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ABSTRACT 

Traditional covalent semiconductors require complex processing methods for device fabrication 

due to their high cohesive energies. Here, we develop a stable, ligand-free perovskite 

semiconductor ink that can be used to make patterned semiconductor-based optoelectronics in 

one step. The perovskite ink is formed via the dissolution of crystals of vacancy-ordered double 

perovskite Cs2TeX6 (X = Cl-, Br-, I-) in polar aprotic solvents, leading to the stabilization of 

isolated [TeX6]2- octahedral anions and free Cs+ cations without the presence of ligands. The 

stabilization of the fundamental perovskite ionic octahedral building blocks in solution creates 

multi-functional inks with the ability to reversibly transform between the liquid ink and the solid-

state perovskite crystalline system in air within minutes. These easily processable inks can be 

patterned onto various materials via dropcasting, stamping, and spraying or painting, 

highlighting the crucial role of solvated octahedral complexes towards rapid formation of phase-

pure perovskite structures in ambient conditions. 
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TEXT 

Traditional covalent semiconductors such as silicon (Si), germanium (Ge), and gallium arsenide 

(GaAs) are widely used in the semiconductor industry due to their excellent material properties 

such as desirable exciton binding energies, tunable carrier concentrations, and high carrier 

mobilities. On top of this, the high cohesive energy associated with the strong covalent bonding 

in these materials1 imbue high stability and long operating lifetimes,2 thus making them ideal 

candidates for applications in microelectronics,3 photovoltaics,4 lasers,5 etc. However, the 

bonding nature of these covalent semiconductors inevitably make them energy-intensive to 

process for device fabrication, requiring very complex, high-temperature, and costly synthetic 

methods.6–8 As such, these covalent semiconductors typically are not solution processable except 

in some cases using colloidal quantum dots.9,10 These covalent solids cannot be readily 

disassembled into fundamental building blocks via simply dissociating the bulk solid-phase 

semiconductor or precursors in solvents, and then cannot be re-assembled back into the solid 

state without intensive energy input. 

On the other hand, organic electronics typically involve solvent-processable polymers 

and/or macromolecules that are readily patternable and printable but require inert atmosphere or 

high vacuum processing environments.11–13 Here we demonstrate that such solution 

processability of an inorganic semiconductor can be achieved much more easily from an ionic 

crystal structure, where individual ionic building blocks are directly used as the processable 

units. In particular, ABX3 halide perovskites such as CsPbX3 and CsSnX3 (X = Cl-, Br-, I-) have 

recently garnered much interest as such a processable semiconductor system. Their soft ionic 

lattices allow for ease of fabrication and result in excellent optoelectronic properties,14,15 making 

these materials viable options for applications in photovoltaics,16,17 light-emitting diodes,18–20 and 
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photodetectors.21 The combination of high defect tolerance and low-cost solution processability 

has made them an attractive candidate for controlled patterning of devices, which could 

revolutionize the optoelectronics and flexible electronics industries.22,23 Various studies have 

highlighted the development or use of solution-phase perovskites with varying stabilized 

building block units (i.e., quantum dots, solvated precursors, etc.), and how these inks can be 

deposited onto a substrate to fabricate semiconductor devices.22,24–29 However, true perovskite 

inks with stabilized A-site cations and [BX6] octahedral building blocks have yet to be achieved. 

Furthermore, achieving high-quality solution processing in ambient conditions is challenging for 

many of the traditional perovskite systems due to their environmental instability, primarily 

against moisture and oxygen.30,31 To achieve a truly facile patterning process, the perovskite 

semiconductor solutions need to be stable while allowing for rapid phase-pure perovskite 

formation in ambient conditions. Furthermore, the stability of these solutions should be achieved 

without the need for passivation, particularly through the means of ligands, as this would 

ultimately affect the resulting device performance.32 

We have designed a ligand-free, zero-dimensional (0D) perovskite semiconductor ink 

that can be easily converted within minutes in ambient conditions to its phase-pure crystalline 

solid-phase perovskite upon application to and drying on various substrates. These inks of 

vacancy-ordered double perovskite Cs2TeX6 (X = Cl-, Br-, I-) can be stabilized in the polar 

aprotic solvents dimethyl sulfoxide (DMSO) and N,N-dimethylformamide (DMF) from bulk 

