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Powering up perovskite photoresponse

Low-dimensional perovskites could help enhance solar cell performance

By Osman M. Bakr and
Omar F. Mohammed

he most notable scientific milestone

in photovoltaics in the past several

years is the emergence of solar cells

based on hybrid organic-inorganic

perovskite materials. While conven-

tional silicon and thin-film solar cells
have seen steady improvements in their
power-conversion efficiencies (PCEs) span-
ning several decades, hybrid perovskite
solar cells have already reached a certified
22.1% PCE (1), matching conventional solar
cell technologies in only a few years since
their first device architecture was tested.
Setting the stage for a disruptive technology
in the field of photovoltaics is the seemingly
winning combination of properties
of hybrid perovskite materials: high
absorption coefficient and a tunable
energy band gap in wavelengths
ideal for solar cells; long diffusion
lengths and lifetimes for photogen-
erated charge carriers, which easily
dissociate into efficiently collected
electrons and holes; Earth-abun-
dant elemental composition; and
their compatibility with low-cost
and low-temperature fabrication
methods (2—5). On page 1288 of this
issue, Blancon et al. (6) report on
the observation of an enhanced pho-
toresponse for layered perovskite
materials. The results add, liter-
ally, a new dimension to the further
development of high-performance
perovskite solar cells.

There are crucial factors debilitat-
ing hybrid perovskite materials in
solar cells. A variety of causes con-
tribute to their instability, including

nate to six halides, and A is a small organic
or inorganic cation). The perovskite struc-
ture is a three-dimensional (3D) network of
corner-sharing [MX_]- octahedra, balanced
with an equal number of positively charged
cations residing within the small cavity
spaces left behind by the metal halide net-
work (see the figure). The geometric restric-
tion imposed by the size of the cavity limits
the choice of A-site species to a small set
of cations such as methylammonium (MA),
formamidinium (FA), or Cs; and the M-site
to Pb, Sn, or Ge. Of the latter group of el-
ements, Pb-based perovskites are the most
stable. These geometric constraints for 3D
perovskites have made it difficult to find
materials within this family of compounds
that are both stable and possess the opto-

. 2D perovskites and

layer-edge states
The breakup of 3D metal-halide

applications in solar cells.

3D perovskite

numbers of layers.

moisture and light-induced degra-
dation; defective surface structure;
and ion migration under operating

conditions (7, 8). In essence, hybrid -
perovskites are ionic salts, readily A
soluble in polar solvents, with the
unit cell formula AMX,_ (X is a halo-
: = : Layer-edge states
gen, M is a metal that can coordi- ;2p perovskites () TS
Carrier recombination
mechanisms at typical
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trap states (TSs) versus
beneficial layer-edge
states (LESs) in 2D
perovskites. PL,
photoluminescence.
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perovskites into networks of reduced
dimensionality with new electronic
states known as layer-edge states
opens the possibility for wide-ranging

By inserting different
large organic cations in
the A-site (yellow), slices
along the crystallographic
planes form 2D perovskite
structures with different

ifetime

electronic characteristics demanded by so-
lar cell applications.

Substituting the small A-site cation, either
partially or completely, with organic cations
larger than the perovskite network cavities
leads to the breakup of this metal halide net-
work into sheets, rods, or clusters, spatially
separated by sublattices of the large cations.
Such compounds are often referred to as
reduced-dimensionality or low-dimensional
(2D for sheets, 1D for rods, and 0D for isolated
clusters) perovskite derivatives (9—12). Owing
to the large number of possible cations com-
pared to the 3D counterpart, the potential
set of such compounds is practically enumer-
able.. Moreover, the flexibility offered by the
unrestricted size of the organic cation allows
for freedom to tailor the properties of the ma-
terials (through the appropriate use
of functional organic molecules) such
that they are made intrinsically more
robust against the degradation factors
affecting 3D perovskites. Furthermore,
the relaxed geometric requirements
in low-dimensional perovskites of-
fer additional paths for designing
perovskites with more environmen-
tally benign elements than Pb, but
without compromising performance.

Despite these advantages, the large
exciton binding energy and quantum
confinement induced by the low di-
mensionality and layered nature of
these compounds implies that they
are inherently excitonic materials, in
which the photogenerated electron-
hole pairs are strongly bound and
thus tend to recombine before they
can separate into free charges and
be collected. The prevailing wisdom
is that these reduced-dimensionality
perovskites are potentially useful for
light-emitting applications, but are
inefficient for solar cells and photo-
detectors, for which efficient elec-
tron-hole separation is a prerequisite.
The results of Blancon et al. might
change this widely accepted view.

