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ABSTRACT 

Inorganic halide perovskites have attracted enormous interest in recent years owing to 

their remarkable properties for next-generation optoelectronics. Yet their basic optical 

properties have been rarely explored, which failed to meet the demand of accelerating 

the progress of this emerging field. In this work, temperature dependent reflection 

spectroscopy and ellipsometry were carried out on a CsPbBr3 bulk perovskite single 

crystal. Two discernable optical transitions at around 2.4 and 3.4 eV with opposite 

temperature dependence are observed, indicating the complexity of the carrier-phonon 

scattering process in perovskites. The intrinsic transition energy, exciton-phonon 

interaction, exciton polariton and strong oscillator strength (~1.3 × 1030 rad2/sec2) of the 

three-dimensional Wannier-Mott excitons are revealed. We have acquired by 

ellipsometry measurement the wavelength dependent dielectric constants and the 

complex refractive indices which are vital for informed optical designs to achieve device 

performance optimization. Furthermore, the essential and elemental optical properties 

such as absorption coefficient, absorption cross-section, optical conductivity and 

dispersion relation of CsPbBr3 are obtained. These parameters give insights in both 

fundamental physics and practical applications of CsPbBr3 perovskites. This work 

unveils the photophysics of inorganic perovskites as well as offers approaches to 

identify the optical transitions and extract essential physical parameters, which can be 

utilized to explore other perovskite materials and nanostructures. 
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INTRODUCTION  

Halide perovskite materials have been emerging as promising candidates for light 

harvesting and light emitting devices.1 This kind of materials possesses high quantum yield, fast 

mobility of both electrons and holes, long diffusion length and facile bandgap tuning by mixing 

halides.2 Compared to the organic-inorganic hybrid perovskites, all-inorganic lead halide 

perovskites have been reported to exhibit higher stabilities and competitive performances.3-5 

Nonetheless, all-inorganic perovskites were much less explored than organic-inorganic hybrid 

ones. It is urged to clarify the fundamental photophysics of the all-inorganic perovskites to explain 

their favorable properties and then make better use of them. We investigated in this work the basic 

properties of a CsPbBr3 perovskite single crystal by ellipsometry and temperature dependent 

reflection spectroscopy. Ellipsometry and reflection spectroscopy are non-invasive and broad-

spectral experiment tools to unveil the optical properties that are significant in fundamental 

understanding and practical applications. The spectral features identified by ellipsometry and 

reflectance imply the meaningful information of energy band structures of the material, which can 

be applied to compare with theoretical calculations and refine the vital electronic structure 

simulations. The wavelength dependent optical constants are prerequisites for robust optical 

models which provide guidelines to design and optimize optoelectronic devices, signifying both 

potentials and limitations.  

 

Herein, bulk crystals were chosen to be characterized due to several reasons. First, bulk 

crystals retain the intrinsic properties of the material in contrast to thin films. The properties of the 

latter ones often depend on the methods of the synthesis, deposition, annealing and even the index 

of the solvent.6-8 Moreover, the stretch and compression caused by the lattice mismatch between 
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the thin film and the substrate deforms the lattice and electronic structure of the material. Thus, 

sample to sample variations abound. Second, different from nanostructures such as quantum dots, 

nanorods and nanoplatelets, the intrinsic property of bulk perovskites will not be affected by 

quantum confinement effect which will influence the exciton behavior, absorption spectrum and 

carrier decay rate.9 The properties of the intrinsic perovskite bulk crystals can then be rescaled to 

lower dimensional materials and be utilized as references for studies of vast morphologies of 

perovskites to infer the size and shape effects. Third, it was demonstrated that the photophysics of 

perovskites is closely linked to their grain sizes.10 Single crystals with much less impurities, defects 

and grain boundaries, have shown superior performances over polycrystals and need to be further 

characterized for future applications.11  

 

In this work, the fundamental photophysics of CsPbBr3 perovskite bulk crystal is 

investigated. Two discernable transitions are observed in which the higher energy one is usually 

absent in photoluminescence spectrum. The different behaviors of the two transitions with respect 

to the temperature indicate the complexity of the electron-phonon scattering in perovskites. The 

dependence of the three-dimensional Wannier-Mott exciton peak positions and linewidths on 

temperature is analyzed by a Lorentzian model and the optical phonon energy is deduced. By 

measuring ellipsometry, the dielectric constants and complex refractive indices are extracted. 

