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ABSTRACT. Recently, copper(I) halides have been gaining increased attention as highly lumi-

nescent nontoxic alternatives to lead halide perovskites for optoelectronic applications. Here, we 

report preparation of blue emitting, lead free, all-inorganic halides K2CuX3 (X= Cl, Br) through 

five synthetic methods including traditional solid-state and solution methods. The photolumines-

cence (PL) emission spectra of K2CuCl3 and K2CuBr3 exhibit narrow peaks centered at 392 nm 

and 388 nm with full widths at half maximum (FWHM) values of ~54 nm. The visible bright blue 

emission is corroborated by the remarkably high photoluminescence quantum yield (PLQY) val-

ues up to ~97%. Furthermore, radioluminescence measurements on K2CuCl3 yield a bright peak 

at 404 nm under irradiation with X rays at 200 kVp, 20 mA, which is optimal for use with PMTs 

and Si photomultipliers, suggesting a strong potential of this family for radiation detection appli-

cations. Based on our combined experimental and computational investigations, the origin of the 

efficient luminescence in K2CuX3 is attributed to the high stability self-trapped excitons (STE) 

formed in the one-dimensional anionic [𝐶𝑢𝑋3]∞
1 2− chains. Advantageously, K2CuX3 demonstrate 
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improved air- and photostability compared to the previously reported copper(I) halides. The dis-

covery of highly efficient and high stability light-emitters based on earth-abundant copper(I) hal-

ides paves the way for their potential practical applications. 

 

INTRODUCTION 

In the last few decades, significant efforts have been devoted to developing earth-abundant, 

luminescent materials and nanomaterials that demonstrate high stability and photoluminescence 

(PL) quantum yield.1-3 Among these, multinary metal halides, especially halide perovskites and 

their structural derivatives, have been the focus of much attention owing to their high-efficiency 

white, blue, red and green emission.4-15 Development of high-efficiency blue emitters has lagged 

compared to red and green emitters due to the higher energy optical transition required for obtain-

ing blue emission.9, 16-19, Despite remarkable structural diversity and optoelectronic properties, lead 

halide perovskites have their own drawbacks such as poor air stability, photoinstability, and tox-

icity, which could prevent their commercialization.20-24  

Recently, several families of copper halides emerged as promising alternatives to luminescent 

lead halides. These include near-unity green photoluminescence in Cs3Cu2Cl5 and near-unity blue 

emission in Cs3Cu2X5 (X = Br, I) and Rb2CuX3 (X = Cl, Br), to name just a few.9, 25-28 Tunable 

blue, green and yellow emission has also been observed for the CsCu2X3 family, however, the 

measured photoluminescence quantum yield (PLQY) values are lower compared to the aforemen-

tioned families.29 In all of these families, luminescence is attributed to the self-trapped excitons 

(STEs), which are induced by strong charge localization within low-dimensional crystal structures 



4 

 

of these copper halides. The formation of STEs is accompanied by a significant excited state struc-

tural reorganization, typically leading to a very strong room temperature photoluminescence (PL) 

emission with large Stokes shifts. Given the importance of structural distortions in light emission 

in metal halides, narrow structural changes can lead to a significant change in the observed lumi-

nescence behavior of materials. A recent high-pressure study of CsCu2I3 confirms this conjecture 

as a remarkable enhancement of luminescence and changes in STE emission is observed for this 

material due to the structural evolution of the material under pressure.30 

Here, we report the preparation and characterization of K2CuX3 (X= Cl, Br), which are the 

chemically pressurized form of the bright blue emitting Rb2CuX3.9, 26, 27 Along with the bright blue 

emission, Rb2CuX3 have recently shown a strong potential as sensitive X-ray scintillator materi-

als.26, 27 Despite their excellent fundamental optical properties, Rb2CuX3 contain intrinsically ra-

diactive Rb and the photostability of Rb2CuX3 is poor with a reported ~75% drop in PLQY in only 

an hour of UV exposure.9, 27 In contrast, K2CuX3 reported in this work show markedly improved 

air stability and photostability while preserving their ultrabright blue emission behavior. In this 

work, K2CuX3(X = Cl, Br) single crystals and polycrystalline powders were prepared via five dif-

ferent preparation methods including traditional solid-state methods, flux growth, slow cooling of 

a saturated solution, liquid-liquid diffusion, and liquid-vapor diffusion. Structural characteriza-

tions were performed using powder and single crystal X-ray diffraction methods. Optical proper-

ties of K2CuX3 were studied using a combined computational and experimental approach through 

photoluminescence spectroscopy and density functional theory (DFT) methods. This work high-

lights the strong potential of inexpensive and earth-abundant copper halides for practical applica-

tions, which can be further fine-tuned through chemical substitution experiments. 