Blancon et al. reinvestigated a type
of reduced-dimensionality perovskite
known as Ruddlesden-Popper-type
2D perovskites. In these 2D struc-
tures, the [PbI ] octahedra are ar-
ranged in equal-thickness sheets
periodically separated by large n-bu-
tylammonium (BA) cations (see the

sciencemag.org SCIENCE

GRAPHIC: V. ALTOUNIAN/SCIENCE



GRAPHIC: ADAPTED BY K. SUTLIFF/SCIENCE

Macrophages orchestrate stripe

development in zebrafish
Stripes are formed by pigmented
melanophores (black) that

alternate with yellow
xanthophores in the
interstripe region.

Macrophage choreography
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Eating of Airineme
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!
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another unexpected tissue-specific role for
macrophages—the orchestration of stripe
development in zebrafish.

Dark-pigmented melanophores (stripe
region) alternate with yellow-colored xan-
thophores (interstripe region) to form the
zebra pattern on zebrafish (see the photo).
To achieve this pattern, melanophores
and xanthophores need to be spatially or-
ganized. Long-distance communication
between melanophore precursors and xan-
thophore precursors is essential for stripe
development. Both cell types are distrib-
uted broadly on the flank of the develop-
ing zebrafish. Xanthophore precursors that
populate the future interstripe region will
differentiate into yellow xanthophores,
whereas xanthophore precursors in the
future stripe regions will remain as unpig-
mented xanthoblasts. These xanthoblasts
extend long projections called airinemes
to melanophore precursors. This interac-
tion appears to be essential for the spatial
organization of melanophores because xan-
thoblast depletion or blockage of airineme
generation results in the mislocalization
of melanophores in the interstripe region.
The end result is a defective zebra pattern
(12). The precise molecular mechanisms un-
derlying airineme communication between
pigment cells remain unknown.

In studying the cellular mechanisms re-
quired for long-distance communication
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between xanthoblasts and melanophore
precursors, Eom and Parichy stumbled
upon an unexpected finding: Macrophage
depletion resulted in a defective stripe pat-
tern similar to that observed when airineme
formation is inhibited. This prompted the
authors to study the interactions between
macrophages and xanthoblasts by intravital
imaging. The observations are astounding.
Macrophages were found to nibble small
protrusions of plasma membrane (blebs) on
the surface of xanthoblasts. Next, the mac-
rophage pulls on the phagocytosed bleb to
form a vesicle while leaving a filament that
trails to the xanthoblast from which the
bleb was taken (see the figure). In addition,
macrophage depletion strongly reduced the
number of airinemes. Once a macrophage
has formed an airineme, it deposits the
airineme vesicle on the surface of a melano-
phore and then continues its route, poten-
tially shuttling continuously as it ferries
between xanthoblasts and melanophores.
This process forms airineme connections
between these two pigment cell types, but
it is unclear whether there is only one
airineme per cell pair. Importantly, mac-
rophages were also found to phagocytose
airineme vesicles on the surface of melano-
phores, terminating the airineme connec-
tion. As such, macrophages seem to control
both the initiation and the termination of
the long-distance communication between

melanophores and xanthoblasts, which sug-
gests that these cells are central organizers
of stripe development in zebrafish.

How do macrophages recognize the blebs
on xanthoblasts? Eom and Parichy deter-
mined that the PtdSer signal is highly ex-
pressed on xanthoblast blebs. Blockade of
PtdSer generation was sufficient to reduce
the number of airinemes. Macrophages ex-
press many different receptors for PtdSer,
including Mer tyrosine kinase (MerTK).
MerTK is highly expressed on macrophages
from multiple mouse tissues (4), is ex-
pressed on human macrophages (13), and
is conserved in chimpanzee, dog, cow, rat,
chicken, frog, and zebrafish. What better
bait than PtdSer to tempt macrophages to
engulf the bleb on xanthoblasts and initi-
ate airineme formation? That nature would
select this ancient and widely conserved
macrophage eat-me signal for the long-
distance communication between different
nonimmune cells is particularly appealing.
Are macrophages also orchestrating simi-
lar intercellular communication systems in
other tissues and species?

