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All-inorganic metal halides such as CssPbXs and CsPbXs (X = Cl, Br, I) are attracting global
attention owing to their promise in optoelectronic applications. However, the presence of the
toxic heavy metal lead (Pb) in these materials is a major concern. Here, we report a family of
nontoxic high-efficiency blue-emitting all-inorganic halides Rb2CuXs (X = Br, Cl), which
exhibit one-dimensional crystal structures featuring anionic .5[CuX3]* ribbons separated by Rb"
cations. The measured record high photoluminescence quantum yield values range from 64% to
100% for Rb2CuBr3; and Rb2CuCls, respectively. Furthermore, the measured emission linewidths
are quite narrow with full width at half maximum (FWHM) values of 54 and 52 nm for
Rb2CuBr3; and Rb2CuCls, respectively. Single crystals of Rb2CuCl; show an anti-Stokes
photoluminescence (ASPL) signal, shown for the first time for Pb-free metal halides. Our

discovery of highly-efficient narrow blue emitters based on a nontoxic and inexpensive metal
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copper paves a way for the consideration of low-cost and environmentally-friendly copper

halides for practical applications.

The United States Department of Energy (DOE) projects an estimated energy cost savings of
$630 billion from 2015 to 2035 if reliable solid-state lighting technologies can be developed and
DOE goals are met.!') For the cost-effective implementation of light-emitting diodes (LEDs),
development of new inexpensive light emitters is an urgent need. Owing to their outstanding
photophysical properties including tunable band gaps and emission colors, high
photoluminescent quantum yields (PLQY) and excellent color purity, metal halide perovskite
LEDs (PeLEDs) have been attracting increased attention in recent years.?] Thus, high external
quantum efficiency (EQE) green and near-infrared (NIR) light-emitting PeLEDs have already
been developed including a recent report of a NIR-emitting PeLED with a high EQE of 21.6%."!
However, the development of efficient blue-emitting halides has historically lagged behind,
although recent reports show some progress in this area.”) Notable examples include highly
efficient blue emission with PLQY over 70% from CsPbBr3; and its mixed analog
CsPb(Br/Cl)3," Cu?*-doped CsPbi—xCuxX3 (X = Br, Cl) quantum dots,”*! and from exfoliated
crystals of (CéHsCH2NH3)2PbBrs.?dl These materials have also been incorporated into blue
PeLEDs with external quantum efficiency (EQE) values up to 1.5% for PEA2An-1PbnX3n+12%)
and 9.5% for CsxFA1-xPbBr3.l% Despite the remarkable progress in the last few years, these deep
blue emitters are predominantly low-dimensional or nanostructured lead halide perovskites,

which usually suffer from the lead toxicity and poor stability.?! In principle, other Pb-free low-



dimensional halides should also demonstrate increased charge localization and enhanced
excitonic properties observed in lead halide perovskites, yielding efficient blue emitters that are
free of toxic Pb such as in the case of recently reported copper halides Cs3Cu2Xs and CsCu2Xs.!"]
In this work, we provide further evidence of the validity of this conjecture through preparation of
all-inorganic nontoxic Rb2CuX3 (X = CIl, Br), which exhibit near-unity PLQY blue emission.
The remarkably high PLQY demonstrated by these compounds is attributed to the creation of
self-trapped excitons (STEs) within their one-dimensional (1D) crystal structure. Moreover, for
Rb2CuCls, our preliminary results indicate a net phonon-assisted anti-Stokes photoluminescence
(ASPL), and an optical cooling efficiency of ~ 32% at room temperature. Note that optical
cooling by ASPL (also known as upconversion PL) was previously reported in several rare earth-
based materials,® semiconductors such as CdS®! and more recently in a few hybrid organic-

(1] This process takes place as a result

inorganic!'”! and all-inorganic perovskites type materials.
of a light excitation energy below the band gap of the material producing a non-equilibrium
electron distribution. Then, the exciting photon first interacts with the lattice leading to phonon
absorption followed by blue-shifted luminescence. This mechanism leads to the extraction of the
heat energy from the lattice by emitting a higher energy photon, which cools down the material.
The advantages of metal halides is their high PLQY photoemission properties and the relatively
low trap-states density which are important parameters for optical cooling.['?! For example,

exceptionally strong ASPL and a remarkable optical cooling of 58.7 K was observed in the

exfoliated crystals of two-dimensional (2D) layered perovskite (CsHsC2H4NH3)2Pbl4.[1%2]



Figure 1. (a) A polyhedral view of the structure of Rb2CuX3 projected along the b-axis, and (b) a
close-up view of a segment of [CuX5]* chains showing the corner-sharing connectivity of the
CuX4 tetrahedra. Rb, Cu, and X are shown in green, yellow, and red, respectively.

