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ABSTRACT: Recent discoveries of highly efficient solar cells based on lead iodide perovskites
have led to a surge in research activity on understanding photo carrier generation in these
materials, but little is known about trap states that may be detrimental to solar cell
performance. Here we provide direct evidence for hole traps on the surfaces of three-
dimensional (3D) CH;NH,Pbl; perovskite thin films and excitonic traps below the optical
gaps in these materials. The excitonic traps possess weak optical transition strengths, can be
populated from the relaxation of above gap excitations, and become more significant as
dimensionality decreases from 3D CH3;NH;Pbl; to two-dimensional (2D)
(C4HoNH,I),(CH;NH,1),_(PbL,), (n = 1, 2, 3) perovskites and, within the 2D family, as
n decreases from 3 to 1. We also show that the density of excitonic traps in CH;NH;Pbl,
perovskite thin films grown in the presence of chloride is at least one-order of magnitude lower
than that grown in the absence of chloride, thus explaining a widely known mystery on the
much better solar cell performance of the former. The trap states are likely caused by

electron—phonon coupling and are enhanced at surfaces/interfaces where the perovskite crystal structure is most susceptible to

deformation.

1. INTRODUCTION

Lead halide perovskites are emerging as one of the most
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nature, but the low exciton binding energy ensures its prompt
and near complete dissociation into charge carriers with long
electron/hole diffusion lengths.'**"** One critical factor
detrimental to solar cell performance is charge carrier trapping,
which introduces competitive recombination channels.**** The
charge carrier trap density is necessarily low for a highly
efficient solar cell, but traps can be formed at interfaces with
electron or hole extraction layers™*® or increase with time due
to chemical/structural changes to the material. It is also known
that solar cell efficiency is very sensitive to material synthesis
and processing conditions. As a prominent example, the
CH;NH,Pbl; perovskite made from PbCl, precursor is similar
to that from Pbl, in terms of crystal structure, chemical
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composition, and photophysical properties,”*®*” but solar cells
made with the former show higher efficiencies than those from
the latter.'>***” In the literature, the sample grown from PbCl,
has been called mixed halide perovskite (with a molecular
formula of CH;NH;Pbl,_,Cl,), but a consensus arising from
most recent experiments is that both CH;NH,Pbl; and
CH;NH;PbI;_,Cl, seem to possess the same structure and
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stoichiometry.”® In the following, we will use CH;NH,;PbI; to
represent 3D perovskites from both PbCl, and Pbl, precursors.
The exact difference between the two sample preparations is
not fully understood, but one reason might be a higher density
of trap states in CH;NH;PbI; perovskites from Pbl, than that
from PbCl,.

Most of the published literature on the ghotoiphysics of
perovskites focused on excitons in 2D crystals”>***" or carrier
generation in 3D crystals.'”'**"** There is very little
knowledge on the physical nature of trap states®>*® or
strategies to control or minimize them.>* Here we provide
direct experimental probe of charge and exciton traps in both
3D and 2D lead iodide perovskites. We suggest that these trap
states result from electron—phonon coupling and are stabilized
at surfaces/interfaces of perovskite crystallites.

2. EXPERIMENTAL SECTION

Preparation of 2D Perovskites. We followed the liquid phase
crystallization method reported before'® to produce the layered
lead(II) iodide crystals. Lead(Il) iodide (99%), hydriodic acid (57 wt
%, stabilizer free in water), n-butylamine (99.5%), and methylamine
solution (33 wt % in ethanol) were purchased from Sigma-Aldrich and
diethyl ether (BHT stabilized) was purchased from Fisher Scientific.
All reagents were used without further purification. A minimum
volume of hydriodic acid was used to dissolve stoichiometric quantities
of lead(II) iodide, n-butylamine, and methylammonium iodide at 110
°C. To obtain the crystals, we slowly (~2 °C/h) cooled the solution to
—10 °C. After cooling, plate-like bright-colored crystals with a few
mm? areas were obtained. These crystals were then filtered in cold
diethyl ether and dried at 60 °C under vacuum for 24 h before
exfoliation. The crystals were mechanical exfoliated and transferred
onto isopropanol rinsed sapphire crystal (z-cut, 0001 orientation, MTI
cooperation) for TA and PL measurements or fused silica for linear
absorption measurements.

