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Summary 
 

Deliverable 1.3 focused on the development of a comprehensive library of 2D materials to serve as a 

foundation for fabricating inks and fully printed, nanosheet-based devices. A broad spectrum of 2D 

materials was successfully synthesized, and upscaling experiments were conducted on several selected 

compounds. 

The library encompasses a wide range of semiconductors, including transition metal dichalcogenides 

(TMDs) and post-transition metal chalcogenides. Scalable synthesis procedures such as chemical vapor 

transport (CVT) and gradient flux solidification were developed, enabling batch production of over 25 

g, with some compounds reaching 50 g and even 1 kg. 

Solid solution formation in Mo and W dichalcogenides, particularly in the Mo-W-S-Se system and WTe₂ 

substituted with Mo and Se, was extensively explored. Controlled doping of MoS₂, WS₂, MoSe₂, and 

WSe₂ was carried out to achieve both p-type and n-type behavior. Nb doping yielded consistent p-type 

characteristics, while V and Ta showed ambivalent behavior; Re doping resulted in pure n-type 

semiconductors. 

Post-transition metal chalcogenides were synthesized via gradient freezing from flux in quartz 

ampoules, successfully producing chalcogenides of gallium, indium, tin, germanium, antimony, and 

bismuth. Selected compounds were also grown using the Bridgman method. Doping strategies led to 

the development of several p-type semiconductors, including Zn- and Cd-doped variants. Additionally, 

complex semiconductors such as low bandgap CuTlS and InTlTe₂ were synthesized. 

A series of metallic, conductive 2D materials were prepared, including V, Nb, Ta, and Ti dichalcogenides 

using the CVT method. Highly conductive 2D MXenes were also synthesized through chemical 

exfoliation of MAX phases, with multiple synthesis techniques employed. 

For 2D insulators, materials such as hexagonal boron nitride (hBN) were grown from metal fluxes. High-

k dielectric 2D materials, including rare-earth oxohalides (LaOBr, LaOCl) and bismuth-based 

compounds (e.g., Bi₂SeO₅, BiOCl), were also successfully prepared. 

Ferroelectric materials included mixed MPX₃ compounds like CuInP₂S₆ and others such as In₂Se₃, 

AgCrS₂, SnS, and SnSe. Multiferroic materials, including AgCrP₂S₆ and AgVP₂S₆, were also developed. 

A wide range of magnetic 2D materials was synthesized, including MPX₃ compounds like MnPS₃, FePS₃, 

NiPS₃, MnPSe₃, and their solid solutions. Additional magnetic materials included chalcogen-

halogenides (e.g., CrSBr, CrOCl), as well as transition metal and rare earth tellurides and selenides (e.g., 

GdTe₃, Cr₂Ge₂Te₆, FeSe). 

In conclusion, a comprehensive library of 2D materials and robust synthesis protocols has been 

successfully established, covering the complete spectrum of semiconducting, metallic, insulating, 

ferroelectric, and magnetic 2D materials. 
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Introduction  
 

Deliverable 1.3 focused on the creation of a comprehensive set of 2D materials to establish a 
robust library suitable for ink formulation and printed device fabrication. Over 100 distinct 2D 
materials were successfully synthesized, covering all fundamental components required for 
semiconducting devices. This includes materials with metallic conductivity, insulators, 
semiconductors with both p-type and n-type conductivity, as well as materials exhibiting other 
functional properties such as ferroelectricity, multiferroicity, superconductivity, magnetism, 
and non-linear optical activity. To achieve this broad range of materials, several synthesis 
techniques were employed, including chemical vapor transport (CVT), flux growth, melt 
growth, physical vapor transport (PVT), and hydrothermal methods. In addition to van der 
Waals-layered materials, the library was expanded to include chemically exfoliated layered 
compounds such as MXenes and layered perovskites. 

