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Abstract  

Intrinsic photophysical origin of lead halide perovskites (LHPs) succeeding in 

optolectronic applications still remains hotly debated. Here, by using the ultrafast X-ray 

transient absorption spectroscopy, we successfully tracked the fate of photogenerated 

charge carriers at room temperature within the thin films of two classic LHPs, namely 

MAPbBr3 (MA: CH3NH3) and FAPbBr3 (FA: CH(NH2)2). We clearly observed in both 

thin films that the hole polaron is formed by localizing the photogenerated hole at Br 4p 

orbital and concurrently distorting the local structure surrounding Br atom after the 

photoexcitation. Furthermore, the bigger cation FA in the cavity of [PbBr6]4- octahedral 

framework induces larger hole polaron effect due to its p orbital hybridization into 

valence and conduction bands, correlating with the slower charge carrier recombination 

dynamics. Our direct experimental observation of the localized hole polaron in 

perovskites should advance the fundamental comprehension of charge carrier behavior 

within LHPs and their related devices.  
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Lead halide perovskites (LHPs) with the formula APbX3 (A = MA, FA, Cs, etc., X = Cl, 

Br, I) are emerging semiconductor materials, showing the great potentials in the 

application of light emitting diodes and solar cell devices.1-8 Besides the development of 

their device applications, extensive efforts have been made to unravel the fundamental 

mechanistic origins of their intriguing optoelectronic properties,9-13 such as long carrier 

lifetimes and diffusion lengths14,15 but modest carrier mobilities.13,16 Concept of polaron 

formation, in which the photogenerated charge carriers in crystal are localized (or trapped) 

with the concurrent crystalline structural deformation via strong carrier-phonon 

interactions, has recently been rationalized to interpret the nature of the outstanding 

optoelectronic properties of LHPs.13,17-21 Previous studies using ultrafast THz 

spectroscopy technique, that is sensitive to intraband correlated motions of charge 

carriers,  revealed direct experimental signatures of polaron states in phtoexcited metal 

halite perovskites.22,23 The dynamically screened coulomb potential by polarons reduces 

the scattering of photoinduced charge carrier by defects, other charge carriers and 

longitudinal-optical (LO) phonons. The charge carriers transport along the perovskite 

lattice framework of [PbX6]4- octahedra (X=Cl, Br or I) are consequently in favor, with 

lower electron-hole recombination rate. Additionally, polaron formation has been 

increasingly invoked for theoretically analyzing the J-V hysteresis and slow photo-

degradation /fast self-healing of devices based on LHPs.19,24,25 Very recently, first-

principle simulations by F. D. Anglis et al. revealed that although the polaron formation 

is mainly within the inorganic framework of [PbX6]4-, it can be affected by A-site cations 

(e.g. MA, FA, Cs, etc.) due to their different polarity and mobility in the cavity of 

inorganic framework. 26-28 However, the direct experimental proofs are still lacking.  



4 
 

Although the photoexcited charge carrier dynamics of LHPs has been extensively 

studied by ultrafast optical characterization techniques and their polaron state can be 

confirmed by THz spectroscopy, it is intrinsically difficult to simultaneous track the 

electronic and structural evolution of the photoexcited LHPs, which defines the polaron 

state. Consequently, current experimental studies often lack the clarification on that the 

polaron state is caused by the localization of electron or hole.17-19,21,22,24,29-31 The 

conclusions varying between electron/hole polaron are mainly derived or speculated 

through simulations based on indirect experimental results. Here, by using the state-of-art, 

ultrafast synchrotron-based X-ray transient absorption (XTA) spectroscopy (laser pump – 

X-ray probe, see the setup schematic in Figure S1), we have directly observed the 

photoexcited electronic and structural change of LHPs, owing to that the XTA technique 

is intrinsically element-specific, oxidation state and local structure sensitive.32-34 By 

employing this technique, we have recently revealed that the photogenerated electron and 

hole are delocalized and localized (namely, formation of small hole polaron), respectively, 

within lead-free perovskite nanocrystals.35 Here we have further measured the more 

challenging sample system, LHP thin film, mimicking the actual active layer in the 

device geometry. The direct spectroscopic view of the hole plaron formation in two 

classic LHP thin films: MAPbBr3 (MA: CH3NH3) and FAPbBr3 (FA: CH(NH2)2) has 

been revealed by probing at the Br K edge with ps X-ray pulse upon the photoexcitation 

of fs laser pulse at 530 nm. We have found that at room temperature the photogenerated 

holes in both LHPs are localized at Br atoms concurrently with local lattice distortion 

around Br sites, resulting in the hole polaron formation. Interestingly, the LHP containing 
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the bigger cation FA shows the stronger hole polaron effect, which indicates the slower 

charge carrier relaxation dyamics.    

