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ABSTRACT: High-performance solution-processed perovskite
light-emitting diodes (PeLEDs) have emerged as a good alternative
to the well-established technology of epitaxially grown AIIIBV
semiconductor alloys. Colloidal cesium lead halide perovskite
nanocrystals (CsPbX3 NCs) exhibit room-temperature excitonic
emission that can be spectrally tuned across the entire visible range
by varying the content of different halogens at the X-site.
Therefore, they present a promising platform for full color display
manufacturing. Engineering of highly efficient PeLEDs based on
bromide and iodide perovskite NCs emitting green and red light,
respectively, does not face major challenges except low operational
stability of the devices. Meanwhile, mixed-halide counterparts
demonstrating blue luminescence suffer from the electric field-
induced phase separation (ion segregation) phenomenon described by the rearrangement (demixing) of mobile halide ions in the
crystal lattice. This phenomenon results in an undesirable temporal redshift of the electroluminescence spectrum. However, to
realize spectral tuning and, at the same time, address the issue of ion segregation less mobile Cd2+ ion could be introduced in the
lattice at Pb2+-site that leads to the band gap opening. Herein, we report an original synthesis of CsPb0.88Cd0.12Br3 perovskite NCs
and study their structural and optical properties, in particular electroluminescence. Multilayer PeLEDs based on the obtained NCs
exhibit single-peak emission centered at 485 nm along with no noticeable change in the spectral line shape for 30 min which is a
significant improvement of the device performance.
KEYWORDS: halide perovskite, colloidal nanocrystals, cadmium doping, ion segregation, light-emitting diode

■ INTRODUCTION
Over the last eight years, halide perovskite nanocrystals (NCs)
have emerged as brightly luminescent materials with tunable
band gap for advanced photonics and optoelectronics.1 Owing
to the electronic structure of halide perovskites which defines
their “defect tolerance”2 (i.e., formation of shallow defect states
only near the valence band maximum and conduction band
minimum), passivation of surface traps using organic
ligands3−6 and relatively large exciton binding energies7

colloidal solutions of NCs exhibit narrow-band emission with
near-unity photoluminescence quantum yield (PLQY) at room
temperature. These properties along with large light absorption
coefficient8 and high charge carrier mobility in perovskites9

promote NCs for the fabrication of high-performance perov-
skite light-emitting diodes (PeLEDs). Green and red perov-
skite PeLEDs based on CsPbBr3

10−12 and CsPbI3
3,13,14 NCs,

respectively, have recently displayed excellent electrolumines-
cence external quantum efficiencies (EQE) as high as 25%. As
compared to homohalide compositions, heterohalide (or
mixed-halide) CsPb(Cl,Br)3 perovskites emitting blue light
suffer from electric field-driven ion segregation (see Supporting

Information in refs 15 and 16) revealing itself in a temporal
red-shift of electroluminescence spectrum in biased devices.
Ion segregation in mixed-halide perovskites was initially

discovered and further vastly investigated for organo-inorganic
MAPb(Br,I)3 (MA�methylammonium) ones. Hoke et al.17

reported structural and optical evidence of the light-induced
formation of Br-rich and I-rich perovskite domains. The latter
have a narrower band gap than the former and the initial
mixed-halide composition do and therefore act as energy
funnels for excited charge carriers or excitons. As a result, a
noticeable redshift of photoluminescence (PL) spectrum is
observed. The major mechanism of this phenomenon is the
migration of mobile halide ions (or their vacancies)18,19 that
could be influenced by forces arising due to the following

Received: December 4, 2023
Revised: February 7, 2024
Accepted: February 9, 2024
Published: February 26, 2024

Research Articlewww.acsami.org

© 2024 American Chemical Society
11656

https://doi.org/10.1021/acsami.3c18122
ACS Appl. Mater. Interfaces 2024, 16, 11656−11664

D
ow

nl
oa

de
d 

vi
a 

IT
M

O
 U

N
IV

 o
n 

Ju
ly

 1
7,

 2
02

4 
at

 0
9:

40
:2

8 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sergey+S.+Anoshkin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elizaveta+V.+Sapozhnikova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yibo+Feng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yangyang+Ju"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+Pavlov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roman+G.+Polozkov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roman+G.+Polozkov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexey+Yulin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haizheng+Zhong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anatoly+P.+Pushkarev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.3c18122&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c18122?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c18122?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c18122?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c18122?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c18122?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aamick/16/9?ref=pdf
https://pubs.acs.org/toc/aamick/16/9?ref=pdf
https://pubs.acs.org/toc/aamick/16/9?ref=pdf
https://pubs.acs.org/toc/aamick/16/9?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.3c18122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf


reasons: (i) sufficient lattice strain occurring at spontaneously
formed the heaviest halogen-rich (e.g., I for MAPb(Br,I)3) sites
where a photogenerated polaron resides;20,21 (ii) nonhomoge-
neous carrier generation rate profile through the thickness of a
perovskite film that results in a directional drift of halide ions
having different mobility;22 (iii) minimizing the energy of
photoexcited holes when they occupy the heaviest halogen-rich
domain showing a low energy valence band edge.23 In
accordance with that, to mitigate halide segregation the
approaches aimed at reduction of the number of halide
vacancies, minimization of electron−phonon coupling via
substituting Cs+ for polar MA+ cation, homogeneous mixing
of halide ions over the entire volume of perovskite, as well as
uniform distribution of the light in this volume were
suggested.21−24

In the meantime, there is another strategy for composition-
dependent spectral tuning in all-inorganic bromide perovskites
that affords NCs exhibiting persistent blue emission. Doping of
CsPbBr3 NCs with Cd2+ ions substituting for Pb2+ ones in the
crystal lattice has been demonstrated to give CsPb1−xCdxBr3
counterparts possessing a direct band gap for x not exceeding
0.2525 and showing a blueshift of PL peak in the 460−515 nm
range with increase in cadmium content.25−27 Obviously, the
ion segregation (i.e., demixing of Cd2+ and Pb2+) is suppressed
in these materials because both cations are heavy, have a large
coordination number of 6, and, hence, are less mobile than
light halide ions. Nevertheless, slow Cd diffusion, most likely
mediated by doubly negatively charged vacancies (VPb2− and
VCd2−), and its release from the NCs defective surface into
colloidal solution could affect the long-term spectral stability of
PL.25

In this work, we propose a novel approach to the synthesis
of CsPb0.88Cd0.12Br3 NCs showing that blue emission peaked at
485 nm. First, CsPbBr3 NCs are obtained by the hot-injection
method and purified from byproducts. Then, their colloidal
solution reacts with cadmium oleate and oleylammonium
bromide additives to give Cd-doped NCs having a mean size of
11 nm. Furthermore, our approach gives us direct control over
Cd doping process dynamics easily derived from the time-
dependent PL blueshift of NCs in the reaction mixture. Thus,
following a new protocol one can obtain a certain product
exhibiting desirable optical properties or a set of required
products instead of a single composition of NCs specified by
the exact stoichiometric ratio of metal halide salts taken for the
conventional hot-injection synthesis. Importantly, the pro-
posed two-step synthesis affords complete mixing of metal(II)
cations in the perovskite crystal lattice due to diffusion-assisted
slow substitution of Cd2+ for Pb2+ at 150 °C along with
passivation of the NCs surface defect sites by oleylammonium
bromide species. Accurate values of the band gap energy for
the bulk forms of initial CsPbBr3 and resultant
CsPb0.88Cd0.12Br3 perovskites are predicted via density function
theory (DFT) calculations. The structure, crystallinity, and
chemical content of the Cd-doped NCs are determined using
powder X-ray diffraction (XRD), high-resolution scanning
transmission electronic microscopy (HRSTEM), and quanti-
tative energy-dispersive X-ray (EDX) spectroscopy methods,
respectively. The colloidal solution demonstrates PLQY =
89.9% along with no change in PL line shape for at least 2
months. This is consistent with the experimentally established
even distribution of Cd2+ in the perovskite crystal lattice and
confirms a low concentration of surface defects in NCs.
Electroluminescent (EL) properties of NCs are studied on

multilayer devices that reveal no noticeable spectral shift at 6 ×
107 V m−1 for 30 min.

