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Abstract 

Wide bandgap hybrid halide perovskites based on bromine and chlorine halide 

anions have emerged as potential candidates for various optoelectronic devices. 

However, these materials are relatively less explored than the iodine based 

perovskites for microscopic details. We present experiment and first-principles 

calculations to understand the structural, optical and electronic structure of wide 

bandgap CH3NH3Pb(Br1-xClx)3 (x = 0, 0.33, 0.66 and 1) 3D hybrid perovskite 

materials. We substituted Br- with Cl- in order to tune the bandgap from 2.4 eV (green 

emissive) to 3.2 eV (blue (UV) emissive) of these materials. We correlate our 

experimental results with first-principles theory and provide an insight into important 

parameters like; lattice constants, electronic structure, excitonic binding energy (EX), 

dielectric constant and reduced effective mass (µr) of charge carriers in these 

perovskite semiconductors. Electronic structure calculations reveal that electronic 

properties are mainly governed by Pb 6p and halide p orbitals. Our estimates of EX 

within a hydrogen model suggest that increase in EX by increasing the Cl- (chlorine) 

concentration is mainly due to decrease in the dielectric constant with x and almost 

constant value of µr close to the range of 0.07me. 
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1. INTRODUCTION 

Organic-inorganic 3D-metal halide perovskite materials have become 

potential candidates for use in optoelectronic devices, with solar cell efficiency boost 

up from 3% to 20.1%1-5, efficient electroluminescence from visible to NIR range, 

lasers and photo-detector applications.6-10 These compounds occur in the standard 

ABX3 perovskite structure, where A, B & X are organic cations e.g. CH3NH3
+, divalent 

metal cation e.g. Pb+2, Sn+2, and halogen anion e.g. Cl-, Br-, I-, respectively. These 

materials are of low cost due to their low temperature solution processing thin-film 

deposition techniques, which provide a polycrystalline films with high charge carrier-

mobility.11-15 So far, most of the fundamental studies of devices have focused on 

iodine based hybrid perovskites because of high solar cell efficiency even in the 

planar cell geometry. However, whether it is for lighting/display or tandem solar cells 

wider band gap perovskites are equally important,16,17 and fundamental studies of 

these wide bandgap perovskites are necessary to understanding the influence of 

halide ions on various semiconductor material parameters apart from most the 

studied bandgap. The other important parameters include shape or dispersion of 

band structure which relates to the effective masses of charge carriers, dielectric 

constants and exciton binding energy (EX). A good understanding of these 

parameters not only provides the insight into physics of devices based on these 

compounds, but also opens a scope for development of new compounds (with 

different metal ion or molecular ion) from a similar ABX3 family. 

In this paper, we compare our experimentally observed band gap and exciton 

binding energies with the values obtained from DFT calculations. The DFT 

investigations of these halide pervoskite compositions provide useful insight into their 

electronic structure as a function of composition, identifying the specific material 
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parameters that are responsible for changes in the exciton binding energy. Our work 

provides an understanding of these optoelectronic materials and also provides a 

guideline to design new materials with desired properties in similar family of halide 

perovskite materials. 

2. COMPUTATION DETAILS 

In this manuscript, our focus is to get an insight of electronic structure using 

first-principles on AB(Br1-XClX)3 perovskites, which are potential blue light emitting 

materials for lighting/display devices. Our first-principles calculations are based on 

density functional theory (DFT), as implemented in the PWscf package.18 The 

calculations were performed using Perdew–Burke–Ernzerhof (PBE) exchange-

correlation functional19 within a generalized gradient approximation (GGA).20 We 

focus on the pseudo-cubic phase of mixed halide material with AB(Br1-xClx)3; x = 0, 

0.33, 0.66, and 1. We used  plane-wave basis sets to represent wave functions and 

density of valence electrons, and scalar relativistic ultrasoft pseudo-potentials21 to 

describe the interaction between ions and valence electrons: N and C 2s, 2p; H 1s; 

Pb 5d, 6s, 6p; Br 4s, 4p; and Cl 3s, 3p. Energy cutoffs of 30 Ry and 270 Ry were 

used to truncate the plane-wave basis sets used in representation of wave functions 

and density respectively. We use 8x8x8 k-point meshe to sample integrations over 

the Brillouin zone to obtain energies and electronic structure of different mixed halide 

compositions. We optimized the atomic geometry through total energy minimization 

using the Hellmann-Feynman forces.22 Such materials can sustain macroscopic 

electric fields, which couple with vibrations described by Born effective charges. 

