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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.
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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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E PER ME TA  SE T OX I N L C I N

Chemicals. Cesium  acetate  (Cs(ac),  99.99%),  zinc  acetate  (Zn(ac)2,  99.99%),  copper(I)  acetate
(Cu(ac),  97%),  1-octadecene  (ODE,  90%),  oleylamine  (OLAM,  98%),  oleic  acid  (OA,  90%),  benzoyl
chloride (Bz-Cl, 98%), hexane (anhydrous, 95%) and ethyl acetate (99.9%) were purchased from Sigma-
Aldrich. All chemicals were used without any further purification.

Synthesis of Cu-doped Cs2ZnCl4 NCs. To produce Cu doped Cs2ZnCl4 NCs we developed a colloidal
hot-injection approach. In a typical synthesis, Cs(ac) (0.2 mmol), Zn(ac)2 (0.4-x mmol), a desired amount
(x mmol) of Cu(ac), 2 ml of ODE, 1 ml of OLAM and 1 ml of OA were mixed together in a 50 ml 3-necked
round-bottom flask and heated up to 130oC under vacuum for 1 h. The temperature of the resulting
transparent  reaction  solution  was  increased up to  150°C under  Ar2 and,  afterward,  200 µl  of  Bz-Cl
dispersed in 0.5 ml of degassed ODE was swiftly injected inside the flask. The reaction was quenched
after 3 min by using an ice-water bath. Finally, 4 ml hexane was added to the crude NCs solution which
was centrifuged at 4000 rpm for 5 min. The final NC product was cleaned in the following way: the
precipitate was redispersed in 2 ml of hexane and centrifuged at 4000 rpm for 5 min to get rid of
possible aggregates;  the NCs in the supernatant were precipitated by the addition of 2 ml of  ethyl
acetate and centrifugation at 4000 rpm for 5 min; the final precipitate was dispersed in hexane (1 ml)
and stored in a glass vial in the glove box for further use. All the washing procedure was carried out
under  inert  atmosphere.  Different  NC samples  with  different  Cu dopant  amounts  were prepared by
varying the Cu/Zn precursors’ ratio from 0/10, 0.1/9.9, 0.2/9.8, 0.5/9.5, 1/9, 2/8 and 3/7.

Transmission Electron Microscopy (TEM) analysis. The samples were prepared by dropping dilute
NC  solutions  onto  200  mesh  carbon-coated  copper  grids  for  low-resolution  TEM  or  onto  ultrathin
carbon/holey  carbon-coated  400  mesh  gold  grids  for  high-resolution  (HR)  TEM  investigation.  Low-
resolution TEM analyses were performed on a JEOL JEM-1400Plus microscope with a thermionic gun (LaB6

crystal) operated at an acceleration voltage of 120 kV. HRTEMcharacterizations were performed using an
image-CS-corrected JEOL JEM2200FS microscope operating at 200 kV. Due to the fast beam damage
undergone by the NCs, already reported for halide perovskite NCs [Dang et al., ACS Nano, 2017, 11, 2,
2124-2132], they were exposed to a relatively low dose rate (~30 electrons/(Å2 s), about 50 times lower
than  the  typical  dose  rate  used  for  HRTEM imaging).  HRTEM images  were  acquired  using  a  direct
electron detector (K2 Summit, Gatan), in super-resolution mode. Each image reported in this work is a
portion of the 258 nm x 267 nm frame obtained by summing aligned 20-50 frames obtained by very
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short exposure (0.1-0.5 s), with a total acquisition time of 10-20 s. The NCs were overall exposed to a
total electron dose lower than during a typical HRTEM experiment.

X-ray  Diffraction  (XRD)  characterization.  XRD  patterns  were  acquired  with  a  PANanalytical
Empyrean X-ray diffractometer equipped with a 1.8 kW Cu Kα ceramic X-ray tube and a PIXcel3D 2x2
area detector,  operating at 45 kV and 40 mA. Specimens for XRD measurements were prepared by
dropping  a  concentrated  NCs  solution  onto  a  silicon  zero-diffraction  single  crystal  substrate.  The
diffraction patterns were collected under ambient conditions using a parallel beam geometry and the
symmetric reflection mode. XRD data analysis was conducted using the HighScore 4.1 software from
PANalytical.

