¥ ® ROYAL SOCIETY

Journal of
PP OF CHEMISTRY

Materials Chemistry C

View Article Online

View Journal | View Issue

Sodium doping for enhanced performance by
highly efficient CsPbBrs; quantum dot-based
electroluminescent light-emitting diodesf

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. C, 2022,
10, 3729

Yi Huang,? Pengfei Tang,® Wenxia Zhang, (2 ** Wensheng Yan,? Bin Liu,®
Xiaosheng Tang,**“ Zhen Wang,® Yue Peng® and Weiwei Chen (2 *°

Metal halide perovskite quantum dots (QDs) are emerging as promising materials for illumination and
display applications owing to their unique optical and electronic properties. However, research into the
doping of perovskite QDs with alkali metal cations for use in light-emitting diode (LED) devices is
limited. Herein, a facile and convenient room-temperature method for synthesizing Na*-ion-doped
CsPbBrs QDs is presented. Through the optimization of the Na* doping concentration, the as-prepared
Na*-doped CsPbBr; QDs display a higher photoluminescence quantum yield of 94.74%, faster radiative

recombination rate of 30.4 pst

, and longer lifetime of 31.2 ns than their undoped counterparts,
allowing the practical realization of high-efficiency electroluminescent QD LED (QLED) devices. As a
result, a maximum luminance of 20190 cd m™2, a peak current efficiency of 34.5 cd A% and an
external quantum efficiency of 8.97% for as-fabricated QLEDs are obtained; all these characteristics are
higher than those of the control device with undoped CsPbBrz QDs. Experimental studies combined

with auxiliary theoretical calculations indicate that the enhanced performance can be chiefly attributed
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to the decreased trap defect density of the perovskite upon sodium incorporation. This research
indicates the immense potential of the Na*-doped CsPbBr; QDs to act as an emission layer for use in
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1. Introduction

The component structure of all inorganic metal halide perovs-
kite quantum dots (QDs) is CsPbX; (X = Cl, Br, I). Since their
first successful preparation by the Kovalenko group in 2015,"
the exploration of CsPbX; (X = Cl, Br, I) QDs has aroused great
interest in researchers because of their excellent properties,
such as color tunability, narrow photoluminescence (PL) spec-
trum, high photoluminescence quantum yield (PLQY) and long
carrier lifetime, as well as their low trap state density.>™®
Recently, the development and application of solution
processing of halogenated perovskites has changed the tradi-
tional semiconductor production route worldwide. With their
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the next-generation illumination and display fields.

intriguing advantages, perovskite QDs have been widely used
for many applications in light-emitting diodes (QLEDs),” solar
cells,® photodetectors,”’ resistive switching memory and other
electronic devices.'® In particular, through the modification of
the CsPbX; QDs and optimization of the device structure, the
external quantum efficiency (EQE) of the CsPbX;-QD-based
electroluminescent (EL) LED devices has been significantly
improved from the first reported value of 0.12% to 21%."""?

