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ABSTRACT: Black phase CsPbI3, naturally possessing the superiority of high radiative
recombination efficiency and narrow emission line width, shows promise for commercial
applications of red perovskite light-emitting diodes (PeLEDs). However, the metastable black
phase CsPbI3 with a marginal tolerance factor (t) of 0.81 would easily convert to the nonoptical
yellow phase. Herein, we demonstrate the strategy of partial substitution of larger
dimethylammonium cation (DMA+) for Cs+ to achieve the stable tolerance factor of 0.903
for greatly improved Cs0.7DMA0.3PbI3 nanocrystals. These NCs present a superior ultraviolet
(UV) irradiation stability by retaining 80% of the initial photoluminescence intensity after 5 h,
which is much better than that of its counterparts (retaining 30%). Based on this, the as-
developed red PeLEDs demonstrate remarkable luminance of 1258 cd/m2 and external
quantum efficiency of 3.39%, which are almost 6 times and 3 times that of its counterparts,
respectively (203 cd/m2 and 1.28%). This strategy may pave the way to improving the stability
and efficiency of PeLEDs.

Metal halide perovskites (MHPs), a newly emerged
excellent and potential semiconductor material, yield

unusually brilliant results in the field of perovskite light-
emitting diodes (PeLEDs).1 In particular, their unique high
photoluminescence (PL) efficiency, narrow emission line
width, and tunable emitting wavelength make them one of
the most promising candidates for next-generation displays and
illumination devices.2−8 With sustained efforts in recent years,
the stability of blue- and green-emitting perovskite NCs has
shown significant improvement.9−11 However, the black phase
of MHPs (CsPbI3) with the edge tolerance factor (t) of 0.81
will spontaneously and easily transform into a nonperovskite
orthorhombic (δ) yellow phase at room temperature.12−17

Such an undesired phase degradation process has greatly
impeded the promotion of red light-emitting diode effi-
ciency.18,19 This exceedingly unbalanced development of the
three primary colors triggered by the poor stability of red
perovskite seriously hinders the further practical commercial
application of PeLEDs.14,20,21 Therefore, achieving high
stability is still a huge challenge for commercial applications
of red PeLEDs.
In this regard, there are two main strategies to stabilize the

CsPbI3 NCs structure for a long time: ligand engineering and
component engineering.18,19,21−30 For ligand engineering, the
different length ligands on the surface of perovskite are usually
employed to passivate the surface defects. Although many
splendid contributions toward ligand engineering have greatly
promoted the development of high-stability CsPbI3 NCs, the
addition of organic ligands will unavoidably decrease the
conductivity of CsPbI3 NCs and then limit its efficiency. For

component engineering, introducing differently sized ion A, B,
and X sites of perovskite ABX3 into CsPbI3 NCs is usually
employed to tune the tolerance factor to a more stable value
toward high phase stability. According to the formula of

tolerance factor t = +
+

R R
R R

( )
2 ( )

A X

X B
, it has been usually believed that

a suitable range for perovskite is 0.8−1.10, whereas the
calculated value of CsPbI3 NCs is t = 0.81, which means it is
difficult to maintain its structure at room temperature for a
long time.16,17,31 Presently, most component engineering
strategies are implemented by introducing the smaller B-site
cation to tune the tolerance factor for high stability, such as
Cu2+, Zn2+, Ni2+, Sr2+, and Mn2+. However, Cs+ as A-cation
already is the maximum inorganic nonradioactive elemental
cation. Thus, the larger organic cation has to be selected to
tune the tolerance factor by A-site cation exchange. Among the
organic cations, formamidinium (FA+) and methylammonium
(MA+) occupying the A-site are often used to improve CsPbI3
stability and device performance.1,32−35 In addition, the larger
organic cation not only tunes the parameters of the crystal
structure of perovskite but also releases residual tensile strain
and induces compressive strain in the lattice to increase the
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energy of defect formation and stabilize CsPbI3 NCs.36−38