Scanning Electron Microscopy (SEM). SEM analysis was obtained by a JEOL JSM-7500FA FE-SEM
with a cold field-emission gun (FEG). Energy-dispersive spectroscopy (EDS, Oxford instrument, X-Max, 80
mm2) was used to evaluate the elemental ratios. All experiments were done at 8 mm working distance,
15 kV acceleration voltage and 15 sweep count for each sample.

Inductively Coupled Plasma (ICP-OES) Elemental Analysis. ICP elemental analysis performed via
inductively coupled plasma optical emission spectroscopy (ICP-OES) with an iCAP 6300 DUO ICP-OES
spectrometer  (ThermoScientific)  was  used  to  quantify  the  Cu  to  Zn  ratio.  All  chemical  analyses
performed by ICP-OES were affected by a systematic error of about 5%. The samples were dissolved with
1 ml aqua regia (HCl/HNO3=3/1(v/v)) overnight.

Optical  Characterization.  Absorption  spectra  from  NC  films  were  recorded  using  a  Cary5000
spectrophotometer equipped with an integrating sphere. The samples were prepared by drop-casting a
concentrated suspension on a quartz glass slide. The UV-visible absorption spectra were recorded on a
Varian Cary 5000 UV-vis-NIR spectrophotometer. The PL and PL excitation (PLE) spectra were measured
on a Varian Cary Eclipse spectrophotometer equipped with a 330 nm long pass filter,  having a flat
transmission around 90-91 %, placed between the sample and the detector. The samples were prepare
by diluting NC samples in 3 ml of hexane in 1 cm path length quartz cuvettes with airtight screw caps.
The samples preparation was performed inside a nitrogen-filled glovebox.

A quadrupled Nd:YAG (266 nm) Q-switched Continuum Minilite laser (10 ns pulse width, 50 mJ/pulse, 1–
15 Hz repetition rate) has been used as excitation source in time-resolved PL measurements, performed
on stirred NC solutions  to  prevent  sample  damage.  Time-resolved PL  decays  were collected with  a
Hamamatsu R943‐02 GaAs photocathode Ortec 9353 time‐correlated single‐photon counting unit (time
resolution <1 ns) coupled to an Oriel Instruments Cornerstone 260 monochromator. The PL quantum
yields have been calculated using a 0.5M quinine sulfate solution in H2SO4 as relative standard. The PL
spectra required to evaluate the quantum yields of the NCs solutions have been collected with a Varian
Cary Eclipse spectrophotometer  and the absorption  spectra with  a  Varian Cary  50 Scan UV−visible
spectrophotometer.

Electron Paramagnetic Resonance. CW-EPR spectra were recorded on a Varian spectrometer with a
Bruker super-High Q cavity (ER 4122SHQE) coupled to a He-flow ESR900 cryostat. The measurements
were  taken  with  the  following  experimental  parameters.  Microwave  frequency:  9.4  GHz,  microwave
power: 20 mW, magnetic field modulation amplitude: 0.2 mT, magnetic field modulation frequency: 100
kHz, time constant: 300 ms, magnetic field step: 0.005 mT, and temperature T = 15 K.

DFT Calculations. We have carried out atomistic simulations at the density functional theory level
using the PBE exchange−correlation functional as implemented in the VASP 6.1 and CP2K 6.1 packages.
Band structure calculations were performed using the VASP package. We used a k mesh grid of 6x6x6 for
the Brillouin zone integration. The atomic positions and the lattice parameters were both relaxed until
the forces were smaller than 0.001 Hartree/Angstrom. We used a kinetic energy cutoff of 400 eV and
1x1x1 unit cell.  The electronic structure calculations of the doped cell  with Cu were computed on a
2x2x2 cell and at the Gamma point using the cp2k package, which employs a double-ζ basis set plus
polarization functions on all atoms. Both cell parameters and ionic positions were relaxed also in this
case. 
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Table  S1.  Composition  of  Cu-doped  Cs2ZnCl4 NCs  measured  by  SEM-EDS  and  ICP-OES
instrument. The amount of different elements was expressed relative to that Zn, which was
assumed to be 1. 

