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ABSTRACT: Vacancy-ordered double perovskites with the <«—— phase-pure Cs,TeBry, ——>
formula A,MX, (where A is a +1 cation, M is a +4 metal, and X different powder color, particle size

is a halide ion) offer improved ambient stability over other main-
group halide AMX; perovskites and potentially reduced toxicity
compared to those containing lead. These compounds are readily
formed through a number of synthetic routes; however, the
manner in which the synthetic route affects the resulting structure
or optoelectronic properties has not been examined. Here, we
investigate the role of distinct precursors and solvents in the
formation of the indirect band gap vacancy-ordered double
perovskite Cs,TeBrs. While Cs,TeBrs can be synthesized from
TeBr, or TeO,, we find that synthesis from TeBr, is more sensitive
to solvent selection, requiring a polar solvent to enable the
conversion of TeBr,. Synthesis from TeO, proceeds in all of the organic solvents tested, provided that HBr is added to solubilize
TeO, and enable the formation of [TeBrs]>". Furthermore, the choice of metal precursor and solvent impacts the product color and
optical absorption edge, which we find arises from particle size effects. The emission energy remains unaffected, consistent with the
idea that emission in these zero-dimensional structures arises from the isolated [TeBry]*~ octahedra, which undergo dynamic Jahn—
Teller distortion rather than band-edge recombination. Our work highlights how even minor changes in synthetic procedures can
lead to variability in metrics such as the absorption edge and emission lifetime and sheds light on how the optical properties of these
semiconductors can be controlled for light-emitting applications.
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H INTRODUCTION softness of the halide increases from Cl < Br < I, the molecular
nature of the bonding is reduced, concomitant with an increase
in dispersion band curvature and a decrease in both the
electron and hole effective masses.'*'> While the molecular
picture of bonding in the [MX(]*~ clusters can aid in
understanding the photophysical properties of these com-
pounds, there is a need to unify this molecular model with a
model for solid-state systems.

The isolated nature of the coordinated metal octahedra in
the VODP structure also means that they are prone to

Metal halide perovskites have garnered significant research
interest in recent years, not only as photovoltaics but also as
light-emitting diodes (LEDs), lasers, and sensors.”” In this
regard, vacancy-ordered double perovskites (VODPs) of the
formula A,MX, (where A is a +1 cation, M is a +4 metal, and X
is a halide) stand out as attractive candidates for light-emitting
applications®™° owing to their improved stability”” in light and
air compared to AMX; formulations and their highly Stokes-
shifted, broad emission.”'° This broad emission makes them

particularly well-suited for single-component white light deformkejltlon; evten Ilrégl;e Ts}(:' thand the chr}l)v;ntlonal I?IM )t(3
generation; therefore, it is of great interest to understand the perovsikte ,S fuctare. 15 renders ) s amena.. e. 0
origin of this unusual emission.'’™"? the formation of polarons, whereby following photoexcitation,

The optical, electronic, and environmental properties of coupling of charge carriers (i.e., electrons or holes) or excitons

. .18
VODDPs are a result of a structure (Figure la) in which half of to phonons induces structural deformation. ~ If electron— or
the MXy octahedra of the AMXj structure have been replaced

with vacancies and the M?** metal centers have been replaced Received: June 18, 2024 ""“‘"s
with M** cations that are more stable against oxidation."> The Revised:  August 19, 2024 e
MX, octahedra behave as relatively isolated [MX]*~ clusters Accepted: September 4, 2024

that can be analyzed via molecular orbital theory. The X = Cl Published: September 16, 2024

compounds feature the flattest band dispersion,'* correspond-
ing to the most molecular-like bonding. As the ionic radius and

© 2024 The Authors. Published b
Ameericl;n %ﬁemlilcallssce)cietz https://doi.org/10.1021/acs.chemmater.4c01701

W ACS Publications 9625 Chem. Mater. 2024, 36, 96259635


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexandra+Brumberg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Owen+Kuklinski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Greggory+T.+Kent"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emily+E.+Morgan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+A.+Mikhailovsky"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="T.+Amanda+Strom"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="T.+Amanda+Strom"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+L.+Chabinyc"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ram+Seshadri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemmater.4c01701&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01701?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01701?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01701?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01701?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01701?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/cmatex/36/19?ref=pdf
https://pubs.acs.org/toc/cmatex/36/19?ref=pdf
https://pubs.acs.org/toc/cmatex/36/19?ref=pdf
https://pubs.acs.org/toc/cmatex/36/19?ref=pdf
pubs.acs.org/cm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c01701?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/cm?ref=pdf
https://pubs.acs.org/cm?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

