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Lanthanide Double Perovskite Nanocrystals with Emissions
Covering the UV-C to NIR Spectral Range
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Jerome R. Robinson,* and Ou Chen*

Lead halide perovskite nanocrystals (NCs) have recently drawn considerable
attention in the fields of materials science and nanotechnology. However, a
major drawback of these NCs is the reliance on toxic lead, which hinders
widespread application. Herein, a new class of lead-free perovskite NCs, that
is, lanthanide double perovskite (Ln-DP) NCs, with f-orbital-induced optical
properties, is introduced. The Pr-, Ce-, Tb-, Eu-, Sm-, and Yb-based Ln-DP NCs
display narrow d—f and f—f emissions ranging from the UV-C to the
near-infrared spectral region. Experimental data and calculations reveal that
the emissive Ln-DP NCs exhibit small molecule-like electronic absorptions:
f—d atomic transitions or ligand-to-metal charge transfer transitions. Last, it
is demonstrated that by alloying Lh compositions in the DP NCs, new
materials with unique and improved optical properties can be obtained. These
Ln-DP NCs are promising for optical sensing and lighting, and as components

which can serve as one important alterna-
tive of lead halide perovskites.>*"Pul Such
a DP crystal structure with lead exclusion
can effectively reduce toxicity of the mate-
rials while preserving the original 3D cubic
perovskite crystal lattice.[?>3Pt] While alkali
metals or silver are the common choices
for the monovalent M(I) cation site, large
main group elements such as In, Sb, and
Bi have been in the center of focus occu-
pying the trivalent M(III) cation site.[3P#]
Comparing to the transition metals, these
main group elements are relatively cost-
effective, less toxic, and can satisfy the tol-
erance factor requirement of the 3D per-
ovskite structure.l’! Despite the lower tox-

in optoelectronic and/or magneto-fluorescent devices.

1. Introduction

Lead halide perovskite nanocrystals (NCs) with a chemical for-
mula of APbX; (A: Cs* and methylammonium, and X: Cl~, Br~,
or I7) have drawn an unprecedented amount of research and
technological attention owing to their superior optical and op-
toelectronic properties.[!l Despite extensive research efforts fo-
cusing on lead halide perovskites, their integration in potential
applications has been severely burdened by lead-induced toxi-
city issues, raising significant environmental concerns.?! One
potential solution is to exclude lead from the perovskite-based
NCs through compositional substitution.®! In this regard, sub-
stituting every two divalent lead cations with a pair of monova-
lent and trivalent metal cations results in a double perovskite
(DP) crystal structure with a general formula of A,M(I)M(II)X,,
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icity, main group DP structures often suf-

fer from unfavorable luminescence prop-

erties caused by their indirect bandgaps,
necessitating further compositional tuning for practical
applications.[>P¢]

Lanthanide (Ln; La—Lu) elements are generally considered
non-toxic and can form large, air-stable trivalent Ln(III) cations.
Even the rarest Lns are more abundant than the main group or
transition metals frequently encountered in double perovskites
(e.g., Ag, Bi, and In).l”l Owing to the presence of f-electrons,
these Ln cations display unique optical and magnetic prop-
erties including narrow emission peaks with high photolumi-
nescence (PL) quantum yields (QYs), long spin coherence life-
times, efficient light conversion through potential quantum cut-
ting or upconversion processes, strong magnetic responses in-
duced by unpaired f-electrons, and broad-band X-ray scintilla-
tion behaviors.[®] While main group elements usually only enable
luminescence in or near the visible spectrum, Ln ions can dis-
play narrow emission peaks ranging from deep UV to IR. These
properties make the Ln-containing materials ideal for a wide
range of applications, such as light emitting diodes (LEDs) and
lasers, optical/temperature sensors, X-ray scintillators, magnetic
resonance imaging agents, and nano-Qbits.[®>?! Ln-containing
small molecules are frequently studied for the aforementioned
purposes, but they are often only stable under inert conditions.
For example, (NEt,);[LnCl;] small molecules—close analogs of
halide perovskites—cannot be handled in ambient air for even
minutes due to being extremely hydroscopic.'% Therefore, sig-
nificant research efforts have been drawn to introducing Ln el-
ements into perovskite bulk or nanomaterials, albeit mainly as
low concentration doping components for either conventional
APDX; perovskite lattices or A,M(I)M(II)X, DP NCs.[8¢911]
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Although bulk Ln-based DP (Ln-DP) phases have been known
for decades,[#>'?] their utility is limited by complicated high tem-
perature synthesis (>900 °C) and insolubility in most solvents ex-
cept for water, which is detrimental to their crystal structure. The
stability of Ln-DPs can be improved by fabricating nanomateri-
als surrounded by hydrophobic capping ligands. For example, the
recently reported Cs,NaErCl, DP NCs were found to be stable in
ambient air for at least 1 month.I"¥) The synthesized Cs,NaErCl,
DP NCs show near-IR (NIR) luminescence in the spectral range
relevant for telecommunication. Despite the similarity of all Ln
elements across the period, no other Cs,NaLnCl, DP NCs have
been reported so far.