Even though perovskite QDs have made great progress in
QLED devices,"* ™" the surface defects of perovskite QDs are
still the main problem hindering their further practical appli-
cation. At present, CsPbX; QDs are generally obtained via the
hot-injection ~ method,’”  ligand-assisted  reprecipitation
method,'® ultrasonic method,'® microwave-assisted method,>°
and template method.>" For the purposes of large-scale fabrica-
tion and low cost, the ligand-assisted reprecipitation method is
the recommended synthetic method. Generally, the surface
ligands, such as oleic acid and oleylamine, are important for
stabilizing perovskite QDs and passivating the non-radiative
recombination defects. However, because of the insulating
properties of these ligands,>” the charge transfer ability of the
QDs will be weakened,*® which has adverse effects on the
performance of QLED devices.
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To date, surface passivation technology and the metal ion
doping method have been demonstrated to be effective
approaches to decrease the defect states in perovskite QDs.
For instance, Young-Hoon Kim and coworkers reported the
effects of amine ligands with different lengths, ie., n-
butylamine (C4;NoNH,), n-hexylamine (C¢N;3NH,) and
n-octylamine (CgN;,NH,), on CH(NH,),PbBr; QDs; the results
showed that the shorter ligands could greatly improve the
charge injection and transportation properties of the QDs.””
Bakr and coworkers adopted the shorter ligand didodecyldi-
methylammonium bromide (DDAB) to replace the common
ligands oleic acid and oleylamine, resulting in an obvious
improvement in LED efficiency.** In addition, covering the
QD surface with a wide bandgap semiconductor (CdS, ZnS)
also plays a key role in passivating the defects and improves the
electrical properties of perovskite QDs. Unfortunately, although
this method has been successfully applied to traditional II-VI
or III-V semiconductor QDs,>>?® it is difficult to cover CsPbX;
QDs with a wide bandgap semiconductor, because this type of
QDs are ionic crystals, and the ion (metal or halogen) exchange
phenomenon occurs easily. Therefore, doping metal ions into
CsPbX; QDs has become a common method to enhance the
properties of QD materials. In previous reports, doping with
metal ions, such as Ce**, zn**, cd**, Mn**, Sn**, and K*,>"*®
has been used to improve the quality of perovskite QDs and
performance of QLED devices. For example, Kim and collea-
gues demonstrated that doping Ni** into CsPbBr; QDs can
effectively enhance their stability and PLQY.* Compared with
those dealing with B-site ion doping, there are relatively few
reports on A-site cation doping. For example, Hoang and co-
workers introduced K' ions into the CsPbBr; lattice, partially
replacing the position of the Cs* ions.*® By adjusting the K*-ion-
doping concentration, the PLQY of the CsPbBr; QDs is
increased to 83.2%, revealing that introducing A-site cation
doping is an effective way to adjust the optical properties of
CsPbX; QDs. All these explorations demonstrated that ion-
doped CsPbBr; QDs display potential for fabricating QLED
devices. However, their performance is still hovering at a
relatively low level, although the doped CsPbBr; QDs display
high PL QYs and stability. For instance, the EQE of the Mn**-
doped CsPbBr;-based QLED device from the Zeng group is only
1.49%.%" The Hoang group reported an EQE of 5.6% through
the use of K'-doped CsPbBr; QDs as an emission layer.*°
Recently, Kim achieved an EQE of 2.4% by using Ni‘-doped
CsPbBr; perovskite QDs in a device.”® These unsatisfying
results encourage us to explore a feasible doping strategy to
boost the efficiency of perovskite QLED devices.

In this work, we propose a facile but valid strategy for the
fabrication of Na'-ion-doped CsPbBr; QDs. The effects of the
Na' doping on the morphology, structure, and optical proper-
ties of the QDs and the final devices are studied in detail.
Compared to the pure CsPbBr; QDs, the optimized Na‘-doped
CsPbBr; QDs display a higher PLQY of 94.74% and a longer
lifetime of 31.2 ns, demonstrating that Na* doping is beneficial
to passivate defects in the CsPbBr; QDs. The resulting QLED
based on the Na'-doped-CsPbBr; QDs exhibited a current

3730 | J Mater. Chem. C, 2022,10, 3729-3737

View Article Online

Journal of Materials Chemistry C

efficiency of 34.5 cd A™" and an EQE of 8.97%, which were
about 2.2-fold and 1.8-fold higher, respectively, than those of
the devices with undoped CsPbBr; QD-based QLEDs. Our work
suggests that Na'-doped CsPbBr; QDs can serve as a lumines-
cent material in QLED applications and other optoelectronic
devices.

2. Experimental section
2.1 Materials

Cesium carbonate (Cs,COs, 99.9%), sodium oleate (NaOA, 98%),
formamidine acetate (FA(Ac), 99%), lead bromide (PbBr,, 99.99%),
tetra-n-octyl ammonium bromide (TOAB, 98%), octanoic acid
(OTAc, 99%) were bought from Macklin Inc. Didodecyl dimethyl-
ammonium (DDAB, 98%) was purchased from Yuanye Corporation.
Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:
PSS), poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA), 1,3,5-
tris(1-phenyl-2-benzimidazolyl)benzene (TPBi), LiF, and Al were
purchased from Xi’an Polymer Light Technology Corporation. Ethyl
acetate and toluene were of analytical grade and obtained from
Aladdin.