These and electronic dielectric constants were determined using DFT linear-

response as implemented in Quantum Espresso. The theoretical estimates of 
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 5 

dielectric constants and reduced effective mass are used to determine the EX for 

these materials.  

3. EXPERIMENTAL SECTION  

For perovskite thin film deposition, we have followed method described earlier.14 We 

prepared perovskite solution of ABBr3 and ABCl3 using CH3NH3Br and CH3NH3Cl 

with PbBr2 and PbCl2 with 1:1 molar solution in DMSO, respectively. We mixed the 

perovskite in volumetric ratio of ABCl3/ABBr3 to tune the structural and optical 

property of AB(Br1-xClx)3 perovskite system. Perovskite thin film deposited inside the 

N2 filled glove box by 2000 rpm for 30 second on cleaned substrates. Structural 

analysis is done using HRXRD, (Regaku HRXRD SmartLab; CuKα =1.54 Å) and 

optical studies are carried out using Perkin Elmer Lambda 900 absorbance and 

FluoroMAX photoluminescence spectrometer. Morphological and element analysis is 

done using FESEM in EDX mode.  

 

4. RESULTS AND DISCUSSION 

 

Figure 1: (a) Typical crystal Structure of organic-Inorganic perovskite materials 

(AB(Br1-xClx)3); wherein CH3NH3
+, Pb2+ and X- occupy the corner (orange), body 

centered (green) and face centered (violet) position, respectively (b) X-ray 

diffraction pattern of AB(Br1-xClx)3 perovskite film (x = 0, 0.33, 0.66 and 1) on 

PEDOT:PSS/glass substrate.  
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 6 

 

We have performed experimental structural and optical characterization of 

AB(Br1-XClX)3 perovskite semiconductor films. Figure 1 (a) shows crystal structure of 

metal halide perovskite wherein CH3NH3
+, Pb2+ and X- (Cl-, Br-) occupy corner, body 

and face centred sites, respectively. In the crystal structure, PbI6 cage plays an 

important role in determining the electronic properties of a perovskite material. Here, 

we tune the structural properties of AB(Br1-xClx)3 wide band gap perovskite material 

by mixing the ABBr3 in ABCl3. ABCl3 and ABBr3 both have cubic crystal structure at 

room temperature. Hence,  AB(Br1-xClx)3 also has a cubic crystal structure at room 

temperature.14,23 Figure 1 (b) shows x-ray diffraction pattern for (AB(Br1-xClx)3; 

x=0,0.33, 0.66 and 1) perovskite materials deposited on PEDOT:PSS/glass 

substrate after annealing wherein we could change crystal structure with Br/Cl ratio. 

Diffraction angle and (hkl) values are matched with reported values (see in Figure 

S1 & Table S1).24,25 Metal halide perovskite materials are long ordered crystalline 

materials, and we observe from Figure 1 (b) that XRD peaks shift towards higher 

diffraction angles with increase in Cl- concentration in AB(Br1-xClx)3 and this is 

because of smaller atomic size of Cl-.26 The XRD peaks are quite sharp, thus these 

materials are good crystalline; narrow XRD peak is an indication of quality of 

materials in terms of fewer grain boundary defects. XRD peaks are found to be 

slightly broader (FWHM) for mixed halide (AB(Br1-xClx)3) cases than the end-member 

pure single halides (ABBr3 & ABCl3) (see in Figure 2d). Compositional analysis was 

performed using FESEM (field emission scanning electron microscopy) in EDX mode 

(see in Figure S2). For the compositional values (x = 0, 0.33, 0.66, and 1), the lattice 

parameters satisfy the Vegard’s law of a linear relationship between them. This 

suggests that AB(Br1-xClx)3 perovskite film has cubic crystal structure in all four 
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 7 

compositions and lattice parameter decreases monotonically with increase in 

chlorine content (see in Figure S3).14,26  

 

Figure 2: (a) Absorbance spectra of AB(Br1-xClx)3 (x = 0, 0.33, 0.66 and 1) on 

PEDOT:PSS/glass substrate after annealing (b) Photoluminescence (PL) spectra of 

AB(Br1-xClx)3 (x=0, 0.33, 0.66 and 1) at 355 nm excitation wavelength (c) Excitonic 

peak and PL peak vs composition curve which shows excitonic peak are blue shifted 

from PL peak (d) FWHM of PL peak, Urbach energy and FWHM of XRD peak vs 

Chlorine contents in AB(Br(1-x)Clx)3 film. 
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 8 

Table 1: Experimental and theoretically calculated bandgap and lattice parameter 

values for various perovskites AB(Br1-xClx)3. 