Preparation of 3D Perovskites from Vapor Deposition. We
followed the method of Liu et al. using dual-source thermal
evaporation method to prepare CH;NH;Pbl, perovskite thin films.”
CH,NH;I powders were synthesized from hydriodic acid (57 wt %,
stabilizer free in water, Sigma-Aldrich) and methylamine solution (33
wt % in ethanol, Sigma-Aldrich). Pbl, and PbCl, were purchased from
Sigma-Aldrich and used as received. Sapphire crystals (z-cut, 0001
orientation, MTI cooperation), silica plates, or native oxide terminated
silicon wafers (highly doped, 111 orientation), were used as substrates
and rinsed with isopropanol prior to use. For the preparation of so-
called mixed halide perovskites, we evaporated CH;NH;I and PbCl,
from separate crucibles in a high vacuum chamber (base pressure
<1077 mbar) with the ratio of deposition rates of ~10:1, as monitored
by a quartz crystal microbalance (QCM) positioned next to the sample
substrates. For the preparation of pure lead iodide perovskite, we
evaporated CH;NH;I and Pbl, from separate crucibles with the ratio
of deposition rates of ~4:1. During the vapor-deposition process, the
substrates were slowly rotated along the surface normal for
homogeneous film formation. The vapor pressure (mainly due to
CH,NH,I) was ~2 X 10™° Torr during deposition. The obtained
perovskite films were annealed in the vacuum chamber in
methylammonium iodide atmosphere (2 X 10~° mbar) or transferred
into a N, filled glovebox and annealed at 100 °C for 40 min to remove
the excess organic molecules and to facilitate further crystallization.
Figure S1 shows photos of two typical CH;NH;PbI; perovskite thin
film samples on sapphire substrates.

Transient Absorption (TA) Measurement. All samples were
mounted in a N, filled sample cell for TA measurements at room
temperature. In brief, the beam from a Ti:sapphire femtosecond
regenerative amplifier at 800 nm wavelength and 1 kHz repetition rate
was split into two paths. The first path was directed into an optical
parametric amplifier to generate tunable pump laser (UV to near IR).
The second path was focused onto a sapphire crystal to produce the
white-light supercontinuum (visible: 450—830 nm, NIR: 850—1600
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nm) as probe. The pump beam was lightly focused to 0.7 mm? at 350
nm pump or 3.3 mm”* at 420 nm pump and the probe beam to 0.09
mm?; the probe spot was located within the pump spot on the sample
surface. The transmitted probe beam was focused onto a fiber coupled
high-speed multichannel detector and collected by a high speed
spectrometer (HELIOS, Ultrafast Systems).

Room Temperature Absorption and Photoluminescence
(PL) Measurement. We recorded linear absorption spectra of 2D
perovskites on a LAMBDA 950 UV—vis—NIR Spectrophotometer
(PerkinElmer) with an integrating sphere. In order to reduce
scattering background, we used a 10 cm focal lens to lightly focus
the white light onto the exfoliated 2D perovskites flakes. The
transmitted light was collected by an integrating sphere with the
correction of substrate absorption. We recorded the linear absorption
spectra of 3D perovskite samples on a Shimadzu UV-1800
spectrophotomter without the use of an integrating sphere.

We used a Raman microscope (Renishaw InVia) in the photo-
luminescence (PL) mode for the room temperature PL measurements
on 2D perovskites. For n = 1 2D perovskites, 405 nm CW pump laser
was focused by a 10X objective and PL in the reflective direction was
collected; while for n = 2 and n = 3 2D perovskites, a 532 nm CW
pump laser source and a 5X objective were used. The samples were
mounted in a N, filled sample cell and no photo damage was observed
in all measurements.

Temperature Dependent Fluorescence Measurement. For
temperature dependent fluorescence measurement, samples (2D n = 1
sample and 3D lead iodide perovskites) on silica substrates were
mounted in a cryostat (Janis ST-100) and cooled by liquid nitrogen.
The samples were excited by 402 nm light generated by the doubled
output of a regenerative amplifier (Coherent Mira seeded RegA, 250
kHz, ~100 fs). The excitation density on the sample was kept below 1
uJ/cm? per pulse. The fluorescence from each sample was collected by
a liquid nitrogen cooled spectrometer (PyLon 400 with SP-2300
spectrograph, Princeton Instruments).

