7%
university of 5%,
groningen % %

i

University Medical Center Groningen

University of Groningen

Exciton Recombination in Formamidinium Lead Triiodide

Fang, Hong-Hua; Protesescu, Loredana; Balazs, Daniel; Adjokatse, Sampson; Kovalenko,
Maksym V.; Loi, Maria

Published in:
Small

DOI:
10.1002/smll.201700673

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2017

Link to publication in University of Groningen/lUMCG research database

Citation for published version (APA):

Fang, H-H., Protesescu, L., Balazs, D. M., Adjokatse, S., Kovalenko, M. V., & Loi, M. A. (2017). Exciton
Recombination in Formamidinium Lead Triiodide: Nanocrystals versus Thin Films. Small, 13(32),
[1700673]. DOI: 10.1002/smll.201700673

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 11-02-2018


http://dx.doi.org/10.1002/smll.201700673
https://www.rug.nl/research/portal/en/publications/exciton-recombination-in-formamidinium-lead-triiodide(eedaf54f-37bf-4601-b7f7-b37701c0fcfb).html

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

small

I Nanocrystals

Exciton Recombination in Formamidinium Lead Triiodide:
Nanocrystals versus Thin Films

Hong-Hua Fang, Loredana Protesescu, Daniel M. Balazs, Sampson Adjokatse,
Maksym V. Kovalenko, and Maria Antonietta Loi*

The optical properties of the newly developed near-infrared emitting formamidinium
lead triiodide (FAPDI;) nanocrystals (NCs) and their polycrystalline thin film
counterpart are comparatively investigated by means of steady-state and time-resolved
photoluminescence. The excitonic emission is dominant in NC ensemble because
of the localization of electron—hole pairs. A promisingly high quantum yield above
70%, and a large absorption cross-section (5.2 x 1073 cm™) are measured. At high
pump fluence, biexcitonic recombination is observed, featuring a slow recombination
lifetime of 0.4 ns. In polycrystalline thin films, the quantum efficiency is limited by
nonradiative trap-assisted recombination that turns to bimolecular at high pump
fluences. From the temperature-dependent photoluminescence (PL) spectra, a phase
transition is clearly observed in both NC ensemble and polycrystalline thin film. It is
interesting to note that NC ensemble shows PL temperature antiquenching, in contrast
to the strong PL quenching displayed by polycrystalline thin films. This difference
is explained in terms of thermal activation of trapped carriers at the nanocrystal’s
surface, as opposed to the exciton thermal dissociation and trap-mediated

recombination, which occur in thin films at higher temperatures.

1. Introduction

Lead halide perovskites have emerged as a new class of
revolutionary semiconductors for various applications in
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optoelectronics, such as solar cells,l'# light-emitting diodes,]
and lasers.[)) Perovskite thin films that can be prepared
directly from solution have exhibited remarkable proper-
ties,”8] and impressive achievements in term of efficiency
have brought perovskite solar cells in close competition with
crystalline silicon photovoltaics.

In the last two years, the surge in development of halide
perovskite nanocrystal has been motivated by the desire to
take advantage of the nanoscale properties of these out-
standing semiconductors.’*l  Organic-inorganic hybrid
perovskites adopt the general formula ABXj;, where A is an
organic cation, B is a metal ion (such as Pb?*, Sn**), and X is a
halide anion.!'>16] An advantage of this family of materials is
the wide range of compositional possibilities through substi-
tutions to tailor their optoelectronic properties.l”l Kovalenko
and co-workers explored cesium lead halide perovskites in the
form of colloidal nanocrystals (NCs), whose emission spectra
can be readily tuned over the entire visible spectral region by
adjusting their composition (ratio of halides in mixed halide
NCs) and by particle size (quantum-size effects).l) Dong and
co-workers have demonstrated a methylammonium cation
version of the NCs (CH;3NH;PbXj;) with photoluminescence
efficiency up to 70%.1'%1 More recent works have shown the
effectiveness of anion exchange reactions for compositional
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fine-tuning of NCs.['$19 Moreover, it has been suggested
that perovskite nanostructures could exhibit enhanced
photoluminescence properties and device performance;
with them Cho et al. substantially increased the steady-state
photoluminescence efficiency of MAPbBr; perovskite light-
emitting diode.l! Xiong and co-workers reported amorphous
nanoparticle-based light-emitting diodes, showing an external
quantum efficiency of up to 3.8%.2]

