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Abstract 

We systematically investigate the recombination mechanism of photogenerated charge carriers in 

bulk CsPbBr3 by means of time-resolved photoluminescence (TR-PL) spectroscopy at low 

temperature and various laser excitation powers. A dynamic recombination model is proposed to 

describe the TR-PL that predicts the time dependent exciton and free charge populations. It 

provides a clear representation of competing mono- and bi-molecular recombination processes. 

A decrease in carrier lifetime with increasing laser intensity was observed that was attributed to 

exciton-exciton scattering. A bimolecular recombination coefficient of ~10-7 cm3/s was obtained 

for exciton recombination. As the concentration of photoexcited carriers increases, stronger 

exciton-exciton annihilation occurs. The exciton–exciton annihilation rate for CsPbBr3 is 3.63 × 

10−7 cm3 s−1 at 10 mW laser power. Notably, the exciton–exciton annihilation rate in bulk 

material is comparable to that obtained for photoexcited CsPbBr3 nanoscale quantum dots.  

 

  



PRB_BA13463_ Revision 4_10/07/2019 

2 
 

I. INTRODUCTION 

The demand for low cost, high energy resolution, and stable detector materials has 

significantly increased over the past two decades for applications in homeland security, 

nonproliferation, and national defense. For X-ray and γ-ray detection, compound semiconductors 

have a number of distinct advantages over their elemental counterparts, most of which arise from 

the wide range of stopping powers, wide band gaps available and room temperature operation. 

Current hard radiation semiconductor detectors used in spectroscopic measurements of γ -rays 

rely on expensive materials such as CdZnTe crystals. Despite their advantages, however, only a 

handful of semiconductor materials are currently being considered in radiation detection due to 

the strict demands on the properties that include a high band gap (>1.5 eV) to minimize dark 

current, high average atomic number and a high mobility-lifetime (µτ) product [1, 2, 3, 4]. 

One of the major challenges in producing detector-grade materials is the difficulty of 

growing chemically pure and structurally perfect crystals with exact stoichiometry. We have 

identified and are developing a variety of promising wide gap semiconductors for room 

temperature radiation detection in the x-ray and 60 - 662 keV gamma ray regimes [5, 6, 7]. 

Candidate detector compounds under investigation include CsPbBr3 and TlSn2I5. We have also 

identified several low-cost compound semiconductors including Pb2P2Se6 and Hg3Se2I2 and are 

investigating their spectral responses to 122 keV γ-radiation and beyond. Our studies show that 

their band gaps, resistivity values, mobility-lifetime products, and x-ray response are 

approaching those of the benchmark detector material CdZnTe. 

CsPbBr3 has recently shown very promising results in room temperature radiation 

detection [8]. The easily scalable crystal growth and high-energy gamma ray resolution 
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underscore the importance of CsPbBr3 as a next generation material for room temperature 

radiation detection. Besides high energy radiation detection capabilities of CsPbBr3, it also 

showed promise for solar cells [9]. The compound is a direct bandgap (at the Γ point) 

semiconductor that crystallizes in the three-dimensional (3D) perovskite structural type [10]. 

CsPbBr3 planar detectors achieved remarkable energy resolving capabilities. Specifically, the 

CsPbBr3 detector resolved the 59.5 keV (241Am γ-ray), 122 and 136 keV (57Co γ-ray), 511 keV 

(22Na γ-ray), and 662 keV (137Cs γ-ray) lines with best spectral resolution of ~3.8% [8]. CsPbBr3 

is unique among gamma-ray detection materials in that its hole transport properties are 

responsible for the high performance. The superior mobility-lifetime product for holes (1.34 × 

10−3 cm2 V−1) derives mainly from the record long hole carrier lifetime (~ 25 μs) [8].  

To improve the detector performance, high mobility-lifetime products are required. 

Furthermore, native defects/impurities within specific samples need to be identified and be 

reduced/eliminated. A recent report indicated that the compound may be insensitive to defects 

within a relatively wide energy range [11]. However, for further development of the perovskite 

CsPbBr3 it is essential to gain a thorough understanding of what limits the charge carrier 

transport in the material. The effectiveness of a radiation detector or any optoelectronic device 

mostly depends on the ability of the material to generate long lived, free charge carriers, and 

therefore must have low concentrations of electronic defects/impurities. The lifetime of the 

charge carriers is determined by electron and hole recombination. Hence, determining the origin 

of radiative and nonradiative decay lifetimes of these carriers and having a detailed 

understanding of carrier recombination processes are essential both to further our understanding 

and to reach the ultimate potential of these materials for both radiation detection and 
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optoelectronic applications. One of the most versatile techniques for characterizing charge carrier 

dynamics and evaluating the fundamental optical properties of semiconductor materials is 

time-resolved optical spectroscopy. The carrier transport and carrier-recombination processes in 

various perovskites have been extensively studied by means of time-resolved photoluminescence 

(TR-PL) [12 , 13 ].  Time-resolved photoluminescence is a nondestructive technique for 

probing the effects of impurities/defects within semiconductor samples with potential for room 

temperature radiation detection. TR-PL has the capability of separating defect luminescence 

involved in mono- and bi-molecular recombination processes, thereby screening promising 

radiation detection candidates [14]. In addition, it provides an opportunity for understanding 

carrier dynamics and recombination. Parameters that determine crystal quality include the 

densities of electrons, holes, excitons, and unintended imperfections.  