Therefore, introducing a larger A-site cation to theoretically
tune the tolerance factor and enhance CsPbI3 NC stability
provides another efficient solution to resolve this issue.
In this work, we report the partial substitution strategy of

larger dimethylammonium cation (DMA+) for Cs+ to achieve
the Cs0.7DMA0.3PbI3 nanocrystals (DMA-NCs) with enhanced
environmental stability, using DMA+-modified PbI2 (DMAP-
bI3). Such a substitution strategy can optimize structural
tolerance factor and then release the tensile strain in NCs to
increase the defect formation energy for the purpose of
environmental stability. Benefiting from the release of residual
strain in the CsPbI3 lattice, these NCs present an excellent
PLQY of 97.04% with a narrow full width at half-maximum
(fwhm) of 33.4 nm, presenting a superior color purity among
red perovskite NCs. Further, the partial substitution of DMA+

for Cs+ results in the remarkably increased exciton binding
energy and longitudinal-optical (LO) photon energy, revealing
that nonradiative recombination is effectively suppressed.
Benefiting from these improvements, we developed the red
PeLEDs with the remarkable luminance of 1258 cd/m2 and
external quantum efficiency of 3.39%. Therefore, we believe
that this strategy may pave the way to achieve the practical
commercial application of PeLEDs.
As shown in Figures 1c−h, the transmission electron

microscopy (TEM) images clearly demonstrate the more
regular and uniform shape of DMA-NCs in comparison to that
of the pristine sample. Compared with a pristine sample (9.76

nm), the average sizes of DMA-NCs has decreased to 7.35 nm.
In addition, the high-resolution TEM (HRTEM) images show
that the pristine NCs and DMA-NCs are highly crystalline
(Figures 1d,g). The interplanar distance of 0.305 nm
corresponds to the (220) crystal plane of γ-CsPbI3.

39

Meanwhile, expanded-interplanar distance from 0.305 to
0.307 nm demonstrates successful substitution of DMA+ for
Cs+.37 In Figure S3, the “black dots” of DMA-NCs almost
disappear, evidently revealing the partial substitution of the
larger DMA+ for Cs+ could effectively suppress these “black
dots”. The black dots are Pb0, which is the result of electron
beam-induced degradation of Pb2+ to Pb0. Besides, the black
dots have been proved to be nonradiative recombination
centers, which would be detrimental to the optical properties
and stability of NCs.40−42 As shown in Figure 1b, the x-ray
diffraction (XRD) was used to analyze crystalline structure and
both samples possess the same crystalline structure as the γ-
CsPbI3, which demonstrates that larger DMA+ would not
change the structure of NCs. Both samples exhibit strong peaks
at 14.2° and 28.6°, which correspond to the (110) and (220)
crystal planes in the γ-phase. In addition, the enlarged partial
XRD patterns of 28−30° correspond to (220) peak of γ-
CsPbI3. Compared with the pristine NCs, the peak of DMA-
NCs shifts from 28.78° to a smaller angel of 28.68°, revealing
that the successful substitution of the larger DMA+ for Cs+

indeed promotes the lattice expansion of DMA-NCs. It also
confirms that the intrinsic residual strain could be released
once the larger DMA+ gets into the perovskite lattice, which

Figure 1. Characterization of pristine NCs and DMA-NCs. (a) Schematic image of the stabilization of phase structure with DMA+. (b) XRD
patterns and enlarged partial peak. (c−f) TEM and HRTEM images and statistical chart of particle size distribution of DMA-NCs and pristine NCs.
Scale bars are 50 nm in panels c and f and 10 nm in panels d and g.
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Figure 2. Characterization of DMAPbI3 and PbI2 powders and corresponding CsPbI3 NCs. (a) XRD of DMAPbI3 and PbI2 powders. (b) FTIR of
pristine NCs and DMA-NCs. (c) Total XPS spectra. XPS spectra of (d) Pb 4f, (e) I 3d, and (f) N 1s of pristine NCs and DMA-NCs.