2.2 Synthesis of Na™-doped CsPbBr; QDs

The Na'-doped CsPbBr; perovskite QDs were synthesized at room
temperature. First, 0.1 mmol of Cs,CO; and NaOA were loaded into
a centrifuge tube with 1 mL of OTAc. The Na:Cs proportions were
controlled at 0, 1/3, 1, and 4. Subsequently, 0.2 mmol of FA(Ac) was
loaded into a centrifuge tube with 1 mL of OTAc. The PbBr,
precursor solution was obtained by dissolving 1 mmol of PbBr,
and 2 mmol of TOAB in 10 mL of toluene, and the DDAB solution
was obtained by dissolving 10 mg of DDAB in 1 mL toluene. Next,
0.85 mL of the cesium/sodium mixed precursor solution and
0.15 mL of the FA(Ac) solution were injected into 9 mL of the PbBr,
toluene solution. The solution was stirred and reacted for 5 min.
After that, 3 mL of the DDAB solution was poured into the PbBr,
precursor solution to obtain the crude solution of CsPbBr;. After
2 min, two equivalents of ethyl acetate were added to the CsPbBr;
crude solution, and it was centrifuged at 9000 rpm for 5 min. The
precipitate was collected and redispersed in toluene. The process
was repeated once more, and the precipitate was collected, redis-
persed in hexane and centrifuged at 4000 rpm for 5 min. Finally, the
supernatant was filtered using a 0.22 um filter.

2.3 Fabrication of QLED devices

Pre-patterned ITO (South China Science Technology) glass
substrates were cleaned using detergent, deionized water,
acetone, and ethanol for 15 min each. After drying, the ITO
substrates were treated with ultraviolet/oxygen for at least
30 min. A PEDOT:PSS solution (filtered through a 0.22 um
filter) was spin-coated onto the ITO glass substrates at
4000 rpm for 60 s and annealed at 140 °C for 15 min. The
substrates were then moved into a nitrogen glovebox. PTAA (in
chlorobenzene, 8 mg mL™") and CsPbBr; QDs (in hexane) were
deposited layer-by-layer through spin-coating at 2000 rpm for
40 s. The PTAA and QD layers were annealed at 120 °C for

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a) A schematic illustration of the synthesis procedure of Na*-doped CsPbBr; QDs. (b) A representative model of Na*-doped CsPbBrz QDs

showing the replacement of some Cs positions with Na atoms.

15 min and 60 °C for 10 min. Finally, TPBi (40 nm) and LiF/Al
electrodes (1 nm/100 nm) were deposited using thermal eva-
poration under a high vacuum of 2 x 10~ Pa. The effective area
of the device is 3 mm x 3 mm square based on the overlapping
area of the ITO and Al electrodes.

2.4 Characterization

Transmission electron microscopy (TEM) images were recorded
using a FEI Tecnai G2 F20 operated at an acceleration voltage of
200 kv. Powder X-ray diffraction (XRD) patterns were character-
ized using a powder diffractometer with Cu Ko radiation
(= 1.5406 A) at 36 kv and 20 mA. X-Ray photoelectron spectro-
scopy (XPS) analysis was carried out on a Thermo ESCALAB
250XI. The excitation source was Al Ka X-rays (HV = 1486.6 eV)
and the working voltage was 12.5 kV. The PL spectra were
measured using an FLS920 spectrofluorometer. The absorption
spectra were measured with a Carry 5000 spectrometer. PLQY
was measured using a spectrofluorometer (JASCO, FP-8500)
with an integrating sphere. Time-resolved PL measurements
were collected using a fluorescence lifetime measurement
system (QM/TM/NIR, PTI, America). The current density-
voltage-luminance characteristics were collected using a Keith-
ley 2450 source. The EL spectra of the devices were determined
using a photo research spectra scan spectrometer PR670 in air
without encapsulation.

3. Results and discussion

The Na'-doped CsPbBr; QDs with different Na/Cs ratios (0, 1/3,
1 and 4) were prepared via a facile room-temperature synthesis