In this report, we investigate the nature and dynamics of photogenerated charge carriers 

in bulk CsPbBr3 by means of TR-PL spectroscopy at various laser excitation powers. We report 

on the temperature dependence and excitation intensity dependence of the time-resolved PL. Since 

PL of CsPbBr3 originates from recombination of charge carriers and excitons, its time and 

temperature dependencies enable indirect evaluation of photogenerated carrier dynamics [12]. 

The photocarrier dynamics are well described by a simple rate equation including single-carrier 

recombination and electron−hole exciton recombination. Our studies allowed us to separate the 

monomolecular and bimolecular recombination contributions and predict the ratio between 

exciton and free charge populations. At all intensities, the time evolution of the transient PL was 

dominated by bimolecular recombination. Determining the origin of radiative and non-radiative 

decay and gaining a detailed understanding of charge generation and recombination within the 
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halide perovskite CsPbBr3 are essential to understanding and developing these materials. 

Nonequilibrium carrier lifetime is an important material parameter that influences the 

performance of radiation detector and optoelectronic devices. 

 

II. EXPERIMENT 

The crystal growth procedure and the experimental details are described below.  

PbBr2 synthesis: For the sample used in this paper (ID: KM11, CsPbBr3, solid-state), 

66.24 g (200 mmol) of Pb(NO3)2 was dissolved in 150 mL of boiling deionized water, and 47.51 g 

(400 mmol) of KBr was dissolved in 75 mL of water in a separate beaker. The KBr solution was 

slowly added to the lead nitrate solution under stirring, leading to immediate precipitation of white 

PbBr2. After cooling to room temperature, the solid was filtered through a fritted-dish funnel under 

vacuum, washed copiously with distilled water, and dried overnight under vacuum. For removal of 

insoluble impurities, the dried product was dissolved in 18 g batches in 1000 mL of ultrapure 

(Millipore) water and filtered under vacuum. The solid was filtered through a fritted-dish funnel 

under vacuum and heated in a vacuum oven at 50 ºC to remove water. The final yield was 66 g 

(~90%). 

Solid-State Synthesis and Bridgman Growth of CsPbBr3 single crystals: CsPbBr3 was 

synthesized via a solid-state reaction and single crystals were grown using Bridgman methods and 

polished for optical measurements. These procedures are described in detail elsewhere [15]. In 

short, stoichiometric amounts (40 mmol) of PbBr2 (prepared as above) and CsBr (purchased from 

Sigma Aldrich, 5N) were ground together and flame-sealed in a quartz ampule under vacuum and 

reacted in a box furnace at 650 ºC. The resulting CsPbBr3 was powdered and used for Bridgman 
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growth in a two-zone Bridgman furnace with zone temperatures of 800 ºC and 400 ºC and a 

translation speed of 2 mm/h. Wafers were cut with a diamond saw and dry-polished to mirror-like 

surfaces using silicon carbide sandpaper, then rinsed with toluene to remove stray powder. The 

crystals are not intentionally doped and tend to be p-type in nature. Previous density functional 

theory (DFT) calculations indicate that under Pb-poor growth conditions Pb vacancies and Cs on 

Pb antisite native defects form shallow acceptor levels in the material. This results in low intrinsic 

electron carrier density, thereby making the material quasi p-type [10,11]. 

Steady-State Photoluminescence and Time-Resolved Photoluminescence (TRPL) 

spectroscopy: Steady-state PL spectra were measured using a 405-nm line from a CW 

semiconductor diode laser (OBIS laser) with the beam diameter of ~0.8 mm. The intensity of the 

laser was ~100 mW/cm2. The spectra were resolved by a 500M SPEX grating monochromator 

equipped with a Hamamatsu photomultiplier tube (R928 PMT) and collected in the wavelength 

range 400�600 nm at a rate of 0.5 nm/s. A 405-nm bandpass filter (Thorlabs, Inc.) with a 

FWHM of 10 nm was used to deliver a narrower laser line to the sample. For the TR-PL 

measurements the CsPbBr3 perovskite crystal is illuminated with the 405-nm light pulses operated 

at 20 Hz as shown in Fig. 1. The pulse width was kept at 1 microsecond and the spot size is 1 mm2. 

Excitation intensities were adjusted using optical density filters and the laser power was varied in 

the range between 10 mW and 75 mW. The laser pulse is targeted on the sample within a cryostat 

chamber. The temperature inside the cryostat was controlled by a temperature controller with 

helium gas as the cooling agent. Luminescence from the bulk sample was collected by the lenses 

and focused on the entrance slit of a spectrophotometer. The PL is spectrally resolved by a SPEX 
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monochromator by Horiba (model number SPEX 500M, with a grating of 1200 grooves/mm, a 

dispersion of 1.6 nm/mm, and a resolution of 0.02 nm) and detected by a PMT (Hamamatsu R955). 