Chemistry of Materials

pubs.acs.org/cm

(a) _ : . O Cs
Dol or
Sovy

£

B A2
AN e

® — i

—— Difference
‘ — ICSD 24151

I I L N T P B TR Y R

! N | - N

|I| .I |i| i|| ||I I"'IIII|"|I-I"”||”|”'Iﬂ“||

1 2 3 4 5 6

Q (A1)

Figure 1. (a) Crystal structure of Cs,TeBr in the Fm3m space group.
(b) Synchrotron powder X-ray diffraction pattern of Cs,TeBrg
synthesized from TeO, in HBr showing a calculated fit using Rietveld
refinement.

exciton—phonon coupling is strong enough, then the structural
deformation will be highly localized, creating a potential well
that inhibits carrier or exciton motion. The latter results in a
highly localized exciton known as self-trapped exciton.'*™ "
Emission from the self-trapped exciton state occurs at lower
energy than excitation and is highly broadened, consistent with
the type of emission observed in VODPs. While the
mechanism of self-trapped exciton emission is consistent
with the nature of VODPs, the challenge of directly probing
excited-state geometries makes it difficult to confirm self-
trapped exciton formation.

Within the large compositional space of VODPs, most
research thus far has focused on VODPs containing Ti*", Zr*,
or Sn*, which are direct band gap and contain no valence
electrons, or Te*', which is indirect gap and contains a 5s* lone
pair."*?°7** The ns” lone pair is suspected to play a role in a
number of optoelectronic processes, including enhanced
emission”>”*>° and nonlinear harmonic generation.zs_28 In
particular, spin—orbit coupling and dynamic Jahn—Teller
distortion enhance the formation of and emission from the
triplet state, which closely resembles the self-trapped exciton
emission that is suspected to be the origin of the broad and
highly Stokes-shifted emission in all VODPs.””*° In the case of
Te-based VODPs, both triplet and self-trapped exciton
emission are possible, making it difficult to distinguish the
origin of emission and understand how the Ss” lone pair affects
an already perplexing emission mechanism.

Unraveling the origin of emission in a semiconductor
requires samples whose structures are well understood so that
factors that can confound emission mechanisms—such as
defects—are accounted for. The large negative formation
energies”’' of VODPs make them relatively straightforward to
synthesize and have led to the development of several synthetic
strategies, including hydrothermal, microwave, solid-state, and
solution synthesis techniques.”*”~>* Despite this flexibility,
relatively few reports have investigated the effect of synthetic
strategy on the resulting perovskite structure,”*’ as all of the
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aforementioned approaches result in the intended phase-pure
compound. However, reports from the perovskite literature
suggest that many synthesis and processing conditions actually
do affect characteristics such as defect formation, metal-solvent
complexation, strain, and phase impuritiesf“)_45 Even when
these factors do not impede the formation of a phase-pure
product, they can have significant implications on the
electronic structure and thereby affect optoelectronic proper-
ties such as absorption onset,* ** photoluminescence
quantum yield,"”*" and carrier transport.”**° For VODPs in
particular, there is a variation in reported band gaps, with
experimental values for Cs,Snl4 ranging from 1.25 to 1.35 eV
for powders”™'™>* and 1.26 to 1.63 eV for films,**>**~%
compared to 0.88 to 1.48 eV predicted by density functional
theory using different levels of theory.””******? Within one
paper alone, band gaps ranging between 1.28 and 1.41 eV were
reported for Cs,Snlg depending on the amount of CsI impurity
present in the film.** The change in optical absorption is
consistent with the n-type nature of Cs,Snls, wherein iodide
vacancies and interstitial tin defects manifest as n-type dopants
and an apparent band gap modification.””*"** This highlights
the need to understand the nature of defects across all VODPs
to enable consistent and reproducible sample production and
the on-demand manipulation of electronic properties.

Here, we investigate the relationship among synthesis,
structure, and optical properties by synthesizing Cs,TeBr
from two different precursors (TeBr, and TeO,) and in a
variety of different solvents. We find that nearly all of the
synthetic conditions attempted here result in Cs,TeBr;
powders that are phase-pure by powder X-ray diffraction.
However, the color of the powders varies, which is consistent
with UV—vis absorption spectra that reveal different
absorption onsets for the different powders. Despite these
differences in absorption, the compounds have identical optical
emission spectra, with emission occurring at the same energy
but with different decay lifetimes. Scanning electron micros-
copy (SEM) suggests that these optical differences can be
ascribed to particle size differences rather than to intrinsic
structural differences. Based on these results, we offer that
synthesis with different Te precursors and in different solvents
affects the resulting defect density through solvent coordina-
tion during synthesis. Our results demonstrate a useful route
toward tuning optical absorption and emission properties while
also addressing the band gap reproducibility issue in the field
of VODPs.

