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Highlights 

 One-dimensional DMACdCl3 hybrid perovskite (DMA= (CH3)2NH2) was 

investigated. 

 The two doped structures DMACd0.98Zn0.02Cl3 and DMACd0.97Cu0.03Cl3 were 

stabilized. 

 The doping of the crystal with Cu
2+

 ions improves the semiconducting property of the 

material. 

 The pure and the doped materials exhibit “cold” white light emission. 

 DMACd0.97Cu 0.03Cl3 is a good visible light absorber suitable for white light emission. 

 

 

Abstract  

The one-dimensional ABX3 hybrid perovskite (A=(CH3)2NH2=DMA, B=Cd and X=Cl) was 

synthesized and structurally characterized. The optical analysis showed that the material has a 

direct band-gap nature with a gap energy of 5.36 eV. The obtained compound exhibited a 

“cold” white-light emission under an excitation wavelength of 240 nm with a color-rendering 

index up to 92 and a correlated color temperature (CCT) of 7582 K. The doping of the crystal 

with Cu
2+

 ions decreased the gap energy toward 2.51 eV. The partial substitution of the Cd 

atoms with Cu atoms decreased the intensity of the emitted white-light under 240 nm and led 

to a “cold” white-light emission with a CCT of 7117 K. The doping of the material with Zn
2+

 

yielded a blue-shift and the emitted light revealed a CCT of 11028 K. On the other hand, by 

incorporating Cu
2+ 

ions into the B site a broad absorption band is observed in the visible 

region resulting from the d-d transitions around the copper atoms which makes the material a 

good visible-light absorber. Hence, the Cu doped compound could be suitable for both white-

light emission and photovoltaic solar cells. 
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1. Introduction 

Nowadays, hybrid molecular crystals based on metal halides have received increasing 

attention for their interesting biological, opto-electronic, luminescence and magnetic 

properties.[1–10] Organic-inorganic metal halide-based perovskites (OIMHP) are acclaimed 

for their electrical and opto-electrical properties.[11–20] In fact, because of their low band 

gap energies around 1.5 eV, the three dimensional (3-D) OIMHP are widely used in 

photovoltaic solar cells (SCs). The most famous 3-D OIMHP are the lead (II)-based MAPbX3 

(MA = CH3NH3; X = I, Br or Cl halogens) whose performance in photon conversion has been 

proven.[21–23] Many Several reports have shown that the gap energy and the emission 

properties are both tunable by varying and/or mixing the halide composition.[24] These 

materials are characterized with narrow emission bands at 1.6 eV (X=I), 2.32 eV (X= Br) and 

at 3.04 eV (X = Cl).[25,26] However, the MAPbX3-based photovoltaics have demonstrated a 

high instability under common climate conditions, notably moisture, as well as a high toxicity 

due to the bioaccumulation of the lead.[27–29] Recently, researchers have suggested the 

substitution of Pb by other low toxic or eco-friendly metals such as Cd, Cu and Zn to develop 

lead-free photovoltaic devices. Unfortunately, the atomic radii of most alternatives are smaller 

than that of Pb atoms, which incurs low dimensional structures.[30,31] This reduction of 

dimensionality generates a multi quantum-well electronic structure and results in an increase 

of the band gap energy. In contrast with the 3D OIMHP, the low-dimensional Cd and Pb-

based compounds have a great potential for white light emitter diode (WLED) applications. 