 

Fig. 1. Schematic of the setup for the TR-PL measurement.  

 

III. RESULTS AND DISCUSSION 

Fig. 2a shows the temperature-dependent steady state PL spectra of the CsPbBr3 crystal 

obtained from 17 K to 295 K. The PL spectra were obtained under an excitation of ∼1 mW 405 nm 

semiconductor diode laser light dispersed with a grating monochromator. At low temperatures,  ≤ 

80 K, a shoulder on the low-energy side becomes observable. At higher temperatures, ≥ 150 K, the 

PL spectra display a single dominant high energy peak. Fig. 2b shows the decomposition of the 

spectrum at 17 K using standard Gaussian profile fitting. Two emission bands are resolved, a broad 

band (~28 nm width) centered at 2.26 eV and a narrow band (~ 6nm width) centered at 2.29 eV. 

These emissions (peaks 1 and 2 in fig. 2b) have been previously observed in CsPbBr3 bulk single 

crystals [16] and CsPbBr3-like quantum dots in CsBr single crystals [17]. In Ref. [16], only peak 2 

was observed and it was attributed to excitons bound to intrinsic defects. However, in Ref. [17] 

both emission peaks were observed and attributed to excitonic emissions based on the excitation 
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power dependences of the two PL emissions. Specifically, peak 2 on the high-energy side was 

ascribed to the emission of free excitons [16, 17], whereas Peak 1 was ascribed to the radiative 

recombination of excitons bound to Br vacancy centers acting as trapping centers within the 

CsPbBr3 lattice [17]. We also observe from Fig. 2a that the position of both peaks essentially 

blueshifts monotonically with increasing temperature over the entire temperature range. The 

anomalous temperature dependent behavior of the PL peaks was previously determined to be due 

to thermal expansion and thermal redistribution of trapped excitons [16].  

    

  

Fig. 2. (a) PL spectra of CsPbBr3 at different temperatures under an excitation of ∼1 mW 405 nm 
light from a semiconductor diode laser. (b) PL at 17 K showing the two emission peaks. (c) 
Time-resolved PL decay curve (plotted on a semi-logarithmic scale) of emission peak 2 obtained 
at 15 K. Solid line is the fitting curve with a bi-exponential decay function (as described in the text) 
(d) Results of fitting double exponential decay times of PL monitored vs. power of laser. The laser 
pulse duration was kept at 1 μs. The cryostat temperature was kept at 15 K, and the peak of the 
TR-PL was at a wavelength of ~541 nm. 

TR-PL detection

(d)

15 K
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To analyze the nature of the PL peak emissions, TR-PL decay curves were measured at 15 

K. A typical representative decay for peak 2 (541 nm) at 10 mW laser power is illustrated in Fig. 2c. 

We found out that in all cases reported here, the decay profile could not be adequately described by 

a single-exponential function, with a characteristic PL lifetime, but requires a linear combination 

of exponential functions with different characteristic decay times. The time dependence of the 

luminescence intensity I(t) observed in Fig. 2c can be described as a sum of exponential decay 

functions given by I(t) = C1exp(−t/τ1) + C2exp(−t/τ2), where C1, and C2 are scaling parameters.  

The measured decay curves at 541 nm (Fig. 2c) for various excitation intensities (10 mW to 

75 mW) are fitted with a double exponential function. The smooth solid line represents the fitting 

curve with a short time constant (τ1 = 36.8 ns) and a long time constant (τ2 = 268 ns) for an 

excitation intensity of 10 mW. Both the shorter (τ1) and longer (τ2) decay times decrease with 

increasing excitation intensity (Fig. 2d). We note that even though the fitting parameters change 

for a multi-exponential fitting, two invariants, ܥ௦௨௠ ൌ ∑ ௜ܥ  and 1 ߬௔௩௘⁄ ൌ ∑ ௜ܥ ߬௜⁄ , exist. The 

first invariant is the initial value of the decay while the second invariant is the initial value of the 

decay rate (slope), where “initial” is defined as the instant the excitation pulse ends. We 

normalized each dataset and the fit was then conducted with the natural constraints applied. No 

weight was used for the fit. The amplitude C1 is ~75% of the total decay, ∑ ௜௜ܥ .  Since for all 

excitation intensities, the derivative of TR-PL with respect to time at t ൌ 0 should be the same, 

we obtained the second invariant (߬௔௩௘ ൌ ଵ಴భ
τభ ା಴మ

τమ ,) for a two-exponential decay model. These 

invariants (ܥ௦௨௠ and 1 ߬௔௩௘⁄ ) can be used as links between the empirical models and a dynamic 

kinetic model, described later.  
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The need for at least a bi-exponential decay function and two characteristic decay times 

(Fig. 2d) indicates there are at least two kinetically distinct processes [18] that decay either 

radiatively or nonradiatively and contribute to the PL decay observed in Fig. 2c. However, the 

excitation intensity dependence of these decay times (Fig. 2d) points to other complex processes, 

the origin of which is presently unknown but is under further investigation. It is worth noting here 

that although multi-exponential fitting provides a convenient means of representing the shape of a 

decay curve, each of the components may not necessarily be associated with a separable physical 

mechanism and therefore a detailed dynamic kinetic analysis is required.  

