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Abstract: In recent years, all inorganic copper(I) halides have emerged as an exciting new class 

of optical materials that demonstrate high-efficiency photoluminescence (PL) properties. Here, we 

report the synthesis and characterization of a series of hybrid copper(I) and silver halides 

(Ph4P)MX2 (M = Cu, Ag; X = Cl, Br) containing tetraphenylphosphonium (Ph4P+) cation as the 

organic component. Addressing one of the shortcomings of all-inorganic copper(I) halides, 

inclusion of the bulky organic Ph4P+ cation improves the stability of the hybrid compounds; 

(Ph4P)MX2 show no sign of degradation upon long-term ambient air exposure. The compounds 

are found to exhibit unusually weak light emission properties for Cu(I) and Ag(I) halides. Our 

combined experimental and density-functional theory (DFT) studies attribute the contrasting 

optical properties of these compounds to their unique crystal and electronic structures. This work 

provides new materials design perspectives to explore low cost and low toxicity metal halides for 

light emission applications. 
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1. Introduction 

In recent years, the development of low-dimensional metal halides (LDMHs) has attracted 

significant attention owing to the low cost and low temperature solution processability as well as 

unique optical properties of LDMHs. The presence of highly localized charges and quantum 

confinement effects observed in LDMHs facilitate the formation of room-temperature stable 

excitons, recombination of which provides high-efficiency photoluminescence (PL) emission. The 

highest degree of charge localization is often observed in LDMHs with one-dimensional (1D) 

chain and zero-dimensional (0D) cluster structures, which can demonstrate self-trapped excitonic 

(STE) emission with up to unity Photoluminescence Quantum Yield (PLQY) [1-4]. In addition to 

their outstanding light emission efficiencies, LDMHs also demonstrate highly tunable crystal 

structures and chemical compositions – virtually endless combinations of all-inorganic and hybrid 

organic-inorganic metal halides maybe used in the construction of LDMHs. Historically, various 

lead halide families have been explored first due to their obvious connection with the parent lead 

halide perovskites used in photovoltaics (PV) [5-8]. However, their poor air and moisture 

stabilities along with the concerns relating to the toxicity of lead has motivated a global search for 

alternative lead-free metal halide families [9]. Consequently, many new families of lead-free 

emissive metal halide systems have been discovered in which Cd, Sn, In, Sb, Bi etc. have been 

used as a replacement for the toxic lead [10-14]. 

The recent discovery of copper(I) halide-based lighting materials such as Cs3Cu2X5, K2CuX3 

and CsCu2X3 (X = Cl, Br, I) families has been a significant development in this area [15-17]. Thus, 

all-inorganic copper(I) halides demonstrate PL emission efficiency up to 100% at room 

temperature and have low material cost and low toxicity compared to the lead-halide counterparts. 

However, poor stability of these materials (e.g., due to the oxidation of Cu+ to Cu2+ in ambient air) 

remains a concern that needs to be suitably addressed. In addition, light emission demonstrated by 

these Cu(I) halides is insensitive to various halogen or alkali metal substitutions due to the 

predominant contribution of Cu-3d and Cu-4s orbitals to the valence band maxima (VBM) and 

conduction band minima (CBM), respectively [16-18]. Interestingly, replacing copper with silver 

yields much improved stability of the materials such as Rb2AgX3, (NH4)2AgX3 (X= Cl, Br, I), etc. 

[19, 20] In addition, the light emission in Ag(I) halides are more sensitive to the chemical 

substitutions on the alkali metal and halogen sites. On the other hand, the PL emission efficiency 

of Ag(I) halides is typically much lower than the corresponding copper(I) halides.  

Yet another possible strategy to control the PL properties and improve stability of Cu(I) halide 

light emitters is to replace the alkali metal cations with an organic cation such as in the cases of 

(MA)4Cu2Br6 (MA = methylammonium) [21], (TBA)CuBr2 (TBA = tetrabutylammonium) [22], 

(TPA)CuCl2 (TPA = tetrapropylammonium) [23], (TPA)CuI2 [24], (Gua)3Cu2I5 (Gua = 

guanidinium) [25], etc. The presence of bulky hydrophobic organic cations may improve the 

stability of the hybrid materials by preventing the oxidation of Cu+. Unlike the all-inorganic Cu(I) 

halides, which are typically blue emitters, the newly discovered organic-inorganic Cu(I) halides 

often show more red-shifted STE emission. It is hypothesized that the inclusion of structurally 

diverse organic cations in Cu(I) halides may also indirectly impact the observed PL properties 

since the coordination behavior of metals can be influenced by the choice of the organic molecules 

used in the construction of hybrids. For example, prior reports show that copper halides favor the 

formation of edge-sharing tetrahedral [Cu2Br6]4- units in MA4Cu2Br6, whereas linear [CuBr2]- units 

are formed in (TBA)CuBr2 when bulky tetrabutylammonium (TBA) cations are used [21, 22]. In 
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these cases, metal halide units act as optically active centers and high photoluminescence 

efficiency is attributed to the electronic transition localized on the inorganic structural units. 