■ RESULTS AND DISCUSSION
Synthesis of Cs(Pb,Cd)Br3 NCs. To obtain perovskite

NCs doped with Cd2+ ions, we employ a novel synthetic
approach. First, we prepare a stock solution for the doping
procedure by mixing 0.5 mmol of cadmium bromide hydrate
(CdBr2·[H2O]4) with 1.2 mmol of oleic acid (OA) and 1.2
mmol of oleylamine (OLAM) in 10 mL of 1-octadecene
(ODE) solvent. The mixture reacts under N2 gas at 150 °C to
give a clear solution (for details, see Methods) that is cooled to
room temperature and utilized further for the modification of
the CsPbBr3 NCs structure. The resultant stock solution
contains cadmium oleate Cd(OA)2 and oleylammonium
bromide [Br−···HOLAm+] species that is confirmed by the
presence of two peaks at 1640 and 1545 cm−1 assigned to
protonated amine groups (−NH3

+) and oleate anions
(−COO−),28 respectively, in Fourier-transform infrared
(FTIR) spectrum of the solution (Figure S1). Second, a
colloidal solution of CsPbBr3 NCs of 11−12 nm size is
prepared according to a protocol reported by Protesescu et al.7

For this, 0.18 mmol of lead bromide (PbBr2) is mixed with
1.58 mmol of OA and 1.52 mmol of OLAm in 5 mL of ODE at
120 °C. The mixture is stirred and heated up to 180 °C under
N2 gas to give a clear perovskite precursor solution. As the
temperature reaches 180°, 0.05 mmol of preliminary prepared
cesium oleate (CsOA) in the ODE (for details, see Methods)
is quickly injected into the precursor solution. After injection,
colloidal CsPbBr3 NCs form immediately. We let this colloidal
solution react for 10 s and, thereafter, quench the reaction
using an ice bath. The colloidal solution is diluted with 15 mL
of ODE and centrifuged at 5000 rpm for 5 min. Then, we
discard a supernatant solution, redisperse the obtained
sediment in 15 mL of ODE, and add to it 0.018 mmol of
Cd(OA)2 and 0.036 mmol of [Br−···HOLAm+] species (0.320
g of the stock solution). Such an addition causes an immediate
rise in PL of the colloidal solution (see the image with two
vials in Figure 1), obviously, because of the passivation of the
crystal lattice defects at the NCs surface. The resultant mixture
undergoes vacuumization and then is stirred under N2 gas at
150 °C for 1 h. A schematic illustration of the synthesis is
presented in Figure 1. We trace the dynamics of the doping
process by blueshift of the PL maximum of the aliquots taken
during the reaction (central bottom image in Figure 1). Since
the reaction occurs at a limited concentration of Cd(OA)2, it
reveals exponential dynamics that is confirmed by the time-
dependent b lueshi f t descr ibed by the funct ion

( )t( ) exp t
max = + , where α = 20 nm, β = 485 nm,
and τ = 13 min that give the value λmax(0) = 505 nm
corresponding to the first aliquot taken right at the moment
when the temperature reaches 150 °C. As a result, we obtain
485 nm blue-emitting Cs(Pb,Cd)Br3 NCs for 1 h (Figure 1).
The final product is sedimented by centrifugation at 5000 rpm
for 5 min and redispersed in 20 mL of n-hexane.
Modeling. We assume the stirring of CsPbBr3 NCs with

the additive at 150 °C results in the reaction of Cd(OA)2 with
perovskite NCs. In this reaction, Cd2+ ions substitute for Pb2+
ones at the surface and then the former undergo inward
diffusion while the latter diffuse toward the surface where they
tend to be released in the form of Pb(AO)2. Meanwhile, [Br−···
HOLAm+] species passivate surface vacancies at halogen- and
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cesium-site and, thus, preserve bright PL (Figure 2a).
According to quantitative EDX analysis (see Structural and
Optical Properties subsection), the resultant product of our
synthesis exhibiting emission centered at 485 nm contains
approximately 12% of Cd2+. This is consistent with data
reported by Imran et al.25 Taking this into account, we conduct
theoretical modeling of the crystal structures of initial and
resultant perovskites as well as estimate band gap energies for
them to verify remarkable differences in PL.
The DFT calculations are performed to determine the

