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We measure the surface of CH3NH3PDbIs single crystals by making use of two photon photoe-
mission spectroscopy. Our method monitors the electronic distribution of photoexcited electrons,
explicitly discriminating the initial thermalization from slower dynamical processes. The reported
results disclose the fast dissipation channels of hot carriers (0.25 ps), set a upper bound to the surface
induced recombination velocity (< 4000 cm/s) and reveal the dramatic effect of shallow traps on the
electrons dynamics. The picosecond localization of excited electrons in degraded CHsNH3Pbls sam-
ples is consistent with the progressive reduction of photoconversion efficiency in operating devices.
Minimizing the density of shallow traps and solving the aging problem may boost the macroscopic

efficiency of solar cells to the theoretical limit.

PACS numbers:

I. INTRODUCTION

Hybrid metal-organic perovskite semiconductors
such as methylammonium lead iodide CH3NH3PbI3
(MAPDI3) have emerged as promising new materials for
photovoltaic devices and optoelectronics. The power
conversion efficiency of solar cells based on perovskite
materials exceeded 20% within eight years'™ and a
theoretical limit of 30% has been proposed®. Such an
impressive performance results from favorable material
properties such as direct band gap of roughly 1.6 eV,
large absorption coefficient and high charge carriers
mobility?.,

The perovskite materials can be broadly divided into
two types: bulk crystals and polycrystalline thin films.
Single crystals of MAPbDI3, have long electron-hole diffu-
sion length (up to 175 pm) and low density of recombi-
nation centers®®, Thin films are more suitable for de-
vice application but display photoexcited carriers with
smaller mobility and shorter lifetimé? ™. Moreover, the
fast degradation of thin films in operating conditions
poses serious limits to viable applications. Both the pho-
toexposure and annealing in atmospheric conditions in-
duces the formation of Pbly inclusiond™2. The main ob-

jective of our work is to show that compositional disorder
leads to shallow traps where carriers localize on the pi-
cosecond timescale.

The carriers diffusion, localization and recombination
is investigated by Two Photon PhotoEmission (2PPE)
experiments on single MAPDbI3 crystals. Remarkably,
2PPE monitors the energy distribution of excited elec-
trons with good temporal resolution and high surface
sensitivity. Moreover, the clean surface of a single crystal
is a model and well controlled system where to explore
the impact of localized states on the electronic motion.

The article is organized as follow: Section II contains
X-rays diffraction, photoluminescence and photoemission
characterization of our crystals. Section III describes the
methodology and the technical aspects of the 2PPE tech-
nique. Section IV discusses the subpicosecond cooling of
excited electrons. Section V proposes a diffusion model to
explain the observed evolution of 2PPE signal. Section
VI investigates the carriers localization in intentionally
degraded crystals. Section VII deals with carriers re-
combination and possible effects of the surface. Section
VIII reports the conclusions and acknowledgments.



1
_|
g )
E! e
S 5
g g
3 7}
= <
/ 100 L 0
16 1.6 1.7 % A8
Energy (eV) Energy (eV)

FIG. 1: A: Image of a single MAPDI3 crystal acquired by
scanning electron microscope. B: X-ray diffraction of Bragg
peaks in the {0,k k)| } plane of the tetragonal phase. C: In-
tensity map of photolumiscence as function of photon energy
and sample temperature. The abrupt transition around 160
K is due to the orthorhombic to tetragonal phase transition.
D: Photoluminescence spectrum of MAPbI3 measured at 130
K.

II. SAMPLE CHARACTERIZATION

We investigate single crystals of MAPbI3 grown by in-
verse 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. As shown in the scanning electron
microscope image of Fig. [JA, the samples are crystals
of millimetric size. X-ray diffraction measurents have
been performed at the CRISTAL beamline of synchrotron
SOLEIL by means of a four-circle diffractometer. The
Bragg’s reflections in Fig. confirm the high quality of
the single crystals’?.

