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ABSTRACT: The halide perovskite CsPbBr; has shown its promise for green light- Thin films by dual-source
emitting diodes. The optimal conditions of photoluminescence and the underlying vapor deposition
photophysics, however, remain controversial. To address the inconsistency seen in the AN e
previous reports and to offer high-quality luminescent materials that can be readily [EEEESEIW *

integrated into functional devices with layered architecture, we created thin films of
CsPbBr;/Cs,PbBrs composites based on a dual-source vapor-deposition method. With the
capability of tuning the material composition in a broad range, CsPbBrj is identified as the
only light emitter in the composites. Interestingly, the presence of the photoluminescence-
inactive Cs,PbBrg can significantly enhance the light emitting efficiency of the composites.
The unique negative thermal quenching observed near the liquid nitrogen temperature
indicates that a type of shallow state generated at the CsPbBr;/Cs,PbBry interfaces is
responsible for the enhancement of photoluminescence.
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alide perovskites have shown great potential as the method based on dual-source thermal evaporation provides the
building blocks for low-cost, high-performance optoelec- flexibility to tuning the concentration of the component
tronics.'™” Devices demonstrated successfully based on this materials in a wide range, which is critical for understanding
class of materials include solar cells with efficiency exceeding the luminescent behaviors in these composites. While CPB113
20%° and light emitting diodes (LEDs) with brightness is identified as the only light emitter, the PL-inactive
comparable with commercial product.”*™"" Among the perov- hexabromide CPB416 can enhance the PL processes by
skites that exhibit remarkable photoresponse and charge forming a host—guest system with the CPB113 crystallites
transport properties, the ones without organic ions are and passivating the grain boundaries with a type of luminescent
particularly promising for being durable at elevated temper- shallow states. The findings can be used to resolve the
atures."'~"® Such thermal stability is critical for applications like controversies and discrepancies seen in previous reports, and
LEDs, which are often operated at higher voltage, and the local guide the design of composite perovskite materials for
temperature from joule heating can be considerably high. optimized light emission performance.
CsPbBr;, an all-inorganic perovskite, has been used as the Solution synthesis of halide perovskites, although simple and
light emitter in green LEDs.'”'°~** Although consistent cost-effective, is primarily governed by the thermodynam-
: . 32,33 . 2 .
photoluminescence (PL) and electroluminescence (EL) are ics. Crystallites precipitating from precursor solutions are
observed from the direct bandgap transitions in CsPbBr;, the often in the energy-favorable phases with limited control over
mechanisms of the light emission remain controversial. For the composition, which makes it challenging, particularly WhelI;
instance, the size of the CsPbBr; crystallites appears to be composites of multiple crystalline phases are being pursued.
critical to the brightness of the photoluminescence. While the In this work, instead, we prepared thin films of perovskite
CsPbBr; powder can emit bright green Iight,lz’15 and isolated composites using a vapor deposition method (Figure la).
nanostructures of CsPbBry can even lase under optical Alternating layers of PbBr, and CsBr were first thermally
pump,'”"® large single crystals of CsPbBr; exhibit much weaker evaporated onto glass substrates, followed by thermal annealing
PL.2>* Meanwhile, Cs,PbBry was also reported to emit bright at 100 °C for thorough diffusion and reactions between the
green emission even though the bandgap is located in the UV solid-state precursors. Flexible control over the quantities of the

component elements evaporated (Table S1) leads to the highly

spectral range.”’~*° These inconsistent observations have posed
tunable weight ratio between CPB113 and CPB416 in the

fundamental questions to the photophysics and restrained the
development of high-efficiency CsPbBr;-based LEDs.”" In this
work, we created CsPbBr;/Cs,PbBr, (CPB113/CPB416) Received: May 24, 2017

composites for optimized photoluminescence using a vapor- Accepted: July 5, 2017
deposition method. Compared with solution synthesis, the Published: July S, 2017
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Figure 1. Thin films of perovskite composites have been obtained. (a)
The schematics of the dual-source vapor deposition. (b) The XRD
patterns of the perovskite composites. (c) AFM images of the
CsPbBrj-rich (left) and the Cs,PbBrgrich (right) thin films.

