,S; (0 <
x < 1) crystals®” although did not disclose their preparation
and referenced a prior study.>® However, that study by Sieber
and co-workers, which investigated chemical vapor transport
reaction between metallic Ti, Zr and sulfur vapor at 800 °C,
reported the synthesis of Zr, ,Ti,S; solid solutions only with
0 < x < 0.33.°® We also studied the reaction between the
metals and sulfur at 800 °C and reached a similar conclusion
that under these conditions the Zr,_,Ti,S; solid solutions can
only be obtained in a narrow compositional range.** When a
high titanium content is used in the precursor mixture, the
resulting Zr, ,Ti,S; crystals still have x < 0.33, while the Ti
excess results in the formation of a secondary TiS, phase.*
Therefore, while prior literature suggests that Zr; ,Ti,S; solid
solutions with x > 0.33 are realistic, the procedure for their
synthesis remains missing in literature. In this study, we aimed
to address this gap in knowledge and establish synthetic
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procedures for the entire series of solid solutions with 0 <
x < 1, which is necessary to cover the whole 1-2 eV range of
bandgaps with Zr; ,Ti,S; compounds.

We optimized the synthetic conditions and produced the
entire range of Zr; ,Ti,S; solid solutions (0 < x < 1) via a
direct reaction between Zr-Ti alloys and sulfur vapor at a lower
temperature of 600 °C. We demonstrate that the resulting
Zr; ,Ti,S; compositions formed needle-like crystals, consistent
with the quasi-1D structure of ZrSes-type compounds. The
lattice parameters of Zr; ,Ti,S; solid solutions systematically
increased with the Zr content, as confirmed by X-ray diffraction
analysis. The optical bandgaps of the prepared crystals were
within the 1 to 2 eV range and linearly increased with the Zr
content, demonstrating that Zr; ,Ti,S; solid solutions are
viable route for bandgap engineering in TMTC materials for
electronic and optoelectronic applications.

Results and discussion

Previous reports on the synthesis of Zr; ,Ti,S; crystals utilized
pure powders of Ti and Zr as precursors and noted that even

This journal is © The Royal Society of Chemistry 2025
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when employing high titanium-to-zirconium ratios, the result-
ing solid solutions were deficient in titanium.***%3° This could
be due to the difference in the vapor pressures of Ti and Zr
under the chosen synthetic conditions. Our approach, invol-
ving precisely controlled Zr, ,Ti, alloys instead of mixtures of
elemental Zr and Ti (Fig. 1c), aimed to achieve a more even
evaporation of the metallic precursors.’* However, we also
observed a reduced titanium concentration in the produced
Zr,_,Ti,S; solid solutions when the ampoules were annealed at
800 °C.*? In this study, we attempted synthesis of Zr;_,Ti,S;
crystals at different temperatures and found that when the
temperature is reduced from 800 °C to 600 °C, the resulting
solid solutions have the same Ti/Zr ratio as in the precursor
alloys. The reaction products were imaged by optical (Fig. 1d)
and scanning electron microscopy (SEM), and their composi-
tion was confirmed by energy-dispersive X-ray spectroscopy
(EDX), see Fig. S1-S4. In Fig. 2, we demonstrate SEM images
of all Zr, ,Ti,S; crystals as well as provide EDX mapping data
for Zr,,TipgS3, the solid solution with the highest titanium
content, while EDX maps for other compositions are shown in
Fig. S5. The maps show that for all Zr, ,Ti,S; compositions the
elements are evenly distributed throughout the crystals.

Most of the Zr;_,Ti,S; crystals had similar shapes across
different Ti/Zr ratios. The ends of the solid solution crystals
were typically sharp, resembling a sword tip, while pure ZrS;
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and TiS; crystals had rounded tips, see Fig. 2 as well as Fig. S6
and S7. Based on the shapes of these needle-like crystals, it can
be concluded that the fastest growth occurs in the b direction of
1D chains in the structure (Fig. 1b). According to the Burton-
Cabrera-Frank (BCF) theory of crystal growth mechanics,*® the
surface of a growing crystal needs an atomic kink or an open
step to promote further growth. For a Zr; ,Ti,S; solid solution
crystal, particularly when the Ti/Zr ratio is about 1:1, this kink
forms naturally due to the presence of two types of atoms with
the same number of valence electrons but differing atomic radii
(0.160 nm for Zr and 0.147 nm for Ti). This difference in atomic
radii significantly accelerates growth along the b direction,
giving the crystals their sword-like shapes. The ‘sword’ edges
could be formed by the planes with high-2 (211) Miller indices,
where 1 > 3. These planes form because of the large discre-
pancy between the growth rates along the b direction and at
oblique angles to it. A simple evaluation of the crystal shapes
indicates that the growth rate along the b direction should be at
least three times higher for the Zr; ,Ti,S; solid solutions
compared to pristine ZrS; and TiS; under the same conditions
(Fig. S8).