5 

 

EXPERIMENTAL SECTION 
Materials and Methods. The starting reactants: potassium chloride (99%, J.T. Baker), cop-

per(I) chloride (>99%, Sigma-Aldrich), potassium bromide (99%, Sigma-Aldrich) and copper(I) 

bromide (>99%, Alfa Aesar) were used as received. For high temperature synthesis experiments, 

the fused silica tubes were first annealed at 300 °C for 2 hours before quickly transferring to a 

nitrogen filled glovebox for long term storage. All manipulations of reactants and products were 

performed in a nitrogen-filled glovebox. 

Polycrystalline Powders of K2CuX3. Polycrystalline powder samples of K2CuX3 (X= Cl, Br) 

were prepared by grinding a 2:1 stoichiometric amount of KX and CuX for approximately 30 

minutes under a nitrogen atmosphere. Then, the mixtures were pressed into pellets and sealed un-

der vacuum in quartz tubes. The sealed ampoules were heated to 210 °C over the course of 4 hours, 

held at this temperature for 72 hours and cooled to room temperature over 18 hours. Each sample 

goes through this heating and cooling cycle at least twice, with a grinding in between, to ensure 

the complete consumption of reactants. 

Flux growth of K2CuCl3 Single Crystals. For single crystal growth experiments using molten 

salt as flux, a 21:29 molar ratio of KCl and CuCl were ground for approximately 30 minutes under 

a nitrogen atmosphere. The mixtures were then loaded into alumina crucibles. The crucibles were 

sealed inside evacuated quartz ampoules and placed into a furnace. The reaction mixtures were 

heated to 300 °C over 4 hours, held at this temperature for 10 hours, cooled to 170 °C over 130 

hours and at this temperature for 336 hours. The liquid flux was removed via centrifugation and 

single crystals of K2CuCl3 were isolated. 
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K2CuCl3 Single Crystals via Slow Cooling of a Saturated Solution. K2CuCl3 single crystals 

of up to 20 mm in length with 1 mm in diameter were prepared by mixing stoichiometric amounts 

of KCl and CuCl in a 6M HCl solution. In order to prevent oxidation, samples were loaded in a 

nitrogen glovebox and sealed with white rubber Suba-Seal septa. A Schlenk line was used with an 

oil bubbler to constantly flow nitrogen over the samples. Approximately 5% by volume H3PO2, 

was added to the KCl solution. Both solutions were heated at 100 °C until fully dissolved and 

clear. The CuCl solution was added dropwise to the KCl solution and allowed to mix for 1 hour. 

The samples were then cooled to room temperature for 6 hours. Colorless needle crystals of 

K2CuCl3 were collected and washed in methanol. 

Liquid-Liquid Diffusion Growth of K2CuBr3 Single Crystals. K2CuBr3 single crystals of up 

to 1 cm in lengths were prepared by mixing stoichiometric amounts of KBr and CuBr in a 4M HBr 

solution. In order to prevent oxidation samples were loaded in a nitrogen glovebox and sealed with 

white rubber Suba-Seal septa. A Schlenk line was used with an oil bubbler to constantly flow 

nitrogen over the samples. Approximately 10% by volume H3PO2 was added to the KBr solution. 

Both solutions were fully dissolved and clear at room temperature. The CuBr was then added 

dropwise to KBr and the solutions were mixed for 1 hour at room temperature. An equal volume 

of methanol to HBr was layered on top of the HBr solution. Long (up to 1 cm) colorless needle 

crystals grew overnight, which were collected and washed in methanol. 

Vapor-Liquid Diffusion Growth of K2CuBr3 Single Crystals. K2CuBr3 single crystals of 0.5 

cm in size were prepared by mixing stoichiometric amounts of KBr and CuBr in a 4M HBr solu-

tion. In order to prevent oxidation, samples were loaded in a nitrogen glovebox and sealed with 

white rubber Suba-Seal septa. A Schlenk line was used with an oil bubbler to constantly flow 
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nitrogen over the samples. Approximately 10% by volume H3PO2 was added to the KBr solution. 

