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advantageous for achieving low lasing thresholds® and highly

ABSTRACT: Metal halide perovskite crystal structures efficient LEDs. "2

have emerged as a class of optoelectronic materials, which Although the performance of perovskite-based optoelec-
combine the ease of solution processability with excellent tronics is impressive for such a young technology, the toxicity
optical absorption and emission qualities. Restricting the of the heavy metal component in current perovskite-based

physical dimensions of the perovskite crystallites to a few
nanometers can also unlock spatial confinement effects,
which allow large spectral tunability and high luminescence
quantum yields at low excitation densities. However, the
most promising perovskite structures rely on lead as a
cationic species, thereby hindering commercial application.
The replacement of lead with nontoxic alternatives such as
tin has been demonstrated in bulk films, but not in
spatially confined nanocrystals. Here, we synthesize
CsSnX; (X = Cl, ClysBrys, Br, Bryslys, I) perovskite
nanocrystals and provide evidence of their spectral
tunability through both quantum confinement effects and
control of the anionic composition. We show that
luminescence from Sn-based perovskite nanocrystals
occurs on pico- to nanosecond time scales via two
spectrally distinct radiative decay processes, which we
assign to band-to-band emission and radiative recombina-
tion at shallow intrinsic defect sites.

devices limits their large-scale commercial prospects. As a
result, there has been a great deal of interest in replacing lead
with nontoxic metals such as tin, bismuth, and germanium.”'_16
However, these lead-free perovskite materials are rather
unstable under ambient conditions and produce lower device
performances compared to their lead-containing analogues,'”
which has been ascribed to their higher defect densities."*™*° In
addition, no nanostructured Sn-based perovskites which exploit
spatial confinement effects have been demonstrated. Here, we
report the synthesis and optical characterization of CsSnX; (X
= Cl, ClysBrys, Br, Broslys, 1) perovskite nanocrystals, which
utilize both compositional tuning and spatial confinement to
adjust the bandgap from 2.8 to 1.3 eV, thereby spanning the
visible to near-infrared region. Furthermore, using transient
photoluminescence (PL) spectroscopy techniques, we analyze
the decay dynamics in the pico- and nanosecond regime.
Synthesis of CsSnX; (X = Cl, ClyBrys, Br, Broslys, I)
perovskite nanocrystals from Cs,CO; and SnX, following
literature methods for the analogous lead-based perovskite
particles” was unsuccessful and led to the precipitation of CsX
(see SI S2). In order to prevent such a reactant precipitation
during particle synthesis, we prepared the tin precursor by
dissolving SnX,, in the mildly reducing and coordinating solvent
tri-n-octylphosphine. This solution was then injected into a
Cs,CO; precursor solution containing oleic acid and oleyl-
amine at 170 °C to obtain colloidally stable CsSnX;
nanocrystals (see SI S1 for full experimental details). In Figure
la we show powder X-ray diffraction (PXRD) patterns for the
resulting CsSnX; (X = Cl, ClysBrys, Br, Bryslys, I) particles.
Rietveld refinement”" confirms that all nanocrystal species
adopt the perovskite structure (see SI S3). While chloride ions
produce a cubic space group (Pm3m), we find that both
bromide and iodide form perovskite crystal structures of lower
symmetry (orthorhombic (Pnma)). This is consistent with
literature findings for the parent bulk material where similar
space groups have been reported, and where the cubic phase is
the high-temperature state for all compounds.”” We note that it
was challenging to identify the precise space group for the

D uring recent years solution-processable metal-halide
perovskite semiconductors have shown tremendous
potential in the field of optoelectronic devices including solar
cells,”” light-emitting diodes (LEDs),” and lasers.”> This
progress has been spurred by their excellent optical properties
(ie, sharp absorption edge® and high photoluminescence
quantum yields*) and the prospect for low-cost device
fabrication through cheap and versatile spin-casting, dip-
coating, and evaporation methods."” Additionally, metal halide
perovskites offer considerable tunability of the optical bandgap
by integrating different halides into the crystal structure® or
reducing the crystallite size to the nanometer scale.”'’ While
the first effect relies on the different ionization potentials of the
various halide components, the second phenomenon is
unlocked in quantum-confined nanostructures where the
optical bandgap increases as the size is reduced.'’'”
Furthermore, the confinement of electrons and holes in these
nanostructures promotes efficient radiative recombination
compared to the bulk material. Consequently, at modest
excitation densities the photoluminescence quantum efliciency
(PLQE) for perovskite nanocrystals can be much higher than Received: December 25, 2015
for bulk films of the same material,*” which is particularly Published: February 22, 2016
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Figure 1. (a) PXRD spectra of CsSnX; (X = Cl, ClysBrys, Br, Bryslys, I) perovskite nanocrystals. (b) Absorbance and steady-state PL of nanocrystals
containing pure and mixed halides. The PL spectrum of CsSn(ClysBry); particles was identical to the pure chloride-containing nanocrystals and is
shown in the SI S4. (c) TEM image of CsSnl; nanocrystals. Additional TEM images can be found in the SI SS.

mixed halide perovskite particles due to less intense and
broader reflections (see Figure la).

