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Organic-inorganic lead halide perovskites (LHPs) have attracted great interest owing to their outstanding 

optoelectronic properties. Typically, the underlying electronic structure would determinate the physical properties of 

materials. But as for now, limited studies have been done to reveal the underlying electronic structure of this material 

system, comparing to the huge amount of investigations on the material synthesis. The effective mass of the valance 

band is one of the most important physical parameters which plays a dominant role in charge transport and 

photovoltaic phenomena. In pristine CsPbBr3, the Fröhlich polarons associated with the Pb-Br stretching modes are 

proposed to be responsible for the effective mass renormalization. In this regard, it would be very interesting to 

explore the electronic structure in doped LHPs. Here, we report high-resolution angle-resolved photoemission 

spectroscopy (ARPES) studies on both pristine and Cl-doped CsPbBr3. The experimental band dispersions are 

extracted from ARPES spectra along both Γ̅ − M̅ − Γ̅ and X̅ − M̅ − X̅ high symmetry directions. DFT calculations 

are performed and directly compared with the ARPES data. Our results have revealed the band structure of Cl-doped 

CsPbBr3 for the first-time, which have also unveiled the effective mass renormalization in the Cl-doped CsPbBr3 

compound. Doping dependent measurements indicate that the chlorine doping could moderately tune the 

renormalization strength. These results will help understand the physical properties of LHPs as a function of doping. 
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1. Introduction 

Lead halide perovskites are a class of materials with the formula ABX3, in which A is cation, B 

is lead and C represents halogen [1]. Recently, lead halide perovskites (LHPs) have attracted intensive 

interest due to their potential applications in solar cells [2-5], light-emitting diodes [6-8], photon detection 

and laser devices [9-12]. In particular, solar cells with a LHP as the photovoltaic active materials have 

been certificated to achieve efficiency approaching 25% only several years after the initially reported 

efficiency of 4% [13-18]. In comparison, GaAs keeps a photoconversion efficiency record of ~29% after 

almost 6 decades of study from the initial efficiency of 4% [19, 20]. Another large advantage of LHPs is 

the low cost compared with other high efficiency materials, because the LHPs are easy to synthesize 

by simple solution methods [21]. 

Although the photoconversion efficiency of LHPs solar cell has been improved a lot, but a full 

understanding of the underlying microscopic mechanism is still lacking. In order to further enhance 

the quantum efficiency of LHPs, the underlying physical parameters should be carefully investigated. 

The effective mass of the carriers is an essential parameter in semiconductors, which plays a dominant 

role in both charge transport and optical absorption. In the past a few years, several studies have been 

carried out to investigate the electronic structure of LHPs by angle-resolved photoemission 

spectroscopy (ARPES) [22-27], which is one of the most direct ways to detect the band structure and 

effective mass [28, 29]. In CsPbBr3, ARPES results reveal that the effective mass is ~50% heavier than 

that calculated by the DFT. This effect has been explained by the formation of Fröhlich polarons [27, 30, 

31]. The ab initio electron-phonon coupling calculations show that the Fröhlich polarons are dominated 

by Pb-Br stretching modes, which would induce the effective mass renormalization [27]. However, the 

doping dependence of the effective mass renormalization is still lacking [32]. In this article, we report 

systematic study on the valance band effective mass for CsPbBr3 and CsPbClBr2 along both Γ̅ − M̅ −

Γ̅  and X̅ − M̅ − X̅  directions. These results reveal the role of element doping on the influence of 

carries effective mass in LHPs, which can also provide insights on the understanding of the enhanced 

quantum efficiency. 
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2. Experimental details and results 

  Single crystals of CsPbBr3 and CsPbClBr2 were prepared as follows [11, 33, 34]: (1) Firstly, CsBr and 