Meanwhile, the transition metals are suitable as light absorbers in SCs devices and the d-d 

transitions improve the visible light absorption. Notably, the optical and photovoltaic 

properties of the 2D and 1D Cu
2+

-based perovskites are attributable to a broad-band 

absorption in the UV-Vis region resulting from the ligand to metal charge transfer (LMCT), 

and a broad Vis-NIR optical absorption corresponding to the d-d electronic transitions with 

the Jahn Teller distortion.[32,33] Despite their safe effect, these copper halide perovskite-

based photovoltaic SCs demonstrate a lower power conversion efficiency (PCE) than the 3D 

perovskites. Actually, only 0.017 % is recorded for the MA2CuCl4.[34] In recent years, an 

alternative method based on the doping of the materials with transition metals was 

investigated to reduce the toxicity of the Pb-based photovoltaic devices. In 2018, X. Zhu et al. 

showed that a partial replacement of the Pb
2+

 ions with 0.01% of Zn
2+

 cations improves the 

photovoltaic properties of the MAPbI3-based SCs with a PCE up to 15.37%.[35] As PCE 

reaches 16.6 %, the incorporated Zn
2+

 increases up to 0.02 %. [36] S. Thapa et al. 

                  



demonstrated that the inorganic Pb-reduced perovskite CsZnxPb1-xI3 exhibits an efficient 

white light emission with a CRI of 93.[37] The doping of the B site in MAPbI3 with Cd atoms 

decreases the band gap energy from 1.54 to 1.51 eV.[38] On the other hand, the experimental 

study of the Cu
2+

-doped MAPbI3 films confirms the usefulness of MACu0.1Pb0.9I3 in LED and 

photovoltaic SCs.[39] In addition, the CH3NH3PbCuxI3+x Cu-doped photovoltaics have shown 

a higher PCE compared to the non-doped MAPbI3.[40] Nowadays, much effort has been 

deployed to study the effect of the partial substitution of the Pb atoms by transition metals on 

the photovoltaic properties of 3D perovskite-based absorbers. Many reports discard the 

photoluminescence of the 2D Cu(II)-based perovskites , however the light emission of Cu
2+

-

doped 1D perovskite remains ambiguous. Up to date, the effect of the doping of the white 

light emitter materials with transition metals on its photovoltaic and photoluminescent 

properties has not yet been exhaustively studied. In this work, a new 1D face-sharing Cd-

based perovskite DMACdCl3 was synthesized (DMA = CH3(NH2)CH3). In order to modify 

the optical properties of the synthesized compound, we partially substituted the Cd
2+

 ions by 

Zn
2+

 and Cu
2+

 ions. The pure DMACdCl3 and the Zn-doped DMACdCl3 : Zn are investigated 

for white light emitter (WLE) applications while the Cu-doped DMACdCl3 : Cu is developed 

for the lead-free photovoltaic SC applications. Herein, we have demonstrated that the Cu-

doping change the material from WLE to a simultaneously WLE and absorber.  

2. Experimental Section 

2.1 Crystal growth 

The (CH3)2NH2CdCl3 was synthesized using the CdCl2 (99.99%) powder. The dimethyl 

amine (DMA) = (CH3)2NH (99.99%) and HCl (48%) were purchased from Sigma Aldrich. 

For the synthesis of the DMACdCl3 crystals, stoichiometric amounts of ammonium salt 

((CH3)2NH
2+

 Cl
–
) and cadmium chloride (CdCl2) were dissolved in 10 mL of water by heating 

under stirring for 15 min. Colorless crystals were grown after a slow evaporation of the 

solution at room temperature for a few days. 

2.2 Instrumentation used for characterization 

Full sphere data was collected on a suitable selected single crystal using a D8 VENTURE 

Bruker AXS diffractometer. To solve the crystal structure, we have used the direct methods 

and the full-matrix least squares was used to the structure refinement [41,42] on F2 with the 

WINGX package. [43] All details of data collection and crystal parameters are reported in 

table S1. The reflectance spectra were obtained using a Varian Cary 5000 UV-Visible 

                  



spectrophotometer. The steady-state photoluminescence spectra were recorded using a 

HORIBA FluoroMax spectrophotometer equipped with a 150 W xenon lamp. 