Based on the optical constants acquired, dispersion relation, absorption coefficient, absorption 

cross-section and optical conductivity spectra are presented. Finally, the oscillator strength of 

CsPbBr3 is estimated to be 1.3 × 1030 rad2/sec2. The large oscillator strength explains the excellent 

optical properties of perovskite and leads to a variety of possible applications in optoelectronic 

devices.  
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METHODS  

Synthesis. The crystal was synthesized by modified Bridgman growth method with a four-zone 

furnace. The thorough fabrication process can be found in ref 12. The sample studied in this work 

was cut from the bulk crystal. The high degree of crystallinity was demonstrated by high resolution 

X-ray diffraction which showed very narrow linewidths in rocking curve measurement.12  

 

Ellipsometry. Variable angle spectroscopic ellipsometry (VASE) is a non-destructive and highly 

sensitive instrument to study the fundamental optical properties of a material. It measures the 

change of polarization of light upon reflection. The perpendicular (s-) polarized light and the 

parallel (p-) polarized light behaves differently when reflected from the sample surface. The ratio 

of the reflection intensity of the s- and p- polarized light is portrayed by two parameters 𝛹 and 𝛥 

as 𝑟𝑝̃/𝑟𝑠̃ = 𝑡𝑎𝑛(𝛹)𝑒𝑖𝛥. See detail information in ref 13. The optical constants were extracted by 

CompleteEASE software (developed by J.A. Woollam Co.) utilizing B-spline polynomials, 

𝐵𝑖
0(𝑥) = {

1,   𝑡𝑖 ≤ 𝑥 ≤ 𝑡𝑖+1

0        otherwise,
(1a) 

𝐵𝑖
𝑘(𝑥) = (

𝑥 − 𝑡𝑖

𝑡𝑖+𝑘 − 𝑡𝑖
) 𝐵𝑖

𝑘−1(𝑥) + (
𝑡𝑖+𝑘+1 − 𝑥

𝑡𝑖+𝑘+1 − 𝑡𝑖+1
) 𝐵𝑖+1

𝑘−1(𝑥), (1b) 

where 𝑘 is the degree of polynomial splines, 𝑡𝑖 is the connection point of polynomials and 𝑖 is the 

knot index. B-spline model typically reduces the free parameters in fitting and the resulting 

correlations between parameters, and more significantly, it forces Kramers-Kronig consistency 

and ensures a physical plausible result can be obtained. 

Temperature Dependent Reflection Spectroscopy. The reflection spectroscopy was conducted 

on the CsPbBr3 perovskite bulk crystal from 10 K to room temperature in backscattering 
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configuration. Higher temperature measurements can be detrimental to the cryostat system, while 

these measurements would be beneficial for studies of solar cells under intense heat. The light 

source was provided by a halogen lamp, and the reflected light was collected and resolved by a 

monochromator and then recorded by a photomultiplier. The sample was kept in a helium-cooled 

cryostat with fused silica optical windows. A smooth-surface Quartz slip with no absorption peaks 

throughout the recorded spectrum is also measured as a reference. A chopper and a lock-in 

amplifier are employed to improve the signal-to-noise ratio. The reflection spectrum of 

unpolarized light at room temperature was also recorded by VASE in Fig. 2(e) as a reference to 

confirm the reliability of the temperature dependent reflection setup. 

 

 

RESULTS AND DISCUSSION 
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FIG. 1. (a) 𝛹 and (b) 𝛥 measured by VASE on the CsPbBr3 sample. The red lines show the fitting results of multi-

angle analysis for both 𝛹 and 𝛥. (c) The dielectric constants 𝜀1(pink dash line) and 𝜀2 (blue solid line) and (d) the real 

part of the refractive index n (pink dash line) and extinction coefficient 𝜅 (blue solid line) extracted.  

 

We first investigated the optical transitions and dielectric functions of CsPbBr3 perovskites 

by VASE. 𝛹   and 𝛥  from 50 degrees to 80 degrees are shown in Fig. 1(a) and 1(b). The 

measurements were taken at different positions on the sample and the consistency of the 

experiment data indicates the homogeneity of the sample. The mean square error (MSE) of the 

fitting result is 3.448, which confirms good agreement between the simulation and measurement.  

