Downloaded via FUDAN UNIV on December 25, 2019 at 07:01:06 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

& Cite This: J. Am. Chem. Soc. 2019, 141, 13074—13080 pubs.acs.org/JACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Asynchronous Photoexcited Electronic and Structural Relaxation in

Lead-Free Perovskites gff;?{;
Cunming L1u, Yinggi Wang, Hurfang beng, Taishan Zhu,® Elif Ertekin,*® David Gosztola,*

Sizhuo Yang, 41er Huang, Bin Yang, Keli Han," Sophie E. Canton, ™! Qingyu Kong,O
Kaibo Zheng,® #© and Xiaoyi Zhang

X-ray Science Division, and *Center for Nanoscale Materials, Argonne National Laboratory, 9700 S. Cass Avenue, Lemont, Illinois
60439, United States

SCenter for High Pressure Science and Technology Advanced Research, Shanghai 201203, China
LELI-ALPS, ELI-HU Non-Profit, Ltd., Dugonics ter 13, Szeged 6720, Hungary

$Department of Mechanical Science and Engineering, University of Illinois at Urbana—Champaign, 1206 West Green Street, Urbana,
Tllinois 61801, United States

&Department of Chemistry, Marquette University, Milwaukee, Wisconsin 53201, United States

VState Key Laboratory of Molecular Reaction Dynamics, Dalian Institute of Chemical Physics, Chinese Academy of Science, Dalian,
China

IDeutsches Elektronen Synchrotron (DESY), Notkestrasse 85, D-22607 Hamburg, Germany
oSychrotron Soleil, L’Orme des Merisiers St Aubin, F-91192 Gif-sur-Yvette, France

¥Department of Chemical Physics and Nanolund, Lund University, Box 124, 22100 Lund, Sweden
*Department of Chemistry, Technical University of Denmark, DK-2800 Kongens Lyngby, Denmark

© Supporting Information

Excited State with hole Distorted Structure
r qppm« & distorted structure without hole trappling

ABSTRACT: Vacancy-ordered lead-free perovskites with more-stable crystalline
structures have been intensively explored as the alternatives for resolving the toxic ° ‘; ¢ ‘““ < f
and long-term stability issues of lead halide perovskites (LHPs). The dispersive Q&s u 4 s Qe u\

energy bands produced by the closely packed halide octahedral sublattice in these ‘) i 3se, “Q‘ ®
perovskites are meanwhile anticipated to facility the mobility of charge carriers. \ \) \1. ‘\‘:}g 2
However, these perovskites suffer from unexpectedly poor charge carrier transport. X-ray

To tackle this issue, we have employed the ultrafast, elemental-specific X-ray
transient absorption (XTA) spectroscopy to directly probe the photoexcited
electronic and structural dynamics of a prototypical vacancy-ordered lead-free
perovskite (Cs;Bi,Br,). We have discovered that the photogenerated holes quickly o & e . o

self-trapped at Br centers, simultaneously distorting the local lattice structure, likely el pa¥

forming small polarons in the configuration of V| center (Br,” dimer). More —

significantly, we have found a surprisingly long-lived, structural distorted state with a

lifetime of ~S59 ps, which is ~3 orders of magnitude slower than that of the charge carrier recombination. Such long-lived
structural distortion may produce a transient “background” under continuous light illumination, influencing the charge carrier
transport along the lattice framework.
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B INTRODUCTION

Lead halide perovskite (LHP)-based solar cells have received
immense attention in recent years, because of their low cost
and superior power conversion eﬂiciency.l_4 However, the

their stabilized crystalline lattice structures. Although the
octahedral connectivity in these perovskites is reduced, the
closely packed halide octahedral sublattice is still anticipated to
provide dispersive energy bands for good charge carrier
mobility."” However, the power conversion efficiency of such

commercialization of LHP solar cells is currently limited by the
potential environmental and public health concerns, which
result from the toxicity of water-soluble, unstable lead salts
under ambient conditions.”® The vacancy-ordered lead-free
perovskites, such as Sn- or Te-based double perovskites,”
and Bi- or Sb-based two-dimensional (2D) layered perovskites,
as well as their zero-dimensional (0D) ones,’ ' have been
explored as low/nontoxic replacements for LHPs, because of

-4 ACS Publications  © 2019 American Chemical Society

. . . . ,12,14
perovskite-based devices is far below expectations.”

