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ARTICLE INFO ABSTRACT

Keywords: Despite the impressive development of perovskite light-emitting diodes (PeLEDs), it is still challenging to achieve
Deep-blue high-efficiency deep-blue PeLEDs using colloid perovskite quantum dots (PQDs). The efficiency of PQDs with a
PeLEDs

wavelength below 460 nm, which meets the requirements for deep-blue emission in the Telecommunication
Union UHD television standard (ITU REC. 2020), lags far behind those of their sky-blue counterparts. To address
this issue, a novel strategy of fast anion-exchange & cation-doping inter-promotion (FAECDIP) is proposed to
achieve highly efficient deep-blue PQDs by introducing CaBr; into the CsPbCl3 PQDs. Owing to the presence of
Ca®*, the speed of ion exchange is increased, driven by the smaller cation, Cat, improving the preparation
efficiency. Additionally, Ca%* was doped on the surface of PQDs. Based on studies of fast anion-exchange and
theoretical calculations, Ca** improves the optical performance by decreasing the number of traps and
increasing the crystallinity of target PQDs, facilitating the stability of treated films and PeLEDs by enhancing the
formation energy of halogen vacancies. Here, a high PLQY of 80.3 % CaBry-induced CsPb(Cl/Br)s deep-blue
PQDs (~446 nm) was achieved. The correspondent PeLEDs (~447 nm) achieved a superior EQE of 5.88 %,
which is the state-of-the-art among the reported deep-blue PeLEDs. Our strategy provides a potential route to
achieve deep-blue PeLEDs, which differs from the previous tedious-complex methods.

CaBr, doping
Mixed halide
Ultrafast ion-exchange

1. Introduction

All-inorganic CsPbXs (X = Cl, Br, and I) perovskite quantum dots
(PQDs) are widely acknowledged to be some of the most promising
candidates for next generation display applications because of their high
photoluminescence quantum yield (PLQY), and their tunable and nar-
row emission profiles.[1-6] Lots of exploration on improving the per-
formance of display primary colors (red, green, and blue) have been
conducted.[7-10] With the great efforts recently, the maximum external
quantum efficiency (EQE) of green perovskite light-emitting diodes
(PeLEDs) has leaped to 30.84 %[10], and the maximum efficiency of red
PeLED has also exceeded 25 %[11]. However, both the efficiency and
stability of blue PeLED:s still lag far behind those of their green and red
counterparts, especially in deep-blue regions with emissions lower than
460 nm.[12-17] Among the currently reported ultra-deep-blue PeLEDs
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with the Commission Internationale de L’Eclairage (CIE) (0.131, 0.046)
of Telecommunication Union Ultra High Definition (UHD) television
standard (ITU REC. 2020), the EQEs barely exceed 5 %.[16] To realize
high color gamut display, fruitful research on deep-blue PQD materials
is still necessary for new generation display technologies.

Common approaches that develop large band gap CsPbX3 nano-
crystals (NCs) with deep-blue emission have deserved exploration,
including growing two-dimensional (2D) perovskite nanostructures (e.g.
nanoplatelets),[17-21] doping divalent cations into NC structure,
[21-29] or exploring mixed Cl/Br halide core PQDs. [29-38] PeLEDs
based on low-dimensional PQDs have achieved some good results,
however, deficient carrier injection caused by the excessive organic li-
gands typically restricts the progress of low-dimensional NCs in 2D or
quasi-2D devices. To date, the record EQE of deep-blue PeLED is 4.62 %
(~457 nm) obtained by dimension reduction perovskite NCs with the
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assistance of phenyl butylamine and ethylamine.[16] Further improving
the EQE of deep-blue PeLEDs is urgent, especially using a facile
controllable method. Modulating mixed halide PQDs is another route to
obtain deep-blue emitting PeLED. Yang’s group prepared CsPb(Cl/Br);3
PQDs and gained deep-blue PeLEDs with an EQE of 3.66 % at 460 nm.
[37] Whereas, the only major issue could be the poor spectrum stability
which will greatly decrease the optical performance of PeLEDs based on
mixed halide PQDs. To address this issue, Gao and colleagues reported
PeLED with Cu2+—doped CsPb(Cl/Br)3 effectively inhibited the ion-
migration compared with the undoped PQDs and demonstrated stable
electroluminescence (EL) at 462 nm with no shift under varied voltages
from 5 to 8 V.[22] Moreover, cation dopants such as Ni2+,[38] Mn2+,
[23] La3+,[39] and Ca®t[40] can enhance the optical properties and
structural stability of CsPb(Cl/Br)s PQDs are known and deserves deep
consideration. Generally, the preparation of cation doping and halide-
mixing is explored separately, which complicates the preparation pro-
cess. To simplify the process of preparing PQDs, simultaneous ion ex-
change and cation doping were used to obtain deep-blue PQDs. Huang
developed post-synthetic doping of MnCl, molecules into preformed
CsPbBrs perovskite nanocrystals via a halide exchange-driven cation
exchange.[41] However, Mn?" induced a bi-emission peak. Zhang et al.
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used calcium halide and ammonium ions simultaneously to modify the
CsPb(Br/Cl)3 NCs in situ to reduce surface defects, finally remarkably
enhancing the photoluminescence quantum yield (PLQY) from 13 % to
93 % with an emission peak at 455 nm.[40] Even this strategy can only
optimize PQDs with one wavelength, not continuous spectral tunability
at a time, Ca>*-doped CsPb(Br/Cl)3 NCs still show great potential for the
preparation of devices.