Both solutions were fully dissolved and clear at room temperature. The CuBr was then added 

dropwise to KBr and the solutions were mixed for 1 hour at room temperature. The sample was 

then transferred to a test tube which was suspended from the top of a sealed glass jar with excess 

methanol at the bottom. The jar was placed in an oil bath at 60 °C, where 0.5 cm crystals grew 

over the course of 5 days. Crystals were washed in methanol. 

Powder X-ray Diffraction (PXRD) Measurements. In order to establish bulk purity of sam-

ples, PXRD measurements were periodically taken on a Rigaku Miniflex600 equipped with D/tex 

detector and a Ni-filtered Cu-Kα radiation source. Data were collected at room temperature in the 

3−90° (2θ) range, with a step size of 0.02°. The obtained PXRD patters were refined using the 

decomposition method. To test the air-stability of K2CuX3, powdered samples were left on a la-

boratory bench under ambient conditions (thermostat set at 20 °C and relative humidity of 30%) 

and periodic PXRD experiments were performed to monitor the changes. To quantify the sample 

composition changes, the Reference Intensity Ratio (RIR) quantitative analysis was performed 

using the PDXL2 program. 

Single Crystal X-ray Diffraction (SCXRD). Single crystal X-ray diffraction (SXRD) data 

were collected on a Bruker D8 Quest with a Kappa geometry goniometer, an Incoatec Iμs X-ray 

source (graphite monochromated Mo-Kα (λ = 0.71073 Å) radiation), and a Photon II detector. The 

data were corrected for absorption using the semiempirical method based on equivalent reflections, 

and the structures were solved by intrinsic phasing methods (SHELXT) as embedded in the 

APEX3 v2015.5-2 program. Site occupancy factors were checked by freeing occupancies of each 

unique crystallographic site. Details of the data collection and crystallographic parameters are 
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given in Table S1. Atomic coordinates, equivalent isotropic displacement parameters, and selected 

interatomic distances and bond angles are provided in Table S2 and Table S3 in the Supporting 

Information (SI). Additional information on the crystals structures investigations can be obtained 

in the form of a Crystallographic Information File (CIF), which were deposited in the Cambridge 

Crystallographic Data Centre (CCDC) database (deposition numbers 1989799 and 1989800) 

Thermogravimetry and Differential Scanning Calorimetry (TGA/DSC) Measurements. 

Simultaneous thermogravimetric analysis and differential scanning calorimetry (TGA/DSC) were 

measured on ~15 mg of polycrystalline powder of K2CuX3 on a TA Instruments SDT 650 thermal 

analyzer system. Sample was heated up from 25 to 475 °C under an inert flow of dry nitrogen gas 

at a rate of 100 mL/min, with a heating rate of 5 °C/min. 

Optical Measurements. Room temperature photoluminescence emission (PL) and photolumi-

nescence excitation (PLE) measurements were performed on polycrystalline powders of K2CuX3 

(X = Cl, Br) and single crystals of K2CuCl3 on a Jobin Yvon Fluorolog-3 spectrofluorometer 

(HORIBA company) equipped with a Xenon lamp and a Quanta-φ integrating sphere using the 

two-curve method in a varied range from 280 to 860 nm. For lifetime measurements, a Time-

Correlated Single Photon Counting (TCSPC) system including a DeltaHub DH-HT high through-

put TCSPC controller and NanoLED NL-C2 pulsed diode controller was used. For light source, a 

299 nm NanoLED diode was selected, which has a <1.2 ns pulse duration. 

Photoluminescence quantum yield was determined by: 

𝑄𝑢𝑎𝑛𝑡𝑢𝑚 𝑌𝑖𝑒𝑙𝑑 = ( 
𝐸𝑚𝑠 −  𝐸𝑚𝑏

𝐸𝑥𝑏 − 𝐸𝑥𝑠
) ∗ 100 
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where Exs and Exb are the integrated excitation profiles of the sample and the blank and Ems and 

Emb are the integrated emission profiles of the sample and blank respectively. An Area Balance 

Factor is applied in the FluorEssence software which accounts for changes in integration times 

between excitation and emission scans and for the use of neutral density filters. For the photosta-

bility measurement, a polycrystalline K2CuCl3 sample was placed inside the Quanta-φ integrating 

sphere on the Jobin Yvon Fluorolog-3 spectrofluorometer. The sample was then exposed to the 

full power of the Xenon lamp of the spectrofluorometer at its PL excitation maximum of 291 nm. 