Herein, we present a versatile colloidal method for the synthe-
sis of Cs,NaLnCl; DP NCs for all Lns except for lutetium and
promethium. The as-synthesized Ln-DP NCs (Ln = La—Nd, Sm~—
YD) display uniform size and cubic shape with a pure DP crystal
phase. In addition to the already reported Cs,NaErCl; DP NCs,
we found that six additional Ln-DP NCs (Ln = Ce, Pr, Sm, Eu,
Tb, and Yb) exhibit characteristic emission features covering a
wide spectral window from UV-C to NIR (i.e., 260-995 nm). In
particular, the Cs,NaPrCl; DP NCs display rarely accessible UV-
C emission with a PLQY of 14%, the highest QY value reported
for any UV-C emitting perovskite NCs. The Cs,NaTbCl, DP NCs
show bright green emission with a PLQY of 45%, the highest
value of any pure Ln-DP NCs known so far. By analyzing the op-
tical behaviors of these materials with the aid of density func-
tional theory (DFT) calculations, fundamental origins of the ab-
sorption and emission electronic transitions were identified and
understood. Furthermore, taking advantage of high miscibility of
different Lns, we have successfully demonstrated the possibility
of fabricating alloyed Cs,NaLnCl, DP NCs simultaneously con-
taining multiple different Ln components. The resulting alloyed
Ln-DP NCs possess optical properties that are inaccessible to the
single Ln counterparts. Our study provides fundamental insight
into electronic structure and optical properties of Ln-based per-
ovskite materials, which will enable further development of Ln-
DP NCs. The synthesized Ln-DP NCs are potentially suitable ma-
terials for a wide range of applications, including ultra-high en-
ergy LEDs, high-security anti-counterfeiting, efficient lumines-
cent solar concentrators, as well as low-threshold lasers.

2. Results and Discussion

2.1. Synthesis, Morphology, and Crystal Phase of Ln-DP NCs

Ln-DP NCs were synthesized using a modified colloidal hot injec-
tion approach (see Supporting Information).['* Briefly, cesium
carbonate, sodium acetate, and Ln-acetate or acetylacetonate salts
were added to a solution mixture of octadecene, oleic acid, and
oleylamine. After oxygen and water were removed by degassing
under vacuum for 1 hour at 110 °C, the solution was heated to
180 °C. Chlorotrimethylsilane was injected into the reaction solu-
tion, followed by rapid cooling to room temperature after 2 min.
After purification, the obtained Ln-DP NCs can be redispersed
in hexane to form a stable suspension. Powder X-ray diffraction
(XRD) patterns of all the samples showed a cubic DP crystal
phase (space group: Fm3m) with no indication of impurity pres-
ence (Figure 1A). The position of the diffraction peaks shifted
systematically to higher 260 angles moving down the Ln series
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(La to YD), consistent with a monotonic shrinking trend of the
crystal lattice (Figure 1B). The corresponding lattice parameter
(a) of each Ln-DP NCs can be quantitatively determined through
fitting the XRD peaks (Figure 1C; Figures S1-S13 and Table S1,
Supporting Information), showing a decrease from 10.935 A for
Cs,NaLaCl; NCs to 10.585 A for Cs,NaYbCl, NCs (Figure 1D).
The linear relationship between the calculated lattice parameter
and the corresponding Ln™" cationic radius indicates that the lat-
tice shrinkage is primarily a result of decreasing Ln'! size (Fig-
ure 1D). Importantly, the synthesized Ln-DP NCs display excel-
lent colloidal stability under N, or dry air, whereas negligible
changes in the XRD patterns (Figures S14-S18, Supporting In-
formation) were observed for Ln-DP NC samples stored under
dry air for at least 4 weeks.

Transmission electron microscopy (TEM) measurements re-
vealed a cuboidal morphology for the synthesized Ln-DP NCs
(Figure 2A-F, Figure S19, Supporting Information), consistent
with the cubic DP crystal phase and an isotropic NC growth
fashion.!'d] The average edge lengths of the Ln-DP NCs ranged
from 9.2 to 12.2 nm (Figure 2A-F; Figure S19 and Table S2, Sup-
porting Information). High-resolution TEM (HR-TEM) images
viewed along the double perovskite [100] direction, and their cor-
responding fourfold symmetric fast-Fourier transforms further
supported the single crystalline nature of Cs,NaLnCl, DP NCs
(Figure 2A-F). X-ray photoelectron spectroscopy (XPS) measure-
ments established the presence of lanthanide ions in their triva-
lent oxidation state for each DP NC material (Figure 2G-L Fig-
ures S20-S32, Supporting Information). Additional signals for di-
valent Eu and Yb were observed, which can be attributed to reduc-
tion upon exposure to ionizing radiation (Figure 2J,L), enabled by
the easily accessible divalent state of europium and ytterbium.[**!
XPS survey scans were used to calculate atomic percentages in
each material (Table S3, Supporting Information), which were
in good agreement with the stoichiometry of the Cs,NaLnCl,
DPs. Altogether, our experimental results unambiguously estab-
lish the successful syntheses of Ln-DP NCs.