Ultraviolet Photoelectron Spectroscopy (UPS) Measure-
ments. We carried out UPS measurement in an ultrahigh vacuum
(UHV) chamber with a base pressure <10™"' Torr using a Phoibos-
100 electron analyzer (Specs GMBH) equipped with a delay line
detector for electron counting. The energy resolution was set to 100
meV. Spectra were integrated over detection angles of +7° around
normal emission. We used two UV sources. In the first set of
experiment, a helium gas discharge lamp with photon energy of 21.2
eV served as a UV source. In the second set of experiments, we used a
UV laser light source. It consisted of a femtosecond fiber optical
amplifier operating at 1.03 pm, 250 fs pulse width, 1 MHz repetition
rate, and 10W power (Clark, Impluse) pumping a homemade
noncollinear optical parametric amplifier (NOPA) operating in the
near-IR region. The NOPA output was frequency quadrupled to give
UV light at hv = 5.79 €V, with pulse width ~100 fs and average power
of ~0.3 yW on the sample surface. The UV light was directed on the
sample surface at 45° from surface normal to give a laser spot of ~1
mm” The sample temperature was held at 200 K during UPS
measurement. We used NH;CH,;PbI; perovskites thin films vapor
deposited in a UHV chamber connected to the UHV analysis chamber.
The perovskite thin films, on native SiO2 terminated Si(111), were
annealed in situ in methylammonium iodide atmosphere (2 X 1075
mBar) at 400 K for 15 min before UPS measurement. The same
samples were also transferred out the vacuum and characterized by
UV—vis spectroscopy and X-ray diffraction.

3. RESULTS AND DISCUSSION

Charge Carrier Traps on the Surface of 3D Perov-
skites. The first evidence of trap states comes from ultraviolate
photoemission spectroscopy (UPS). UPS is a surface sensitive
technique and, thus, is particularly suited for probing the
preferential trapping of charge carriers on perovskites surfaces.
We prepared thin film samples (~30 nm thickness, see
Supporting Information, Figure S1 for optical images) on
native oxide terminated silicon using vapor phase deposition in
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high vacuum from CH;NHS,I and Pbl, or PbCl, precursors (7).
X-ray diffraction analysis (Supporting Information, Figure S2)
confirmed the excellent crystalline quality of 3D CH;NH,I
perovskites and UV—vis absorption spectra (see Figure 2A
below) were in agreement with published spectra. We show in
Figure 1A UP spectra obtained with He—I UV source (hv =
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Figure 1. (A) Ultraviolet photoemission spectra obtained with hv =
21.2 eV (He—I) for CH;NH;Pb, thin films vapor deposited on native
oxide terminated silicon from Pbl, (blue) and PbCl, (red) precursors.
(B) Ultraviolet photoemission spectrum obtained with hv = 5.79 eV
(laser) of CH;NH;Pbl, thin films grown from Pbl, (blue) and PbCl,
(red). The binding energy scale is referenced to the Fermi level.

21.2 eV) for the two 3D perovskite thin film samples obtained
from Pbl, (blue) and PbCl, (red) precursors. Here, the binding

energy (BE) is referenced to the Fermi level. The two spectra
are similar, both showing the valence band maxima (VBM) at
BE = 1.4 eV, in agreement with recent work of Schultz et al®
On the semilogarithmic scale, we can clearly see additional
density of states above the VBM, extending to the Fermi level.
We assign these midgap states, with density approximately 2
orders of magnitude lower than that of the valence band, to
charge carrier (hole) traps.

To better resolve the trap states above the VBM, we use a
laser based UV source with hv = 5.79 eV. This lower photon
energy enhances the ionization cross section for the trap states
by almost 3 orders of magnitude as compared to that from the
He—I source. We can now clearly see the trap states extending
to the Fermi level in Figure 1B. The sharp peak at BE > 1 eV is
near the threshold (zero) kinetic energy of emitted photo-
electrons and originates both from the high energy tail of the
valence band and secondary electrons. The difference in the
intensities of the threshold peak from the two sample
preparations can be attributed to small variations in work-
function.