B METHODS

Chemicals. Chemicals were purchased from the following
vendors: Alfa Aesar: cesium bromide (99% metal basis); Fisher
Chemical: ethanol (anhydrous, histological grade), ethyl acetate
(certified ACS grade); Lab Chem: isopropyl alcohol (ACS grade);
Sigma-Aldrich: acetonitrile (anhydrous, 99.8%), methanol (HPLC
grade, >99.9%), tellurium dioxide (99.995% trace metals basis);
Spectrum Chemical MFG Corp: hydrobromic acid (technical grade,
48%); Thermo Scientific: methyl acetate (99%), tellurium(IV)
bromide (99.9% metals basis). All chemicals were used as received
except for cesium bromide, which was dried overnight in an oven at
120 °C to remove excess moisture.

Synthesis of Cs,TeBrg from TeBr,. In a 20 mL scintillation vial,
0.25 mmol (112 mg) of TeBr, was dissolved in 6 mL of a chosen
solvent by stirring and heating to ~60 °C on a magnetic hot plate.
Upon complete dissolution of the yellow powder, 0.5 mmol of CsBr
(106 mg) was directly added to the solution as a solid (see Figure S1
and associated discussion). The reaction was allowed to proceed for
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the desired reaction time under stirring (1 h in methanol or 2 h in
acetonitrile, unless otherwise indicated) and mild heat to allow CsBr
to fully react (see Figure S2). After the desired reaction time, the
reaction was cooled to room temperature and transferred to a
centrifuge tube using ethanol. The solutions were centrifuged at 5000
rpm for 4 min, after which the powder was washed once with ethanol
and then dried overnight in an oven at 120 °C.

Synthesis of Cs,TeBrg from TeO,. In a 20 mL scintillation vial,
0.25 mmol (40 mg) of TeO, was dissolved in 3 mL of hydrobromic
acid and, if desired, 10 mL of an organic solvent. Complete
dissolution requires stirring and heating up to ~60 °C. Upon
complete dissolution of the white TeO, powder, 0.5 mmol of CsBr
(106 mg) was directly added to the solution as a solid. The reaction
was then immediately removed from the hot plate, allowed to cool to
room temperature, and transferred to a centrifuge tube using ethanol
to aid in completely transferring any powder. The solutions were
centrifuged at 5000 rpm for 4 min, after which the powder was
washed once with ethanol and then dried overnight in an oven at 120
°C.

Powder X-ray Diffraction. Laboratory powder X-ray diffraction
(PXRD) was collected on a PANalytical Empyrean diffractometer.
Powders were loaded onto silicon substrates and probed in a Bragg—
Brentano geometry using Cu Ka radiation. Synchrotron PXRD was
collected via the 11-BM mail-in program at the Advanced Photon
Source at Argonne National Laboratory. Powders were loaded into 1
mm Kapton capillaries and probed in transmission mode using an X-
ray energy of 27 keV.

Scanning Electron Microscopy. SEM images were collected on
the FEI Nova Nano 650 or the Thermo Scientific Apreo C LoVac
scanning electron microscope. The powder was dispersed on top of
copper tape and imaged with an accelerating voltage of 10 kV (or 3—5
kV on the Apreo C) and a beam current of 0.4 nA.

UV-Vis Absorption and Reflectance Spectroscopy. Absorp-
tion spectra of solutions and diffuse reflectance spectra of powders
were acquired by using the integrating sphere attachment of a
Shimadzu UV3600 UV—vis—NIR spectrometer. Solution spectra were
acquired in 1 cm cuvettes. Powders were diluted in a 1:4 volume ratio
with BaSO, (see Figure S3) and loaded into solid sample holders.
Reflectance spectra were converted to pseudoabsorbance using the
Kubelka—Munk transformation.

Photoluminescence Spectroscopy. Steady-state emission spec-
tra were acquired through front-face excitation of powders with a 405
nm CrystaLaser laser diode. Emission was collected in right-angle
geometry and passed through a 430 nm long pass filter to an Acton
SP500 spectrometer equipped with a PIXIS: 400 Si CCD camera.

To facilitate measurement of time-resolved emission, Cs,TeBrg
powders were encapsulated in RTV-61S silicone on a quartz coverslip
and then cooled in a liquid nitrogen cryostat to 77 K. Cooling the
samples significantly increased their emission intensity and
lengthened their emission lifetimes. Samples were photoexcited
using the frequency-doubled output of an 800 nm SpectraPhysics
Tsunami Ti:sapphire laser with the repetition rate reduced to 200 kHz
to 2 MHz using a homemade acousto-optical pulse picker. Emission
was detected by an MPD avalanche photodiode, and the emission
transients were analyzed by a Becker and Hickl SPC-630 time-
correlated single photon counting board.