For fine-tuning of bandgaps and other electronic properties, alloying strategies were applied, 
with a primary focus on solid solutions within the Mo-W-S-Se-Te system. Significant deviations 
between starting compositions and final crystal stoichiometry were observed, particularly 
when tungsten ditelluride was involved. These systems were also extensively explored for 
doping, successfully achieving both p-type and n-type behavior. Further doping experiments 
targeted Ga, In, Sn, and Ge chalcogenides, resulting in both p-type and n-type semiconductors. 
Additionally, low bandgap materials such as CuTlS and InTlTe₂ were synthesized. 

Metallic conductive materials included dichalcogenides of V, Nb, Ta, and Ti, synthesized via 
the CVT method in quartz ampoules. Other conductive materials were developed from the 
MXene family, including Ti₃C₂, Ti₂C, Nb₂C, Mo₂TiC₂, and V₂C.The group of 2D insulators is 
represented by hexagonal boron nitride (hBN), grown from metal flux, and high-k dielectric 
materials such as rare-earth oxohalides and ternary compounds like Bi₂SeO₅, BiOCl, and 
CaAl₂S₄.Ferroelectric 2D materials such as CuInP₂S₆ and In₂Se₃ were successfully synthesized. 
Multiferroic materials, including AgCrP₂S₆, AgVP₂S₆, CuCrS₂, and others, were also prepared. 
The 2D magnetic materials developed include antiferromagnetic thio-/selenophosphites like 
FePS₃, FePSe₃, NiPS₃, and transition metal chalcogenides such as Cr₂Ge₂Te₆, Fe₃GeTe₂, 
Fe₅GeTe₂, as well as rare-earth tellurides like GdTe₃. A broad range of 2D halogenide magnets 
was also created, including NiI₂, CrI₃, FeBr₃, and GdI₃. 

Upscaling of synthesis was successfully performed for several material systems, achieving 
growth batches in the range of 10 g to 50 g, with selected materials scaled up to 1 kg. Chemical 
exfoliation methods were demonstrated for various compounds at scales of 10 g or more, 
including MXenes from MAX phases and silicene/germanene from Zintl phases. Multiple 
crystal growth techniques were adopted to build this extensive and diverse library of 2D 
materials. 



 

GA No. 101135196                                                                                                                                                  
  
 

D1.3 – Synthesis of exfoliable layered crystals (PU)  6 / 19  
   

1 Methods and core part of the report 
 

 

1.1 Background  
 

The primary aim of this deliverable is to prepare a fundamental set of 2D materials for ink 
formulation, enabling the fabrication of devices through heterostructure printing techniques. 
Extensive work was undertaken to develop reliable crystal growth protocols for a wide 
spectrum of 2D materials suitable for use in foundational electronic devices. 

The material portfolio comprises over 100 different 2D materials, spanning categories such as 
semiconductors, insulators, metals, ferroelectrics, multiferroics, magnetic materials, and 
superconductors. For selected materials, protocols were also established for controlled 
doping and the formation of solid solutions to allow fine-tuning of their electronic properties. 

Conductivity control was successfully demonstrated for several fundamental 2D 
semiconductors, including MoS₂, WS₂, MoSe₂, WSe₂, GaSe, InSe, SnSe, SnSe₂, and Bi₂O₂Se. 
Additionally, chemical exfoliation techniques were developed for layered materials such as 
perovskites, MAX phases, and Zintl phases, expanding the library of exfoliable 2D materials for 
printed electronic applications. 

1.2 Procedures 

To enable the growth of single crystals of 2D materials, a broad portfolio of synthesis methods 
was developed, supported by the use of over 30 different types of furnaces. The most widely 
adopted technique was chemical vapor transport (CVT), which utilizes volatile species that 
either decompose at lower temperatures (exothermic) or require higher temperatures 
(endothermic) for reformation. This method is particularly effective for synthesizing 
chalcogenides, pnictides, and more complex mixed compounds such as transition metal 
chalcogen-halogenides. 

Physical vapor transport (PVT) was primarily used for the growth of 2D halogenide 
compounds. In some cases, autotransport mechanisms (e.g., BiTeI, FeBr₃) were also observed. 
The process begins with filling quartz ampoules with precursors (typically elements) and 
sealing them under high vacuum, often with liquid nitrogen cooling for highly volatile 
components like bromine and iodine. The reaction to form the target compound is initiated 
by a controlled temperature gradient. Depending on the scale, this stage takes 3–10 days. The 
resulting bulk material is then subjected to CVT growth in a horizontal two-zone furnace. 