In Fig. 1(c). The imaginary part of the dielectric constant 𝜀2 reveals the optical transitions from 

valence band to conduction band, where an excitonic absorption peak at 2.4 eV can be clearly 

observed. In addition, a transition at higher energy in the UV region (ca. 3.4 eV) is also revealed, 

which was not observed in photoluminescence spectrum. Note that the real part 𝜀1 jumps to a 



 

8                         
 

relatively constant value (highlighted by grey shades) after every optical transition with a general 

growing trend with decreasing of frequency (or increasing of wavelength). The reason is that every 

resonance from higher energy side will contribute to the dielectric constant at lower energy side 

according to  

𝜀(𝜔) = 1 + ∑
𝑓𝑗

𝜔0𝑗
2 − 𝜔2 − 𝑖𝜔𝛾𝑗

𝑗

, (2) 

where 𝜔0𝑗 is the transition energy frequency, 𝑓𝑗 is the oscillator strength and 𝛾𝑗 is the damping 

factor. This change of the dielectric constant around resonances is a typical phenomenon by 

Kramers-Kronig relationship. Thus, both real and imaginary part of the dielectric constant confirm 

the existence of two optical transitions. we will discuss more about these transitions in temperature 

dependent reflectance. After two optical transitions, the dielectric constant reaches a constant value 

of 3.73 that is close the result of 3.8 previously calculated by density functional theory (DFT).14 

In Fig. 1(d), the refractive index and the extinction coefficient over the spectrum range from near 

ultraviolet to near infrared are demonstrated. Both of them are important parameters for 

architecture design of optoelectronic devices.15-17 The lower refractive index of perovskite material 

(compared with CIGS, GaAs and CdTe) for anti-reflection coating, together with the large 

extinction coefficient for light absorption and trapping, make perovskite ideal components in 

monolithic tandem solar cells to achieve higher efficiency beyond the conversion limit. 18-19 
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FIG. 2. (a) Absorption coefficient 𝛼, (b) absorption cross-section and (c) optical conductivity 𝜎 of CsPbBr3 from near 

ultraviolet to near infrared. (d) Dispersion relation ω – k (blue solid line) with a linear fit (red dash line). (e) The 

reflection spectrum measured by VASE.  

 

The absorption spectrum is acquired by 4𝜋𝜅/𝜆 (where 𝜆 is the wavelength) and shown in 

Fig. 2(a), the magnitude (~ 105 cm-1) is consistent with other perovskites.20 The peak at around 2.4 

eV is the exciton absorption peak and that around 3.4 eV is the higher energy absorption peak in 

the UV region. The high absorption coefficient makes perovskites effective absorber layers in solar 

cells. Perovskite absorber layers with thickness much smaller than the carrier diffusion length 

would be favorable for light harvesting, which contributes to a higher open circuit voltage.21 In 

Fig. 2(b), the absorption cross-section is deduced by the following formula, 

𝑛̃ =
𝑚𝑁𝐴

𝑀
                  𝑁 =

𝑛̃

𝑉
=

𝜌𝑁𝐴

𝑀
                    𝜎 =

𝛼

𝑁
, (3) 

where 𝑁𝐴 is the Avogadro’s number, 𝑚 is the mass and 𝑉 is the volume. The density 𝜌 of CsPbBr3 

is ca. 4.8 Mg/m3 refers to SpringerMaterials, the molecular weight 𝑀 is found to be 579.8 g/mol 
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and thus the atomic number density N is calculated to be around 5 × 1021 /cm3. Dividing the 

absorption coefficient with the N, we can get the absorption cross-section spectrum. The absorption 

cross-section obtained here can be rescaled for nanocrystals with different sizes22 and a high 

absorption cross-section is essential for achieving room temperature continuous wave pumped 

lasers. In addition, two-photon absorption (TPA) cross-section which is indispensable for 

nonlinear devices23 is found to be proportional to the linear absorption cross-section and a reliable 

linear absorption cross-section is required to reduce the discrepancy of reported values of TPA.24 

The optical conductivity is also computed. It describes the contribution of photogenerated charge 

carriers to conductivity when the material is under illumination. The conductivity 𝜎 equals to the 

product of the angular frequency 𝜔, the relative imaginary dielectric constant 𝜀2 in Fig. (1c) and 

the permittivity in vacuum. The high optical conductivity shown in Fig. 2(c) implies the possible 

optoelectronic applications such as photodetectors and photovoltaics. Fig. 2(d) shows the 

dispersion relation ω - k of the exciton resonance. The dispersion relation is obtained by the 

following formula:  