 

(i) Recombination theory and carrier kinetics 

To probe the nature of carrier dynamics in CsPbBr3 and provide detailed information on 

the recombination kinetics of the carriers, the intensity dependence of TR-PL decay curves was 

studied. The theory of transient PL was extensively reviewed by Stranks et al. [19, 20]. Here we 

extend the theory to include exciton-exciton annihilation, which is presumably strong in the 

CsPbBr3 sample investigated. In brief, under steady state conditions (when the PL signal has 

reached a nearly constant value) an optical pulse excitation generates an electron-hole pair density 

of N0 at time t = 0 (defined by the end of the excitation pulse). N0 represents the initial 

photogenerated electron-hole pair density from the optical pulse excitation, which does not include 

the thermal equilibrium concentrations of the carriers. N0 is calculated using the incident photon 

energy, laser power, laser spot size, and absorption length. Our estimation shows that the 

absorption length is ~ 0.1mm, which is ~10 % of the sample thickness. Also, in our analysis we did 

not consider the effect of carrier diffusion. 
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Following photoexcitation free charge carriers are excited into higher-lying states in the 

conduction band (CB) and then immediately decay to the bottom of the CB due to 

electron-phonon scattering. These photogenerated free carriers may form excitons or 

immediately recombine. Electronic traps may also be populated. The excitons can recombine 

radiatively or dissociate into free electrons and holes. With increasing laser intensity, excitons 

will interact with each other and exciton-exciton annihilation will occur [21]. Exciton-exciton 

annihilation is a many-body interaction in which one exciton (or electron−hole pair) is destroyed 

and its energy transferred to another exciton. This annihilation pathway is the excitonic analog of 

the Auger recombination process and hence nonradiative recombination can occur via 

exciton−exciton annihilation [22].  

Under photoexcitation N0 electron-hole pairs are created with N0 electrons and N0 holes 

that are greater than their steady state equilibrium concentrations. The total concentration of 

photogenerated electrons N0 is thus comprised of free electrons (ne) and excitons (nx) i.e. 

଴ܰ ൌ ݊௘ሺ0ሻ ൅ ݊௫ሺ0ሻ, but excludes trapped carriers. In the presence of available traps the hole 

concentration ሺ݊௛ሻ will be related to electron concentration ሺ݊௘ሻ by  ݊௛ሺ0ሻ ൌ ்݊ ൅ ݊௘ሺ0ሻ ൌ
଴ܰ െ ݊௫ሺ0ሻ ൅ ்݊, where nT is the density of filled traps. The equilibrium carrier concentration 

can be described by a generalized form of the Saha equation [19, 20] for p-type materials (such 

as CsPbBr3 crystals) as ሺ݊௛ െ ்݊ሻ · ݊௛ െ .ܣ ሺ ଴ܰ ൅ ்݊ െ ݊௛ሻ ൌ 0. The same formalism holds for 

n-type materials. The solution to this equation yields a value for hole density nh given by ݊௛ሺ0ሻ ൌ െ ሺ஺ି௡೅ሻଶ ൅ ଵଶ ඥሺܣ ൅ ்݊ሻଶ ൅ ܣ4 ଴ܰ . The value of the parameter ܣ ൌ ௫ߥ ⁄௛ߥ௘ߥ ሺെ݌ݔ݁ ௕ܧ ݇஻ܶ⁄ ሻ depends on the temperature T and exciton binding energy Eb and 

it is independent of the photogenerated density N0. ߥ௜ ൌ  ௜ଷ, is the volume occupied by eachߣ
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carrier (electrons, holes, or excitons) with ߣ௜ being the thermal wavelength. Considering that 

undoped CsPbBr3 crystals are intrinsically p-type in nature, the condition 4ܣ ଴ܰ ا ሺܣ ൅ ்݊ሻଶ is 

assumed to be valid, leading to ݊௛ሺ0ሻ ൎ ்݊ ൅ ஺·ேబሺ஺ା௡೅ሻ, ݊௘ሺ0ሻ ൎ ஺·ேబሺ஺ା௡೅ሻ, and ݊௫ሺ0ሻ ൎ ேబ·௡೅ሺ஺ା௡೅ሻ. 
An extended kinetic model that accounts for exciton formation, annihilation, and 

dissociation into free charges, as well as trapping of free carriers is given by the rate equations 