Formamidinium lead triiodide in its 3D perovskite form
is called a-FAPbI; or “black phase” and, especially in its Cs-
and Br-doped variations, is one of the most popular materials
for solar cell and lasing applications.[?'"] Compared with the
archetypal but less-chemically durable—methylammonium
lead triiodide (MAPbI;) perovskite—it has a more sym-
metric crystal structure, absorption edge shifted toward the
infrared and a better thermal stability. However, this desired
o-FAPbBI; tends to phase-transform into the wider bandgap,
“yellow” 6-FAPbI;, both in thin films and large single crys-
tals.’'33] Yang and co-workers reported that the color of
FAPbI; crystals gradually changed from black to yellow,
regardless of storage in the vacuum or inert gas.’l Recently,
the partial substitution of the FA cation has been reported
to stabilize the perovskite phase of FAPbI,.[*l However, this
substitutional strategy also partially covers the properties
of the FAPDbI; material. Kovalenko and co-workers demon-
strated that the black perovskite phase (o-FAPDI;) in the
form of colloidally synthesized NCs (10-15
nm, near cubic shape) exhibits improved
phase-stability and shelf-life of at least six
to nine months (see the Experimental Sec-
tion and further details on the synthetic
procedure in ref. [36]). This development
opens avenues to investigate the optical
properties of nanoscopic o-FAPbI; and to
compare them with earlier studies on films
and macroscopic single crystals.['>37]

In this paper, we report transient and
steady-state ~ photoluminescence  (PL)
properties of the newly synthesized col-
loidal FAPbl; NCs and compare the
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ther investigated. Both NC ensembles and polycrystalline thin
films show a phase transition at low temperature. Moreover,
we observed a counterintuitive PL temperature antiquenching
in ensemble of NCs, namely, the PL intensity increases with
increasing temperature, while it significantly decreases in
polycrystalline thin films. The PL dynamics and the underline
recombination mechanisms are further discussed.

2. Results and Discussion

Figure 1a,b shows transmission electron microscopy images of
FAPbI; NCs of size of about 13 + 3 nm. The phase of o-FAPDI;
(Pm-3m) was confirmed using powder X-ray diffraction (XRD)
as shown in Figure S1 (Supporting Information). The UV-vis
absorption and PL spectra of these NCs are shown in Figure
1c. The as-synthesized FAPbI; NCs in solution show emission
at 782 nm (1.59 eV) with a very limited Stokes shift. Com-
pared to the emission peak (823 nm) for the polycrystalline
thin film, FAPbI; NCs result blue-shifted of about 41 nm, con-
firming their 3D confinement. The emission from NC ensem-
bles deposited on quartz substrates shows about 6 nm red-shift
respect to the solution spectrum, indicating that energy transfer
occurs between NCs of different sizes. The NCs as-synthesized
exhibit PL quantum yield (QY) as high as 70%; such high QY
is remarkable given that these NCs are not protected with a
shell of a wider bandgap semiconductor, and that they are

results with the ones obtained for polycrys- ( C) 0.5 T . T . T . — 1.2
talline thin films. We show that the locali- NC ensemble  Polycrystalline |

zation of photogenerated electron-hole 0.4l - thin film 1.0 —
pairs in FAPbI; NCs leads to a distinctly ’ NCs in solution 1 S
different landscape for the recombination ~ 10.8 g
of photoexcited carriers. Exciton recom- ’3\ 0.3 ] >
bination is dominant in NCs and exciton- 106 ‘@
exciton interactions come into play at 0.2 ] GC.)
escalated excitation intensities; while in 8 104 E
the polycrystalline thin films, free carriers  <C | 1
undergo trap assisted nonradiative recom- 0.1 loo Q-
bination or bimolecular recombination, |
depending on the pump fluence.*®! For 0 0.0