2.2. Optical Properties of Ln-DP NCs

Six of the 12 newly synthesized Ln-DP NCs (i.e., Cs,NaLnCl, DP
NCs, Ln = Ce, Pr, Sm, Eu, Tb, and Yb) showed measurable emis-
sion with the PL peaks covering a wide spectral range from UV
(Ln = Pr and Ce) through visible (Ln = Tb, Eu, and Sm) to NIR
(Ln = Yb and the previously reported Er)(**] (Figure 3A). Opti-
cal properties were found to be practically unchanged even after
4 weeks of storage in agreement with our observations by XRD
(Figures S33-S38, Supporting Information).

Cs,NaPrCl, DP NCs displayed the highest energy emission
peaks of the Cs,NaLnCl, DP NCs, with three major emission
peaks observed at 265, 276, and 302 nm (4.68, 4.49, and 4.11 eV,
respectively). Each of the emission peaks correspond to Pr-based
electronic transitions from the 4f'5d! excited state (term sym-
bol *H,) to 4f levels (term symbols *H;, where | = 4-6) (Fig-
ure 3A,B).[1% Perovskite-based materials emitting at the UV spec-
tral region have been rarely reported in the literature,!'®*'7] and
more generally UV-emitting Pr** materials with reported PLQYs
are rare.[1®<l In the case of Cs,NaPrCl; DP NCs, a relatively high
PLQY of 14% in the UV-C region was measured, representing
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Figure 1. A) XRD patterns of Cs,NaLnClg DP NCs, where Ln = La (bottom) through Ln =Yb (top). Grey bars: reported peak positions of the Cs,NalLaClg
and Cs,NaYbClg DP bulk materials. The XRD trace of previously reported Cs,NaErClg DP NCs is included in Figure S11, Supporting Information. B)
Zoomed-in XRD pattern for better visualization of the shift of (220) DP diffraction peak. C) XRD pattern of the Cs,NaLaClg DP NCs with the fitted
cumulative curve (pink line), constituent fitted peaks (pink shades), and standard peak positions (grey bars). D) The linear relationship (R? = 0.92)
between the size of the Ln ion and the experimentally obtained lattice constants of the corresponding DP NCs.
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Figure 2. TEM images, size distribution histograms (insets), HR-TEM images (top right), and fast Fourier transform patterns (bottom right) of the six
emissive Ln-DP NCs: A) Cs,NaPrClg, B) Cs,NaCeClg, C) Cs,NaTbClg, D) Cs,NaEuClg, E) Cs,NaSmClg, and F) Cs,NaYbClg. HR-TEM scale bars are
5 nm in each case. HR X-ray photoelectron spectroscopy (XPS) spectra of the six samples, confirming the presence of trivalent G) Pr, H) Ce, I) Tb, J) Eu,
K) Sm, and L) Yb ions in the corresponding Cs,NaLnClg DP NCs. Note: XPS signals from divalent metal ions can be observed in the cases of the Eu- (J)
and Yb (L)-based Ln-DP NCs due to X-ray radiation-induced reduction.
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Figure 3. A) Absorption spectra (black solid lines), PLE spectra monitored at the strongest PL peak (grey dashed lines), and PL spectra (colored solid
lines with shading) of the six kinds of emissive Ln-DP NCs. B) Energy level diagrams indicating the expected luminescence from the six discussed Ln
systems along with their assigned term symbols. Non-emissive levels omitted for clarity.[?3] C-F) PL lifetime decay plots (open circles) and fitted curve
(solid lines) of the Cs,NaCeClg (C), Cs,NaTbClg (D), Cs,NaEuClg (E), and Cs,NaYbClg (F) DP NCs.

the brightest UV-C emitting perovskite NCs reported to date. A
band gap of 4.92 eV was determined by a Tauc plot analysis based
on the first narrow (full width at half maximum, FWHM = 330
meV) absorption peak at 245 nm assuming a direct bandgap tran-
sition (see discussion below, and Figure S39, Supporting Infor-
mation). PL excitation (PLE) spectra for all the major emission
peaks well overlapped with the absorption profile of the sample,
indicating the same energy origin of these emissive pathways
(Figures S40-S41). Despite extensive efforts, meaningful lifetime
measurements of Cs,NaPrCl; NCs were not possible due to the
lack of a pulsed excitation source at sufficiently high energies.
Access to UV-emitting, all-inorganic perovskites are highly de-
sirable for optoelectronic applications, LED fabrications, and bi-
ological disinfecting applications.!'7>8]

Cs,NaCeCl, DP NCs displayed UV-A/violet emission with
a main peak at 370 nm (3.35 eV) and a shoulder at 410 nm
(3.02 eV) (Figure 3A), which can be respectively assigned to
the ?D,,,—»2Fs,, and ?D;,—’F,, electronic transitions within
[CeCls]*~ octahedral units (Figure 3B).') A narrow (FWHM =
270 meV) absorption peak centered at around 340 nm serves as
the main excitation feature for both emission peaks (Figure S42,
Supporting Information), consistent with the observation for the
[CeCl]*~ molecular anion, revealing a high degree of similarity
to molecular analogues.['%] A direct bandgap of 3.52 eV was deter-
mined for the Cs,NaCeCl; DP NCs based on the Tauc plot anal-
ysis of the absorption profile (Figure S39, Supporting Informa-
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tion). Cs,NaCeCl, DP NCs displayed a moderate PLQY of 6%
and a PL lifetime of 11.3 ns (Figure 3C and Table S4, Support-
ing Information). Such a short lifetime decay can be explained by
the Laporte-allowed nature of the corresponding Ln 5d—4f tran-
sitions (i.e., *D;,,—°Fs, and *D;,—’F, ), in good agreement
with the reported lifetime value for the emission of Ce** doped
CsPbCl, perovskite NCs.[*]