Raman Spectroscopy. Raman spectra were acquired on a Horiba
Jobin Yvon T6400 confocal Raman microscope equipped with a
liquid-nitrogen-cooled CCD array detector and an 1800 g/mm
grating. Samples were pumped using the 647 nm laser line of a
krypton ion gas laser sent through a 10X microscope objective.

B RESULTS AND DISCUSSION

Cs,TeBrg powder was synthesized via two routes: the addition
of solid CsBr to either a tellurium halide salt (Figure S4a and
eq 1) or oxide (Figure S4b and eq 2) dissolved in an organic
solvent. In the latter case, concentrated hydrobromic acid
(HBr) is required both as a reagent and for the dissolution of
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TeO,, which is not soluble in any organic solvents; water is
therefore also present as a cosolvent.

TeBr, + 2CsBr — Cs,TeBr, (1)

)

When TeBr, is used, the reaction time and product purity
depend heavily on the solvent that is selected, with methanol
requiring the shortest reaction time and always resulting in a
phase-pure product that does not contain any trace of CsBr.
Synthesis proceeds readily from TeO, in hydrobromic acid
(with or without additional organic solvent) as confirmed via
laboratory PXRD (Figure SS and Table S1). The resulting
product in both cases has the cubic Fm3m structure shown in
Figure la, which is confirmed via synchrotron powder X-ray
diffraction (PXRD) as shown in Figure 1b. The structure
comprises spatially isolated [TeBry]*~ octahedra separated by
Cs" cations. Both TeBr, and TeO, already feature Te*" in an
octahedral coordination environment, either through direct
coordination to six bromide anions (TeBr,) or through
coordination to five oxygen species and a sterically active
lone pair (TeO,). Notably, although Te*" is in the correct
coordination environment in TeBr,, it is not directly
accessible; the structure consists of sets of edge-sharing
[TeBrg]* octahedra that together form cubic (TeBr,), clusters
(see Figure S4a).

The resulting powders exhibit different characteristics such
as color (varying shades of orange), consistency (chalkiness),
and particle size and shape. The variations in the absorption
edge were measured via diffuse reflectance spectroscopy,
shown in Figure 2a, and varying particle sizes and
morphologies were determined via SEM, shown in Figures
2b-d and Figure S6. Our absorption edge energies range from
2.12 to 2.24 eV, which falls in the range of collected literature

TeO, + 4HBr + 2CsBr — Cs,TeBr, + 2H,0

(a) Energy (eV)
2.5

3.0

Norm. Kubelka-Munk (K/S)

45'0 55'0
Wavelength (nm)

350

Figure 2. (a) Normalized diffuse reflectance spectra, converted to
absorbance using the Kubelka—Munk transform, of Cs,TeBr
powders synthesized from TeBr, or TeO, in different solvents. (b—
d) SEM images and optical photographs of Cs,TeBrs powders
synthesized from (b) TeBr, in methanol, (c) TeO, in methanol and
HBr, or (d) TeO, in acetonitrile and HBr.
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Figure 3. (a) Normalized Kubelka—Munk absorption and steady-state emission spectra of Cs,TeBry powders excited at 40S nm. Despite a
difference in absorption onset, there is no difference in emission energy. (b) Time-resolved emission at 77 K for Cs,TeBrs powders excited at 400
nm. Symbols differentiating TeBr, vs TeO, are consistent with Figure 2. (c) Scheme depicting absorption and emission transitions in Cs,TeBr;
based on the molecular orbitals of [ TeBr]*~. Excitation promotes an electron from the a1,6* to the triply degenerate f,,6* orbital, creating either a
singlet ('P,) or triplet (°P; or P,) state, the energies of which are slightly different. Vibronic coupling splits the structure of the 'P; and P, states.
Once in the excited state, the structure undergoes a dynamic (i.e., pseudo or second-order) Jahn—Teller distortion via vibronic coupling to the e,
vibration, lowering the symmetry of the [TeBr,]*” sites from Oj, to Dy,

values spanning from 2.06 to 2.29 eV (see Table S2). Despite
differences in absorption, all of the powders emit at the same
energy (Figure 3a), just with differences in the relative
emission intensity and photoluminescence lifetime (Figure 3b
and Table S3). At 77 K, the powders synthesized using
alcohols or alkyl acetates have emission lifetimes ranging from
7.1 to 8.5 ns, whereas those synthesized from TeO, in either
acetonitrile and HBr or just HBr have lifetimes of 37 and 86 ns,
respectively.

