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ABSTRACT: We report here the synthesis of undoped and Cu-doped Cs2ZnCl4 nanocrystals (NCs), in which we could tune the concentration 

of Cu from 0.7% to 7.5%. According to electron paramagnetic resonance analysis, in 0.7% and 2.1% Cu-doped NCs the Cu ions were present 

in the +1 oxidation state only, while in NCs at higher Cu concentrations we could detect Cu(II) ions. The undoped Cs2ZnCl4 NCs were non 
emissive, while the Cu-doped samples had a bright intra-gap photoluminescence (PL) at 2.6eV mediated by band-edge absorption. The PL 

quantum yield was maximum (~55%) for the samples with  low Cu concentration (≤ 2.1%) and it systematically decreased when further 

increasing the concentration of Cu, reaching 15% for the NCs with the highest doping level (7.5%). Density functional theory calculations 

indicated that the PL emission could be ascribed only to Cu(I) ions: these ions introduce intra-gap states that promote the formation of self-

trapped excitons, through which an efficient emission takes place.

Cs2ZnCl4 is a wide bandgap material of interest for X-ray scintilla-

tors, featuring high detection efficiency and timing resolution, 
thanks to its fast Auger-free luminescence with emission in the ultra-

violet spectral region.1 It has an orthorhombic crystal structure, with 

disconnected ZnCl4
2 - tetrahedra charge balanced by Cs+ cations 

(Scheme 1).1b, 2 Cs2ZnCl4 has also been used as a host for Ce3+ ions 

(with a 20% increase of the scintillation light yield)2a and for Mn2+, 

Cu2+ and Ni2+ ions (as substitutional dopants) to study d-d transi-

tions in M(II) ions in a crystal lattice providing a tetrahedral coordi-
nation.3 Recent studies on the emission properties of Mn(II) ions in 

tetrahedral coordination have revealed an interest in Mn-doped hy-

brid organic-inorganic and fully inorganic zinc(II) halide bulk pow-

ders, among which also Cs2ZnCl4, as green emitters.4 Yet, to date, the 
optical properties of Cs2ZnCl4 on the nanoscale have not been inves-

tigated, nor has any doping been attempted.5 This work aims to fill 

this gap, and is also motivated by the quest for non-toxic metal halide 
nanocrystals (NCs) with optical properties comparable to those of 

Pb-based perovskite NCs.6 We developed a colloidal synthesis of un-

doped and Cu-doped Cs2ZnCl4 NCs, and examined their optical 

properties. Cs2ZnCl4 NCs had a bandgap of 4.8eV and did not ex-
hibit any photoluminescence (PL); the Cu-doped samples exhibited 

a bright blue emission peaked at 2.65 eV, mediated by band edge ab-

sorption; based on density functional theory (DFT) calculations the 
emission stems from Cu(I) ions, which generate localized intra-gap 

states leading in turn to emission via self-trapped excitons.  

The NCs were synthesized by using octadecene, oleylamine and 

oleic acid as surfactants, metal acetates as metal precursors, and ben-
zoyl chloride as precursor for the chloride ions (Scheme 1). By var-

ying the Cu/Zn precursors ratio, we prepared Cu-doped Cs2ZnCl4 

NCs with Cu amounts ranging from 0.7% to 7.5% (at% with respect 

to Zn), based on elemental analyses (Table S1 and Figure S1 of the 
Supporting Information, SI). All the samples were composed of NCs 

having a parallelepiped shape, with a mean size around 17 nm (Fig-

ure 1a,c and S2), and the orthorhombic Pnma Cs2ZnCl4 crystal 
structure, as revealed by transmission electron microscopy (TEM) 

and X-ray powder diffraction (XRPD), (Figure 1d and Scheme 1).  