The 100-nm thick MAPbBr3 and FAPbBr3 thin films on quartz substrates for 

XTA measurements were fabricated by using a spin-coating method, which is detailed in 

the Supporting Information. In order to reduce the sample damage and extend the time of 

good data collection, the thin film samples were coated with 100-nm PMMA layer. The 

grazing incidence wide angle X-ray scattering (GIWAXS) measurements identified that 

both prepared thin films are crystallized very well and they exhibit a cubic phase at room 

 

Figure 1. (a) Schematic illustration of XTA measurements (see detailed setup 
schematic in Figure S1) and DTF-calculated electronic partial density of states 
(PDOS) of (b) MA and (c) FA-based perovskites with a cubic phase at room 
temperature, indicating the atomic orbital compositions of valence and conduction 
band structures of two systems. In (b) and (c), the Br core 1s orbital is schematic to 
show the X-ray probe at Br K edge.    
 



6 
 

temperature (Figure S2). Figure S3 shows the steady-state absorption spectra of both 

samples taken from the transmission measurements, indicating that the absorption 

exhibits a significant rise near the bandgap due to the contribution of Wannier 

exciton.36,37 In regard of the direct optical transition observed in the calculated electronic 

band structures of LHPs (Figure S4), with Tauc plots of their absorption spectra (Figure 

S3-Inset), the direct optical band gaps of the prepared MA- and FA-based thin films are 

determined to 2.31 eV and 2.27 eV, respectively.38 The XTA characterizations of LHP 

thin films were performed in a laser pump-X-ray probe configuration (Figure 1a and 

Figure S1).  An ~ 100 fs laser pulse was at first used to initiate the populations of electron 

(e-) and hole (h+) in the samples and then the synchrotron X-ray pulse with FWHM of 

~80 ps under Argonne APS 24-bunch operation mode was delivered to monitor the time-

dependent electronic and structural evolution of the samples by probing the X-ray 

absorption at the K edge of Br atoms. The details of our XTA technique including laser 

and X-ray alignment, data acquisition and process can be found in Supporting 

Information. Here, to avoid the strong hot carrier thermal effect, the photon energy of the 

laser pulse (2.34 eV) is chosen to be just a little over the optical energy band gaps of two 

perovskite samples.   

Before running the XTA spectroscopy, which measures the electronic dipole 

transitions within the specific atom, it is essential to understand the electronic structures 

of two samples. According to the cubic crystalline phase of MA- and FA-based 

perovskites at room temperature,38,39 the band structures of two systems were calculated 

using DFT method (see Figure S4 in Supporting Information) and they were further 

projected to generate the electronic partial density of states (PDOS).39 As shown in 
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Figure 1b and 1c, the calculated PDOS of two perovskites reveals that the edges of 

valence band (VB) and conduction band (CB) for two systems are dominated by Br 4p 

orbital and Pb 6p orbital, respectively. However, the contributions of organic cations to 

VB and CB are quite different. Compared to the MA p orbitals (combination of C & N p 

orbitals in MA) nearly completely absent from the VB of MA-based perovskite, FA p 

orbitals (combination of C & N p orbitals in FA) makes considerate contribution at ~ -2-3 

eV (below the Fermi level that is defined at the VB maximum (Ef = 0 eV)).  The similar 

difference also shows in the lower band of CB (~ 2-4 eV above the fermi level). This 

indicates that FA has stronger interaction with the [PbX6]4- octahedra than MA via C & N 

 
 
Figure 2. The normalized ground state XA and XTA (Averaged out between Δt = 60-
150 ps) spectra of (a) MA-based and (b) FA-based perovskite thin film samples, 
measured at Br K edge. The XTA spectra are obtained by the difference between XA 
spectra with and without laser excitation.  
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p orbitals of FA hybridized with Br 4p orbital in VB and Pb 6p orbital in CB. As the laser 

pulse of 2.34 eV is illuminated on these two systems (Figure 1b and 1c), the electron at 

the valence band (VB) with primarily Br 4p orbital character can be promoted to the 

conduction band (CB) of Pb 6p orbital for MA-based perovskite or mixing Pb 6p and FA 

p orbitals for FA-based perovskite. Since X-ray probing at the Br K edge is to measure 

the photoexcitation and photoionization of an inner-shell Br 1s electron by X-ray to the 

Br upper empty and continuum energy-levels with p-orbital characteristics,40,41 

interrogating the Br K edge can unveil the coupled electronic and structural change of 

two perovskites caused by the photogenerated hole (h+) due to the laser excitation.  