2.3 Computational Details 

All calculations have been performed using the Quantum Espresso program package.[44] 

Geometry optimization was carried out by keeping the experimental cell parameters fixed and 

relaxing only the atomic positions using the PBE exchange correlation functional [45] and a 

2x2x2 k point mesh grid. We employed a monoclinic supercell containing 4 formula units 

with a,b,c parameters of 7.728 Å, 13.257 Å and 6.685 Å respectively and β=98.37°. We 

assume a Cu/Zn doping concentration of 0.25 by replacing a Cd atom in the crystal structure. 

The core-valence electron interactions were described using ultrasoft pseudo potentials (shells 

explicitly included in calculations: Cl 3s3p; N, C 2s2p; H 1s; Cd 5s5p4d; Cu 3s3p3d4s; Zn 

3s3p3d4s) and a cutoff on the wavefunctions of 25 Ryd (200 Ryd on the charge density). To 

simulate the electronic structure, a single point calculation on the relaxed geometries has been 

carried out using the HSE06 functional, [46] a 2x2x2 k point mesh grid and a cutoff on the 

wavefunctions of 70 Ryd (280 Ryd on the charge density). For the hybrid HSE06 calculation, 

we adopted scalar-relativistic norm-conserving pseudo potentials with electrons from H 1s; C 

2s2p; N 2s2p; Cl 3s3p; Cd 4s4p4d5s Cu 3s3p3d4s; Zn 3s3p3d4s shells explicitly included in 

calculations.[47] To simulate the different spin properties of the systems, all calculations were 

performed within the local spin density approximation by relaxing the spin multiplicity. 

3. Results and discussion 

3.1 Crystal structures 

The single crystal X-Ray diffraction showed that the grown pure (CH3)2NH2CdCl3 

(DMACdCl3) compound crystallizes in the P21/c space group of the monoclinic system with Z 

= 4. The asymmetric unit is formed with one organic cation [CH3NH2CH3]
+
 and [CdCl3]

-
 

inorganic complex. As shown in the structure projections (Figure 1), the inorganic network 

includes mineral wires extended along the  ⃗-axis. These infinite chains consist of face-shared 

CdCl6 octahedra that lead to a 1D perovskite structure of the ABX3 family with A= DMA, B 

= Cd and X = Cl. The six doubly bridging chloride ions link the adjacent Cd centers with an 

average Cd—Cl distance of 2.55 nm which is similar to those of a previously reported Cd(II) 

chloride 1D perovskite structure.[48,49] These infinite         
  sticks are surrounded by 

organic cations that are confined into the voids of the inorganic polymeric fragments and 

connected to the chloride anions through H-bond interactions. To investigate the structure and 

                  



the composition of the Zn-doped (DMACdCl3 : Zn) and the Cu-doped (DMACdCl3 : Zn) 1D 

perovskites, the single crystal X-ray diffraction (XRD) was used. The results prove the 

presence of the Zn and the Cu atoms inside the structures with a concentration of 2% and 3%, 

respectively. The doped structures were determined as (CH3)2NH2Cd0.98 Zn0.02Cl3 and 

(CH3)2NH2Cd 0.97Cu 0.03Cl3 and they crystalize in the monoclinic crystal system with the same 

space group of the parent structure. All data collection and crystal parameters details are 

reported in table S1. 

 

Figure 1: (a) and (b): Projections of DMACdCl3 structure and (c): view of one inorganic 

        
  chain 

 

3.2 Opto-electronic properties 

3.2.1 UV-Vis-NIR diffuse reflectance 

                  



The solid state diffuse reflectance spectra of the developed crystals are recorded and plotted in 

Figure 2.(a). The doping with Zn
2+

 ions increases the reflectivity of the material in the visible 

region from about 50 % to 75 %. Two broad bands are observed in the spectrum of the Cu
2+ 

doped compound. The first one is located between 200 and 500 nm and it corresponds to the 

LMCT transitions. The second one, spanning the low-energy region of the visible range and 

the near infrared region, results from the d-d transitions around the Cu
2+

 ions.  