We found that the size of the crystals strongly depends on
the Ti/Zr ratio in the resulting solid solution. At high Ti/Zr
ratios, the crystals grow significantly larger, reaching widths
greater than 5 or even 10 pm. In contrast, at lower Ti/Zr ratios,

Zr g6 TigaS3 ,
ED)/(-/Zl’o.e4Tio‘féesz.9

ZrygTig»S;

Fig. 2 SEM images (top and middle rows) of Zr;_,Ti,Ss crystals for the following x values: (a) 0.8, (b) 0.6, (c) 0.4, and (d) 0.2. The bottom row belongs to
panel (a) and shows SEM image and EDX maps of Ti, Zr and S for Zry 5Tig gSs.

This journal is © The Royal Society of Chemistry 2025
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the width of a single ribbon is typically less than 2 pm. It is
important to note that all the crystals discussed above and
shown in Fig. 2 were synthesized at 600 °C, using comparable
masses of alloy precursors, same temperature gradient, and
synthesis time. To achieve crystals of the same size for each
composition, the synthesis conditions should be individually
adjusted for each case.

All Zr, ,Ti,S; crystals are reasonably stable in ambient
conditions, and their degradation becomes noticeable only
after weeks of storage in air. SEM images of samples after
long-term storage in air reveals the formation of particles with
characteristic shapes of anatase platelets*' on the surface of
Zr, ,Ti,S; crystals (Fig. S9), which also correlates with the
increased oxygen content in EDX spectra (Fig. S10). In order
to ensure that we analyzed pure solid solutions rather than
samples containing oxidation products, all the materials char-
acterization was performed on freshly prepared Zr; ,Ti,S;
crystals.

We studied the effect of chemical composition of solid
solutions on their bond vibrations. Fig. 3a shows Raman
spectra of all obtained compositions of Zr; ,Ti,S; solid solu-
tions, as well as the spectra of pristine ZrS; and TiS;. For the
Raman peaks of Zr; ,Ti,S; solid solutions we used the same
labelling approach as in ref. 42 for ZrS; and ZrSe;. We observed
a nearly linear change in the position of the Ay peak with the
increasing Ti content, from 154 cm ' in pristine ZrS; to
179 ecm ' in TiS;, due to the almost twofold difference in
atomic masses of Zr and Ti (Fig. 3b). The vibration scheme
for this peak is shown in Fig. 3c.
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We found a different trend for the Bg vibration mode, which
is observed at 245 cm ™" for ZrS;. This band was not previously
discussed in studies that employed a green 532 nm laser as the
excitation source, where the Bg peak was reported to have very
low intensity.**”** Here, with a 780 nm laser, the By mode band
is very prominent in ZrS; and has a lower intensity in TiS;. We
also note that its intensity inversely correlates with the amount
of Ti in the solid solutions, with the lowest intensity observed in
Zro,TiogS;. The position of the By band changes differently
compared to the A; band, being smallest in Zr,,TipgS; and
largest in ZrS; (230 and 245 cm ™" respectively).

An interesting observation was made for the highest-
frequency band A§ located at 530 cm™' in ZrS;. This band
splits in all studied solid solution crystals, indicating the
formation of new vibration modes in the Zr; ,Ti,S; system.
Finally, the positions of the A; and A$ bands shift from lower to
higher wavenumbers with the increasing Ti content.

The structural parameters of the Zr; ,Ti,S; solid solutions
were identified using X-ray diffraction (XRD) analysis. The XRD
patterns for all synthesized compounds are presented in Fig. 4,
while the corresponding lattice parameters are summarized in
Table S1. All diffractograms display very similar patterns, with
the most intense reflections coming from the (001) and (012)
planes (Fig. 4a). The XRD patterns exhibit texture due to the
needle-like shape of the crystals. Starting from 2@ = 30°, we
observe a gradual shift of the peaks that linearly correlates with
the Ti/Zr ratio. The dependence is even more prominent in the
waterfall presentation of the XRD data in Fig. 4b. We did not
detect any additional superstructure peaks, and the a, b, and ¢
lattice parameters, as well as the unit cell volume show a clear
linear dependence on the Zr content (Fig. 4c), in agreement
with the Vegard’s law.** No correlation was found between the
angle f and the composition. The gradual shift in lattice
parameters is in agreement with the formation of a substitu-
tional solid solution at any given metal ratio.

Finally, we performed diffuse reflectance spectroscopy of
Zr, ,Ti,S; solid solutions and calculated their optical bandgaps
using the conventional Kubelka-Munk function and the Tauc plot
approximation for the linear parts of the spectra (Fig. 5a). We note
in passing that TMTC compounds are known for rich excitonic
physics,””***® but in this study we specifically focused on the
absorption edge energies of Zr; ,Ti,S; solid solutions to determine
their optical bandgaps. We obtained a close to linear fit of the
bandgap values for the investigated Zr, ,Ti,S; materials with the
composition varying from TiS; to ZrSs;, as shown in Fig. 5b. The
optical bandgap of Zr; ,Ti,S; solid solutions ranges from 1 to 2 eV.
All these values fall within the optimal range for many optoelec-
tronic applications.*® The electronic bandgaps of these compounds
should be higher by the values of the corresponding exciton
binding energies. While not currently known for Zr; ,Ti,S; (0 <
x < 1), they are likely comparable to TiS;, for which the exciton
binding energy was experimentally shown to be about 0.13 eV."’