Figure 2 shows the normalized Br K edge X-ray absorption (XA) spectra of two 

studied thin film samples in the ground state (GS) and the corresponding XTA spectra 

averaged out between the time-delays Δt = 60-150 ps after the laser excitation. The 

samples were excited using 2.34 eV photon energy and ~1.4 mJ/cm2 fluence. The density 

of absorbed photon numbers are ~7.1 × 1014 photons/cm2 and ~8.97 × 1014 photons/cm2 

for MA and FA samples based on their absorbance at 2.34 eV (~0.09 for MA sample and 

~0.117 for FA sample; Figure S3 in supporting information). For better comparison of 

two systems, their XTA spectra (difference between laser-on and laser-off XA spectra) 

were normalized by the absorbed number of photons.  From GS XA spectra in Figure 2a 

(red) and Figure 2b (blue), we can see that there is an intense edge transition peak at 

13.4731 keV, which originates from the allowed dipole electronic transition from Br 1s 

orbital to p-continuum (called X-ray absorption white line).40,41 The scattering oscillation 

peak (13.4864 KeV) above the edge is attributed to the scattering of photoelectron by 

neighboring atoms of the probed Br atoms, directly reflecting the local geometric lattice 
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structure around the Br sites.40,41 Since the XTA spectra were obtained as the difference 

of XA spectra with and without laser excitation, they can directly deliver the transient 

electronic and structural change information after photoexcitation. In both Figure 2a and 

2b (turquoise), a sharp positive differential absorption peak (a) is apparent in the XTA 

spectra centered around 13.4673 KeV, arising from a new X-ray absorption transition 

from Br inner 1s orbital to 4p orbital in VB, where the hole is photocreated by elevating 

the electron to the CB (Figure 1a and 1b). Once the hole is generated in Br 4p orbital of 

the VB, the electronic screening for the electron in Br 1s orbital is reduced due to the 

decreasing electron population in Br 4p orbital. As a result, the photoionization energy of 

the electron in Br 1s orbital to Br p-continuum increases. This leads to the blue-shift of 

the white line (Br 1s to p-continuum transition at 13.4731 keV), which produces a 

negative feature (b) at 13.4731 eV. Therefore, the photoinduced features (a) and (b) here 

unambiguously demonstrate that the photoexcited holes are localized at Br centers, which 

agrees with the similar reported observations of the hole trapped at Br 4p orbital in Br2 

molecules42 and metal bromide nanocrystals.35,43 The negative spectral feature (d) 

followed by a small positive peak (13.5025 KeV) due to the blue shift of scattering 

oscillation peak (13.4864 KeV) also indicates the local lattice structure distortion around 

Br sites. These fingerprints clearly indicate that the photoinduced hole polaron is formed 

in these two perovskites. However, compared to MA-based sample, the FA-based one 

show much larger photoinduced hole polaron effect under exactly same experimental 

conditions according to the normalized XTA signals.  

The hole polaron effect has been experimentally and theoretically studied very 

well in alkali and alkaline-earth halides,44-47 where the hole can be easily localized by 
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moving two adjacent halide ions (X-) closer to form the X2- dimer as hole polaron due to 

the halide p-orbital characteristics of the valance band. In addition, analogous hole 

polaron effect has been directly seen in PbBr2 crystal through electron-spin-resonance 

technique, which exhibits the similar electronic band structure to those of LHPs.48 Very 

recently, many theoretical simulations of charge carrier distribution in 3D19,49-51 and 2D52-

54 LHPs have revealed that a hole localized between two X- as hole polaron (X2-) is more 

energetically favorable, as compared to that it is delocalized over the whole lattice, and 

the experimental observation has been further confirmed in 2D metal halide perovskite 

nanocrystals.35 Thus, here we propose a similar hole polaron process occurring in the 