Cs2TeX6 semiconductor powders and remain stable for at least 1 year. In effect, the polar aprotic 

solvents serve to disassemble the extended perovskite ionic octahedron network (ION)33 of the 

Cs2TeX6 bulk powders into its constituent ionic building blocks. The units stabilized in the pure-

halide Cs2TeX6 inks are Cs+ cations and [TeX6-n](2-n)- (n = 0,1,2) complex anions, with the anion 
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population favoring a majority of [TeX6]2- octahedral complex anions at higher concentrations. 

The stabilized complexes are critical to the ability of these inks to rapidly form phase-pure 

perovskite structures in ambient conditions. The formation of thin films, patterns, and dried 

paints (i.e., coatings) via dropcasting, stamping, and spraying or painting, respectively, with 

these inks represents the facile reassembly of the solid-phase perovskite crystals directly from 

the liquid-phase perovskite ink in one simple step. 

By using an anti-solvent such as methanol or acetonitrile, phase-pure Cs2TeCl6, 

Cs2TeBr6, and Cs2TeI6 microcrystals can be formed from the starting precursors with nearly 

100% yield (Figure S1). The pure-halide inks Cs2TeCl6, Cs2TeBr6, and Cs2TeI6 are formed 

simply by dissolving these respective pure-halide powders into their cationic and anionic species 

in the polar aprotic solvents DMSO or DMF. The mixed-halide inks representing the alloy 

spaces of Cs2TeCl6-xBrx and Cs2TeBr6-xIx (x = 0-6) are designed from the appropriate ratio of 

pure-halide powders. For example, to form an ink of composition Cs2TeCl3Br3, a 1:1 molar ratio 

of Cs2TeCl6:Cs2TeBr6 powders must be used. The same ink formation behavior is achieved when 

dissolving Cs2TeX6 single crystals in either DMSO or DMF, or when dissolving the 

stoichiometric amount of respective Cs2TeX6 precursors (2CsX and TeX4) in either DMSO or 

DMF. The formation of mixed-halide inks creates a tunable solution-phase composition space 

from bright yellow to deep orange in Cs2TeCl6-xBrx (x = 0-6) inks, and from deep orange to black 

in Cs2TeBr6-xIx (x = 0-6) inks (Figure 1a). Starting from the bulk Cs2TeX6 semiconductor 

crystals, we obtain a tunable Cs2TeX6 semiconductor ink composition space that forms through 

the dissociation of the extended Cs2TeX6 ionic crystals into their constituent ions, namely 

solvated Cs+ cations and [TeX6]2- octahedral complex anions (Figure 1b). Through this simple 

design, we can control the unique structural flexibility of halide perovskite lattices by (1) 
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forming solid-state Cs2TeX6 perovskite from solution via an anti-solvent and (2) forming liquid-

phase Cs2TeX6 perovskite from the bulk solid by using a solvent. 

UV-visible absorption spectroscopy measurements suggest the presence of these solvated 

[TeX6]2- octahedral complex anions stabilized within the inks (Figure 1c). These spectra reveal 

absorbance bands associated with the 1S0 → 3P1, 1S0 → 3P2, and 1S0 → 1P1 transitions (generally 

known as the A, B, and C absorbance bands, respectively) expected from molecular octahedral 

[TeX6]2- complexes.34–36 When changing from [TeCl6]2- to [TeBr6]2- to [TeI6]2- molecular 

complexes, the molecular energy levels shift corresponding to the different molecular orbital 

wavefunctions involved, such that the absorption onset red-shifts. These spectra also have strong 

absorbance features in the UV range, which potentially correspond to undercoordinated Te-based 

complexes (i.e., [TeX4] and [TeX5]1-). Given the solution-phase nature of this system, it is likely 

that there is an equilibrium reaction of [TeX6]2- ⇌ [TeX6-n](2-n)- + nX- (n = 1,2) occurring within 

the inks at room temperature.35 Additionally, the tunable nature of the Cs2TeCl6-xBrx and 