Typical growth scales range from 10–25 g using ampoules of 200 mm length and 25–40 mm 
diameter. Larger-scale syntheses (40–250 g) utilize 250 mm long ampoules with 50–60 mm 
diameters. A demonstration of scalability was also achieved with a 1 kg growth experiment in 
a 100 × 600 mm ampoule using a three-zone furnace. Transport agents used included various 
halogens and halogenides such as I₂, SeCl₄, SeBr₄, TeCl₄, TeBr₄, and AlBr₃. 
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CVT was employed successfully for complex chalcogenides including ZnIn₂S₄, CdInGaS₄, 
Ni₂TaS₅, and Ni₃GeTe₂, among others. The method was also extensively used for mixed 
chalcogen-halogenides (e.g., CrSBr), thiophosphites (MnPS₃), and selenophosphites (MnPSe₃), 
as well as for several magnetic (e.g., Fe₃GeTe₂, Fe₅GeTe₂), ferroelectric (e.g., CuInP₂S₆), and 
dielectric (e.g., Bi₂SeO₅) materials. Less common 2D compounds such as ScPS₄ and LuPS₄ were 
also successfully synthesized using this approach. The CVT technique proved particularly 
effective for producing intercalated transition metal dichalcogenides, such as Co1/3NbSe₂, 
Fe1/3TaS₂, and Ge1/3TaSe₂. 

Figure 1. Furnace configurations used for crystal growth: (A) Two-zone CVT furnaces; (B) Crucible 

furnaces for volatile precursor pre-reaction; (C) Bridgman furnace for melt growth. 

 

Physical vapor transport and autotransport were primarily applied to halogen compounds, including 

lanthanide halides (e.g., GdI₃, LuBr₃) and transition metal halides (e.g., NiCl₂, CoI₂), as well as post-

transition metal chalcogen-halides like BiTeI and BiSeBr. Over 20 different halides were grown using 

this technique. Due to their extreme sensitivity to moisture and oxygen, all manipulations were 

conducted in an inert-atmosphere glovebox. 

Ceramic synthesis methods were used for layered niobates and tantalates, including the Bi₂SrNan–

2NbnO₃n+3 series (n = 2–5). This involves solid-state reactions of oxides and carbonates with excess 

carbonate to counteract evaporation losses during high-temperature synthesis (800–1400 °C). 

Selective etching of alkali metals (or other removable elements like Bi) from the layered structure using 

acids enabled exfoliation, followed by delamination with alkylammonium hydroxide to produce inks 

with flake sizes of approximately 1 micron. 
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Melt growth was employed for compounds with congruent melting points, as well as some incongruent 

melting materials such as InSe and In₄Se₃, by using slightly off-stoichiometric flux compositions. Several 

post-transition metal chalcogenides were prepared this way, including GaSe, GaS, In₂Se₃, and 

chalcogenides of Sn, Ge, Pb, Sb, and Bi. 

Crystalline growth of compounds containing glass-forming elements like As and Ge proved challenging; 

some complex systems like As₂Se₃ did not yield crystalline products. Off-stoichiometric and chalcogen-

based fluxes were tested for systems such as Cr₂Ge₂Te₆ (using Te flux) and PtSe₂ (using Se flux). 

Separation of the product from flux was achieved through mechanical removal, high-temperature 

centrifugation, or sublimation, depending on the flux composition. 

• Mechanical separation was used for Cr₂Si₂Te₆ and Cr₂Ge₂Te₆, grown in a 2:2:10 composition 

(Cr:Si/Ge:Te) on a 50 g scale. 

• Selenium sublimation was employed to isolate PtSe₂. 

• Centrifugation has not yet been implemented; a specialized crucible system is under 

development for compounds like TaIrTe₄ (grown from Te flux). 

