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Abstract

The large tolerance of hybrid perovksites to the trapping of electrons by defects

is a key asset in photovoltaic applications. Here, the ionic surface terminations of

CH3NH3PbI3 are employed as testbed to study the e�ect of electrostatic �elds on the

dynamics of excited carriers. We characterize the transition across the tetragonal to

orthorhombic phase. The observed type II band o�set and drift of the excited elec-

trons highlight the important role that organic cations have on the screening of local

electrostatic �elds. When the orientation of organic cations is frozen in the orthorhom-

bic phase, the positively charged termination induces a massive accumulation of excited

electrons at the surface of the sample. Conversely, no electron accumulation is observed

in the tetragonal phase. We conclude that the local �elds cannot penetrate in the sam-

ple when the polarizability of freely moving cations boosts the dielectric constant up

to ε = 120.

Keywords: Hybrid Perovskites, time resolved spectroscopy, band alignment, screening.

Introduction

Metal halide perovskites are attracting widespread interest because of their excellent per-

formance in photovoltaic devices and optoelectronic applications. As for any other semi-

conductor, the transport and photovoltaic properties of these compounds can be in�uenced

by disorder and impurities. However, the excellent tolerance to defect scattering in metal

halide perovskites is the subject of considerable debate.1�3 Indeed, the high charge-collection

e�ciencies and open-circuit voltage of the derived solar cells suggest that both the carriers

recombination rate and trapping rates are particularly low.4 On the other hand, the ac-

tive layer is usually a polycrystalline thin �lm, where grain boundaries could create a large

amount of trapping centers. Several authors have connected the exceptional electronic prop-

erties of metal halide perovskites to the polarizability of the nuclear lattice.5�7 The complex

permittivity experiments on the tetragonal phase of CH3NH3PbI3 have shown that collective
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reorientations of organic cations result in a dielectric constant attaining values larger than

120 below 1 GHz.5,8 This massive dipole relaxation around trapping centers has no analogous

in conventional semiconductors. It follows that any carrier approaching a charged defect will

not be a�ected, unless coming closer than two unit cells.5 The defect tolerance due to large

dielectric screening prevails in the tetragonal phase of CH3NH3PbI3 where the orientation

of organic dipoles can be very easily switched. Instead, upon crossing the tetragonal to

orthorhombic phase transition, the organic moiety freezes in an ordered structure, leading

to a sudden drop of the dielectric function from 120 to 30.5,8 In this case, the electrostatic

�eld generated by charged traps and polar interfaces should make a visible impact on the

dynamics of photo-carriers. To the best of our knowledge, the evidence of this forecast has

so far remained elusive.

In this work, we design an experiment investigating if the organic cations are capable of

e�ciently screen charged defects or polar interfaces. The surface of CH3NH3PbI3 displays

indeed two possible terminations, the zigzag and dimerized one, both featuring a net positive

charge of ∼= 0.25e+ in the topmost CH3NH3-I layer.
9 The net charges on the CH3NH3-I and

Pb-I2 layers are alternatively positive and negative, implying the build up of a domain with

permanent dipole moments perpendicular to the surface.10 This process is general to any

ionic termination and in the case of CH3NH3PbI3 may play a role in the hysteretic behavior

of I − V curves.11 If capable of penetrating su�ciently in the crystal, the local electrostatic

potential generated by the charged terminations would induce an accumulation of photoex-

cited electrons at the surface. In order to test this conjecture, we combine one photon and

two photon photoemission experiments to access the energy of electronic states and ultrafast

dynamics of excited carriers. Due to the short escape depth of photoelectrons, the probed

region is within 3-5 nanometers from the surface.12 By performing temperature dependent

measurements, we reveal the band o�set between the orthogonal and orthorhombic phase of

CH3NH3PbI3. Moreover, we �nd that the electrostatic potential of the charged surface is

fully screened in the tetragonal phase but drastically modi�es the electron dynamics in the
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orthorhombic phase.