Perovskites Lattice Parameter (Å) Band gap (eV) 

 Calculated Experimental Calculated Experime

ntal 

ABBr3 6.05 5.95 2.17 2.42 

ABBr2Cl 5.98 5.83 2.30 2.59 

ABBrCl2 5.91 5.75 2.52 2.82 

ABCl3 5.80 5.66 2.61 3.16 

 

We investigated optical properties of AB(Br1-XClX)3 perovskite films using steady 

state absorption and photoluminescence spectrum studies. Figure 2 (a) shows 

absorbance spectra for AB(Br1-xClx)3 film with x=0, 0.33, 0.66, 1. From absorbance 

spectral measurements, we observe that the band-edge of the spectrum is 

dominated by an excitonic peak at room temperature, and it gets sharper with 

increase in chlorine content in the perovskite along with a blue shift in the band-

edge. Steeper band-edges suggest that AB(Br1-xClx)3 are ordered in nature and are 

direct bandgap semiconductors. However, Tauc formula is not the correct method for 

determination of electronic bandgap of these wide bandgap perovskite 

semiconductors, as the excitonic absorption dominates at band-edge and influence 

the oscillator strength of inter-band transitions. We calculate electronic bandgap (Eg), 

EX and excitonic peak position from absorbance spectra using Sommerfield theory of 

Wannier exciton.14,27 Eg and EX are given in Table 1 & Table 2. We also fit the tail 

part of absorbance spectra to calculated Urbach energy (see in Figure S4), which is 
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 9 

found to be lower for Single halide and slightly higher for mixed halide based 

perovskite films. This suggests that the measured disorder is probably due to more 

grain boundaries (domain size α 1/XRD’s FWHM) in the case of mixed halide film that 

is in agreement with our structural studies (see in Figure 2d). Figure 2(b) shows 

photoluminescence spectra of all the four compounds. We observed a blue shift in 

the PL peak and full width at half maxima (FWHM ~ 110 ± 15 meV) of PL peak 

shows almost similar behavior like Urbach & FWHM of XRD peak (See Figure 2d, 

Figure S4 and Table S2) with respect to change in composition. PL peak is red 

shifted from excitonic peak by ~110 meV and both follow same trend see in Figure 

2c. This redshift can be attributed to spectral diffusion of the excited state, which 

depends on FWHM of exciton absorption peak and temperature. 

Table 2: Average reduced effective mass (µr), dielectric constant (εr) and exciton 

binding energy (EX) values calculated by DFT model. 

  

 

Experimental observations of the changes in optoelectronic properties with 

change in the halide anion content presented above augur well for the tenability of 

Perovskites   

   R-M 
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 εr Calc. 
EX 
(meV) 

Exp. 
EX 
(meV) 

  me mh  me mh       

ABBr3 0.20 0.16 0.12 0.11 0.089 0.057 0.073 4.67 45 45 

ABBr2Cl 0.22 0.21 0.10 0.12 0.107 0.052 0.079 4.28 58 53 

ABBrCl2 0.20 0.17 0.12 0.11 0.091 0.057 0.074 3.96 64 58 

ABCl3 0.16 0.15 0.12 0.10 0.085 0.057 0.071 3.76 68 64 
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 10

hybrid perovskites. However, it is not quite clear how the halide content affects 

microscopic and macroscopic parameters, like carrier effective mass, dielectric 

constant, density of states and band structure of each semiconductor material, and 

needs more insightful theoretical investigations. First, we describe structural 

properties of these films. The standard DFT-GGA calculations usually provide 

geometrical structure and relative stability in good agreement with experimental 

data.28 Our theoretical results for the lattice parameters of mixed halide are 

summarised in Table 1. The calculated lattice parameters for the pseudo cubic 

structured17 composition AB(Br1-xClx)3 are 6.05 Å(5.95 Å), 5.98 Å (5.83 Å), 5.90 Å 

(5.75 Å), and 5.82 Å (5.66 Å) for x = 0, 0.33, 0.66, and 1 respectively, which are 

slightly larger than experimental values within an acceptable limit (about 1 % 

overestimation is typical of GGA calculations). The standard GGA-PBE is well known 

to provide the geometrical structures and relative stabilities for the perovskites. 

