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Direct Observation of Shallow Trap States in Thermal
Equilibrium with Band-Edge Excitons in Strongly Confined

CsPbBr; Perovskite Nanoplatelets

Etienne Socie, Brener R. C. Vale, Andrés Burgos-Caminal, and Jacques-E. Moser*

Lead halide perovskites exhibit great potential for light-emitting devices.
Enhanced photoluminescence (PL) is obtained in perovskite materials of
reduced dimensionalities due to the large exciton binding energy. However,
as the nanocrystal size is reduced, the surface-to-volume ratio increases,
leading to an abundance of surface defects. Here, a fast PL decay, 3-10 ps,

is observed in quasi-1D CsPbBr; perovskite nanoplatelets using broadband
fluorescence upconversion spectroscopy. This decay is attributed to revers-
ible trapping of band-edge excitons into dark states that lie close to the band
edge. A simplified model is proposed to further confirm the presence of
shallow traps and to fit the data obtained by ultrafast spectroscopy for mul-
tiple samples. Finally, the presence of deep trap states in aged nanoplatelets
is revealed, likely arising from desorption of the organic capping ligands from
the surface. Exciton trapping into these states is slower, 20-30 ps, but leads
to a decrease in the photoluminescence quantum yield. These results may
not only explain the extended luminescence lifetimes that have been reported
for perovskite nanocrystals but also demonstrate the potential of combining
ultrafast transient absorption and fluorescence up-conversion to obtain a full

low trap state density of perovskites.
Confinement of the bulk 3D structure
into materials of reduced dimension-
alities, such as nanoplatelets (NPIs) (2D),
nanorods (1D) or quantum dots (0D), has
also widened the range of applications
to photodetection,?™ lasing,’! and light-
emitting devices.®® Compared to their
bulk counterparts, perovskite nanocrys-
tals (PNCs) offer greatly enhanced
photoluminescence (PL) due to the strong
electron-hole interaction, that is, large
exciton binding energy,® induced by
quantum confinement. One of the key
features that has been ascribed to PNCs
for efficient optoelectronic devices is their
defect tolerance.'® Indeed, the majority
of the intrinsic defects in hybrid lead
halide perovskites have been considered to
be shallow trap states, with energies close
to or within the energy bands.'?l There-

description of the spectroscopic properties of the material.

Lead halide perovskites are promising materials in the field
of photovoltaics: in less than 10 years, their power-conversion
efficiency has surpassed that of silicon solar cells, currently
reaching 25.2%.Y Such amazing results are explained by the
extended carrier lifetime, long carrier diffusion lengths, and
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fore, PNCs do not require postprocessing

surface passivation, as conventional

quantum dots do, to obtain high photo-
luminescence quantum yields (PLQYs).[3 Although most of
the studies focused their attention on large, weakly confined,
cubic PNCs,™! the size of the PNCs could be further reduced
to match the strong quantum confinement conditions (at least
one dimension smaller than the exciton Bohr radius). In this
case, the surface-to-volume ratio greatly increases, leading to an
abundance of surface defects. In PNCs, surface defects are usu-
ally passivated by the use of organic capping ligands during syn-
thesis."®] The ligands play a role not only in the PNC PLQYs
but also in their sensitivity to moisture and oxygen."®!% How-
ever, ligand binding to the surface is highly dynamic, which
could lead to rapid desorption of the capping ligands, resulting
in the formation of undercoordinated lead atoms, which act
as surface traps.’>?’l Some reports have already shown that
postsynthetic thiocyanate surface treatment?®?! or inorganic
passivation via the addition of ZnBr,/®! enables efficient trap
suppression and a PLQY near unity.

Since the PL tracks only the excited state population, fol-
lowing its dynamics is one of the easiest ways to under-
stand the processes occurring in PNCs. However, standard
techniques, such as time-correlated single-photon counting
(TCSPC), have a limited time resolution of, at best, a few tens
of picoseconds,?”! while exciton trapping usually occurs within
the first ps after photoexcitation.l?”3%l Therefore, femtosecond
broadband fluorescence upconversion spectroscopy (FLUPS) is

© 2020 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 1. a) Emission (blue dashed line) and absorption (black line) spectra of CsPbBr; nanoplatelets dispersed in dodecane. b) 2D time-resolved emis-
sion spectra of CsPbBr; acquired by FLUPS (A =400 nm) for <N.>=0.2. c) TA spectra at different time delays for <N.> = 0.2. d) Normalized decays
of the exciton bleaching peak (1=450 nm) in the TA spectra (red dots) and of the fluorescence peak (1 = 455 nm) in the FLUPS spectra (black dots).