The UPS results in Figure 1 establish the presence of a broad
distribution of hole traps on the surfaces of the CH;NH;PbI;
perovskite thin films. Although not detectable by UPS, we
expect similarly trapped electrons below the conduction band
minimum. Supporting this, we show below the presence of
excitonic traps: both an electron and a hole trapped locally with
nonzero optical transition strength. Surprisingly, while the two
sample preprations (from Pbl, and PbCl, precursors) are
known to give very different solar cell efficiencies, the trap state
densities from UPS measurements are similar. Since UPS is
only surface sensistive, the results in Figure 1 suggest that
perovskite thin films from Pbl, and PbCl, give similarly
exposed surfaces. We believe the different solar cell efficiencies
of perovskites grown from Pbl, and PbCl, likely come from
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Figure 2. (A) Static absorption spectra of perovskites prepared from Pbl, and PbCl,. (B) Two-dimensional pseudocolor (—AT/T,) plots of TA
spectra as functions of probe wavelength and pump—probe delay (At) for the perovskite grown from Pbl, precursor. The —AT/T|, values above 840
nm are multiplied by a factor of 10. Pump: 420 nm, ~100 fs pulse width, 6.4 xJ/cm?” pulse energy density. Probe: white light super continuum, ~200
fs pulse width, < 0.1 yJ/cm? pulse energy density. (C) TA spectra at At = 2 ps for the sample prepared from PbL,(blue) and PbCl, (red). (D)
Kinetic profiles at probe wavelengths of 860 nm (X22) for the sample from PbL,(blue) and PbCl, (red) and 760 nm for the sample from Pbl,

(green).
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Figure 3. Two-dimensional pseudocolor (—AT/T,) plots of TA spectra as functions of probe wavelength and pump—probe delay (At) for 2D
perovskite thin film samples, (C,H,NH,I),(CH,NH,I),_,(PbL,),: (B) n = 1; (C) n =2; (D) n = 3. The arrows in panels B—C point to trap states.
Panel (A) shows static absorption (dotted) and fluorescence spectra (solid) of the three 2D perovskite samples (blue, green, red for n = 1, 2, 3,

respectively).

difference in the bulk, e.g,, boundaries and interfaces between
crystallites, as we show below with bulk sensitive optical
spectroscopies.

Excitonic Traps in 3D Perovskites. Optical absorption
spectra (Figure 2A) of the 3D perovskite thin films (on
sapphire) showed the optical gap (the first exciton transition,
marked by an arrow) at 760 + S nm (Eqg = 1.63 + 0.01 eV)
and 750 + 5 nm (1.65 + 0.01 eV) for samples from the Pbl,
and PbCl, precursors, respectively, in agreement with previous
reports.>'*'* However, the possible presence of trap states
below Eog cannot be judged from these static absorption
spectra due to unavoidable presence of scattering. We use
transient absorption (TA) spectroscopy to probe the trap
states. Each perovskite sample is photoexcited by a pump laser
pulse above the bandgap at 420 nm and probed at a controlled
delay time by a probe pulse of white light continuum. Figure 2B
shows a pseudocolor representation of TA spectrum (—AT/
T,) as functions of probe wavelength and pump—probe delay
time for the CH;NH;Pbl; sample grown from Pbl,. AT is the
change in transmission with the pump pulse and T is the
transmission without pump pulse. The main feature in a broad
time window (At = 1 ps to 3 ns) is ground-state bleaching
(GB) at the optical gap around 760 nm, attributed to state-
filling, i.e., the presence of band gap carriers or excitons from
the pump pulse blocking optical transition induced by the
probe pulse. At shorter times (At < 1 ps), we observe a
derivative spectral profile around 760 nm, assigned to a red-
shift of the band gap transition in the presence of hot carriers.
Figure 2D shows —AT/T, probed at 760 nm for the band-edge
excitons (green), with growth in GB due to hot carrier cooling
well described by a single exponential lifetime of 7 = 0.5 & 0.1
ps (black curve). The nanosecond decay time is shorter than
those reported before'®™'* and can be attributed to Auger
recombination at the high pump-power density (6.4 uJ/cm?,
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see Supporting Information, Figure S3A and S3B, for
dependence on pump power). The high pump intensity is
chosen to clearly show the trap states with low absorption cross
sections.