Periodic PLQY measurements were taken every 5 minutes under these conditions for a total of 60 

minutes.   

For radioluminescence (RL) measurements, a K2CuCl3 polycrystalline pellet sample with ~5 × 

5 × 3 mm3 dimensions was fixed on a wooden stick using silicone optical grease (Bicron BC-630), 

and placed in an X-ray beam at the focal point of the optics of a Princeton Instruments Acton 

SP2150 UV-VIS spectrometer (see Figure S1) housed in the lead-lined irradiation cabinet. This 

instrument uses a Hamamatsu R928 photomultiplier tube (PMT) to receive light from a diffraction 

grating and mirror system scanned to cover the range from 200 to 650 nm. Data were collected as 

a function of wavelength at increments of 2 nm under irradiation with bremsstrahlung X rays at 

200 kVp, 20 ma (~25 Gy/h). For each wavelength, 4 measurements were averaged with 250 ms 

integration time per measurement to reduce noise. For completeness, we ran an identical measure-

ment of the wooden stick covered with optical grease to rule out the unlikely possibility that the 

grease was the source of the luminescence (Figure S2).  

Computational Methods. Our calculations were based on density functional theory (DFT) as 

implemented in the VASP code.31 The kinetic energy cutoff of the plane-wave basis is 295 eV. 
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The projector augmented wave method was used to describe the interaction between ions and elec-

trons.32 Lattice parameters were fixed at the experimentally measured values while the atomic 

positions were optimized until the force on each atom is less than 0.02 eV/Å.  

The electronic band structure and density of states (DOS) were calculated using Perdew-Burke-

Ernzerhof (PBE) exchange-correlation functional.33 The band gaps were corrected and excitonic 

properties were studied by using the hybrid PBE0 functional.34 The inclusion of 25% Fock ex-

change in the PBE0 functional significantly improves the band gap energy34-36 and the description 

of charge localization in insulators.37-41 The total energy of an exciton was calculated by fixing the 

occupation numbers of the electron and hole-occupied eigenlevels [∆ self-consistent field (∆SCF) 

method42-44]. Following Franck-Condon principle, the optical excitation and emission energies 

were obtained by calculating the total energy differences between the excited and the ground states 

using PBE0-optimized ground-state and excited-state structures, respectively. The ∆SCF method 

combined with the hybrid PBE0 functional allows excited-state structural relaxation and has 

shown accurate results in exciton excitation and emission energies in many low-dimensional metal 

halides and oxides,45-49 including 1D and 0D copper halides.9, 28, 50 
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RESULTS AND DISCUSSION 

 

Figure 1. Room temperature PXRD patterns (black) fitted using the Pawley method (red) for (a) 
K2CuCl3 and (b) K2CuBr3 prepared using solid-state synthesis.  (c) A ball-and-stick representa-
tion of the 1D crystal structure of K2CuX3 viewed down the b-axis. 
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The optical photographs of single crystals and polycrystalline pellet of K2CuCl3 and K2CuBr3 

obtained using solid-state heating, solution grown, liquid-liquid and liquid-vapor diffusion are il-

lustrated in Figure S3. Such ease of preparation using multiple differing approaches can be advan-

tageous for the potential practical applications of the K2CuX3 compounds. Notably, the use of 

excess molten salt as a reactive flux is demonstrated for the first time for A2CuX3 (A = K, Rb; X 

= Cl, Br) compounds. Although this approach produces high quality needle crystals of K2CuCl3 

(Figure S3), presence of dark-colored impurities and inclusions are noticeable due to a rapid oxi-

dation of the surface CuCl self-flux.  