𝑅𝑒{𝑘} = 𝑛(𝜔)𝜔𝑐−1  and   𝐼𝑚{𝑘} = 𝜅(𝜔)𝜔𝑐−1,                                     (4) 

where 𝜔 is the frequency and 𝑐 is the speed of light in vacuum. The linear fit of the dispersion 

relation gives a slope of 1.53 × 108 m/s, which is the velocity of light travelling in perovskite 

material. The circuitous part at the resonance frequency exhibits the typical dispersion relation of 

a polariton with damping. Although the photons and the excitations are often treated as 

independent quantities, there exists coupling between the incident electromagnetic field and the 

generated electromagnetic field by oscillating polarization of an optical excitation, and a polariton 

is created as a result of the light-matter interplay. It should be noted that the polariton here implies 

the coupling between excitons and free space photon modes rather than the coupling between 
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excitons and cavity photon modes. Here we illustrate an exciton associated polariton, where the 

linear part of the dispersion shows the uncoupled photon propagation and the circuitous part 

embodies the coupling between the exciton and the visible light, which detours the original linear 

propagation.  

 

In order to study the change of optical properties and three-dimensional Wannier-Mott 

exciton behaviors with temperature, temperature dependent reflection spectroscopy was performed. 

To our knowledge, temperature dependent reflection spectroscopy was never conducted before on 

CsPbBr3 bulk crystals. The reflection spectroscopy can be used to precisely determine the 

transition energy positions and directly reveals the joint density of states unlike photoluminescence 

spectroscopy which involves carrier relaxation process. The reflection spectroscopy on bulk 

crystal is one of the most comprehensive way to study the electronic system of a material.25  
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FIG. 3. The temperature dependent reflectance on the CsPbBr3 bulk crystal sample (a) around the excitonic absorption 

region in the visible range and (b) in the UV range. The grey dots indicate the point of inflection and the red dash 

arrow serves as a guide to the eye. Spectra are vertically shifted for clarity. 

 

As shown in the temperature dependent reflectance in Fig. 3(a), the excitonic absorption is 

obvious from 10 K to room temperature. The similar line shapes were reported in other 

semiconductors with excitons forming at direct bandgaps.26 The existence of the excitonic peak in 

room temperature (also from Fig. 1(c), Fig. 2(a)) indicates that the exciton binding energy is at 

least above the thermal energy 𝑘𝐵𝑇 (𝑘𝐵  is the Boltzmann constant and 𝑇 is the temperature) at 

room temperature, which is around 26 meV. The blue shift of the exciton absorption peak with 

temperature is indicated by the inflection point and arrow in Fig. 3(a). This unconventional blue 

shift is commonly observed in lead based material27 and caused by the contribution of Pb 6s orbital 

to the valence band maximum of perovskites by antibonding.28 We will show detail analysis of 

temperature dependent excitonic features in Fig. 4. In Fig. 1(b), the temperature dependent 
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reflection at UV region is shown. While the excitonic peak is blue shifted with temperature, the 

energy position of the peak at UV region is almost invariant with temperature or even with a very 

slight red shift. This invariance is due to the joint effect of the thermal expansion of the lattice 

structure and the phonon-electron scattering.29 The exciton in the visible range is attributed to the 

lowest-energy direct transition at R point in the first Brillion zone while the peak at UV region is 

the second lowest energy transition attributed mainly to the M point, consistent with results from 

previous first principle study30 of CsPbBr3 and the optical transitions identified by ellipsometry. 

The different behaviors of the transitions with respect to temperature at different critical points R 

and M in the Brillion zone unveil the complexity of the phonon-electron scattering in perovskites. 

Previous studies on hybrid perovskites also reported peaks with different shifts and attributed the 

phenomenon to coexisting phases or organic cations,31 however inorganic perovskite CsPbBr3 

have no organic cations nor phase transitions in the measurement range. A more inclusive model 

for perovskite material family is needed to explain this observation, also taking account of Rashba 

effect,32 spin-orbital coupling, crystal field and all other intriguing phenomenon of perovskites. 
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FIG. 4. Exciton peak positions and widths. (a) The point of inflection method to determine the peak position from 

derivative reflectance spectrum at 10 K. The grey dot indicates the inflection point. (b) The fit of the Lorentzian model 

to the reflectance spectrum at 10 K. (c) Excitonic peak positions and (d) 𝛤 with respect to temperature. The blue dots 

are the experiment data and the pink solid line is the fitted curve in (b) and (d). 