an ideal candidate for detecting the emission of PNCs. Here,
the fluorescence is gated by an ultrashort laser pulse, and the
complete spectrum is recorded for every fixed delay in single-
scan pump-gate measurements.*!! The sub-ps time resolution
of FLUPS enables a deeper understanding of the recombina-
tion mechanism occurring in PNCs. In this study, we show
direct observation of shallow trap states in thermal equilibrium
with the band-edge excited states in strongly confined NPlIs.
Trapping of the photoexcited excitons results in a fast PL decay
within a few ps, which does not follow the trend observed by
ultrafast transient absorption spectroscopy (TAS). Moreover,
we propose a model for explaining the data obtained by both
FLUPS and TAS for multiple samples. Finally, we monitor the
effect of sample aging on the PL dynamics and reveal the for-
mation of deep traps in old NPI samples, resulting plausibly
from ligand desorption from the surface.

Strongly confined CsPbBr; NPls were synthesized at room
temperature following a procedure described elsewhere.l3?l The
details of the procedure are reported in the Supporting Infor-
mation. Figure la shows the linear absorption and emission
spectra for the as-synthesized NPIs dispersed in dodecane.
The absorption spectrum exhibits an intense and sharp exci-
tonic peak at 445 nm (2.79 eV), which is a signature of strong
quantum confinement. This is supported by the large 80 nm
(425 meV) blueshift compared to the band-edge absorption of
bulk CsPbBr; situated at 525 nm (2.36 eV).?¥l As mentioned
previously, the shape of the NPls is close to nanorods with
dimensions of 3 x 4 x 23 nm3.32 The PL signal is centered
at 455 nm, indicating that the synthesis produced NPIs of a
narrow size and shape distribution. The second derivative of
the absorption spectrum (Figure S1, Supporting Information)
does not show negative peaks at lower energy than the first
exciton transition, which further confirms the narrow size
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distribution in the ensemble (see Supporting Information for
details).

2D time-resolved emission spectra of the CsPbBr; NPIs
recorded by FLUPS are shown in Figure 1b. Here, the excita-
tion energy fluence was set to generate an average density of
<Ng> = 0.2 excitons per particle and avoid any contribution from
exciton—exciton interactions, such as Auger recombination or
biexciton emission.[323435 We have shown recently that the emis-
sion spectrum is very sensitive to the exciton—exciton interaction
due to biexciton emission in CsPbBr; NPIs. This emission is red-
shifted compared to the main peak and decays over 10 ps.? By
examining the emission slices at different time delays (Figure S2,
Supporting Information), we verify the absence of multiexciton
emission or energy transfer from smaller to larger particles.
Indeed, the PL peak at 455 nm does not shift or sharpen over
time, indicating that the emission comes from a unique popu-
lation set. The transient absorption spectra (Figure 1c) show a
negative signal corresponding to exciton bleaching at 450 nm.
This negative response is related to the filling of the band-edge
exciton and is close to the excitonic peak in the absorption spec-
trum. Moreover, two excited state absorption peaks are observed,
one close to 470 nm corresponding to the exciton Stark effect
from interactions between hot and band-edge excitons23¢ and
a broadband one on the blue side of the spectrum (<440 nm),
which has been assigned to the forbidden exciton transition in
strongly quantum-confined nanocrystals.’23] However, for bulk
perovskites, this signal comes from band gap renormalization.®!

The dynamics of the PL peak at 455 nm and of the exciton
bleaching at 450 nm are normalized and compared in
Figure 1d. Both exhibit a long decay component (>2 ns), which
is attributed to the radiative recombination of band-edge exci-
tons. Interestingly, while the decay of the exciton bleaching
peak is mostly mono-exponential, the PL dynamics also exhibit

© 2020 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 2. a) Energy diagrams illustrating the model proposed in Equations (2)—(4). On the left, energy diagram of NPIs having deep trap states (D)
and on the right, energy diagram of NPIs having shallow trap states (S) only. On both sides, the ground and lowest excited states are denoted 0 and
X, respectively. The black band indicates the energy of upper excited states populated after excitation by a 400 nm pump pulse (blue arrow). AE is the
small energy difference between the shallow trap states and the lowest excited state. k;, k_;, ky, and k; are the rate constants for respectively trapping
into the shallow trap states, detrapping from the shallow trap states, trapping into the deep trap states, and radiative recombination. Nonradiative
processes are expressed by purple wavy arrows. b) Simulated signal intensities obtained by analytically solving the proposed model for TAS (red line)

and FLUPS (black line).

a short decay component of a few ps (Figure S3, Supporting
Information). Knowing that the PL signal intensity depends
only on the emissive state population, we presume that the fast
decay is induced by a transfer from the band-edge state to dark
trap states. Moreover, considering that these dark trap states are
only a few meV from the band edge (shallow), they cannot be
distinguished spectrally. Thus, time-resolved PL becomes cru-
cial for probing only the emissive states.