Cu/Zn precursors ratio
SEM-EDS analysis

ICP-OES Cu/Zn (%)
Composition Cu/Zn (%)

0/10 Cs1.96ZnCl4.57 / /

0.1/9.9 Cs1.87ZnCl4.20 / 0.7

0.2/9.8 Cs2.00ZnCl4.48 / 2.1

0.5/9.5 Cs1.94ZnCl4.60 / 2.7

1/9 Cs1.95ZnCl4.57 4.0 4.3

2/8 Cs1.90ZnCl4.62 6.0 6.5

3/7 Cs1.84ZnCl4.30 7.0 7.5
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Figure S1. Representative SEM image together with the corresponding EDS spectrum and element maps
collected on the sample with analytical Cu concentration 7.5%. 
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Figure S2. Overview of TEM images with the corresponding size distribution histograms of (a) undoped and
Cu-doped Cs2ZnCl4 NCs with analytical Cu concentration of (b) 0.7%, (c) 2.1%, (d) 4.3%, (e) 6.5% and (f) 7.5%.
The Cu concentration are defined as [Cu]/[Zn] by ICP-OES analysis.
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Figure S3. HRTEM image and the corresponding Fast Fourier transforms (FFTs) of one of (a, b) 0.7 % Cu doped
Cs2ZnCl4 NCs and (c, d) 7.5 % Cu doped Cs2ZnCl4 NCs, viewed along their [010] zone-axis.
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EPR ANALYSIS

In Figure S4 (right panel) the spectrum acquired for 4.3% Cu-doped Cs2ZnCl4 NCs was simulated with
the spin-Hamiltonian:

Ĥ=μB B̂ g Ŝ+Ŝ ACu Î+ Ŝ ACl Î

where g is the tensor, μB is the Bohr magneton, B̂  is the magnetic field vector, Ŝ  and Î  are
the electron and nuclear spin operators respectively, and ACu and ACl are the hyperfine coupling tensors
due to the interactions between the Cu(II) d-electron spins and the Cu and Cl nuclear spins respectively. 

The simulation provides an axial spectroscopic  g-factor with parallel and perpendicular values  g┴ =
2.089 and g// = 2.45, respectively; and anisotropic hyperfine interactions ACu,┴ = 119 ± 5 MHz, ACu,// = 50
± 5 MHz, ACl,┴ = 30 ± 5 MHz and ACl,// = 60 ± 5 MHz.{Merks, et al. J. Phys. C: Solid State Phys. 1979, 12}
The perpendicular and parallel components of the hyperfine tensor ACu split in 4 lines (i.e.  2 I + 1) the
EPR peaks centered around 270 mT and 330 mT, respectively; whereas the ACl tensor provides a further
split of the electronic energy levels in 4 lines which are responsible for the linewidth broadening of the
EPR peaks.

The linewidth broadening of the EPR spectrum for 7.5% Cu-doped Cs2ZnCl4 NCs (left panel) to the Cu(II)
-  Cu(II)  electron  spin  interactions  as  result  of  the  decreased  averaged  distance  between  the
paramagnetic Cu(II) ions.

Figure S4.  EPR  spectra  of  4.3% and  7.5% Cu-doped  Cs2ZnCl4 NCs  (left)  and  the  simulation  of  the  EPR
spectrum of the 4.3% Cu-doped Cs2ZnCl4 NC sample (right).
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Figure S5. Enlargement of the low-energy portion of the optical absorption spectra of Cu-doped Cs2ZnCl4 NCs
reported in Figure 2a, highlighting the emergence of an absorption feature at 3.05 eV (dashed vertical line)
upon increasing the Cu concentration.

S8



Figure  S6.  (a)  PL  spectra  of  Cu-doped  Cs2ZnCl4 NCs  reported  in  Figure  2a  and  the  respective  Cu
concentration dependences of (b) the PL maximum peak energy (Emax) and (c) FWHM, both showing nearly
invariance upon increasing [Cu].
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Figure S7. Cu dependence of the Stokes shift of Cu-doped Cs2ZnCl4 NCs calculated as the difference between
the PLE maximum peak energy and the PL maximum peak energy.
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Figure S8.  PLE curve of the 0.7% Cu-doped Cs2ZnCl4 NC sample with a magnification of the 380-420nm
region (inset).

Figure S9. Stretching factor, β, of Cu-doped Cs2ZnCl4 NCs obtained by the fitting procedure of the PL decay
curves with a stretched exponential function as reported in Figure 2c.
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Figure S10. Molecular orbital plot of the lowest state of the conduction band, referred to the Figure 3e in the
main text.  An interesting feature here is that conduction band states are delocalized and composed by the
linear combination of empty 4s orbitals of  Cu with both the 6s of Cs and 4s of  Zn.  Color-code: Cs(cyan),
Cu(blue), Zn(red), Cl(green). 
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