crystal structure and band structure for orthorhombic CsPbBr3
and CsPb0.875Cd0.125Br3 perovskites (for details, see Methods).
The latter one can be easily generated by substitution of 1/8 of
Pb atoms with Cd atoms in 2 × 2 × 1 translation of the
CsPbBr3 unit cell. This makes calculations much less time-
consuming than in the case of CsPb0.88Cd0.12Br3. Meanwhile,
we believe that such a small alteration of the composition does
not change the band gap value of the studied Cd-doped
perovskite significantly. As expected, the crystal lattice for the
latter is more compact as compared to that of the former: a =
7.97 Å, b = 8.29 Å, c = 11.56 Å for CsPb0.875Cd0.125Br3, and a =
7.91 Å, b = 8.43 Å, c = 11.67 Å for CsPbBr3. The structures are
presented in Figure 2b. It is known that the band gap values
close to experimentally measured for CsPbBr3 can be obtained
from DFT calculations using conventional Perdew−Burke−

Ernzerhof (PBE)29 exchange-correlation potential30 without
spin−orbit coupling (SOC). This happens because generalized
gradient approximation level calculations often underestimate
the band gap values of materials31−33 and the SOC effect can
significantly lower the calculated band gap values of Pb-based
halide perovskites.34,35 In the case when Cd atoms substitute
for Pb ones, the effect of SOC on the band structure of
material can change drastically and, thus, a more accurate
calculation procedure which incorporates SOC needs to be
employed. The calculation procedure described in the
Methods section provides the accurate band gap value (2.34
eV) for CsPbBr3

36 with an account of SOC, no free
parameters, and a fraction of the cost of more advanced
meta-GGA or hybrid exchange-correlation potentials. Introduc-
ing 12.5% of cadmium in the crystal lattice instead of lead gives
the opening of the band gap from 2.34 up to 2.49 eV depicted
in the corresponding k-dependent spectral function plots in
Figure 2b. For CsPbBr3, the value is very close to
experimentally derived 2.31 eV for bulk perovskite.37 On this
basis, we believe 2.49 eV is also a quite accurate value for bulk
CsPb0.875Cd0.125Br3.
Structural and Optical Properties. To evaluate the

impact of Cd-doping on structural transformations, powder
XRD of NCs thick film deposited on a glass substrate is
conducted. In comparison with the reference data for
orthorhombic CsPbBr3 (space group Pbnm),38 the obtained
Cs(Pb,Cd)Br3 NCs demonstrate a small shift of the diffraction
peaks to larger 2θ angles, in particular a peak at ca. 30°
undergoes 0.2° shift (Figure 3a). At the same time, it is
established that all the diffraction peaks in the pattern of
purified as-prepared CsPbBr3 NCs match perfectly with the
reference ones (Figure S2). On the basis of XRD data, the
angle difference between centers of (110) diffraction peaks of
CsPbBr3 and Cd-doped NCs is 0.08° 2θ only. This implies that
Cd doping in our synthesis causes a lattice contraction of 0.5%
in the [110] crystallographic direction. Indeed, the replace-
ment of Pb2+ with Cd2+ possessing a smaller ionic radius than
the former results in a decrease in the volume of the crystal
unit cell and, therefore, makes the crystal lattice slightly more
compact. A similar trend was observed by Imran et al.25 (see
Supporting Information). A mean size for NCs is estimated
from low-magnification scanning transmission electron micros-
copy (STEM) images and equals 11 nm (Figure 3b).
HRSTEM image (Figure 3c) and fast Fourier transform
(FFT, Figure 3d) of the captured NC reveal its excellent
crystallinity and the distance of 0.58 nm between the (002)
crystallographic planes. It is worth noting that we do not
observe any Pb/Cd−Br sublattice25 in the high-resolution
image because of an even distribution of Cs, Pb, Cd, and Br
atoms in NCs confirmed by EDX mapping analysis of a triad
(Figure 3e). For the determination of the exact chemical
content of the NCs, a concentrated colloidal solution is drop-
casted on the surface of a silicon substrate that is further sealed
in a 10 mL centrifuge tube to let the solvent slowly evaporate.
This procedure gives a thick film along with perovskite
superlattices39 (Figures 3f and S3) that are measured by
quantitative EDX spectroscopy. The EDX spectrum demon-
strates major signals for Br, Pb, and Cs atoms, as well as a
minor one for Cd (Figure 3g). According to the spectrum, our
NCs have a composition close to CsPb0.88Cd0.12Br3.
Owing to the incorporation of Cd2+ instead of Pb2+ into

perovskite lattice the absorption and PL spectra shift to the
blue region by 28 nm as compared to those of initial CsPbBr3

