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Abstract 

Low-dimensional metal halides are promising luminescent materials with efficient self-

trapped exciton (STE) emission at room temperature; however, the understanding of 

optical behaviors and trends is still limited due to the complex excited-state energy 

landscape. In this paper, first-principles calculations reveal multiple STEs in 1D 

CsCu2X3 (X = Cl, Br, I), which are bright visible-light-emitting materials. Three types 

of STEs with distinct structures are identified and their relative stabilities are halogen 

dependent despite the same crystal structure shared by all three halides. The emission 

energy of each type of the STE is found to be blue shifted from CsCu2Cl3, CsCu2Br3, 

to CsCu2I3; the experimentally observed red shift of the emission peak is not due to the 

electronegativity trend of halogen atoms, but is originated from the emissions from 

three different types of STEs. The emitting STE is the lowest-energy STE in CsCu2Br3 

and CsCu2I3 but a metastable one in CsCu2Cl3.       
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Low-dimensional (2D, 1D, 0D) hybrid organic-inorganic lead halides have recently 

emerged as promising self-activated luminescent materials.1-9 The reduced 

dimensionality and the soft crystal lattice promote strong exciton self-trapping10, which 

results in a large Stokes shift. A large Stokes shift reduces self-absorption and 

suppresses exciton migration and trapping by defects; thereby, enhancing the quantum 

efficiency of the exciton emission.11 Besides lead halides, 0D hybrid organic-inorganic 

tin, antimony, and copper halides with near-unity photoluminescence quantum 

efficiencies (PLQEs) have also been reported.12-15 Despite the promising photophysical 

properties, the relatively poor thermal and chemical stabilities of the hybrid materials 

and the toxicity of Pb present challenges to the practical applications of these materials.  

Recently, a series of non-toxic and highly stable all-inorganic low-dimensional Cu 

halides [including 0D Cs3Cu2X5 (X = Br, I),16-20 1D CsCu2X3 (X = Cl, Br, I),18, 20-22 and 

1D Rb2CuX3 (X = Cl, Br)]23-24 have been demonstrated to exhibit high PLQEs (up to 

unity); thereby, attracting considerable interests for their potential applications in LED, 

photodetection, and ionizing radiation detection. These materials display visible light 

emissions with various emission wavelengths, i.e., blue-emitting Cs3Cu2Br5-xIx (0 ≤ x 

≤ 5)17 and Rb2CuX3 (X = Cl, Br)24, green to yellow emissions of CsCu2X3 (X = Cl, Br, 

I)21. White light emission can be produced by mixing blue-emitting Cs3Cu2I5 and 

yellow-emitting CsCu2I3.20 These visible light emissions are suitable for applications in 

LEDs. Rb2CuBr3 has also been demonstrated to be a sensitive x-ray scintillator 

material.23  

Among the above low dimensional Cu halides, the series of CsCu2X3 have the best 
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overall air, thermal, and photo stabilities.17, 21, 24 For radiation detection applications, 

CsCu2X3 are also preferred over Rb2CuX3 because natural Rb has 28% radioactive 87Rb 

isotope, which introduces noise to detectors. Compared to Cs3Cu2X5 (X = Br, I) and 

Rb2CuX3 (X = Cl, Br), which are all blue emitting, the wider range of emission 

wavelengths of CsCu2X3 (X = Cl, Br, I) from green to yellow not only enables property 

tuning for targeted optical applications but also allows the study of optical trends for 

better understanding of the origin of luminescence. The reported PLQE of 48% for 

CsCu2Cl321 is significantly higher than those of 1D Pb halides (< 20%)6-7, 25 and may be 

further improved by optimizing synthesis. Different methods of synthesis (e.g., solution 

growth or solid-state reaction) for CsCu2I3 appear to have a large impact on the 

PLQE.21-22 Understanding the wide range of PLQEs reported for low-dimensional 

metal halides requires detailed knowledge of excitons. 11, 26 Despite the recent progress 

in synthesis and characterization of low-dimensional metal halides, the understanding 

of the factors that determine the PLQE are still limited11, 26; this is partly due to the 

complex excited-state energy landscape27, which makes it difficult to determine the 

origin of the observed luminescence. The understanding of the self-trapping and the 

stability/optical trends of excitons would be an important step towards better 

understanding of the PLQE.     

