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Abstract. In the recent years, caesium lead halides CsPbX3 with the halogen elements 
Cl, Br and I have gained much attention of researchers owing to their attractive optical 
properties. In the present work we discuss the changes in their structure, bandgap and 
optical properties that occur under hydrostatic pressures 1–10 GPa. The density 
functional theory based on the generalized gradient approximation within the Perdew–
Burke–Ernzerhof approach for exchange-correlation energy is used for calculations, in 
conjunction with the augmented plane-wave pseudopotential method. Since the 
generalized gradient approximation underestimates the bandgap, we employ the GW 
method to improve the bandgap values. The optical properties are computed in the 
photon-energy range 0.1–3.6 eV, using the density functional perturbation theory. As 
the pressure increases, the Pb–halogen bonds become contracted, whereas the volume 
of the unit cell shrinks uniformly, with no phase or structure-type transformations. The 
bandgap decreases with increasing pressure and the corresponding decrease rate for 
CsPbI3 is less than that for CsPbBr3. In general, the optical response of the caesium 
lead halides increases with increasing pressure, while the peaks of maximums of the 
response functions are red-shifted. 
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1. Introduction 
All-inorganic perovskite compounds with a general formula ABX3 have gained much attention of 
researchers owing to their strong response to electromagnetic radiation. Light emitting diodes [1, 
2] and photodetectors [3] are among many applications of the ABX3 compounds. In addition, their 
direct bandgap makes them promising for low-cost and high-efficiency solar cells. Formerly, the 
above materials have proved their high power-conversion efficiency, which has increased from 
9.0% in 2012 up to 22.1% in 2016 [4, 5]. 

Among many inorganic perovskites, caesium lead halides (i.e., the compounds CsPbX3 with 
X = Cl, Br and I, which are abbreviated hereafter as CLHs) are known as direct-bandgap 
semiconductors [6]. All of the three compounds reveal phase transformations. So, CsPbBr3 has 
orthorhombic structure at the room temperature and undergoes a phase transition into a tetragonal 
phase at 88oC and into a cubic one at 130oC [7]. CsPbCl3 undergoes a monoclinic-to-cubic phase 
transition at 47oC [8]. Finally, initially orthorhombic CsPbI3 becomes cubic above 316oC [9]. 

A number of studies have dealt with the effect of pressure on the caesium lead halides. In 
particular, Geri et al. [10] have revealed a phase transition in CsPbBr3 and CsPbCl3 under the 
pressures up to 0.8 GPa at the room temperature. Zhang et al. [11] have proved the effect of 
pressure on the orthorhombic phase in CsPbBr3, measured its optical properties experimentally 
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with a diamond-anvil cell method, and calculated the bandgap using the density functional theory. 
Zhang et al. [12] have studied the phase transition, the bandgap and the evolution of optical 
properties of the halide perovskite CsPbCl3 upon compression. An orthorhombic-to-monoclinic 
phase transformation has been observed in CsPbI3 at 3.9 GPa. It lasts up to the pressures 15 GPa 
[13]. Finally, Ilyas and Elias [14] have predicted theoretically that cubic CsPbCl3 undergoes no 
phase transformation at the pressures up to 40 GPa. 

This work focuses on the behaviour of structural, energy-band and optical properties of the 
cubic CLH perovskites under hydrostatic compression. The first-principles calculations based on 
the density functional theory are performed in order to predict the structure, bandgap and the 
optical characteristics of the CsPbBr3, CsPbCl3 and CsPbI3 crystals subjected to hydrostatic 
pressures up to 10 GPa. 

2. Computational techniques 
The cubic perovskite ABX3 structure has five atoms per unit cell. In the present work, these atoms 
are assumed to be located as follows: A at (0.0; 0.0; 0.0), B at (0.5; 0.5; 0.5) and X at (0.5; 0.5; 
0.0), (0.5; 0.0; 0.5) and (0.0; 0.5; 0.5) (see Fig. 1). In our calculations we have used the density 
functional theory implemented with the Abinit package [15], in conjunction with the augmented 
plane-wave and norm-conserving pseudopotentials. We have employed norm-conserving, 
separable, dual-space Gaussian-type pseudopotentials by Goedecker, Teter and Hutter, as 
optimized for the generalized gradient approximation of the exchange-correlation functional by 
Perdew, Burke and Ernzerhof. The above approach considers the states 5s25p66s1 for Cs, 
5d106s26p2 for Pb, 4s24p5 for Br, 3s23p5 for Cl and 5s25p5 for I as valence states [16]. 