Cs,NaTbCl; DP NCs exhibited a strong green emission origi-
nating from the Tb °D,—’F; (J = 2-6) transitions, where the most
intense peak was located at 550 nm (2.25 eV) (Figure 3A,B).1*"]
The observed emissive transitions are sensitized by a strong
sharp 4f—5d absorption feature at 238 nm (5.21 eV, FWHM
= 250 meV) as shown in the PLE spectrum (Figure 3A and
Figure S43, Supporting Information), corresponding to a direct
bandgap of 5.08 eV (Figure S39, Supporting Information). Im-
portantly, the Cs,NaTbCl; DP NCs exhibited the highest PLQY
of 45% of all the synthesized Ln-DP NCs in this study, and a
long lifetime (3.57 ms) of the °D, excited state (Figure 3D; Fig-
ure S44 and Table S4, Supporting Information). The PL lifetime
was found to be so long due to the spin-forbidden f-f relaxations
involved in the emission process (i.e., *D,—’F}, | = 2-6).1""]

Cs,NaSmCl; DP NCs possessed three extremely weak, yet
characteristic emission peaks at 569 (2.18 eV), 607 (2.04 eV),
and 655 nm (1.89 eV) (Figure 3A), which can be assigned to
the Sm *G,,—°H, (J = 5/2,7/2, 9/2) electronic transitions.!''*!]
The peaks are sensitized by a single broad (FWHM = 940 meV)
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absorption peak at 230 nm as shown in the absorption and PLE
spectra (Figure 3A), close to the UV cutoff of 220 nm imposed
by double bonds in the oleic acid and oleylamine ligands. This
absorption peak was significantly broader (FWHM = 940 meV)
than the f-d absorptions seen for the Pr, Ce, and Tb-based DP
NCs, and thus it was identified as a ligand to metal charge trans-
fer (LMCT) transition.['”] The PLQY and PL lifetime of the ma-
terial could not be reliably measured due to the low PL signal
intensity.

Cs,NaFEuCl; DP NCs emitted in the red part of the spectrum,
with several narrow emission peaks located between 590-710 nm
(Figure 3A) that can be assigned to characteristic Eu'l! elec-
tronic transitions associated with D, —"F, (] = 0-4) states (Fig-
ure 3A,B).""F1% The main absorption feature observed at 295 nm
was broad (FWHM = 680 meV) and thus it was identified as
a LMCT transition with an indirect bandgap of 3.61 eV (Fig-
ures S39 and S45, Supporting Information). The PLQY of the
sample was determined to be 1.5%, significantly lower than the
Pr-, Ce-, and Tb-based DP NCs, likely caused by non-radiative re-
laxation related to Eu-Eu coupling,/?! as well as the indirect na-
ture of the bandgap (see discussion in the Absorption Features
and Their Origins section). A PL lifetime of 0.99 ms was mea-
sured for the sample, expectedly long due to the spin-forbidden
nature of the f—f relaxation pathways (Figure 3E; Figure S46 and
Table S4, Supporting Information).['%! It is worth noting that no
divalent europium species were observed in the as-synthesized
Cs,NaEuCl; DP NCs, evidenced by the lack of characteristic di-
valent f~d absorption and emission features.

Cs,NaYbCl, DP NCs displayed a weak characteristic Yb
*F5,,—"F,, emission at 995 nm (1.25 eV) (Figure 3A), in line with
the typical Yb-emission feature observed in other Yb-containing
perovskite materials.'’! A broad (FWHM = 570 meV) absorp-
tion peak at 260 nm was measured and identified as a LMCT
transition, leading to an indirect bandgap of 4.12 eV according
to the corresponding Tauc plot analysis (Figure S39, Support-
ing Information).[') The PL lifetime was measured to be 47.5
ps, which was about tenfold faster than that reported for Yb-
doped CsPbCl, perovskite NCs (Figure 3F and Table S4, Sup-
porting Information).31°] A low PLQY of ~0.2% along with the
fast PL lifetime decay both indicated the presence of significant
Yb-Yb coupling induced PL quenching effect.[?!! Similar to the
Cs,NaEuCl; DP NCs, no presence of divalent ytterbium species
were detected.