Absorbance and PL measurements of the as-synthesized
perovskite nanocrystals in solution and under inert atmosphere
revealed optical bandgaps extending from the visible to the
near-IR region (see Figure 1b). As is observed for the bulk
materials, the bandgaps of tin-containing perovskite nanocryst-
als are red-shifted compared to analogous lead-based
particles,”® most likely due to the higher electronegativity of
the tin ion occupying the ‘B’ site in the ABX; perovskite
structure.'® Compositional changes of the halide component
allowed tuning of the optical bandgap, as has been shown for
APbX, perovskite nanoparticles (see Figure 1b).*>** In
addition to varying the halide ratio of the SnX, precursor
during synthesis, the halide composition can also be adjusted
postsynthetically via an anion-exchange reaction using different,
pure-halide nanocrystals. This is consistent with previous
reports on the lead-based perovskite particles (see SI S1 and
§7).%?* The optical properties of these mixed halide particles
are in agreement with statistical mixing between the halide
species, indicated by highly disordered halide sites in the
perovskite crystal lattice (see SI S8 for full PXRD analysis). In
contrast to their lead analogues, the measured PLQEs are rather
low (max 0.14%, see SI S6).

In addition to compositional tuning, adjusting the reaction
temperature in the CsSnBr; nanocrystal synthesis between 125
and 170 °C allowed the optical bandgap to be tuned from 630
to 680 nm. This is consistent with weak quantum confinement
for different sized CsSnBry perovskite nanocrystals (see
Figure 2). We note that particles synthesized at temperatures
below 170 °C produced colloidally stable nanocrystals,
however, postsynthetic purification resulted in particle
dispersions showing similar optical properties to those of
particles synthesized at 170 °C. This inability to produce
purified particle dispersions prevented us from determining an
accurate particle size via transmission electron microscopy
(TEM).
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Figure 2. Absorbance profile of unpurified CsSnBr; perovskite
nanocrystals synthesized at different temperatures.

To understand the optical properties of as-synthesized tin-
based nanocrystals, we perform transient PL experiments on
solution-dispersed particles. We use time-correlated single-
photon counting (TCSPC) as well as measuresments employ-
ing an electrically gated intensified CCD detector (ICCD) to
spectrally resolve the PL kinetics in the pico- and nanosecond
regime. Short- and long-time PL emission spectra, and
characteristic decay kinetics, are presented in Figure 3 as well
as in SI S9—S11. We note that all samples were colloidally
stable within the time frame of measurements (up to 2 weeks).
At longer times we observe that some particles precipitated
which is most likely due to the dynamic character of ligand
absorption and desorption processes,” which ultimately
compromise colloidal stability in neat solvent over time.

For all nanocrystal compositions we observe a slight redshift
of the PL spectrum over time (5—S50 nm; see Figure 3a). Note
that CsSn(ClysBry); particles show similar decay kinetics and
spectral shifts to the CsSnCly sample (see SI S4). This is
consistent with a mixed halide phase which is nonemissive (e.g.,
due to anion disorder; see SI S8) and a very weak emission
originating from a small subset of pure CsSnCl; nanocrystals
only.®

Examining the kinetics of the PL of as-synthesized samples in
the pico- and nanosecond regime reveals two distinct
components, which decay on different time scales (see Figure
3b and SI S10). We note that fluence-dependent TCSPC
measurements indicate that at the excitation densities
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Figure 3. (a) PL of as-synthesized CsSnX; (X = Cl, Br, Bryl, s, I) perovskite nanocrystals in solution after an ultrashort excitation (<ps) at 400 nm.
The colored solid lines represent the integrated PL from 0 to 5 ns for each sample. Dashed lines are the integrated PL at time-slices of 30—60 ns
(CsSnCly), S—8 ns (CsSnBry), 30—50 ns (CsSn(Bryslys);), and 8—30 ns (CsSnl;). Further spectrally resolved PL decay data is shown in the SI 9.
(b) Fast (inset) and slow PL decay kinetics of as-synthesized and aged CsSnBr; nanocrystals in solution, excited at 490 nm, and detected at 590—900
nm. The decay times have been determined using a biexponential (see SI S10). The fits are indicated as dashed black lines.