FAPbI; NCs, we measured an absorption '200
cross-section as high as 5.2 x 10713 cm=2, PL
quantum yield of about 70%, and a slow
biexcitonic recombination lifetime of about
0.4 ns. The temperature dependent steady-

state and time-resolved PL spectra are fur-
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500 800 900

Figure 1. a) Large-area TEM image of FAPbI; NCs. b) A high-resolution TEM image of FAPbI,
NCs. ¢) UV-vis absorption spectra and photoluminescence spectra of NCs in solution,
ensemble, and polycrystalline thin film.
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Figure 2. Photoluminescence intensity as a function of pump fluence for a) NC ensemble and b) polycrystalline thin film. PL decay at different
excitation fluences for ¢) the NC ensemble and d) the polycrystalline thin film.

synthesized at relatively low temperatures. The high QY also
suggests a considerably lower presence of intragap states in
FAPbI; NCs respect to thin film, highlighting the excellent
defect-tolerance properties of hybrid perovskites crystals.[42
It is also noted that the PL QY of nanocrystal ensembles
is about two-orders of magnitude higher than that of the thin
films at low pump fluence (below 50 nJ cm™). This significant
difference in emission intensity suggests different recombina-
tion processes. To determine which recombination processes
dominate in our samples, we measured the PL spectra under
various excitation densities for both NC ensembles and poly-
crystalline thin films (see Figures S2 and S3 of the Supporting
Information). Figure 2a,b summarizes the PL intensity as a
function of pump fluence in double-logarithmic scale for NC
ensembles and polycrystalline thin films, respectively. Gener-
ally, the integrated PL intensity (/) is proportional to PX, where
P is the excitation fluence. The exponent k depends on the
underlying radiative recombination process and is expected
to be close to unity for monomolecular recombination, and
around two in the case of bimolecular recombination of uncor-
related electron-hole pairs. In nanocrystal, the PL intensity
increases linearly with pump fluence up to 100 nJ cm™, sug-
gesting that the quantum yield in this range is constant. The
slope becomes sublinear at higher excitation fluence. We

attribute this slope variation to exciton—exciton interactions:

small 2017, 13, 1700673
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biexcitonic recombinations appear at high pump fluence, as
will be discussed later. In NCs, the photogenerated electrons
and holes are confined because of their small size. The initial
electron-hole pair population follows the Poisson distribu-
tion with the mean number per particle (N) = o(hv) x J,(hv),
where Jy(hv) is the pump laser fluence and o(hv) is the
average absorption cross-section of the NCs at the excitation
wavelength.[*}l The PL intensity is therefore proportional to
(1-exp(—(N)) (see the Supporting Information). Since the
pump fluence J, is a controllable parameter, the absorption
cross-section o can be reliably estimated. The derived equation
fits the measured data well, as shown in Figure S4 of the Sup-
porting Information. The absorption cross-section for FAPbI;
NCs at 400 nm is quantified to be around 5.2 x 1073 ¢cm™,
this value is very close to the cross-section estimated from the
absorption spectra (2.6 x 1073 cm™2), and is very similar to the
value (2.3 x 10713 cm?) measured in ensembles of CsPbBr; NCs
by Xiao and co-workers,*!! confirming that FAPbI; NCs have
inherited the excellent absorption capacity of bulk perovskites.