However, in principle, yet another way to control the PL emission profiles of Cu(I) halides is 

through the incorporation of photoactive organic molecules. To date, in-depth studies of the 

contribution of photoactive organic molecules in the photophysical properties of the hybrid Cu(I) 

and Ag(I) halides has not been conducted. 

All-inorganic Cu(I) halides such as Cs3Cu2X5 and K2CuX3 were all prepared and structurally 

characterized decades ago [26-28], however, their optoelectronic properties were not studied until 

recently [16, 29]. Similarly, there are still many other families of all-inorganic and hybrid copper(I) 

and silver(I) halides that have been reported since 19th century [28], and their optical properties 

are yet to be studied. The literature reported Cu(I) and Ag(I) halides show diverse structural 

building blocks unlike the high efficiency blue emitting all-inorganic copper(I) halides, which all 

have tetrahedral CuX4 building blocks. To study the impact of the coordination environment of 

Cu(I) and Ag(I) on the optical properties of hybrid Cu(I)/Ag(I) halides, here, we report preparation, 

electronic structures and optical characterization of four 0D hybrid copper(I) and silver(I) halides 

(Ph4P)CuCl2 (1), (Ph4P)CuBr2 (2), (Ph4P)AgCl2 (3) and (Ph4P)AgBr2 (4), which were structurally 

characterized in several prior reports [30, 31]. Tetraphenylphosphonium (Ph4P+) was chosen due 

to its ability to readily form crystalline hybrid organic-inorganic materials via a facile solution 

synthesis process, as well as the unique crystal structures it affords in (Ph4P)MX2 [10, 30-33].We 

find that (Ph4P)MX2 demonstrate much improved air and thermal stability as compared to the all-

inorganic Cu(I) halides. Structural characterizations of these four compounds were performed 

using powder and single crystal X-ray diffraction measurements. Optical properties were studied 

via photoluminescence spectroscopy. For the first time, we also performed electrical 

measurements and X-ray response tests for single crystals of (Ph4P)CuBr2. Our experimental 

results on (Ph4P)MX2 are discussed in conjunction with the density-functional theory (DFT) 

calculation results to understand optical property and trends in this family.

 

2. Experimental Section 

2.1. Materials: Copper(I) chloride (>99%, Sigma-Aldrich), copper(I) bromide (>99%, Alfa 

Aesar), silver chloride (99%, Alfa Aesar), silver bromide (99%, Alfa Aesar), 

tetraphenylphosphonium chloride (Ph4PCl) (98%, Sigma-Aldrich), tetraphenylphosphonium 

bromide (Ph4PBr) (>98%, TCI), N,N-dimethylformamide (DMF) (anhydrous, Sigma-Aldrich), 

and diethyl ether (>99.7%, Sigma-Aldrich) were purchased and used as received with no further 

purification. Reactions containing silver reagents were performed by wrapping the glass 

scintillation reaction vials with aluminum foil. All syntheses procedures were carried out in 

ambient air inside a fume hood unless otherwise stated.  

2.2. (Ph4P)CuX2 (X = Cl, Br) synthesis 

2.2.1. Single crystals via vapor-diffusion: A total of 0.5 g stoichiometric amounts of Ph4PX and 

CuX were dissolved in 1 mL DMF (anhydrous) at room temperature to form a clear precursor 

solution. Inside a sealed container, 1.5 mL diethyl ether was diffused into the precursor solution 

overnight at room temperature. Vapor-diffusion produced ~0.6 cm long colorless block crystals, 
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which were washed with diethyl ether and dried at room temperature. The crystals were stored in 

a nitrogen-filled glovebox for further optical characterizations.  

2.2.2. Single crystals via slow cooling of a saturated solution: A total of 2.0 g stoichiometric 

amounts of Ph4PX and CuX were dissolved in 2 mL DMF (anhydrous) at 90 ℃ to form a clear 

precursor solution in a nitrogen filled glovebox. The precursor solution was then cooled to room 

temperature over the 72 hours period. Colorless block crystals of (Ph4P)CuX2 measuring up to 0.4 

cm long were collected and stored under nitrogen atmosphere.  

2.2.3. Single crystals via slow solvent evaporation: A total of 0.5 g stoichiometric amounts of 

Ph4PX and CuX were dissolved in 1 mL DMF (anhydrous) at room temperature to form a clear 

precursor solution in a nitrogen-filled glovebox. The solvent was slowly evaporated at 40 ℃ over 

72 hours period and 0.4 cm long colorless block crystals of (Ph4P)CuX2 were collected and stored 

under nitrogen atmosphere.  