To fill the gap of Ca?*-doped CsPb(Br/Cl)3 PQDs in applications, blue
emitting Ca®*-doped CsPb(Br/Cl); PQDs were prepared by FAECDIP. It
is an approach that involves doping calcium into the lead vacancies of
the nanocrystal structure through ion exchange, while the doped Ca?*
triggers rapid anion exchange. Here, Ca?"-doping and halide exchange
were motivated by two facts: a suitable ionic radius of Ca®>" and a
favorable bond dissociation energy (BDE) of Ca-Br. Fortunately, this
route achieved a fast ion exchange different from Huang’s[41] work.
Additionally, the deep-blue emitting Ca?"-doped CsPb(Cl/Br)s PQDs
obtained by fast halide ion-exchange and Ca?* doping occur simulta-
neously. Results demonstrated that Ca®" was successfully incorporated
into the surface crystal lattice by halide substitution. The difference
between FAECDIP and traditional doping is that doping and fast ion-
exchange are interlocking processes by this method, instead of a one-
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Fig. 1. (a) Diagram of CaBr,-CsPb(Cl/Br); PQDs preparation and fast ion-exchange process. (b) PL emission spectra of CsPbCl; PQDs regulated by CaBr, from 402 to
500 nm and (c) corresponding photos under daylight and UV. (d) Linear fitting of the amount and wavelength for adding CaBr, (~430, 440, 450, 462, 472 and 482
nm) and PbBr; (~419, 427, 436, 445, 449 and 452 nm). Photos of PQD dispersions’ PL change with time after adding calcium salt, whose emission wavelength are

located at (e) 450 nm and (f) 470 nm.
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pot method or prolonged molecular diffusion. FAECDIP not only per-
mits an impressive PLQY but also enables continuous spectral tunability,
and it is simpler and more convenient compared with the previous
contributions. Target Ca2+-doped CsPb(Cl/Br); PQDs can realize
tunable photoluminescence (PL) ranging from 430 ~ 470 nm by
adjusting the amount of CaBre. Among them, deep-blue CaBry-CsPb(Cl/
Br)s PQDs exhibited a maximum PLQY of 80.3 % at 446 nm. Corre-
spondingly, this PeLED was endowed with deep-blue emission at 447 nm
with the EQE of 5.88 % and CIE coordinates of (0.158, 0.018), which is
the record value among the reports with deep-blue PeLED. Meanwhile,
the EL spectral of CaBr,-CsPb(Cl/Br)s PeLED is relatively stable under
the applied voltage from 4 to 7 V.

2. Result and discussion
2.1. FAECDIP evolution of CaBrs-CsPb(Cl/Br)s PQDs

The procedure is schematically demonstrated in Fig. 1a. CsPbCl;
PQDs were grown via the hot-injection method reported by Kovalenko
and co-workers.[42] CaBr; solution was prepared by dissolving the salt
in hexane premixed with oleic acid (OA) and oleylamine (OLA) ligands.
It is the source of both cation-doping (Ca®*) and anion-exchange (Br’).
Soluble Br” rapidly exchanges with Cl" in CsPbCl3 PQDs yielding a mixed
halide core composition PQDs and Ca®" repairs the surface Pb vacancies.
The resulting PQD is denoted as CaBry-CsPb(Cl/Br);. As shown in
Fig. 1b, ¢, the fluorescence spectra collected from dispersions of CaBr,-
CsPb(Cl/Br)s PQDs exhibit a redshift from 410 to 500 nm with the
addition of CaBr,. Notably, the reversible regulation of the PQDs from
green to blue and even violet can also be realized with this strategy just
by adding CaCl; solution to the pre-synthesized CsPbBr3 PQDs (Fig. S1).
The interesting phenomenon observed in this study is that introducing
Ca?" can achieve fast ion-exchange. Furthermore, the forward tuning
process is always faster and more efficient than the backward process.
This could be possibly explained by the BDE theory. Accordingly, the
smaller the difference in BDE values, the faster the ion-exchange will
occur. Here, the BDE value difference of Ca-Br (~339 KJ mol 1) and Pb-
Cl (~301 KJ mol™ 1) is less than that of Ca-Cl (~409 KJ mol ') and Pb-Br
(~236 KJ mol 1).[43,44] Although rapid ion-exchange can be
explained by BDE theory, the interaction between Ca®' and ion-
exchange processes is still worthy of further investigation.