In the case of polycrystalline thin films, the PL intensity
shows a linear dependence on the excitation power below
150 nJ cm™ pump fluence. It increases superlinearly and fol-
lows a quadratic dependence at higher intensities (Figure 2b),
indicating a different PL mechanism from that of the NC
ensembles. This behavior is consistent with recent reports

www.small-journal.com (3 0f 10) 1700673
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about MAPDI; thin films,[**9] showing that at low excitation
levels (below 150 nJ cm™), the linear dependent PL inten-
sity can be attributed to geminate and/or Shockley—Read-—
Hall mechanism (also called trap-assisted recombination).[*”]
Considering the low exciton binding energy (8.1 meV),?*l the
possibility of geminate recombination is negligible at room
temperature, therefore the recombination process is a trap-
assisted recombination of free carriers. When the excitation
is further increased, the trap states density approaches satu-
ration. As shown in Figure 2b, the PL intensity is quadrati-
cally dependent on the pump fluence for excitations above
6390 nJ cm2. Therefore, the nongeminate bimolecular free
electron-hole recombination becomes a dominant process
at this excitation level.[*’”l These two regimes (trap-assisted
recombination and bimolecular recombination) of light emis-
sion are identified clearly in the intensity dependent PL meas-
urements (Figure 2b). The knowledge of the photocarrier
density at the crossover point between the two regimes ena-
bles an approximate estimation of the defect density,[*54¢]
which is = 8 x 10'® cm™ in our polycrystalline thin film.

To confirm the underlying recombination mechanism, the
photoluminescence dynamics was investigated. Figure 2c,d
reports the PL decays for the NC ensemble and thin film at
their emission peaks under different pump fluences. With

@ [ ;mizy
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increasing excitation fluence, the decay in the NC ensemble
shows an additional fast component with amplitude growing
superlinearly with increasing excitation power. This is a typical
signature of the formation of biexcitons due to fast nonra-
diative “Auger”-like processes. To validate that the measured
signal comes from biexcitonic recombination, the measured
PL decays are normalized to their long delay components, as
shown in Figure 3a. Based on the Poisson distribution of the
NC population, the PL should have a major contribution from
single excitons and a small contribution from biexcitons in our
experiment. The long delay PL decays are very similar for dif-
ferent excitation power, suggesting that they originate from the
same species, specifically, single exciton recombination. The PL
decay can be well described by a superposition of single exciton
dynamics f(¢f) and an additional single exponential biexciton
component, A x exp(—#/tzx) + B X f(f). Applying this fit, we
obtain the biexciton recombination time to be 0.4 ns, which is
much shorter than the measured single exciton lifetime (52 ns).
This biexcitonic decay is much slower than that reported for
CsPbl,,[*8] suggesting that these new NCs could have an appli-
cation in lasing.*’l The PL intensity for the fast-decay compo-
nent is obtained by subtracting the PL amplitude related to
the slow-decay component at early time after photoexcitation.
Figure 3c presents the power dependence of the fast-decay

(b) 1 Polycrystalline thin film
3
&
:é‘ 0.1 Excitation Power
g Increase
2
£
-
T 0.01f
0 100 200 300
Time (ns)
(d) —
) Polycrystalline thin film

150
m ([ J
£
()
£ 100}
2
3

50

16‘6 16”
Photocarrier Density (cm™)

Figure 3. a) Excitation power-dependent PL dynamics of NC ensemble. The PL decays are normalized to match the late-time tails, which correspond
to the single-exciton recombination. The early time short-lived PL components at high excitation power show biexciton recombination. b) Normalized
power-dependent PL dynamics from FAPbI; films. c) Excitation power-dependence of the single-exciton PL amplitude and the amplitude of the
biexcitonic component follow the expected trends obtained assuming Poisson statistics of the initial NC occupancies (solid lines). The early time
short-lived PL component follows the quadratic scaling, as expected for biexcitons (red dashed line). d) Excitation-intensity dependence of the
effective PL lifetime of the polycrystalline film. The red line is obtained from the ﬁtting%=A+Bno, where tis the effective lifetime, n is the initial