The isolated nature of the [TeBrg]*~
Cs,TeBrg structure is evident in the absorption and emission
spectra shown in Figure 3a. The absorption spectrum of
Cs,TeBrg is dominated primarily by the absorption of the
molecular [TeBr,]*~ ion, in which excitation of a 5s> electron
into a p orbital enables the formation of either a spin-allowed
singlet ('P,) or a spin-forbidden triplet excited state (P, *P,,
or °P,).°"%* The molecular nature of the Cs,TeBr absorption
is highlighted by the fact that the same spectrum can be
reproduced by doping small amounts of Te*" into a matrix of a
higher band gap VODP, such as A,MCls (M = Sn, Zr); at just
0.1—0.3 mol % Te*, the absorption and emission of Cs,TeCly
clearly emerge from a matrix of Cs,ZrClg.>**** This can also
be captured from the band structure, which demonstrates that
the Ss*> — Ss'Sp' transition is effectively responsible for the
indirect nature of the band gap. The valence band maximum
(VBM) and conduction band minimum (CBM) are primarily
composed of the Te Ss and Sp orbitals, respectively, mixed
with the Br 4p orbitals, leading to an indirect band gap
between the W and L points (contrary to other direct band gap
VODPs, where there is no involvement from the np
orbital).' 1313

The three transitions at 460, 405, and 370 nm (labeled A, B,
and C, respectively) can thus be assigned using spin selection
rules and spin—orbit coupling considerations for the S5s* —
5s'Sp! excitation in isolated [TeBry]*~ ions. Namely, since only
the formation of the singlet state is completely allowed, this
can be assigned to the strongest absorption peak at 370 nm
(C). (Note that the transition at 370 nm is the strongest
transition in solution; see Figure 6b.) For the triplet
transitions, angular momentum selection rules strictly forbid
the transition to P, However, the formation of *P, will be
allowed and enhanced for systems with large spin—orbit
coupling, such as those containing tellurium. The second

clusters in the
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strongest transition at 460 nm can therefore be assigned to this
transition (A), leaving the transition to 3P, for the weakest
band at 405 nm (B).°"%* Note that the A and C bands split
into a doublet and triplet, respectively, due to coupling to ay,
iy and e, vibrations through the dynamic Jahn—Teller
effect.”9°7%7

While the exact assignment of the transitions leading to
emission in VODPs is not agreed upon, the nature of the
isolated octahedra in the VODP structure is conducive to
second-order (i.e, dynamic) Jahn—Teller distortions. Unlike
first-order Jahn—Teller distortions, wherein the electronic state
degeneracy of a structure is spontaneously lifted via symmetry
breaking, no electronic degeneracy is required for second-order
Jahn—Teller distortion to occur.’® Instead, symmetry breaking
and the adoption of a lower energy conformation occur via
vibronic coupling with at least two electronic states. In the case
of Cs,TeBrg, Jahn—Teller distortion arises from coupling to
the e, vibration, leading to a symmetry reduction to Dy, at the
metal centers and highly broadened emission.”” Figure 3c
summarizes these absorption and emission processes in
Cs,TeBr,.

Particle Size Effect. The SEM images in Figure 2b point
to the particle size as a potential source of the variation in
optical properties between samples. To test this hypothesis, we
probed both the microscopic structure and the macroscopic
particle size to determine which was the source of the variation
in optical absorption and powder color. As shown in Figure 4a,
the particle size correlates with the absorption edge values
determined from fitting diffuse reflectance spectra using the
Tauc method. Histograms of particle size distributions
obtained from measuring 90+ particles for each sample in
Image] are shown in Figure S6, and example Tauc plots and
fits are provided in Figure S8 and Table S4. Conversely, Figure
4b demonstrates that the unit cell parameters determined from
fitting the PXRD data using the Pawley refinement method do
not directly correlate with the absorption edge. Both PXRD
and Raman spectroscopy also confirm that the powders are
compositionally pure, with no incorporated oxygen or solvent
that would affect the electronic structure (Figure S7).