Cs2TeBr6-xIx (x = 0-6) inks is observed through progressive shifting of the absorption onset to 

higher wavelengths, with the expected molecular octahedral complexes being observed in the 

absorption spectra (Figure S2). All inks maintain their vibrant colors and molecular octahedral 

absorbance features after 1 year in ambient conditions (20–22°C, relative humidity (RH) = 50–

55%), highlighting the exceptional stability of these inks (Figure S3 and Figure S4). 
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Figure 1. Tunability of the ligand-free 0D Cs2TeX6 inks. (a) The Cs2TeCl6, Cs2TeCl3Br3, 

Cs2TeBr6, Cs2TeBr3I3, and Cs2TeI6 inks with the respective bulk Cs2TeCl6, Cs2TeBr6, and Cs2TeI6 

powders used to fabricate them. Color tunability from bright yellow (Cs2TeCl6-DMSO) to deep 

orange (Cs2TeBr6-DMSO) to black (Cs2TeI6-DMF) is observed across the inks. (b) Schematic 

representation of the reversible reaction between the solid-state Cs2TeX6 bulk semiconductor and 

the liquid-phase Cs2TeX6 ionic octahedral unit (IOU) ink. The IOU ink is achieved by dissociating 

the bulk semiconductor in solvents such as DMSO or DMF, and the bulk semiconductor is 
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reprecipitated by combining the IOU ink with an anti-solvent such as methanol, toluene, etc. (c) 

Absorption spectra of the Cs2TeCl6-DMSO, Cs2TeBr6-DMSO, and Cs2TeI6-DMF inks. The 

characteristic absorbance features of molecular octahedral complexes (A, B, and C bands) are 

indicated for the Cs2TeCl6 and Cs2TeBr6 inks. 

High quality crystalline thin films can be produced directly from the inks via dropcasting 

onto glass or Si substrates (Figure 2a), representing the re-assembly of Cs2TeX6 crystals from the 

solution-phase. The solution-phase transforms in one minute into the Cs2TeX6 thin film with the 

assistance of heat and an anti-solvent to accelerate solvent evaporation and to improve film 

coverage and morphology, respectively.37,38 This effectively closes the loop to our design of 

reversible ionic building block assembly, whereby the solid-state Cs2TeX6 perovskite crystals are 

re-formed from the liquid-phase perovskite ink by using an anti-solvent. These thin films possess 

tunable color like their powder counterparts, from bright yellow for Cs2TeCl6 to bright orange 

for Cs2TeBr6 to black for Cs2TeI6. The Cs2TeCl6 thin film maintains the strong yellow emission 

(λem = 588 nm) with a photoluminescence quantum yield (PLQY) of 2.06% that is observed in 

its powder counterpart (Figure 2b,c), and the Cs2TeBr6 thin film maintains the red emission (λem 

= 670 nm) observed in its powder counterpart (Figure S5). The broad emission of these films is 

indicative of self-trapped exciton (STE) emission behavior, which in isolated octahedral 

perovskite systems occurs by the excitation of STEs (i.e., localized Frenkel excitons) and their 

subsequent recombination through the transition 3P0,1,2 → 1S0 (Table S1).39–41 All thin films 

result in good coverage of the substrate, relatively uniform micro-grain morphology (Figure S6), 

and excellent structural and luminescent stability in ambient conditions (Figure S7). 
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In addition to their use in thin film formation, these inks can also be used in patterning 

applications, either by spraying or painting on synthetic fibers, or by stamping on rice (Xuan) 

paper. Microcrystalline dried paints (i.e., coatings) can be produced from the inks by using either 

a spray airbrush or a paint brush on synthetic fibers such as cellulose wipes (Figure 2d). The 

semiconductor ink transforms within minutes into the solid-phase Cs2TeX6 semiconductor 

coating with the assistance of heat. The formation of coatings as Cs2TeX6 microcrystals on the 

synthetic fibers (Figure S3) represents another route towards re-assembly of the Cs2TeX6 

semiconductor from the solution-phase. These coatings possess tunable color like their powder 

counterparts, and the Cs2TeCl6 coating maintains the strong yellow emission (λem = 588 nm, 