composite thin films obtained. X-ray diffraction (XRD) patterns
show that Sample A contains nearly pure CPB113 and Sample
F is predominately CPB416 (Figure 1b). In between, the more
CsBr is deposited, the higher concentration of CPB416 is found
in the annealed composites. It is worth noting that Sample F is
made with excessive CsBr precursor (observable in the XRD
pattern) in order to minimize the CPB113 contained in the
annealed product. The composite films created using this
method, regardless of the ratio between the two phases, exhibit
low surface roughness and pinhole free morphology (Figure
1c). Creating high-quality thin films of Cs-based perovskites
used to be challenging for solution synthesis; low solubility of
Cs precursors (e.g, CsBr in the polar solvent) often leads to
high surface roughness and unsatisfactory film coverage.'”*°
The capability of preparing the CPB113/CPB416 compo-
sites with nominally arbitrary weight ratio allows us to identify
the green light emitter between the two component phases.
The thin film containing predominantly CPB416 (Sample F)
exhibits negligible PL under the 365 nm Hg lamp, while all
others emit green light (Figure 2a). The PL around 520 nm is
located close to the absorption edge (Figure 2b,c). This
absorption edge is distinct in the composites containing
CPB113 and becomes lower in magnitude as the concentration
of CPB113 decreases, which makes the samples more
transparent under ambient light (Figure 2a). As the optical
absorption in the visible range keeps decreasing from Sample A
to F, the absorption in UV (around 316 nm) becomes stronger.
In the extreme case where CPB113 is negligible (Sample F),
the peak in UV becomes the only noticeable spectral feature in
the absorption spectrum. The correlation between the PL and
the absorption spectra indicates that only the CPB113 phase is
responsible for the light emission around 520 nm, which
originates from the excitonic recombination near the edges of
the direct bandgap.'”***> The CPB416 phase, alternatively,
exhibits a bandgap at a UV wavelength (316 nm) and does not
produce PL in the visible range (Figure $1).*°** For
verification purposes, we deposited excessive CsBr precursor
during the evaporation, which turns out necessary to eliminate
trace amount of CPB113.*® The thin film obtained in this
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Figure 2. The presence of Cs,PbBrs significantly affects the
luminescent properties of the perovskite composites. (a) Thin films
with various compositions under the 365 nm Hg lamp (left) and the
ambient light (right). (b) The UV—vis absorbance, (c) PL spectra, and
(d) PL quantum yield (PLQY) of the composites.

manner (Sample F) exhibits the negligible PL intensity and the
minimal absorbance in the visible range.

Interestingly, although being PL-inactive, the presence of
CPB416 in the composites has significant effects on the PL
enhancement. A higher concentration of CPB113 in the
composites, with stronger absorption in the visible range, does
not necessarily lead to stronger PL emission around 520 nm. In
fact, as the quantity of CPB113 in the films decreases (which
can be deduced from the absorbance), the PL intensity
increases instead. By measuring the PL quantum yield (PLQY)
using an integrating sphere, we found surprisingly that the
efficiency of the PL increases when higher concentration of
CPB416 is incorporated in the composite thin films (Figure
2d). Among the composites that contain a noticeable amount
of CPB113, Sample E has the lowest quantity of CPB113 but
exhibits the highest PL efficiency. Note that the CPBI113
component can be barely identified in the XRD pattern of the
highly luminescent Sample E, which means XRD is not
sensitive enough to determine the small quantities of
luminescent components that can be responsible for the light
emission from the composite materials. This explains why
powders, single-crystals, and nanocrystals dominated by
CPB416 were sometimes considered luminescent by mistake
previously.'”** Such increase of PLQY as a function of the
composite concentration is similar to the optical properties of
CPB113/CPB416 nanocrystals reported by Sargent and co-
workers.'” Differently, the PLQY of the solution synthesized
composite nanocrystals (in ref 12) exhibits a maxima with an
intermediate CPB113/CPB416 ratio, whereas PLQY of the
coevaporated composite thin films in this work increases
monotonically with higher concentration of CPB416. Such
observation indicates that the material preparation methods
could lead to different light emission behaviors, which is
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expected given that the interfacial states between the two
phases are considered to contribute to the concentration-
dependent PLQY (see further discussion below).