PL emissions of halides typically exhibit a red shift with the decreasing 

electronegativity from Cl, Br, to I as a result of the decreasing band gap. However, the 

opposite trend of blue shifts of PL from Cs3Cu2Br5 to Cs3Cu2I521 and from Rb2CuCl3 to 

Rb2CuBr324 has been reported. On the other hand, the PL emission from CsCu2Cl3, 
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CsCu2Br3 to CsCu2I3 is red shifted, which appears to follow the usual trend.21 In this 

paper, we show that none of the above PL emission trends in low-dimensional Cu 

halides are determined by the band gap change. First-principles excited-state 

calculations real three different types of self-trapped excitons (STEs) in each of 

CsCu2X3 (X = Cl, Br, I). The relative stabilities of the three STEs are found to differ in 

the three copper halides. The calculated emissions for each type of the STE is blue 

shifted from CsCu2Cl3, CsCu2Br3 to CsCu2I3; the experimentally observed red shift is 

attributed to the emissions from the three different types of STEs in the three halides. 

The comparison between the theoretical and experimental results suggest that the 

lowest-energy STE is responsible for the observed emissions in CsCu2Br3 and CsCu2I3 

while the emission in CsCu2Cl3 is due to a metastable STE. These results reveal highly 

complex excited-state energy landscapes, which result in intriguing PL properties and 

trend, in 1D CsCu2X3 (X = Cl, Br, I). 

The ∆ self-consistent field (∆SCF) method within the density functional theory 

(DFT) 28-30 is combined with the hybrid PBE0 functional 31 to study STEs. The hybrid 

functional provides good descriptions of the band gap and charge localization, which 

are important for the modeling of a STE. Previous studies show that the calculated 

exciton emission energies in wide-gap materials based on the ∆SCF method combined 

with the hybrid PBE0 functional are in excellent agreement with experimental results.1, 

27 More details of the computational method can be found in the Supporting Information.  

CsCu2X3 (X = Cl, Br, I) have a base-centered orthorhombic structure with the 

space group cmcm (#63) as shown in Fig. S1. The 1D Cu halide atomic chain is shown 
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in Fig. 1. All three compounds have direct band gaps at the Γ point. The band gaps of 

1D CsCu2Cl3, CsCu2Br3, and CsCu2I3 calculated at the PBE level32 are 1.84 eV, 1.40 

eV, and 1.86 eV (Fig. S2), respectively, which are expected to be underestimated due 

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

increases the band gaps to 4.29 eV, 3.88 eV, and 3.93 eV for CsCu2Cl3, CsCu2Br3, and 

CsCu2I3, respectively, which are consistent with the experimentally measured optical 

band gaps of 3.89 eV, 3.89 eV, and 3.71 eV, respectively.21 The band gaps of CsCu2X3 

(X = Cl, Br, I) are weakly dependent on the type of the halogen atom because the 

valence band is mostly made up of Cu-3d orbitals with a relatively small contribution 

from the halogen p orbitals (Fig. S2). The anomalously small band gap of CsCu2Br3 in 

the PBE calculation (1.40 eV) in comparison with those of CsCu2Cl3 and CsCu2I3 (1.84 

eV and 1.86 eV) is the result of the incorrect ground-state structures predicted by the 

PBE calculation (see the Supporting Information for details). The use of the hybrid 

PBE0 functional improves substantially the results on both the structure and the band 

gap in CsCu2X3 (X = Cl, Br, I). 
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Fig. 1 Structure of the 1D Cu-X atomic chain in CsCu2X3 (X = Cl, Br, I) viewed from 

directions roughly aligned with (a) a, (b), b, and (c) c axes. 

 



8 
 

 
Fig. 2. Partial charge density contours of both hole and electron wavefunctions for 

STE1 and STE2 in CsCu2Cl3 and STE3 in CsCu2I3, viewed from the two directions 

(along the b and a axes) perpendicular to the 1D chain. 