 

Figure 2. (a): UV-Vis-NIR diffuse reflectance spectra and (b): Kubelka-Munk absorbance 

spectra of DMACdCl3, DMACdCl3 : Zn and DMACdCl3 : Cu.  

Using the Kubelka-Munk function (Equation 1), the reflectance spectra were translated into 

absorption spectra (see Figure 2.(b)). 

 

 ( )  
(   ) 

  
 

 

 
                                                   ( ) 

Figure 2.(b) shows no characteristic absorption in the visible range for both the pure and the 

Zn-doped compounds,, which makes them suitable for WLED applications. These two 

compounds display narrow absorption bands below 250 nm. The peaks observed between 250 

and 400 nm (the inset of Figure 2.(b)) can be assigned to the excitons confined within the 

inorganic network. In the absorption spectra of the Cu
2+

-doped compound, a large absorption 

band is observed in the UV-Vis range below 500 nm. This band results from the LMCT 

transitions within the material. The broad band in the Vis-NIR region, centered at 880 nm, 

results from the d-d transition within the Cu
2+

 cation. The occurrence of this band confirms 

                  



the presence of the [CuCl6]
4-

 complexes in the DMACdCl3 structure. As a result, the 

DMACdCl3 : Cu material exhibits an intense absorption ranging the UV-Vis-NIR spectra, 

which makes it suitable as a light absorber in photovoltaic SCs.  The red shift of this broad 

absorption band with respect to that of other transition metals, such as Mn
2+

 and Fe
2+

, is due 

to the high Jahn-Teller effect around the Cu
2+

 ions in the nearly tetragonal symmetry D4h. 

This band is observed at 884 nm in the Cu
2+

-doped perovskite MACdCl4: Cu
2+

.[50]  

The Gaussian fitting of the absorption spectrum of DMACdCl3 : Cu (Figure 3) shows that 

this band is an overlapping of three bands that are assigned to crystal field transitions E1, E2 

and E3 from a1g (z
2
) , b2g (xy) and eg (xz , yz) to b1g (x

2
-y

2
), respectively. Five LMCT 

transitions were depicted in the UV region at 455, 397, 336, 244 and 211 nm. According to R. 

Valiente et al., [51] the observed bands are compared to that of the one-dimensional Cu
2+

 

doped MACdCl3 : Cu
2+

 and assigned to their corresponding LMCT transitions (Table 1). 

Table 1. Assignment of the observed LMCT transitions 

Observed transition (nm) Corresponding LMCT transition 

455 a2u (π+σ) → b1g (x
2
-y

2
) 

397 eu (π+σ) →b1g (x
2
-y

2
) 

336 b2u (π) → b1g (x
2
-y

2
) 

244 eu (σ+π) → b1g (x
2
-y

2
) 

211 a2u (σ +π) →b1g (x
2
-y

2
) 

 

                  



 

Figure 3. (a): Multi-peaks Gaussian fit of the absorption spectrum of the doped DMACdCl3 : 

Cu and (b): energetic diagram of the d-d transitions within the Cu
2+

 ion. 

  The fundamental band gap energies of the synthesized compounds were calculated using the 

Tauc relation: 

  ( )     
 
     (       )                                               ( ) 

where A is a constant, h and ν are the Planck's constants and the photon frequency, 

respectively. The type of the gap transition is direct for m = 1/2 and indirect for m = 2. The 

calculated “m” values for the three compounds confirm the direct nature of the fundamental 

gap transitions inside all crystals. A detailed calculation is described in the supplementary file 

(Figures S1, S2 and S3). The plot of [F(R)hν]
2
 vs hν (Figure 4) shows that the pure 

DMACdCl3 is characterized by a large gap of 5.36 eV. This value is close to that of 

previously reported Cd-based halides where the conduction band (CB) arises from Cd-5s 

orbitals and the valence band (VB) originate from Cl-3p orbitals. [52,53]  

                  



The doping of this material by Zn
2+

 ions maintains the gap energy unchanged at about 5.61 

eV while the incorporation of the transition metal Cu
2+

 decreases the gap energy towards 

2.51eV. 