Rb2CuXs (X = Br, Cl) crystallize in the orthorhombic space group Pnmal'’! featuring 1D
a[CuX3]* chains separated by Rb™ cations (Figure 1, Table S1, Supporting Information (SI)).
The anionic of ;[CuX3]* chains are made of corner-sharing [CuX4] tetrahedra along the b-axis.
Rb2CuX3 can be prepared both as polycrystalline powder samples or grown as single crystals
using solid-state synthesis and solvent evaporation techniques, respectively (Figures S1-3). The
presence of monovalent Cu' cations in these materials and their ionic nature makes them
susceptible to degradation in ambient air (Figures S4-S6, see SI for further details) However,
larger single crystals of Rb2CuCls do not exhibit any noticeable degradation when left in ambient
air (Figure S6). On the other hand, our thermogravimetric analysis (TGA) measurements suggest
that unlike most hybrid organic-inorganic lead halide perovskites, RboCuX3 show no significant
weight loss up to 475°C (Figure S7), which is in agreement with the reports of improved thermal

stability of all-inorganic metal halides such as Cs3Cu2Brs—xIx,’? RbsAg2BiBro,' and Cs2Snls.[!!



Differential scanning calorimetry (DSC) data show that Rb2CuCls and Rb2CuBr3 have peritectic

decompositions at 274 and 271 °C, respectively, consistent with the reported phase diagrams.['¢]
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Figure 2. Room temperature optical absorption (circles), PLE (dashed lines) and PL (solid lines)
of polycrystalline powders of Rb2CuBr3; (blue) and Rb2CuCls (red). The inset show the bright
blue emission under UV irradiation.

Optical absorption spectra of polycrystalline powder samples of Rb2CuX3 show two features at
~ 276 and ~ 300 nm. Upon UV irradiation, the room temperature PL spectra of polycrystalline
powders of Rb2CuX3 show a very bright blue emission (Figure 2). The PL maxima are located at
~ 385 and 395 nm, with full width at half maximum (FWHM) values of 54 and 52 nm and
relatively small Stokes shifts of 85 and 93 nm for Rb2CuBr3 and Rb2CuCls, respectively.
Usually, low-dimensional (1D and 0D) metal halides materials emit strongly Stokes shifted
spectra due to significant structural distortions in excited states.!!”! In contrast, our PL results on

Rb2CuX3 are notably different for several reasons. First, RboCuXs are among the few blue



emitters with a near UV excitation and relatively small Stokes shift blue emission,!' which is
advantageous given the small energy loss between photoluminescence excitation (PLE) and
emission (PL) spectra. Secondly, the measured PL linewidths of 54 and 52 nm for Rb2CuBr3 and
Rb2CuCls, respectively, are among the lowest for highly-efficient blue emitting bulk samples. !
Note that obtaining materials that combine efficient blue emission with narrow emission
linewidth is a recognized challenge, and the best literature-reported narrow blue emitters are
(CeHsCH2NH3)2PbBrs4 nanoplates and CsPbX3 quantum dots, which unlike our bulk samples are
obtained through nanostructuring.!?*! Finally, the visibly bright blue emission is corroborated by
the high PLQY values of 64 and 85 % measured on polycrystalline powders of Rb2CuBr3; and
Rb2CuCls, respectively (see Figure S8a, b). PLE spectra measured on polycrystalline Rb2CuX3
for emission wavelengths of 386 and 400 nm show maxima at 295 and 300 nm, accompanied
with a shoulder at 270 and 265 nm for Rb2CuBr3 and Rb2CuCls, respectively, which coincide
with the measured absorption spectra (see Figure 2). Furthermore, we also measured room
temperature PL/PLE on single crystals of Rb2CuCls, which match the PL/PLE of the bulk
powder sample (see Figure S9). Importantly, a unity (~100%) PLQY value was measured on
singe crystals of Rb2CuCls (see Figure S8c), which is the record high for known blue emitters.?®
72l The difference in the measured PLQY values with respect to the nature of sample (i.e., PLQY
of 85% for a powder sample vs 100% for single crystals) is mainly due to the fact that single
crystals contain less surface defects than polycrystalline powders and thin films. This is also
consistent with the literature results on other copper halides!'”! including PLQY values of 60%
and 90% reported for thin films and single crystals of Cs3Cuzls, respectively.’” However,

despite record high PLQY value for Rb2CuCls, its photostability must be further improved for



device considerations as our periodic measurements of PLQY under continuous irradiation at its
PLEmax yielded ~75% loss in PLQY in 1 hour (see Figure S10).