  

Fig. 1. Schematic structure of cubic 
CsPbX3 perovskites.  

 
At first, convergence calculations have been carried out. We have found that the acceptable 

convergence occurs with the plane-wave basis, the cut-off energy 1088 eV and the sampling of 
Brillouin zone based on the Monkhorst–Pack [17] k-point mesh of 6×6×6. We have applied the 
pressures 1–10 GPa to the unit cell of CLHs along all the directions. For each pressure, the system 
has been optimized structurally until the forces acting upon atoms are zero and the atoms are relaxed. 
This procedure is based upon the generalized gradient approximation of the density functional 
theory. Specifically, the Perdew–Burke–Erzornhof approach and the Kohn–Sham equation have been 
used to treat the exchange-correlation potential [18]. The optimized unit-cell dimensions (i.e., the 
lattice constant a) and the relaxed atomic coordinates have been taken to calculate the band structure 
and, hence, the bandgap, using the generalized gradient approximation within the approach by 
Perdew, Burke and Ernzerhof. The known GW method [19] has also been used to correct the 
fundamental bandgap values Eg. Real and imaginary parts of the dielectric function have been 
computed basing on the expressions derived with the density functional perturbation theory [20]. In 
addition, the real part of the refractive index and the absorption coefficient have been computed and 
used to interpret the response of our crystalline compounds to the visible light. 
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3. Results and discussion 
3.1. Behaviour of structure 
As mentioned above, the pressure has been applied homogenously to all sides of the cubic unit cell 
of the CLHs starting from 1 and finishing at 10 GPa. To predict structural response of our crystals 
to the hydrostatic pressure, the volume shrinkage and the contraction of Pb–halogen bond length 
are calculated. The main results are displayed in Fig. 2. 

 

Fig. 2. Changes in the unit-cell volume (left panels) and Pb–halogen bond length (right panels) calculated for 
CsPbBr3 (a), CsPbCl3 (b) and CsPbI3 (c) under compression.  

No phase transformation is observed up to the maximal pressure of 10 GPa. As the pressure 
increases, the volume shrinks monotonously and the unit-cell dimensions are reduced homogeno-
usly (see the left panels in Fig. 2), whereas the bond lengths in the Pb–halogen network become 
shorter (see the right panels in Fig. 2). One can notice that the decrease in the unit-cell volume and 
in the Pb–halogen bond length slow down slightly as the pressure approaches to 10 GPa. 



Structure, bandgap and optical properties 

Ukr. J. Phys. Opt. 2019, Volume 20, Issue 3 135 

3.2. Bandgap values 
The optimized lattice constants have been used to calculate the bandgaps Eg for the CLHs 
subjected to different pressures. This approach can offer a significant tool for tuning the optical 
properties of our crystals. The right panels in Fig. 3 show the pressure dependences of the bandgap 
at the high-symmetry points , X, M and R in the first Brillion zone. The left panels display the 
pressure dependences of the energies that correspond to the top of the valence band and the bottom 
of the conduction band at the same symmetry points. This illustrates the contributions of these 
points into the effect of Eg tuning. 

 
Fig. 3. Top of the valence band and bottom of the conduction band (left panels), and bandgaps (right panels) 
versus the hydrostatic pressure at different high-symmetry points, as calculated for CsPbBr3 (a), CsPbCl3 (b) 
and CsPbI3 (c). The GW method is not employed to update the R-R gap (colour in online). 

The bandgap values at the  and X points increase with increasing pressure. The appropriate 
pressure coefficients are 49.6 and 14.8 meV/GPa for CsPbBr3, and 61 and 27.8 meV/GPa for 
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CsPbCl3. For CsPbI3, the bandgap increases at the  point and decreases at the X point. Here the 
pressure coefficients are 46.7 and –20.22 meV/GPa, respectively. The bandgap values decrease at 
the both points M and R. The relevant pressure coefficients are equal respectively to –57.1  
and –136.9 meV/GPa for CsPbBr3, –53.3 and –131.7 meV/GPa for CsPbCl3, and –62.4 and  
–129.3 meV/GPa for CsPbI3. The above figures testify that the bandgap values at the , X and M 
points change only slightly with increasing pressure, while the bandgap at the R point undergoes 
somewhat larger changes. Hence, our results reveal that the bandgap at the R point is fundamental, 
which agrees well with the conclusions drawn in the earlier works. 