 

Figure 4. Tauc plots for direct gap determination. 

3.2.2 Computational Modeling 

To gain insight into the electronic properties of the DMACdCl3-doped materials, DFT 

calculations have been performed, see Computational Details in Supporting Information.  

Starting from the pure DMACdCl3 crystal structure, we relaxed the atomic position while 

keeping the cell parameters fixed and we calculated a band gap of 5.58 eV in perfect 

agreement with the experimental measurements. Then we simulated the doped materials while 

replacing one of the four Cd atoms with Cu and Zn, alternatively, and proceeding to geometry 

relaxation and electronic structure analysis. The Cu-doped system showed a band gap of 2.62 

eV while no band gap variation was found for the Zn-doped perovskite (5.59 eV) with respect 

to the pure Cd materials, which is in line with the optical measurements. To analyze the 

electronic structure, we report in Figure 5 the density of states (DOS) for the simulated 

species. In particular, the pure Cd perovskite shows a VB mainly constituted by the Cl 

contribution while the CB is associated to the Cd states coupled with the Cl contribution (see 

Figure 5.(a)). As for the doped material, while the VB is also associated in these cases to the 

Cl contributions, the Cu atoms introduce an unoccupied state in the DMACdCl3 : Cu 

perovskite that causes the lowering of the band gap at 2.62 eV, see Figure 5.(b). On the other 

hand, the Zn-doped system shows a CB with the Cd contribution coupled with Zn states at a 

                  



slightly higher energy, see Figure 5.(c). For all three systems, organic contribution is shallow 

in the VB and CB. 

 

Figure 5. Density of States (DOS) with metal contribution, chloride contribution and spin 

differentiation (α positive, β negative) of (a) DMACdCl3, (b) Cu: DMACdCl3 and (c) Zn: 

DMACdCl3. 

 

 

3.2.3 Photoluminescence properties 

Recently, the white light emission from Cd-based low-dimensional structures have been 

demonstrated.[52,53] In previously reported Cd-based halides, the emission analysis has 

shown that the PL properties are very similar to those of the pure CdX2 (X = Br, Cl and I). 

[14,54,55]  The emission peaks of the pure CdX2 compounds are observed in the range 326-

620 nm and their positions depend on the halogen nature and the excitation wavelength.[56–

60] In order to study the effect of the partial substitution of Cd atoms with Zn and Cu atoms 

on the luminescence properties of the DMACdCl3, the pure and the doped materials were first 

excited with photon energy above the gap energy of the pure DMACdCl3 under 6.2 eV (λexc= 

200 nm). Then, they were excited below the gap, under 5.16 eV (240 nm). As shown in 

Figure 6, all the compounds exhibited a broad-band emission spanning hole in the visible 

range and the emission intensity decreases substantially by the substitution of Cd atoms. The 

                  



multi-peaks deconvolution of the emission spectra of the pure DMACdCl3 obtained under 200 

nm and 240 nm shows that the observed PL band results from two bands centered at 382 and 

522 nm under an excitation wavelength of 200 nm and at 335 and 508 nm under 240 nm 

(Figure 7). According to previously studied Cd-based hybrid compounds, the higher energy 

band is assigned to photo-induced excitons confined within the inorganic CdCl6 octahedra 

while the lowest energy broad band results from the self-trapped excitons (STE) transitions. 

[52,53] Figures 8 and 9 show the multi-peaks fitting of the PL spectra of the doped materials 

excited under 200 and 240 nm. It is clear that the doping of the material generates a slight 

shift of these peaks.  

 

 

Figure 6. PL spectra of the pure and the doped compounds under excitation wavelength of 

200 nm (a) and 240 nm (b). 