PL intensity after excitation, A and B are constants.
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Figure 4. 2D pseudocolor plot as obtained from the streak camera of a) ensemble of FAPbI; NCs, and b) polycrystalline thin film. c,d) PL spectra
extracted at different delays after excitation as indicated in (a) and (b) for the NC ensemble, and the polycrystalline thin film, respectively. e) PL
decay times monitored at various emission energies for the ensemble NCs. f) Lifetimes as a function of emission energy, as well as time-integrated
PL spectra taken under 4.1 uj cm~2 excitation. The lifetimes decrease on the high-energy side of the emission. The red dashed line is the fitting

performed using Equation (1).

component, as well as the single exciton contribution, which is
extracted from the long-delay signal after the fast-initial decay.
The amplitude of the fast decay component in the (N) range
between 0.03 and 0.3 approximately scales as (N)?, confirming
that it is indeed due to biexciton recombination.

The power-dependent decay in polycrystalline thin films
is significantly different from the one of the NC ensemble.
Figure 3d shows that the PL lifetime decreases as the excita-
tion fluence increases in thin films. As previously presented,
the charge carrier relaxation dynamics in bulk perovskite
can be described as a function of the charge carrier density
(n):*0 —dn/dt = An + Bn? where A and B are constants.
The linear term describes the monomolecular recombina-
tion, which arises from charge trapping, the quadratic term
accounts for the bimolecular recombination. By fitting the
PL dynamics with the rate equation, we obtained values
A=6x10s"!, and B =0.21 x 10719 s~ cm?, which are in line
with recently reported values for hybrid perovskites.[*>0]

small 2017, 13, 1700673
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Therefore, it is clear that different recombination pro-
cesses are observed in FAPbI; polycrystalline thin film and
NC ensembles. Difference that is attributed to the localization
of electron—hole pairs in NCs.’!l Due to their small volume,
the photogenerated carriers in NCs are spatially confined and
their exciton dissociation probability becomes negligible. This
consequently increases the possibility of radiative recombina-
tion in NCs compared with polycrystalline thin film.

As discussed previously, excitons in FAPbI; NC are local-
ized by their size confinement, however, communication and
coupling between these localized states may occur in ensem-
bles. In this case, the excitons tend to migrate toward lower
energy sites.’>%! To investigate if such a migration is occur-
ring, we recorded the spectrally resolved photoluminescence
dynamics. The 2D contour plot of the time-resolved PL spectra
of the FAPbI; NC ensemble is presented in Figure 4a, while
the one for the FAPbI; polycrystalline thin film is presented in
Figure 4b for comparison. Figure 4c,d shows the extracted PL
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Figure 5. a) Normalized emission spectra of the NC ensemble excited with a pump power density of 70n) cm=2 at different temperatures.
b) Temperature-dependent integrated PL intensity, showing the temperature antiquenching of the PL. ¢) Full width at half maximum (FWHM) of the
PL spectra as a function of the temperature. The red solid line is the result of a fit using Equation (2), including contributions from inhomogeneous

broadening, acoustic and optical phonons.

spectra at specified times after the excitation. The clear dif-
ference is that the emission peak red-shifts in the FAPbl; NC
ensemble, while remains constant with time in the thin film.
In the NC ensemble, the emission red-shifts in the first 10 ns,
to remain roughly constant at 788 nm beyond 30 ns, demon-
strating the energy transfer between particles of slightly dif-
ferent sizes. As a result of energy transfer, the PL lifetime is
strongly dependent on the emission energy in NC ensembles.
Figure 4e shows the room temperature PL decays extracted at
different excitation energies. The PL lifetimes decrease with
increasing emission energy; the PL decay times as a function
of the monitored emission energy, together with the time
integrated spectrum are reported in Figure 4f. As already
mentioned the spectral dependence of the lifetime is due to
the migration process to the tail states in the NC ensemble,
as observed in conventional quantum dot solids.”* If the tail
state distribution is approximated as exp(—E/E,), then the
lifetime at different emission energies can be expressed as:[*!