To understand the photophysical origin of the highly efficient blue-emission of Rb2CuXs, we
measured its excitation and power dependence PL spectra at ambient temperature (see Figures
S11-S12). Results show that Rb2CuX3 compounds have excitation-dependent emission shapes
and a linear dependence of the PL intensity as a function of excitation power. This fact suggests
the intrinsic nature of Rb2CuX3 blue emission, and the absence of saturation at high excitation
power excludes the presence of permanent defects emissions.!'* 2% Therefore, we attribute this
intense blue-emission to STEs often observed in metal halide all-inorganic systems.[’ 4. 19. 211
Based on our single exponential fitting of the time-resolved PL data for Rb2CuCls single crystals
(Figure S13), a decay lifetime of 12.21 ps was extracted. Long lifetime emission from STEs have
also been reported for other metal halides including the related Cs3Cuzls. On the other hand, PL
of Rb2CuX3 can also be compared to that of binary copper halides.['! It has been previously
reported that y-CuX (X = Br, Cl) have significant light emission properties in the 300-400 nm
spectral range, suitable for novel UV/blue light applications.!*”) Here, we also measured the room
temperature emission spectra of y-CuX (Figure S14), that show a UV-blue light emission with
the presence of two PL peaks at 384 and 395 nm for y-CuCl and at 422 and 433 nm for y-CuBr,

(223, 23] However, the measured PLQY values of y-CuX are

in agreement with the previous reports.
very low (< 0.5%). The remarkable enhancement of emission efficiency of the ternary halides
Rb2CuX3 compared to the binary parents CuX is mainly due to the quantum confinement effect
resulting from the reduction of structural dimensionality from 3D corner-sharing tetrahedra for vy-

CuX (the zincblende structure) to 1D for Rb2CuXs, a well-known effect that results in higher

exciton binding energies (Ev) and improved exciton stabilities.**! Here, based on the optical



absorption measurements for Rb2CuCls (Figure 2), the exciton binding energy could be
estimated as Eb = Eg - Eex = 390 meV,!%) where Eg = 4.49 eV and Eex = 4.10 eV are the band gap

energy and the exciton energy, respectively. The high Ev values are characteristic of low

dimensional metal halide materials.[ 24¢ 26]
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Figure 3. Electronic band structure and density of states (DOS) for (a-b) Ru2CuCls and (c-d)
Ru2CuBrs. Note that the band gaps are underestimated due to the band gap error in the PBE
calculation.

To further investigate the main origin of the ultrabright blue emission of Rb2CuX3, we carried

out DFT calculations (SI). Figure 3 shows the calculated electronic band structure and density of



states (DOS) plots. Rb2CuBr3 has a direct band gap at the I' point. In contrast, the band gap of
Rb2CuCls is slightly indirect — the conduction band minimum (CBM) is at the I" point while the
valence band maximum (VBM) is located between the I' and the Z points. However, the top of
the valence band between the I" and the Z points is extremely flat as can be seen in Figure 3a; the
energy of the top valence band is changed by only 0.002 eV from the I" point to the VBM, which
is negligible. Thus, the band gap of Rb2CuCls is nearly direct. The DOS projected to each atomic
species (Figures 3b-d) shows that the valence band is mainly made up of Cu-3d orbitals
hybridized with halogen p orbitals while the conduction band has a mixed character of Cu-4s,
Rb-5s, and halogen-p. The valence band is narrow, resulting from the localized nature of Cu-3d
orbitals, while the conduction band is dispersive not only along the 1D chain direction (Y axis)
but also along directions perpendicular to the chain. Thus, the electronic structure of Rb2CuCls
and Rb2CuBr3 do not have the 1D character.

The calculated band gaps of Rb2CuCls and Rb2CuBr3 are 1.99 eV and 1.85 eV, respectively,
which are expected to be underestimated due to the well-known band gap error in the PBE
calculation but are consistent with previous PBE calculations.?”! Since the valence bands of both
halides have mainly the Cu-3d character, their band gaps are weakly dependent on the type of the
halogen atom. The Br-4p band in Rb2CuBrs3 is closer in energy to the Cu-3d band than the CI-3p
band in Rb2CuCls, thus having a stronger hybridization with the Cu-3d band. As a result, the Cu-
3d band in Rb2CuBrs3 is pushed up higher than that in Rb2CuCls, resulting in a higher VBM and a
slightly smaller band gap.