Halogenide flux methods were also applied, especially for lanthanide oxo-halides. Excess metal halide 

served as both solvent and reagent, enabling growth of compounds such as LaOBr and LaOI. 

Chemical liquid transport (CLT) methods, using low-melting salt mixtures such as AlCl₃-KCl and AlCl₃-

NaCl, allowed for gradient crystal growth of thermally sensitive compounds (e.g., FeSex, Cr₂Ge₂Te₆) 

due to the high solubility of the flux. 

Alkali metal halide fluxes were also explored for specific systems, such as rare-earth tritellurides (e.g., 

SmTe₃), using eutectic mixtures of alkali chlorides, bromides, and iodides in sealed quartz ampoules. 

High-temperature fluxes of transition metal sulfides (e.g., NiS, FeS, CoS) enabled the growth of sulfur-

based MAX phases like Nb₂SC, Nb₂S₂C, and intercalated transition metal sulfides such as Fe1/3NbS₂ 

and Ni1/3TaS₂. 

Finally, for thiophosphites, flux growth was carried out using P₂S₅ as both a reagent and solvent. This 

enabled the successful synthesis of compounds such as CoPS₃ and CuInP₂S₆. 

 

 

Figure 2. The results of various crystal growth experiments covering large scale boron nitride growth 

from metal flux in hydrogen/nitrogen atmosphere (Figure 2A), growth of cerium tritelluride from 
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lithium and potassium iodide eutectic flux (Figure 2B), growth of CoPS3 from P2S5 flux in thermal 

gradient (Figure 2C), growth of SnSe by gradient freeze solidification in ampoule (Figure 2D) and 

growth of insulating Bi2SeO5 by CVT method in quartz ampoule (Figure 2E) 

 

1.3 Data Analysis 
The prepared materials were approved by X-ray diffraction and for several selected materials using 

also other methods like SEM combined with EDS, XPS and Raman spectroscopy.  The electrical 

parameters of selected 2D semiconductors are shown in Table 1. The example of SEM and combined 

with EDS mapping is shown on Figure 3. Example of XRD of layered Bi2O2Se is shown on Figure 4.  

 

Figure 3. The SEM image and EDS mapping of mixed Mo-W diselenide. 

 

 

 

 

 



 

GA No. 101135196                                                                                                                                                  
  
 

D1.3 – Synthesis of exfoliable layered crystals (PU)  10 / 19  
   

 

Figure 4. The X-ray diffraction of Bi2O2Se for grinded powder (left figure) and single crystal flake (right 

flake). 

 

 
Table 1.1 The list of doped TMDCH semiconductors with corresponding bulk carrier concentration, Hall voltage, free carrier 
mobility and its polarity.  

Material Bulk Carrier 

density (/cm3) 

Hall Voltage 

(mV) 

Mobility 

(cm2/V.s) 

Polarity 

MoS2 Re 2.70E+20 
 

-0.05785 
 

9.652305 
 

n-type 

MoS2 Nb doped 1.51E+19 
 

0.000106 
 

4.027204 
 

p-type 

MoSe2 Nb 4.85E+19 
 

0.0002 
 

6.107663 
 

p-type 

MoSe2 Ta 2.08E+19 
 

0.000525 
 

5.132194 
 

p-type 

MoSe2 V 1.17E+19 
 

0.000413 
 

5.215592 
 

p-type 

WSe2 Nb 1.66E+19 
 

0.000356 
 

11.83195 
 

p-type 

WSe2 V 1.09E+19 
 

0.000456 
 

11.09485 
 

p-type 

WSe2 Ta 1.73E+19 
 

0.000394 
 

7.826144 
 

p-type 
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2 Results & Discussion 
 

2.1 Results 
 

In the first half of the project, a comprehensive base library of 2D materials was successfully 

established, including metals, semiconductors, insulators, and functional 2D materials such as 

superconductors, ferroelectrics, multiferroics, and magnets. In total, over 100 distinct 2D materials 

were synthesized. 