7o
E—En
1+e Eo

Te =

M

where 1, is the lifetime of localized excitons, E . is the
energy for which the radiative lifetime equals the lateral
transfer time, and E|, is a characteristic energy of the density
of band tail states, which is a measure of the average localiza-
tion energy. Above E,,., the transfer of excitons has a higher
probability than the radiative decay. Applying Equation (1)
(red dotted line in Figure 4f) yields a radiative lifetime of
Ty=57ns, E,.=1.84eV and E,=124meV. The large £, sug-
gests that the PL decay from NC ensembles is dominated by
recombination of localized excitons.

The PL lifetime of the polycrystalline thin films is prac-
tically independent of the wavelength at room temperature
(Figure 4a). This spectrally stable PL decay is a further evi-
dence of the fact that the photoluminescence is governed by
band to band transitions.[**]

www.small-journal.com © 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The photophysical properties of hybrid perovskites have
been shown to be highly temperature-dependent.[!5-2456:57]
Figure Sa displays a 2D pseudocolor plot of the normalized
PL spectra of the NC ensemble as a function of tempera-
ture. A clear evolution in the peak position can be observed,
with the spectrum monotonously red-shifting from room
temperature to =150K, followed by a sudden blue-shift
between 150 and 120K, back to a shift toward lower energy
at temperatures lower than 120 K, which is similar to the
behavior observed in microstructures of FAPbBr;.[ This
abrupt PL shift is likely due to the bandgap shift imposed
by the thermal expansion and change of the in-plane lat-
tice constants during the crystallographic phase transition,
which is occurring in the bulk around 140 K from the
tetragonal phase (P3) to the y orthorhombic phase (Pnma)
(Figure S4, Supporting Information).’®l The monotonous
shift for the high-temperature phase can be described by a
temperature coefficient o = dE/OT = 0.43 meV K! for the
NC ensemble (Figure S4, Supporting Information), which
is slightly larger than the value o = 0.39 meV K~! reported
for the polycrystalline thin film, suggesting a larger thermal
expansion in NCs, which is not unexpected for nanometer-
sized crystals.

Figure 5b reports the integrated PL intensity as a func-
tion of temperature. In the polycrystalline thin film, strong
thermal quenching of the photoluminescence intensity is
observed,?! with the PL intensity at room temperature being
only the 5% of the value at 5 K (see Figure S6 of the Sup-
porting Information). The thermal quenching in the poly-
crystalline thin film is attributed to thermal dissociation of
excitons at high temperature and phonon interactions. By
contrast, the PL intensities of the NC ensemble show an
antiquenching behavior with increasing temperature. The PL
intensity at room temperature is about three times higher
than at 35 K. This antiquenching behavior suggests again dif-
ferent recombination mechanism in NC ensemble respect to
the one in polycrystalline films.

small 2017, 13, 1700673
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Figure 6. a) Normalized PL decays of the NC ensemble under a pump fluence of 70n) cm™2 at different temperatures. b) Temperature-dependent
PL lifetimes showing a decrease at low temperature. ¢) 2D pseudocolor plot of streak camera data of the NC ensemble at 35 K. d) Lifetimes as a
function of emission energy, as well as the time-integrated PL taken at 35 K.

The exciton—phonon coupling in NC ensembles was
studied by analyzing the temperature dependent emission
linewidth broadening, which increases from 44 to 97 meV
with increasing of the temperature from 35 to 295 K
(Figure 5c¢). The temperature-dependent emission linewidth
due to exciton—phonon coupling can be described by the fol-
lowing classical equation:[®!]