To reveal the effect of ion-exchange process on the amount of Ca*-
introduced, Inductively Coupled Plasma-Optical Emission-Spectrometry
(ICP-OES) was used to calibrate the molar ratio of Ca to Pb. Here, cal-
cium acetate (Ca(CH3COO),) was introduced into CsPb(Cl/Br)3 PQDs as
a control without anion-exchange process and detailed preparation is
supplied in Supporting Information (SI). Meanwhile, CaBry-CsPb(Cl/
Br)s PQDs with the same emission peak were obtained. Table S1 sum-
marizes the measured Ca and Pb amounts via ICP-OES for Ca(CH3COO)»
and CaBrjy treated CsPb(Cl/Br)s PQDs, the corresponding element ratio
([Cal/[Pb]) are 2.19 % and 2.26 %, respectively. It illustrates that ca?t-
doping is a relatively small doping process.

To clarify this, CaBry-driven fast ion-exchange phenomenon, the
crystal growth kinetics of CaBrp-CsPb(Cl/Br)s PQDs deserve deep study
and discussion. For reference, the as-grown CsPbCl3 PQDs were also
incubated with a solution of PbBrj dissolved with hexane containing a
mixture of OA and OLA as above. The resulting NC are denoted as PbBry-
CsPb(Cl/Br)3 PQDs. During the ion-exchange reaction, Fig. S2 indicates
that less CaBrp compared to PbBr; was needed to obtain CaBry-CsPb(Cl/
Br)3 PQDs with desired emission. For example, when 0.9 pmol PbBr;, was
added into 1 mL CsPbCl3 PQD solution to adjust the PL peak to 454 nm,
only 0. 45 pmol CaBr; was required to achieve the emission of 453 nm.
The molar ratio of PbBry: CaBry is ~ 2 and is constant to achieve the
same target emission wavelength. This demonstrates that the ion-
exchange reaction of CaBrp has higher reaction efficiency than those
induced by PbBr,, which is attributed to the theory that close BDE values
favor ion-exchange (illustrated in Fig. $3). It is known that ion-exchange
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rates are affected by diffusion. In our modeling, anion-exchange pro-
motes Ca®*-doping owing to Ca2" bearing a smaller ionic radius and
diffusing into the PQDs structure faster than Pb2*, speeding up the
anion-exchange rate. To further verify this hypothesis, the same amount
of CaBry and PbBry (0.27, 0.54, 0.81, 1.08, 1.35, 1.62 pmol) was
respectively added to CsPbCls PQD solutions to evaluate their PL. As
revealed in Fig. 1d, the obtained PbBry-CsPb(Cl/Br); PQDs suffer
weaker redshift than CaBry-CsPb(Cl/Br); PQDs. This indicates that
CaBr, causes more Br substitution than that of PbBry. Moreover, the PL
peak position of ion-exchanged CsPb(Cl/Br)s PQDs demonstrates a
perfect positive linear dependency on the molar amount of CaBry and
PbBrs. A slope of 40.357 and 25.357 nm/pmol is respectively obtained
by CaBr,-CsPb(Cl/Br); and PbBr,-CsPb(Cl/Br)s PQDs, revealing that
CaBr; gives a sharper redshift increase than PbBr,. Based on the fitting,
it can be roughly calculated that the reaction rate of CaBry is ~ 1.6 times
higher than that of PbBr; in promoting halide exchange reaction.

Besides the reactant amount, the speed of the ion-exchange reaction
was also explored. The PL of CaBry-CsPb(Cl/Br); and PbBry-CsPb(Cl/
Br); PQDs respectively tuned to 450 and 467 nm were traced by
recording a video under the illumination of UV-lamp to monitor their
emission change. As revealed in Fig. le, f, anion-exchange of CaBr;,-
treated CsPbCl3 PQDs was completed in several seconds (~10 s), while
the one with PbBr; took almost 1 min (the complete video can be found
in SI). Additionally, the PL profiles of the associated PQDs were moni-
tored during the ion-exchange process every few seconds. As plotted in
Fig. S4a, PbBrp-CsPb(Cl/Br)s PQDs with a gradual redshift were recor-
ded from 410 to 465 nm within 75 s, and meanwhile, asymmetric peaks
were collected in the intermediate state. For CaBry-CsPb(Cl/Br)s PQDs,
the first plot has already fully shifted to 470 nm and after that, the
emission has a slight blue shift to 465 nm (see Fig. S4b). It can be
ascribed to that ion-exchange induced by CaBry can occur rapidly
(within a few seconds), which is drastically faster than that with PbBr,.
Overall, it has been experimentally shown that CaBry does facilitate the
ion-exchange reaction efficiency (requiring less reactant) as well as a
faster reaction speed than PbBry. Consequently, this facile strategy
namely FAECDIP permits the realization of blue-emitting PQDs. The
optical and structural properties of the obtained PQDs by FAECDIP need
further characterization.