Photoexcitation of LHPs with energy above the bandgap
creates the charge carriers, namely, electrons (e”) and holes
(h*). The photogenerated charge carriers might be trapped,
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accompanied by lattice distortion due to the strong carrier—
phonon interaction."”~*° This process is known as polaron
formation, and it has been recently used to rationalize the
intrinsic origin of the success of LHPs in photovoltaic
applications. Nonetheless, the conclusion of polaron formation
is mainly derived or speculated through indirect experiments or
calculations.”>™° Hence, direct experimental observation of
the electronic and structural dynamics correlated with polaron
formation and relaxation is crucial in uncovering the
fundamentally photophysical mechanisms of perovskite
materials. Recently, we have directly observed the photo-
induced electron polaron formation in an LHP.”' However,
knowledge of polaron formation in lead-free perovskites is
largely missing, despite of its great importance.

Herein, using the ultrafast, elemental-specific X-ray transient
absorption (XTA) spectroscopy (see the description of the
technique given in the Supporting Information and the setup
schematic shown in Figure S1 in the Supporting Information),
we directly visualized the photoinduced electronic and
structural dynamics of a prototypical vacancy-ordered, lead-
free perovskite: Cs,Bi,Br, (space group P3m1, a = 7.972 A and
¢ = 9.867 A), in the form of ~3.8 nm nanocrystals (NCs) (see
Figures S2 and S3 in the Supporting Information), which were
prepared by a modified one-step reaction method (see details
in the Supporting Information).”” The NCs exhibit a strong
exciton peak at 2.84 eV in their UV-vis absorption spectrum,
because of their own natural quantum wells caused by their
vacancy-ordered 2D-layered structures (see Figures S2b and
S3b in the Supporting Information) and each NC is composed
of ~54 unit cells (see the calculations in the Supporting
Information). Our experimental results evidence the photo-
induced small polaron formation in Cs;Bi,Bry NCs, in which
the photoexcited hole is fast self-trapped (<10 ps) at the Br
ions, distorting the Br local lattice structure. Surprisingly, we
have observed an ultra-long-lived structural distorted inter-
mediate state (~59 us), which is 3 orders of magnitude slower
than the recombination (~20 ns) between the electrons and
self-trapped holes. Our findings here represent a step forward
in uncovering fundamental mechanistic details on the
electronic and structural response of the photoinduced polaron
state in perovskite materials.

B RESULTS AND DISCUSSION

In consideration of the ~120 ps time resolution of the XTA
spectroscopic technique here, femtosecond optical transient
absorption (fs-OTA) spectroscopy (detailed in the Supporting
Information) was first performed to measure the early time
relaxation dynamics of photoexcited charge carriers (e~ and
h*), using 120 fs laser pulses of 3.1 eV as the pump and
broadband 120 fs visible pulses as the probe. According to the
electronic density of states (EDOS) (Figure la) projected
from the band structure (Figure S4 in the Supporting
Information) of bulk Cs;Bi,Br, perovskite calculated by
density functional theory (DFT), the laser photons excite the
electrons in the valence band (VB) that is primarily composed
of Br 4p orbitals to the conduction band (CB) majorly
contributed by Bi 6p orbitals hybridized with a small amount
of Br 4p orbitals (Bi 6p/Br 4p hybrid). Figure 1b shows the
normalized charge carrier kinetics by monitoring the photo-
bleaching recovery of exciton state at 2.84 eV (Figure SSa in
the Supporting Information), under the laser pump flux J, from
1.9 X 10" photons/cm* ({(N,) = 0.02) to 5.6 X 10"° photons/
cm? ((Ny) = 6.7), where (N,) is the averaged number of

sum
Bi 6s
— Bi 6p
——Br 4s
__Brdp

a | valence band :

Fermi level

conduction band

EDOS (a.u.)

.