Spatial patterning also takes place during
embryonic morphogenesis. Precursor cells
in different locations differentiate into dis-
tinct subsets of cells to form complex struc-
tures, but how do cells obtain the spatial
information that determines their fate? The
diffusion of soluble morphogens, which es-
tablish concentration gradients, is proposed
to be a main mechanism for providing spa-
tial information to cells. But in many situa-
tions, diffusion may be blocked by cellular
structures. Active transport of morpho-
gens has been proposed as an alternative
model. Morphogens also can be transported
via cellular protrusions called cytonemes
(14). It is tempting to speculate that mac-
rophages could function in long-distance
communication between cells of different
developmental zones through airineme-like
structures that would carry morphogen sig-
nals and orchestrate organ development. =
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_detected in absorption is co-rotating in an ex-

" tended disk. Most simulations predict precisely
such an extended planar configuration fed by
cold flows (3I), with properties similar to those
observed in the z = 4.26 DLA (32). The DLA
toward SDSS J120110.31+211758.5 is harder to
classify because its absorption is seen over the
full velocity range of the emission profile,
which spans almost 500 km s This is more
indicative of a large-scale outflow or a highly
perturbed system, which is corroborated by the
spatial shift in the [C 1] 158-um line emission
(fig. 52). In both cases, it is clear that the DLA
host galaxy has effectively enriched its inner
gaseous halo, in agreement with recent simu-
lations (33).

Our results indicate that the galaxies giving
rise to high-metallicity DLAs have characteristics
similar to the high-mass end of the LBG popu-
lation (9, 30) and are embedded in a large reser-
voir of neutral H 1 gas. This gas is being enriched
by the galaxy but is bound to it, as there is al-
most no systematic velocity offset between the
metals seen in absorption and the [C 11] 158-ym
line in emission. This observation suggests that
this halo gas will eventually accrete back onto
the galaxy, providing enriched gas for future star
formation.
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PEROVSKITE PHYSICS

Extremely efficient internal exciton
dissociation through edge states in
layered 2D perovskites

J.-C. Blancon,' H. Tsai,"> W. Nie,' C. C. Stoumpos,® L. Pedesseau,” C. Katan,®
M. Kepenekian,” C. M. M. Soe,” K. Appavoo,® M. Y. Sfeir,® S. Tretiak,' P. M. Ajayan,”
M. G. Kanatzidis,>” J. Even,* J. J. Crochet,"* A. D. Mohite'

Understanding and controlling charge and energy flow in state-of-the-art semiconductor
quantum wells has enabled high-efficiency optoelectronic devices. Two-dimensional

(2D) Ruddlesden-Popper perovskites are solution-processed quantum wells wherein the
band gap can be tuned by varying the perovskite-layer thickness, which modulates the
effective electron-hole confinement. We report that, counterintuitive to classical
quantum-confined systems where photogenerated electrons and holes are strongly
bound by Coulomb interactions or excitons, the photophysics of thin films made of
Ruddlesden-Popper perovskites with a thickness exceeding two perovskite-crystal units
(>1.3 nanometers) is dominated by lower-energy states associated with the local intrinsic
electronic structure of the edges of the perovskite layers. These states provide a direct
pathway for dissociating excitons into longer-lived free carriers that substantially improve

the performance of optoelectronic devices.

wo-dimensional (2D) Ruddlesden-Popper

perovskites (RPPs) are a class of quantum

well (QW)-like materials described by the

formula A, A", 1M, Ys,,,1, where A and A’ are

cations, M is metal, and Y is halide; the
value of n determines the QW thickness and, as a
result, the degree of quantum and dielectric con-
finement as well as the optical band gap (or color)
(1-9). They have emerged as an alternative to
bulk (3D) organic-inorganic (hybrid) perovskites
because of their technologically relevant photo-
stability and chemical stability coupled with high-
performance optoelectronic devices (10-12). Compared
with 3D perovskites and classical semiconductor-
based QWs, RPPs offer tremendous advantages
because of the tunability of their optoelectronic
properties through both chemical and quantum-

mechanical degrees of freedom. For two dec-
ades, RPP crystals with n = 1 (5, 6, 13-15) have
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Fig. 4. Comparison of observed properties of the DLA hosts with local
and high-redshift galaxies. (A) Correlation between the [C 1] 158-um lu-
minosity and star-formation rate (SFR) for a sample of z > 1 galaxies cate-
gorized by galaxy type (23). Also plotted is the correlation for galaxies in the
local universe (blue solid line), along with the associated scatter (blue dashed
lines) (28). (B) Ratio of [C 1] 158-um luminosity to total infrared (TIR) Iu-

J081740.86+135138.2 and the dynamical mass es-
timates of comparable emission-selected galaxies
at 2 ~ 5 (27). The observed connection between
massive LBGs and high-metallicity DLAs supports
results from earlier DLA studies at lower redshifts
(9, 29) and cross-correlation studies with the Ly-o
forest (30).