Concurrent with the cooling of hot carriers, TA spectra in
Figure 2B show the appearance of a weak but clearly observable
bleach signal below Eqog (note that the —AT/T, signal in
Figure 2B is multiplied by a factor of 10 for probe wavelength
>840 nm). Horizontal cuts for At > 1 ps (blue curve in Figure
2C for At = 2 ps) reveal the main bleach signal at 760 nm
(Eog), and a broad and weak bleach feature below the optical
gap. The bleaching in the near-infrared reveals the excitonic
nature of the traps: they process weak optical transition
strength in the ground state and are populated from the
relaxation of hot carriers, resulting in the blocking of the weakly
allowed transitions during the probe pulse. These excitonic
traps are characterized by a broad distribution decaying away
from Egg The trap state formation time increases with
excitation photon energy (Supporting Information, Figure
S3D), as is expected from the transfer of excess carrier energy
to phonons.

We now compare the two 3D CH;NH;Pbl; perovskite thin
films grown from Pbl, and PbCl, precursors, with the latter
known to give higher solar cell efficiency.'”'* Figure 2C shows
TA spectra at At = 2 ps for CH;NH;PbI, from Pbl, (blue) and
PbCl, (red) precursors. For the sample grown from PbCl,, the
magnitude of bleaching attributed to traps is at least 1 order of
magnitude lower than that grown from Pbl,. The difference is
evident throughout the time window in Figure 2D, which
compares —AT/T, probed at 860 nm. At this probe
wavelength, the —AT/T, signal at At < 1 ps contains excited
state absorption of hot carriers as well as GB of below-gap
states; at At > 1 ps, GB of trap states dominates. The much
lower density of trap states in the 3D CH;NH;Pbl; perovskite
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Figure 4. Temperature dependent fluorescence spectra from (A) 3D lead iodide perovskite thin film from PbCl, precursor; (B) 3D lead iodide
perovskite thin film from Pbl, precursor; (C) 2D n = 1 lead iodide perovskite, (C,HoNH,I),(PbL,). (D) Ratio between PL emission from below-gap
traps and that from band gap excitons as a function of temperature for 2D n = 1 perovskite (triangle) and 3D perovskites from Pbl,.

grown from PbCl, than that from Pbl, correlates with the
slower decay (2.6 ns) of band gap excitation in the former than
that (0.8 ns) in the latter (Supporting Information, Figure
S3C). Compared to the band-edge excitons, the trapped
excitons possess higher binding energies and, thus, a lower
probability of dissociation into charge carriers and a higher
probability of recombination.'* While we focus on 3D
perovskites obtained from vapor deposition, we also observe
similar below-gap trap states in solution processed
CH;NH,Pbl; perovskite (Supporting Information, Figure S4).

Our observation of much lower trap state density in
CH;NH,Pbl; perovskite from PbCl, than that from Pbl, is
consistent not only with the better solar cell performance in the
former,'>***® but also with the different film morphologies
observed in structural characterizations.””***” Recent experi-
ments have revealed the same crystalline structure and chemical
composition of CH;NH;Pbl; perovskites from both PbCl, and
Pbl, precursors, but different film morphology and crystallite
size/shape from the two preparations. The presence of chloride
ions during growth has been shown to result in large and
elongated crystallites with ym dimensions, while that in the
absence of chloride shows much smaller crystallites with 10
nm dimensions.””***” Since smaller crystallites means larger
interfacial area, we hypothesize that the trap states are located
at the crystallite surfaces/interface and this can explain the
higher density of trap states in the thin film from Pbl, than that
from PbCl,. The smaller crystals grown in the absence of
chloride ions lack well-defined facets and are randomly
packed;>”* the interfaces between these poorly defined
crystallites are likely the locations of trap states. In contrast,
the larger crystals grown in the presence of chloride ions feature
well-defined facets of low Miller indices*” and coherent long-
range packing of the crystals in the film.>** A DFT calculation by
Haruyama et al. suggested negligible trapping on low-index
crystalline faces of the tetraganol perovskite crystal®® Close
interaction between the well-defined facets of neighboring
crystals in coherently packed film can also effectively heal the
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trap states. In the following, we provide further evidence for the
surface/interface interpretation of trap states.