However, for CH3NH3PbI3, the overestimation of GGA(PBE)-calculated lattice 

parameters was attributed to the neglect of van der Waals interactions between the 

cationic CH3NH3 and anionic [Pb–I] frameworks.29,30 The inclusion of vander Waals 

interactions in DFT may improve the calculated lattice parameters as reported 

earlier,8,13 however, the electrostatic interaction is expected due to interaction of the 

cationic organic molecules with the anionic inorganic matrix resulting ionic nature of 

these compounds which are well described in DFT-GGA.28 In this regard, the current 

halide perovskites are expected to be different from organic materials for which van 

der Waals force dominates the intermolecular interactions. In a very recent paper,31 

the lattice parameters and atomic positions of Pb- and Sn-based perovskites were 

fully optimized using the Perdew-Burke-Ernzerhof (PBE) functional within the 

generalized gradient approximation (GGA). In the present calculation, the optimised 
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 11

lattice parameters obtained within standard GGA-PBE agree within the typical GGA 

errors with experimental results.14,25,26 In any case, to evaluate the impact of this 

small error on electronic properties, we determined the band-gap at experimental 

lattice constant, and find that it changes by only 0.12 eV. The band-gap values of 

2.17 (2.05) eV were obtained for ABBr3 for optimised (experimental) lattice constant 

values of 6.05 Å (5.95 Å), however, band structure remains same.  
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Figure 3: PDOS of AB(Br(1-x)Clx)3 for (a) x=0, (b) x=0.33, (c) x=0.66 and (d) x=1.The 

zero is set at top of valence band. 
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Thus, effects of errors in lattice constants would not alter our conclusions on 

anion-dependent exciton properties studied here. The structural data suggests the 

preferential occupation of Cl- ion at the apical site, which is consistent with the 

previous reports.32,33 The lattice parameter decreases as the chlorine content 

increases because of its smaller radius as compared to bromine. A smaller chlorine 

anion has a smaller cavity with a slight structural destabilisation as reflected in 

energetics and increase in the band gap. The calculated band gaps with DFT-GGA 

are presented in Table 1, which agree well with experimental values.14 Typically, the 

standard DFT-GGA calculations underestimate the band gap. In the present cases, 

the GGA-DFT estimates of gaps are close to experimental values because of 

cancellation of errors associated with neglect of (a) spin-orbit coupling (SOC) which 

causes reduction in the gap, and (b) self-interaction corrections which result in 

increase in the gap.28 Since, we are interested in trends and changes in electronic 

properties with Cl concentration (Table 1 & Figure S5), it is reliable and cost-effective 

to continue the calculations with GGA-DFT. 

The partial density of electronic states of AB(Br1-xClx)3 for x=0, 0.33, 0.66, and 

1 are presented in Figure 3 (a-d). The width of uppermost valence band is 3.5 eV for 

x = 0. The main contribution from states of CH3NH3
+ comes around 5.0 eV deep 

below the VBM and it does not play a significant role in optical and electronic 

response of material similar to ABI3.
34 The organic cations do not contribute to VBM 

and CBM which are responsible for conductivity however they maintain overall 

charge neutrality35 and structural stability.  

   The states at the valence band maximum (VBM) originate mainly from the strong 

bonding and anti-bonding states of the Br 4p and Pb 6s orbitals, hybridization of 

which is responsible for dispersive nature of uppermost valence band. On the other 
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hand, the bottom of valence band comprises mainly of the states of Br and Pb p 

orbitals. The dispersive nature of upper valence band gives the smaller hole effective  

 

Figure 4: Electronic band structure of AB(Br1-xClx)3 for (a) x=0, (b) x=0.33, (c) 

x=0.66 and (d) x=1.The zero is set at top of valence band. 

mass comparable with electron effective mass as shown in Table 2 and consistent 

with earlier report.36 The small effective mass results in high carrier mobility which is 

an important criterion for the good power efficiency of photovoltaic materials. The 

conduction band minimum (CBM) originates from Pb 6p orbitals having negligible 

coupling with Br 4p orbitals and shows a weakly bonding state between Pb 6s and Br 

4p orbitals.37 The addition of chlorine introduces Cl 3p states in the uppermost 
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valence band whereas the valence band edge is still mainly Br 4p states for x = 0, 

and 0.33, mixed contribution from Br 4p and Cl 3p in x = 0.66, and comes from Cl 3p 

in x = 1. In the deep valence band, the change in the number of peaks is evident ~ -

13.5 eV (see in Figure S6) due to change in contributions of s orbitals of halide 

atoms. However, the Pb 6p contribution at CBM remains unchanged at all 

compositions.  