Scheme 1. Synthesis of Cs2ZnCl4 and Cu-doped Cs2ZnCl4 NCs 

 

High-resolution TEM (HRTEM) indicated that all products 
were composed of monocrystalline particles, with a structure match-

ing the orthorhombic Cs2ZnCl4 (Figure 1b and Figure S3), in agree-

ment with the XRPD data. To assess the oxidation state of Cu and 

Zn in the NCs, we first employed X-ray photoelectron spectroscopy, 
which however did not provide reliable results, as the NCs degraded 

quickly under X-ray irradiation. We then performed electron para-

magnetic resonance (EPR) spectroscopy on undoped Cs2ZnCl4 
NCs and on four Cu-doped Cs2ZnCl4 NC samples, containing 0.7%, 

2.1%, 4.3% and 7.5% of Cu, to probe the presence of paramagnetic 

Cu(II) species (Figure 1e).7  



 

 

 

Figure 1. TEM images of Cs2ZnCl4 (a) and 0.7% Cu-doped Cs2ZnCl4 

(c) NCs. (b) HRTEM image of a Cs2ZnCl4 NC. (d) XRPD patterns of 
Cs2ZnCl4 and Cu-doped Cs2ZnCl4 NC samples with the corresponding 

bulk reflections (gray bars) of the orthorhombic Cs2ZnCl4 crystal struc-
ture (ICSD number 6062). (e) EPR powder spectra of Cu-doped 

Cs2ZnCl4 NC samples, having a Cu content of 0.7%, 2.1%, 4.3% and 

7.5%, recorded at room temperature. 

The EPR spectra of undoped  and of both 0.7% and 2.1% Cu-

doped Cs2ZnCl4 NCs showed no EPR signal, indicating the absence 
of Cu(II) species, therefore suggesting the presence of diamagnetic 

Cu(I) ions (Figure 1e). The EPR spectra of 4.3% and 7.5% Cu-

doped Cs2ZnCl4 NC samples were instead characterized by a signal 
ascribable to Cu(II) species, as supported by simulations of the low 

temperature (T=15K) EPR data (of the 4.3% Cu-doped Cs2ZnCl4 

NC sample, Figure S4). These are compatible with the magnetic res-

onance transitions of Cu(II) ions (S = ½) and, specifically, with the 

interactions of their d-electrons with the nuclear spins of the 63,65Cu 

(I = 3/2) and the surrounding 35,37Cl isotopes (I = 3/2, n.a. = 

75.78%), (Figure S4).8 According to EPR data, Cu(II) adopted an 
axial symmetry within the distorted tetrahedrally coordinated  Cl- 

anions (i.e. occupying Zn(II) sites)(Figure S4).8a  

Overall, these results indicated that doping of Cs2ZnCl4 NCs pro-
ceeded via the introduction of Cu(I) ions up to a Cu concentration 

of 2.1%, above which Cu cations in both +1 and +2 oxidation states 

were introduced. Since our syntheses were performed under inert at-
mosphere using a Cu(I) precursor, the formation of Cu(II) cations 

is probably due to the disproportionation of Cu(I) ions.  The pres-
ence of Cu(II) cations as dopants in Cs2ZnCl4 is not surprising re-

calling that Cu(II) doping of bulk Cs2ZnCl4 crystals has been already 

reported.3b, 3d The introduction of Cu(I) ions as dopants in Cs2ZnCl4 

is instead less obvious and had not been reported to date. 

 

Figure 2. (a) Optical absorption (filled lines), PL (dashed lines) and 
PLE (empty circles) spectra of undoped and Cu-doped Cs2ZnCl4 NCs. 

(b) PL (filled triangles) and  (open circles), calculated from the data 

in (c), as a function of [Cu]. (c) Normalized time-resolved PL decay 
traces collected at the PL maximum. The black lines are the results of the 

fitting procedure of the experimental decay curves with a stretched ex-
ponential decay function. Inset: photograph of a sample illuminated 

with 4.9 eV light.   