= T T
4 3 -2 A 0 1 2 3 4

Energy (eV)
b /a
1.0 b4 J, (photons/cm?®)

L —=—1.9x 10" (<N> = 0.02)
—08f —=—56x10" (<N,> = 0.67)
g I —o—1.3x10"° (<N,> = 1.56)
“os} —4—28x 10" (<N,> = 3.35)
! —0—5.6x 10" (<N,> = 6.70)
04} .
£ |
T
Soaf

00 1 1 1 1 o/
0 20 40 60 80 100 1000

Time-delay (ps)

Figure 1. (a) Electronic density of states (EDOS) for Cs;Bi,Br, bulk
obtained through DFT calculations, indicating the atomic orbital
compositions of valence and conduction band structure. (b)
Normalized fs-OTA kinetics for photobleaching recovery of the
exciton state probed at 2.84 eV under different laser pump flux, fitted
by a multiple-exponential model convoluted with Gaussian instrument
response function (IRF) of ~140 fs (fwhm) (black curve).

photons per nanoparticle (see details in the Supporting
Information). The decay kinetics here does not vary with the
laser pump flux, implying an insignificant Auger recombination
effect, which can be further confirmed by the linear power-
dependent amplitudes of exciton state photobleaching at time
delays of 1 ps, 90 ps, and 1 ns (see Figure SSb in the
Supporting Information). The fitting of these decay curves
with a multiple-exponential decay model reveals three lifetime
components of 0.5 + 0.1 ps (44%), 9.3 + 0.7 ps (32%), and
628 + 37 ps (24%) for charge carrier relaxation dynamics,
assignments of which would be discussed with XTA results
later.

While OTA spectroscopy provides valuable information on
the charge carrier dynamics, it cannot ambiguously distinguish
the contribution from different types of charge carriers (e™ and
h*) or from different atomic centers. Nor can it track the
excited state that does not possess transition strength over the
laser spectrum range, which is referred as the optically dark
state. The intrinsic, element-specific, oxidation state and local
structure sensitive characteristics of XTA technique enable it as
an ideal tool to interrogate how charge carriers flow inside the
perovskite, as well as distort the local lattice structure. The
XTA measurements were performed using ~1.6 ps laser pulses
of 3.1 eV as the pump and 120 ps X-ray pulse train from a
synchrotron source as the probe (see Figure S1). Figure 2a
shows Br K-edge X-ray absorption (XA) spectra of NCs in the
ground state (GS) (u(E), black curve) and at the time delay
(At) of 90 ps (red curve) after laser excitation. The Br K-edge
absorption measures the transition from the Br 1s orbital to
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Figure 2. (a) XA spectra (u(E)) at Br K before laser excitation (laser-
off/GS, black curve) and after laser excitation (laser-on at At = 90 ps,
red curve) (5.6 X 10' photons/cm?). The XTA spectrum is the
difference between XA spectra with the laser on and the laser off. (b)
Schematic of Br K near-edge transitions before laser excitation (1)
and after laser excitation (2).
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Figure 3. (a) Br K-edge XTA spectra under several representative
early time delays. (b) 2D XTA spectra between 1.84 and 35 ps. (c)
XTA kinetics measured at the representative energies for hole self-
trapped (green curve) and structure distortion (blue curve). The red
curves are multiple-exponential fits convoluted with a Gaussian IRF of

~120 ps (fwhm).

upper unoccogied orbitals and the continuum with p-
characteristics.””** Thus, we can attribute the shoulder peak
at the left side of the main edge absorption peak (13.4844
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Figure 4. Complete photoexcited charge carrier recombination
dynamics measured by monitoring the recovery of exciton state
photobleaching at 2.84 eV using ns-OTA spectroscopy (purple dots)
at 2.8 X 10'° photons/cm? which is compared to that (green dots)
measured from the XTA kinetics by probing at 13.4775 keV for the
hole relaxation at the Br site at 5.6 X 10'¢ photons/ cm?