Excitonic Traps in 2D Perovskites. The excitonic traps
discovered above for the 3D perovskites are much enhanced in
the quantum-confined 2D perovskites. Figure 3A shows room
temperature absorption and PL spectra of the three 2D
perovskite samples (1 = 1, 2, 3). As the quantum well thickness
increases from n = 1 to n = 2 and n = 3, the 1S exciton
transition shifts from 508 to 571 and 608 nm, respectively. The
corresponding PL peaks are at 521, 587, and 619 nm, for n = 1,
2, and 3, respectively. Interestingly, each PL spectrum is
characterized by an asymmetric line-shape, tailing to longer
wavelength. As we show below, the lower energy PL tail comes
from radiative recombination of trap states.

Figure 3B—D shows pseudocolor representations of TA
spectra obtained from 2D perovskites with n = 1, 2, and 3,
respectively. In each case, the sample is excited above the band
gap at 350 nm and probed by a white light continuum. A
detailed analysis of the linear power dependence is shown in
Supporting Information (Figures SS and S6). We observe two
common features in all three samples. The first is a blue-shift in
the band-edge (1S) exciton energy, resulting in a derivative
feature with bleaching at or below the exciton transition and
induced absorption above. This is particularly evident for n = 1
and 2 samples, where the positive signal and the negative signal
can be well described by blue-shifts of ~4 nm (Supporting
Information, Figures S7 and S8). The second common feature
is the broad and weak bleaching below the optical gap; similar
to the situation for the 3D sample in Figure 2, the observation
of bleaching reveals that these trap states are excitonic in nature
since they possess optical transition strength and the direct
optical transition of these trap states can be blocked during the
probe pulse by those formed indirectly from the relaxation of
hot carriers/excitons.

The transient absorption spectra in Figure 3 show that the
density of excitonic traps increases with quantum confinement.
The relative magnitudes of peak bleaching signal from the trap
states (normalized to the peak of the blue-shifted bleaching
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signal of the band-edge 1S exciton) are y = 0.077, 0.25, and 0.30
for n = 3, 2, and 1, respectively (Supporting Information,
section 4.3 and Figure S9). For comparison, we obtain y =
0.045 for 3D perovskite from the Pbl, precursor in Figure 2.
The increase in trap density is correlated with the relative area
of the organic/inorganic interface, each consisting of a soft
butylamine organic layer on a hard inorganic lead iodide
quantum well. Such an interface is similar to an exposed surface
of a 3D perovskite crystal, consisting of a methylamine organic
layer on the inorganic lead iodide crystal. Note that the
presence of the blue-shift of the band-gap exciton may be
attributed to the band-gap renormalization resulting from the
exciton-exciton interactions in quantum confined two-dimen-
sional quantum wells (Supporting Information, section 4.2).

Fluorescence Emission from Excitonic Traps. Further
evidence for the excitonic traps comes from temperature
dependent fluorescence emission. Figure 4 shows a set of
fluorescence spectra at different temperatures (room to liquid
nitrogen) with excitation at 402 nm for three perovskite
samples: (A) 3D perovskite grown from PbCly; (B) 3D
perovskite grown from Pbl,; and (C) 2D perovskite (n = 1).
For 3D perovskite grown from PbCl, (Figure 4A), the sample
shows weak fluorescence (peak at ~754 nm) at room
temperature. The fluorescence intensity increases by more
than an order of magnitude as temperature decreases to ~180
K and this is accompanied by a red-shift in the peak position to
~768 nm. At T < 150 K, a new fluorescence peak emerges at
741 nm; this blue-shifted peak further grows with decreasing T
and becomes the dominant feature at the lowest temperature
probed here T = 78 K. The evolution of fluorescence spectra in
3D lead iodide perovskite with decreasing temperature can be
attributed to a tetragonal-to-orthorhombic phase transition, as
revealed by previous optical absorption measurement.'* The
room temperature tetragonal phase (denoted as H phase),
which gives the fluorescence peak at 754—768 nm, corresponds
to the collective rotation (around the c-axis) of each Pblj
octahedron from its symmetric position in the simple cubic
structure, while the low temperature (L) phase, with
fluorescence peak at ~741 nm, corresponds to the tilting of
the Pbl octahedras out of the ab plane.'****°