Figure 1. Schematic illustration of the synthesis of Cd-doped colloidal
perovskite NCs. After the preparation of CsPbBr3 NCs, they are
purified and mixed with the reactive species for doping. Adding the
reactive species causes an immediate increase in PL of the colloidal
solution as shown in the image with two vials. When the mixture is
stirred at 150 °C under N2 gas, Cd2+ ions substitute for Pb2+ ones in
the perovskite crystal lattice which results in a gradual blueshift of PL
spectrum of NCs. The bottom images show the color of PL before
(right picture) and at the end (left picture) of the doping procedure.
The time-dependent blueshift of the PL maximum is presented in a
central bottom plot. Inset image demonstrates the gamut of PL for the
series of aliquots taken during the reaction: in every row of aliquots
Cd content in NCs increases from left to right and reaches the
maximum value for the right sample in the front row. Note the
samples on the left side look brighter because UV light excites the
entire set from the left as well.
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NCs (Figure S4). The colloidal solution exhibits a single peak
centered at 485 nm with a full width at half-maximum of 19.5
nm (Figure 3h). The latter value is 2 nm larger than that of
nondoped counterpart. Such a shift and broadening of the PL
spectrum is explained by the phenomenon of the opening of a
band gap as follows: the larger the Cd content in the lattice,
the less dispersive the conduction band minimum at the Γ
point and the closer its energy to the vacuum level along with
the stronger the stabilization of the band at the R-point
emerging from the bonding orbital overlap of the empty 5s
orbitals of Cd with the unoccupied 6p of Pb.25 Furthermore,
we emphasize that the colloidal solution of our NCs shows
almost 90% PLQY and exhibits spectrally stable emission for 2
months (Figure 3i). These data demonstrate significant
improvement in comparison with PLQY = 82% for previously
reported CsPb0.88Cd0.12Br3 NCs that suffer from structural
instability related to the release of Cd species and, therefore,
experience pronounced redshift of PL spectrum for 14 days.25

We assume the established improvement of optical properties
stems from our synthetic approach that affords Cd2+ ions to
slowly substitute for Pb2+ ones at the surface of NCs and
diffuse inward at 150 °C resulting in their even distribution in
the crystal lattice proven by EDX mapping (Figure 3e). In
addition, [Br−···HOLAm+] species in the reaction could act as
a source of Br− ions preventing the generation of positively
charged halide vacancies and HOLAm+ ions passivating
negatively charged vacancies at the surface. Thus, the
successful healing of surface defects effectively suppresses the

release of Cd species in the solution as well as reduces
nonradiative exciton recombination.
Perovskite NCs-Based LEDs. EL properties of Cd-doped

NCs were examined on multilayer devices possessing an
architecture similar to one reported by Vashishtha et al. (see
Supporting Information in ref 40). The device configuration
consists of consequently spin-casted on top of indium tin oxide
(ITO) anode hole injection poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT/PSS), hole-transporting
poly(4-butylphenyl-diphenyl-amine) (polyTPD), electron-
blocking polyvinylcarbazole (PVK), and emissive NCs layers
that are covered with electron-transporting 1,3,5-tris(1-phenyl-
1H-benzimidazol-2-yl)benzene (TPBi) layer and LiF/Al
cathode deposited by thermal evaporation in a vacuum
chamber (Figure 4a, for details, see Methods). In such a
device, electrons are injected from the lowest unoccupied
molecular orbital of TPBi into the conduction band of the
NCs, while holes are transferred from the highest occupied
molecular orbital of PVK into the valence band. Furthermore, a
thin PVK layer prevents the leakage of electrons from the
active layer and their undesirable recombination with holes in
polyTPD. To balance concentrations of the injected electrons
and holes in the emissive layer for their efficient radiative
recombination we vary the thickness of layers. It is established
that ITO/PEDOT/PSS (40 nm)/polyTPD (20 nm)/PVK (5
nm)/CsPb0.88Cd0.12Br3 NCs (15 nm)/TPBi (20 nm)/LiF (1
nm)/Al (120 nm) structure demonstrates the highest perform-
ance: turn-on bias of 4.5 V, maximum brightness of 138.7 cd