Data and analysis

Single crystals of CH3NH3PbI3 have been grown by inverse temperature crystallization

method. Methylammonium iodide (0.78 g, 5 mmol) and lead iodide (2.30 g, 5 mmol) were

dissolved in gamma-butyrolactone (5 mL) at 60 ◦C. The yellow solution (2 mL) was placed

in a vial and heated at 120 ◦C during one to four hours depending on the desired crystal

size. The high quality of the single crystals is veri�ed by X-ray di�raction measurements of

Bragg's re�ections. Despite the high crystalline quality of our samples, Low Energy Electron

Di�raction (LEED) did not display the Bragg spots.13 Moreover, the electronic bands did

not feature the dispersion that has been reported in epitaxially grown �lms.13�15 We evince

that cleaved surfaces are rough, probably because of the brittle nature of CH3NH3PbI3. For

photoemission measurements, the single crystal have been cleaved at the base pressure of

10−10 mbar and temperature of 180 K. It is essential to cleave the crystal cold in order to

ensure that no sublimation of organic cations could alter the surface stoichiometry.

Figure 1 shows Hard X-ray PhotoElectron Spectroscopy (HAXPES) measurements of

CH3NH3PbI3 at temperature of 180 K (tetragonal phase) and 120 K (orthorhombic phase),

performed at the GALAXIES beamline of SOLEIL synchrotron.16 The spectra have been

acquired within a total accumulation time shorter than few minutes, in order to minimize

sample degradation to the exposure of 3 keV photons. Both the core levels and valence

band display a rigid shift towards lower energy when the system is in the low symmetry

phase (120 K). The lack of any other appreciable change in the spectral shape indicates that

the electronic density of states and atomic valences are almost una�ected by the structural

transition.

A combination of direct photoemission and two photon photoemission (2PPE) is em-

ployed in order to follow the bands o�set as a function of temperature.17 Our photon source
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is a Ti:sapphire laser system delivering 6 µJ pulses with a repetition rate of 250 kHz. The

fundamental beam (1.55 eV) is partially converted into a second harmonic (3.15 eV), third

harmonic (4.7 eV) and fourth harmonic (6.3 eV) beam. We make use of the latter in order to

monitor photoelectrons from the valence band maximum (VBM). Instead, 2PPE with 3.15

eV pump and 4.7 eV probe are employed to transiently populate and subsequently probe

the energy of the Conduction Band Minimum (CBM). The pump beam is absorbed in a

penetration depth of 50 nm and generates an electron density of 5× 1018 cm−3.

The upper panel of Fig. 2A shows the pump-on minus pump-o� signal resulting from

the 2PPE process. We have set the delay between the two beams to 1.5 picosecond, which

is much larger than the typical cooling time of hot carriers.18 The kinetic energy position of

the chemical potential is obtained from the Fermi level of a copper reference that is in Ohmic

contact with the sample. For the sake of simplicity, we do not plot the data with respect to

kinetic energy, but with respect to a rescaled energy axis where the chemical potential is set

to zero. Roughly 0.4 eV above the chemical potential, a peak in the photocurrent intensity

originates from electrons that have relaxed near to the CBM. This signal becomes brighter

and shifts by -0.1 eV when the sample is cooled below the phase transition temperature of 159

K. The lowering of CBM energy indicates that the positively charged surface terminations

are less screened in the orthorhombic phase than in the tetragonal one. Accordingly, the

higher photocurrent intensity that can be observed below the transition temperature is due

to the electron accumulation provoked by a local electrostatic potential.

Note also that, near to zero energy, a second peak in 2PPE intensity nearly follows the

temperature evolution of the CBM. This feature is a Secondary Electron Replica (SER)

ending sharply at the spectral cuto�,4 and corresponds to photoelectrons having zero kinetic

energy. The energy distance between CBM and SER is ξ = 0.4 eV in our crystal but depends

on the stoichiometry and can shrink down to 0.1 eV in surfaces with de�ciency of organic

cations18 (and that have not been cleaved cold). From these measurements we can extract

the energy separation between the vacuum level and VBM, also known as Ionisation Energy
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(IE). The value IE = 5.9 eV is derived by adding the band gap (1.6 eV) and subtracting ξ

(0.4 eV) to the probe photon energy (4.7 eV). According to Emara et al. the IE near to 6

eV indicates that our sample has nominal stoichiometry.19

The lower panel of Fig. 2A plots a direct photoemission map of the valence band as a

function of temperature. The VBM (marked by a dashed white line) is identi�ed by the

threshold where the photocurrent intensity drops below the noise level. By lowering the

temperature below 159 K, the VBM shifts by -0.2 eV, in agreement with the results obtained

via HAXPES and that have been shown in Fig 1. Two white arrows indicate the energy

distance between CBM and VBM, either below or above the structural phase transition.