This journal is © The Royal Society of Chemistry 2022

method under ambient conditions, as shown in Fig. 1a. Differ-
ent from the traditional method, in which oleic acid and
oleylamine are used as ligands, here, OTAc and DDAB served
as ligands, and NaOA, Cs,CO; and PbBr, provided Na', Cs',
Pb>" and Br~ for the preparation of Na'-doped CsPbBr; QDs.
Detailed procedures for the QD fabrication are described in the
Experimental Section. To elucidate the atomic coordination
and occupancy parameters of the sodium ion within the cubic
perovskite lattice, we performed supplementary density func-
tional theory (DFT) calculations in which various substitution
sites of sodium were considered, and adopted the Perdew-
Burke-Ernzerhof (PBE) functional for the exchange-correlation
interactions between the valence electrons. The force and
energy convergence thresholds were set to —0.03 eV A" and
10~° eV, respectively. For the 2 x 2 x 2 supercell calculations,
we used the same convergence thresholds (cutoff energy of
300 eV). As shown in Fig. S1 in the ESI,} the formation energies
for the sodium substituted on the Cs site, vacancy site, Pb site
and Br site are —1.57 €V, —6.66 eV, —1.88 eV, and 2.12 eV,
respectively. The smallest formation energy appears at the
sodium substituted on the Cs site. We can conclude that only
when the Cs site is substituted by sodium can the perovskite
cubic structure exist as the most stable state. Fig. 1b depicts a
schematic illustration of a perovskite CsPbBr; crystal after the
substitution of Cs" with smaller Na" ions. Because the Na" ions
are smaller than Cs’, lattice contraction emerged after the
partial substitution of Cs* ions by Na"* ions.

The XRD patterns of the Na'-doped CsPbBr; QDs with
different Na/Cs ratios are shown in Fig. 2a. All diffraction peaks
can be readily identified in the XRD patterns of the CsPbBr;

J. Mater. Chem. C, 2022,10, 3729-3737 | 3731
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with different Na/Cs ratios. TEM images of (b) CsPbBrz and (c) representa-
tive Na*-doped CsPbBr; QDs (Na/Cs = 1:3). (d) A HRTEM image of a
typical Na*-doped CsPbBrs; QD. The inset of (b) shows a HRTEM image of
one CsPbBrs QD.

QDs, indicating that the crystal structure of these QDs corre-
sponds to the cubic phase (PDF#54-0752). Additionally, it is
readily observed that no impurity peaks can be found in the
XRD patterns of the Na‘'-doped CsPbBr; QDs, revealing the
intact crystalline nature of the QDs prepared at different doping
concentrations and indicating that the Na* doping does not
affect the crystalline structure of the CsPbBr; hosts. The
morphology characterization of the undoped and doped
CsPbBr; QDs was carried out via TEM measurements. Fig. 2b
shows that the as-prepared CsPbBr; QDs display a cubic shape

View Article Online
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with a uniform size. The inset of Fig. 2b is the high-resolution TEM
(HRTEM) image of a single CsPbBr; QD, which reveals that its
interplanar distance of 0.58 nm is highly consistent with the (100)
plane of cubic-phase CsPbBr; QDs. Fig. 2¢ displays the TEM image
of the as-synthesized Na'-doped CsPbBr; QDs (Na/Cs = 1/3). The
cubic morphology of the doped QDs is similar to that of the
undoped CsPbBr; QDs. Excellent dispersion and a uniform size
distribution are also observed for the Na'-doped QDs. The HRTEM
image reveals that the as-synthesized doped QDs have clearly
observable crystal lattices with an interplanar distance of 5.6 A
(Fig. 2d). The interplanar distance reduction can be ascribed to the
lattice shrinkage caused by the substitution of smaller Na* ions for
larger Cs" ions.

To further confirm that the sodium ions are introduced into
the crystal lattice, a sample of CsPbBr; and the Na*-doped QDs
(Na/Cs = 1/3) were analyzed using XPS measurements. As shown
in Fig. 3a, the XPS survey spectrum of the Na‘-doped CsPbBr;
QDs clearly depicts signals of the elements Na, Cs, Pb and Br.
As expected, the small binding energy peaks at 1071.3 eV shown
in Fig. 3b correspond to the Na 1s signal, which is detected only
in the Na'-doped CsPbBr; QDs.*>** This suggests that Na*
enters the CsPbBr; lattice and retains the Na* state. No differ-
ences are observed for the Cs 3d;/, and Cs 3ds,, signals in the
XPS spectra of the Na'-doped and undoped CsPbBr; QDs
(Fig. S2, ESIY). Interestingly, compared to those of the undoped
QDs, the Pb 4f;;, and Pb 4f,;, peaks of the Na‘-doped QDs are
shifted 0.5 eV, and the Br 3d;, and 3ds,, peaks are shifted
0.3 eV. These results indicate changes in the chemical environment
after Na' ion doping, further demonstrating that the Na' ions
partially replace the Cs" ionic sites through doping reactions.