keV), centered at ~13.4802 keV, to the transition from the Br
Is orbital to the bottom of the empty conduction band,
namely, the Bi 6p (major)/Br 4p (minor) hybridized state (see
Figure 2b(1)). This assignment has been further confirmed by
ORCA calculation (see Figure S6 in the Supporting
Information). The main edge absorption transition that peaked
at 13.4844 keV is due to the Br 1s to p continuum transition
(called the X-ray absorption white line). The peak at ~13.499
keV in the GS XA spectrum (Figure 2a, black curve) is caused
by the scattering of X-ray created photoelectrons by the
neighboring atoms around the Br atoms, directly reflecting the
local geometric structure around Br sites.””**

Similar XTA measurements were conducted at the Bi L;-
edge (Bi 2p;,, orbital to upper unoccopied orbitals and a
continuum with d-characteristics) to detect the photoexcited
electrons. The results showed no detectable difference
absorption between with and without laser excitation within
the experimental resolution even by doubling the laser photon
flux as used in Br K-edge measurements (see Figure S7 in the
Supporting Information). Further increasing the laser power
leads to the fast photodegradation of NCs. One possible
explanation for this is that most of the photogenerated
electrons are highly deviated from Bi cations by the strong
coulomb interaction of the hole self-trapped at Br anions,
which is also indicated by the prominent exciton peak in the
UV-vis spectrum (see Figure S2d in the Supporting
Information). This finding agrees with the observation of
electron delocalization from Pb site that is obtained by
measuring the Pb L;-edge aborption of CsPbBr; NCs.”

To better illustrate the XA change before and after laser
excitation, the XTA spectrum obtained by subtracting u(E)gs
from p(E)per.on (At = 90 ps) was also shown in Figure 2a
(purple curve). The main features in the XTA spectrum were
indicated by labels “(a)”—“(f)”. The sharp positive feature
“(a)” before the shoulder peak (13.4802 keV) in the GS XA
spectrum indicates that the photoexcitation induces an extra Br
Is-to-p transition (13.4775 keV). As laser photons pump the
electrons from the VB to the CB, the Br 4p holes are created in
the VB, resulting in an extra XA transition of Br 1s electrons to
4p holes in the VB (Figure 2b(2)), which is shown as feature
“(a)” in the XTA spectrum. Such a transition does not exist in
the GS XA spectrum, because the VB is fully occupied by the
electrons in the GS (Figure 2b(1)). Therefore, feature “(a)”
directly reflects the photocreated hole density at Br atom
centers. Since features “(e)” and “(f)” correspond to the
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Figure S. (a) Schematic photocycle of Cs3Bi,Bry NCs. (b) Schematic configuration—coordinate potential-energy diagram representing the relative
energies of states (I), (II), and (III) shown in Figure Sa. The energy difference between states (II) and (I) is 2.84 eV, and the estimated energy
barrier AG between states (II) and (II) is 0.485 eV. (c) Calculated phonon density of states (PDOS) of Br, Bi, and Cs atoms versus their vibration
frequencies in Cs;Bi,Bry bulk for understanding the slow structural distortion recovery.

scattering peak in the GS spectrum, they can be mainly
associated with the photoinduced local structural change
around Br atoms. Features “(b)”, “(c)”, and “(d)” first show
the reduction and then the increase of Br 1s to the CB Bi 6p/
Br 4p and p continuum transitions, indicating that both
transitions shift to higher energies. The photoexcitation
reduces the electron density at Br centers so that it lowers
the electronic screening effect, resulting in the increase of
absorption edge energies. The edge energies are sensitive to
both the oxidation state and the local structure, which are often
coupled together, showing a combination effect of both in the
near-edge region.”*”>* Therefore, it is difficult to separate the
charge and structure effects on features “(b)”—“(d)”.