2.3. (Ph4P)AgX2 (X = Cl, Br) synthesis 

2.3.1. Single crystals via vapor-diffusion: A total of 0.5 g stoichiometric amounts of Ph4PX and 

AgX were dissolved in 3 mL DMF (anhydrous) at 80 ℃ to form a clear precursor solution. 1 cm 

long colorless block crystals were prepared by diffusing 1.5 mL diethyl ether into 1 mL precursor 

solution overnight at room temperature. Single crystals were washed with diethyl ether and dried 

at room temperature and pressure. Crystals were stored in a nitrogen-filled glovebox for further 

optical characterizations. 

2.3.2. Single crystals via slow cooling of a saturated solution: A total of 2.0 g stoichiometric 

amounts of Ph4PX and AgX were dissolved in 7 mL DMF (anhydrous) at 90 ℃ to form a clear 

precursor solution. The precursor solution was then cooled down to room temperature over the 72 

hours period. 0.6 cm long colorless block crystals of (Ph4P)AgX2 were collected and stored under 

nitrogen atmosphere. 

2.3.3. Single crystals via slow evaporation: A total of 0.5 g stoichiometric amounts of Ph4PX and 

AgX were dissolved in 3 mL DMF (anhydrous) at 80 ℃ to form a clear precursor solution. Solvent 

was slowly evaporated at 50 ℃ over the 48 hours period and 0.8 cm long colorless block crystals 

of (Ph4P)AgX2 were collected and stored.  

2.4. Powder X-ray Diffraction (PXRD) measurements 

Powder X-ray diffraction (PXRD) measurements were carried out at room temperature for 

polycrystalline samples using a Rigaku MiniFlex600 system equipped with a Ni-filtered Cu Kα 

radiation source. PXRD scans were performed in the 3 – 90° (2θ) range with a step of 0.02°, and 

the XRD patterns were analyzed using a PDXL2 software package. Obtained PXRD patterns were 

fitted using the decomposition method. To test the air-stability of (Ph4P)MX2, powder samples 

were left on a laboratory bench under ambient air conditions (20 °C and 30% relative humidity) 

for four months during which periodic PXRD measurements were performed.  

2.5. Single Crystal X-ray Diffraction (SCXRD) measurements 

Single crystal X-ray diffraction (SCXRD) measurements were performed using a Bruker D8 

Quest Kappa-geometry diffractometer with an Incoatec Iμs microfocus Mo K𝛼 X-ray source and 
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a Photon II area detector. The data were corrected for absorption using the semiempirical method 

based on equivalent reflections, and crystal structures were solved by intrinsic phasing methods as 

embedded in the APEX3 v2015.5-2 program. Site occupancy factors were checked by freeing 

occupancies of each unique crystallographic positions. Details of the data collection and 

crystallographic parameters are given in Tables S1-S2. Atomic coordinates, equivalent isotropic 

displacement parameters, and selected interatomic distances, and bond angles are provided in 

Tables S3-S7. The Crystallographic Information Files (CIFs) were deposited in the Cambridge 

Crystallographic Data Centre (CCDC) database (deposition numbers 2176465-2176468).  

2.6. Thermogravimetric Analysis and Differential Scanning Calorimetry (TGA/DSC) 

measurements 

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

were measured on ~10 mg single crystal samples of the respective title compounds on a TA 

Instruments SDT 650 thermal analyzer system. Crystals were heated up from 25 °C to 475 °C 

under an inert nitrogen gas flow at a rate of 100 mL/min, with a heating rate of 5 °C/min.  

2.7. Photoluminescence measurements  

Room-temperature photoluminescence (PL) emission and PL excitation (PLE) measurements 

were carried out on single crystal samples of the respective title compounds using HORIBA Jobin 

Yvon Fluorolog-3 spectrofluorometer with Xenon lamp source and Quanta-Φ integrating sphere. 

Data were collected using the two-curve method in a varied range from 250 to 750 nm.  

2.8. Diffuse reflectance measurements  

UV-vis diffuse reflectance data were collected on powder samples of the title compounds using 

a PerkinElmer Lambda 750 UV-vis-NIR spectrometer with a 100 mm Spectralon InGaAs 

Integrating Sphere over a range of 250-1100 nm. Diffuse reflectance data were then transformed 

to pseudo-absorption spectra utilizing the Kubelka-Munk function 𝐹(𝑅) = 𝛼
𝑆⁄ =

(1 − 𝑅)2

2𝑅
⁄ , 

where 𝛼 is the absorption coefficient, S is the scattering coefficient, and R is the reflectance.  