Samples with different Na' ion concentrations (Na/Cs = 0,
1/3, 1, 4) were prepared to investigate the optical properties of
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Fig. 3 (a) Survey XPS spectra of CsPbBrs; and Na*-doped CsPbBr; QDs (Na/Cs = 1/3). (b) The high-resolution XPS spectrum of the Na 1s signal in the
Na*-doped CsPbBr; QDs. (c—f) High-resolution XPS spectra corresponding to the Pb and Br elements in doped and undoped CsPbBrz QDs. The black
curves represent the original data, the blue and red curves are the fitting peaks, and the green lines are the background.
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Fig. 4 (a) PL spectra (excited by 365 nm light), (b) absorption spectra, (c) PLQY data, and (d) time-resolved PL decay curves of CsPbBr; and Na*-doped

CsPbBr; QDs.

the Na'-doped CsPbBr; QDs. As shown in the PL spectra in Fig. 4a,
the PL peaks are located in the range of 520-533 nm. Closer
inspection reveals that the PL peaks of the Na'-doped CsPbBr;
QDs blue-shift very slightly from 526 nm to 520 nm as the Na/Cs
molar ratio is increased from 0 to 1. With further increasing the Na/
Cs molar ratio to 4, the PL spectrum shifts to the right, implying that
the PL is split, and the emission of the CsPbBr; QDs dominates the
spectrum. Fig. 4b shows the absorbance spectra of the CsPbBr; QDs
for the different Na*" doping concentrations. With increasing Na' ion
ratio, the absorption edges of the Na‘-doped CsPbBr; QDs maintain
almost the same energy, which indicates that the doping of Na* ions
has a slight effect on the bandgap of CsPbBr; QDs. For a more
detailed comparison of the variation in the PLQY with different
sodium ion concentrations, as shown in Fig. 4c. It can be found that
with increasing sodium concentration (Na/Cs = 0-4), the PLQY first
increases and then decreases. At a Na/Cs ratio of 1/3, the maximum
PLQY of 94.74% was achieved, which was 1.22 times larger than that
of fresh CsPbBr; QDs. However, when the Na/Cs ratio reaches 4/1,
the PLQY drops severely to 55.7%. The reason for this phenomenon
can be explained as follows: excessive Na" ions could lead to an
increase in defects, thus increasing non-radiative recombination.
The relevant photographs of the perovskite QDs with different
doping concentrations under daylight and UV light are shown in
Fig. S4 (ESI?).

Stability experiments for the doped and undoped perovskite QDs
were conducted. Firstly, to evaluate the stability related to water

This journal is © The Royal Society of Chemistry 2022

resistance, the sodium-ion-doped and undoped perovskite QDs were
dispersed in a mixed solution of water and n-hexane and stirred for
90 min. Color variations for both samples were recorded. As
illustrated in Fig. S5 (ESIt), the bright emission for both the
undoped and doped QDs dropped with increasing storage time.
However, the emission of the undoped QDs completely disappeared
after 90 min of stirring, demonstrating that sodium-ion-doping
could enhance the water stability of the perovskite quantum dots
to some extent. We also investigated the emission of films of the
doped and undoped perovskite QDs; both were annealed at 120 °C
under atmospheric conditions. As shown in Fig. S6 (ESIT), when the
undoped QD film was annealed for 100 min, its emission intensity
was obviously decreased. The emission intensity of the doped QD
film decreased only a little. Specifically, after annealing for nearly 300
minutes, the brightness of the undoped sample is significantly lower
than that of the doped sample. This result proves that the doped
sample shows better thermal stability than the undoped one.

The time-resolved PL decays of the CsPbBr; QDs and Na'-
doped CsPbBr; QDs were measured under an identical excita-
tion wavelength of 375 nm (Fig. 4d). A tri-exponential relation
can be chosen to fit the decay lifetimes of the above samples:

A(t) = Ajexp(—t/ty) + Arexp(—t/t,) + Azexp(—t/t3)
1)
Here, A4, A,, Az and 14, 7, 73 are the weights and lifetime
constants, respectively, of the multiple exponential functions

J. Mater. Chem. C, 2022,10, 3729-3737 | 3733
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used for analyzing the emission lifetimes. The average lifetime
(tave) can be calculated by:

Tave = (Alflz + Az‘L'z2 + As‘fsz)/(A1T1 + ATy t A3T3)
(2)