Transition Metal Dichalcogenides: 

The primary focus among semiconductors was on transition metal dichalcogenides (TMDs). Doping 

experiments were conducted on selected compounds to generate both p-type and n-type 

semiconductors. The most extensively studied materials were MoS₂, WS₂, MoSe₂, and WSe₂. Crystal 

growth of these materials was successfully upscaled, with 50 g batches of MoS₂ and WS₂, 250 g batches 

of selenides, and even 1 kg of WSe₂ synthesized using a 5 L ampoule in a three-zone CVT furnace. 

For large-scale growth, a controlled slow heating protocol was adopted to minimize rapid reactions 

between chalcogen and metal, thereby avoiding pressure buildup. Doping experiments on MoS₂ and 

WS₂ with niobium (Nb) and rhenium (Re) showed promising results—Re doping significantly increased 

electron concentration, while Nb doping enabled p-type behavior. 

Doping of MoSe₂ and WSe₂ was explored with Nb at concentrations ranging from 0.01 to 1 at.%, 

successfully achieving p-type conductivity. Vanadium and tantalum doping yielded ambipolar 

behavior, while Re doping again resulted in pure n-type conductivity with high carrier concentrations. 

Current efforts include doping with Cr, Ti, Zr, and Hf, particularly for WSe₂ and MoSe₂. 

In the telluride system, Mo was substituted into WTe₂, and Se into Te, although the final crystal 

compositions differed from the initial stoichiometry due to varying transport behavior. This 

discrepancy was not observed for sulfides and selenides, and mixed compositions such as MoSSe, 

WSSe, MoₓW₁₋ₓSe₂, and Moₓ(W₁₋ₓ)Se₂ were successfully obtained. 

All these dichalcogenides were synthesized using the CVT method. In parallel, efforts began on flux 

growth, including use of transition metal fluxes (e.g., FeS₂) and high-pressure chalcogen fluxes (Se, Te). 

While these methods offer the advantage of reducing chalcogen vacancies, they present significant 

challenges due to the high pressure (>10 bar) required during synthesis. As an alternative, post-

treatment of CVT-grown crystals with elemental selenium or tellurium is being explored. These 

methods will be evaluated using STM imaging (for direct defect observation) and low-temperature 

photoluminescence (PL) linewidth analysis. Demonstration of large scale (1 kg of WSe2) growth using 

CVT method in three-zone furnace on Figure 5. 
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Figure 5. Large scale growth of WSe2 in three zone furnace (Figure 5A) and formed WSe2 crystals (Figure 

5B). 

 

Post-Transition Metal Chalcogenides: 

Several post-transition metal chalcogenides were also successfully grown as single crystals, including 

GaSe, GaS, GaTe, InSe, InTe, GeS, GeSe, GeS₂, GeSe₂, SnS, SnSe, SnS₂, SnSe₂, PbSnS₂, and mixed 

chalcogenides of Bi and Sb, as well as Bi₂O₂Se. 

Doping experiments were performed on GaSe, GaS, InSe, SnSe₂, SnS, and Bi₂O₂Se using gradient 

freezing in quartz ampoules. While Zn doping of GaSe resulted in p-type conductivity, most dopants 

(Zn, Cd, Hg, Ge, Sn, P, As, Sb, Bi) led to semi-insulating or n-type behavior. Interestingly, thickness-

dependent carrier concentration and conductivity type were also observed, which will be further 

studied to expand the library of p-type semiconductors. Initial experiments using the Bridgman 

method for crystal growth were also conducted. 

Other Semiconductor Systems: 

Low bandgap semiconductors such as CuTlS₂, CuTlSe₂, AgBiP₂Se₆, and chalcogenides of Pt and Pd were 

prepared. Additionally, Zr and Hf dichalcogenides were synthesized using the CVT method. Mono-

elemental 2D materials included black phosphorus-arsenic alloys and hydrogenated/alkylated 

germanene, obtained through chemical exfoliation of CaGe₂. 