employed, both decay processes are dominated by mono-
molecular decay kinetics (see SI S11). To determine the time
constants of these decay processes, we use a biexponential
fitting routine (see SI S10 for further details). For the chloride-
containing nanocrystals the characteristic time scales are around
4 and 12 ns for the fast and slow components, respectively, and
both processes are faster in samples containing heavier halides:
0.7 and 8 ns for CsSnBr;, 0.3 and 3.3 ns for CsSn(Bry<l,s)3,
and 0.3 and 2.6 ns for CsSnl;. Furthermore, measuring the PL
evolution of the same batch of dispersed nanocrystals after
storing in an argon-filled glovebox for 1 week results in an
accelerated faster decay component, which dominates the
overall decay kinetics. The decay constant for the slower
component remains unchanged in both aged and as-synthesized
samples (see Figure 3b). Interestingly, we also find a significant
reduction in PLQE when the luminescence quantum yield of
as-synthesized nanocrystals was remeasured after 1 week of
storage under inert gas. We note that X-ray photoelectron
spectroscopy (XPS) measurements conducted in parallel
indicate only very small compositional changes over time and
no evidence for extensive particle oxidation (see SI S12). If the
particles, however, are exposed to the ambient only briefly (ca.
S min), we observe a small spectral shift of the tin binding
energy toward higher values which is consistent with an
oxidation process from Sn(II) to Sn(IV) (see SI $13).%° This
change in oxidation state is accompanied by a drop in PL
efficiency to nondetectable values (<0.01% PLQE).
Considering the spectral red-shift of the luminescence within
a few nanoseconds and the two different PL decay processes,
we suggest that the fast-decaying luminescence of as-
synthesized Sn-based perovskite nanocrystals originates from
band-edge states, while the slower decay is due to
recombination from states just below the band edge. Such
shallow states within the bandgap are likely to arise from the
intrinsic defect sites which are common in Sn-based perov-
skites.'””” Two possible scenarios can produce such a PL
decay: First, a subset of defect-free nanocrystals producing fast
band-to-band emission while the remaining defect-containing
particles show a slower, spectrally red-shifted PL decay profile
or, second, a homogeneous population of particles where
trapping at defects competes with band-to-band emission
followed by red-shifted emission from defect sites. The first
scenario has been discussed as an explanation for similar PL
kinetics observed in other nanocrystal systems.”**” Considering
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an average nanocrystal volume of ~107'® cm?®, such decay
behavior would require intrinsic defect state densities of Sn-
based perovskite nanocrystals on the order of ~10'7 cm™.
Interestingly, similar defect densities have been reported for the
parental bulk materials.*”*' We note that such an effect may
not be observable in Pb-based perovskite nanocrystals as
significantly lower defect densities have been reported for lead-
containing perovskites,**>*** thereby rendering a detection of
any red-shifted defect emission more difficult than in CsSnX;
nanocrystals.

Furthermore, the formation energy of defects in Sn-based
perovskites is relatively low (~250 meV) which provides
considerable driving force toward the formation of defect
densities as high as ~10' cm™ over time.”’ Some of these
defects have been shown to create trap states in the middle of
the bandgap.’' Population of these deep acceptor states can be
fast (sometimes only a few hundred picoseconds),”” and
recombination from these states is mostly nonradiative.*

We therefore interpret our observation of an accelerated fast
PL decay component for particles stored under inert
atmosphere for 1 week (see Figure 3b) and the accompanied
quench in PLQE as the consequence of nonradiative decay at
deep acceptor states which have been developed slowly after
synthesis. The formation of such deep acceptor sites can be
produced by very subtle structural rearrangements*’ which may
not be detectable in our XPS measurements. It is interesting
that the lifetime of the slower decay component in the inert gas
atmosphere-aged samples remains unchanged, suggesting that
there is still some population of nanocrystals which emit from
shallow intrinsic defect sites that are not affected by the new
nonradiative decay. The undetectable luminescence yield after
exposure to the ambient environment is most likely due to the
creation of nonradiative defect states deep in the bandgap of
oxidized perovskite structures.”’

In conclusion, we successfully synthesized CsSnX; (X =
Cl, ClysBrys, Br, Bryglys, 1) nanocrystals and confirm their
underlying perovskite crystal structure. We tuned the optical
bandgap throughout the near-infrared and visible spectral
region using both quantum confinement effects and employing
different halides in the perovskite crystal. Furthermore, we
highlight two different approaches to produce mixed halide
perovskite structures by either directly synthesizing the
nanostructure using different halide sources or applying a
postsynthetic anion exchange reaction by mixing as-synthesized
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pure-halide perovskite particles. Resolving the temporal and
spectral evolution of the PL of Sn-based perovskite nanocrystals
reveals two luminescent decay channels, which we assign to a
fast band-to-band emission and slow radiative recombination at
shallow intrinsic defect sites.
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