To understand the roles that CPB416 plays in enhancing the
PL from CPB113, we examined and compared the microscopic
morphology of the composite thin films that are dominated by
CPB113 (Sample A), by CPB416 (Sample E), and with
considerable quantities of both (Sample C), respectively.
Transmission electron microscopy (TEM) images show two
sizes of crystalline grains: the smaller grains (<150 nm) that
dominate Sample A (Figure 3a) and the larger domains with

Figure 3. TEM images show the microscopic morphology of the
perovskite composites. Bright-field TEM images from samples
containing (a) purely CPB113, (b) a mixture of CPB113 and
CPB416, and (c) predominantly CPB416. (d) High-resolution bright-
field image from a small domain in Sample C and the corresponding
fast Fourier transformed diffraction pattern.

irregular shapes that dominate Sample E (Figure 3c). Based on
the material composition implied by the XRD patterns (Figure
1b) and the TEM electron diffraction patterns (Figure 3a—d,
insets), the smaller domains can be determined to be CPB113
in the orthorhombic phase, whereas the larger ones are
CPB416 with rhombohedral lattices. In Sample C, these two
types of domains are mixed uniformly at the microscopic scale
(Figure 3b). It is notable that the average size of the CPB113
domains in Sample C is smaller compared to that in Sample A.
The reaction between CsPbBr; and residual CsBr during the
postevaporation annealing can generate more CPB416 and
reduce the size of the CPB113 domains. The small amount of
CPB113 contained in Sample E, which is shown in the optical
absorption and emission spectra, is not obvious in the
microscopic images, which can be a combined result of
minimal quantity of CPB113 and further reduced sizes of the
CPB113 domains.

Temperature-dependent PL indicates that the enhanced PL
in the perovskite composites may originate from passivated
interfaces and increased exciton binding energy. As the
temperature is lowered from 300 K, the integrated PL intensity
first increases, followed by a decrease as the temperature further
reduces (Figure 4). While more intense PL is typically expected
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Figure 4. Temperature-dependent PL spectra indicate the mechanisms
of the PL enhancement in the perovskite composites. (a) PL spectra
collected from 77 K to room temperature (300 K). (b) Integrated PL
intensity as the function of temperature. The solid curves are the
fitting results based on the exciton-trap model. PL spectra were taken
S0 times at each selected temperature for more reliable fitting. The
fluctuations in the signal are primarily caused by the fluctuations from
the g-switch laser source.

at lower temperatures due to the suppressed phonon-assisted
nonradiative recombination,”' a reduction in the PL intensity at
lower temperatures is rarely observed. A mechanism that can
lead to such so-called negative thermal quenching is the shallow
trap states located near the edge of the bandgap.” The
ionization energy of these states has to be so small that thermal
perturbations (kzT) at the room temperature are sufficient to
excite the carriers trapped in these shallow states. These shallow
states, therefore, are not effective traps at the room temper-
ature. As the temperature reduces, kgT decreases; the trapped
carriers are less likely to be brought back thermally to the
energy bands and, therefore, quench the PL.

The temperature-dependent PL of the perovskite composites
can be fit well using a combined exciton-trap model:*

E‘l
1+ D, exp T

5
1+ C, exp ~hT

I(T) = 1(0)
(1)

E; is the exciton binding energy, E is the ionization energy of
the trap state, and I(T) and I(0) are the integrated PL
intensities at a finite temperature and hypothetically 0 K,
respectively. The fitting results (Table S2), with some
fluctuation, show the following characteristics:

(i) The depth of the trap states E; from all the five
luminescent composites are comparable to kzT at room
temperature (~26 meV), consistent with the expectation
of shallow trap states that can lead to the negative
thermal quenching observed.