We can use the impact parameter estimates to
probe the physical extent of the H 1 gas around
absorption-selected galaxies. The observed impact
parameters correspond to physical (proper) dis-
tances of 42 and 18 kpc at the DLA redshifts for
ALMA J081740.86+135138.2 and ALMA J120110.26

SCIENCE sciencemag.org

+211756.2, respectively. These distances are sub-
stantially larger than the extent of the [C n] 158-um
line emission, which extends to ~5 kpe, and indi-
cate that these galaxies have large reservoirs of
H 1 relatively far away from their star-forming
regions. The observed distances also require
that the emission and absorption lines arise in
physically separated gas. Therefore, the absorbing
gas must probe either H 1 gas associated with a
satellite galaxy, an enriched neutral outflow from
the galaxy, or H 1 gas in the inner circumgalactic
medium/extended disk of the galaxy. The first ex-
planation is disfavored, because the satellite gal-

minosity, Ltir, as a function of Lyjg for the same sample of z > 1 galaxies.
Plotted in gray are a sample of local galaxies and local (ultra)luminous in-
frared galaxies, (U)LIRGs. The high-metallicity, absorption-selected galaxies
occupy the same parameter space as moderately star-forming, emission-
selected galaxies at similar redshift, suggesting that they have similar char-
acteristics. L, luminosity of the Sun. Error bars indicate 1o uncertainty.

axies would need to be metal-enriched and show
highly turbulent velocity dispersions of several
hundreds of kilometers per second, indicative of
massive star-forming systems. However, little star
formation is observed, as no [C 1] 158-um emis-
sion is seen at the position of the absorber.
The absorbing gas is therefore more likely to re-
side in the inner gaseous halo of each DLA host gal-
axy. For the DLA toward SDSS J08174052+135134.5,
the gas is systematically blueshifted along the
same direction and with the same magnitude as
the rotation of the cool gas disk observed in [C 1]
158-um line emission. This could indicate that the gas

24 MARCH 2017 - VOL 355 I1SSUE 6331 1287
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_been studied the most with few prototypes of
optoelectronic devices (3, 16). Recently, the synthe-
sis of phase-pure (purified to one n value) 2D
perovskites with high n values (n = 2 to 5) was
achieved (4), which led to the demonstration of
high-efficiency thin-film solar cells based on RPPs
of n = 3 and 4 with technology-relevant stability
(12). However, there is limited understanding of
the fundamental physical properties of phase-
pure 2D perovskites of high 7 value in thin films
typically used for optoelectronic applications. Fur-
thermore, the fate of photogenerated electron-
hole pairs and the underlying photophysical
processes such as charge separation and recom-
bination are unknown.

We investigated photophysical and optoelec-
tronic properties of phase-pure homogenous 2D
perovskites and show that in thin films (fig. S1)
for n > 2, there exists an intrinsic mechanism
for dissociation of the strongly bound electron-
hole pairs (excitons) to long-lived free carriers

provided by lower-energy states at the edges of
the layered perovskites. Moreover, once carriers
are trapped in these edge states, they remain
protected and do not lose their energy through
nonradiative processes and can contribute to pho-
tocurrent in a photovoltaic (PV) device or ra-
diatively recombine efficiently as desired for
light-emission applications. We validate these find-
ings through PV devices with record efficiencies
and two-orders-higher photoluminescence quan-
tum yields (PLQY) using n > 2 layered perovskites.