Figure displays the photoluminescence map of the
MAPDI3 single crystals between 100 K and 200 K.
The emission is composed of a single peak arising from
electron-hole recombination across the band-gap. Upon
cooling, the sudden blueshift of the emission line at = 160
K™ is due to the widening of band gap at the tetragonal
to orthorhombic phase transition. Below 160 K, the evo-
lution of photoluminescence with temperature indicates a
reduction of the band gap with lattice contraction. From
the photoluminescence spectrum recorded at 130 K (see
Fig. ), we extract the band gap energy A, = 1.66 eV.
In the following, we will refer all spectroscopic measure-
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FIG. 2: A: Photoelectron intensity map acquired with photon
energy of 94 eV in the {k);,kL ~ 0,0} direction of the tetrago-
nal phase. B: Wavevector integrated photoelectron spectrum
acquired with photon energy of 94 eV. The maximum of the
valence band is located 1.6 eV below the chemical potential.

ments to the orthorhombic phase at 130 K.

Single crytals have been mounted on the {0,1,0} plane
and cleaved in ultra high vacuum at base pressure below
10719 mbar. Despite the high crystalline quality of our
samples, Low Energy Electron Diffraction (LEED) did
not display any Bragg spot. We evince that cleaved sur-
faces are rough, probably because of the brittle nature of
MAPDI3. Figure shows Angle Resolved PhotoElec-
tron Spectroscopy (ARPES) measurements performed at
the CASSIOPEE beamline of synchrotron SOLEIL. The
selected photon beam of 94 eV maximizes the cross sec-
tion of the valence band and corresponds to a perpendic-
ular wavevector k; ~ 0. Variations of spectral intensity
with respect to k|| are consistent with the electronic band
dispersion in the first Brillouin zoné™®., We show in Fig.
the spectrum obtained by integrating the photoelec-
tron map in the interval [-1.5,1.5] A=*. The chemical
potential pp is located 1.6 eV higher than the top of
the valence band, indicating that MAPDI3 crystals are
naturally n-doped.

IIT. TWO PHOTON PHOTOEMISSION

The temporal evolution of the excited state is mea-
sured by means of Two Photon PhotoEmission (2PPE).
Our photon source is a Ti:Sapphire laser system deliv-
ering 6 pJ pulses with repetition rate of 250 kHz. Part
of the fundamental beam (hyy = 1.55 eV) is converted
to the second harmonic (hr; = 3.15 eV) in a -BBO
crystal while the rest is employed to generate the third
harmonic (hvy = 4.7 ¢V)I5. We photoexcite the sample
at 130 K by 50 fs pump pulses of 20 pJ /cm?, centered at
hvy. According to the reported value of the absorption
coefficient™®, this pulse results in an electron-hole density
of 8 x 10'® cm—3.

As shown in Fig. the photons of the pump beam
generate photoexcited electrons with excess energy up
to hvy — Ay = 1.5 eV, thereby inducing optical transi-
tions in two branches of the conduction band. After a



Excess energy (eV)

B )
I
hv,
Y
A Delay
F
g pepep——— Toes, ©
hv, kA HF
v
E,

FIG. 3: A: Band structure of MAPDI3 freely adapted from
Filip et al™®. The green arrows stand for direct transitions
induced by photons with hv; = 3.15 eV. B: Energetics of
the 2PPE experiment with pump photon energy hvi, probe
photon energy hvo, band gap Ay, chemical potential pur and
analyzer work function ¢.

variable delay time, probe pulses centered at hvy = 4.7
eV promote the excited electrons above the vacuum level
(see Fig. ) Photoelectrons outgoing from the sample
are detected by a hemispherical energy analyzer with an
acceptance angle of roughly 5 x 1 degrees? around nor-
mal emission. The overall energy resolution of 60 meV
is dominated by the bandwidth of the probe beam. This
technique provides a direct mapping of the electronic dis-
tribution in the photoexcited sample. Moreover, the elec-
trons that have absorbed the two photons hold an ineastic
mean free path of few nanometersi?. Such high surface
sensitivity can be exploited to question the electrons dy-
namics in the topmost layers of the cleaved crystal.