PbBr2 were dissolved in a 1:2 molar ratio in dimethyl sulfoxide (DMSO) solvent to obtain a solution 

with a lead ion concentration of 1M. Stir thoroughly at room temperature until fully dissolved. Then, 

any undissolved material was removed from the solution using a 0.2-micron organic syringe filter to 

obtain a clear solution. (2) Next, 1 mL of a mixed solution of dimethylformamide (DMF) and 

cyclohexanol (CyOH) was added to the clear solution (DMF: CyOH = 1.8:1, by volume) and stir until 

fully dissolved. (3) An appropriate amount of the prepared precursor solution was put in a 5 mL glass 

vial, the vial was sealed tightly and wrapped with sealing tape, then placed in an oil bath. The oil bath 

was gradually heated to around 70℃ and this temperature was kept for 48 hours. Visible crystals 

should form during this time. (4) When the growth was complete, the crystals were removed and the 

crystal surfaces were rinsed with ether, then placed in a vacuum drying oven for drying. The 

preparation process of CsPbClBr2 was the same as above except that the CsBr was replaced by CsCl 

and half amount of the mixed solution (with the same ratio) was used. ARPES measurements were 

carried out at Beamline 5-2 of the Stanford Synchrotron Radiation Lightsource (SSRL) of SLAC 

National Accelerator Laboratory with a photon energy of 33.5eV. The total energy resolution was ∼18 

meV and the base pressure was better than 3 × 10−11 torr. All samples were cleaved in situ with fresh 

cleaving surfaces and measured at room temperature (~300K) to avoid the possible charging effect. 

The Fermi level was determined by measuring the polycrystalline Au in electrical contact with the 

samples. First-principles calculations for CsPbBr3 and CsPbClBr2 were carried out by using the Vienna 

ab initio Simulation Package (VASP) in the framework of density functional theory (DFT) [35, 36]. The 

generalized gradient approximation (GGA) of the Perdew-Burke-Ernzerhof functional was adopted as 

the exchange-correlation functional [37-39]. The plane wave truncation energy was selected as 400 eV 

and the convergence accuracy of the self-consistent iteration was set as 1×10−6 eV/atom. The force 

convergence criterion was −0.01 eV/Å and the BZ was sampled with 11×11×11 k-mesh for structural 

relaxation and self-consistent calculation of CsPbBr3 and CsPbClBr2. The Br/Cl substitution effects 

were treated within the virtual crystal approximation (VCA) [40], and the optimized lattice constants 

for CsPbBr3 and CsPbClBr2 were a = b = c = 5.997 Å and 5.932 Å, respectively. The Green's function 

iterative method implemented in the WANNIERTOOLS (WT) software package [41] was adopted to 
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demonstrate the surface electronic properties. 

 

The crystal structure of CsPbClxBr3-x is shown in Fig.1 (a), different elements are represented by 

different colors. The three dimensional (3D) Brillouin zone is plotted in Fig.1 (b). The Γ − M − X − Γ 

plane locates at kz=0 and the Z − R − A − Z plane locates at kz=
𝜋

𝑐
. The projected 2D Brillouin zone 

is indicated by Γ̅ − M̅ − X̅ − Γ̅ plane. To examine stoichiometry of the elements in pristine and Cl-

doped sample, we have carried out energy-dispersive X-ray spectroscopy (EDS) on these samples as 

Figure 1. Characterizations of the CsPbClxBr3-x single crystals. (a) Schematic of the cubic crystal 

structure of CsPbClxBr3-x. The [PbBr6]4− octahedra are highlighted in gray. (b) 3D Brillouin zone 

of the cubic phase of CsPbClxBr3-x. (c) Energy-dispersive X-ray spectroscopy (EDS) results for 

CsPbBr3. Insert: scanning electron microscopy (SEM) image of the CsPbBr3 single crystal. (d) 

Same as (c) but for CsPbClBr2. (e-h) EDS mapping of the CsPbClBr2 single crystal. The 

distribution of Cs, Pb, Cl and Br elements are indicated by red, green, orange and blue, 

respectively. 
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shown in Fig.1 (c) and (d) respectively. The scanning electron microscopy (SEM) topography images 

are shown in the inserts. It is obvious that Cl peaks are observed in the Cl-doped sample, demonstrating 

that the Cl atoms are indeed doped into the sample. We have calculated the stoichiometric ratio in both 

pristine and Cl-doped samples. In the pristine sample, the atomic ratio for Cs:Pb:Br is ~ 1:1:3, which 

is consistent with the nominal ratio in CsPbBr3. In the Cl-doped sample, the atomic ratio is Cs:Pb:Cl:Br 

~ 1:1:1:2, which is also consistent with the nominal ratio in CsPbClBr2. We have also carried out EDS 

mapping on the Cl-doped CsPbClBr2 sample. As shown in Fig. 1(e-h), all elements are distributed 

uniformly in the single crystal samples. 