The estimated size of the electronic gap is 1.58 eV in the tetragonal phase and 1.67 eV

in the orthorhombic one, consistently with scanning tunneling spectroscopy.9 Comparable

transition temperature and gap's magnitude have been also obtained from the temperature

dependent photoluminescence of Fig. 2C, therefore backing our analysis of photoelectrons

intensity maps. The blue shift of bandgap in the orthorhombic phase is related to the tilting

of PbI3 octahedra and freezing of organic cations into an ordered structure (see also sketch

in Fig. 2B). One of the most relevant results of this work is the type II band o�set in

Fig. 2A, implying that a mixed phase of CH3NH3PbI3 would favor the separation of charge

carriers, with electrons accumulating in orthorhombic structure and holes in the tetragonal

one. Accordingly, photoexcited thin �lms of CH3NH3PbI3 display photoluminescence from

recombination of the electron-holes trapped at the domain boundary of tetragonal inclusions

in the orthorhombic phase.20 This property is probably detrimental in the context of solar

energy harvesting, since active traps reduce the carriers mobility.

Next we investigate the carriers dynamics when changing the temperature across the

phase transition. In the tetragonal structure, the large dielectric constant ε = 120 ensures

that charged surface terminations are e�ciently screened by the polarization of organic

cations. Since a local electrostatic potential cannot build up, the bands are �at near the

surface (see sketch in Fig. 3c). Photoexcited electrons follow the dynamics shown in Fig.
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3, dissipating most of their excess energy by phonon emission.14,18 At pump probe delays

larger than 500 fs, the electrons are fully thermalized. Their concentration is monitored in

Fig. 3b, which plots the 2PPE intensity integrated in a small energy interval centered at

the CBM. This signal decays on a nanosecond timescale, mainly due to recombination with

holes in the VBM or due to di�usion into the bulk of the sample, out of the probing region

of the photoelectrons escape depth.18

The second major outcome of this work deals with the evolution of carriers dynamics when

the temperature is changed across the phase transition. Indeed, the build up and relaxation

of electronic signal is notably di�erent if the crystal is in the orthorhombic structure instead

of the tetragonal one (see Fig. 4A). Although the band dispersion21 and spectral density (see

Fig. 1) depend weakly on crystal symmetry, the organic cations lock in speci�c orientations

below the transition temperature, therefore freezing their orientational degrees of freedom.

Since the screening e�ciency of the cations is severely compromised, the dielectric constant

of the orthorhombic phase drops to ε = 30. Positively charged terminations can now induce

a surface potential that bends the bands downward with respect to the bulk reference.

The built-in �eld attracts electrons at the surface (sketched in Fig. 4C), leading to an

increase of their local concentration with the respect to the tetragonal phase. In agreement

with this picture, Fig. 2A displays downward band o�set and a fourfold increase of the

2PPE signal below the transition temperature. We recall that a comparable accumulation

of photoexcited electrons has been reported in the edge states of topological insulators22

and can be viewed as a hallmark of local �elds near to the sample surface. In the present

case, the 2PPE intensity at the CBM of orthorhombic CH3NH3PbI3 shows that the density of

excited electrons saturates at the edge of the sample roughly 2-3 ps after photoexcitation (see

Fig. 4B). Subsequently, the accumulated electrons get trapped by vacancies or interstitial

defects, which generally abound on ionic surfaces. This localization explains the decay of

2PPE intensity on a timescale of 60 ps, which is visible in Fig. 4B and sketched in Fig. 4C.