Figure 2. (a) Schematic illustration of the formation of mixed-cation perovskite structure along with passivation of defect states to preserve highly
efficient luminescence. For this, the cubic CsPbBr3 structure has been chosen because the formation occurs at 150 °C temperature. Cd oleate
molecule reacts with the Pb ion at the surface to give the Pb oleate counterpart and surface Cd ion that further diffuses inward the NC. [Br−···
HOLAm+] species passivate Br−-site (VBr+ ) and Cs+-site (VCs−) vacancies at the surface. (b) Calculated crystal structures of orthorhombic CsPbBr3
and CsPb0.875Cd0.125Br3 and corresponding energy band diagrams for them. The color intensity is proportional to the density of states. The bands
were unfolded with respect to the optimized CsPbBr3 structure.
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m−2 at 8.5 V (Figure 4b), and maximum EQE = 0.038% at
current density of 69.25 mA cm−2 (Figure 4c). This device
performance is much higher than that of one based on blue-
emissive mixed-halide CsPbCl1.5Br1.5 NCs

15 (pink curve in
Figure 4c).
The fabricated devices show sky-blue electroluminescence

(see the inset image in Figure 4b) which is identified by (x
0.13; y 0.25) coordinates in the CIE 1931 color diagram
(Figure 4d). The single-peak emission is centered at 485 nm
and does not undergo any spectral shift with an increase in
applied bias up to 8.5 V (Figure 4d) that is not true for single-
layer devices based on mixed-halide Cl−Br perovskites
revealing a new peak with a longer wavelength when bias
exceeds 4 V.41 Finally, we test the temporal stability of the EL
spectrum at a bias of 6 V. Taking into account the overall
thickness of the sandwich structure of about 100 nm, the
magnitude of the induced electric field is estimated to be 6 ×
107 V m−1. At this magnitude, no noticeable change in the line
shape of the EL spectrum is detected for 30 min (Figures 4e
and S5). It is worth noting that devices with ITO/ZnO/
CsPbCl1.5Br1.5 NCs/TFB/MoO3/Ag architecture operating
under two times weaker electric field showed a pronounced

redshift of EL peak from 485 to 518 nm for 10 min15 (Figure
4e).
To vividly demonstrate a major improvement in the spectral

stability, we present the comparative dynamics in the log−log
scale in Figure 4f illustrating EL peak redshift of 0.7 nm only in
our devices versus 33 nm value in the reference ones.
Therefore, we claim our synthetic approach to be superior
for the production of blue-emitting perovskite NCs resistant to
electric field-induced ion segregation.

■ CONCLUSIONS
In summary, we have presented a novel approach for the
preparation of Cs(Pb0.88Cd0.12)Br3 perovskite NCs. Our two-
step synthesis includes the production of conventional
CsPbBr3 NCs and their doping with Cd2+ ions using reactive
Cd(OA)2 species in the presence of [Br−···HOLAm+]
preventing the formation of structural defects at the NCs
surface. The accurate values of the band gap energy for both
materials in their bulk form have been predicted via DFT
calculations. The resultant Cd-containing NCs with a mean
size of 11 nm have been characterized using XRD, HRSTEM,
and EDX methods confirming their crystal structure, high
crystallinity, and even distribution of all the chemical elements