The crystal structure and evidence for phase
purity of the investigated layered 2D perovskite
family of (BA)(MA),.1Pbpls,. withn =1to 5
are shown in Fig. 1, A and B. In order to under-
stand the origin of the thin-film optical properties,
we compared them to those of their exfoliated
crystal counterparts prepared by mechanically
exfoliating few layers of pristine RPP crystals.
The optical absorption and photoluminescence
(PL) properties of the thin films and exfoliated
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Fig. 1. Evidence of phase purity of the RPPs (n = 1 to 5) and comparison of optical properties
of thin films and exfoliated crystals. (A) Schematics of the QW-like crystal structure showing
perovskite layers in the plane (3,3) sandwiched between organic spacing layers. (B) Phase purity
established by monitoring the position and number of the low-angle peaks in x-ray diffraction
patterns for each n value. a.u., arbitrary units. Absorption and PL of the thin films (C and D) and
exfoliated crystals (E and F). (G) Optical band gap derived from absorption (open symbols) and PL
(filled symbols) as a function of n. (Inset) Shift of the optical band gap in thin films with respect to
exfoliated crystals (from absorption). (H) PL linewidth versus n, showing inhomogeneous broadening
in thin films as compared with that of exfoliated crystals.
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crystals are illustrated in Fig. 1, C to F (fig. S1) (I7),
along with bulk CH;NH,Pbl; perovskites for
comparison.

There was a marked difference in the optical
properties of the thin films and exfoliated crys-
tals (Fig. 1, C to H; table S1; and fig. S2) (17). In
the exfoliated crystals, band-gap absorption and
emission increased monotonously from 1.85 to
2.42 eV with decreasing n from 5 to 1 (QW thick-
ness varying from 3.139 to 0.641 nm), which is
expected from quantum and dielectric confine-
ment resulting in many-body interactions and
large exciton binding energies at room temper-
ature (5-9, 13, 18). This behavior was confirmed
by estimating the exciton binding energies as a
function of n (figs. S3 and S4/) (I7), which amounts
to 380 meV, 270 meV, and an average value of
220 meV for n = 1, n = 2, and n > 2, respec-
tively. These values of exciton binding energy
(>200 meV) attest to the robustness of the ex-
citonic states at room temperature in phase-pure
RPPs up to n = 5. They are about one order of
magnitude larger than the values found in 3D
lead halide perovskites (19) owing to quantum-
confinement effects. Moreover, as compared to
lead-salt (LS) materials in which dielectric-
confinement effects become dominant, these val-
ues are similar to those of LS quantum dots (20),
LS nanorods (21), and LS nanosheets (22) for
similar confinement lengths (see detailed discus-
sion in section ST1 of the supplementary materials
and table S2) (17). For n = 3 to 5, the exciton
binding energy reached a value of ~200 meV,
consistent with a system exhibiting 2D quantum
confinement, given negligible enhancement of
the Coulomb interactions caused by dielectric
confinement (9). However, in thin films the op-
tical band gap is in good agreement with that
observed for exfoliated crystals for n = 1 and 2
but red shifted by 200 to 300 meV forn = 3 to 5
(Fig. 1G).

‘We note that the band gap stayed almost con-
stant in thin films with 7 > 2. Any modification
to the pristine 2D perovskite phase during thin-
film fabrication has already been excluded (11, 12).
Effects such as changes in dielectric environ-
ment and differences in crystallinity (23, 24)
cannot account for the redshifts observed in RPP
thin films for n > 2. The redshifts are also not
consistent with electronic impurities at surfaces,
interfaces, or boundaries in perovskites where
carriers are trapped a few tens of millielectron
volts within the band gap (25-28). Furthermore,
optical absorption anisotropy measurements (fig.
S5) rule out effects from different orientations
of the perovskite layers with respect to light po-
larization in both thin films and exfoliated crys-
tals (17).

We further studied the microscopic origin of
the low-energy band gap in thin films for n > 2
by confocal spatial mapping (~1-um resolution)
of the PL on a representative n = 3 exfoliated
crystal (Fig. 2A). Although the majority of the
basal plane of exfoliated crystal yields spatially
homogeneous PL at its band-gap energy (2.010 €V),
appreciable PL emission was observed from the
edges of the exfoliated crystal at 1.680 eV. Figure 2B
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illustrates the PL spectra of the exfoliated crystal,
edges of the exfoliated crystal, and correspond-
ing thin film. The spectra collected at the crystal
edges contain PL peaks observed in both the thin
film and exfoliated crystal, which indicates a com-