IV. ULTRAFAST COOLING OF HOT
ELECTRONS

We show in Fig. [A a color scale plot of the photoelec-
tron intensity acquired as a function of kinetic energy
and pump probe delay. The nominal kinetic energy of
the conduction band minimum is E. = hvs — ¢ + Ay —
urp+E, =0.45 eV, where ¢ = 4.3 eV is the workfunction
of our analyzer. As shown in Fig. B, the spectrum ac-
quired at the maximal overlap between pump and probe
pulse (zero delay) displays a peak in proximity of E., a
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FIG. 4: A: Photoelectron intensity map in the as-grown sam-
ple as a function of kinetic energy and pump-probe delay. B:
Energy distribution curves acquired at different values of the
pump probe delay and normalized to their maximum value.
C: Evolution of the average kinetic energy as a function of
time. The solid line is an exponential fit with time constant
71 = 0.25 ps.

second peak near to £’ = E.+0.35 eV and a third peak at
E" = E.+0.9 eV. As sketched in Fig. [3JA, the structures
E’ and E” are located at excess energies where the 3.15
eV photons generate high density of optical transitions'®.

Next, we consider the dynamics of the electrons soon
after the arrival of the pump pulse. Figure [dB shows
that the excited electronic distribution varies strongly
within the first picosecond. The electrons with large ex-
cess energy thermalize towards the bottom of the conduc-
tion band by means of electron-electron scattering and
phonon emission. We exclude the occurrence of carriers
multiplication because the photon energy of the pump
beam is lower than twice the value of the bandgap. The
initial thermalization time can be quantified by evalu-
ating the average kinetic energy contained in the spec-
trum as a function of time. In practice, we calculate
(E)e = [I(E,t)EdE/ [ I(E,t)dE, where E is the ki-
netic energy, I(E,t) is the photoelectron intensity, and ¢
is the pump-probe delay.

Figure@] shows the resulting (E); together with the fit
by an exponential decay with time constant of 7, = 0.25
ps. This value is in excellent agreement with recent
2PPE experiments on MAPbI3 thin films™® and it is
faster than the energy relaxation time observed in inor-
ganic semiconductors2?. We suggest that the rapid elec-
tronic cooling of MAPDI3 arises via the coupling of ex-
cited carriers to the internal vibrations of the CH3NHZ
cations. For example, the stretching modes of C-H and
N-H bonds holds quantum energy of 370 — 400 meV and
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FIG. 5: A: The density profile of photoexcited electrons is cal-
culated by the diffusion model of equation [I] for selected delay
times. B: The integrated intensity of the 2PPE signal (black
marks) as a function of time is compared with the diffusion
model (red line). The dotted blue line at ¢ = 371 indicates
the delay time when electrons have fully thermalized.

can efficiently drain the excess energy of photoexcited
electrons?!. Moreover, the recent observation of optical
sidebands in two-dimensional hybrid perovskites indicate
a sizable coupling of the exciton to an organic mode with
quantum energy of 40 meV=22,

According to Fig. [C, the hot electrons will reach
quasi-equilibrium with the coupled phonons after =
31 = 0.75 ps. Several authors suggested that strongly
coupled modes attain an occupation level higher than the
thermal one and relax on the slower timescale of anhar-
monic interaction®3*24. In this respect, time resolved Ra-
man experiments may be helpful to address the specific
vibrational modes where electrons transfer their excess
energy??. Note in Fig. that the spectra acquired
at delay time of 1 ps and 10 ps display a shoulder at
excess energy ~ 0.2 eV. Niesner et al. observed a sim-
ilar shoulder only in the tetragonal phase of MAPDI3
and they ascribed it to an unconventional kind of pola-
ronic dressing™*2%, This issue requires additional mea-
surements and it is currently under investigation.

V. DIFFUSION IN THE AS-GROWN SAMPLE

Since the 2PPE technique probes carriers within the
topmost nanometers, the integrated signal [I(E,t)dE
follows the instantaneous electronic concentration at the
surface of the sample times the photoemission cross sec-
tion. Once the electrons have fully thermalized, the
photoemission cross section becomes time independent.
Therefore, the progressive decay of 2PPE signal that can
be observed in the middle and right panel of Fig. is
due to the drift-diffusion of electronic charges from the
surface into the bulk. First, we analyze the effect of pure
diffusion on the long timescale dynamics. Electrons that
are excited in an optical penetration depth'® o= = 50
nm move in to the bulk because of Brownian motion.