 

Since the valence and conduction bands are predominantly derived from the Cu-

3d and 4s orbitals, respectively, the excitation of an electron-hole pair promotes the 

electron into Cu-4s orbitals and leaves the hole in Cu-3d orbitals. The energy of the 
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excited electron can be lowered when two or more adjacent Cu ions move closer to 

enhance the hybridization between the Cu 4s orbitals, resulting in the formation of one 

or more Cu-Cu bonds. The electron and hole trapping by the short-range potential 

(resulting from the local structural distortion such as the formation of Cu-Cu bonds) 

and the Coulomb attraction lowers the total energy. The 1D Cu-halide atomic chain is 

made up of edge-shared Cu-X4 tetrahedra with four-fold and two-fold coordinated 

halogen ions (shown in Fig. 1 as XIV and XII, respectively). Thus, each Cu has one 

neighbor along the a axis and two neighbors along the c axis. For example, the Cu1 

atom in Fig. 1 has the Cu2 and Cu3 atoms as neighbors along the a and c axes, 

respectively. An exciton can be formed by forming a Cu1-Cu2 or a Cu1-Cu3 bond. 

These two STEs are denoted as STE1 and STE2 in Fig. 2. In STE1, the formation of a 

Cu1-Cu2 bond breaks four Cu-XIV bonds (two above and two below the Cu1-Cu2 bond) 

as can be seen in Fig. 2(a-d). In STE2, the formation of a Cu1-Cu3 bond breaks two 

Cu-XIV bonds as can be seen in Fig. 2(e-h). In addition, we also modeled a third STE, 

STE3, in which a Cu1 atom breaks away from a XII atom, forming a Cu1-Cu2 and a 

Cu1-Cu3 bonds, as shown in Fig. 2(i-l). All three STEs can be stabilized at three energy 

minima for each copper halide. The partial charge density contours of the hole and 

electron wavefunctions for the STE1, STE2, and STE3 are shown in Fig. 2. In all three 

STEs, the electron is distributed between Cu atoms while the hole is localized at Cu 

atoms. The formation of a Cu-Cu bond associated with the exciton localization has also 

been predicted in 0D Cs3Cu2Br5 and Cs3Cu2I5; the calculated excitation and emission 

energies of the excitons in both compounds are in excellent agreement with the 
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experimental results, suggesting that the predicted exciton structures are reliable.17 

 Interestingly, the relative stabilities of the three STEs are different in the three 

Cu halides despite that the three halides share the same crystal structure. The most 

stable STEs in CsCu2Cl3, CsCu2Br3, and CsCu2I3 are the STE3, STE1, and STE3, 

respectively, and all STEs are stable relative to free carriers, as shown in Table 1. The 

relative stabilities of the three STEs in the three halides do not follow a simple trend; 

this is likely due to the complex interactions involved in the formation of the STE 

structure. The excitation of an electron into the Cu-4s orbitals promote the formation of 

one or more Cu-Cu bonds locally, which nevertheless applies strain on the surrounding 

Cu-halogen bonds. The Cu s-s coupling, which stabilizes the excited electron, and the 

cross-band-gap Cu s-d coupling provide the incentive for the Cu ions to move closer, 

while the Coulomb repulsion between the Cu ions and the lattice strain apply the 

opposite forces to discourage the formation of Cu-Cu bonds. With the decreasing 

ionicity from CsCu2Cl3, CsCu2Br3, to CsCu2I3, the ionic bonding strength decreases, 

and the charge becomes more delocalized; these factors promote the formation of Cu-

Cu bonds. On the other hand, the increasing halogen size decreases the electronic 

coupling between the adjacent Cu ions; thereby, hindering the Cu-Cu bond formation. 

In addition to these opposing factors, the different structures of the three STEs involve 

different ways of forming Cu-Cu bonds; thus, the relative stabilities of the three STEs 

in the three halides depend on the details in the complex interactions described above 

and are not correlated to any single parameter.    
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Table 1. Binding energies (BSTE) of the three STEs (relative to a free electron and a free 

hole). A positive binding energy indicates stable binding. The most stable STE is the 

one with the largest binding energy. The ground-state deformation energies, ∆EDF, 

which are the increase of the ground-state total energy when the structural is distorted 

to the STE structure, are also shown. The STE emission energy in Fig. 3 can be 

calculated following Eq. 1 using the data shown in this table.  