It is worth emphasizing that the absorption edge shifts are
not changes to the Cs,TeBrg band gap. Often, experimental
band gaps are determined by fitting absorption edges either
directly from the absorption spectrum or by using a Tauc
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Figure 4. (a) Absorption edge as a function of particle size.
Absorption edges were determined by fitting Tauc plots to indirect
band gaps. Particle sizes were measured from SEM images. Symbols
differentiating TeBr, vs TeO, are consistent with Figure 2. (b)
Absorption edge as a function of lattice parameter, determined by
fitting PXRD patterns using Pawley refinement.

plot.”%”" However, these methods do not necessarily represent
the band gap (the difference in energy between the valence
band maximum and conduction band minimum), as they do
not account for defects or dopants that introduce sub-band gap
states’”~"* or the exciton binding energy. The absorption onset
determined from a diffuse reflectance spectrum using the
Kubelka—Munk transformation depends on several factors,
such that parameters such as particle size and shape impact the
degree of scattering and modify the shape of the absorption
spectrum.”*”® While all of these factors provide a useful handle
on optical properties, they do not strictly modify the band gap,
and care should be taken when comparing the absorption edge
observed via diffuse reflectance spectroscopy to computational
values.

To further demonstrate the effect that particle size has on
the absorption edge, we ground Cs,TeBrg powder from the
synthesis that led to the largest particle sizes (synthesis of
Cs,TeBry from TeO, in HBr and MeCN) to systematically
decrease the particle size as a function of grinding time.
Confirmation of decreased particle size was tracked via SEM
and PXRD, which revealed broadened Bragg reflections
following grinding (Figure S9). As shown in Figure Sa, after
just S min of grinding, the absorption edge shifts by 20 nm
(see Table SS for absorption edge values). Furthermore, the
molecular absorption feature of [TeBrs]*~ at 460 nm becomes
more prominent, without the significant broadening shown by
the powders in Figure 2a. As shown in Figure Sb, grinding also
increases the overall absorbance of the material, such that after
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Figure S. Effect of particle grinding on optical properties. (a)
Normalized Kubelka—Munk absorbance spectra of Cs,TeBrs powders
as synthesized and after grinding for S, 12, and 20 min. The
photograph shows the color change before and after grinding for just
S min. (b) Absorption coefficient of Cs,TeBrs before and after
grinding. Dashed lines indicate fits to the slope at the absorption
onset on the displayed logarithmic scale to obtain values for the
Urbach energy, Ey, which are shown on the graph in units of eV™". (c)
Time-resolved emission of the as-synthesized and ground particles.
Inset shows the full long-lived decay of the ground particles.

20 min of grinding there is a 6-fold increase in absorption at
2.7 eV and a 10-fold increase at 4.0 eV. This observation is
consistent with previous reports of size-dependent absorption
in KMnO, particles, where reduction in particle size leads to
not only an increase in scattering (i.e., color change) but also a
reduction in specular reflection.”® Since both ordinary and
Fresnel diffuse reflections are detected during the acquisition
of a “diffuse” reflection spectrum, the latter of which is actually
a type of specular reflection that only appears diffuse, reduction
of specular reflection leads to a lower diffuse reflectance value
and therefore a higher apparent Kubelka—Munk absorbance.
The fact that grinding—and more specifically, the particle size
and shape—can change the absorption onset in such a
dramatic way means that the peak energy, rather than the
absorption onset, may be more helpful in interpreting
photophysical phenomena such as the Stokes shift. For
example, one recent paper reported a 90 nm shift in the
absorption onset when the cesium cation in Cs,TeBrs was
replaced with a crown ether complex.”” Here, we observe a 40
nm shift in the onset without any change in composition
simply by grinding the particles. Reinterpreting their data in
the context of the A band peak position, which does not
change position upon grinding, gives only a 13 nm shift and
helps remove any influence from scattering.

Changes to the absorption edge upon grinding have
previously been related to the “Urbach tail,” i.e. the presence
of defects within the band gap that contribute to absorption.”®
The amount of disorder can be quantified by fitting the
absorption onset to the Urbach energy, E:
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In the absence of disorder, a semiconductor would exhibit a
vertical absorption onset with E; = 0. In practice, the
combination of static and dynamic disorder gives rise to sub-
band gap absorption and a positive slope. As shown in Figure
Sb, grinding decreases the slope, reducing the Urbach energy
from Ey = 27.7 €V' for the as-synthesized particles to Ey =
19.2 eV~ for particles ground for 20 min. Grinding therefore
reduces the static disorder, for example, by eliminating grain
boundaries or relieving strain within individual particles
through annealing. This reduction in defects and disorder is
also manifested as an increased photoluminescence lifetime. As
shown in Figure Sc, upon grinding the emission lifetime at 77
K increases from 15.4 ns (monoexponential decay) to 874 and
136 ns (biexponential decay with 75 and 25% amplitudes,
respectively). We also calculate lower Urbach energies for the
MeCN and HBr samples in Figure 3c that show longer
photoluminescence lifetimes compared to those of the alcohol-
and alkyl acetate-based Cs,TeBrs powders, again consistent
with the idea that lower defect densities enable longer
photoluminescence lifetimes.