To compare the purity and stability of samples prepared using various synthetic methods, we 

performed regular room temperature PXRD measurements; PXRD patterns of K2CuCl3 and 

K2CuBr3 prepared using solid state synthesis approach are provided in Figure 1. As mentioned 

above, the flux-grown crystals of K2CuCl3 form black impurity pieces when exposed to air. How-

ever, after an initial surface oxidation, no further noticeable changes occur for the flux-grown 

crystals. Single crystals of K2CuX3 grown using the solution methods were also left in ambient air 

and showed no signs of degradation. In contrast, a polycrystalline powder sample of K2CuCl3 pre-

pared using solid-state synthesis and kept in ambient air shows signs of degradation after one day 

resulting in the formation of a small amount of KCuO impurity (Figure S4). There is a gradual 

increase of the KCuO impurity peak (up to estimated 6%) over a 2-months period. However, the 

crystallinity and peak intensities for K2CuCl3 remain unchanged. Therefore, the formation of the 

KCuO impurity in powder samples exposed to the ambient lab environment are attributed to the 

oxidation of the leftover reactants in our samples. In fact, during our solid-state synthesis experi-

ments, we noted that while smaller scale (total mass < 0.5g) reactions produce phase pure samples 

based on PXRD, larger scale reactions (total mass > 1 g) tend to show leftover reactant peaks in 
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PXRD patterns. Thus, solid-state synthesis preparation of 1.5 g sample of K2CuBr3 yielded a sam-

ple with a minor amount of unreacted CuBr impurity (~2%) after multiple grinding and annealing 

procedures (Figure S5). Unlike K2CuCl3, no change was noted for K2CuBr3 over the three weeks 

tested. These results suggest that the K2CuBr3 polycrystalline powders are stable under ambient 

air and moisture, whereas K2CuCl3 samples show minor degradation due to the oxidation of left-

over reactants. Notably, K2CuX3 exhibit greatly improved air-stability compared to the heavier 

Rb2CuX3 analogs. Thus, more than half (~56%) of a polycrystalline sample of Rb2CuCl3 degraded 

forming RbCl and Rb2CuCl4·2H2O impurities when left in air under identical conditions for only 

a month.9 

The results of SCXRD experiments are summarized in Tables S1-3. K2CuX3 are isostructural 

with the previously reported Rb2CuX39 and crystallize in the orthorhombic space group Pnma fea-

turing 1D [CuX3]∞
1 2- chains separated by K+ cations (Figure 1c). The polyanionic  [CuX3]∞

1 2- are 

formed via corner sharing copper halide tetrahedra extending along the b-axis. The room temper-

ature PXRD patterns of single crystals can be indexed based on the simulated pattern from the 

SCXRD data (Figures S6). The measured bond distances and angles within the 1D [CuX3]∞
1 2- 

chains in A2CuX3 (A = K, Rb; X = Cl, Br) are similar (Table S3). Thus, the Cu-X bond distances 

are in the range 2.3319(4) – 2.3916(2) Å for K2CuCl3, nearly identical to the 2.3363(6) – 2.4243(3) 

Å range reported for Rb2CuCl3.9 For K2CuBr3, the Cu – X distances range from 2.4529(8) to 

2.5215(4) Å; the Cu – Br bond lengths are longer than the Cu – Cl distances in accordance with 

the Shannon ionic radii trends for the halides.51 Since alkali metals are not directly involved in the 

optical transitions observed for the ternary alkali copper halides, and given the similarity in the 1D 

[CuX3]∞
1 2- ribbons, similar optical properties can be expected for K2CuX3 and Rb2CuX3.  
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The thermal stability of K2CuCl3 and K2CuBr3 was evaluated by thermogravimetric analysis 

(TGA) and differential scanning calorimetry (DSC) measurements (Figure S7). Based on the TGA 

results, K2CuX3 polycrystalline powder samples show no significant weight loss up to 460°C. 

These results are consistent with the improved thermal stability reported for all-inorganic metal 

halides such as Rb2CuCl3, Rb4Ag2BiBr9, Cs3Cu2Br5−xIx, Cs2SnI6 etc. as compared to hybrid or-

ganic-inorganic metal halides.9, 28, 52, 53 The obtained DSC results indicate a single thermal event 

for each sample, which have been assigned to the peritectic decompositions of K2CuCl3 and 

K2CuBr3 at 274 and 271 °C, respectively. These results are in a good agreement with the reported 

KX – CuX phase diagrams.54, 55 

 

 

Figure 2. (a) Room temperature photoluminescence excitation (PLE) (dashed lines) and photolu-

minescence emission (PL) (solid lines) of polycrystalline powders of K2CuBr3 (blue) and K2CuCl3 

(red). (b) A comparison of the normalized photoluminescent quantum yield (PLQY) of K2CuCl3 