Figure 3. Optical properties and carrier dynamics analysis of DMA-NCs and pristine NCs. (a) UV−vis absorption spectra. (b) PL spectra and
PLQY. (c) Time-resolved PL decay. (d) Temperature-dependent PL spectra of DMA-NCs (upper) and pristine NCs (lower). (e) Integrated PL
intensity as a function of temperature of DMA-NCs (upper) and pristine NCs (lower). (f) fwhm as a function of temperature of DMA-NCs
(upper) and pristine NCs (lower).
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would increase the energy of defect formation and then
enhance the relative activation energies for the vacancy-assisted
migration of halide ions.36 The DMA-NCs can be stored for
several months, indicating its excellent environmental stability
(Figure S6). Further, Figure 1a sketches the phase transition
process of both samples. For the optimal sample, the partial
substitution of the larger DMA+ for Cs+ can effectively prevent
it from transitioning to the yellow phase, substantially
improving the stability of NCs. Whereas for pristine NCs,
the phase transition from black phase to nonoptical yellow
phase will happen in a short time.
Owing to the substitution of DMA+ for Cs+, excellent

environmental stability can be achieved. In this work, the
DMAPbI3 is used to synthesize the Pb precursor instead of
traditional method by PbI2, which favors substituting DMA+

for Cs+. Fourier transform infrared spectrometer (FTIR)
characterization was used to analyze the as-synthesized
DMAPbI3 powder. In Figure S4, the FTIR spectrum confirms
the presence of N−H and C−H bonds. The distinct
characteristic peaks including N−H stretching mode (3200−
3450 cm−1), N−H bending mode (1200−2000 cm−1), and C−
H bending mode (1490−1350 cm−1) are associated with
DMA+, indicating that the larger DMA+ was successfully
introduced into the PbI2 powder.43 Also, XRD was used to
further confirm whether DMAPbI3 is synthesized successfully
or not. As shown in Figure 2a, the XRD pattern of the
synthesized DMAPbI3 powder presents peaks at 11.6°, 25.8°,
31.1°, 32.1°, 41.1°, and 42.8°, which can be consistent with
DMAPbI3.

12,43 In addition, the scanning electron microscopy
(SEM) image can evidently affirm the formation of DMAPbI3
rods, and energy-dispersive spectrometric (EDS) mapping can
clearly ensure the uniform distribution of element N in the
“rods”.43,44 All these results strongly indicate the successful
synthesis of DMAPbI3 powder (Figure S1).
Furthermore, FTIR was also used to analyze pristine NCs

and DMA-NCs; a N−H stretch mode (3200−3450 cm−1)
appears in DMA-NCs, which corresponds to the N−H stretch
mode of DMAPbI3 powder in Figure S4.43 This indicates the
larger DMA+ has been successfully substituted for Cs+ in
CsPbI3 NCs (Figure 2b). To ascertain the interaction between
DMA+ and CsPbI3 NCs, X-ray photoelectron spectroscopy
(XPS) characterization was conducted to analyze the chemical
states of elements in the perovskite. These XPS results
evidently revealed both samples should contain the elements of
Cs, Pb, I, C, and N (Figure 2c). Compared with pristine NCs,
the high-resolution XPS spectra show that the binding energy
of Pb 4f5/2 and 4f7/2 for DMA-NCs shifts from 137.88 and
142.74 eV to higher binding energy of 137.95 and 142.80 eV
(Figure 2d), while I 3d3/2 and 3d5/2 binding energy peaks shift
from 618.70 and 630.16 eV to higher binding energies 618.82
and 630.28 eV, respectively (Figure 2e). The increased binding
energy between DMA and Pb/I is ascribed to the successful
substitution of the larger DMA+ for Cs+. In addition, N signal
peaks appear in both samples; the peak area of DMA-NCs
increases about 35% in Figure 2f. Compared with the pristine
NCs, the Cs/Pb atomic ratio of DMA-NCs decreases from
1.20 to 0.98, while the atomic ratio of N/Pb increases from
0.89 to 1.26. Evidently, these results reconfirm that the larger
DMA+ should partially substitute Cs+ in CsPbI3 NCs.