DOI: 10.1021/acs jpclett.7b01302
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(i) The coefficient D, associated with the shallow traps,
increases as the concentration of CPB416 becomes
higher, indicating that the more CPB416 is contained,
the more these shallow trap states are created. To
participate in producing PL at room temperature, these
trap states have to be associated with the PL-active
component, CPB113, in the perovskite composites,
either at the surface or in the bulk of the CPB113
domains. Given the morphology the CPB416/CPB113
composites revealed by the TEM images, we speculate
that the increased density of the shallow trap states is
associated with the interfaces between the CPB416 and
CPB113 domains. Essentially, the incorporation of
CPB416 passivates the surface of CPB113 domains
with shallow interfacial traps. As shown in Figure Sa, after
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Figure S. (a) Schematics of the shallow traps which lead to the
observed negative thermal quenching. (b) The enhanced PL at the
room temperature is accompanied by longer PL lifetimes.

photoexcitation, part of the photoexcited electron in the
conduction band can be trapped in these shallow traps.
At room temperature, these trapped electrons can be
thermally ionized followed by the formation of radiative
These shallow traps, therefore, essentially
participate in the photoluminescence processes and can
be considered to be in the bright state (PL active).
Alternatively, when the temperature is sufficiently low,
the thermal perturbation (kzT) is not enough to bring
the trapped electrons to the conduction band. Those
trapped carriers will decay through nonradiative path-
ways, leading to the observed negative thermal
quenching (ie., weaker PL at lower temperature). This
model explains why the more the CPB416 are present,

excitons.
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the higher PL efficiency is obtained and why more
significant PL quenching is observed at low temperatures.
Larger exciton binding energy E; is observed with higher
concentration of CPB416. As discussed earlier, when
more CPB416 is incorporated in the composites, the
domain size of the CPB113 crystallites becomes smaller.
The reduction in the dimension of CPB113 crystallites is
also evident from the blue-shifted PL (Figure S2).
Stronger Coulomb interactions (between the excited
charge carriers) from the spatial confinement can

(iii)

increase the exciton binding energy, which in principle
can enhance the PL efficiency. The fitting results,
however, show that the exciton binding energy in all of
the samples is on the order of hundreds of meV,
significantly larger than the kzT at room temperature.
The effects of increased binding energy, therefore, should
not be the major factor for the enhanced PL observed in
these composites.

The enhanced PL from the CPB416-rich composites is
accompanied by longer PL lifetime (Figure S). All the time-
dependent PL traces can be fit well using a double exponential
function:

R(t) = Ble(_t/q) + Bze(_t/fl) (2)

The fast component 7, is typically attributed to the surface
trapping, and the slow component 7, is considered the lifetime
While 7, approaches the temporal

resolution limit of the nanosecond transient spectroscopy and

e .40
of radiative recombination.

may not be accurately determined, significant increase in 7, can
be observed in the composites containing higher concentration
of CPB416 (Table S3). This phenomenon can be attributed to
the thermal ionization of the shallow trap states, which
contributes to the PL at room temperature and increases the
combined lifetime of the radiative recombination processes.
Together with the correlation between the PL efficiency and
the material composition, it can be determined that larger
amount of CPB416 leads to the suppression of the fast
nonradiative process. This is consistent with results from the
temperature dependent PL measurements, which indicate that
the incorporation of CPB416 passivates the surfaces of CPB113
domains with shallow trap states that are PL-active and can
enhance the PL efficiency at room temperature.

In conclusion, we developed a facile approach to grow
composite thin films of all-inorganic halide perovskites. The
flexible control of the material composition provides a platform
to uncover the optimal conditions for light emission from the
CsPbBr; perovskite. The PL-inactive component, CPB416, is
found to be critical in enhancing the PL efficiency of the
luminescent CPB113 crystallites. A type of shallow trap states,
which has not been observed previously in halide perovskites, is
formed likely at the CPB416/CPB113 grain boundaries and is
responsible for the PL enhancement observed. While previous
work on halide perovskites pursued exclusively homogeneous
materials, our results show that composites with deliberately
designed heterogeneous interfaces offer new opportunities for
studying and optimizing the material properties and function-
alities, and thus should be included into considerations in the
future design of the optoelectronic halide perovskites.
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