We further studied excitonic properties using more advanced PBEO calculations which provide
much improved description of the band gap and charge localization in insulators. Since the

electronic structures of Rb2CuCls and Rb2CuBrs have the similar characteristics as shown in
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Figure 3, we focus on the exciton in Rb2CuCls. The PBEO calculation increases the band gap of
Rb2CuCls at the I" point to 4.51 eV, which present a good agreement with the experimental band
gap estimated based on the optical absorption data shown in Figure 2. The excited-state
structural relaxation leads to a strong local structural distortion. The resulting localized STE is
shown in Figure S15. The exciton self-localization around a Cu ion on the 1D Cu-ClI chain
significantly weakens two Cu-Cl bonds (Cu(1)-Cl(1) and Cu(1)-Cl(2) in Figure S15). The
calculated Cu(1)-Cl(1) and Cu(1)-CI(2) bond lengths are 2.85 A and 2.61 A, which are 16.3%
and 6.5% longer than the Cu-CI bond length of 2.45 A at the ground state. The calculated exciton
emission energy based on the relaxed STE structure is 2.88 eV, close to the experimentally
measured peak emission energy (3.14 eV or 395 nm). The good agreement between the
calculated and measured exciton excitation/emission energies validates the excited-state
theoretical modeling and supports the predicted exciton self-trapping as shown in Figure S15.
For Rb2CuCls, the unity PLQY blue emission and noticeable overlap between the absorption
and emission spectra (see Figure 2) suggest a possible optical cooling due to PL upconversion.®
10a]' As shown in Figure 2, the optical absorption spectra of Rb>CuX3 show a long band tail that
quenches only at a very low energy (~ 1.9 eV), suggesting a high probability to have phonon-
assisted ASPL above the 1.9 eV (650 nm) energy. As a preliminary study, we measured the
ASPL spectra of the highly emissive single crystals of Rb2CuCls using different excitation
wavelengths in the 490-650 nm range (Figure 4). Results show the presence of upconversion PL
with the maximum emission observed under 520 nm excitation. Note that the other possible
mechanisms of ASPL include defect/impurity effects and two-photon absorption. However, since
the lowest excitation peak is observed at 300 nm, the two-photon absorption mechanism would

necessitate PLEmax of 600 nm for ASPL instead of the observed 520 nm. The defect effects are
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largely ruled out based on the observed unity PLQY for the Rb2CuCl3 single crystals, which have
also been shown to be free of impurities using the X-ray methods (SI).
According to the previous studies based on Sheik-Bahae theory,® 19 11 28 the optical cooling

efficiency can be estimated from the following equation:

Eem_1
b

Nec = MpL

Eex

where 1. and 7np; are the cooling and PL efficiency, respectively, and E,,, and E,, present the
emission and excitation energies. Considering the fact that single crystals of Rb2CuCl3 shows a
100% PLQY, and the maximum ASPL occurs at 395 nm (3.14 eV) under 520 nm (2.385 eV),
using the above equation, an optical cooling efficiency of ~ 32% is estimated. This value is
similar to the highest values recently reported for hybrid perovskite!!* >! and all inorganic metal
halides.!'" 3% Further detailed spectroscopic investigations including Raman spectroscopy is in

progress to better understand the physical origin of the observed ASPL of Rb2CuCls.
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Figure 4. Anti-Stokes photoluminescence spectra of a Rb2CuCls single crystal measured at
ambient temperature and for different excitation wavelengths.
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In summary, we report the photophysical properties of bulk and single crystal samples of all-
inorganic metal halide materials Rb2CuXs (X = Br, Cl), which exhibit one-dimensional crystal
structures featuring anionic [CuX3]* ribbons separated by Rb* cations. These materials
simultaneously show remarkably high blue emission efficiency and narrow emission linewidths:
PLQY values of 64% to 100% and FWHM values of 54 and 52 nm for Rb2CuBr3 and Rb2CuCls,
respectively, are among the record values in each category for bulk samples. Furthermore, the
measured Stokes shifts of 85 and 93 nm for Rb2CuBr3 and Rb2CuCls, respectively, are unusually
small for low-dimensional multinary halides, and can be advantageous for practical applications
given the comparatively low energy loss between emission and excitation. Based on excitation-,
time- and power-dependent PL studies, the physical origin of the emission is attributed to STEs,
which is further supported by DFT calculations suggesting the presence of enhanced excitonic
interactions. Moreover, Rb2CuCls shows an ASPL that could provide up to 32% optical cooling
efficiency, shown for the first time for Pb-free metal halides in this work. Importantly,
discoveries of highly-efficient blue emitters based on nontoxic and inexpensive copper paves a
way for the consideration of low-cost and environmentally-friendly copper halides for
optoelectronic devices.

Supporting Information. Full experimental and computational details, samples photos, single
crystal and powder X-ray diffraction results, DSC/TGA, PLQY data, time-resolved PL data,
excitation and power dependence PL.

[CCDC 1955726 contains the supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccde.cam.ac.uk/data_request/cif.]
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A family of nontoxic all-inorganic halides Rb2CuXs3 (X = Br, Cl) was prepared using high
temperature and solution techniques. The materials exhibit one-dimensional crystal structures
and show high photoluminescence quantum yield blue emission up to unity attributed to self-
trapped excitons. Single crystals of Rb2CuCls have also been shown to demonstrate an up-

conversion photoluminescence, the first example of such behavior for a Pb-free metal halide.
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