(plotted in black) against that of Rb2CuCl3(plotted in red) under continuous irradiation suggests a 

significantly improved photostability of K2CuCl3 compared to Rb2CuCl3. 
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The optical properties of as-synthesized K2CuX3 were explored by photoluminescence spec-

troscopy. The photoluminescence excitation (PLE) and emission (PL) spectra for polycrystalline 

powders of K2CuCl3 and K2CuBr3 are provided in Figure 2a. A comparison between room tem-

perature PL spectra for single crystals and polycrystalline powder samples of K2CuCl3 is provided 

in Figure S8. Under UV irradiation, K2CuCl3 and K2CuBr3 show a bright blue emission with PL 

maxima at 392 and 388 nm, respectively. The corresponding PLE spectra for K2CuCl3 and 

K2CuBr3 show maxima at 291 and 296 nm, respectively. In combination, the measured PL and 

PLE peaks yield the Stokes shift values of 101 nm and 92 for K2CuCl3 and K2CuBr3, respectively. 

The observed bright blue emission is attributed to the self-trapped excitons (STEs) in photoexcited 

K2CuX3.6, 26 For compounds with STE-based emission, the measured Stokes shifts of ~100 nm is 

relatively small as compared to other low-dimensional (1D and 0D) metal halides.49, 56, 57 Further-

more, the measured PL peaks for K2CuX3 are noticeably narrower with full width at half maximum 

(FWHM) ~ 54 nm compared to other STE based emitters including blue emitting copper halides 

such as Cs3Cu2Br5 and Cs3Cu2I5 (Table 1).9, 17, 27, 28 Finally, blue emission with PLQY values of 

96.58% and 55% measured for polycrystalline powder samples of K2CuCl3 and K2CuBr3, respec-

tively, are among the highest reported to date. In combination, higher color purity blue emission 

with greater energy efficiency distinguishes the A2CuX3 family from other known efficient blue 

emitters 
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Table 1. A comparison of the photophysical properties of high efficiency blue emitters based on 

all-inorganic copper halides9, 17, 27, 28 

Compound PLQY 

(%) 

PLmax 

(nm) 

PLEmax 

(nm) 

Stokes 

shift (nm) 

FWHM 

(nm) 

Ref 

K2CuCl3 96.58 392 291 101 54 this work 

K2CuBr3 55 388 296 92 54 this work 

Rb2CuCl3 100 400 300 100 52 [9] 

Rb2CuBr3 98.6 385 300 85 ~54 [27] 

Cs3Cu2I5 91.2 445 290 155 ~175 [17] 

Cs3Cu2Br5 50.1 455 298 157 75 [28] 

 

Given the fact that K2CuX3 are isostructural to Rb2CuX3, we attribute the mechanism of blue 

emission in K2CuX3 to the highly stable STEs, which form upon the photoexcitation of these ma-

terials. The results of excitation-dependent and time-resolved PL measurements (Figure 3) further 

support the attribution of blue emission in K2CuX3 to STEs. The observed excitation-dependent 

PL spectra are indicative of a single radiative transition mechanism (Figure 3a-b). From the time-

resolved PL measurements a lifetime of 12.97 μs was extracted for K2CuCl3 (Figure 3). This life-

time value is in a good agreement with the lifetime of 12.21 μs reported for Rb2CuCl3.9 Interest-

ingly, the measured optical properties of A2CuX3 suggest a very weak dependence of PL properties 

on both the alkali A and halogen X sites (Table 1), which is in contrast to the observed significant 

changes in the PL properties of lead halides upon halogen substitution such as in case of the 

CsPbX3 family.58 Such unusually weak dependence of optical properties on the A and X sites in 

A2CuX3 is due to the intricacies of their band structures (vide infra). Although the optical proper-

ties of Rb2CuX3 and K2CuX3 are similar, K2CuX3 reported in this work are found to exhibit both 

greater air stability (vide supra) and photostability compared to Rb2CuX3 (Figure 2b). One of the 

https://onlinelibrary-wiley-com.ezproxy.lib.ou.edu/doi/full/10.1002/adma.201804547
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key drawbacks of the high efficiency blue emitter Rb2CuCl3, for example, is that a 75% drop in 

PLQY is observed over the course of one hour under UV radiation.27 In contrast, K2CuCl3 shows 

only a 5% drop within the same time frame (Figure 2). 