19,21,25

The UV−vis absorption and PL spectra were obtained to
investigate the optical properties of pristine NCs and DMA-
NCs, and the results are shown in Figures 3a,b. The Urbach
energy (EU) was calculated from the absorption coefficient and

function of the photon energy of the UV-absorption spectra. In
the semiconductor, the absorption edge is regarded as the
Urbach tail, which is generally related to the degree of crystal
disorder.45 And the calculating formular is as follows:

α α= e hv E
0
( / )U (1)

α α= + hv Eln ln ( / )0 U (2)

where α is the absorption coefficient as a function of photon
energy, α0 a characteristic parameter of the material, and h
Planck’s constant. The EU value of DMA-NCs is calculated to
be 47.48 meV, which is lower than that of pristine CsPbI3 NCs
(92.36 meV). This lower EU value directly demonstrates a
lower density of defects and the more ordered crystal structure
after the partial substitution. In addition, the PLQY of DMA-
NCs and pristine NCs were determined by using a
fluorescence spectrometer equipped with an integrating sphere
with excitation wavelength at 365 nm, and PLQYs of both
samples in toluene solution are shown in Figure 3b. The PLQY
of DMA-NCs increases from 66.15% to 97.04%, a nearly 50%
improvement. Such a substantial enhancement of PLQY
demonstrates that plenty of defects should be effectively
passivated and nonradiative combination can be strongly
suppressed by DMA+. Meanwhile, the stronger intensity of the
PL spectrum and narrower fwhm of 33.4 nm for DMA-NCs in
comparison to that of pristine NCs of 36.9 nm obviously
demonstrate the better crystallinity and high color purity. In
Figure 3c, time-resolved photon luminance (TRPL) decay
measurement spectra indicate the calculated average PL
lifetime of DMA-NCs rises to 52.90 ns from 41.60 ns.
Furthermore, the time-resolved PL curves can be fitted by
biexponential decay functions, including the fast decay
component (τ1) which connects with the nonradiative
recombination of initially photogenerated carriers and the
slow decay (τ2) which connects to the bimolecularly radiative
recombination of charge carrier.11 The fitted parameters are
summarized in Table S1. The calculated nonradiative decay
rate of DMA-NCs is 5.595 × 105 s−1, which is an order of
magnitude lower than that of pristine NCs (8.137 × 106 s−1),
and the radiative decay rate of DMA-NCs increases from
1.5901 × 107 s−1 to 1.8344 × 107 s−1 simultaneously.
Therefore, all the results indicate that DMA+ can indeed
reduce the density of trap states, which is mainly ascribed to
the higher defect formation energy caused by release of
residual strain.46 Fewer defects will usually increase radiative
combination and reduce nonradiative combination in perov-
skites, which favors the better performance of PeLEDs.
Furthermore, temperature-dependent PL spectroscopy was

used to study the photophysical properties and carrier
dynamics. Both pristine NCs and DMA-NCs show strong
dependence of PL intensity and full width at half-maximum
(fwhm) on temperature (Figure 3d). As shown in Figures 3d
and S5, the PL peak intensity reduces and the fwhm broadens
as temperature increases. This reduced PL peak intensity
should originate from defect-induced quenching. In addition,
their PL peak wavelength shift indicates the bandgap energy
increases as temperature increases. Such a shift may originate
from band renormalization by exciton−longitudinal optical
(LO) photon. In addition, their strong dependence of fwhm on
temperature implies strong exciton−photon interaction, which
is dominated by exciton−LO phonons.
The Arrhenius equation was used to calculate the exciton

binding energy (Eb) of both samples, as follows:
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= + −I T I A( ) /(1 e )E k T
0

/( )b B (3)

where I0 is the PL intensity of 80 k, Eb the exciton binding
energy, A the pre-exponential coefficient, and kB the
Boltzmann constant. In Figure 3e, compared with the pristine
NCs, the Eb of DMA-NCs increases from 51.36 to 88.78 meV,
evidently revealing the greatly improved suppression effect on
nonradiative combination and then the greater exciton
recombination behavior. Such obvious improvement makes it
an excellent candidate for PeLEDs.
The boson model was used to indicate the relationship

between temperature and fwhm, as follows:

σΓ = Γ + +
Γ

−
T T( )

e 1E k Tinh
LO

/( )LO B (4)

where Γinh is the inhomogeneous broadening coefficient, which
is connected with the size, shape, and composition of the
perovskite nanocrystals and is temperature-independent; σ is
the exciton−acoustic photon coupling coefficient, relating to
the linear temperature-dependent deformation potential
interaction; ΓLO represents the exciton−LO photon coupling
coefficient; and ELO is the LO photon energy. The acoustic
photons dominate the exciton−photon interaction as the LO
phonon population is significantly reduced in the low-
temperature regime (T < 100 K), and high-energy LO
photons dominate the exciton−photon interaction as the
temperature increases to the high-temperature region. The as-
measured fwhm data was fitted through eq 4, which is
presented in Table S2. In Figure 3f, for pristine NCs, Γinh =
80.44 meV, ΓLO = 190 meV, and ELO = 35.07 meV; while for
DMA-NCs, Γinh = 31.17 meV, ΓLO = 437 meV, and ELO =
173.63 meV. In the same temperature regime, the narrower
fwhm variation of DMA-NCs indicates the less effect of lattice
vibrations on excitons than pristine NCs. Both LO photon
energy ELO and exciton−longitudinal (LO) photon coupling
coefficient ΓLO of DMA-NCs remarkably increased, indicating

good suppression effect of nonradiative combination and
strong exciton−photon interaction.47,48 Overall, along with the
environmental stability improvement of DMA-NCs, the
increased exciton binding energy and LO photon energy
evidently reconfirm that the larger DMA+ can substantially
suppress exciton dissociation and dramatically increase the
population of excitation-generated electron−hole pairs in
luminescing states, effectively suppressing the nonradiative
combination of PeLEDs. Therefore, for PeLEDs, the less
electron−hole pair quenching there is, the better the PeLED
performance.
A portable UV lamp with a wavelength of 365 nm and an

intensity of 36 W was employed to measure the environmental
stability of pristine NCs and DMA-NCs. As shown in Figure
4a,b, the decreased PL intensity of DMA-NCs is much slower
than that of pristine NCs after 5 h of UV exposure (7 × 10−2

W cm−2). In Figure 4c, the PL intensity of DMA-NCs remains
at about 80% of the initial PL intensity, much better than that
of pristine NCs (retaining 30%) after 5 h of UV exposure,
indicating the larger DMA+ could improve the environmental
stability of NCs. In Figure 4d,e, although both of them decay
after 5 h of UV exposure, the fitted lifetime of DMA-NCs
(41.50 ns) is still longer than that of pristine NCs (38.24 ns),
demonstrating less defect-caused nonradiative combination of
DMA-NCs in comparison to pristine NCs. The behavior of the
electron and hole shift is sketched in Figure 4f. Compared with
pristine NCs, DMA-NCs present fewer defects, which is
ascribed to the high energy of defect formation caused by
larger DMA+. Such reduction effect on defects results in the
effective suppression of nonradiative combination, achieving
excellent emission properties. In addition, the substitution of
DMA+ for Cs+ would release partial residual strain and induce
compressive strain, which will increase the activation energy
for ion migration and then achieve excellent environmental
stability. In addition, the pristine NC films show peaks at
26.46° and 37.64° only after 4 days, which correspond to

Figure 4. Stability analysis. PL spectra of the DMA-NCs (a) and pristine NCs (b) films under continuous UV light radiation (365 nm, 36 W). (c)
Normalized PL intensity of pristine and DMA-NCs films under different UV light radiation time intervals. Time-resolved PL decay before and after
UV light radiation of the DMA-NC (d) and pristine NC (e) films. (f) Schematics of radiative and nonradiative recombination of pristine NCs and
DMA-NCs.
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(105) and (020) crystal planes of the δ-phase. In addition, the
peaks of 14.20° and 28.6° disappear, which correspond to the
(110) and (220) crystal planes of γ-phase.49 The DMA-NCs
films present unchangeable peaks of γ-phase under the same
conditions (Figure S4). Evidently, the partial substitution of
the larger DMA+ for Cs+ can indeed reduce trap states for the
greatly improved environmental stability of red CsPbI3 NCs,
which is a long sought-after result for easy phase transition.
On the basis of DMA-NCs, we developed the PeLED device