The electronic concentration at distance x from the sur-
face and pump-probe delay t is given by“’

(1) o Lo Eal Dt — —— ) +
L _
n(@,t) o 5 exp o) v e Wi

+—exp (—x2> w <O“/E+ 2jﬁ> > (1)

where w(z) = exp(2?)(1—erf(z)) and D is the electrons
diffusion constant of MAPDI3 crystals at 130 K. We re-
call that the mobility 1 of MAPDIS is limited by electron-
phonon scattering™ and scales as T—3/2. Therefore, we
can invoke the Einstein relation D = pkyT oc T—1/2 and
refer to the literature value of D at room temperature®
in order to estimate the electron diffusion constant at
T=130 K. The resulting D = 3 cm?/s is plugged in to
equation 1 of the electronic density. We show in Fig.
the resulting n(x,t) as a function of x for selected val-
ues of ¢. Figure compares the calculated n(0,t) with
the experimental evolution of the photoemission signal
in the temporal window [0.05,400] ps. The measured de-
cay follows the diffusion behavior for delay time larger
than 3 ps but proceeds much faster during the first pi-
cosecond. Niesner et al. ascribed this initial drop to the
rapid variation of the photoemission cross section during
the thermalization processt?. On one hand, it is fully
plausible that carriers changing energy and wavevector
display sudden changes of cross section. On the other
hand, the measured intensity deviates from the diffusion
model even after that the electrons have fully thermalized
(namely for 37y <t < 107y). Eventually, built-in fields at
the sample surface lead to an initial drift of the electrons
out of the detection regions. Such ultrafast segregation
between electrons and holes has been recently observed
in other doped semiconductors?®. In the case of MAPbI3
the built-in field may originate from the residual polarity
of the crystal termination?.

VI. ELECTRONIC LOCALIZATION IN
ANNEALED SAMPLES

After having discussed the drift-diffusion of the elec-
trons in high quality crystals, we can address the im-
portant role that sample degradation has on the carri-
ers motion. The data of the as-grown crystal are com-
pared with the ones of the samples annealed in air at 100
°C (MA100) and 200 °C (MA200) for 30 minutes. The
MAPDI3 single crystal is very sensitive to humidity, illu-
mination and annealing temperature. Figure [BJA shows
photoluminescence on the as-grown and annealed sam-
ples. Upon increasing the annealing temperature, a new
photoluminescence peak, arising from trapped states, de-
velops = 60 meV below the bandgap value. We report
in[6B,C the photoelectron intensity map acquired on an-
nealed samples as a function of pump-probe delay. The
MA100 and the as-grown sample display similar behavior
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FIG. 7: Photoluminescence emitted in the visible spectral
range from the MA200 sample at 10 K. The peak centered at
2.45 eV arises from carriers recombination in PbI2 inclusions.

on the short timescale (= 1 ps). However the 2PPE map
of MA100 (Fig. [6B) and MA200 (Fig. [6IC) holds a rem-
nant signal up to 400 ps. We evince that shallow traps
introduced by annealing lead to a partial localization of
the electrons. Note in Fig. [(D that the long timescale
evolution of integrated 2PPE signal deviates from the dif-
fusive 1/4/t decay only in the case of annealed samples.
The onset of the trapping strongly depends on the qual-
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FIG. 8: Temporal evolution of the integrated 2PPE signal
in the sample annealed at 100°C (blue marks) and 200°C
(green marks). The red line is a fitting curve with bimolecular
recombination rate v = 441 x107% cm® /s whereas the yellow
line (which is almost indistinguishable from the red line) is the
fit (;btained by equationwith S = 4000 cm/s and Dy = 0.05
cm?/s.

ity of the crystal. In MA100 the localization takes place
on the timescale of few picoseconds whereas it falls be-
low the picosecond in highly degraded M A200. Probably
the defect density of MA200 is so high that localization
takes place as soon as the electrons cool down below the
mobility edge of the traps. The localization landscape
of conduction electrons is related to the compositional
disorder of degraded samples™. According to Xie et al.,
an annealing to 150 °C leads to a shallow distribution of
I and Pb components in the MAPbI3 thin flmPY. Fur-
thermore, Deretzis et al. reported that thermodynamic
degradation above 150 °C can induce a partial conversion
of MAPDI3 in to PbL?L. The low temperature photolu-
minescence measurements in Fig. [7]confirms that MA200
contains large inclusions of Pbl,.