 

Figure 3. Excitation-dependent PL measurements for (a) K2CuCl3 and (b) K2CuBr3. (c) Room 

temperature time-resolved PL spectrum for K2CuCl3. (d) A radioluminescence spectrum of 

K2CuCl3 with emission centered at 404 nm. 

 

In the literature, Rb2CuX3 have been identified as potential materials for radiation detection 

applications.26, 27 To evaluate the potential of K2CuX3 for X-ray detection applications, we meas-

ured radioluminescence (RL) spectrum from a polycrystalline pellet of K2CuCl3. Under irradiation 

with bremsstrahlung X rays at 200 kVp, 20 ma (~25 Gy/h), the bright peak at 404 nm seen in 
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Figure 3d appeared. This peak in the same region as the room temperature PL emission under UV 

irradiation suggesting the same STE-based emission mechanism. The wavelength of the RL emis-

sion is optimal for use with PMTs and Si photomultipliers because these devices are optimized for 

the detection of light between 360 and 450 nm. Small samples, such as the one investigated here, 

are useful for the detection of / radiation because the ranges of these particles in solid matter is 

small. The range of the 4.2 MeV alpha particles from 238U, is only ~20 m (as calculated by the 

SRIM-2013 code) in K2CuCl3, making thin wafers, whether pressed polycrystalline material or 

single crystals, sufficient for efficient detection.59 This form factor is suitable for health physics 

survey and ion beam instrumentation. 

The considerations for X and gamma rays require accounting for the cross section for electro-

magnetic radiation causing the ejection of electrons and the range of electrons in K2CuCl3. The 

former determines the size of a compact or crystal needed for the efficient conversion of X and 

gamma rays to electrons, whereas the latter determines the efficiency with which ionization energy 

will be deposited in the crystal. Using photon cross section data available from NIST60, and the 

densities of analogous copper halides, the mean free paths of photons between 1 and 100 keV are 

shown in Figure 4 for K2CuCl3, K2CuBr3, Rb2CuCl3, and Rb2CuBr3. Based on our calculations, 

A2CuX3 (A = K, Rb; X = Cl, Br) have similar X-ray absorption properties. Among these, K2CuCl3 

has the longest attenuation length, meaning it is the least absorptive, whereas the heavier Rb2CuX3 

analogs have better absorption properties. However, Rb is intrinsically radioactive (a beta emitter), 

which significantly limits the useful size of Rb2CuX3 crystals for spectroscopy applications. For 

example, at a density of 3.83 g/cm3, we estimate that a Rb2CuBr3 crystal would have an intrinsic 

activity of 1193 Bq/cm3. By comparison, a NaI(Tl) crystal (comparable density and attenuation 
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length) with dimensions 5 x 10 x 40 cm3 sees a natural background (at ORNL) of about 900 Bq, 

making its observed background rate about 0.5 Bg/cm3. 

 

 

Figure 4. Calculated mean free path of photons in K2CuCl3 (black), K2CuBr3 (red), Rb2CuCl3 
(blue), and Rb2CuBr3 (green). Sharp breaks correspond to the K and L edges in the constituent 
atoms. 

 

In medical applications, the bremsstrahlung end point energy is often not more than 100 keV, 

which puts the most probable emitted X ray between 20 and 50 keV. At these energies and below, 

compacts and crystals need not be thicker than 1 mm for efficient absorption of the X rays.  Since 

the photoelectric effect is the dominant process at these energies, electrons ejected from atoms will 
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have energies ~10 keV lower than the ionizing photon. The range of 40 keV electrons in the ma-

terial becomes the important parameter determining the skin depth that defines the region of total 

energy deposition. Electrons originating closer to the surface than the range of 40 keV electrons 

have a high probability of not depositing their full energy in the detector. Using the NIST ESTAR 

code 61, we estimate the continuous slowing down approximation (CSDA) range of these electrons 

to be 15.8 m, making the totally absorbing thickness of a 1 mm thick detector at least 0.97 mm. 

We write “at least” here because CSDA range assumes a straight-line path for the electron, whereas 

in reality, electrons suffer many large-angle scatterings because the primary scatterers are other 

electrons. Therefore, we conclude that K2CuCl3 should be a viable detector material for medical 

applications. 