The average lifetime for the excitonic luminescence of the pure
CsPbBr; QDs is 25.6 ns. It is found that the average PL decay
lifetime becomes longer (31.2 ns) as the Na/Cs molar ratio is
increased to 1/3. The average PL lifetime then decreases regularly
with increased Na doping concentration. Concretely, the calculated
result for Na/Cs = 1 is 28.5 ns, and that for Na/Cs = 4 is 22 ns; this
reduction in PL decay indicates that the non-radiative recombina-
tion increases. The radiative and non-radiative decay rates can also
be calculated using the following equations:

PLQY
Niad = Q (3)
Tave
1 - PLQY
Mnon-rad = ‘L'— (4)
ave

The radiative recombination rate and non-radiative recom-
bination rates are summarized in Table 1. It is found that the
maximum radiative recombination rate reaches 30.4 us~' for
the Na'-doped CsPbBr; QDs with a Na/Cs ratio of 1/3. This
corresponds to the shortest non-radiative recombination rate
(1.68 ps~ ). All these results suggest that Na* ion doping can
control the non-radiative recombination and promote lumines-
cence efficiency, which directly dominates the QLED device
performance.

To further clarify the roles of the Na" ion doping in the
lattice structure and luminescence efficiency, we performed
related auxiliary density functional theory (DFT) calculations.
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Table1l PLQYs, average lifetimes, radiative recombination rates, and non-

radiative recombination rates of Na*-doped CsPbBrs QDs with different
Na/Cs ratios

Na/Cs Tave (ns) PLQY (%) MNrad (“571) Mnon-rad (Hsil)
0 25.6 77.34 30.2 8.8
1/3 31.2 94.74 30.4 1.6
1 28.5 83.2 29.2 5.9
4 22 55.7 25.3 20.1

The projected crystal orbital Hamilton population (COHP)
bonding analysis shown in Fig. 5a confirms that the Na-Br
bonds in cubic CsPbBr; are slightly more stable, by ca. 0.23 eV,
than the Cs-Br bonds, with integrated COHP values of —0.65
and —0.42 eV. Additionally, the Cs-Br bond length (4.20 A) is
slightly longer than the Na-Br one (4.14 A), indicating the
lattice shrinkage caused by the substitution of smaller Na* ions
for larger Cs" ions. This conclusion is highly consistent with the
experimental results from XRD and high-resolution TEM.
The calculated Cs-Br band distance was slightly larger than
in the experimentally determined single crystal structure of
CsPbBr; (3.67-3.79 A), mainly because we performed the stan-
dard DFT and employed the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional, which generally underesti-
mates the gap value and overestimates the lattice constant.**
Additionally, the calculated model is based on the QD system,
which also leads to differences from the single-crystal structure.
As shown in Fig. 5b, the isosurfaces of the charge density of the
highest occupied band and lowest unoccupied band in the
CsPbBr; and Na'-ion-doped CsPbBr; QDs are very different. For
the pure CsPbBrj, the lowest unoccupied band is strongly

) QRO

= ...E"!-’l.

D

Na:CsPbBr;

Fig. 5 (a) COHP plots of Cs—Br and Na—-Br interactions for CsPbBrs (top) and Na*-doped CsPbBrs (bottom). (b) The corresponding isosurfaces of the
charge density of the highest occupied band (bottom) and lowest unoccupied band (top) in CsPbBrs and Na*-ion-doped CsPbBrs.
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Fig. 6 (a) A schematic illustration and (b) flat-band energy level diagram
of the CsPbBrz QLED device.

localized near the Pb** ions, while for the Na'-ion-doped
CsPbBr; QDs, it is localized around the Na' ions, indicating
that the doping of Na' ions introduces a large number of
electronic states in the lowest unoccupied orbital, leading to
a reduction of defect states to some extent, which eventually
induces the increase in the luminescence efficiency.