2.3. Absorption Features and Their Origins

Due to the contracted nature of the 4f orbitals, lanthanides in
the trivalent oxidation state display characteristic optical transi-
tions that are often minimally perturbed by changes in ligand
field.[??] Tt is well established that emission from Ln™ materials
requires effective sensitization; however, f—f absorption events
(Figures S47-S49, Supporting Information)—that are often the
lowest energy electronic transitions—are ineffective in this re-
gard due to their Laporte- and spin-forbidden nature (e: 0.1-10
Mt cm™1).[23] Only Cs,NaLnCl, DP NCs displaying pronounced
absorption features emitted with considerable intensity, there-
fore identification and assignment of their electronic absorption
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features are crucial to understanding and controlling their result-
ing optical properties. The six emissive Ln-DP NC samples (i.e.,
the Cs,NaLnCl; NCs with Ln = Ce, Pr, Sm, Eu, Tb, and Yb) can
be divided into two groups depending on the nature of their ab-
sorption features: i) narrow atomic f—d absorption for the Pr-, Ce-,
and Tb-based Ln-DP NCs; and ii) broad Cl-to-Ln LMCT absorp-
tion for the Eu-, Sm-, and Yb-containing ones.['] The absorption
features observed in Ln-DP NCs are very close in energy to the
absorption features of corresponding molecular analogs,'! and
they show minimal quantum confinement effects because of the
highly localized valence orbitals (Figure S50, Supporting Infor-
mation). A similar lack of dimensional confinement was previ-
ously described for Bi-based layered DPs.[24]

In the case of f—d absorptions, a 4f-electron is promoted to a
high energy unoccupied 5d-orbital, representing a direct tran-
sition with negligible spatial charge separation (Figure 4A,B).
This Laporte- and spin-allowed transition is typically narrower
(approximately two to threefold) than charge-transfer transitions
(e.g., LMCT),"% and the energy of the transition blue shifts with
increasing Ln'""!V reduction potentials.[?! Consistent with these
expectations, the first absorption transitions of Cs,NaLnCl, DP
NCs (Ln = Ce, Pr, and Tb) were relatively narrow (FWHM of
about 300 meV in each case), while the energy of the transitions
displayed a linear correlation with the corresponding Ln"""V cou-
ple (E;, = +1.7 to +3.2 V vs NHE, Figure 4A).””! Based on this
correlation, the Ln with the next most accessible tetravalent state,
Nd"™" (E,;, = +5 V vs NHE), would be predicted to display a 4f-5d
absorption feature around ~170 nm (~7.3 eV).[?%] This transition
falls well outside of the measurable spectral region into the deep
UV, and was consistent with the effectively featureless absorp-
tion and emission profile for Cs,NaNdCl, DP NCs (Figure 4A
and Figure S33, Supporting Information).

In the case of Cl 3p to Ln 4f LMCT absorption events, an elec-
tron is promoted from a filled Cl 3p-orbital to an empty Ln 4f-
orbital to generate a transient charge-separated species featuring
adivalent Ln" ion and a hole on one of the Cl ligands (Figure 4D).
Similar divalent Ln species have been identified and detected pre-
viously in Ln-doped CsPbCl; perovskite NCs using transient ab-
sorption techniques.[''?l Molecular [LnCl(]*~ (Ln = Sm'™, Eu'l,
Tm™, and Yb™) display strong, broad LMCT transitions which
red shift with increasing Ln"™/™ reduction potentials. Cs,NaLnCl,
DP NCs (Ln = Sm, Eu, and Yb) displayed strong, broad LMCT
absorption features (FWHM = 570-940 meV), where the en-
ergy of the first transition showed a linear correlation with the
corresponding Ln"/""" redox potential (Figure 4C; E,, = —0.35
to —1.55 V vs NHE).[?] Based on this correlation, the Ln with
the next most accessible divalent state, Tm"' (E,, = —2.3 V vs
NHE),[?] would be predicted to display a LMCT absorption fea-
ture around ~205 nm. The position of this transition would not
be directly observable due to spectral overlap with solvent and
ligand absorptions, consistent with the effectively featureless ab-
sorption and emission profile for Cs,NaTmCl, DP NCs (Fig-
ure 4C and Figure S33, Supporting Information).

Analogies of the electronic transitions can also be drawn to
the extended nanocrystalline solids for their absorptive bandgap
transitions. Like direct bandgap transitions, atomic f-d transi-
tions keep the excited electron and the hole localized on the same
atom upon excitation, enabling direct radiative recombination
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Figure 4. A) For the Ln-DP NCs displaying atomic f-d absorption features, the position of the first absorption peak correlates with the Ln'"/Ln"V redox
potential. The best fit line was used to estimate the absorption peak position of Cs,NaNdClg DP NCs to be around 7.3 eV. B) Orbital diagrams illustrating
a typical atomic f—d transition event (left), and a schematic illustrating excitation and emission resembling direct bandgap transitions (right). C) For
Ln-DP NCs showing LMCT features, the position of the first absorption peak correlates with the Ln'"'/Ln"" redox potential. The fitting line was used to
estimate the absorption peak position of Cs,NaTmClg DP NCs to be around 6.1 eV. D) Orbital diagrams illustrating a typical LMCT event (left), and a
schematic illustrating excitation and emission resembling indirect bandgap transitions (right). Note: a hole transfer process is required for radiative f—f

relaxation in this case.