[(T)=Timn + 6T + TLo/(exp(hwoksT) - 1) ©)

Here, T, is the inhomogeneous broadening contribution,
which arises from scattering due to disorder and imperfec-
tions, o and I’ are the exciton—acoustic phonons and the
exciton—optical phonon coupling coefficients, respectively,
hw, is the optical phonon energy, and kg is the Boltzmann
constant. From the best fit performed with this equation, we
found that the inhomogeneous broadening is 43 meV for
the NC ensemble, which is noticeably larger than the one
measured for polycrystalline thin films (18 meV). The larger
broadening can be attributed to the effect of polydispersity,
and the subsequent energy level disorder in the NC ensemble
(see the time-dependent PL peak position shift). The optical
phonon energy in NC ensembles is estimated to be 19 meV,
which is very close to the value obtained for the FAPbI;
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polycrystalline thin films (18 meV). This suggests a similar
contribution of the Frohlich interaction between charge car-
riers and optical phonons in homogeneous linewidth broad-
ening in NC ensembles and polycrystalline thin films at room
temperature.[0!]

To understand the temperature dependent recombination
mechanism, the time-resolved PL at different temperatures
was investigated (see Figure 6a). In the low-temperature
range, the PL decays can be fitted with biexponential func-
tions. In Figure 6b, the average lifetime determined from the
decays are plotted as a function of temperature. As the tem-
perature is raised, the decay time in NC ensembles becomes
longer. This trend further confirms the unusual PL tempera-
ture antiquenching effect in these NC ensembles. We con-
jecture that an optically dark state is present in the FAPbI,
NC, which lies energetically below the emissive exciton state.
The origin of this dark state is likely correlated with a sur-
face state, in which one of the charge carriers is trapped. The
state is preferentially populated at a low temperature, and
thus reduces the population of emissive excited states, and
decreases the corresponding PL intensity, as well as the life-
time. Similar phenomena were observed in CdSe-core CdS/
CdZnS/ZnS-multishell quantum dots.*?l Figure 6c presents
the spectrally and temporally resolved photoluminescence

www.small-journal.com (7 of 10) 1700673



1700673 (8 of 10)

m full papers

measurements of NC ensembles at 35 K. The lifetime as a
function of emission energy at 35 K, as well as time-integrated
PL, are shown in Figure 6d. The emission energy dependence
of the lifetime can be attributed to the exciton migration
toward tail states in the NC ensemble, as previously discussed
for the room temperature measurements, obviously at low
temperature the energy transfer is less efficient.[>?!

It is very interesting to compare the low-temperature PL
in NC ensembles with their polycrystalline thin films coun-
terpart. In the latter, the emission peak is around 860 nm at
30 K, with a low energy shoulder (see Figure S7 of the Sup-
porting Information). The shoulder emission exhibits a long
lifetime up 2 ps, this long-lived component is attributed to
the radiative recombination of bound excitons (X3) that are
formed by localizing excitons at defect sites, as observed in
MAPbI; crystals, and FAPbI, thin films.'>?4! With increasing
pump fluence, the PL intensity of Xj is expected to satu-
rate at high excitation power intensities when these defects
are fully populated with excitons. This is indeed confirmed
by power-dependent photoluminescence measurements
reported in Figure S8 of the Supporting Information.[5] Tn
the NC ensembles, we did not observe such radiative recom-
bination from a bound exciton, and the normalized PL
spectra measured with different pump intensity are iden-
tical, with a slightly broader full width at half maximum at
higher pump fluence (Figure S9, Supporting Information).
As already mentioned, the photoexcitation dynamics in
NC ensembles also show a significant difference from their
polycrystalline thin film counterpart (see Figure S10 of the
Supporting Information). The PL lifetime of NC ensembles
at 30 K is around 3 ns, which is three orders of magnitude
shorter than that observed in thin films. As discussed above
the much shorter lifetime of the NC sample is interpreted as
due to shallow trap states, localized at the NC surface.