[19, 20]: ௗ௡೐ௗ௧ ൌ ܴௗ݊௫ െ ௙ܴ݊௘݊௛ െ ܴ௘௛݊௘݊௛ െ ܴ௣௢௣݊௘ሺ்ܰ െ ்݊ሻௗ௡ೣௗ௧ ൌ ௙ܴ݊௘݊௛ െ ܴௗ݊௫ െ ܴ௫݊௫ െ ௫ଶ݊ߛ ቑ        (1) 

where dR  is the rate of exciton dissociation into free electron-hole pairs, fR  of exciton 

formation from free electron-hole pairs, Rpop is the trap population rate constant, NT is the total 

carrier trap density, nT is the filled trap density, ehR  is the recombination rate of free electron-hole 

pairs, and xR is the rate of exciton decay. The term ݊ߛ௫ଶ  represents the exciton-exciton 

annihilation term. Using the condition that under thermal equilibrium ݊ܣ௫ ൌ ݊௘݊௛, equation 1 

can be simplified to obtain 

     ௗሺ௡೐ା௡ೣሻௗ௧ ൌ ௗேሺ௧ሻௗ௧ ൌ െ ఊబ஺ ݊௘݊௛ െ ܴ௣௢௣݊௘ሺ்ܰ െ ்݊ሻ െ  ௫ଶ   (2)݊ߛ

where ߛ଴ሺൌ ௘௛ܴܣ ൅ ܴ௫ሻ accounts for the total rate of electronic decay not involving traps. If we 

define a normalized photogenerated carrier concentration x as ݔ ൌ ܰሺݐሻ ሺܣ ൅ ்݊ሻ⁄ , the hole, 

electron, and exciton concentrations now become ݊௘ሺݐሻ ൎ ሻݐ௛ሺ݊ ,ݔܣ ൎ ்݊ ൅ ሻݐ௫ሺ݊ ,ݔܣ ൎ  ,்݊ݔ

respectively. For the current discussion, we have assumed that (ܣ ൅ ்݊) is constant for a given 

power of laser that the sample is exposed to. Consequently, Eq. (2) now becomes: 

ௗ௫ௗ௧ ൌ െ ஺ఊబሺ஺ା௡೅ሻ ቂ௡೅஺ ൅ ோ೛೚೛ሺே೅ି௡೅ሻఊబ ቃ ݔ െ ஺ఊబାఊ௡೅మሺ஺ା௡೅ሻ ଶௗ௫ௗ௧ݔ   ൌ െ ஺஼భఊబሺ஺ା௡೅ሻ ݔ െ ஺ఊబାఊ௡೅మሺ஺ା௡೅ሻ ଶݔ ቑ    (3) 
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where ܥଵ ൌ ௡೅஺ ൅ ோ೛೚೛ሺே೅ି௡೅ሻఊబ .  

The time evolution of the normalized photogenerated carrier concentration x therefore 

follows the equation given by: 

ௗ௫ௗ௧   ൌ െ݇ଵݔ െ  ଶ         (4)ݔܤ

with ݇ଵ ൌ 1 ߬⁄  and ܤ ൌ ஺ఊబାఊ௡೅మሺ஺ା௡೅ሻ . For free carriers, ݇ଵ  is the monomolecular decay rate, 

indicative of free carrier trapping, and B is the rate constant associated with electron-hole 

recombination. In the case of excitons, ݇ଵ represents the monomolecular excitonic and/or 

trap-assisted recombination and B is the exciton−exciton annihilation coefficient. The solution to 

Eq. (3) is given by  

ݔ        ൌ ௫బ௘ష೟ഓଵା஻௫బఛሺଵି௘ష೟ഓሻ .                      (5) 

In the time derivative of the carrier concentration given in Eq. (3), the first term is the 

monomolecular contribution, and the second term is the bimolecular contribution. The ratio of the 

bimolecular term over the monomolecular term is ߬ݔܤ, which decays with time t. Therefore, no 

matter what the initial contribution of the bimolecular term is, its contribution decays with time, 

and the monomolecular term should ultimately prevail. If ݔܤ଴߬ ൐ 1, there will be a cross over 

when ߬ݔܤ ൌ 1. The cross over time depends on the characteristic parameter τ. 

Fig. 3 shows the normalized PL decay dynamics under different excitation intensities. For 

free carriers, the radiative decay rate is proportional to the product of the densities of free electrons 

and free holes. For free excitons, the radiative decay rate is proportional to the density of free 

excitons. Since the two processes take place in parallel a net radiative decay rate can be assumed, 
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which is proportional to the photoluminescence intensity. Hence, the time-dependent normalized 

PL intensity can be written as: 

ூ೐೓ುಽሺ௧ሻூ೐೓ುಽሺ଴ሻ  ൌ ூೣುಽሺ௧ሻூೣುಽሺ଴ሻ  ൌ ௡೐ሺ௧ሻכ௡೓ሺ௧ሻ௡೐ሺ଴ሻכ௡೓ሺ଴ሻ               (6) 

Using Eq. (5) and the expressions for ne and nh given above, equation 6 can be written as 

           

                                                                                                                                     ಺೐೓ುಽሺ೟ሻ಺೐೓ುಽሺబሻ   ୀ భൣ೙೅శಲೣబ൧כಲೣబێێێۏכ
௡೅ାۍ ಲೣబ೐ష೟ഓభశೣబಳഓ൭భష೐ష೟ഓ൱ ۑۑۑے

כې ಲೣబ೐ష೟ഓభశೣబಳഓ൭భష೐ష೟ഓ൱                    
                        ୀ భభశೌێێێۏכ

ଵାۍ ೌ೐ష೟ ഓ⁄భశ್ᇲ൭భష೐ష೟ഓ൱ۑۑۑے
כې ೐ష೟ ഓ⁄భశ್ᇲ൭భష೐ష೟ഓ൱                                                             ۙۘۖۖ

ۖۗۖ
        (7) 

 

where ܽ ൌ ଴ݔܣ ்݊⁄ , ܾᇱ ൌ  Hence eqn. 7 is reduced to include 3 independent fitting .߬ܤ଴ݔ

parameters (a, ܾᇱ, and τ). 