Indeed, strongly localized states induce a signal equally distributed at all wavevectors and
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below the CBM, most of which escapes from our detection window. After 200 ps, the CBM

intensity follows the nanosecond decay that has been also reported for the tetragonal phase.

Being the latter a slow process, we evince that traps do not act as recombination centers but

they are neutralized once �lled by electrons.

Conclusions

In conclusion, the present experiment provides novel insights on the defect tolerance of

CH3NH3PbI3. We make use of ionic surface terminations as a test ground of charged defects

and interfaces. The electron dynamics is measured as a function of temperature, across

the tetragonal to orthorhombic phase transition. Both the bands alignment and electron

dynamics indicates that electrostatic �elds are strongly screened only in tetragonal phase,

namely when organic cations hold an exceptionally large polarizability. Our results explain

the modest impact that defects and grain boundaries have on the performances of solar cells

based on hybrid perovskites. The exceptional properties of these promising compounds are

indeed linked to interpenetration of highly polarizable organic cations with a rigid inorganic

structure. While solar photons generate light carriers in the PbI−3 bands, the CH3NH
+
3

molecules favor the mobility by reducing the trapping rate.
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Figure 1: A: Hard X-ray photoelectron spectrum of CH3NH3PbI3 showing the I 4s, Pb 4f ,
I 4p levels in the tetragonal phase at 180 K (red line) and in the orthorhombic phase at 120
K (black line). B: Photoelectron spectrum of CH3NH3PbI3 showing the valence band and
Pb 5d levels in the tetragonal and orthorhombic phases. The data have been acquired with
photon energy of 3000 eV.
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Figure 2: A: Photoelectron intensity map of CH3NH3PbI3 collected at pump probe delay of
1.5 ps and as a function of temperature. The upper panel is acquired with probe photon
energy of 4.7 eV. It shows a peak corresponding to the Conduction Band Minimum (CBM)
and Secondary Electrons Replica (SER, which coincides with the spectral cuto� at zero
kinetic energy). The lower panel is acquired with a probe photon energy of 6.3 eV, leading
to a photoelectron intensity that vanishes at the Valence Band Maximum (VBM, indicated
by a dashed white line). The origin of the energy axis corresponds to the position of the
chemical potential, both in the lower and upper panel. Grey arrows stand for the bandgap
size below and above the phase transition. B: Sketch of a crystal structure in the tetragonal
and orthorhombic phase. C: Photoluminescence intensity map as a function of temperature.
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Figure 3: A: Photoelectron intensity map of CH3NH3PbI3 acquired in the tetragonal phase
at 180 K as a function of pump probe delay. The Conduction Band Minimum (CBM) and
Secondary Electrons Replica (SER) are indicated on the plot. B: Photoelectron intensity
integrated in a energy interval of 0.1 eV around the CBM as a function of pump probe
delay (T=180 K). Open and �lled circles correspond to two subsequent scans. The excellent
reproducibility of the data excludes that exposure of the probe or pump beam induces any
surface degradation. The cooling and recombination time of hot carriers is 0.25 ps and 1.2 ns,
respectively. C: Sketch of carriers relaxation at the highly screened surface of the tetragonal
phase (ε = 120).
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Figure 4: A: Photoelectron intensity map of CH3NH3PbI3 acquired in the Orthorhombic
phase at 140 K as a function of pump probe delay. The Conduction Band Minimum (CBM)
and Secondary Electrons Replica (SER) are indicated on the plot. B: Photoelectron intensity
integrated in a energy interval of 0.1 eV around the CBM as a function of pump probe delay
(T=140 K). Open and �lled circles correspond to two subsequent scans. The accumulation
of electrons at the surface saturates after 2-3 ps and displays build up constant of 0.5 ps.
Subsequently the electronic density in the CBM decays because of trapping (dark line, 60
ps) and recombination (red line, 1.2 ns). C: Sketch of electrons accumulation at the poorly
screened surface termination of the orthorhombic phase (ε = 30) and (lower panel) subse-
quent trapping of electrons in vacancies or interstitial defects at the surface.
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Figure 5: TOC graphics
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