For 3D perovskite from Pbl, (Figure 4B), the phase
transition process is similar to that from PbCl,: fluorescence
from the H phase peaks at 759 nm at room temperature and
red-shifts gradually to 782 nm as T decreases to 140 K. Below
that, the L phase appears in the blue region. The H phase
emission is still intense even at 78K. The incomplete phase
transition has also been observed previously in lead iodide
perovskite by Wehrenfennig et al, which presumably can be
explained by the strain effect imposed by the phase transition.*’
The presence of the H phase at low temperatures is obscured in
optical absorption spectra'® but is dominant in fluorescence
spectra in Figure 4B. The latter can be attributed to the efficient
excitonic energy transfer from the high-energy L phase to the
low-energy H phase. The most important result from Figure 4B
is the clear growth of below gap fluorescence with decreasing
temperature. At 78 K, the integrated fluorescence intensity
from these trap states in the broad wavelength range of 800—
950 nm is equal to the total band gap fluorescence from the two
phases (H and L). The observation of trap state fluorescence in
3D perovskites from the Pbl, precursor, but not in that from
PbCl,, is in perfect agreement with transient absorption results
in Figure 2, which shows measurable optical transition strength
for the trap states in the former, but not in the latter.
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As we concluded earlier, the excitonic traps observed in 3D
perovskites are much enhanced in the quantum-confined 2D
perovskites. This trend is confirmed in fluorescence spectra, as
shown for the n = 1 2D perovskite sample in Figure 4C. At
room temperature, the n =1 2D perovskite exists as a single
phase (H) with the fluorescence peak at 521 nm. As T
decreases (<280 K), we see the appearance of the L phase'®
with fluorescence peak at ~496 nm and blue-shifting to ~488
nm at 78 K. Concurrent with the evolution of sharp band gap
transitions of both H and L phases is the growth of below-gap
fluorescence: a relatively broad peak around 500 nm and
another broader emission ranging from ~550 to 750 nm. The
~500 nm emission can be assigned to traps associated with the
L phase while the broad peak 550—750 to traps associated with
both phases. The assignment of the ~560 nm peak on top of
the broad emission is unclear, but multiple below gap emission
peaks have been observed previously in 2D lead perovskite
samples.*

Figure 4D plots the ratio, py,,/ppg, of integrated trap state
emission to integrated band gap (BG) emission (from both H
and L phases) for the 2D (n = 1) and 3D (from Pbl,)
perovskites (see Supporting Information, Figure S10 for
details). Consistent with findings from transient absorption,
fluorescence emission from excitonic traps is much enhanced
from 3D to 2D. The py,,/ppg ratio from the 2D sample is SX
and 20X of that from the 3D sample at 78 and 100 K,
respectively. For each sample, the py,,/pyg ratio decreases with
increasing temperature, indicating that the trapped excitons can
be thermally activated into band gap excitons. Plot of ln(ptrap/
psg) vs 1/T do not show linear relationships (Supporting
Information, Figure S11), suggesting that the energetic gaps
between trap states and band gap excitons are not constants, as
expected from the broad energetic distributions of trap states.
The varying slope in In(py,,/ppg) vs 1/T gives phenomeno-
logical free energy difference between band-edge excitons and
trapped excitons of —5 to —54 meV and —28 to —102 meV for
2D (n = 1) and 3D (from Pbl,) perovskites, respectively; the
absolute values of these numbers are smaller than those of the
mean trap energies (see next section), as expected from the
sequential thermal activation within the trap state manifold and,
finally, to the band gap excitons. A quantitative understanding
of these temperature dependences would require a detailed
understanding of the interconversion among the broad
distribution of trap states, the thermal activation of the trap
states into band gap excitons, and competing radiative and
nonradiative recombination rates from these states.* Further
experiments and modeling are underway to quantify the various
rates.

The Surface/Interface Origin of Trap States: A
Hypothesis. To understand the origins of trap states, we
first summarize our findings presented above: (1) photo-
emission measurements revealed similar hole traps on the
exposed surfaces of 3D perovskites from both PbCl, and Pbl,;
and (2) the density of excitonic traps is much increased when
we go from 3D perovskites (from Pbl,) to 2D perovskites and,
within the 2D family, as the relative surface area increases. This
is reflected semiquantitatively in the relative amplitude of trap
state bleaching to bandgap bleaching (y): ¥ = 0.045 in 3D
perovskite from Pbl, y = 0.077, 025, and 0.30 for 2D
perovskites with n = 3, 2, and 1, respectively. On the basis of
this correlation between interfacial area and the density of
excitonic traps, we hypothesize that the trap states are localized
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at the crystallite surfaces and interfaces where the bulk
crystalline symmetry is broken.