Figure 3a shows a series of Br K-edge XTA spectra collected
at early At, ranging from 90 ps to 1.84 us. Feature “(a)”, which
reflects photoexcited holes trapped at Br centers, quickly
decreases and almost disappears at At = 100 ns. By contrast,
features “(e)” and “(f)” that are mainly associated with the
local structural change clearly exist at At = 1.84 us and are still
present at At = 35 us (Figure 3b). This implies that the small
local structural distortion exists even after Br 4p holes in the
valence band are recombined by the electrons. The shape of
the XTA spectra after 100 ns shows no detectable changes (see
Figure S7), suggesting only one intermediate state over the yis-
scale delay range. In order to quantitatively extract the time
scales for relaxation dynamics of the self-trapped holes and for
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the recovery dynamics of the local structural distortion around
Br atoms, the XTA kinetics were measured at two peaks: “(a)”
and “(f)”, which are fingerprints for hole self-trapping and
structural distortion, respectively. These two kinetics (Figure
3c) are very similar in the first S ns but grow apart later. The
fitting of kinetics probed at the peak “(a)” by the multiple-
exponential function convoluted with Gaussian instrument
response function (IRF) of ~120 ps (fwhm) reveal three
lifetime components: 628 + 37 ps (15%), 11.4 = 1.1 ns (70%),
and 81.0 + 4.2 ns (15%), giving an amplitude-averaged lifetime
of 20.2 + 1.0 ns. The lifetime component of ~628 ps for self-
trapped hole relaxation has also been captured by fs-OTA,
which indicates that hole tapping must happen prior to this, in
the hot carrier thermalization processes of ~0.5 ps or ~9.3 ps
measured in fs-OTA (Figure 1b) or earlier. In other words, the
hole is fast localized at the Br atom in the time scale of <10 ps.
Furthermore, the ~628 ps lifetime component can be
attributed to the radiative recombination between the electron
and the localized hole, according to our previous OTA and PL
results.”” As for the other two lifetime components of ~11.4
and 81 ns, they might be assigned to be the nonradiative
recombination between the electron and self-trapped hole by
emitting multiple phonons via two different pathways, in which
the self-trapped hole is directly recombined by the electron or
it is first detrapped and then recombined by the electron.
Besides sharing those lifetime components (~628 ps (18%),
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Figure 6. Comparison between experimental Br K-edge XTA spectrum of Cs;Bi,Bry perovskite at At = 90 ps and FEFF9 calculated ones in two
scenarios, where the Br,” dimer (V| center) are formed by moving two adjacent Br atoms from a same [BiBrs] unit (Scenario-1) or two
neighboring [BiBr,] units (Scenario-2) in the unit cell (see Figure S3 in the Supporting Information). The distance between two nearest Br ions is
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to best simulate experimental XTA spectrum at 90 ps. The first positive peak (denoted by an asterisk, *) for the electronic change due to the hole
self-trapping in the experimental XTA spectrum cannot be reproduced from the FEFF9 simulations, because of the deficiency of FEFF9.

~11.4 ns (40%), and ~81.0 ns (8%)) detected at peak “(a)”,
the fitting of kinetics at peak “(f)” requires an extra long
lifetime component of 59.2 + 4.2 us (34%), suggesting the
existence of an slow, structural distorted intermediate state
after charge recombination. To ensure that the XTA kinetics
for self-trapping hole relaxation at Br atom really represents the
accomplishment of charge carrier relaxation in the sample, we
extended the measuring time window of OTA to the us range,
using ns-OTA spectroscopy to get the recombination dynamics
of photoexcited charge carriers. As shown in Figure 4, the ns-
OTA recovery kinetics fitted by a multiple exponential model
(red curve) with an Gaussian IRF of ~1 ns (fwhm) reveals
three lifetime components: 0.7 + 0.1 ns (super fast < IRF), 8.8
+ 0.4 ns, and 81.2 + 4.8 ns. The two long lifetime components
(8.8 and 81.2 ns) are agreeable with those measured in XTA
kinetics, suggesting that the charge is completely gone in the
NC system after the self-trapped hole at the Br center
disappears. The missing ~59.2 ys component in ns-OTA for
distorted structural recovery implies that the slow structural
relaxation is optically dark.