without spatial separation (Figure 4B). In contrast, LMCT tran-
sitions lead to the transfer of the excited electron from the lig-
and to the metal center, resulting in a spatial separation of the
electron and the hole in the excited state as seen for indirect
bandgap transitions. Charge-separated excited states involved in
this LMCT process can only be emissive following a hole trans-
fer step from Cl 3p- to Ln 4f-orbitals (Figure 4D).I"'%¢] How-
ever, due to the slow hole transfer process (few ns, multiple or-
ders of magnitude slower than the electron transfer process de-
pending on the energy difference),!''4*%! the energy of charge
separated excited states is more likely dissipated through non-
radiative pathways such as phonon-assisted energy transfer, or
transferred to dark sites prior to luminescence.[?”] Consequently,
the PLQYs for the materials with atomic f—d transitions are ex-
pected to be higher than those with LMCT transitions. A trend
consistent with these explanations was observed for Cs,NaLnCl,
DP NCs; DP NCs with direct bandgap absorptions (i.e., 4f-5d
transitions; Ce, Pr, Tb) displayed dramatically higher PLQYs than
those with indirect bandgap absorptions (i.e., LMCT transitions;
Sm, Eu, and Yb) (Figure 4). These findings were also consis-
tent with the observed photophysical behavior of Cs,NaErCl; DP
NCs and their Sb™- and Bi"-doped derivatives. The UV-vis spec-
trum of Cs,NaErCl; DP NC lack strong absorption features ca-
pable of sensitization, which leads to low PLQY. Sb'!- and Bi'!!-
doping introduces strong, Laporte- and spin-allowed Sb and Bi-
based absorption transitions, which increased the PL intensity
dramatically.[*]
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2.4. Computational Analysis

To gain a deeper understanding of the electronic structures
of Cs,NaLnCl; DPs, DFT(?® calculations were employed. Band
structures and density of states (DOS) DFT calculations for
the six emissive materials (i.e., Cs,NaLnCl, with Ln = Ce,
Pr, Sm, Eu, Tb, and YD) were carried out using the com-
mon plane wave approach,””! employing the Perdew-—Burke—
Ernzerhof (PBE, generalized gradient approximation)*®! func-
tional with non-linear core corrections and scalar relativistic ef-
fects (see Supporting Information for calculation details). Cal-
culated lattice constants of the six selected Cs,NaLnCl; were in
good agreement with reported values, with computed values be-
ing systematically overestimated by ~0.2 A (Table S5, Support-
ing Information).'?3! Across all these six systems, the valence
band maximum was dominated by Cl 3p character with vary-
ing contributions from Ln 4f-orbitals, while the conduction band
minimum is primarily composed of Ln 4f and 5d orbitals (Fig-
ure 5), in agreement with experimental findings using Ln-DP
bulk solids,*?) albeit with significant differences in the relative
energies of the spin polarized 4f states.

Calculations for the Ce, Pr, and Tb Cs,NaLnCl; DP NCs suc-
cessfully predicted energetically accessible, direct bandgap tran-
sitions corresponding to Laporte- and spin-allowed Ln-centered
4f—5d transitions at 2.29, 2.77, and 3.83 eV (Figure 5A,B,E).
While the calculated transition energies were systematically un-
derestimated by ~1.2 eV from the experimentally determined
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Figure 5. The calculated band structures (left) and the corresponding DOSs (right) of the six emissive Ln-DP systems: A) Cs,NaCeClg, B) Cs,NaPrCl,
C) Cs,NaSmClg, D) Cs,NaEuClg, E) Cs,NaTbClg, and F) Cs,NaYbClg. Spin down (blue solid lines) and spin up (purple solid lines) are differentiated in
each case. The observed band gap transitions are marked with dashed arrows. Valence band maxima are set to 0 eV.

direct bandgaps (3.52, 4.92, and 5.08 eV), the trend in their
relative energies was successfully reproduced within the series
(Figure S39, Supporting Information). Calculations of Sm and
Eu Cs,NalnCl, DP NCs (Figure 5C,D) also successfully pre-
dicted energetically accessible, indirect bandgap transitions cor-
responding to LMCT Cl 3p—Ln 4f transitions (Sm_,: 4.23 eV,

calc*
Sm,,,: 4.71 eV; Eu,: 4.62 eV, Eu,,,: 3.61 eV). In contrast, calcu-

calc expt*

lations of Cs,NaYbCl; DP NCs pre(liicted a direct bandgap transi-
tion corresponding to a high-energy (5.15 eV), parity-allowed Ln
4f—5d transition, instead of an indirect bandgap transition orig-
inating from a LMCT Cl 3p—Ln 4f transition observed in our
experiments and prior literature reports (Figure 5F).