 

 

Constant energy maps of CsPbBr3 and CsPbClBr2 at the top of the valance band (valance band 

maximum, VBM) are shown in Fig.2 (a) and (b), respectively. The dashed lines indicate the Brillouin 

Figure 2. ARPES spectra of CsPbBr3 and CsPbClBr2 . (a-b) Symmetrized constant energy map at 

E=EVBM for CsPbBr3 and CsPbClBr2, respectively. (c-d) Electron energy band of CsPbBr3 and 

CsPbClBr2 along 𝛤 − 𝑀̅ − 𝑋̅ − 𝛤 , respectively. The extracted band dispersions are appended to 

the spectra. (e) Extracted band dispersions along 𝛤 − 𝑀̅ − 𝛤. The data of CsPbBr3 (CsPbClBr2) 

are shown in black (red). The parabolic fitting results are shown by solid lines. (f) Same as (e) but 

along the 𝑋̅ − 𝑀̅ − 𝑋̅ direction. 
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zone of the cubic phase of CsPbBr3. It is clear that the valance band maximum is always at the M̅ 

point, regardless of the Cl doping. The energy bands of CsPbBr3 and CsPbClBr2 along Γ̅ − M̅ − X̅ −

Γ̅ are presented in Fig.2 (c) and (d), respectively. For simplicity, we follow the earlier study to set the 

energy of the valance band maximum as zero (E-EVBM=0)[27]. The overall band structure is similar in 

both samples, with a hole-like band around M̅ and a Van Hove singularity around X̅ point. In order 

to quantitatively compare the band dispersion as a function of doping, we extract the dispersion near 

the valance band maximum and present them in Fig.2 (e) and (f). Shown in Fig.2 (e) is the band 

dispersion along Γ̅ − M̅ − Γ̅ . Pristine and Cl-doped data are represented by black and red circles, 

respectively. To examine the effective mass, parabolic fittings are carried out near the valance band 

maximum, following the earlier study[27]. The band dispersions along X̅ − M̅ − X̅ are shown in Fig. 

2(f), where parabolic fittings are also performed. Following the earlier study, these measurements are 

carried out with a photon energy of 33.5eV, which corresponds to kz~0.5Å-1 near the R point [27].  

 

Figure 3. DFT calculations for CsPbBr3 and CsPbClBr2. (a) Calculated constant energy map of 

CsPbBr3 at E=EVBM with kz=
𝜋

𝑐
 . (b) Calculated energy band of CsPbBr3 along 𝛤 − 𝑀̅ − 𝑋̅ − 𝛤 

Black lines represent the DFT band dispersion along 𝛤 − 𝑀 − 𝑋 − 𝛤 (kz=0). Red lines represent 

the DFT band dispersion along 𝑍 − 𝑅 − 𝐴 − 𝑍 (kz=
𝜋

𝑐
). (c-d) Same as (a-b) but for CsPbClBr2. 
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  For comparison, we have carried out first-principles calculations. Fig.3 (a) and (c) are constant 

energy maps for CsPbBr3 and CsPbClBr2 at the valance band maximum with the same kz as that in the 

experiment. Both of them are similar to the experimental results in Fig.2 (a-b). Fig.3 (b) and (d) are 

calculated energy bands for CsPbBr3 and CsPbClBr2 along Γ̅ − M̅ − X̅ − Γ̅. The band dispersion along 

𝑍 − 𝑅 − 𝐴 − 𝑍 (kz=
𝜋

𝑐
) is shown by red lines and the band dispersion along Γ − M − X − Γ (kz=0) is 

indicated by black lines. Following the experimental results, the energy of the valance band maximum 

is set as zero. A resemblance is clearly seen between the calculations and the experiments, which 

further confirms that the overall band structure remains similar with the Cl doping. These results also 

establish a basis for a quantitative comparison of the effective mass as a function of doping.  