The left panels in Fig. 3 demonstrate that the energy values corresponding to the top of the 
valence band and the bottom of the conduction band increase with increasing pressure at the high-
symmetry points. However, our focus is the fundamental bandgap value, due to its significant role 
in optical transitions. It is clear from the left panels in Fig. 3 that, at the point R, the increase in the 
energy calculated for the top of the valence band is larger than that for the bottom of the 
conduction band. Obviously, this leads to narrower fundamental bandgap of the CLHs observed at 
higher pressures. 

Due to a well-known bandgap problem of the density functional theory [21], the bandgap 
values calculated within the generalized gradient approximation of the Perdew–Burke–Ernzerhof 
method are underestimated. To overcome this problem, we have employed the GW method. The 
corrected fundamental bandgaps for the CLH compounds are displayed in Fig. 4.  

  

 

Fig. 4. Fundamental bandgap values for CsPbBr3(a), 
CsPbCl3 (b) and CsPbI3 (c) as functions of pressure. 
Calculations are performed using the GW method. 
 

As seen from Fig. 4, the fundamental bandgap Eg decreases with increasing pressure. As the 
pressure varies from 1 to 10 GPa, the absolute changes are equal to –1.23 eV for CsPbBr3, –
1.19 eV for CsPbCl3 and –1.17 eV for CsPbI3. This implies that CsPbBr3 has the highest pressure 
sensitivity among the three compounds under analysis. 
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3.3. Optical properties 
We have found the total optical response of the CLHs to electromagnetic radiation in the photon-
energy region 0.1–3.6 eV, using the calculations of the pressure-modified complex dielectric 
function. The refractive index ( )n   and the absorption coefficient ( )   have also been 
calculated. Below we illustrate the main results obtained for our CLHs. 

3.3.1. CsPbBr3 
The imaginary and real parts of the dielectric function, as well as the absorption coefficient and the 
refractive index for CsPbBr3 are plotted against the photon energy in Fig. 5. At each pressure, the 
response fluctuates as the photon energy increases. In general, the calculated optical characteristics 
have nearly the same trend at all pressures. The increase in the pressure pushes the optical-
response curves towards lower energies (a so-called red shift) and causes changes in their peak 
values (see Fig. 5). 

 
Fig. 5. Imaginary (a) and real (b) parts of the dielectric function, absorption coefficient (c) and refractive index 

(d) for CsPbBr3 crystals at different hydrostatic pressures indicated in the legend (colour in online). 

The imaginary part of the dielectric function varies with increasing pressure, while its 
maximum increases and shifts towards lower energies. The Im( ( ))   curve has a maximum at the 
photon energy 2.53 eV, which is acquired at 1 GPa and equals to 7.67. It still increases to 14.36 
(being located at 1.3 eV) when the pressure is equal to 10 GPa. Thus, we have an increase of the 
peak response value and a red shift by 1.23 eV of the peak position. 

The real part of the dielectric function Re( ( ))   has a maximum, 14.01, at 10 GPa which is 
reached at 1.22 eV. This value decreases with decreasing pressure, until it approaches the value 
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8.43 at 2.44 eV. In the similar way, the peak of the absorption coefficient increases and shifts 
towards lower energies when the pressure increases. Its values are equal to 4.7107 and 3.7107 m–

1 when the pressures are 10 and 1 GPa, respectively. The behaviour of the refractive index is 
similar to that of the absorption coefficient. The maximal values of the refractive index at 10 and 
1 GPa are respectively 3.80 and 2.95. 

3.3.2. CsPbCl3 
Fig. 6 displays the changes in the linear optical properties for CsPbCl3 occurring at different 
pressures. As with the CsPbBr3 compound, here the maximal photon energy under test is equal to 
3.6 eV. Quite similar to the case of CsPbBr3, the optical response functions for the CsPbCl3 
crystals experience the fluctuations and trends with increasing pressure. In particular, the 
imaginary part of the dielectric function has the highest peak at the pressure 10 GPa. It equals to 
12.95, being located at the photon energy 2.36 eV. The same parameters at 1 GPa amount to 6.02 
and 2.93 eV. Hence, the red shift of the peak is 0.57 eV. The real part of the dielectric function, the 
absorption coefficient and the refractive index acquire their maximal values when the pressure is 
equal to 10 GPa.  