 
Fig. 3. PL intensity [monitored at ~2.29 eV (541 nm)] as a function of time after pulsed excitation 
(405 nm, 20 Hz repetition rate) for a CsPbBr3 crystal at 15 K with different initial photoexcitation 
densities N0. Solid lines are fits to the experimental data (noisy lines) for the model [Eq. (7)]. 

 

The normalized TR-PL decays were globally fitted to the model expressed in Eq. (7) by the 

method of least squares for the various excitation intensities. No weighting was applied to the 

parameters. The fit was performed on a linear scale, and plotted on a semilog scale. The resulting 
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fitting parameters a, b’, and τ (Table 1) were obtained from the model and the monomolecular 

decay coefficient (݇ଵ ൌ 1 ߬⁄ ) was determined to be ~ 2 × 106 s-1. We can extract (at the various 

excitation intensities) steady state values for the filled trap concentration ்݊, hole concentration nh 

(0), electron concentration ne (0), and exciton density nx (0). By using the fitting parameter a in 

combination with the calculated values of N0 and A, the trap density nT is deduced from the 

equation ࢇ ൌ ஺௡೅ · ேబሺ஺ା௡೅ሻ. The value of x0 is then deduced from the equation ݔ଴ ൌ ଴ܰ ሺܣ ൅ ்݊ሻ⁄ . 

Consequently, the concentrations ne (0) and nh (0) are determined by using the approximate 

relationships ݔܣ଴ ൌ ݊௘ሺ0ሻ and ݊௛ሺ0ሻ  ൌ ݊௘ሺ0ሻ  ൅ ்݊.  The results are given in Table 1, where 

Column 7 = Column 5 + Column 6. The values of the exciton concentration nx (0) shown in 

Column 8 are obtained from the equation ଴ܰ ൌ ݊௘ሺ0ሻ ൅ ݊௫ሺ0ሻ. 

 
Table 1. Fitting results from Eq. (7) that show values of the parameters a, b’, and τ as well as 

trap and carrier concentrations 
Intensity 

(mW) 
a ࢈ᇱ τ 

(μs) 
nT 

(× 1014 cm−3) 

ne (0) 
(× 1012 cm−3) 

nh (0) 
(× 1014 cm−3) 

nx (0) 

(× 1014 cm−3)

10 0.463 8.14 0.477 1.07 0.95 1.08 0.49 

15 0.593 10.46 0.496 1.10 1.22 1.11 0.64 

20 0.737 11.17 0.494 1.19 1.51 1.21 0.86 

25 1.081 10.06 0.442 0.957 2.21 0.98 1.01 

30 1.264 10.71 0.467 1.00 2.59 1.03 1.24 

40 1.467 11.41 0.467 1.19 3.01 1.22 1.71 

50 1.594 11.97 0.453 1.62 3.29 1.66 2.56 

75 2.719 10.83 0.436 1.71 5.61 1.77 4.59 

 

The extracted trap density values nT in Table 1 are nearly constant, and are also nearly the 

same as the hole concentration.  Moreover, they are within the same order of magnitude with 
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those obtained by M. Zhang et al. for a total trap density NT = 3.84 × 1014 cm−3 in stoichiometric 

CsPbBr3 single crystals [23]. We note that at high laser excitation power (≥ 30 mW), nx > nT 

indicating that the carrier recombination is mostly bimolecular in nature and is not limited by 

traps/defect states. Moreover, the values of nT in Table 1 do not change significantly for all 

excitation intensities thereby suggesting that most of the available defect/trap states are completely 

filled. The origin of the electronic traps in CsPBr3 is tentatively assigned to Br vacancies (VBr), Cs 

interstitials (Csi), and Pb on Cs antisites (PbCs) due to our previous DFT calculations as well as 

calculations in Ref. [11]. These intrinsic native defects introduce transition levels that happen to be 

located very close to the conduction bandgap edge [11]. These transition levels are usually not 

carrier trapping centers, making CsPbBr3 a defect tolerant semiconductor [11]. 