2.2. Characterization of CaBrz-CsPb(Cl/Br)s PQDs

Here, three sets of CaBry-CsPb(Cl/Br)s PQDs with emission around
430, 450, and 467 nm were obtained, while PbBr,-CsPb(Cl/Br)3 PQDs
were also prepared as a reference. The samples were respectively
denoted as Ca_430, Ca_450, Ca_467, Pb_430, Pb_450 and Pb_467 (The Subscript
corresponds to the wavelength). UV-visible absorption and PL spectra of
those PQDs are plotted in Fig. 2a. It can be observed that the absorption
profiles of CaBry-CsPb(Cl/Br); and PbBry-CsPb(Cl/Br); PQDs match
very well, indicative of a preserved structural integrity of nanocrystals
with Ca%" doping. However, the PL profiles of CaBr,-CsPb(Cl/Br)s PQDs
have higher emission signals, with intensity increases 40x times for Ca.
430, 15x for Ca.449, and 5x for Ca_4¢7 compared to their PbBry-CsPb(Cl/
Br)s counterparts. The fluorescence images of those dispersions shown
in Panel 2a (inset) provide a visual rendition of the PL increase. The
corresponding PL lifetime profiles are plotted in Fig. 2b, which indicates
that exciton lifetimes measured for the CaBry-CsPb(Cl/Br); PQD dis-
persions are longer than those measured for the PbBry-CsPb(Cl/Br)s
PQD samples. Fig. 2¢ demonstrates a side-by-side comparison between
the PLQY values (measured using an integrating sphere) for dispersions
of CaBry-CsPb(Cl/Br); and PbBr,-CsPb(Cl/Br)s PQDs with emission
peaks centered at ~ 420, ~ 430, ~ 440, ~ 450, ~ 460 and ~ 470 nm.
Sample concentration was determined using UV absorption test and
hexane was used as a blank control. The optical density values of all the
sample excitation wavelengths (365 nm) are normalized below 0.1 to
ensure the accuracy of the measurements. The data shows that there is a
higher PLQY measured for the CaBry-CsPb(Cl/Br); PQDs compared to
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Fig. 2. (a) Superimposed absorption and emission spectra of Ca.439, Ca.450, Ca.467 together with Pb.439, Pb_450 and Pb_467 dispersions. (b) Time-resolved PL profiles
measured for CaBr,-CsPb(Cl/Br); PQDs side-by-side with PbBr,-CsPb(Cl/Br)s. Samples with emission wavelengths at 430, 449 and 467 nm are shown. (c) PLQY of
CsPb(Cl/Br); PQD samples with emission tuned using treatment with CaBr, and PbBr,. The emission wavelengths of the samples are 410, 420, 430, 445, 460, and

468 nm.

the PbBr,-CsPb(Cl/Br); samples throughout the whole range of wave-
lengths probed. This is due to better passivation of defects in CaBry-CsPb
(Cl/Br)s PQDs group. This increase is consistent with the longer PL
lifetimes of CaBry-CsPb(Cl/Br);3 dispersion compared to that of PbBrs.
To shed light on how Ca®* cations are integrated with the PQD and
the reason that the optical properties of CaBrp-CsPb(Cl/Br)s are superior
to that of PbBry-CsPb(Cl/Br); PQDs, the crystal structure and the
morphology of CaBr,-CsPb(Cl/Br)s PQD are characterized using powder
X-ray diffraction (PXRD) and high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM). PXRD patterns were

collected for the three sets of blue-emitting CaBry-CsPb(Cl/Br)s PQDs,
namely, Ca_430, Ca_450, and Ca_467. The powder patterns in Fig. 3a reveal
that all three CaBro-CsPb(Cl/Br); PQDs maintain the structure of Cl-
based parent PQDs, and the structure matches the published PDF: mp-
23037. Focusing on the angle region 20 = 15 — 35°, the patterns show
that the diffraction peaks emanating from the (100) to (210) crystal
planes exhibit progressive shifts to lower angles. It indicates the
expansion of the interplanar crystal spacing (due to a change in the
crystal unit cell) caused by partial Cl" to Br™ substitution following in-
cubation and the reaction of the nanocrystals with CaBry. This is also
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Fig. 3. (a) Powder XRD patterns collected from a standard CsPbCls PQDs, side-by-side with the those of CaBr,-passivated CsPb(Cl/Br)z (Ca_430, Ca.450 and Ca.470)
along with the standard pattern of bulk CsPbCl; (JCPDF: 84-0438). STEM images of (b) CsPbCls, (c) Ca_430, (d) Ca_450 and (e) Ca_467. (f) TEM and element mapping of

the sample Ca_450.