While our plane-wave calculations reproduced some general
properties of Cs,NaLnCl, DP NCs, they incorrectly predicted the
nature of the bandgap for Yb and featured relatively large en-
ergy differences for calculated and experimental bandgap tran-
sitions within the series. Due to the highly correlated nature
of 4f states, the band structures of Ln-containing materials can
be non-trivial to reproduce by single determinant methods.*]
While multi-configurational approaches, such as complete active
space self-consistent field, can be used to model multi-reference
character, these methods scale poorly with active space size and
can be cost-prohibitive for large active spaces.?* Given these
restrictions, and the striking similarities in the optical proper-
ties of Cs,NaLnCl, DPs NCs and [LnCl(]*"molecular analogs,
we also interrogated the electronic structure of previously stud-
ied small molecule models, [Na,LnCl** (Ln = Ce-Yb), by
DFT.[®) All calculations were carried out using the hybrid PBE
functional and property-optimized def2-tzvpp(d) basis sets for
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Ln reported by Rappoport.[**! Geometry-optimized structures of
[NagLnCl** were in good agreement with the crystal structures
of Cs,NaLnCl,, where calculated and experimentally determined
Ln—Cl bond distances were within 0.04 A of one another (Ta-
ble S6, Supporting Information). Energies of the highest occu-
pied Cl 3p and Ln 4f orbitals as well as the lowest unoccupied Ln
4f and 5d orbitals (Ln = Ce-Yb) were calculated in the ground
state, but this simple model was also insufficient to correctly
predict the nature of observed absorption features (Figure S51,
Supporting Information). However, time-dependent DFT (TD-
DFT) calculations carried out on the optimized structures of
[NagLnCl]** at the same level of theory effectively captured the
main sensitization transitions for Cs,NaLnCl, DPs NCs. Ce!!,
Pr'l, and T clearly featured 4f—5d transitions at 4.16, 5.16,
and 2.47 eV, respectively, while Sm™, Eu'"!, and Yb' featured
Cl 3p to Ln 4f LMCT transitions at 2.48, 1.59, and 2.66 €V, re-
spectively (Table S7, Supporting Information). Even with the ob-
served discrepancies in transition energies, TD-DFT was able to
correctly predict the lowest energy allowed electronic transitions
of all six Ln-DP NCs showing features in the UV-vis spectrum.
The calculated transition energies differed significantly from ex-
perimentally obtained results, highlighting the challenges and
limitations in the calculation of lanthanide 4f electronic states.
With both experimental and computational data in hand, we
set out to construct a semi-empirical energy diagram capable
of summarizing the electronic structure and optical properties
of Cs,NaLnCl, DP NCs. In order to construct a diagram with
relative orbital energies of sufficient accuracy, the highest oc-
cupied and unoccupied 4f orbital energies were corrected by
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using experimentally determined values for the lowest energy
4f—5d or LMCT transitions, where Cl 3p and Ln 5d orbital
energies were taken from DFT calculations of the molecular
analogs, [Na,LnCl**. LMCT transitions were used to adjust the
DFT-calculated energies of unoccupied 4f orbitals relative to Cl
3p orbitals, while 4f—5d transitions were used to correct occu-
pied 4f orbital energies with respect to Ln 5d orbitals (see Sup-
porting Information for correction details). Select sections of the
excited Ln" 4f manifold were constructed using previously re-
ported, 4f orbital energies experimentally determined for bulk
Cs,NaLnCl, (Figure 6).*”] Based on the diagram, the lowest en-
ergy absorptions for the Ln with filled 4f-orbital energies above
that of the Cl 3p-orbitals (the cases of Ce, Pr, Nd, Tb, and Dy)
were predicted to be dominated by the f—d atomic transitions
(Figure 6, red dashed line arrows). The f—d transition energies
increased with rising Ln"!V redox potential (Ce < Pr ~ Tb < Dy)
as expected and discussed above (Figures 4 and 5).I' In contrast,
the first absorption feature of Ln with filled 4f-orbitals below the
Cl 3p-orbital energy levels should be dominated by LMCT tran-
sitions, as for the cases of Sm, Eu, Gd, Ho, Er, Tim, and Yb (Fig-
ure 6). The corresponding LMCT transition energies (Figure 6,
blue dashed line arrows) agreed reasonably well with the Ln'/!!
redox potential (Eu < Yb & Sm < Tm).l'% A summary of predicted
and measured electronic transition energies and bandgaps can
be found in Table S8, Supporting Information. The suitability of
this semi-empirical model was further validated by comparing
the relative orbital energies with experimentally determined val-
ues from valence band XPS spectra for the selected Cs,NaLnCl,
(Ln = Ce, Pr, Tb, and Gd; Figures S52-S55, Supporting Informa-
tion). Energy differences between the filled Cl 3p;;, and Ln 4f
orbitals measured by XPS were in good agreement with the cor-
rected values constructed in the semi-empirical model, and pro-
vided further support for our model (Figure S56, Supporting In-
formation).
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2.5. Alloyed Ln-DP NCs with Enhanced Optical Properties

Alloying and doping have been used extensively in the past to
enhance optical properties of NCs, as alloyed nanomaterials can
deliver properties inaccessible to physical mixtures of different
components.[**#6%19] The successful synthesis of alloyed per-
ovskite materials can be challenging, as stable combinations re-
quire appropriate matching of the introduced cation’s size with
the host material’s tolerance factor while keeping charge bal-
ance in mind.*® Given the similar ionic radii of Ln"™ jons,"]
a large range of alloyed DP NCs should be accessible. To demon-
strate this possibility, two representative examples of alloyed
Cs,NaLnCl, DP NCs were synthesized.