 

 

                  



 

Figure 7. Multi-peaks fitting of the experimental PL spectra of the pure DMACdCl3 under 

excitation wavelength of 200 nm (a) and 240 nm (b). 

 

Figure 8. Multi-peaks fitting of the experimental PL spectra of (a): the Zn-doped and (b): the 

Cu-doped compounds under λExc = 200 nm. 

 

                  



 

Figure 9. Multi-peaks fitting of the experimental PL spectra of the Zn-doped (a) and the Cu-

doped (b) compounds under λExc = 240 nm. 

The calculated chromaticity coordinates CIE are visualized on the chromaticity diagram 1931 

(Figure 10). All the calculated parameters ((x ; y), CRI and Correlated Color Temperature 

(CCT)) characteristic of the emitted light under 200 and 240 nm are presented in Table 2. The 

pure DMACdCl3 exhibited the greater color rendering index (CRI) above 90. The doping of 

the parent structure leads to the diminution of the CRI. With CCT above 6500 K, all the 

compounds show “cold” white light emission. Compared to the emission of the pure 

DMACdCl3, the doping of the parent material by Zn
2+

 ions shifts the emission to the blue side 

whereas the incorporation of Cu
2+

 shifts emission to the green side. As a result, the pure 

DMACdCl3 and the Zn-doped compounds are suitable for optoelectronic and WLED 

applications. For the Cu
2+

 doped DMACdCl3 : Cu perovskite, we demonstrate its suitability 

for both light emission and light absorber applications. 

                  



 

Figure 10 : CIE color coordinates of the emitted light in the 1931 chromaticity diagram: (a) 

under λExc=200 nm and (b) under λExc=240 nm. 

 Table 1. The chromaticity coordinates (x,y), the correlated color temperatures (CCT) and 

color rendering index (CRI). 

λExc (nm) Compound (x,y) CRI CCT [K] 

200 

DMACdCl3 (0.27 ; 0.30) 91 9384 

DMACdCl3 : Zn (0.25 ; 0.28) 89 13270 

DMACdCl3 : Cu (0.30 ; 0.38) 69 6540 

240 

DMACdCl3 (0.29 ; 0.32) 92 7582 

DMACdCl3 : Zn (0.25 ; 0.31) 84 11028 

DMACdCl3 : Cu (0.28 ; 0.38) 71 7117 

 

 

 

                  



4. Conclusions 

In this paper, the one-dimensional DMACdCl3 hybrid perovskite (DMA= (CH3)2NH2) was 

investigated and structurally characterized. In order to study the effect of the material doping 

with Zn
2+

 and Cu
2+

 ions on its optical and electronic behaviors, the two doped structures 

DMACd0.98Zn0.02Cl3 and DMACd0.97Cu0.03Cl3 were successfully stabilized. The UV-Vis-NIR 

absorption analysis shows that the pure material has a direct band gap nature with a gap 

energy of 5.36 eV. While the doping of the crystal with Cu
2+

 ions decreases the gap energy 

toward 2.51 eV, improving the semiconducting property of the material, the gap energy of the 

Zn
2+

 doped material is unchanged. The DMACdCl3 exhibits “cold” white light emission under 

an excitation wavelength of 240 nm with a CRI up to 92 and a correlated color temperature 

(CCT) of 7582 K. The partial substitution of the Cd atoms with Cu atoms decreases the 

intensity of the emitted white light under 240 nm and leads to “cold” white light emission 

with a CRI of about 71 and a CCT of 7117 K. By the doping of the material with Zn
2+

 ions, a 

blue-shift is observed, and the emitted light exhibits a CRI of 84 and a CCT about 11028 K. 

Then, the incorporation of Cu
2+

 ions into the structure makes the material suitable for WLE 

and photovoltaic SC applications with an enhancement of the visible light absorbance thanks 

to the d-d transitions within the Cu
2+

 cations. 
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