2.9. Density Functional Theory (DFT) Calculations 

Density functional theory (DFT) calculations were done for the four compounds using the 

generalized gradient approximation (GGA) of Perdew, Burke and Ernzerhof (PBE) [34]. These 

calculations were done using the general potential linearized augmented planewave (LAPW) 

method [35], as implemented in the WIEN2k code [36]. We used the augmented planewave plus 

local orbital augmentation for the H and C atoms [37], and the standard LAPW augmentation for 

the other atoms. We used LAPW sphere radii of 2.2 Bohr for Ag, Br, Cl and P, 1.95 Bohr for Cu, 

1.03 Bohr for C and 1.0 Bohr for H, with the exception that we used 1.95 Bohr for Cl in 

(Ph4P)CuCl2. The lattice parameters and space group symmetries were as obtained from 

experiment. However, we relaxed the internal coordinates of the atoms using total energy 

minimization with the PBE functional. This was necessary in particular to obtain the H positions, 

which could not be obtained reliably from the XRD. The optical properties were calculated using 

the optical package of WIEN2k.  
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2.10. Electrical measurements and X-ray response tests 

A simple (Ph4P)CuBr2-based single crystal device for electrical measurements and X-ray 

response test was fabricated by brushing a high-quality silver paste (purchased from Ted Pella, 

Inc.) onto the two opposite sides of a single crystal. Current-voltage (I-V) and space-charge-

limited-current (SCLC) measurements were performed using a Keithley 6487 pico-ammeter. Both 

the I-V and SCLC measurements were performed using a step of 5 V for voltage scan. For X-ray 

response test, the fabricated prototype single crystal-based detector was exposed to 8 keV soft X-

rays, which are produced from a Rigaku MicroMax 007HF microfocus X-ray generator that is 

equipped with a Cu target. X-ray radiation dose rate was carefully calibrated using a commercial 

dosimeter. 

3. Results and Discussion 

  

Fig. 1. Crystal structures of (a) (Ph4P)CuCl2, (b) (Ph4P)CuBr2, and (c) (Ph4P)AgX2 (X = Cl, Br). 

Brown, violet, green, orange, purple, and black spheres represent copper, silver, chloride, bromide, 

phosphorus, and carbon, respectively. 
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(Ph4P)CuCl2 (1), (Ph4P)CuBr2 (2), (Ph4P)AgCl2 (3) and (Ph4P)AgBr2 (4) single crystals of up 

to 1 cm long can be grown by three distinct solution synthesis methods including vapor-diffusion, 

solvent evaporation and slow cooling of saturated solutions. The detailed synthesis methods are 

described in the experimental section. The purity of products obtained from three different 

synthesis methods were ensured by PXRD measurements. Best quality crystals were obtained from 

the anti-solvent vapor diffusion method using DMF – diethyl ether solvents system and all optical 

characterizations were carried out using these crystals. The anti-solvent vapor diffusion method is 

also advantageous over the other two methods to synthesize these four compounds because it 

affords high quality crystals in the shortest time (see section 2.2 and 2.3). The crystals are colorless 

under ambient light (Fig. S1). The results of SCXRD experiments at 296 K for these four 

compounds are summarized in Table S1-S7 and crystal structures are shown in Fig. 1. The obtained 

crystal structure data are consistent with the prior reports [30, 31]. (Ph4P)CuCl2 crystallizes in the 

tetragonal crystal system in the non-centrosymmetric space group I-4, whereas (Ph4P)CuBr2 

crystallizes in the monoclinic crystal system in the centrosymmetric space group P21/c. 

(Ph4P)AgCl2 and (Ph4P)AgBr2 are isostructural and crystallize in the monoclinic crystal system 

within the centrosymmetric space group P21/n.  

Notably, the crystal structures of 1-4 significantly differ from that of the high-efficiency light 

emitting Cu(I) and Ag(I) halides, which are built upon tetrahedral MX4 units, e.g., Rb2CuX3, 

K2CuX3, CsCu2X3, Rb2AgX3, (NH4)2AgX3 (X = Cl, Br), etc. [16-20]. In the 0D structures of 1 and 

2, Cu+ is coordinated with two X- leading to the formation of approximately linear [CuX2]- units. 