The ease of exfoliation of TMTC materials through simple
ultrasonic treatment in various media allows for the production
of ready-to-use inks suitable for slot-die,* inkjet,”> and
other printing techniques, opening up numerous potential

This journal is © The Royal Society of Chemistry 2025
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the Zr content as expected for substitutional solid solutions.

applications for Zr; ,Ti,S; solid solutions. We also note that
while it is also possible to modulate bandgaps of TMTCs by
varying the chalcogen ratio in solid solutions like ZrS;_,Se,,

This journal is © The Royal Society of Chemistry 2025

2,49,50

and ZrTe;_,Se,,”" the use of toxic chalcogens for this purpose,
such as Se and Te, is less practical than the more environmen-
tally friendly Ti/Zr substitution.
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Conclusions

A full range of Zr, ,Ti,S; solid solutions with x = 0.2 step was
successfully synthesized using chemical vapor transport reac-
tions between Zr; _,Ti, alloys and sulfur vapor in sealed quartz
ampoules at 600 °C. The structure and composition of solid
solutions were confirmed through XRD, EDX, and Raman
measurements. In particular, EDX analysis confirmed uniform
distribution of Ti, Zr, and S within the crystals. In line with the
Vegard’s law, the refined lattice parameters a, b and c¢ of
Zr; ,Ti,S; crystals display a linear dependence on the Zr
content, which is consistent with the formation of substitu-
tional solid solutions.

Our study demonstrates the ability to control the optical
bandgap of Zr; ,Ti,S; solid solutions by varying the metal ratio
in the precursor alloy used for synthesis. The lowest bandgap value
of 1.19 eV was determined for Zr, ,Tio ¢S3, while the highest was
1.65 eV for Zr, gTiy,S;. Considering the known bandgaps of TiS;
and ZrS; of about 1 and 2 eV, respectively, the resulting depen-
dence of the bandgap of Zr; ,Ti,S; on the Zr content is nearly
linear, suggesting a straightforward preparation of solid solutions
with desired bandgaps in the 1-2 eV range while maintaining the
same ZrSes-type structure as in pristine TiS; and ZrS;. The study
demonstrates a simple and practical route for bandgap engineer-
ing in TMTC materials in the technologically important 1-2 eV
range, suggesting their relevance to photovoltaics, light-emitting
devices and photodetectors for telecommunications, integrated

J. Mater. Chem. C

photonics, biomedical imaging, and many other optoelectronic
applications.

Experimental
Synthesis of precursor alloys

Zr; _,Ti, alloys were produced by co-melting of pure Ti and Zr
metals using a high-vacuum arc-melting furnace. Titanium and
zirconium were mixed in 20/80, 40/60, 60/40, and 80/20 molar
ratios, and the chemical compositions of the resulting Zr, ,Ti,
alloys were confirmed by EDX, as shown in Table S2.

Synthesis of Zr; ,Ti,S; solid solutions

The Zr, ,Ti, alloys were ground into coarse particles and sealed
under vacuum in separate quartz tubes with elemental sulfur.
In a typical synthesis, we used 300-400 mg of a Zr; ,Ti, alloy
and a calculated amount of sulfur for obtaining stoichiometric
Zr; ,Ti,S; solid solutions. All solid solution crystals were
synthesized at 600 °C in a tube furnace (Lenton LHC 12/750).
The precursor materials were located directly in the center of
the furnace (Fig. 1c), while the other side of the ampoule was
kept a few centimeters away from the hot zone, forming a small
temperature gradient along the ampoule. For the synthesis of
TiS; and ZrS; crystals, we also prepared similar quartz tubes, in
which sulfur was sealed with Ti or Zr powders, respectively. TiS;
was synthesized at 500 °C while ZrS; was obtained at 800 °C.

This journal is © The Royal Society of Chemistry 2025
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The produced crystals were then dispersed in isopropyl alcohol
(10 mg mL ") and treated in an ultrasonic bath for 1.5 h to get
stable dispersions. These dispersions were then printed with a
slot-die Ossila printer on glass slides to test the ink deposition
and prepare samples for optical measurements. The resulting
samples are shown in the series of optical photographs in
Fig. 1d.

Characterization methods

SEM imaging was performed using a Tescan Vega 3 scanning
electron microscope with an integrated AZtec EDX module
from Oxford Instruments. Raman spectroscopy was performed
using a Thermo DXR Raman microscope with a 780 nm solid-
state laser. XRD patterns were recorded using a PANalytical
X'Pert instrument with Cu Ko radiation. Crystallographic data
from the powder X-ray diffraction patterns were obtained using
Le Bail profile fitting performed with BGMN package included
within Profex software.”” Diffuse reflectance spectra were mea-
sured using a Cary 5000 UV-visible spectrometer.
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