reflected in the red shift in the PL acquired from samples with a higher
fraction of Br’. To evaluate whether Ca®" ions are primarily located at
the surfaces or integrated into the nanocrystal cores, PQDs emitting at
431 nm were prepared via the treatment of CsPbCls with either CaBry or
PbBr;y. This excludes the effects of the halide ions source used. The
diffraction patterns exhibit only marginal shifts in the measured peaks.
In particular, the peak resulting from diffraction of the (200) planes
shifts from 31.54° for CaBr,-CsPb(Cl/Br); PQDs to 31.66° for PbBrs-
CsPb(Cl/Br)s; PQDs (see Fig. S5). This corresponds to a change in the
interplanar lattice distance from 4.0176 A for PbBr,-CsPb(Cl/Br)3 PQDs
to 4.0145 A for CaBr,-CsPb(Cl/Br)s PQDs. This small change is not large
enough to support a substantial core intake of Ca®*. Therefore, Ca2* is
more likely to act on the surface of PQDs. Fig. S6 compares the
diffraction peak intensity of CaBry-CsPb(Cl/Br)s and PbBry-CsPb(Cl/
Br)s PQDs with 431 nm emission wavelength. It shows that these two
samples remain in the same diffraction peak positions, indicating that
they acquired the same emission wavelength. However, the diffraction
peak intensity of CaBry-CsPb(Cl/Br)s in the 10 ~ 25° angular region of
20 is higher than that of PbBry-CsPb(Cl/Br)s PQDs, which reveals higher
crystallinity of (100) and (110) planes. Combined with the role of Ca®t
acting on the surface of PQDs and based on the report that XRD
diffraction peak intensity of PQDs to be changed by B-site doping,[45]
Ca%t successfully participated in the B-site doping on the surface of
PQDs.

To further confirm that Ca®* interacts with PQDs, high resolution
HAADF-STEM measurements were conducted to investigate these sam-
ples of CaBry-CsPb(Cl/Br)s PQDs. Fig. 3b demonstrates the cubic form
and average edge length (~8.3 nm) of the as-grown CsPbCls PQDs.
Nevertheless, a distinct trend in the growth of the nanocube edge size as
the CaBr, concentration increases was observed (Fig. 3c—e). The average
edge length of CaBrp-CsPb(Cl/Br)s PQDs rises from 8.3 to 9.5, 9.6, and
9.7 nm because of a considerable replacement of small Cl ions (1.81 1°\)
with large Br ions (1.96 A), matching with CsPbCls, Ca 439, Ca.450 and
Ca_466 PQDs as seen in Fig. S7. EDS examination of Ca. 459 PQDs shows
the distribution of the Cs (Fig. 3f1), Pb (Fig. 3f2), Cl (Fig. 3f3), Br
(Fig. 3f4), and Ca (Fig. 3f5) components in Fig. 3f is consistent, which
reveals the existence of Ca?* in PQDs. Combined with the element ratio
of [Cal/[Pb] from ICP-OES of 2.26 %, this indicates that the doping level
of Ca?" is relatively low. Furthermore, the appearance of Br indicates
the successful exchange of halogen ions. Therefore, rational surface
doping and halide exchange reaction induced by CaBr; did not affect the
morphology of final CaBry-CsPb(Cl/Br)s PQDs.

Furthermore, X-ray photoelectron spectroscopy (XPS) measurements
were also carried out. As shown in Fig. 4a, Cs, Pb, Cl, Br, and Ca elements
can be detected in the XPS test of CaBrp-CsPb(Cl/Br); PQDs. Fig. 4b
reveals that the binding energy of Ca 2p is located at 348.5 and 351.5 eV.
While the peaks of Cl 2p and Cs 3d are shifted to higher binding energies
in Fig. 4c, d. The binding energies of Pb 4f and Br 3d are consistent
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Fig. 4. (a) XPS spectra of CaBr,-CsPb(Cl/Br); PQDs. (b) High-resolution XPS spectra of Ca 2p doublet for CaBr,-CsPb(Cl/Br); PQDs. High-resolution XPS of (c) Cl 2p
and (d) Cs 3d of CaBr,-CsPb(Cl/Br)3 and PbBr,-CsPb(Cl/Br); PQDs. TA spectra at different delay times for (e) CaBr,-CsPb(Cl/Br); and (f) PbBr,-CsPb(Cl/Br); PQDs.

between PbBry-CsPb(Cl/Br), and CaBry-CsPb(Cl/Br), PQDs (Fig. S8a,
b). It indicates that Ca®" has strong interactions with the other elements
of CaBry-CsPb(Cl/Br), PQDs, causing the inhibition of defects. Transient
absorption (TA) pump-probe spectroscopy measurements were
employed to explore the exciton dynamics of CaBry-CsPb(Cl/Br); and
PbBry-CsPb(Cl/Br)s PQDs (as displayed in Fig. 4e, f). Ground state
bleach (GSB) peak of CaBry-CsPb(Cl/Br); PQDs exhibits a slower up-
ward rising rate than PbBr,-CsPb(Cl/Br)s PQDs, which indicates that
CaBry-CsPb(Cl/Br)s PQDs is less likely to dissociate into free electrons
compared to PbBry-CsPb(Cl/Br)s PQDs. Therefore, the introduction of
Ca®" can enhance the exciton stability of target CaBry-CsPb(Cl/Br)s3
PQDs.