The Cl-Cu-Cl bond angle is 175.59(6)⁰ while Br-Cu-Br bond angle is 173.39(3)⁰, suggesting the 

better linearity in [CuCl2]- unit compared to [CuBr2]- unit (Fig. S2). This is also in agreement with 

the bond lengths of Cu-Cl [2.0792(2) Å, 2.0807(2) Å] and Cu-Br [2.2190(2) Å, 2.2046(6) Å] in 1 

and 2. In comparison, two Ag+ are coordinated with four X- to form edge sharing approximate 

trigonal planar [Ag2X4]2- units in 3 and 4. The terminal Ag-X bond lengths are shorter than the 

bridging bond lengths. Two bridging X have different Ag-X bond lengths resulting slightly 

distorted dimeric [Ag2X4]2- units. [Ag2Br4]2- has less distortion compared to [Ag2Cl4]2- units. The 

intramolecular Ag--Ag distances are 3.665 Å in [Ag2Cl4]2- and 3.582 Å in [Ag2Br4]2- (Fig. S2), 

which is higher than the sum of van der Waals radii of two Ag atoms (3.40 Å), eliminating the 

possibility of the existence of Ag-Ag bond [38]. The metal halide units of these four compounds 

are completely isolated from the other nearest metal halide units in the corresponding crystal 

lattices and embedded in an inert matrix of bulky Ph4P+ cations; this allows the formation of true 

0D structures with well-separated metal halide anions. Moreover, the organic units invariably stack 

in two different parallel columns maintaining P--P distances ranging from 7.278 Å to 7.463 Å, and 

inorganic units occupy the holes between the columns. Interestingly, in compound 1, phenyl rings 

stack in eclipsed position in one column along c-axis while the other column consists of staggered 

phenyl rings. In all other three compounds, phenyl rings do not possess such type of arrangement. 

Significantly, the distances of Cu--Cu and Ag--Ag of nearest neighbors in compounds 1 to 4 are 

7.622 Å, 7.119 Å, 8.024 Å and 7.66 Å, respectively. These large distances of nearest neighbors 

illustrate an almost negligible interactions between the adjacent anion clusters. The shortest 

intermolecular aromatic C--C distances of 3.330 Å, 3.696 Å, 3.459 Å and 3.875 Å in compounds 

1 to 4, respectively, suggest the presence of π–stacking interactions [39]. These strong π–stacking 

interactions between the organic layers contributes to stabilizing the structure. Consequently, the 

compact packing of Ph4P+ phenyl rings and smaller metal halide units provide the rigidity to the 

crystal structures of these compounds. 
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The unusual presence of linear and trigonal planar coordination environments in 1-4, e.g., as 

compared to the all-inorganic tetrahedral copper(I) halide light emitters [16, 17], can be related to 

the templating nature of the organic cation used in this study. Thus, the delocalized charge density 

of Ph4P+ and its larger size hinders the formability of tetrahedral coordination around copper (i.e., 

[CuX4]3-), and instead, leads to the formation of discrete linear [CuX2]- units in 1 and 2 [30]. 

Similarly, silver halides form trigonal planar units in 3 and 4 [31]. These results support the 

conjecture that large cations with highly delocalized positive charge promote the formation of 

smaller, low charge metal halide units [28]. Note that this structure rationalization can also be tied 

to Pauling’s rules – the lower charges on the anionic metal halide units separated by larger Ph4P+ 

cations yields more stable structures (i.e., locally electroneutral) as an opposed to [MX4]3- 

tetrahedra separated by Ph4P+ [40].

Fig. 2. Room-temperature PXRD patterns (in black) fitted using the Pawley method (in red) for 

(a) (Ph4P)CuCl2, (b) (Ph4P)CuBr2, (c) (Ph4P)AgCl2, and (d) (Ph4P)AgBr2. Difference between the 

measured and calculated patterns are shown in blue. 

 

Our room-temperature powder X-ray diffraction (PXRD) data for 1-4 confirmed the high 

crystallinity and phase purity of the products obtained from the solution synthesis methods used 

in this work (Fig. 2). To determine the ambient air stability of the as-grown crystals, periodic 

PXRD measurements were carried out over a 4-month period under room temperature and ambient 

air conditions (Fig. S3). None of the samples showed degradation or decomposition. As a 

comparison, all-inorganic Cu(I) halide light emitters suffer from poor air stability due to 
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hygroscopicity and/or oxidation of Cu(I) [16-18].  Here, the large organic cation Ph4P+ likely acts 

as a protective barrier for the inorganic molecular anions, preventing their degradation. Moreover, 

thermogravimetric analysis (TGA) measurements suggest the improved thermal stability of this 

series with no significant weight loss up to ~400 ℃ (Fig. S4). These results suggest considerable 

improvements of both long-term air stability and thermal stability of 1-4 compared to other 

reported all-inorganic and hybrid organic-inorganic copper and silver halides, such as Rb2CuX3, 

K2CuX3, [Me-Py]CuI2, [(Me)2-DABCO]Cu2I4, [Me-MePy]Cu2I3, [H2DABCO]Cu3X5, Rb2AgX3, 

(NH4)2AgX3 (X= Cl, Br, I), etc. [16-20, 41]. The differential scanning calorimetry (DSC) results 

demonstrate that compounds 1 to 4 show a phase change at 208.13 ℃, 209.16 ℃, 211.51 ℃ and 

220.22 ℃, respectively, which correspond to the melting transitions of the compounds. 