Figure 3. (a) XRD pattern for Cs(Pb,Cd)Br3 NCs and the reference data for orthorhombic CsPbBr3 perovskite (space group Pbnm). (b) Low-
magnification STEM image of an ensemble of NCs. Inset plot shows a histogram of the size distribution of NCs and Gaussian fit giving a mean size
of 11 nm. (c) HRSTEM image of an isolated NC demonstrating 0.58 nm distance between (002) crystallographic planes. (d) FFT image of the NC
measured along the [110] zone axis and confirming its high crystallinity because of the observation of sharp and bright spots, in particular
corresponding to (002), (1−10), and (1−12) planes. (e) EDX mapping of an NCs triad showing an even spatial distribution of Cs, Pb, Cd, and Br
atoms in the perovskite crystal lattice. (f) SEM image of NCs deposited on a silicon substrate in the form of thin film and microscopic superlattices.
(g) EDX spectrum of a single superlattice (the stained one in the SEM image) revealing a chemical content of NCs close to CsPb0.88Cd0.12Br3. (h)
Absorption and PL spectra of diluted colloidal solution of the NCs. (i) 8 weeks dynamics of PLQY and wavelength of PL peak maximum for NCs
colloidal solution in n-hexane.
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in them as well as exact chemical composition. The colloidal
NCs solution exhibited bright blue PL (λmax = 485 nm) with
PLQY = 89.9% and no change in the emission spectrum for 2
months. EL properties of the NCs have been studied on
multilayer PeLEDs that revealed a turn-on bias of 4.5 V,
maximum brightness of 137 cd m−2, maximum EQE of
0.037%, and 0.7 nm spectral shift only at a magnitude of the
electric field of 6 × 107 V m−1 for 30 min. The latter is a major
improvement in EL spectral stability. We believe that our
findings will expedite further progress in blue PeLEDs based
on NCs resistant to electric field-induced ion segregation.

■ METHODS
Synthesis. All of the chemicals were purchased from Sigma-

Aldrich and used as received unless otherwise noted.
Cs2CO3 (0.814 g, purity 99.9%), ODE (40 mL, purity 90%), and

OA (2.5 mL, purity 90%) were loaded into a 100 mL flask, dried
under vacuum at 120 °C for 1 h, and then heated up to 150 °C under
stirring and N2 protection, yielding a clear CsOA 0.125 M precursor
solution. The solution was cooled down to room temperature for
storage and preheated up to 120 °C before use.
CdBr2·[H2O]4 (0.172 g, purity 99.9%), ODE (10 mL, purity 90%),

OA (0.38 mL, purity 90%), and OLAM (0.39 mL, purity 90%) were
loaded into a 50 mL flask, dried under vacuum at 120 °C for 1 h, and
then heated up to 150 °C under stirring and N2 protection, yielding a
clear solution containing Cd(OA)2 (0.5 mmol) and [Br−···HOLAm+]
(1 mmol). The solution was cooled to room temperature for storage.
PbBr2 (0.069 g, purity 99.99%) and ODE (5 mL) were loaded into

a 50 mL 3-neck flask and dried under a vacuum for 1 h at 120 °C.
OLAm (0.5 mL) and OA (0.5 mL) were injected at 120 °C under
vacuum and stirred for 5 min. Then, the flask was filled with N2 and
heated up to 150 °C. After complete dissolution of the PbBr2, the
temperature was raised to 180 °C, and CsOA solution (0.4 mL) was
quickly injected and, 10 s later, the reaction mixture was quenched
using the ice bath.

To purify as-prepared CsPbBr3 NCs, 15 mL of ODE was added to
the product. After centrifuging at 5000 rpm for 5 min, a supernatant
solution was discarded, and the sediment was redispersed in 15 mL of
an ODE. Cd(OA)2 precursor solution (0.320 g) was added to the
latter one. Then, the mixture was poured into a two-neck flask,
degassed under vacuum for 10 h at 80 °C and, afterward, stirred at
150 °C for 1 h to obtain CsPb0.88Cd0.12Br3 NCs. The resultant
solution was quenched using an ice bath, separated from byproducts
by centrifuging at 5000 rpm for 5 min, and finally, redispersed in 10
mL of n-hexane.
DFT Modeling. The DFT calculations were performed by means

of the GPAW software package.42

The initial configuration for an orthorhombic CsPbBr3 cell with 20
atoms was adopted from Materials Project.43 The CsPb0.875Cd0.125Br3
structure was generated by 2 × 2 × 1 translation of CsPbBr3 unit cell
resulting in 80 atoms cell and then two Pb atoms were randomly
replaced by Cd.
The modified Broyden−Fletcher−Goldfarb−Shanno algorithm44