PLQY = 2.06%) observed in its powder counterpart (Figure 2e). Similarly, patterned Cs2TeX6 

microcrystals can be achieved by coating stamps with the inks and pressing onto heated rice 

paper (Figure 2f). The solution-phase transforms into the solid-state Cs2TeX6 semiconductor 

within a minute without spreading along the paper, thus achieving Cs2TeX6 perovskite patterning 

through stamping (a form of printing). These patterning results indicate that inkjet printing of 

these Cs2TeX6 inks is likely possible, which is currently being investigated. 
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Figure 2. Examples of applications of the inks. (a) Thin films produced by dropcasting 

Cs2TeCl6-DMSO, Cs2TeBr6-DMSO, and Cs2TeI6-DMF inks, respectively, onto a heated glass 

substrate with an anti-solvent. (b) Strong yellow emission from a Cs2TeCl6 thin film under UV 

excitation (λex = 302 nm). (c) Photoluminescence spectra of a Cs2TeCl6 thin film and Cs2TeCl6 

coating compared with that of the respective Cs2TeCl6 powder. (d) Coatings produced by spraying 

Cs2TeCl6-DMSO, Cs2TeBr6-DMSO, and Cs2TeI6-DMF inks, respectively, onto laboratory 

cellulose wipes and drying with heat. The same results are achieved via painting the inks onto the 

wipes. (e) Strong yellow emission from a Cs2TeCl6 coating under UV excitation (λex = 302 nm). (f) 

Patterning achieving by stamping Cs2TeBr6-DMSO and Cs2TeI6-DMF inks, respectively, onto 

heated rice paper. 

The formation of Cs2TeCl6, Cs2TeBr6, and Cs2TeI6 thin films and patterned coatings is 

confirmed. The thin films and coatings of all three pure-halide compositions have a face-centered 

cubic (FCC) crystal structure with a tunable lattice parameter from 10.46 Å for Cs2TeCl6 to 
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10.92 Å for Cs2TeBr6 to 11.68 Å for Cs2TeI6, matching with the lattice parameters of the 

respective Cs2TeX6 powders (Figure S8). The Raman spectra of these thin films and coatings 

show three fundamental modes that are representative of the expected Oh symmetry of these 

compositions (Figure S9). These same three fundamental modes are present in the Raman spectra 

of the corresponding powders. The absorption spectra of the pure-halide thin films show the 

same behavior as that of the powders, with the absorption onset remaining constant between the 

respective compositions in thin film or powder forms (Figure S10). As proof of concept, a 

representative mixed-halide composition Cs2TeCl3Br3 thin film is made from the Cs2TeCl3Br3-

DMSO ink, showing a phase-pure PXRD pattern with a lattice parameter of 10.70 Å and red-

shifted absorption and emission spectra with respect to that of the Cs2TeCl6 thin film (Figure 

S11). 

Understanding what complexes have been stabilized in these solutions is critical to 

understanding the ability of these inks to rapidly form phase-pure perovskite structures in 

ambient conditions. The Te L3-edge X-ray absorption near edge structure (XANES) of the 

Cs2TeBr6-DMSO ink is measured to probe the coordination environment of Te in solution. 

XANES is a powerful technique to determine the structural geometry of a dynamic or disordered 

system such as the inks.42 Different coordination environments around the Te-center affect its 

energy transition probed through XANES. For example, a strong white line feature has 

previously been associated with an electron excitation to the Eg molecular orbital in [PtCl6]2- 

octahedral complexes measured in Cs2PtCl6 powders.43 Comparison of the Cs2TeBr6-DMSO ink 

to the Cs2TeBr6 powder standard sample displays a similar white line feature as well as other 

spectral similarities (Figure 3a). Concretely, both samples display broad features in the 20-60 eV 

past the edge, which are signatures of octahedral molecular resonances A1g, T2g, and Eg.43 This 
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confirms that a large population of [TeBr6]2- octahedral complex anions are stabilized in this ink, 

as corroborated by the UV-visible absorption data. Furthermore, the ink spectrum also contains a 

stronger pre-edge feature than the Cs2TeBr6 standard, which indicates the presence of anisotropic 

complexes. Given the dynamic nature of these inks at room temperature,35 it is not unreasonable 

to observe such anisotropy. The presence of lower-coordinated Te-based complexes are likely 

contributing to this anisotropic feature, which is supported by the presence of the same pre-edge 

feature in the spectrum of the anisotropic, 4-coordinate TeO2 powder standard sample44 (inset in 