 

Fig. 3. Photoluminescence excitation (PLE) (blue) and photoluminescence emission (PL) (red) 

spectra at room temperature: (a) Ph4PCl, (b) (Ph4P)CuCl2, (c) (Ph4P)AgCl2, (d) Ph4PBr, (e) 

(Ph4P)CuBr2, and (f) (Ph4P)AgBr2. The insets show the light emission of the corresponding 

compound under UV radiation. 

 

To understand the relationship between the unique structures of 1-4 and their photophysical 

properties, room-temperature UV-vis optical absorption and PL measurements were performed. 

Photoluminescence excitation (PLE) and emission (PL) spectra of Ph4PX, (Ph4P)CuX2 and 

(Ph4P)AgX2 (X = Cl and Br) are shown in Fig. 3. Our PL/PLE spectra for Ph4P halides are 

consistent with the previously reported spectra [42]. Immediately noticeable is the fact that the 

bluish green color of light emission and PL/PLE spectra of 3 and 4 are similar to that for the 

corresponding organic precursor salts Ph4PX. Single crystals of compound 3 show three 

distinguishable emission peaks at 365 nm, 465 nm, and 494 nm for the excitation wavelength at 

311 nm. Single crystals of 4 have emission peak at 491 nm for the excitation wavelength of 311 

nm. The nature of these PL spectra is suggestive as the organic dominated PL emission for both 
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hybrid silver halides. However, unlike the silver halides, both Ph4P copper(I) halides 1 and 2 show 

a red shifted and broadband PL emission peaks compared to the precursor organic salts, which can 

be attributed to the contribution of copper in these electronic transitions; Cu(I) centered transitions 

were also observed in other copper(I) halide luminescent materials [16, 17, 21-24]. Single crystals 

of compounds 1 and 2 emit yellow and greenish yellow light with PL emission maxima at 562 nm 

and 526 nm for PL excitation at 304 nm and 294 nm, yielding Stokes shifts values of 258 nm and 

232 nm, respectively. These types of large Stokes shifts and broadband emission of copper(I) 

halides are normally attributed to midgap emissions originating from radiative recombination of 

either STEs or defect-bound excitons (DBEs) [21, 22, 43-45]. However, in the present case, the 

involvement of both organic and inorganic components in the PL spectra may be indicative of the 

presence of charge transfer excitons (see below) [46]. 

To better understand the mechanisms of optical transitions in these materials, diffuse 

reflectance measurements were conducted on polycrystalline powder samples of 1-4 to determine 

their optical absorption properties (Fig. 4). The measurements suggest strong onsets of absorption 

near 4 eV for all the compounds. However, a recent study on 2 by Xu et.al. [43] reports a much 

lower band gap of 2.57 eV. Therefore, we also conducted a close inspection of the lower energy 

region, which revealed that all four compounds have very weak absorption humps near 2.6 eV 

(insets in Fig. 4). Absorption in this lower energy region is so weak, such that the crystals look 

colorless in visible light (Fig. S1). Note that the experimental optical absorption spectra have been 

reproduced and explained by our DFT computational work (Fig. S5). The strong onsets of 

absorption at ~4 eV is assigned to the electronic transitions on the inorganic structural units, while 

the weak absorption features at ~2.6 eV can be attributed to the transitions from the inorganic to 

organic units. Interestingly, Peng et. al. also reported the strong absorption near 4 eV for [CuX2]- 

units which supports our assignment of electronic transitions in inorganic units for compounds 1 

and 2 [22, 23, 47]. Importantly, the lower energy region absorption features for 1-4 may contribute 

to the self-absorption of the emitted light, which can reduce the emission efficiency of these 

compounds. 

The estimated photoluminescence quantum yield (PLQY) values were measured to be nearly 

1% for these four materials. The quenched PL in 1-4 (e.g., as opposed to ~100% PLQY 

demonstrated by K2CuCl3 [16]) can be explained using two approaches. First, in the high-

efficiency light emitting Cu(I) halides, the photoexcitation causes the transient formation of Cu2+, 

and several groups have suggested that the formation of Cu2+ is followed by Jahn-Teller distortion 

of the structure, facilitating the formation of high stability STEs [29]. In the case of 1 and 2, the 

presence of linear [CuX2]- units would rule out this mechanism as a possibility since Jahn-Teller 

effect does not apply to the linear coordination environment. Another explanation more specific 

to 1-4, the electronic transitions (both absorption and emission) involve both organic and inorganic 

structural components in these compounds (see the DFT results below). The transitions between 

spatially separate structural parts leads to a very small optical matrix elements, which is in turn 

results in very low optical absorption coefficients in the lower energy region (Fig. S5). Important 

for PL, the spatial separation of excited electrons and holes result in very poor PL efficiencies. 