2.5.1. Cs,NaCey 0oTh 0o Vb0 0, Cls DP NCs

Ternary alloys showing emission across the UV, visible, and NIR
range are interesting synthetic targets for light emission pur-
poses, for multiplex imaging in biological setups, or for the
synthesis of advanced anti-counterfeit materials.>*%11¢4%1 Using
the hot injection methodology described for Ln-pure DP NCs
(see detailed synthetic procedure in Supporting Information),
Cs,NaCe oI, 4o Ybg 0; Cl; alloyed Ln-DP NCs were successfully
synthesized (Figures S57, S59, and S60, Supporting Informa-
tion). Under 340 nm excitation, the Cs,NaCe 4, Tbg o YD, o; Cl¢
DP NCs displayed PL peaks from all three Ln components: Ce'!
emission at 365 nm, Tb'!! emission at 550 nm, and Yb™ emis-
sion at 995 nm (Figure 7A,B). Importantly, the NIR Yb-PL peak
at 995 nm was significantly increased in intensity as compared to
the pure Cs,NaYbCl, DP NCs (Figure 7B). The PLQY in the NIR
range (i.e., Yb-PL) was determined to be 6%, indicating a ~30-
fold enhancement as compared to that of the pure Cs,NaYbCl,
DP NCs (Figure 7B). This enhancement effect was significantly
diminished if the Tb “bridge” was omitted, evidenced by a
much lower NIR PLQY of ~1% for the Cs,NaCe 4o Ybj 4, Cl; DP
NCs synthesized analogously (Figure S63, Supporting Informa-
tion). Furthermore, the alloyed Cs,NaCe, 4, Tbg 0o YD, o; Cl; Ln-DP
NCs also showed an excitation-dependent luminescence prop-
erty. The peak intensities of both visible (Figure 7C) and NIR (Fig-
ure 7D) emissions changed dramatically depending on the excita-
tion wavelength, which cannot be seen when individual Ln-pure
Cs,NaLnCl; (Ln = Ce, Tb, and Yb) NCs are mixed with the ap-
propriate ratio (Figure S64, Supporting Information). The Ce-PL
can be sensitized by the excitation light with two wavelengths in
comparable intensities: 255 and 310 nm. While the strongest Tb-
PL can only be observed under 235 nm excitation, the strongest
Yb-PL is displayed only when exciting at 340 nm (Figure 7D).

2.5.2. Cs,NaPr, 4,Ce( 0 Cl; DP NCs

UV-emissive perovskite nanomaterials are exceedingly rare
and highly sought after, and such materials hold the poten-
tial to be utilized in biomedical settings as disinfecting light
sources,I“!! or in fabrications of high-energy LEDs as the UV-
emissive component.[*?] Given our discovery of Cs,NaCeCl, and
Cs,NaPrCl, DP NCs capable of emitting in the UV-C and UV-A
region, we synthesized Cs,NaPr,q,Ce,,,Cl; DP NCs using an
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Figure 7. A) Energy level diagram illustrating the energy transfer from the Ce host to the Yb dopant bridged by the Tb component for
Cs,NaCeg g9 Tbg 9o Ybg o1Clg alloyed Ln-DP NCs. B) Absorption and PL spectra of the Cs,NaCe 9y Tbg ogYbg 91 Clg alloyed Ln-DP NCs display emission
from all three components under 340 nm excitation. C,D) 2D contour maps at visible (C) and NIR (D) regions for the Cs,NaCeq 99 Tbg g Ybg 91Clg DP
NCs, showing an excitation-dependent PL feature of the sample. E) Energy level diagram illustrating the energy transfer occurs from the Pr host to the Ce
component of the Cs,NaCe 99Ce( o1Clg alloyed Ln-DP NCs. F) Absorption and PL spectra of the Cs,NaCe 99Ceq 9;Clg DP NCs, displaying broadband

UV-C to visible-blue emission.

appropriate mixture of Ce(OAc); and Pr(OAc); pre-
cursors (see details in Supporting Information; Fig-
ures S58, S59, S61, and S62, Supporting Information). The
obtained Cs,NaPr,,,Ce,,; Cl; DP NCs emit across the UV-C to
UV-A, and into the visible blue spectral range, representing the
first example of a broad UV-emitting perovskite nanomaterial
(Figure 7E,F).

3. Conclusion

In summary, we demonstrate the colloidal synthesis of
Cs,NalnCl; (Ln = La-Nd, Sm-Yb) Ln-DP NCs using a hot
injection approach. The obtained Ln-DP NCs display emis-
sions covering a wide wavelength range from deep UV to NIR.
The Cs,NaPrCl; and Cs,NaCeCl; DP NCs display strong UV
emission, with the Cs,NaPrCl, DP NCs being the only UV-C
emitting halide perovskite nanomaterial known to date. Using
the combination of molecular analogs and DFT calculations, a
comprehensive understanding of energy levels and electronic
transitions in the Cs,NaLnCl; DP systems was achieved. Due to
the similar ionic sizes and high miscibility of Ln elements, we
have successfully synthesized alloyed Ln-DP NCs simultaneously
containing multiple Ln components, which show unique optical
properties that are inaccessible by their pure-Ln counterparts.
Our study not only provides important fundamental understand-
ings on the Ln-DP materials, but also offers a family of new DP
nanomaterials promising for a spectrum of applications ranging
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from high-energy LEDs and secure anti-counterfeiting paints to
biomedical disinfections.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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