3. Conclusion

In conclusion, we have investigated the photoexcitation
recombination dynamics in FAPbI; nanocrystal ensembles in
comparison with polycrystalline thin films at various temper-
atures. The recombination processes in NC ensembles display
a very different nature respect to their polycrystalline thin
film counterpart. At room temperature, the excitonic emis-
sion is dominant in NC ensembles, with a high photolumines-
cence quantum yield of up to 70%, which is about two orders
of magnitude higher than that of thin films. The NCs exhibit
a large absorption cross-section of 5.2 x 10713 cm™ at 400 nm.
With increasing pump fluence, we observed a relatively slow
biexciton emission, with recombination time of 0.4 ns, dem-
onstrating the potential for the lasing of these newly synthe-
sized NCs. On the other hand, in polycrystalline thin films,
trap-assistant recombination plays an important role at low
pump fluence; while bimolecular recombination dominates
the photoluminescence at elevated excitation powers. From
the temperature-dependent PL spectra, a phase transition
is clearly observed in both NC ensembles and polycrystal-
line thin films. In contrast to the observed strong thermal
PL quenching observed in the polycrystalline thin films,
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NC ensembles show PL temperature antiquenching. This
behavior is explained by thermal activation of trapped exci-
tons at the NC surface with increasing temperature, while
radiative recombination of bound excitons is observed at
low temperatures in the polycrystalline thin films. Our results
provide insights into the charge recombination mechanism
in NC ensembles and polycrystalline thin films and help to
unravel their potential for high-performance optoelectronic
devices.

4. Experimental Section

Materials: The NCs of FAPbl; were synthesized using the fol-
lowing procedure: Pb(acetate), x 3H,0 (0.076 g, 0.2 mmol,
Aldrich, 99.99%), FA-acetate (0.078 g, 0.75 mmol), 1-octadenece
(ODE) (6 mL, dried), and oleic acid (OA) (4 mL, dried) were com-
bined in a 25 mL three-neck flask and dried under vacuum for
30 min at 50 °C. The mixture was heated to 80 °C under N,, fol-
lowed by the injection of oleylammonium idoide (OAmI) (0.237 g,
0.6 mmol in 2 mL toluene; the OAmI was prepared according to
literature).['8 After 10 s, the reaction mixture was cooled in
a water bath. The crude solution was centrifuged for 5 min at
12 100 rpm, the supernatant was discarded, and the precipitate
was redispersed in toluene and washed two times with acetoni-
trile (3:1 toluene:acetonitrile) and dispersed in chloroform for pro-
cessing. The solution was drop casted or spin-coated on a quartz
substrate to form a NC ensemble for optical characterization.

Perovskite polycrystalline thin films were prepared according
to a previous report.?4 FAI and Pbl, were dissolved in anhydrous
N,N-dimethylformamide at a molar ratio of 1:1. 5 vol% and hydri-
odic acid was added to the mixed solution. The precursor solution
was spin-coated at 3000 rpm for 60 s on a fluorine-doped tin oxide
(FTO) coated glass substrate and then dried at 160 °C for 30 min.

Powder X-ray diffraction (XRD) patterns were performed using
a STOE STADI P diffractometer, operating in transmission mode. A
germanium monochromator, Cu Kee1 irradiation and a silicon strip
detector (Dectris Mythen) were used.

Spectroscopic Measurements: All samples were photoexcited
with 3.1 eV photons. The laser power was adjusted using neutral
density filters. The excitation beam was spatially limited by an iris
and focused with a 150 mm focal length lens. Emitted photons
were collected with a lens and directed to a spectrograph. For time-
resolved PL measurements, a pulse picker was used to reduce
the Ti:sapphire oscillator frequency (about 76 MHz). Steady-state
spectra were collected using a Hamamatsu EM-CCD camera and
time resolved traces were recorded using a Hamamatsu streak
camera working in single sweep mode. For low temperature meas-
urements, samples were installed in a liquid helium optical cry-
ostat (Oxford Optistat). The room temperature UV-vis absorption
spectra were measured with a Shimadzu UV3000 spectrometer.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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