We then investigated the optical properties of undoped and Cu-

doped Cs2ZnCl4 NCs (Figure 2). The absorption spectra of all the 

samples featured a main peak at ~4.8 eV, indicating that the intro-

duction of Cu did not modify the main electronic transitions at the 
band edge (Figure 2a). In the Cu doped NCs there was an additional 

weak absorption peak at ~3.02 eV (Figure S5) which we ascribed to 

localized states of Cu(I) ions (see below). Notably, whilst the un-

doped NCs were not emissive, the addition of Cu led to a bright blue 

PL at ~2.65 eV (full width at half maximum of 0.45 eV, Figure S6) 

that was Stokes-shifted from the absorption peak by ~2.15 eV (Fig-

ure S7) and by 0.37 eV with respect to the weak absorption at 3.02 
eV. The PL excitation (PLE) spectra collected at the emission max-

imum matched closely the features of the absorption curves: i) a very 

weak PLE peak ~3.02 eV (see Figure S8); ii) a main peak at ~4.8 

eV, indicating that the intragap PL was mostly mediated by band-
edge absorption. Both the PL and the respective PLE peak positions 

were independent on the doping level. In turn, the Cu content had 

significant impact on the emission quantum yield ( PL) that had its 

maximum value (~55-57±7%) for a Cu concentration of 2.1% and 
then decreased monotonically to 15±5% for the highest doping level 

explored (7.5% Cu, Figure 2b). Consistently, time-resolved PL re-

vealed a gradual acceleration of the decay kinetics with oping level 

(Figure 2c). The PL decay curves were well modeled with a 



 

 

stretched exponential function 𝐼(𝑡) =  𝐼0 ∗ exp (−(𝑡/𝜏)𝛽)  that 

describes the luminescence dynamics of systems featuring a distri-
bution of decay rates due to local structural disorder, as it likely oc-

curs in our NCs due to the different local environments of trapped 

exciton states. The trend of PL lifetimes ( ) as a function of the Cu 

concentration followed that of the PL (Figure 2b). Also, the fitting 

of the PL decay curves yielded a nearly constant stretching factor ( ) 

(Figure S9), suggesting that the local disorder is essentially inde-

pendent of the Cu-content. This is consistent with the constant PL 
spectral linewidth of all investigated NCs (Figure S6). The PL and 

PL lifetime data thus point to the activation of concentration 

quenching channels, possibly associated with the gradual incorpora-

tion of Cu(II) at high doping levels, that compete with the lumines-

cence on the same timescale. 

To unravel the origin of the PL emission from the Cu-doped NCs 

we carried out DFT calculations.9 First, we computed the band 
structure of the undoped Cs2ZnCl4 system. At the DFT/PBE level 

of theory,10 on a 1x1x1 cell, after cell and atomic positions relaxation, 

we found a direct 4.5 eV bandgap located at the G point (Figure 3a). 

By expanding the cell to 2x2x2, the gap slightly shrunk to 4.2 eV (Fig-
ure 3c), a value lower than the one experimentally observed (4.8 eV, 

Figure 2a). This discrepancy is expected, as the PBE exchange-cor-

relation (xc) functional typically underestimates the gap.11 Yet, be-
ing PBE computationally cheap, we performed the remaining calcu-

lations with this functional, considering a constant underestimation 

of ~ 0.6 eV, named henceforth as scissor operator . The band struc-

ture of Cs2ZnCl4 had two main features: i) the presence of rather lo-
calized holes, visible from the flat structure of the valence band re-

gion; ii) unlike other 0D systems, such as Cs4PbBr6,12 the conduction 

band is dispersive, with a marked delocalization of the wavefunction 

over the 6s orbitals of Cs and the 4s orbitals of Zn, as evinced in the 
density of states plotted in Figure 3a and 3c, the latter computed at 

the G point. We then substituted one Zn with a Cu(II) ion in a 2x2x2 

cell, which corresponds to a concentration of Cu dopants of 3%. The 
electronic structure of this system presented a doublet spin-magnet-

ization with broken spin alpha and beta configurations, each identi-

fied by up and down arrows in Figure 3d. Here, the bandgap was 

given by a forbidden d-d transition within the Cu(II) ion calculated 
at 1.1 eV (Figure 3d). The first allowed transition lied at 4.3 eV, 

scaled to 4.9 eV by applying the scissor operator (Figure 3d), close 

to the value of the undoped system (Figure 3c). 