to demonstrate how the DMA+ caused high phase stability and
superior charge transport to improve PeLED performance.
Figure 5a schematically illustrates the PeLED device
architecture of ITO/ZnO/NCs/TCTA/MoO3/Al. In Figure
5b, this PeLED exhibits pure red stable electroluminescence
(EL) spectra of 680 nm with fwhm of 41 nm, corresponding to
the Commission Internationale de l’Eclairage (CIE) color
coordinates of (0.718, 0.277) (Figure 5c). Its current density
rises faster than that of pristine NCs (Figure 5d), which
indicates the larger DMA+ can effectively reduce the trap states
and be beneficial for the efficient charge injection in the
emitting layer. As shown in Figure 5d, their voltage−luminance
curves both show the lower turn-on voltage of about 2 V in
comparison to those of other works (Table S3). Furthermore,
the PeLEDs for DMA-NCs show maximum luminance of 1258
cd m−2, which is more than 6 times that of pristine NCs (203
cd m−2) (Figure 5e). In addition, its maximum external
quantum efficiency (EQE) is 3.39%, which is almost 3 times
that of pristine NCs (1.28%) (Figure 5f). Such greatly
improved performance of PeLEDs based on DMA-NCs can
be ascribed to the high quality of NCs films and more effective
radiative recombination behavior.23,33,50 For PeLEDs based on
pristine NCs, carriers would be captured by plenty of defects,
which would cause nonradiative combination, resulting in poor
PeLED performance. All these results evidently reconfirm that
the partial substitution of the larger DMA+ for Cs+ can greatly
reduce the density of defects and effectively suppress
nonradiative recombination behaviors, which results in

superior luminance and higher external quantum efficiency.
In addition, PeLEDs based on pristine NCs would degrade
faster than DMA-NCs under high voltage. As shown in Table
S3, the as-developed PeLED performance is better and
comparable with previously reported results achieved through
hot injection methods.
The significant improvement of PeLED performance based

on DMA-NCs is ascribed to superior tolerance factor induced
high phase stability and release of tensile strain by the larger
DMA+ in the lattice. First, the metastable CsPbI3 with marginal
tolerance factor of 0.81 would easily and spontaneously
undergo phase transition from black phase (α, β, and γ) to
yellow δ-phase. Such a phase transition process could be
expedited by the conditions of heat, light, and moisture.
Therefore, the larger DMA+ can tune the tolerance factor to
improve the environmental stability of CsPbI3, which can be
stored in ambient conditions for several months. Second, the
larger DMA+ expands the CsPbI3 lattice, which would partially
release the tensile strain and slightly induce compressive strain
in the lattice. The residual strain in the perovskite lattice could
significantly influence the energy of defect formation. In
general, the energy of defect formation under tensile strain will
be lower than that under compressive strain. Thus, fewer
defects would form under such conditions of strain, resulting in
more effective radiative recombination behavior of electrons
and holes. Based on this, the as-fabricated PeLEDs exhibit
superior performance in terms of luminance and external
quantum efficiency. This substitution strategy of larger DMA+

for Cs+ not only results in superior tolerance factor but also
optimizes the condition of strain in the lattice.
In summary, we have successfully demonstrated the partial

substitution strategy of larger dimethylammonium cation
(DMA+) for Cs+ to achieve the stable tolerance factor of
0.903 for greatly improved CsPbI3 nanocrystals (NCs). The
larger DMA+ regulates the size of NCs and releases residual
strain in the lattice, which will improve the environmental
stability of DMA-NCs. Moreover, the larger DMA+ can reduce

Figure 5. Red PeLED device fabrication and performance. (a) Device structure of as-fabrication PeLEDs. (b) Normalized EL spectra of PeLEDs
based on DMA-NCs. (c) Commission Internationale de l’Eclairage (CIE) color coordinates of DMA-NC-based LED. Inset: A photograph of
DMA-NCs-based PeLED at 8.0 V. (d) Current density−voltage curves. (e) Luminance−voltage curves. (f) EQE−current density curves.
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the defects and increase the exciton binding energy and LO
photon energy. As a result, the DMA-NCs show a higher
PLQY of 97.04% in comparison to that of pristine NCs
(66.15%). Based on DMA-NCs, the as-fabricated PeLEDs
show maximum luminance of 1258 cd m−2 and EQE of 3.39%,
which are better than those of pristine NCs (203 cd m−2 and
1.28%). Therefore, we believe that a structural tolerance-
factor-tuned strategy will boost the development of environ-
mental stability for NC and PeLED performance, which could
lead to promising applications in optoelectronic devices.
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