Metallic Conductors: 

Metallic 2D materials explored included chalcogenides of Ti, V, Nb, and Ta. Growth conditions and 

phase behavior were studied, particularly for Nb and Ta systems, where mixed 2H and 3R phases were 

observed. Intercalation experiments with magnetic transition metals (Ti, V, Cr, Mn, Fe, Co, Ni) were 

performed for NbS₂/NbSe₂ and TaS₂/TaSe₂, with high-quality crystals obtained via CVT using iodine. 

MXenes were also investigated as 2D conductors. MAX phases such as Ti₃AlC₂ and Mo₂TiAlC₂ were 

synthesized at >100 g scale. Exfoliation methods included molten salt (CuCl₂, CuBr₂, CdCl₂, CdBr₂, EuCl₃) 

and standard HF-based protocols (HF/HCl, LiF/HCl). New sulfur-based MAX phases and MXenes like 

Nb₂SC and Nb₂S₂C were synthesized. Electrochemical exfoliation was tested for Nb₂SC, while sulfur flux 

growth methods led to metal-intercalated Nb₂S₂C, which were subsequently de-intercalated via 

chemical etching. 
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Insulating Materials: 

Insulating 2D materials synthesized include hexagonal boron nitride (hBN) grown via metal flux, and 

mixed oxides such as Bi₂SeO₅, BiOCl, BiOBr, BiOI, prepared via CVT and flux growth. Mixed halides of 

Sr, Ba, Pb (e.g., PbClF, BaFBr) were also obtained. Rare earth oxo-halides were synthesized from mixed 

salt fluxes (NaCl-KCl, NaCl-MgCl₂, NaBr-MgBr₂). 

Superconductors: 

Superconducting 2D materials included Nb and Ta dichalcogenides, synthesized via CVT, and FeSe, 

grown using chemical liquid transport with AlCl₃/NaCl flux under a thermal gradient. 

Ferroelectric and Multiferroic Materials: 

Ferroelectric materials such as In₂Se₃ and SnSe were synthesized via flux growth. Mixed thiophosphites 

like CuInP₂S₆ were grown using CVT, while multiferroic materials such as AgCrP₂S₆, CuCrP₂S₆, and 

AgVP₂S₆ were also successfully prepared. 

 

2.2 Contribution to project (linked) Objectives  
 
The deliverable focused on the fundamental synthesis of 2D materials forms the core foundation for 
subsequent research activities, as it ensures the availability of high-quality materials for exfoliation and 
device fabrication. A comprehensive library of 2D materials required for the following tasks has been 
successfully established, and the synthesis of many of these materials has been effectively upscaled to 
supply sufficient quantities for all downstream applications. 

2.3 Contribution to major project exploitable result  
 

This deliverable created fundamental base of materials to fabricate inks as well as fundamental study 

of exfoliated materials.  
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3 Conclusion and Recommendation 
 

 

A comprehensive library of 2D materials for ink fabrication has been successfully established, 

encompassing a wide range of material classes including p-type and n-type semiconductors, metals, 

insulators, and functional materials such as ferroelectrics, multiferroics, superconductors, and 

magnetic 2D materials. Several novel 2D compounds were also developed during the course of the 

project. 

For selected 2D semiconductors, reliable procedures for controlled p-type and n-type doping, as well 

as alloying techniques, were implemented to enable precise tuning of electronic and physical 

properties. The majority of these materials were synthesized at scales exceeding 10 g per batch, 

meeting the requirements for ink formulation and device prototyping. Key materials were successfully 

scaled up to 50 g or more, with certain compounds grown in 100 g to 1 kg quantities, demonstrating 

the scalability of the developed growth protocols. 

The result is a robust and diverse 2D material library that provides a solid foundation for subsequent 

tasks involving exfoliation, ink formulation, and device fabrication, supporting further research and 

technological development. 
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4 Risks and interconnections 
 

4.1 Risks/problems encountered 
None significant risk and problems were identified. 

 

4.2 Interconnections with other deliverables 
This deliverable providing materials for other deliverables focused on materials exfoliation, chemical 

functionalization and printed device fabrication. All main task of this deliverable were successfully 

fulfilled and complete library of 2D materials for device fabrication were created.  
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5 Deviations from Annex 1 
 

None deviation from Annex 1 existing. 
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