Inspired by the excellent properties of the Na‘-doped
CsPbBr; QDs with an Na/Cs ratio of 1/3, we herein employed
them for the fabrication of an EL QLED device; the pure
CsPbBr; QD-based device was adopted as the control device.
A schematic illustration of the optimized device is presented in
Fig. 6a. The as-fabricated device is composed of multiple layers
in a regular sequence as follows: ITO/PEDOT:PSS/PTAA/QDs/
TPBi/LiF/Al, where the PEDOT:PSS and PTAA serve as the hole
transport injection layers, and TPBi plays the role of the
electron injection layer. The flat-band energy level diagram of
the device is shown in Fig. 6b; the energy levels associated with
all the other materials were obtained from the literature.’
Fig. 7a presents the measured EL spectra of the Na'-doped
CsPbBr; QD-based QLED device under different driving
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voltages. The EL spectra peaks are located at 516 nm with a
narrow full width at half maximum of 22 nm and display a high
color purity in the green range. Additionally, no change in the
EL spectra is observed at different driving voltages, demonstrat-
ing that the QLED device exhibits excellent spectral stability.
The current density-voltage and luminance-voltage character-
istics of the QLEDs based on undoped and doped CsPbBr; QDs
are shown in Fig. 7b and c, respectively. It can be noted that the
difference between the current density of the doped and
undoped QD devices is not large. Additionally, the turn-on
voltage of 2.5 V for the Na'-doped QD LED device is smaller
than that of the control device (2.6 V) due to the enhanced
electrical properties. The maximum luminance of the QLED
with Na*-doped QDs is 20190 cd m~2, which is 5.4-fold higher
than that of the LED fabricated with the undoped QDs under
the same carrier injection, which implies that the device based
on Na'-doped QDs has a higher electro-optic conversion effi-
ciency. The current efficiency of the device based on the doped
QDs exhibits a much higher peak value of 34.5 cd A~ com-
pared to that of the control device (15.6 cd A™', Fig. 7d).
Similarly, the maximum power efficiency for the Na'-doped
QD-based device is 31.9 Im W' (Fig. S3, ESI{), which repre-
sents a more than 2.2-fold enhancement compared to the
undoped-QD-based device. Accordingly, the best QLED device
performance is achieved using the doped QDs, with a max-
imum EQE of 8.97% (Fig. 7e), which is a higher value than in
previous reports of green QLED devices based on doped QDs. In
addition, for the undoped CsPbBr; QD-based QLED device, the
luminance of the device at the peak efficiency of 4.74% is
676.4 cd m 2 and the EQE at the peak luminance of
3708 ¢d m™* is 1.1%. For the Na'-doped QD-based
QLED device, the luminance of the device at the peak EQE of
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Fig. 7 (a) EL spectra of the Na™-doped CsPbBrz; QD-based QLED device under different driving voltages. (b) Current density—voltage, (c) luminance—
voltage, (d) current efficiency—voltage, and (e) EQE-voltage plots of the QLED device with undoped and Na*-doped CsPbBrs QDs as the emitting layer.
(f) The chromaticity coordinates of the corresponding Na*-doped CsPbBrs QLED device.
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8.97% is 1475 cd m >, and the EQE at the peak luminance of
20190 c¢d m™? is 2.75%. These excellent results indicated the
high radiative recombination and effective electrical properties
of the CsPbBr; QDs after Na* doping. The CIE chromaticity
coordinates of (0.10,0.72) are almost at the edge of the CIE
chart (Fig. 7f), demonstrating the high color purity of the Na'-
doped QD-based device, and this device is thus especially
suitable for wide-color-gamut display applications. The device
performance is summarized in detail in Table S1 (ESIf). In
addition, the performances of QLEDs based on CsPbBr; per-
ovskite QDs from the last six years were summarized and are
shown in Table S2 in the ESL{ Although the EQE of the
obtained QLED devices was not as high as that reported in
other works in the literature, our work provides a new route for
the development of the QLED performance.

4. Conclusions

In this study, we reported a simple and generalized doping
strategy to obtain Na'-doped CsPbBr; QDs for use in high-
performance QLED devices. The as-prepared Na'-doped
CsPbBr; QDs displayed a characteristic morphology and phase
structure very similar to those of their undoped counterpart,
demonstrating that Na* doping has no effect on the nucleation
and growth of the CsPbBr; QDs. Furthermore, the effects of Na*
doping on the optical and electrical properties were studied in
detail. The optimized Na‘-doped CsPbBr; QDs have a PLQY
value of 94.34%, a radiative recombination rate of 30.4 ps™*,
and a longer lifetime of 31.2 ns. Consequently, the QLED device
based on the Na'-doped CsPbBr; QDs exhibited a maximum
peak EQE of 8.79%, which is about 1.8-times higher than that
of an undoped QD-based device. Correspondingly, the current
efficiency is improved 2.2-fold from 15.6 cd A~ to 34.5 cd A™".
These results show that Na" doping represents a novel method
to improve the performance of perovskite QLED devices.
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