These findings suggested that the PL emission of our Cu-doped 

NCs could not be ascribed to Cu(II) ions, in line with EPR data 

which indicated the absence of Cu(II) ions in the brightest samples 

(i.e. 0.7% and 2.1% Cu-doped Cs2ZnCl4 NCs). To explain the PL 

mechanism, we computed the band structure of Cu(I) doped 

Cs2ZnCl4 system, obtained by removing a chloride ion from the 

CuCl4 tetrahedral unit. In this case, the 3d orbitals of Cu moved well 
inside the bandgap of the Cs2ZnCl4 material (Figure 3b). The calcu-

lated gap was now 2.2 eV, i.e. 2.8 eV by applying the scissor operator, 

in line with the presence of a small peak in the absorption and PLE 

spectra at 3.02 eV , which was, thus, safely ascribed to Cu(I) (Figure 
3e).. To observe the evolution of the emissive state, we performed a 

structural relaxation of the triplet state, which mimics the excited sin-

glet state. The structure of the CuCl3 unit transformed from a planar 

geometry, obtained in the ground state of Cs2ZnCl4:Cu(I), to a trig-
onal pyramidal one in the triplet state, pointing to a large structural 

relaxation. We then computed the electronic structure of the singlet 

ground state at the geometry of the relaxed triplet (Figure 3f). The 

gap in this configuration lied at 1.9 eV, 2.5 eV after the scissor oper-
ator correction, in line with the observed PL emission (2.65eV, Fig-

ure 3f and 2a). Notably, the lowest state of the conduction band was 

strongly localized on the CuCl3 unit, unlike the ground state conduc-
tion band (Figure 2d and S10), suggesting that the exciton becomes 

self-trapped (consistent with the slow decay time observed experi-

mentally) and providing a gateway for an efficient emission. 

 

Figure 3. Band structure of (a) pure Cs2ZnCl4 and (b) Cs2ZnCl4:Cu(I), 

where one Zn(II) ion was replaced by a Cu(I) ion. Calculations were 
carried on a 1x1x1 orthorhombic Cs2ZnCl4 unit cell. Electronic structure 

at the G point of a 2x2x2 unit cell computed for (c) Cs2ZnCl4, (d) 
Cs2ZnCl4:Cu(II) and (e) Cs2ZnCl4:Cu(I). In (e) the reduced Cu(I) 

was obtained by removing one Cl ion directly attached to Cu, thus for-
mally switching from a tetrahedral [CuCl4]2- to a trigonal [CuCl3]2- unit. 

Cell parameters and ionic positions of all systems were relaxed in the 
ground state. The electronic structure of the reduced system in (f) was 

obtained by relaxing cell parameters and ionic position in the triplet state 

followed by a single-point calculation in the singlet state at this new ge-
ometry. This provides a hint on the electronic structure of the emissive 

state.  

In conclusion, we developed a colloidal synthesis of monocrystal-

line Cs2ZnCl4 NCs and doped them with different concentrations of 



 

 

Cu ions, ranging from 0.7% to 7.5%. The introduction of Cu(I) do-
pants conferred a bright intra-gap PL emission at 2.6eV to the 

Cs2ZnCl4 NCs which were otherwise non luminescent. The PL 

quantum yield was maximized (~55%) for the sample with a Cu con-

tent of 2.1% and then decreased at higher amounts of dopant. This 
emission stems from Cu(I) ions introducing intra-bandgap states 

onto which photo-excited excitons become self-trapped and provide 

efficient emission. Our findings suggest that a broad range of metal 
halides, if rationally engineered by doping strategies, may exhibit in-

teresting optical properties and could be employed in photodetec-

tors, scintillators and solar concentrators.   
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