To explain the aforementioned early dynamics, we propose a
model for an ensemble of uncorrelated excitons in strongly con-
fined perovskite NPIs at a low fluence (Figure 2a). This model
has already been reported by Chirvony et al. to explain the
formation of long-lived PL kinetics in PNCs.B%%0] Second, we
consider that the shallow trap states, S, and the lowest excited
state, X;, are in thermal equilibrium and the population distri-
bution between these two states follows a Maxwell-Boltzmann
distribution. Furthermore, since the energy difference between
S and X; is considered to be less than the thermal energy kpT,
the trapping into the shallow trap states is reversible, and the
back transfer rate constant, k_4, is related to that of the trapping
process, k;, via Equation (1).
kl — k71 % e—AE/kgT

(1)

% = —ksNy, —kNy, +k_; Ny, ()

dN_XS = klNX| —klexs (3)
dt

dNy,

TXI = —ksNy, —k:Ny, )

Sigrues = Ny, + Ny,

SigTA = le +NX|, +NX5

The evolution of the population of each state after a time delay
t = 0.5 ps is expressed in Equations (2)—(4). In such a system,
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the relaxation of hot excitons has already been reported to be
fast at low fluence (<0.3 ps).323436] We postulate that at time
t=0.5 ps, all the photoexcited excitons have relaxed to the lowest
excited state. Therefore, the initial population of the lowest
excited state is set at 1 and the population of the shallow states
is set at 0, which corresponds to the populations of excitons
that can or cannot be trapped in deep trap states and excitons
trapped in shallow states, respectively. Second, to fit the data
well, we need to consider two sub-ensembles, as has already
been expressed by Bohn et al.?% On the one hand, a proportion a
of particles, called X;’, have deep trap states, D. The decay of the
photoexcited excitons located in these particles can be radiative
or trap-assisted. To simplify the differential equations and obtain
analytical solutions, we neglected the contribution of shallow
trap states for this subpopulation. Since the trapping rate con-
stants k; and k, are one order of magnitude apart, the obtained
trend should not be affected by this simplification but k, could
be overestimated. On the other hand, a total of 1 — a excitons,
called X; in the differential equations, cannot be trapped in D
and can only decay to the ground state radiatively. The emis-
sion can be delayed by the trapping into the S-states which is
reversible. The number a is proportional to the number of NPls
with ligands desorbed from their surface.l?>-*>#4] The FLUPS
signal intensity is only proportional to X; and X;" population
while the GSB intensity in TA follows the population of X;, X/,
and S since these states are close by in energy (Equations (5)
and (6)). Deep traps states are usually located in the middle of
the band gap and do not contribute to the GSB signal in TA,
leading to a bi-expontential decay behavior for the GSB, where
the fastest decay lifetime is associated with the unreversible
trapping into the D-state and the longest lifetime corresponds
to the radiative recombination of band-edge excitons. However,
a basic multi-exponential decay cannot be used to fit the FLUPS
signal since the trapping from X;” into the S-state is reversible,
as expressed in Equation (2). Simulations, obtained by ana-
Iytically solving Equations (2)—(4), are shown in Figure 2b and
follow the trend observed during the measurements.

We fitted the previous model to three different samples to
extract the rate constants, k;, k_;, k;, and k3, the small energy