A photocycle with three stages is proposed based on our
study (Figure Sa). The initially photoexcited state in the
Cs3Bi,Bry NC first evolves into a hole self-trapped state around
Br atoms within <10 ps (stage II). It then decays to a long-
lived structural distorted state without trapped holes (stage
I1I). The hole self-trapping by forming the halide dimer (X,
namely, the Vi center) between two nearest-neighbor halide
anions (X”) is a well-established process (2X~ + h* = X,”) in
metal halide crystals.””~** Recent theoretical and experimental
results of charge carrier distribution in 3D'”'®**** and
2D'**737 LHPs have also revealed that it is more energetically
favorable for the hole to be similarly self-trapped as a form of
X,”. Hence, given the similarity in band-edge composition
between Cs;Bi,Bry (Figure la) and 2D LHPs,lé we are
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tempted to assign the hole self-tapping state (stage II) as the
Br,” (Vi center) intermediate. A series of XTA spectra were
calculated using the FEFF9 based on the formation of a
transient V. center (stage II). By moving two Br atoms from
two adjacent [BiBrg] units in a unit cell closer by 0.6—0.8 A
(Scenario-2; see details given in the Supporting Information
and Figure 6), corresponding to a Br—Br distance of 3.3—3.1 A
in the V} center, the simulated XTA spectra agree best with the
experimental XTA spectrum measured at At = 90 ps. The
optimized Br—Br distance (3.3 to 3.1 A) for Vi center
formation from the simulation is also consistent with that
reported in literatures.”*”*

Since self-trapped holes nonradiatively recombine with
electrons via emitting multiple phonons (stage II to III), the
atomic rearrangement occurs around Br sites, evidenced by the
red shift of feature “(f)” and at 13.5034 keV in XTA spectra
from At = 90 ps to 100 ns (see Figure S8 in the Supporting
Information). After the charge recombination accomplishes,
XTA spectra show only amplitude reduction, without further
energy shift (Figure S8), which indicates no other detectable
intermediate state between stages III and I. Since a long
lifetime component of ~59 us has been observed from stage III
to stage I, it is reasonable to speculate that the close Br atoms
at stage III finally return to their initial positions at GS (stage
I) via thermally jumping over an energy barrier (Figure 5b), in
order to minimize the global energy of the entire NC system.
The transition rate (z') can be described by the Arrhenius
equation,”’40

=g, AG
= e _
o ©Xp kT

where AG is the energy barrier between these two stages
(Figure Sb), 7,”" the vibrational frequency of the Br atom, ky
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the Boltzmann constant, and T the temperature. To estimate
AG, we calculated the phonon density of states (PDOS) of the
Br atom versus its vibration frequency by projecting the
phonon band structure of Cs;Bi,Br, bulk (see Figure S9 in the
Supporting Information). As shown in Figure Sc, the Br atom
mainly vibrates beetween the ranges of 0.5—-2.8 THz and 4.0—
5.7 THz, giving an amplitude-average frequency of 2.7 THz.
Using 7' = 16.9 kHz (~59 ps™') and 7,”' = 2.7 THz, the
average AG is estimated to be ~0.485 eV at room temperature.
These Br-dominated modes are localized eigenstates (Figure
S9), among which the optically active modes, such as rocking
and rotating modes,*" could facilitate the formation of Br,~
dimer (Vy center) via strong coupling with charge carriers.

The structural dynamics of NCs may be different from that
of the bulk material, because of the high surface-area-to-
volume ratio in NCs. However, considering that the exciton
behavior of Cs;Bi,Bry as a layered form of the vacancy-ordered
lead-free perovskites is dominated by its own 2D natural
quantum wells,””*' we expected that the structure and charge
carrier dynamics findings here for Cs;Bi,Bry NCs may also be
applied to their bulk counterparts.

B CONCLUSION

This work demonstrates the great potential of using XTA to
directly visualize charge and structure evolution of photo-
excited perovskite materials, which is a critical step in
understanding the fundamental mechanism that governs their
performance. We have observed the photoinduced small
polaron formation in lead-free perovskites and have discovered
that structural and electronic dynamics of small polarons in
perovskites are not necessarily synchronized and could differ in
lifetimes by up to several orders of magnitude. The ultra-long-
lived structural distortion may lead to an equilibrium long-
range disorder of the lattices under continuous light irradiation
as a transient “background state”, altering charge carrier
transport characteristics. The results from this study can
further supply one possible structural interpretation for the
current density-voltage (J—V) hysteresis and photodegrada-
tion/fast-healing of perovskite solar cells, which are believed to
be co&riated with the slow structural relaxation to the initial
state. ™
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