 

Fig. 6. Imaginary (a) and real (b) parts of the dielectric function, absorption coefficient (c) and refractive index 
(d) for CsPbCl3 crystals at different hydrostatic pressures indicated in the legend (colour in online). 

3.3.3. CsPbI3 
As with the CsPbBr3 and CsPbCl3 compounds, CsPbI3 experiences fluctuations and trends of the 
optical functions with changing pressure. The imaginary and real parts of the dielectric function 
increase and shift towards lower photon energies when the pressure increases from 1 GPa  
to 10 GPa (see Fig. 7). For instance, the peaks of the imaginary part are shifted by 1.72 eV  
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when the pressure increases from 1 to 10 GPa. The absolute maximums of the absorption 
coefficient and the refractive index of CsPbI3 at 10 GPa are equal to 4.14107 m–1 and 4.29, 
respectively, while the absolute minimums occur at 1 GPa. They amount respectively to 
3.38107 m–1 and 3.04.  

 
Fig. 7. Imaginary (a) and real (b) parts of the dielectric function, absorption coefficient (c) and refractive index 
(d) for CsPbI3 crystals at different hydrostatic pressures indicated in the legend (colour in online). 

4. Conclusions 
The structures, the bandgaps and the optical characteristics of the cubic CLHs have been studied 
under hydrostatic pressures 1–10 GPa. For this aim we have used the well-known approach by 
Perdew and Wang in the frame of generalized gradient approximation of the density functional 
theory, the GW method, and the density functional perturbation theory. 

We have demonstrated that none of the above materials experiences a phase transition under 
the pressure. The volume of the unit cell in the CLHs shrinks mainly due to contraction of the  
Pb–halogen bond lengths. The pressure coefficient of the volume contraction becomes less with 
increasing pressure. When the pressure increases, the bandgap values also decrease. The pressure 
rate of this process is reduced if one passes from Br to I. 

In general, the optical response of our materials becomes stronger with increasing pressure. 
The maximums of the imaginary and real parts of the dielectric function are then shifted down to 
the energies lower than 1.5 eV, which corresponds to the infrared range. The pressure changes in 
the imaginary part of the dielectric function are not the same for all of the three compounds.  
For example, the peaks corresponding to maximums are shifted towards lower energies by 0.57, 
1.23 and 1.72 eV respectively for CsPbCl3, CsPbBr3 and CsPbI3, as the pressure increases from  
1 to 10 GPa. The wider the bandgap of the material the less the corresponding shift is. 
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Issuing from the data obtained in the present work, one can witness a significant effect of 
hydrostatic pressure on the materials under study. Finally, our results can be important for 
predicting and improving both the electronic and optical properties of the cubic CLHs. 
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Анотація. В останні роки свинцевовмісні галогеніди цезію CsPbX3 з елементами галогенів 
Cl, Br та I привертають значну увагу дослідників завдяки привабливим оптичним 
властивостям. У цій роботі обговорено зміни в їхній структурі, ширині забороненої зони 
та оптичних властивостях, які з’являються під гідростатичними тисками 1–10 ГПа. У 
розрахунках використано теорію функціонала густини, що ґрунтується на узагальненому 
градієнтному наближенні в рамках підходу Пердью–Бурке–Ернцергофа для обмінно-
кореляційної енергії, разом із методом розширеного плоскохвильового псевдопотенціалу. 
Оскільки узагальнене градієнтне наближення недооцінює ширину забороненої зони, для 
поліпшення розрахунків ми застосували відомий метод GW. Оптичні властивості 
обчислено в діапазоні фотонних енергій 0,1–3,6 еВ на основі теорії збурень для функціонала 
густини. Показано, що зі зростанням тиску зв’язки Pb–галоген скорочуються, тоді як 
об’єм елементарної комірки однорідно зменшується, без жодних фазових перетворень або 
змін структурного типу. За цих же умов заборонена зона звужується, а відповідна 
швидкість її звуження для сполуки CsPbI3 менша, ніж для CsPbBr3. Загалом зростання 
тиску приводить до посилення оптичного відгуку свинцевовмісних галогенідів цезію, а піки 
максимумів їхніх функцій відгуку зазнають червоного зсуву. 