 

To extract the peak position and the linewidth of the excition transition, we use a lorentzian 

dispersion model11, 33-36 to describe the reflectance line shape:  

𝑅(𝑣) = 𝑅0 + 𝐴 × Re [
ℎ𝑣𝑖 − ℎ𝑣 + 𝑖𝛤

(ℎ𝑣 − ℎ𝑣𝑖)2 + 𝛤2
exp(𝑖Θ)] , (5) 

where 𝑅0 is the background reflection, 𝐴 is the amplitude, ℎ𝑣𝑖  is the transition energy, 𝛤 is the 

broadening or damping and 𝛩 is the phase factor. In Fig. 4(b), we show the fitting of the reflectance 

at 10 K, which gives us a transition energy of 2.367 eV, same with the result using point of 

inflection method37-38 by first derivative of the reflectance in Fig. 4(a). This validates the reliabity 

of the Lorentzian model. Whereas the derivative spectrum gradually becomes noisy when 
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temperature rises, the Lorentzian model is utilized from 10K to room temperature for consistency. 

Peak positions and peak widths at different temperatures are summarized in Fig. 4(c) and 4(d). In 

Fig. 4(d), we apply the formula 𝛤(𝑇) = 𝛤(0) + 𝛾𝑝ℎ𝑇 +  𝛤𝐿𝑂/[exp(ℏ𝜔𝐿𝑂/𝑘𝑇) − 1],39-40 where 

𝛤(0) is the broadening at 0 K, 𝛾𝑝ℎ is the acoustic phonon coupling strength and ℏω𝐿𝑂 is the optical 

phonon energy. The fitting results gives 𝛾𝑝ℎ around 35.56 μeV/K and that the optical phonon 

energy around 25 meV, which is close to the results from previous studies.41-44 The larger 

contribution of optical phonons compared with acoustic ones to the linewidth broadening is 

ubiquitous for polar semiconductors, which was also reported in hybrid perovskites.45 We also 

observed a slightly decrease of the intensity of the reflection spectrum with temperature, which 

suggests a slightly decrease of the dielectric constant when temperature increases. The alike 

phenomenon was also found in hybrid perovskites46 and other lead composed semiconductors such 

as PbTe, PbSe and PbS.47  

 

Finally, the longitudinal-transverse splitting observed as a stop band in reflectance 

spectrum can be extrapolated to acquire the oscillator strength. A large oscillator strength is 

indispensable for prominent optical phenomenon and for applications such as exciton-polariton 

lasers.48-49 Employ the formula below 

𝜔𝐿 − 𝜔𝑇 =  
𝑓

2𝜔𝑇 𝜀𝑏
, (6) 

where 𝜔𝑇  is the transverse resonance frequency equals 3.57 × 1015 rad/sec while 𝜔𝐿  is the 

longitudinal resonance equals 3.62 × 1015 rad/sec. Both parameters are deduced from the stop band 

structure in the reflectance spectrum at 10 K.50 With the assumption that the damping is small at 

10 K, the longitudinal-transverse splitting can be approximately estimated by the energy separation 
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between the maximum and minimum of the reflectance line shape. Here 𝜀𝑏 is the background 

dielectric constant around the exciton resonance. From Fig. 1(c), we can see that the dielectric 

constant is different when approaching the excitonic peak from different side of the photon energy. 

𝜀𝑏 is around 3.69 at the high energy side, which is slightly lower than the low energy side of the 

dielectric constant 𝜀𝑠  around 3.73. The calculated oscillator strength is found to be 1.3 × 1030 

rad2/sec2 (~0.02 per formula unit), comparable with hybrid perovskites.51 According to the 

Lyddane–Sachs–Teller (LST) relation,52 

𝜔𝐿
2

𝜔𝑇
2

=
𝜀𝑠 

𝜀𝑏
. (7) 

We assess that 3.73/3.69 equals 1.011, and (𝜔𝐿 𝜔𝑇⁄ )2 equals 1.028. The accordance of the theory 

and the experiment result corroborates the reliability of the estimation. The large oscillator strength, 

high refractive index and facile shape control of perovskite material make it a favorable candidate 

for an exciton-polariton laser as both a gain material and a cavity itself. 

 

 

 

CONCLUSIONS  

In summary, CsPbBr3 bulk crystal was investigated by temperature dependent reflection 

spectroscopy and ellipsometry. We infer the intrinsic exciton properties like the exciton transition 

energy, the exciton oscillator strength, exciton polariton as well as the exciton-phonon interaction. 

In addition to critical optical transitions and wavelength dependent optical constants, essential 

information such as absorption coefficient, absorption cross-section, optical conductivity and 

dispersion relation are also acquired. This work provides significant information on the 
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fundamental photophysics of CsPbBr3 and would be helpful for practical applications based on 

inorganic perovskites. 
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