Using the values of ܾᇱ and ߬ in Table 1 the bimolecular coefficient for excitons (B/nT) 

was calculated to be in the range 3.52 × 10-7 − 5.41 × 10-8 cm3/s for the excitation intensities 10 − 

75 mW. For comparison the bimolecular recombination coefficient has been determined for a 

variety of hybrid metal halide perovskites with values in the range 0.6 × 10−10 – 1.4 × 10−9 cm3 s−1 

at room temperature [24, 25, 26], which is 1 – 2 orders of magnitudes lower than the values 

reported here at 15 K. However, the bimolecular recombination constant was reported to increase 

toward lower temperatures between 3.27 × 10−11 and 1.65 × 10−8 cm3 s−1 for temperatures 310 K 

to 8 K [26]. The values of τ can also be related to the invariant ߬௔௩௘ from the double exponential 

fitting in Fig. 2d. From the time derivative of Eq. (7) at t ൌ 0, we can write ߬௔௩௘ ൌ ሺଵା௔ሻఛሺଵା௕ᇲሻሺଵାଶ௔ሻ                 (8) 

Using the values of a and ܾᇱ from Table 1, it is deduced that ߬௔௩௘~ ఛଵ଴ , showing that the main 

contribution for the ߬௔௩௘ is another process with characteristic time much shorter than the 
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monomolecular decay time . This trend shows that initially, the bimolecular recombination 

mechanism dominates the TR-PL reduction. At the time scale of , the monomolecular 

mechanism prevails when the bimolecular term decreases significantly. From Table 1, it can be 

seen that both parameters  and  do not change significantly with the intensity of the 

incident light. Therefore, it is expected that will decrease with the increase of  when the 

power of the incident light increases. This is in agreement with the observed trend, a decrease in 

lifetime with increasing excitation, shown in Fig. 2d for the double exponential fitting. 

It is evident from the results of the fitting that the dominant species for the intensities 

measured are excitons (with ≤5% contribution from free photogenerated carriers) as shown in 

Fig. 4a. Consequently, we focus solely on the exciton dynamics to provide further insight into 

exciton-exciton interactions and to confirm the findings of our model in eqn. 7. We observe from 

Fig. 4(b) that the decay time depends strongly on the excitation intensity; a fast decay component 

becomes prominent with increasing excitation intensity. Such an intensity-dependent decay is not 

expected from a non-interacting exciton system, thereby indicating strong exciton-exciton 

interactions that result in their annihilation [27, 28]. Exciton-exciton annihilation has been found 

to be significant only in the initial times of the decay when the carrier densities are high, while 

the single-particle process dominates decays at longer time scales with lower densities [21].  
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Fig. 4. (a) Ratio of excitons to the number of photogenerated carriers N. (b) Exciton decay for 
increasing excitations (number of photons/cm2/s). 

 

Based on the fittings results listed in Table 1 and shown in Fig. 4, we postulate 

exciton-exciton annihilation as a dominant recombination mechanism responsible for the 

observed nonlinear PL dynamics. Within the framework of exciton interactions, the rate equation 

for the exciton population nx can be written as, 

      ௗ௡ೣௗ௧ ൌ െ ௡ೣఛೣ െ  ௫ଶ             (9)݊ߟ

where ߬௫ is the exciton lifetime without annihilation and η is the exciton-exciton annihilation rate 

constant [24]. We note here that the rate constants η and γ in Eqns. (9) and (1), respectively, are 

essentially the same. The distinction in nomenclature is to show in a self-consistent way that 

exciton-exciton interaction dominates the transient PL. η is used when only considering exciton 

decay while γ is used, however, when considering decay involving both excitons and free carriers.  

The solution to Eq. (9) is the form 

     ݊௫ሺݐሻ ൌ ௡ೣሺ଴ሻ௘ቀష ೟߬ݔቁ
ଵା η߬ݔ௡ೣሺ଴ሻቈଵି௘ቀష ೟߬ݔቁ቉ .            (10) 

It can be rewritten as  

݊௫ሺ0ሻ ݊௫ሺݐሻ⁄ ൌ ሾ1 ൅  η߬݊ݔ௫ሺ0ሻሿ݁ቀ ೟߬ݔቁ െ  η߬݊ݔ௫ሺ0ሻ          (11) 

with a normalized PL intensity for excitons,  

     ூುಽሺ௧ሻூುಽሺ଴ሻ ൌ ௘ቀష ೟߬ݔቁ
ଵା η߬ݔ௡ೣሺ଴ሻቈଵି௘ቀష ೟߬ݔቁ቉           (12) 

where IPL (t) denotes the PL intensity and nx(0) is the initial exciton density. 

The normalized PL intensity for different excitations (Fig. 4a) shows that the decay 

depends strongly on the initially photogenerated density, ݊௫ሺ0ሻ, indicating a strong bimolecular 
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component. We notice in Fig. 5a that the data before 0.5 μs can be satisfactorily fit with eqn. (12), 

as indicated by the solid red line. To confirm the dominance of the bimolecular process in this time 

region a plot of ݊௫ሺ0ሻ ݊௫ሺݐሻ⁄  versus ݁ቀ ೟ഓೣቁ and as a function of time is shown in Fig. 5b. In the 

initial 0.5 μs, the data are consistent with Eq. (11), as indicated by the solid black line. This is an 

indication that recombination primarily proceeds via a two-body mechanism, namely 

exciton–exciton annihilation.  

 
Fig. 5. (a) The decay of PL with time for 40 mW laser excitation. (b) Fit of ݊௫ሺ0ሻ ݊௫ሺݐሻ⁄  versus ݁ቀ ೟߬ݔቁ to Eq. (11). The deviation from linearity for ݁೟ഓ ൐ 4 may be due to a monomolecular process 

or to the background noise of the decaying signal. 