In perovskite ABBr3, the Pb and CH3NH3 donate two and one electron 

respectively to three Br ions forming a direct band gap of 2.17 eV between 

unoccupied Pb p orbitals and occupied Br p orbitals leading to high efficient optical 

absorption. The CH3NH3 has no covalent bonding with the Pb-Br framework and 

therefore does not create any additional gap states. All compositions of x between 0 

and 1 have direct band gaps (see in Figure 4) and both the VBM and CBM were 

found to be located at R-point of Brillouin zone. The average carrier velocity in 

AB(Br1-xClx)3 for x = 0.33-1.0 should be lower than that in ABBr3 due to more 

localised Cl 3p states than Br 4p states.38 The band gap increases when bromine is 

replaced with chlorine atom, which is consistent with previous report.39 The effective 

masses are relatively very small. The effective mass of a hole at the VBM is lower 

than that of an electron at CBM and the calculated values are consistent with the 

previous report for x = 0 and x = 1 end-members.40 The reduced effective mass is 

calculated using  

 

   
�

��
=

�

��
+

�

�	
                   (1) 

 

Wherein, me and mh  are electron and hole effective masses, respectively.  

Page 15 of 25

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 16

The reduced effective mass of carriers was calculated as a function of x, and then 

used in finding average values of the reduced masses (see in Table 2). Reduced 

effective mass of these materials is found to be in a small range near 0.07 me, which 

are in very good agreement with recent experimental studies by Di et al41 and 

Galkowski et al.42 

The addition of chlorine increases the band gap, and hence the onset of absorption 

moves towards higher energy. However, the onset of optical absorption is dominated 

by the excitonic effects. The coulomb field of excitons influences the absorption at 

the band edges.14 The EX is given  

 

                    
� = �
�/��
��13.6	��                    (2) 

 

Where, µr is the reduced effective mass, and εr is the optical or electronic dielectric 

constant (square of refractive index).  

The theoretical estimates of dielectric constants for different compositions obtained 

using DFT-linear response are shown in Table 2. Due to pseudo-cubic lattice 

structural symmetry, the dielectric response of the hybrid materials is anisotropic and 

we use the average values of dielectric constant for different compositions in further 

analysis. The dielectric constant decreases with increasing concentration of chlorine 

in composition. It was notes earlier that dielectric constant for ABBr3 (4.8) is smaller 

than ABI3 (6.5),43 and it was explained with argument that the lower dielectric 

constant in ABBr3, comes from its larger band gap, and it results in larger exciton 

binding energy.44 Moreover, one possibility is that each A (CH3NH3
+) cation is 

located in a cage formed by the 12 nearest halogen atoms in the ABX3 hybrid 

perovskites. The size of this cage reduces when bromine is substituted with the 
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chlorine leading to reduced polarizability, and a drop in the dielectric constant, and 

subsequent increases in EX. 

5. CONCLUSION 

In conclusion, we presented a combined experimental and theoretical analysis of the 

structural and optoelectronic properties of wide bandgap perovskite materials, which 

have been shown to be potential candidates for use in optoelectronic devices in the 

UV-Vis range of electromagnetic spectrum. Our comparative analysis of 

experimental and theoretical results with reveals that a reduction in the lattice 

constant with increasing concentration of smaller Cl- ion at Br- site leads to increase 

in bandgap (Egα1/lattice constant) and reduction in the dielectric constant. We show 

that anionic substitution results in changes in density of states, bandgap and 

dielectric constant of materials. We find a reasonably good accuracy in estimation of 

effective reduced mass (0.07 me) and eventually a quantitative estimation of EX in 

the range from 45 to 65 meV. EX separately determined from Wannier-exciton model 

and a fit to absorption spectrum is in good agreement with calculated values. 

Overall, our work provides insights into composition dependent structural and 

optoelectronic properties of these materials, and should guide design of new 

materials with desired properties in halide based perovskite materials. 
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