was used to optimize the atom positions together with cell parameters
for all cells generated. For geometry optimization, we used the
modified for solids Perdew−Burke−Ernzerhof (PBEsol)45 generalized
gradient approximation exchange−correlation functional, Monkhrost-
Pack (MP) grid with density 7 points/Å−1 was used in calculations,
and the plane-wave basis with cutoff 700 eV. The force cutoff was set
to 0.02 eV/Å.
Then, the GLLB-sc46,47 exchange-correlation potential was used to

correctly determine the band gap values. First, the electron density
was calculated on a finer Γ-centered MP grid with a density of 15
points/Å−1 and then the band structure was unfolded with respect to
the optimized CsPbBr3 cell. Finally, the SOC was taken into account
and calculated nonself-consistently in band structure calculations.
Structural and Optical Measurements. XRD pattern for NCs

film was measured using a SmartLab diffractometer (Rigaku)
equipped with a 9 kW rotating Cu anode X-ray tube. STEM images
were obtained on a Titan Themis Z transmission electron microscope
(Thermo Fisher Scientific). SEM images and EDX spectra were
measured on an FEI Quanta Inspect S. The absorption spectrum of
the colloidal solution was recorded on a UV-3600 spectrophotometer

Figure 4. (a) Schematic illustration of the PeLED architecture. (b) Current density−voltage (J−V) and luminance−voltage (L−V) curves. Inset
image demonstrates the PeLED operating at bias of 8 V. (c) EQE versus current density curves for blue-emitting PeLEDs based on
CsPb0.88Cd0.12Br3 (this work) and CsPbCl1.5Br1.5 NCs (redrawn with permission from ref 15, copyright © 2016, John Wiley and Sons). (d) EL
spectra at various biases. Inserted plot is a CIE 1931 diagram describing the color of EL. (e) Evolution of normalized EL spectra of PeLEDs studied
in this work and in ref 15 (redrawn with permission, copyright © 2016, John Wiley and Sons). One can see that Cd-doped NCs do not exhibit any
noticeable redshift of the electroluminescence spectrum, whereas mixed-halide counterparts reveal rapid and dramatic redshift caused by the
electric field-induced ion segregation phenomenon. (f) EL peak redshift versus time plot illustrating improved spectral stability of PeLEDs based on
Cd-doped NCs operating under two times higher electric field than ones based on mixed-halide NCs reported in ref 15 (redrawn with permission,
copyright © 2016, John Wiley and Sons).
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(Shimadzu). The PL spectrum of the colloidal solution and PLQY
were measured on an RF-6000 spectrofluorometer (Shimadzu)
equipped with an integrating sphere.
PeLEDs Fabrication and Characterization. To fabricate the

ITO bottom electrode patterns, glass substrates coated with a solid
ITO layer underwent laser lithography processing. For the deposition
of hole transport layers, namely, Pedot/PSS, polyTPD, and PVK,
along with an emitting layer of cadmium-doped perovskite NCs, a
solution spin-coating technique was employed. The patterned glass
substrates with ITO electrodes were subsequently subjected to a
sequential ultrasonic treatment in deionized water, acetone, and
isopropyl alcohol for 5 min each, followed by oxygen plasma
treatment at 40 W for 5 min.
The application of the Pedot/PSS layer involved centrifuging the

solution at 3000 rpm for 1 min, followed by annealing in air at 120 °C
for 30 min. Similarly, solutions of polyTPD (8 mg per 1 mL toluene),
PVK (5 mg per 1 mL chlorobenzene), and CsPb0.88Cd0.12Br3 QDs in
hexane were applied within a nitrogen glovebox using centrifugation
speeds of 2000, 4000, and 1000 rpm, respectively. Subsequently,
thermal annealing was performed at temperatures of 120, 140, and
100 °C, respectively.
To complete the device structure, an electron-transport TPBi layer

(50 nm), a lithium fluoride layer (2 nm), and an aluminum electrode
(100 nm) were deposited through a thermal vacuum sputtering.
The voltage-ampere and voltage-brightness characteristics of the

fabricated devices were assessed by employing a comprehensive
experimental setup. This setup comprised a Keithley 2400 current
source and an Instrument Systems CAS 120 matrix spectroradiometer
and was controlled utilizing the LabView software package.
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