Figure 3a). Indeed, this spectral feature has previously been attributed to the co-existence of 4- 

and 6-coordinate complexes.45,46 Thus, spectral analysis suggests the presence of both 6-

coordinate [TeBr6]2- and 4-coordinate [TeBr4] complexes stabilized in the Cs2TeBr6-DMSO ink. 

Similar mixtures of coordination are observed in the XANES analysis of the Cs2TeCl6-DMSO 

and Cs2TeI6-DMF inks (Figure S12). 

Multiple local coordination environments are also suggested from solution Raman 

analysis. The solution Raman spectrum of the Cs2TeBr6-DMSO ink reveals 4 bands at 

frequencies 76 cm-1, 147 cm-1, 167 cm-1, and 185 cm-1, which can be assigned to the complexes 

stabilized in solution (Figure 3b and Figure S13). When compared with the Raman spectrum of 

the Cs2TeBr6 powder, which possesses Oh symmetry, the Cs2TeBr6-DMSO ink has vibrational 

frequencies in the range expected for Te–Br bonds in octahedral or lower-coordinated complexes 

(approximate Te–Br bond length of 2.70 Å). However, the solid-state Raman spectrum only 

contains 3 modes corresponding to its Oh symmetry, whereas the solution Raman spectrum 

contains 4 modes. This indicates that the coordination environment in the inks is not just pure Oh 

symmetry. Given the UV-visible absorption and XANES analysis, it is possible that 3 of the 4 

bands represent the 3 vibrational energies of Oh-symmetric octahedral molecular complexes and 
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that the fourth band represents a vibrational energy of lower-coordinate molecular complexes. 

Under this assumption, given the relative frequency positions and intensities of modes in the ink, 

it is likely that the three lowest frequency modes at 76 cm-1, 147 cm-1, and 167 cm-1 correspond 

to the solvated Oh symmetry units. From this, we can tentatively assign the symmetric stretching 

A1g mode at 167 cm-1, the asymmetric stretching Eg mode at 147 cm-1, and the bending T2g mode 

at 76 cm-1. The shifting of the solution modes to slightly lower frequency values compared to the 

solid-state modes indicates a slight structural relaxation of the Te–Br bond length in the solution-

phase.47 Consequently, the band at 185 cm-1 can be tentatively assigned to the solvated 4- or 5-

coordinate symmetry units. Since the frequencies for modes resulting from 4-, 5-, and 6-

coordinate Te–Br complexes would be quite similar, as confirmed by Raman simulation within a 

solvent model for the Cs2TeBr6-DMSO ink (Figure 3b and Figure S14), this fourth band cannot 

be definitively assigned to only 4-coordinate [TeBr4] or only 5-coordinate [TeBr5]1- units. The 

other bands corresponding to 4- and 5-coordinate vibrating units48 are likely masked by the 

increased linewidth of the Oh-symmetric modes brought about by the liquid-phase.49 Given these 

mode assignments, quantitative metrics such as integrated peak areas can be used to understand 

the relative populations of oscillators in solution. The integrated areas for the Oh-symmetric 

modes (∫A1g = 44457.5, ∫Eg = 36659.6, ∫T2g = 75537) are an order of magnitude larger than that 

of the 4-/5-coordinate mode at 185 cm-1 (∫ν4/5 = 7985.87), indicating a dominant population of 

[TeBr6]2- species in the ink. 