 

    

Figure 4. Comparison of the effective mass for pristine and Cl-doped CsPbBr3. (a) Comparison of 

DFT and experimental results for CsPbBr3 and CsPbClBr2 along 𝛤 − 𝑀̅ − 𝛤. DFT results for 

CsPbBr3 and CsPbClBr2 are plotted by dashed black and red lines, respectively. The experimental 

results (from the parabolic fitting) for CsPbBr3 and CsPbClBr2 are shown by solid black and red 

lines, respectively. (b) Same as (a) but along 𝑋̅ − 𝑀̅ − 𝑋̅. (c) Summary of both experimental and 

theoretical effective mass for CsPbBr3 and CsPbClBr2. Data along 𝛤 − 𝑀̅ − 𝛤 (𝑋̅ − 𝑀̅ − 𝑋̅) is 

shown in blue (red). 
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   In order to carefully examine the renormalization of the effective mass, both the experimental 

(solid lines) and calculated (dashed lines) bands are shown in Fig.4 (a-b) for comparison. First, the 

experimental effective mass is significantly larger than the one from DFT calculation. This point 

remains valid in both pristine and Cl-doped samples. Second, the experimental effective mass becomes 

larger with Cl doping, whereas the calculated one exhibits little change as a function of doping. As 

shown in Fig.4 (a), parabolic fittings[27] of the experimental results give rise to an effective mass 

m*=0.29me for CsPbBr3 along the Γ̅ − M̅ − Γ̅  direction [See FIG. S1 (a)]. This effective mass is 

further increased to m*=0.37me in CsPbClBr2 [See FIG. S1 (b)]. On the other hand, the parabolic 

fittings of the DFT bands along Γ̅ − M̅ − Γ̅ show a bare effective mass m0=0.17me for both pristine 

and Cl-doped samples [See FIG. S1 (c-d)]. The same is true for the bands along another high symmetry 

direction X̅ − M̅ − X̅. As shown in Fig.4 (b), the experimental data give an effective mass m*=0.26me 

for CsPbBr3 and m*=0.38me for CsPbClBr2, respectively [See FIG. S2 (a-b)]. The DFT calculations 

show a bare effective mass m0=0.17me for both CsPbBr3 and CsPbClBr2 along the X̅ − M̅ − X̅ 

direction [See FIG. S2 (c-d)]. In order to visualize the evolution of the effective mass, the above results 

are summarized in Fig. 4(c) for comparison. 

 

3. Discussion 

Next, we discuss the implications of our results. At room temperature, CsPbBr3 has an 

orthorhombic crystal structure, which is different from the cubic structure. A cubic to orthorhombic 

phase transition occurs below 360K[42-44]. However, an earlier study reports that the electronic structure 

of CsPbBr3 follows the periodicity of the cubic phase rather than orthorhombic phase at room 

temperature[27]. Our results have confirmed this point and extended this observation to the Cl-doped 

sample. For comparison, the first-principles calculations have also been carried out for the cubic phase 

structure. With these points clarified, we focus on the renormalization of the effective mass. First, for 

the pristine sample, the experimental effective mass (m*=0.29me) is much heavier than the bare 

effective mass (m*=0.17me) along the Γ̅ − M̅ − Γ̅ direction. This is consistent with the earlier study, 

where an effective mass of 0.26me was reported [27]. Our results further reveal that the effective mass 

along the X̅ − M̅ − X̅ direction (m*=0.26me) is also significantly heavier than the bare effective mass. 

These results are consistent with the theoretical proposal that the enhancement of the effective mass is 
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caused by the Fröhlich polarons[27]. Second, our experimental results reveal that the effective mass is 

further enhanced in the Cl-doped sample. One possibility is that the Cl element substitution changes 

the lattice and the band structure of the crystal. As such, the effective mass would also change with Cl 

doping. However, the DFT calculations indicate that the band structure of the pristine and Cl-doped 

samples are similar, and the associated bare effective mass shows little change with Cl doping. Another 

possibility is to consider the scenario of Fröhlich polarons [27, 30]. On one hand, the Pb-Br stretching 

modes may change with Cl element substitution, which would naturally change the polarons. On the 

other hand, the electron-phonon coupling strength may change with the Cl doping, which would also 

affect the effective mass of the electrons. In a practical point of view, our results indicate that the 

electron-phonon interaction and the effective mass of the electrons in CsPbBr3 can be manipulated by 

a simple element substitution, which would help the material design and synthesis in LHPs. 

 

4. Conclusions 

In conclusion, by performing high resolution ARPES measurements, we have revealed the doping 

dependence of the electronic structure in CsPbBr3 for the first time. The extracted effective mass from 

the experiments is significantly larger than the bare effective mass from DFT calculations. The 

experimental effective mass further increases with Cl doping. Our results are consistent with the 

scenario that the renormalization of the effective mass is due to electron-phonon interaction. They also 

shed light on the manipulation of the electronic structure of LHPs via chemical element doping. 
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