 

The deviation from a linear fit (dashed line) after ~0.5 μs may be due to the monomolecular 

process or to the background noise of the decaying signal. Accordingly, using Eq. (12), we applied 

a global fit to the whole data set (10 mW – 75 mW) within the time window 0 – 0.5 μs to determine 

the exciton–exciton annihilation rate η. From the fitting results, the values of annihilation rate 

constant η range from 3.67 × 10-7 cm3s-1 at 10 mW to an almost constant value of ~2.82 × 10-7 

cm3s-1 at and above 30 mW. This value is comparable to a value of 7 × 10-7 cm3s-1 obtained for 

CsPbBr3 QDs [29]. Moreover, the η values are in agreement with the exciton biomolecular 
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coefficient obtained using fitting parameters of ܾᇱ and ߬ in Table 1. In contrast to the constant 

lifetime of the single body (monomolecular) process, the pseudo bimolecular lifetime (defined as 

τB = [ηnx]−1), is inversely proportional to the excitation intensity. The values of τB were calculated 

to be in the range 56.2 – 22.8 ns from 10 – 75 mW. 

Based on the experimental data analyses described above, the decay pathways for CsPbBr3 

single crystals involve exciton-exciton recombination and exciton-exciton annihilation. Our model 

(eqn. 7) predicts that for high photon flux > 1018 photons/cm2/s bimolecular recombination 

involving excitons is the dominant mechanism for steady state and transient PL. This prediction is 

supported by the excitonic emission peaks observed in the steady state PL shown in Fig. 2b, as 

well as those observed in other CsPbBr3 bulk single crystals [16] and CsPbBr3-like quantum dots 

in CsBr single crystals [17]. Our model also predicts that for increasing photon flux, the 

exciton-exciton annihilation mechanism becomes prominent leading to a faster characteristic 

decay time. Finally, with increasing photon flux most of the available defect/trap states become 

completely filled. Consequently, monomolecular recombination, i.e., recombination via 

defects/traps does not significantly impact the PL dynamics under high photon flux and the 

performance potential of the crystal is not affected. 

 The schematic in Fig. 6 illustrates the described carrier dynamics under photoexcitation  

in CsPbBr3. Specifically, photoexcitation (1) generates electron-hole pairs, a majority of which 

form excitons (2a) and electron traps may also be populated (2b). The excitons (2a) can radiatively 

(3a) and/or non-radiatively recombine  or dissociate into free electrons and holes (3b). With 

increasing intensity, exciton-exciton annihilation occurs. This is a two-exciton interaction process, 

in which one exciton non-radiatively recombines to the ground state (3c) and the other either 
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dissociates into free electrons and holes (3b) or is promoted into a higher energy level. The 

radiative recombination of free electrons and holes (2c) is much weaker than the dominant 

radiative recombination of excitons (3a). The schematic in Fig. 6 thus provides insight into the 

nature of the photogenerated carriers at the band-edge of the halide perovskite CsPbBr3. 

 

 

Fig. 6. Schematic of carrier recombination mechanisms in CsPbBr3 single crystals. (1) 
Photoexcitation; (2a) exciton formation; (2b) trap population; (2c) recombination of free electrons 
and holes; (3a) exciton recombination; (3b) exciton dissociation; (3c) exciton-exciton annihilation. 
 
 
 

IV. CONCLUSION 

In summary, the dynamic interactions between free carriers, excitons, and electronic 

subgap states for stoichiometric CsPbBr3 single crystals have been investigated by means of 

time-resolved photoluminescence. The concentration of filled traps was calculated, and the 

origin of the electronic traps in CsPBr3 is tentatively assigned to Br vacancies (VBr), Cs 
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interstitials (Csi), and Pb on Cs antisites (PbCs). A recombination model was developed that 

reproduces the observed PL decay kinetics. At all excitation intensities, recombination of the 

photogenerated species is dominated by efficient radiative processes involving excitons 

indicating that the observed steady state PL is a bimolecular process and not strongly influenced 

by monomolecular recombination (i.e. recombination via defects/traps). A bimolecular 

recombination coefficient of ~10-7 cm3/s was obtained for a combination of electron-hole pair 

and exciton recombination. As the concentration of photoexcited charge carriers increases, 

exciton-exciton annihilation occurs. It is demonstrated that the decreased PL lifetime at high 

fluence results from exciton–exciton annihilation with annihilation rate of 3.63 × 10-7 cm3s-1 at 

10 mW. The observation of an exciton-exciton annihilation process illustrates the strong 

interaction between excitons in CsPbBr3. Photoluminescence measurements provide fundamental 

insights into the origin of radiative and nonradiative decay of charge carriers in crystalline 

CsPbBr3. Having a detailed understanding of free carrier and exciton recombination processes at 

the band-edge is essential to further our understanding of all-inorganic halide perovskite 

semiconductors and to reach the ultimate potential of these materials for both radiation detection 

and optoelectronic applications. 
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