© 2020 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

difference between the shallow trap states and the lowest
excited state, AE, and the proportion of particles with deep
trap states for each one. The first two samples were synthe-
sized with different organic capping ligands: common oleic
acid, referred to as NPIs—OA, and trioctylphosphine, referred
to as NPIs-TOP, which has already been used for improving
the stability of CsPbBr; NCs.** For the last sample, ZnBr,
salt was added during the synthesis of NPIs-OA to bring an
excess of bromide, and this sample is referred to as NPIs—Br.
The fitted data and extracted parameters are reported in Figure
S4 and Table S1, Supporting Information. The rate constants all
lie in the same range for the three samples: k; = 1-3 x 10! s71,
ky = 3-5 x 10'° 571, and k; = 7-8 x 108 57!, corresponding to
7s = 3-10 ps, 7p = 20-30 ps, and 7,4 = 1.2-1.4 ns for the shallow
trapping, deep trapping, and radiative recombination lifetimes,
respectively. The radiative recombination rate corroborates the
previous values reported in the literature,3*#4l and the two
trapping rates are also within the range expected based on
numerous studies.%3%40 These findings indicate that trapping
into the shallow trap states is relatively fast and can fully explain
the difference observed between the TA and FLUPS signals.
Second, the energy difference AE between S and X; states is
small (<kgT'), as expected. The depth of the shallow trap states
depends on the passivating ligand used during the synthesis,
which has already been reported.®”! Note that these states can
be located slightly below or above the lowest excited state. The
latter are called intra-band states and can also be active for hot
carrier trapping. Finally, the proportion a of particles with deep
trap states is reduced from 0.2 for NPIs—OA and NPIs—TOP
to 0.05 for NPIs—Br. This noticeable difference between the
samples has already been shown in the literature.?®! Park
et al. argued that an excess of Br on the surface can passivate
the deep trap states and stabilize NPls. We also recorded the
PL decay on longer timescale by using TCSPC. Figure S5, Sup-
porting Information shows the dynamics on the ns range. As
already observed by Vonk et al.,! the PL decay is multiexpo-
nential (7, =5 ns and 7, = 13 ns) due to the NP1 subpopulations
in the ensemble. Moreover, the bi-exponential function cannot
fit the decay curve on long time scales (>100 ns). This kinetic
component has already been ascribed as a delayed PL induced
by the trapping and detrapping of excitons from shallow trap
states.[*’]

Focusing on NPIs—Br, we monitored the effect of sample aging
on the PL dynamics. Figure 3a,b shows that the linear optical

www.advopticalmat.de

properties remain unaffected after 80 days under light and room
temperature. Furthermore, the second derivative of the absorp-
tion spectrum (Figure S1, Supporting Information) confirms
the absence of larger particles. The small 5 nm shift observed in
both the absorption and emission spectra is attributed to small
growth of the NPIs in the nonconfined dimension. However, the
PL dynamics considerably evolve over time (Figure 3c). While
the rate constant of trapping into the shallow traps, k;, and that
associated with radiative recombination of band-edge excitons,
ks, are unchanged, an intermediate PL decay of a few tens of ps
appears for aged samples. We previously attributed this decay to
exciton trapping into deep trap states, with the associated rate
constant k,. To investigate this observation, we fitted the data
with the aforementioned model. The rate constants k;, k,, and
ks and AE were set constant for every sample, and only the pro-
portion a of particles with deep trap states was variable. The fits
and extracted parameters are shown in Figure S6 and Table S2,
Supporting Information. The number a increases from 0.05 for
fresh NPIs up to 0.49 after 80 days, indicating that the number
of deep traps increases over time. This could be explained by
the dynamic binding between the capping ligand and the NPI
surface.?%2% Over time, ligands are removed from the surface,
leaving undercoordinated Br or Pb atoms that act as deep trap
states.'* These deep traps reduce the proportion of excitons
emitting radiatively and thus reduce the PLQY.

We have shown that for each CsPbBr; colloidal dispersion
synthesized, fast trapping, 75 = 3-10 ps, of band-edge excitons
into shallow states lying close to the band edge, leads to a fast
photoluminescence decay. The trapping is reversible, and its
rate and the difference in energy between the shallow trap
states and the lowest excited state depend on the type of organic
capping ligand. This may explain the extended PL lifetimes that
have been reported previously in the literature.’40#] Addi-
tionally, we have also demonstrated the importance of capping
ligands to prevent the formation of deep trap states. Desorption
of the ligand from the surface due to sample aging increases
the number of deep trap states and directly influences the
PLQY of the NPIs. Exciton trapping into deep trap states has
been estimated to have a lifetime of 7, = 20-30 ps depending
on the ligand. A complete understanding of the trapping mech-
anism in such systems is crucial for improving device perfor-
mances. In this context, FLUPS has shown promise due to its
sub-ps time resolution and ability to record single-scan pump-
gate measurements.
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Figure 3. a) Absorption spectra of as-synthesized CsPbBr; NPIs (blue line) and after 80 days (red line). b) Normalized emission spectra at t =1 ps for
different sample ages. c¢) Normalized PL decays at Aep, = Ay Of the given samples.
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