Generally, cation doping contributes to increasing defect formation
energy, thus stabilizing the halogen ions on the PQDs and improving the
structural stability of mixed halide PQDs. However, excessive amounts
of calcium in the lattice inevitably destroys the lattice and only the
proper amount of doping enhances lattice stability. With density func-
tional theory (DFT) calculations, the structure diagram of Cl, Br vacancy,
and the defect formation energies of halide in mixed halide PQDs with
and without Ca?*-doping conditions was obtained. Fig. $9a, b display
the structure diagram of Cl and Br vacancy of PQDs with Ca**-doping.
Fig. S9al, bl display the structure diagram of Cl and Br vacancy of
PQDs without Ca®*-doping. Comparing the structural diagrams with and
without Ca?*-doping, it can be found that PQD without Ca®>"-doping
exhibit more halogen ion vacancies and dangling bonds than with Ca*-
doping. The defect formation energies of PQDs with/without Ca2*-
doping were calculated and listed in Table S2. When 1/8 Pb®" is
replaced by Ca®*, the defect formation energy of Br-vacancy (3.25 eV)
and Cl-vacancy (3.47 eV) are higher than those of CsPb(Cl/Br)s PQDs
(2.81 and 3.21 eV). It indicates the stability of the PQD structure is
enhanced when the doping amount of Ca®" is less than 12.5 %, which
confirms the positive effect of the doping in this study. The specific
calculation process through Equation S5 can be found in the SI.

2.3. Film characteristics of CaBrz-CsPb(Cl/Br)s and PbBrs-CsPb(Cl/Br)s
PQDs

The optical properties and quality of CaBr,-CsPb(Cl/Br)s PQD films
play a key role in determining the efficiency of the fabricated device.
PQD films were spin-coated with Ca.439, Ca.450, Ca.467, Pb.430, Pb.4s50,
and Pb_447. Besides the higher PLQY, CaBr2-CsPb(Cl/Br)3 PQDs are also
accompanied by brighter fluorescence-emission than their PbBry coun-
terparts as visually observed with our naked eyes in Fig. 5a—c. In addi-
tion, the stability of these films was also tested. To accelerate the
degradation rate, the films were placed in an atmosphere of 30°C and 80
% relative humidity (RH). The PL intensity of these films at different
times and the corresponding photographs under a UV lamp were
recorded (Fig. S10). Fig. S10a illustrates the time-dependent evolution
of the films at 80 % RH, where the fluorescence reduction of Pb_439 and
Pb_450 was obvious to the naked eye. The emission of Pb_45( is essentially
lost after five hours. The corresponding normalized PL intensity was
collected and displayed in Fig. S10b. With the involvement of calcium,
the overall performance of fluorescence intensity is superior to that of
the control group without calcium.

To realize deep-blue PeLED, the optimal candidates of Ca.450 and Pb.
450 PQDs were chosen for the stepwise study. The formation process of
CaBr,-CsPb(Cl/Br)s and PbBry-CsPb(Cl/Br)s thin films during annealing
at 50 °C was further investigated via in situ PL spectra (Fig. 5d, e). It is
observed that Ca.4s50 film exhibits a narrower, more stable, and higher
signal intensity emission peak (~448 nm) during annealing, while for
Pb_450, the emission PL intensity decays rapidly. This indicates that Ca.
450 possesses good film-forming properties. As validated by the atomic
force microscopy (AFM) characterization (Fig. 5f, g), Ca.4so gains a
smoother surface with a root-mean-square (RMS) of 3.74 nm compared
to that of Pb.4s¢ film (4.37 nm), which facilitates interfacial charge
transfer. Additionally, hole-only devices with the structure of indium tin
oxide (ITO) / poly(ethylene dioxythiophene): polystyrene sulfonate
(PEDOT: PSS) / poly(9-vinyl carbazole) (PVK) / PQDs / MoOs / Au were
prepared to estimate the trap state densities (Ny). According to Equation
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Fig. 5. (a, b, ¢) Films of Ca_430 & Pb.430, Ca 450 & Pb_ys0, and Ca4e7; & Pb 46, photos under UV light. Heat maps of spectrally resolved photoluminescence (PL)
measured during (d) Ca.4s0 and (e) Pb_4s0 films at the annealing temperature of 50 °C. AFM images of (f) Ca.450 and (g) Pb_4s0.

S6 & S7 and dark current-voltage measurements (Figs. S11, 12), CaBr»-
CsPb(Cl/Br); PQDs merits a lower defect density of 4.53 x 107 ¢m 3
than that of PbBry-CsPb(Cl/Br); PQDs (5.34 x 10'7 c¢m ~3). Conse-
quently, the defects of CaBrp-CsPb(Cl/Br)s PQDs have been efficaciously
repaired.