 

 BSTE (eV) ∆EDF (eV) 

CsCu2Cl3 

STE1 1.82 0.61 

STE2 1.56 0.45 

STE3 1.86 0.61 

CsCu2Br3 

STE1 1.25 0.46 

STE2 0.93 0.43 

STE3 0.72 1.26 

CsCu2I3 

STE1 0.34 1.05 

STE2 0.09 1.19 

STE3 0.70 1.03 

 

The calculated emission energies of all three STEs in CsCu2X3 (X = Cl, Br, I) 

are shown in Fig. 3. It can be seen that the emission energies of the three STEs all 

increase from CsCu2Cl3, CsCu2Br3, to CsCu2I3, a trend that is opposite to the normal 

emission energy trend in halides (following the electronegativity trend of halogen atoms) 

but is consistent with the trends found in 0D Cs3Cu2X5 (X = Br, I)17 and 1D Rb2CuX3 

(X = Cl, Br)] 24.  The emission energy shown in Fig. 3 is the total energy difference 

between the excited and the ground states calculated at the STE structure; it can also be 

expressed as 
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                   ∆Eem = Eg - BSTE - ∆EDF ,                      (1) 

where Eg is the band gap energy, BSTE is the STE binding energy (relative to a free 

electron and a free hole), and ∆EDF is the ground-state deformation energy (the increase 

of the ground-state total energy when the structure is distorted to the STE structure). 

[The STE binding energy is calculated by BSTE = E(GS) + Eg – E(STE), where E(GS) 

and E(STE) are the total energies of the ground state and the STE, respectively.] The 

band gap energy difference [4.29 eV (CsCu2Cl3), 3.88 eV (CsCu2Br3), 3.93 

eV(CsCu2I3)] is small and thus plays a small role in the emission energy trend whereas 

the changes of the STE binding energy and the deformation energy in Table I are more 

significant and thus dominate the emission energy trend. For example, the binding 

energy of STE1 is reduced from 1.82 eV (CsCu2Cl3), 1.25 eV (CsCu2Br3), to 0.34 eV 

(CsCu2I3); this is because a more ionic halide favors stronger charge localization and 

exciton self-trapping, resulting in a larger exciton binding energy. As can be seen, the 

decrease of the exciton binding energy from CsCu2Cl3, CsCu2Br3, to CsCu2I3 is much 

more than the small change of the band gap energy, thus, favoring higher emission 

energies. 

Although the STE emission energy increases from CsCu2Cl3, CsCu2Br3, to CsCu2I3, 

the experimentally observed exciton emission energy shows the opposite trend. The 

comparison between the calculated and measured emission energies in Fig. 3 shows 

that the observed exciton emissions in CsCu2Cl3, CsCu2Br3, and CsCu2I3 are due to the 

STE2, STE1, and STE3, respectively – three different types of STEs. Among them, the 

emitting STE1 in CsCu2Br3 and STE3 in CsCu2I3 are the lowest-energy STEs, whereas 
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the emitting STE2 in CsCu2Cl3 is a metastable STE, as shown in Table 1.  

 
Fig. 3. Calculated emission energies of STE1 (red), STE2 (blue), and STE3 (green) 

compared with the experimentally observed exciton emission energies (black) in 

CsCu2X3 (X = Cl, Br, I). The results of Exp1, Exp2, and Exp3 are from References 21, 
22, and 18, respectively. Note that the relative stabilities of the three STEs are given in 

Table 1.  

 

Due to the high computational cost of the hybrid functional calculation, we can 

only probe the local energy minima rather than mapping out the entire excited-state 

energy landscape including energy barriers. Since the structural distortion in the exciton 

self-trapping process is significant, involving multiple bond breaking and forming as 

shown in Fig. 2, a kinetic barrier for the exciton self-trapping is highly possible. The 

magnitude of the barrier should be related to the Cu-Cu distance at the ground state. 