As another probe of the complexes stabilized in solution, the Cs2TeBr6-DMSO ink is 

measured using electrospray ionization mass spectrometry (ESI-MS). As shown in Figure 3c, 

there is a larger population of smaller 4- and 5-coordinate complexes than expected from the 

UV-visible absorption, XANES, and Raman spectra. This indicates the fragmentation of a large 
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percentage of the octahedral [TeBr6]2- complexes during the measurement. This behavior has 

been observed previously in ESI-MS studies of solvated octahedral complexes, where lower-

coordinated complexes are observed instead of the octahedral equivalents.50,51 However, in the 

case of the Cs2TeBr6-DMSO ink, a small fraction of [TeBr6]2- complexes are still observed to fly 

with Cs+ cations (m/z = 740.3149). The other clusters of peaks have been identified as [TeBr5]1- 

at m/z = 528.4964, [TeBr4OH]1- at m/z = 466.5800, and [TeBr3O]1- at m/z = 384.6549 via 

isotope simulation. Similar behavior is observed in both the Raman and ESI-MS spectra of the 

Cs2TeCl6-DMSO and Cs2TeI6-DMF inks (Figure S15 and Figure S16). 

Figure 3. Probing the local coordination environment of the complexes in the inks. (a) The 

Te L3-edge X-ray absorption near edge structure (XANES) of the Cs2TeBr6-DMSO ink. The ink 

spectrum has similar features to the Cs2TeBr6 powder and TeO2 powder standards, thus suggesting 
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the presence of 6-coordinate [TeBr6]2- and 4-coordinate [TeBr4] complexes stabilized in solution, 

respectively. Inset shows the same strong pre-edge feature present in the ink and in the TeO2 

powder. (b) Raman spectrum of the Cs2TeBr6-DMSO ink, as compared with that of Cs2TeBr6 

powder and simulated Raman spectra of 4-, 5-, and 6-coordinate Te–Br complexes in a solvent 

model. (c) Electrospray ionization mass spectrometry (ESI-MS) spectrum of the Cs2TeBr6-DMSO 

ink. 

From structural and spectroscopic evidence, we have designed a ligand-free perovskite 

semiconductor ink with a majority population of [TeX6]2- octahedral building blocks stabilized in 

solution. The unique crystal structure of Cs2TeX6 perovskites, with [TeX6]2- octahedra separated 

by vacancies, lends itself to facile processability. Starting from the bulk crystal, in which isolated 

[TeX6]2- octahedra are stabilized and are charge-balanced by their ionic bonding with Cs+ 

cations, the role of the polar solvent is to break this ionic bonding, thus leaving the constituent 

ionic building blocks stabilized in solution. The control of the ionic bonding allows for the 

reversible phase transition between the liquid inks and solid-phase perovskite crystals, which is 

realized through various applications of one-step patterning. More critical than this manipulation 

of ionic interactions is the stabilization of the [TeX6]2- octahedral anionic molecules, as these 

molecules appear to be the key to the rapid formation of phase-pure perovskite structures in 

ambient conditions. This rational design could therefore be generally applied to other A2BX6 

systems (A = K+, Rb+, Cs+; B = Te4+, Sn4+, Pd4+, Pt4+, Ti4+, Zr4+, etc.; X = Cl-, Br-, I-), when the 

bulk A2BX6 semiconductor is used as the starting point of ink formation. We have verified this 

general approach here through tunability in the X-site anion with the formation of mixed-halide 

Cs2TeCl6-xBrx and Cs2TeBr6-xIx (x = 0-6) inks, and we are currently exploring tunability in the B-
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site cation with the formation of mixed-cation x%Te4+:Cs2SnCl6 (x = 0, 1, 2, 5, 10, 20, 35, 50, 

75, 100) inks. Starting from the respective emissive bulk x%Te4+:Cs2SnCl6 powders (Figure 

S17), phase-pure inks can be achieved using similar methods to those for the Cs2TeX6 inks 

(Figure S18). The bulk powder approach removes the strong Lewis acid-base interaction 

between SnCl4/SnBr4 and DMSO/DMF and allows for dissolution of the Sn compounds in these 

solvents. This is a promising result for future ink formation, as many transition metals that can 

assume a tetravalent oxidation state are often not naturally occurring in that state.52,53 Therefore, 

processable inks can be achieved for any A2BX6 system by utilizing our elegant design of 

dissolving their bulk ionic lattice. 
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