Removing excess ligands while maintaining a good crystal structure
is conducive to charge injection, thereby favoring efficient PeLEDs.
Here, the stability and robustness of blue PQDs washed by anti-solvent

were evaluated. The precipitation and redispersion process was
repeated 2 times, in which methyl acetate was used as the anti-solvent to
wash the PQDs. Generally, the PL intensity decreases with the absence of
ligands, however, the PL intensity of CaBry-CsPb(Cl/Br)s PQDs did not
decrease but increased after the first round of washing, as illustrated in
Fig. S13a. It indicates that the removal of excessive CaBrj is beneficial to
the radiative luminescence of PQDs and the involved Ca2* helps the
crystal to maintain structural integrity, which agrees with the DFT
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Fig. 6. Device structure and performance characteristics of efficient deep-blue CaBr,-CsPb(Cl/Br); PQDs light emitting diodes. (a) Schematic illustration of band
energies and architecture. (b) Electroluminescence spectra driven by voltages from 4 to 7 V. Inset image show the luminescence of device. (c) (J-V-L) and (d) EQE
characteristics (e) Comparison of our work with the other deep-blue PeLEDs. (f) Histogram of peak EQEs measured from 80 devices.
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calculation result that the introduction of an appropriate amount of Ca*
can enhance the formation barrier of halogen vacancies. After the sec-
ond round of washing, a slight PL intensity decrease was observed. In
comparison, the PL intensity of PbBry-CsPb(Cl/Br)s PQDs undergoes a
decrease of more than 80 % at the outset of washing (Fig. S13b). The
results demonstrate that the addition of CaBry creates a Br-rich envi-
ronment for CaBry-CsPb(Cl/Br)s PQDs and reduces Cl vacancy, which is
consistent with the XPS result that Ca?" interacts with halogens and can
inhibit the formation of defects during the ligand washing.

2.4. PeLEDs

The device structure of PeLED 1is ITO / Poly(3,4-
ethylenedioxythiophene) /poly(styrenesulfonate) (PEDOT: PSS) / Poly
(N-vinyl carbazole) (PVK) / PQDs / (1,3,5-Tris(1-phenyl-1H-benzimi-
dazol-2-yl)benzene) (TPBi) / LiF / Al, as shown in Fig. 6a. The valence
band (VB) of CaBry-CsPb(Cl/Br); and PbBro-CsPb(Cl/Br)s PQDs were
obtained by ultra-violet photoelectron spectroscopy (UPS) (Fig. S14).
VB E, of CaBry-CsPb(Cl/Br); and PbBr,-CsPb(Cl/Br); PQDs are —5.92
and —7.62 eV, which were calculated by Equation S8. The corre-
sponding bandgap was obtained by Tauc plots (Fig. S15). The conduc-
tion band (CB) E. of CaBr,-CsPb(Cl/Br); and PbBry-CsPb(Cl/Br)s PQDs
are —3.19 and —4.89 eV, respectively. These results suggest that
calcium-modified CsPb(Cl/Br)3; PQDs have better energy level matching
than PbBry-CsPb(Cl/Br)s PQDs. Fig. S16 reveals the EL spectra of PbBr,-
CsPb(Cl/Br)s PQDs device suffered a larger redshift of 4 nm from 448 to
452 nm, however, CaBry-CsPb(Cl/Br); PeLED bore a relatively stable EL
spectra at 447 nm from 4 ~ 7 V and 450 nm under 8 V voltage,
respectively. Additionally, the CIE of CaBry-CsPb(Cl/Br)s shows a
smaller vertical coordinate than PbBry-CsPb(Cl/Br)3 PeLED. The change
of CIE is caused by the phase separation and ion migration with the
increase of electric field intensity. Therefore, the introduction of Ca®*
effectively inhibits ion migration and phase separation at low voltage (4
~ 7 V). The J-V-L characteristics can be found in Fig. S17, CaBry-CsPb
(Cl/Br)s PeLED has a lower turn-on voltage (Vo ~ 3.75 V), compared to
the PbBry-CsPb(Cl/Br)3 PeLED, which benefits from the superior energy
levels matching. An enhanced maximum luminance of 141.7 cd/m? of
the CaBr,-CsPb(Cl/Br)s and 30.1 cd/m? of PbBr,-CsPb(Cl/Br)3 PeLEDs,
meanwhile, the corresponding current efficiency of 1.29 and 0.29 cd/A
are shown in Fig. S18. Fig. S19 illustrates the EQE of those two PeLEDs
are 3.39 % and 0.43 %, respectively. At the same time, the other two sets
of emission peak corresponding devices were also fabricated. Fig. $20
shows the performance characteristics of CaBry-CsPb(Cl/Br)3 and PbBr,-
CsPb(Cl/Br)3 PeLEDs peaked at 470 nm. CaBry-CsPb(Cl/Br)s PeLED has
relatively stable EL spectra at 470 nm with the applied voltage from 4 to
8V (Fig. S20a), however, Fig. S20al shows PbBr,-CsPb(Cl/Br)s PeLEDs
generating a redshift from 471 to 473 nm under applied voltage from 4
to 7 V. It indicates that CaBry-CsPb(Cl/Br)s PQDs can effectively avoid
the formation of deep defects, to improve the device performance. From
the plots of J-V-L (Fig. S20b and b1), the maximum brightness of the
device is 63.50 cd/m? with CaBr,-CsPb(Cl/Br)3 PQDs and 112.90 cd/m?
with PbBro-CsPb(Cl/Br)3 PQDs. The corresponding current efficiency is
4.00 and 1.43 cd/A, respectively. The maximum EQE of those PeLEDs
reachs 6.15 % (470 nm) and 2.08 % (473 nm), respectively (Fig. S20c
and c1). PL of 430 nm emitting PQDs device were also fabricated. Un-
fortunately, due to the deep energy level of this emission wavelength
PQDs, it affects the carrier injection leading to ineffective electrospectral
(Fig. S21).