PL detected
at2.01eV

PL detected
at 1.68 eV
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Edges of the
exfoliated crystal

mon origin of the PL from states associated with
the edges of the exfoliated crystal [labeled as layer-
edge states (LESs)] and the PL at low energy in
thin films for 7 > 2. Similar results were obtained
in the case of n = 4 and 5 RPP exfoliated crystals
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Fig. 2. Microscopic origin of the low-energy band gap in 2D perovskite thin films for n = 3. (A) PL-
intensity map of a single exfoliated crystal, probed at 2.010 and 1.680 eV. (Right) Microscopy image
showing the layer edges of the exfoliated crystal. Scale bar, 10 uym. (B) Comparison of the PL in the
exfoliated crystal, at the exfoliated-crystal edges, and in the corresponding thin film. (C) PLE-
integrated signal of the LES, measured by locally exciting the exfoliated-crystal edges. The measured PL
profile of the LES is also plotted. (D) TRPL of the PL features X state and LES observed in
(E) Schematics of the photoabsorption and PL processes in 2D perovskite exfoliated crystals with n > 2.
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(fig. S6) (17), whereas the LES emission was ab-
sent when n = 1 or 2.

We probed the spectral origin of the emitting
states observed above using PL excitation (PLE)
spectroscopy and time-resolved PL (TRPL). The
PLE measurements were performed near the
edges of the exfoliated crystal in Fig. 2A and re-
vealed both the main exciton emission (labeled X
state) at 2.010 eV and the LES at 1.680 eV. We
monitored the PL intensity at the LES energy while
sweeping the light-excitation energy between 1.800
and 2.900 eV (Fig. 2C). The PLE showed a clear
peak at the position of the exciton (2.010 =
0.007 eV) but no direct absorption into the LES
was observed in the exfoliated crystal (PLE was
negligible below 1.900 eV). The spectrum exhib-
ited two high-energy features at ~2.110 and
2.200 eV, associated with excited excitonic states
and band-to-band absorption, which yielded an
exciton binding energy of 200 meV, in agreement
with our absorption measurements (Fig. 1E).

These results and the comparable PL intensity
of both the X state and LES features suggested
that part of the photoexcited exciton population
decayed to the LESs. This mechanism was fur-
ther validated by probing the TRPL response of
both states (Fig. 2D). At short times after the
arrival of the light-excitation pulse, the exciton
state became populated over a period of ~100 fs
(25, 29) (not resolved here). However, the LES
emission reached its maximum PL intensity ~200 ps
after the X state, which is indicative of slow car-
rier filling from the higher-energy exciton to the
low-energy edge states. We also observed a nearly
fourfold increase in the carrier lifetime of the LES
as compared with that of the exciton, suggesting
suppressed nonradiative recombination of the
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film with n > 2. In contrast to
exfoliated crystals, thin-film perov-
skite layers are preferentially
oriented normal to the substrate
(fig. S10) (12, 17), therefore, excita-
tion light probes numerous
amounts of LESs. (E) Summary of
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. localized carriers. Figure 2E schematically sum-
marizes the photoemission mechanisms in 2D
perovskites. The photoexcited exciton diffuses in
the perovskite layer, emitting a photon at the ex-
citon energy (geminate radiative recombination),
or can be quenched through nonradiative recom-
bination. However, these measurements elucidate
that, in 2D perovskites with n > 2, a part of the
photogenerated exciton population travels to the
edges of the crystal within its diffusion time and
then undergoes an internal conversion to a LES
and efficiently emits photons at a lower energy
than the main exciton.

We gained further insight into the physical
origin of the optical transitions (Fig. 1, C and D)
by analyzing the absorption and photoemission
properties of thin films. Figure 3A describes the
transitions in thin films with n = 3 (see fig. S7
for the other n values) (7). The absorption spec-
trum exhibits resonances at 1.947 + 0.005, 2.067 +
0.006, and 2.173 + 0.006 eV, which are very close
in energy to the main exciton state in exfoliated
crystals (2.039 eV). These features were also ob-
served in the PL spectra at relatively high light-
excitation intensity I, (Fig. 34, inset), i.e., after
saturating the lower-energy LES population. The
excitonic nature of these optical resonances was
confirmed through (i) linear dependence of the
integrated PL signal with respect to [, (Fig. 3B,
black) and (ii) the negative temperature depen-
dence of their peak energy (figs. S8 and S9) (5, 6, 17).
On the other hand, the main PL peak at 1.695 +
0.015 eV (Fig. 34, inset) corresponds to the LES
peak observed in exfoliated crystals (Fig. 2B). In
sharp contrast to exfoliated crystals (Fig. 2), the
PL was dominated by the LES peak, and a broad
absorption feature around 1.73 eV (Fig. 3A) ac-
counts for direct absorption into this LES and
related minibands. These features are a direct
consequence of both the light sampling across

numerous LESs in thin films (Fig. 3D) because
of preferential orientation of perovskite layers
normal to the substrate (fig. S10) (12, 17), small
grain sizes typically of the order of 200 to 400 nm
(fig. S11) (12, 17), and the relaxation of optical-
transition selection rules in imperfect crystals.