Note that the observations made for 1-4 in this work is also in agreement with a recent report on a 
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trigonal planar CuIX3 unit-based PyCs3Cu2Br6 (Py = pyridinium), which also shows quenched PL 

emission due to the spatial separation of electrons and holes in different structural segments [46]. 

 

 

Fig. 4. Optical absorption data obtained using the Kubelka–Munk function, F(R), for (a) 

(Ph4P)CuCl2, (b) (Ph4P)CuBr2, (c) (Ph4P)AgCl2, and (d) (Ph4P)AgBr2. The insets show very weak 

lower energy absorption features that represent the true optical band gaps for 1-4. 

 

To better understand the optical properties of 1-4, DFT calculations with the general potential 

linearized planewave (LAPW) method were performed. For all these four compounds, the valence 

band maxima (VBM) are from antibonding metal d – halogen p combinations, with strong metal 

d character, whereas the conduction band minima (CBM) are predominantly from the organic 

states (Fig. 5). Although qualitatively similar, there are noticeable differences in the electronic 

structures of Cu(I) (i.e., 1 and 2) and Ag(I) halides (i.e., 3 and 4). Thus, the Ag compounds have 

broader, more hybridized metal d bands, therefore, the relative contribution of the Ag 4d orbitals 

to the VBM of 3 and 4 is less compared to the contribution of Cu 3d orbitals to the VBM of 1 and 

2. As a result, the PL spectra of the compounds 3 and 4 are more similar to the PL spectra of 

Ph4PX, where transition occurs from halogen atomic orbitals to the p orbitals of the organic units 

[48]. The electronic structures show states coming from the organic part of the structure from about 

2 eV to close to 4 eV in the conduction band (CB). The optical matrix elements from the valence 
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band to these states is very small, resulting in a very weak onset of absorption in the calculated 

optical absorption spectra for 1-4 (Fig. S5). The large onset of the absorption spectra at ~4 eV in 

all compounds is attributed to the transitions localized on the inorganic units. Note that these 

computational results are in excellent agreement with our experimental optical absorption and PLE 

spectra (Fig. 3 and 4). The high energy photoexcitation of the inorganic structural units in 

(Ph4P)MX2 is followed by a quick relaxation of the excited electron to the lowest-lying excited 

state as per Kasha’s rule [49], which in the case of 1-4 is mainly on the organic Ph4P+ molecules. 

The spatial separation of holes on the inorganic anions and electrons on the organic cations results 

in much lower emission efficiencies of 1-4 as compared to the highly luminescent Cu(I) and Ag(I) 

halides reported to date. This is unlike the case of organometallic Cu(I) halides that have direct 

Cu-to-organic bonding that allows close proximity of electron and hole localization, leading to 

efficient photoemission properties [50, 51]. 

 

Fig. 5. Density of states plots for (a) (Ph4P)CuCl2, (b) (Ph4P)CuBr2, (c) (Ph4P)AgCl2, and (d) 

(Ph4P)AgBr2. 

 

In addition to the fundamental studies of their unusual optical properties, copper(I) halides such as 

Rb2CuBr3 and Cs3Cu2I5 have been attracting the interest of researchers due to their promising 

electrical and X-ray scintillation properties [52]. Although the poor light emission properties of 1-

4 do not allow for their consideration for scintillator applications, we investigated the electronic 

semiconducting properties of 1-4. An as-grown (Ph4P)CuBr2 single crystal (SC) with large surface 
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area was selected for electrical characterizations. Fig. 6a shows the photon absorption coefficient 

of 3 (covering the energy range from soft X-rays to high-energy gamma-rays) compared to that of 

several other typical X-ray detector materials, including cadmium telluride (CdTe), 

methylammonium lead bromide (MAPbBr3) and cesium lead bromide (CsPbBr3) perovskites (the 

photon attenuation data is available online through the XCOM photon cross section database). The 

photon attenuation ability of 3 is comparatively lower due to its low average atomic number (5.79). 

However, X-rays have relatively low penetration ability compared to high-energy gamma-rays, 

thus warranting the potential use of (Ph4P)CuBr2 for X-ray radiation detection. The resistivity of 

3 SC was determined to be 4.79×1012 Ω∙cm from the I-V measurement as shown in the Fig. 6b, 

which is high enough for reducing the detector leakage current for performing sensitive X-ray 

radiation detection [53]. In addition, the defect trap levels, and charge carrier mobility of 

semiconductors plays an important role when developing semiconductor materials for ionizing 

radiation detection [54]. In this study, we adopted the space-charge-limited-current (SCLC) 

method [55] that has been widely used for studying metal halide perovskites (MHPs) to investigate 

the defect trap level of the as-grown (Ph4P)CuBr2 SC (see Fig. 6c). The estimated density of trap 

states (nt) is 6.11×109 cm-3, which is comparable to several other metal halides MAPbI3 9.6×109 

cm-3 [56], Cs3Bi2I9 1.4×1010 cm-3 [57], and Rb4Ag2BiBr9 3.33×1010 cm-3 [58].  