Reaction Mechanism: Metal Oxide vs Halide. To
understand the source of these synthetic variations, we
investigated the differences in reaction mechanism for TeBr,
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vs TeO, in the varying solvents. TeBr, is soluble in many
organic solvents, exhibiting only minimal solubility in nonpolar
solvents such as toluene and chloroform but good solubility in
methyl and ethyl acetate, dimethylformamide (DMF),
dimethyl sulfoxide (DMSO), acetonitrile, and alcohols.
Although the alkyl acetates are of polarity similar to that of
chloroform, they are more strongly coordinating and allow for
the possibility of coordination in a bidentate fashion, which
may drive solubility. Given previous reports on the synthesis of
Cs,TeBrg from TeBr, in methanol, we chose to compare the
synthesis of Cs,TeBr, from TeBr, in three different solvents of
varying polarities and coordination strengths (ie, Lewis
basicity): methyl acetate (MeOAc), acetonitrile (MeCN),
and methanol (MeOH). The reaction proceeded most quickly
and produced the highest, nearly stoichiometric yield in
MeOH, followed by MeCN (see Table S6 for the reaction
yields). While there was some reactivity in MeOAc, the
reaction was very slow and did not proceed to completion.
This was confirmed by PXRD (Figure S2), which shows
complete conversion in the case of MeOH and MeCN after 1
and 2 h, respectively, but incomplete conversion with
remaining CsBr after 6 h of reaction in MeOAc. On the
other hand, synthesis from TeO, is essentially only dependent
upon the addition of HBr. Use of an organic solvent does not
seem to affect its completion, except for the minor variation in
the amount of time it takes to fully dissolve TeO, at the
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beginning of the reaction. Following the addition of CsBr, all of
the reactions immediately proceed to completion with a nearly
quantitative yield.

A mechanism for these observations can be developed
through analysis of the UV—vis absorption spectra of TeBr, in
each of the three solvents (Figure 6a) compared to TeO,
(Figure 6b). When TeBr, is dissolved in MeOAc, it forms an
orange solution that features only one identifiable absorption
peak at ~430 nm. On the other hand, TeBr, dissolved in
MeOH is yellow with only a weak absorption feature at ~430
nm and a more prominent absorption feature at ~350 nm.
Interestingly, TeBr, dissolved in MeCN captures both the
absorption features at 350 and 440 nm (and therefore is
orange). The feasibility of the reaction in MeCN and MeOH
and not in MeOAc suggests that this feature at 350 nm is
related to the reactivity of TeBr,. Specifically, prior literature
on the chemistry and reactivity of the tellurium tetrahalides
identify polar solvents such as methanol, ethanol, diethyl ether,
dioxane, and potentially acetonitrile as leading to the
dissociation of the cubic (TeX,), cluster structures into ionic
[TeX;]*X™ or [L,TeX;]*X complexes (X = Cl, Br; L is a
solvent molecule).””™" Acetonitrile is especially distinguished
as leading to only partial ionization of TeX,.*” Our observed
reaction rate trend according to MeOH > MeCN > MeOAc is
therefore consistent with the conclusion that a polar solvent is
necessary to enable the dissociation of (TeBr,), clusters into
intermediate [L,TeX;]"X complexes and ensuing Cs,TeBr;
production. Figure 6¢ summarizes this process, showing our
interpretation of the reaction proceeding through an
[L,TeX;]*X" intermediate, given the coordinating nature of
both methanol and acetonitrile.

The synthesis of Cs,TeBr, from TeO, proceeds without any
significant variations in reaction rate or yield for all of the
organic solvents surveyed (methanol, ethanol, isopropyl
alcohol, methyl acetate, ethyl acetate, and acetonitrile).
When TeO, is dissolved in these solvents with the aid of
HBr, the result is the production of [TeBrg]*~ clusters. As
such, the UV—vis absorption spectrum does not vary, aside
from slight changes in the absorption wavelength. In addition
to potential solvent coordination effects, these solvents alter
the solution pH (Figure S10) and affect how quickly TeO,
dissolves, with TeO, dissolving the most quickly in
concentrated HBr followed by HBr diluted with MeCN,
MeOAc, or MeOH (Figure S11). In each case, heating the
solution to ~60 °C aids in dissolution. Dissolution progress
(more specifically, conversion to [TeBrs]*~) can be monitored
by the solution color change to orange, which arises from the
absorption of the [TeBr¢]* ion (Figure 6b).