We also observed that the PL signal associ-
ated with the LES varied nonlinearly with the
light-excitation intensity between I, and I,"*
(Fig. 3B and fig. S7) (7). This signal corresponds
to a mixed bimolecular and monomolecular re-
combination of photoexcited carriers (27), thus
implying a partial dissociation of excitons to
free carrier-like entities as the excitonic states
convert (or dissociate) to the LESs. This con-
clusion is also consistent with the smooth rise of
the absorption at the optical band gap in com-
parison to the sharp excitonic features observed
in exfoliated crystals (Fig. 1, C and E). Moreover,
the energy of the LESs varied with temperature
as 0.21 meV/K (fig. S12) (17), which has been
attributed in 3D perovskites to the thermal ex-
pansion of the lattice where free carriers dom-
inate (30). On the contrary, the RPPs with n < 2
that do not exhibit the LES showed negligible or
negative temperature dependence of their opti-
cal resonances (fig. S8) (I17), consistent with clas-
sical excitonic theory (5, 6).

All of these measurements establish a differ-
ent physical origin and behavior of the exciton-
ic and LES features and validate that the main
band-gap optical transition in RPP thin films
with n > 2 originates from the intrinsic elec-
tronic structure associated with the edges of
the 2D perovskite layers (see discussion in sec-
tion ST2 in the supplementary materials on the
possible causes of LES formation) (I7). Based
on our observations, the primary mechanism that
emerges in thin films is trapping of the free
carriers after exciton dissociation to a deep elec-
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tronic state located at layer edges. This model
is compatible with both the higher PL efficiency
and the longer lifetime of the LESs as compared
with those of the higher-energy X states (Fig. 3,
B and C). These results imply that, once the car-
riers are localized at LESs, they are protected
from nonradiative decay mechanisms such as
electron-phonon coupling (31, 32) or electronic
impurities (25). These key mechanisms of the
photoemission in RPPs are captured in Fig. 3E
(fig. S13), where, after photogeneration of exci-
tons (left), they can either decay through classical
processes (dominant for 7 < 2, middle) or dis-
sociate to free carriers potentially trapped at the
LESs (dominant for n > 2, right). The process
involving intrinsic dissociation of the primary
photogenerated excitons to free carrier-like states
that exist lower in energy in a single-component
material is nonintuitive and not observed in any
classical quantum-confined material system.

Motivated by the observed internal exciton dis-
sociation from a part of the higher-energy exci-
tonic states to the LESs that protect the carriers
over an appreciably longer time scale, we fab-
ricated high-efficiency PV cells with RPPs and
measured their current-voltage (J-V) charac-
teristics and power conversion efficiency (PCE)
(Fig. 4, A and B). We observed a sharp break in
the current density and PCE from <2% for n =
1and 2 to >12% for n > 2. Assuming comparable
charge-transport properties for all RPPs, the per-
formances of PV cells for n > 2 are impacted by
the presence of the LES as (i) it extends the ab-
sorption from the visible to the near infrared
and (ii) it contributes to internal exciton disso-
ciation to free carrier-like entities that can be
more readily collected by the built-in field in a
PV device. This was confirmed by measuring the
external quantum efficiency (EQE) spectra (Fig.
4C), which showed about fivefold enhancement
in collection efficiency in PV cells using RPPs
with n > 2 as compared to RPPs with » = 1 and
2. Furthermore, the free carriers that converge
to the LESs remain protected, thus exhibiting
long recombination carrier lifetimes resulting in
a much higher probability for efficient PL (Fig.
4D and fig. S14) (17), which has tremendous im-
plications for high-efficiency light-emitting devi-
ces using RPPs with n > 2. The variations of
the PL efficiency in thin films and of the solar
cell efficiency (33) between RPPs with n = 3, 4,
and 5 were possibly due to small variations of
the crystal erystallinity and ordering (12) and/or
light out-coupling and photon-recycling effects
(34). These results not only pave the path for-
ward for the rational design of high-efficiency
optoelectronic devices with solution-processed
layered 2D perovskite-based materials, but they
are also relevant to a large group of materials
with edges and surface states.
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METALLURGY