We point out two key features of the excitonic traps. First,
both an electron and a hole can be trapped, resulting in an
excitonic trap possessing weak transition dipole in absorption
or emission. Second, the energetic distribution of traps is very
broad and located within ~100—400 meV below the band gap
exciton in each case. For the three QW samples, Figure 3 gives
mean trap energies (referenced to Eog) of (Ey,,) = —0.33 +
0.12, —0.17 + 0.05, and —0.17 + 0.07 eV for n = 1, 2, and 3
respectively. Similar analysis from low-temperature fluorescence
spectra in Figure 4 yields mean trap energies of (E,,) = —0.38
+ 0.15 eV for the 2D (n = 1) sample and (E,,,,) = —0.12 + 0.05
eV for the 3D sample. Both the broadness of the trap energies
and the relative, not absolute, energetic positions of excitonic
traps referenced to different optical gaps suggest that the
excitonic traps unlikely originate from common chemical
defects,*** but rather from the self-trapping of band-edge
excitons.*” For a specific chemical defect, the trap state energy
is expected to be well-defined, which is not the case here.

The formation of a self-trapped exciton results from exciton—
phonon interaction, which is predicted to critically depend on
the dimensionality of a crystalline system.*” Lowering the
dimension of a system lowers the deformation energy, thus
making self-trapping easier.*” In the limit of one-dimensional
perovskites, all excitons are self-trapped with extraordinarily
large Stokes shifts of ~1 eV.**™* There is usually a large
potential barrier for exciton self-trapping in 3D, while the 2D
system is a marginal case and possesses lower activation energy
for self-trapping.* Our observations presented above are
consistent with this general principle. Strong electron—phonon
coupling has been invoked to account for below-gap and
white light emission*® in 2D layered perovskites. This coupling
has also been invoked to account for the homogeneous
emission line broadening in 3D perovskites.*” For a 3D
perovskite crystallite, the terminal methylamine cations are
freer to move than their counter parts in the bulk, leading to
easier self-trapping on the surface, particularly when the surface
termination deviates from the low-index crystalline planes.*®
The self-trapped excitons on the surface can be formed from
direct optical excitation due to the none-zero oscillator strength
or from the dynamic relaxation of the band-edge Mott—
Wannier exciton or carriers. At room temperature, the self-
trapped excitons, with average trapping energy of (E,,) =
—0.12 + 0.05 eV, can effectively equilibrate with band-edge
excitons/carriers given the large entropic driving from a surface
state to bulk states. This equilibrium explains that the self-
trapped exciton possesses similar lifetime as the band-edge
exciton/carriers, as seen in Figure 2D.

4. SUMMARY

The results presented here suggest an intrinsic origin of below-
gap excitonic and carrier traps in lead iodide perovskites: the
trap states can result from electron—phonon coupling at
surfaces/interfaces of crystalline perovskites. In such an
interface/phonon interpretation of trap states, the surface of a
3D perovskite film can be considered “entirely” as source for
the self-trapped charge (i.e., polaron) or self-trapped exciton.
Charge carrier trapping at interfaces between the perovskite
thin film and electron or hole transporting layers is believed to
result in faster recombination than that in bulk film*® and these
interfacial traps have also been implicated for anomalous
hysteresis in current/voltage curves in perovskite solar cells.”’
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Optical measurements revealed a much higher density of
excitonic traps in the bulk of the perovskite thin film grown in
the absence of chloride than that with chloride, explaining the
higher solar cell efficiency in the latter. A comparison to recent
structural characterization of perovskite thin films from these
two sample preparations suggests that the trap states are
associated with interfaces of crystallites lacking well-defined
facets of low Miller indices.”” In addition to growth of
sufficiently large crystallites with low Miller indices, we may
envision passivation of surfaces/interfaces traps with organic
molecules®* or a rigid termination layer, such as PbL,.** How to
manage or control surface and interface trapping may be key to
the stabilization of perovskite based solar cells.
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