Based on maintaining the original structure of the PQDs, the more
ligands are removed, the better for carrier injection in the device. To
obtain more efficient deep-blue PeLEDs, trace water is introduced as an
auxiliary treatment method to further remove the excessive ligands.
Powder XRD patterns collected from the films of Ca-44¢ and Pb-44¢ PQDs
(Fig. S22) show the same peak location and different intensities of those
samples. It confirmed the crystal structure was retained after water was
introduced into the purification of the PQD. Additionally, the intensity
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of Ca-44¢ is higher than that of Pb-44¢ PQDs indicating that PQDs ac-
quired a higher crystalline phase content by introducing Ca*". XPS
measurements were carried out to analyze the amount of ligands,
Fig. S23 shows the integrated areas of the C and N peaks of parent,
vapour and water treated CaBry-CsPb(Cl/Br); PQDs. According to the
value of integrated areas of the C and N peaks, the atomic concentration
of N (ny) was calculated to be 0.33 of the parent, 0.30 of vapour, and
0.30 of liquid water treated, respectively by Equation S4. The decreased
ny value from 0.33 to 0.30 indicates that excessive ligands can be fully
removed with trace water. Finally, the target CaBrp-CsPb(Cl/Br)s PQDs-
based PeLED has relatively stable EL spectra at 447 nm, producing a one-
nanometer redshift compared to PL spectra (Fig. 6b). It indicates that
CaBr,-CsPb(Cl/Br); PQDs can effectively avoid the formation of deep
defects and improve the device’s performance. The EL intensity of
CaBry-CsPb(Cl/Br)s PeLED increases with the increase of the applied
voltage from 4 to 7 V. CIE of CaBry-CsPb(Cl/Br)s PeLED is (0.159,
0.018). From the plots of current density/ luminance versus voltage
curves (J/L-V, Fig. 6¢), the device of CaBrp-CsPb(Cl/Br)s PQDs exhibits a
maximum brightness of 75.6 cd/m2 The corresponding current effi-
ciency is 3.28 cd/A (Fig. S24). In Fig. 6d, the maximum EQE of deep-
blue PeLED based on CaBr,-CsPb(Cl/Br)s PQDs reaches 5.88 %, which
is superior to others among the deep-blue territory (<460 nm) (Fig. 6e
and Table S3). Fig. 6f shows the average efficiency histogram acquired
from 80 devices, and the average EQE is 4.04 %, which confirms the
reproducibility of our rational design.

3. Conclusion

In summary, a series of deep blue emitting CaBry-CsPb(Cl/Br)3 PQDs
were successfully developed through FAECDIP method bearing the
merits of simultaneous ion-exchange and Ca%" doping. Compared with
the control group (PbBry-CsPb(Cl/Br)3 PQDs), the close BDE and smaller
ionic radius of Ca?" allow for the quick preparation of high-quality blue
PQDs. Ca’®" achieves an increase in the reaction rate of 1.6 times
compared to Pb2*. The introduction of Ca?* successfully passivates the
defects of PQDs and enhances the exciton binding energy, which favors
structural stability and carrier transportation. Target PQDs were made
with PL spectra that could be reversibly tuned from 402 to 500 nm.
Consequently, CaBry-CsPb(Cl/Br)3 PQDs exhibited a maximum PLQY of
80.3 % at 446 nm. Corresponding deep-blue CsPb(Cl/Br)3 PeLED with a
record EQE of 5.88 % (at 447 nm) along with the CIE coordinates of
(0.158, 0.018) was achieved. The average EQE of 4.04 % and steady EL
spectrum were also obtained. This approach provides a strategy to
broaden the color spectrum and encourages the application of mixed
halide perovskites in deep-blue PeLEDs in the future.
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