Grain boundary stability governs
hardening and softening in extremely
fine nanograined metals

J. Hu,'* Y. N. Shi,"* X. Sauvage,? G. Sha,® K. Lu'®}

Conventional metals become harder with decreasing grain sizes, following the classical
Hall-Petch relationship. However, this relationship fails and softening occurs at some grain
sizes in the nanometer regime for some alloys. In this study, we discovered that plastic
deformation mechanism of extremely fine nanograined metals and their hardness are
adjustable through tailoring grain boundary (GB) stability. The electrodeposited
nanograined nickel-molybdenum (Ni-Mo) samples become softened for grain sizes below
10 nanometers because of GB-mediated processes. With GB stabilization through
relaxation and Mo segregation, ultrahigh hardness is achieved in the nanograined samples
with a plastic deformation mechanism dominated by generation of extended partial
dislocations. Grain boundary stability provides an alternative dimension, in addition to
grain size, for producing novel nanograined metals with extraordinary properties.

he strength or hardness of conventional
polyerystalline metals increases with de-
creasing grain sizes following the classical
Hall-Petch relationship (7, 2); the increase

in strength is reversely proportional to the
square root of grain size. This relationship is
established with the strengthening mechanism
based on dislocation pileups at grain boundaries
(GBs), which hinder dislocation motion. Plastic
deformation becomes more difficult at smaller
grains with higher density of GBs. Grain-size
reduction into the nanometer scale makes dis-
location pileup difficult, raising into question con-
tinued hardening. Experimental observations are
mixed, with continuous hardening detected in some
metals with grain sizes as small as 10 nm (3, 4),
which agrees with the experimental identifica-
tion of dislocation activities in nanosized grains
(5, 6). Meanwhile, deviation from the Hall-Petch
relation was reported for a number of nanograined
samples that included cases of softening (7, 8)
when grain sizes were smaller than 10 to 30 nm.
The different observed behaviors for nanograined
samples means that an ambiguity remains as to the
governing plastic deformation mechanism in nano-
grained materials. Previous research attributed the
observed softening to GB migration, GB sliding, or
grain rotation, which are supported by experimental
measurements and molecular dynamic simulations
(9-12). Mechanically driven GB migration observed
in various nanograined materials leads to grain
coarsening and softening at ambient temperature
under tension, compression, and indentation tests
(11, 13-15). Coarsening of nanograins observed in
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thin-film samples under plastic deformation was
attributed to grain rotations (9). These studies
regard the numerous GBs in nanograined mate-
rials not only as barriers to slip transmission, as
in conventional coarse-grained materials, but also
the primary facilitators for plastic deformation (16).

The kinetic process of the GB-mediated de-
formation depends on the nature of GBs. Com-
pared with the low-energy boundaries such as
twin boundary or low-angle GBs, the conventional
high-angle GBs exhibit lower thermal and mechan-
ical stability (16). Nevertheless, high-angle GBs
can be effectively stabilized through GB relaxa-
tion (17), GB segregation of solute atoms (18, 19),
or both processes. Hence, by tailoring GB stability,
we expected adjustments to the GB-mediated
processes and the corresponding plastic defor-
mation behavior. We aimed to tailor GB stability
by means of GB relaxation and segregation in
nanograined nickel-molvbdenum (Ni-Mo) alloys
with extremely fine grains in which the GB effect
is greatly amplified. We present evidence that
the plastic deformation and hardness of the nano-
grained metals are essentially governed by GB
stability.

We prepared nanograined pure Ni and Ni-Mo
alloy foil samples of 70 pm thickness by using DC
electrodeposition, with Mo concentrations in a
range of 0.8 to 21.5 atomic % (at %) (20). We
observed with transmission electron microscopy
(TEM) that the as-deposited samples consist of
equiaxed nano-sized grains with random orienta-
tions. The average grain size decreases with higher
Mo contents, from 30 nm in pure Ni to 3.4 nm for
21.5% Mo. In the samples, we observed extremely
fine grains with a narrow size distribution without
the detection of second phase (Fig. 1). This implies
that the nano-sized grains are supersaturated
Ni(Mo) solid solution in the high Mo-content sam-
ples because the equilibrium solid solubility of Mo
in Ni is ~14%. High-resolution TEM (HRTEM)
images indicated that the randomly oriented tiny
grains are dislocation-free crystals (Fig. 1C). In
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