The Cu-Cu distance along the c axis (i.e., dCu1-Cu3 in Fig. 1) increases from 2.80 Å in 

CsCu2Cl3, 2.91 Å in CsCu2Br3, to 3.05 Å in CsCu2I3, which is a normal trend resulting 
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from the increasing size of the halogen anion that separates the Cu cations. On the other 

hand, the Cu-Cu distance along the a axis (i.e., dCu1-Cu2 in Fig. 1) barely changes in the 

three Cu halides: 3.12 Å (CsCu2Cl3), 3.08 Å (CsCu2Br3), and 3.14 Å (CsCu2I3); the 

absence of a clear increasing trend in the Cu1-Cu2 distance is related to the flexibility 

for structural relaxation in the directions perpendicular to the 1D Cu-halide chain, 

which allows a relatively short Cu1-Cu2 distance favored by the cross-band-gap Cu s-

d coupling. The differences between the Cu1-Cu2 and Cu1-Cu3 distances (dCu1-Cu2 - 

dCu1-Cu3) are 0.32 Å, 0.17 Å, and 0.09 Å in CsCu2Cl3, CsCu2Br3, and CsCu2I3, 

respectively; this difference is largest in CsCu2Cl3, which likely results in a relatively 

small barrier for electron localization on the Cu1-Cu3 bond in CsCu2Cl3, favoring the 

formation of the STE2. The energy barriers that separate different STEs in CsCu2Cl3 

are also likely the highest among the three halides because CsCu2Cl3 has the highest 

ionicity, which favors a stronger exciton trapping. The above analysis suggests that the 

metastable STE2 may be kinetically trapped in CsCu2Cl3 at room temperature.   

The absence of multiple STEs in 0D Cs3Cu2X5 (X = Br, I)17 and 1D Rb2CuX3 (X 

= Cl, Br)] 24 is related to their structures. In 0D Cs3Cu2X5, the luminescent center is the 

Cu2X5 cluster and there is only one possible way to form a Cu-Cu bond (for trapping 

an exciton) in a Cu2X5 cluster. In 1D Rb2CuX3, the corner-sharing of CuX4 tetrahedra 

results in long Cu-Cu distances at the ground state and the formation of a Cu-Cu bond 

at the excited state is not even energetically favored.24 On the other hand, in 1D 

CsCu2X3 (X = Cl, Br, I), the CuX4 tetrahedra are edge shared. Each Cu atom has several 

Cu neighbors within short distances, allowing different ways of forming Cu-Cu bonds 
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at the excited state and, hence, multiple STEs. Since 0D Cs3Cu2X5 (X = Br, I) and 1D 

Rb2CuX3 (X = Cl, Br)] have only one-type of STE, their STE emission exhibits a blue 

shift 17 24, as also found for all three types of STE in 1D CsCu2X3 (X = Cl, Br, I) as 

shown in Fig. 3. 

 In summary, the excited-state energy landscapes in 1D CsCu2X3 (X = Cl, Br, I) are 

studied by first-principles calculations based on the ∆SCF method and the hybrid PBE0 

functional. Three distinct STEs with the formation of different Cu-Cu bonds are 

identified and their relative stabilities are shown to be halogen dependent even though 

the three halides share the same crystal structure. Each type of STE is found to exhibit 

an unusual blue shift of emission from CsCu2Cl3, CsCu2Br3, to CsCu2I3; the red shift 

of the PL peak is attributed to the emissions from three different types of STE. The 

emitting STE is the lowest-energy STE in CsCu2X3 (X = Br, I) but a metastable one in 

CsCu2Cl3. The microscopic origin of the exciton emission trend in 1D copper halides 

shows that the structural flexibility as a result of low dimensionality and soft crystal 

lattice can have a profound impact on the excited-state properties and lead to unusual 

optical behaviors. The discovery of the STE structure and the stability/optical trends in 

this work is important for the understanding of complex relations between the 

composition, crystal structure, and emission properties in low-dimensional metal 

halides and the development of these materials as efficient lighting and detection 

materials with tunable properties for targeted applications. 
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