Fig. 6. (a) Plot of the photon attenuation coefficient vs. photon energy (from 1 keV to 10 MeV, 

covering the energy range from soft X-rays to high-energy gamma-rays) for CdTe, MAPbBr3, 

CsPbBr3 perovskites, and (Ph4P)CuBr2. (b) Current-voltage (I-V) measurement results used to 

determine the semiconductor resistivity of a (Ph4P)CuBr2 single crystal. (c) Measured space-

charge-limited-current (SCLC) curve for (Ph4P)CuBr2. (d) X-ray radiation response measurement 

results using a (Ph4P)CuBr2 single crystal to determine the detector sensitivity. (e) X-ray detector 

sensitivity measurement of a (Ph4P)CuBr2 single crystal with the applied detector voltage bias.

 

To investigate the potential use of the (Ph4P)CuBr2 SCs for semiconducting radiation  detection, 

we fabricated a prototype X-ray radiation detector. The fabricated X-ray detector performance was 
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evaluated by exposing (Ph4P)CuBr2 SC to 8 keV soft X-ray radiation. The fabricated detector 

showed significant response to soft X-rays when the X-ray beam was turned on (see Fig. 6d). 

Moreover, the detector sensitivity, which is an important figure of merit for evaluating the X-ray 

detector performance, was determined to be 28.3 uCGy-1cm-2 (at an electric field of 36 V/mm). 

The detector sensitivity could be further enhanced to 34.23 uCGy-1cm-2, when the detector is 

biased at a higher voltage of 210 V with the corresponding electric field of 84 V/mm (Fig. 6e). It 

is noted that although the determined detector sensitivity here for (Ph4P)CuBr2 SCs is lower 

compared to several other metal halides, such as MAPbBr3 (259.9 uCGy-1cm-2 at electric field of 

~0.83 V/mm) [59] and Cs2AgBiBr6 (105 uCGy-1cm-2 at electric field of 25 V/mm) [60], few 

material optimization strategies including surface passivation and thermal annealing should be 

able to further enhance the detector performance based on this material.  

4. Conclusion 

In summary, this work reports preparation, structural, optical, and electrical characterizations 

of four hybrid metal halides (Ph4P)MX2 (where M = Cu, Ag; X = Cl, Br). These hybrid copper(I) 

and silver(I) halides exhibit 0D crystal structures containing fully isolated metal-halide units 

closely packed by bulky organic cations. Inclusion of the bulky organic cation Ph4P+ results in 

much improved air and thermal stability of these materials. In contrast to the high-efficiency all-

inorganic Cu(I) and Ag(I) halide light emitters, the PL emission efficiencies of (Ph4P)MX2 are 

rather weak with the measured PLQY values of around 1%. The quenched PL emission in 

(Ph4P)MX2 is attributed to their unique crystal and electronic structures. Thus, the crystal 

structures of (Ph4P)MX2 are built upon linear [CuX2]- and dimeric [Ag2X4]2- units, both of which 

have large band gaps of around ~4 eV. The organic Ph4P+ cations essentially form midgap states, 

which provide a route for spatial separation of excited electrons and holes, and quenched PL in 

(Ph4P)MX2. Therefore, for improved PL, the design of hybrid organic-inorganic Cu(I) and Ag(I) 

halides should involve type I alignment in which VBM and CBM are both localized either on the 

organic or inorganic component such as in the cases of the related (TBA)CuCl2 and (TBA)CuBr2, 

which have been reported to exhibit STEs in isolated photoactive [CuX2]− units [61]. Importantly, 

although the weak PL efficiency of (Ph4P)MX2 is a negative result, the quenched PL in 

nontetrahedral Cu(I) and Ag(I) halides is a significant result, as it shows the importance of the 

energy band alignment of organic and inorganic units in hybrid organic-inorganic halides. This 

study will help researchers to design new families of high-efficiency and high stability Cu(I) and 

Ag(I) halide light emitters. 
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TOC 

 

(Ph4P)MX2 (M = Cu, Ag; X = Cl, Br) exhibit zero-dimensional crystal structures featuring isolated 

linear [CuX2]- and dimeric [Ag2Cl4]2- anions. The inclusion of the bulky organic cation Ph4P+ 

results in a much-improved air and thermal stability of these compounds. However, the electronic 

structures of (Ph4P)MX2 suggest optical transitions between spatially separated organic and 

inorganic motifs, leading to very weak onsets of optical absorption and unusually weak 

photoluminescence emission properties. 
 

 