The ranges of 1 - 2 MeV electrons and gamma rays (typical energies from terrestrial radioactive 

sources) are large, ~2.2 – 4.8 mm (CSDA) and ~5 cm (mfp), respectively, necessitating the use of 

transparent single crystals because pressed polycrystalline compacts thicker than 0.5 – 1 mm are 

opaque to the RL emission. The heavier halides members of this family will be more likely to find 

use in high-energy gamma ray detectors because of their higher average atomic number and den-

sities. It will be necessary to produce larger single crystals (at least 5 mm × 5 mm × 5 mm) to 

measure the light yield (number of scintillation photons/deposited MeV) with monoenergetic X or 

gamma ray sources. Thus, our preliminary investigations of radiation detection properties of 

K2CuX3 have highlighted the potential of this family for further, more in-depth studies.  
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Figure 5. Electronic band structures and DOS of K2CuCl3 and K2CuBr3. 
 

The electronic band structures of K2CuX3 (X = Cl, Br) are shown in Figure 5. Both compounds 

exhibit direct band gaps at the Γ point. The PBE-calculated band gaps of K2CuCl3 and K2CuBr3 

are 2.13 eV and 1.95 eV, respectively. These PBE band gaps are expected to be underestimated 

due to the well-known band gap error in the PBE calculation. The hybrid PBE0 calculations in-

crease the band gaps of K2CuCl3 and K2CuBr3to 4.63 eV and 4.32 eV, respectively. The DOS plots 

in Figure 5 show that the valence (conduction) band is primarily derived from the Cu-3d (Cu-4s) 

orbitals hybridized with halogen p orbitals. Since both the conduction and valence band edges are 

dominated by Cu states, the calculated band gaps are weakly dependent on the halogen.  



22 

 

 

Figure 6. The partial charge density contours of the hole (a) and the electron (b) in the exciton in 
K2CuCl3. The Cu and Cl atoms are represented by blue and green balls, respectively. The charge 
density at the isodensity surface is 0.001 e/bohr3. 

 

To understand the origin of the optical emission in K2CuX3, we calculated the excitonic prop-

erties in K2CuCl3. Despite the dispersive conduction band, the localization of an exciton is found 

to be strong, leading to significant local structural distortion, which in turn traps the exciton, form-

ing a STE. A STE is centered at a Cu ion, causing elongation of the two adjacent Cu-Cl bonds 

[Cu(1)-Cl(1) and Cu(1)-Cl(2) in Figure 6] along the 1D chain direction from 2.41 Å to 2.68 Å (a 

11% increase). The partial charge density contours of the hole and electron in a STE are shown in 

Figure 6b. The binding energy of the STE (relative to a pair of free electron and hole) in K2CuCl3 

is calculated to be 1.06 eV. The calculated STE emission energy is 2.85 eV, in reasonable agree-

ment with the experimental value of 3.16 eV (392 nm) and the observed RL peak at 3.07 eV (404 

nm). These results suggest the STE as the origin of the observed emission in K2CuCl3. The ob-

served optical emission in K2CuBr3 is similar to that in K2CuCl3, indicating the same emission 

mechanism. 
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CONCLUSION 

In summary, we report preparation and optical properties of all-inorganic copper halides 

K2CuX3 (X=Cl, Br). K2CuX3 demonstrate narrow blue emission with FWHM values of ~50 nm, 

very high PLQY values up to unity, and relatively small Stokes shifts for this class of materials. 

Interestingly, the measured optical properties of K2CuX3 show very weak dependence on A site or 

X site substitutions. Our computational investigations suggest that both the conduction and valence 

band edges are primarily made of Cu states, which explains the weak dependence of the observed 

optical properties on the halogen and alkali metal. Based on our combined experimental and com-

putational work, the blue emission in K2CuX3 is attributed to excitons localized within the 

[CuX3]∞
1 2- chains centered at a copper ion. Importantly, K2CuX3 are found to exhibit significantly 

improved air- and photo-stability compared to other analogous copper halides. K2CuCl3 also ex-

hibits radioluminescence at a wavelength similar to the blue emission from PL when exposed to 

bremsstrahlung X-rays. The combination of inexpensive and earth-abundant chemical composi-

tion, high efficiency blue emission and much improved stability of K2CuX3 makes these com-

pounds attractive for consideration for practical optical and radiation detection applications.  
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