VII. RADIATIVE AND SURFACE
RECOMBINATION

Remarkably, the long lasting presence of electrons at
the surface of MA100 and MA200 indicates a long re-
combination time of the photoexcited carriers. It has
been shown that direct recombination between electrons
and holes™ becomes dominant at photoexcitation den-
sity ~ 108 cm™3. We display in Fig. [§| the fitting curve
obtained by a kinetic equation with bimolecular recombi-
nation rate v = 441 x 1071% cm3/s. The extracted value
is in good agreement with previous reports and defies
the Langevin prediction by four orders of magnitudél?.,
Wehrenfennig et al. proposed that electrons and holes are
prefentially localized in spatially distinct regions of the
disordered landscape. Accordingly, density functional
calculations on MaPbl3 predict that valence band max-
ima consist of 6s- and 5p orbitals of lead and iodine,
respectively, while conduction band minima mostly in-
corporate 6p—orbitals of lead®2.

Next, we exploit the high surface sensitivity of 2PPE
to question the surface recombination velocity of samples



cleaved in ultra high vacuum conditions. By following the
literature*®33 we model the density of the electrons at
the surface as

aDrw (a DTt) — Sw (S\/DIT)

n(0,t) x oDy — S ,

(2)

where Dp is the diffusion constant of trapped elec-
trons and S is the velocity of surface recombination.
Figure [§| compares the long timescale dynamics mea-
sured in the MA100 and MA200 crystals with the fit
obtained for S = 4000 cm/s and Dr = 0.05 cm?/s.
Such S value is strictly an upper bound because: i)
we chose the Dp value that provides a good fit and
maximize S, ii) we implicitly assume that the observed
decay is ruled by surface recombination instead of bi-
molecular recombination. The upper bound of S is not
far from the surface recombination velocity estimated in
other hybrid perovskites?®4. Tt should be outlined that
S < 4000 cm/s is two or three orders of magnitude lower
than the surface recombination velocity of most unpas-
sivated semiconductors®?3%, Accordingly, the electronic
structure calculations do not predict mid-gap states at
MaPbI3 surfaces with thermodynamical stability*?. In
operating devices, this asset favors the efficient extrac-
tion or injection of carriers at the electrical contacts with
the MAPDI3 layer.

VIII. CONCLUSIONS

To conclude, we characterized the dynamics of excited
electrons at the surface of MAPDI3. Our data provide a

direct visualization of the electronic cooling at early de-
lay times. It follows that photoexcited carriers thermal-
ize on a subpicosecond timescale, presumably because of
the coupling to the vibrations of organic cations. In the
as-grown crystal, the electrons dynamics is ruled by dif-
fusion at long timescales. Most likely, an additional drift
due to built-in fields sets in at early delay.

We intentionally induce compositional disorder in some
MAPDI3 crystals by thermal annealing in atmospheric
conditions. As a result, the photoexcited electrons are lo-
calized by shallow traps within few picoseconds. Such lo-
calization mechanism is consistent with the drop of pho-
toconversion efficiency in aged cells. Finally we estimate
the surface recombination velocity of MAPbDI3 cleaved in
ultra high vacuum. The upper bound obtained by our
analysis is consistent with previous results and is several
orders of magnitude lower than the values reported in
many unpassivated semiconductors.
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from the European Union’s Horizon 2020 research and
innovation program under grant agreement No 687008
(GOTSolar). We also thanks dim-nanoK for funding
under project 'PIED’, the DIM-Oximore and the Ecole
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