B REACTION MECHANISM: SOLVENT

Given that the reaction of TeO, with CsBr can proceed
without the addition of any organic solvent and requires HBr
in all cases, one might ask what the advantage is of using an
organic solvent at all. In all cases, we observe nearly
instantaneous and complete conversion of the reagents into
Cs,TeBrg upon the addition of CsBr, with solution synthesis
requiring lower temperatures and shorter reaction times than
solid-state or hydrothermal synthesis. Ultimately, the organic
solvent enables manipulation of particle size and morphology
that can be beneficial depending on the application at hand.
For example, in the application of VODPs for photo-
catalysis,*>** smaller particles like those produced from the
reaction in methanol would provide increased surface areas
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and thereby increase conversion efficiencies. On the other
hand, the reaction in concentrated HBr without any organic
solvent results in powders with longer emission lifetimes,
suggesting that synthesis in HBr may be preferred for light-
emitting applications.

The solvent clearly dictates a number of properties within
the synthesis, namely, (1) the resulting particle size and shape
(morphology) and its effect on the absorption onset and (2)
the extent of static disorder and its effect on charge carrier
recombination. With regard to the former, we note that the
absorption onset is not dictated by either solvent polarity or
dielectric constant, as this would lead to a clear delineation
between those reactions done in only organic solvent (with
TeBr,), organic solvent with HBr (with TeO,), or just HBr
(with TeO,). Water is the most polar solvent used here (in the
form of aqueous HBr) and has a dielectric constant that far
surpasses those of the organic solvents (see Table S7). The
trend in absorption onset is more consistent with the solvent
donor number (Table S8). The Gutmann donor number
provides an estimate of the Lewis basicity of a molecule and is
defined as the reaction enthalpy for adduct/complex formation
between the molecule (a Lewis base) and SbCL.** Solvents
with high donor numbers should likewise coordinate more
readily with Te*, thereby preventing the growth of large
Cs,TeBry particles.”’ In the reactions performed in mixtures of
HBr and organic solvent, aqueous HBr essentially dilutes the
effect of the organic solvent, weakening the interaction
between the solvent and the tellurium complex. The low
donor number of MeCN (14.1) explains why compounds
synthesized in MeCN have the lowest absorption onset.
Cs,TeBrg made from TeO, in MeCN and HBr yields the
lowest absorption onset at 2.13 eV, because its low donor
number enables the growth of large, single domain particles. As
shown in Table S8, the absorption onset increases with the
donor number; the only exception is for the particles that are
synthesized in HBr only. It is possible that there is another
confounding effect, like reaction time, that contributes to the
final particle size and that was not controlled in this study.

The interaction between the solvent and the tellurium
complex also explains the trend in emission lifetimes, where
Cs,TeBrg particles made from TeO, in only HBr exhibit
significantly longer emission decay lifetimes (86 ns) compared
to those made from TeO, in MeCN and HBr (37 ns) or under
any other conditions (7.2—8.5 ns). It is possible that in
addition to leading to smaller particle sizes and higher
absorption onset energies, solvent coordination induces strain,
grain boundaries, and/or defect formation within individual
particles that contributes to shortened emission lifetimes. In
this case, HBr could be viewed as a relatively innocuous or
even beneficial species during synthesis, as availability of Br~
ions would prevent the formation of Br~ vacancies. More
importantly, it avoids the use of a more strongly coordinating
solvent (such as an alcohol), where displacement of a bromide
ion in the [TeBry]*~ cluster with a solvent molecule would be
both entropically and enthalpically favorable and could lead to
the aforementioned issues even if the solvent molecule does
not remain incorporated in the crystal structure following the
completion of synthesis.

B CONCLUSIONS

In conclusion, we synthesized Cs,TeBr4 from metal halide and
metal oxide precursors in a number of different organic
solvents. While most synthetic conditions yield powders that
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are phase-pure, as confirmed via structural characterization
techniques like powder X-ray diffraction, optical character-
ization reveals several differences stemming from solvent-
directed effects. The choice of metal precursor and solvent
dictates the resulting particle size and defect density, which
manifest as differences in the absorption edge and emission
lifetime. These variations can be used to explain the
discrepancy in the literature in reported experimental band
gaps for VODPs, as the use of the absorption edge to
determine the material band gap neglects contributions from
sub-band gap states, defects, and the exciton binding energy
and is easily manipulated by changing the scattering properties
of the sample. As a demonstration of this effect, we show that
grinding particles shifts the absorption edge by 40 nm, despite
no change to the electronic structure. Our results highlight
how synthetic methods can be used as a handle on optical and
electronic properties in this emerging class of inorganic
materials and how attention should be paid to sample
preparation when comparing photophysical properties among
compositions.
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