MA- and FA-based perovskite thin films, given their analogous p-orbital featured valance 

band (Figure 1b and 1c). Due to the intrinsic short-range nature of the X-ray absorption 

spectroscopy, it only probes averaged local electric and structural information of less than 

5-6 Å. Therefore, it is difficult to determine the size of the photoinduced hole polaron by 

only the XTA. Combining with theoretical calculations will help. However, the 

corresponding calculation remains challenging due to the uncertain dipole motion of MA 

and FA cations filled into the [PbBr6]4- inorganic framework at room temperature23,53 and 

the hybridization of FA p orbitals and [PbBr6]4- electronic states (Figure 1c). This 

problem might be tackled later with ongoing DFT-based XAS simulations, which are 

capable of accessing the photoexcited structure of LHPs.  

To further understand the different localized hole polaron effect observed in two 

perovskite thin films , their photoinduced charge-carrier (h+ and e-) recombination 

dynamics were measured by temporally monitoring the photoinduced bleaching recovery 

of exciton states (2.31 eV for MA and 2.26 eV for FA) due to the state filling in their 
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optical transient absorption (OTA) spectra. The OTA were measured using 2.75 eV laser 

photons. To achieve comparable density of absorbed photon numbers, the pump fluence 

of ~1.3 mJ/cm2 for MA and ~1.8 mJ/cm2 for FA was used, to compensate different 

absorbance at different photon energies in XTA and OTA. (Figure S3 in supporting 

information).The population of photoexcited chrgcarriers decays much faster in MA-

based thin film than that in FA-based one. (Figure 3) The multiple exponential fitting 

revealed three lifetime components for both perovskite thin films, with those of the MA-

perovskite (14 ps (55%), 220 ps (40%) and 18 ns (5%) much shorter than those (51 ps 

(44%), 1280 ps (49%) and 772 ns (7%)) for the FA-perovskite (Figure 3 bottom). which 

can be assigned to the Auger recombination, bimolecular radiative recombination and 

single-molecular recombination (between the electron and localized hole), respectively.56 

Here, the slower relaxation dynamics observed in FA sample can be attributed to the 

bigger FA cation, p orbitals of which hybridizing into VB and CB (Figure 1c) may favor 

 
 
Figure 3. The photoinduced charge-carrier (h+ and e-) recombination dynamics of MA- 
(upper) and FA (bottom) -based samples taken at the exciton photoleaching states 
(2.31eV for MA and 2.27 eV for FA) showed in the inset pseudocolor images of the 
OTA spectra. The black cures are three-exponential fits.  
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the charge separation for enhancing the hole localization at Br center.26-28,57 As a result, 

long-lived photoinduced hole localized at Br sites in FA-based thin film exhibits stronger 

polaron effect. This might be one of intrinsic reasons for the stronger photoluminescence 

(PL) and longer PL lifetime observed in FAPbBr3 thin film. In fact, by switching the 

organic cations, the hole localization as a polaron in 2D layered Ruddlesden–Popper 

perovskite thin films has also been observed in our recent XTA characterizations, which 

enhances the PL intensity and lifetime.58     

In summary, by employing XTA spectroscopic technique based on laser pump – 

X-ray probe, we have investigated the transient electronic and structure properties of 100-

nm thick MA- and FA-based LHP thin films upon photoexcitation. The experimental 

results revealed that the accumulation of long-lived photocreated holes around the optical 

absorption edge composed of Br 4p orbital is accompanied by distorting local structures 

around the Br sites. In contrast to the previous studies of the polaron formation in 

perovskite nanoparticles,20,33,41 our observations are the direct experimental evidence for 

confirming the hole polaron formation in solid perovskite thin films, which is expected to 

help better understand the charge carrier transportation, recombination and trapping as 

well as the performance of LHP thin films in optoelectronic device applications. In 

addition, since the atomic orbitals of bigger cation FA strongly hybridize with the 

electronic states formed by inorganic units [PbBr6]4-, contributing to the VB and CB, the 

larger hole polaron effect has been discovered in the FA-based LHPs, correlating with the 

longer charge carrier recombination lifetime. Our study here demonstrated the great 

potential of using XTA technique to fundamentally understand the photophysical 

mechanism of charge carriers in LHP based thin film solar cells and LED devices.   
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Supporting Information 

The supporting information is available free of charge on the ACS publication website: 

Detailed experimental section including the sample preparation, optical and X-ray 

transient absorption spectroscopies, and DFT band structure calculations.  
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