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The interface defects of core—shell colloidal quantum dots (QDs) affect their optoelectronic properties and
charge transport characteristics. However, the limited available strategies pose challenges in the
comprehensive control of these interface defects. Herein, we introduce a versatile strategy that
effectively addresses both surface and interface defects in QDs through simple post-synthesis treatment.
Through the combination of fine chemical etching methods and spectroscopic analysis, we have
revealed that halogens can diffuse within the crystal structure at elevated temperatures, acting as
“repairmen” to rectify oxidation and significantly reducing interface defects within the QDs. Under the
guidance of this protocol, InP core/shell QDs were synthesized by a hydrofluoric acid-free method with
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Accepted 31st October 2023 a full width at half-maximum of 37.0 nm and an absolute quantum yield of 86%. To further underscore
the generality of this strategy, we successfully applied it to CdSe core/shell QDs as well. These findings
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Introduction

Colloidal quantum dots (QDs) have garnered significant
interest in diverse markets, including electronics and photo-
voltaics, due to their adjustable light absorption,' high color
purity,*” controllable electronic transport, and solution
processability.>** These QDs are usually prepared in a core-
shell geometry, featuring excellent stability and efficient
radiation." ™ One critical aspect that significantly affects their
optoelectronic properties is the presence of trap states within
the band gap, which lead to the localization of charge
carriers.'" These trap states are commonly associated with
surface and interface defects.'®?* Achieving precise control over
trap states in core-shell QDs remains a formidable challenge,
yet addressing it would lead to significant advancements in
their diverse applications.**>¢

A considerable amount of ongoing work in this field aims to
uncover valuable insights that will advance our understanding
of trap states passivation in core-shell QDs. To achieve QDs
with nearly unity photoluminescence quantum yield (PLQY),
surface oxides were eliminated using fluorinating agents prior
to shell growth.””** Furthermore, numerous studies have
highlighted surface ligand engineering to enhance PLQY.***
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innovative solutions for semiconductor nanomaterials.

Alongside surface defects, interface defects inevitably arise
during the preparation of core-shell QDs and significantly
impact their performance.**** Meanwhile, exploring universal
strategies to address the interface defects of QDs remains an
open challenge.">**

Herein, we present a highly versatile strategy for effectively
addressing both surface and interface defects in core-shell QDs
through a simple post-synthesis treatment. First, we examined
the role of halide ions in the post-treatment, and uncovered that
halide ions not only adhere to the surface through ligand
coordination but also gradually permeate into the interior of the
QDs at elevated temperatures. This unique behavior enables
halide ions to bind the cations on the cores, effectively miti-
gating core oxidation during synthesis and significantly
reducing interface defects within the QDs. To demonstrate the
generality of this approach, we successfully applied it to both
InP and CdSe core/shell QDs. The post-treatment InP core-
multishell QDs exhibit an impressive full width at half-
maximum (FWHM) of 37.0 nm and an absolute PLQY of 86%.

Results and discussion

Optical properties of zinc halide post-treated InP core-
multishell QDs

The synthetic procedure for the fabrication of InP core-multi-
shell QDs is depicted in Fig. 1a. This scheme involves hot
injection to product InP cores, followed by cores purification,
subsequent shell growth, and post-treatment processes. The
InP core exhibits a well-defined first exciton absorption peak,
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Fig.1 .Optical properties of InP core—multishell QDs post-treated with zinc halides. (a) Schematic of the synthesis procedure. (b) Normalized PL
spectra (solid lines) and optical absorption (dashed lines), (c) PLQY values and (d) PL decay curves of pristine (black line) and post-treated (green
lines) InP core—multishell QDs. The inset depicts lifetime fitting curves between 90 and 180 ns. (e) High-resolution XPS spectra of In 3d element.

displaying a VD (valley depth) value of 0.43 (Fig. S1at). The VD
value is defined as VD = 1 — (AbSyin/AbSmay), where Abs,,., and
Absn,in represent absorbance at the first maximum and
minimum inflection points, respectively. A higher VD value
indicates better size uniformity.>” The size distribution of InP
cores was improved through the growth of a ZnSe shell, as
evidenced by the increase in the VD values from 0.43 to 0.53. To
relieve strain between the ZnSe and ZnS layers, a ZnSeS gradient
alloy shell is employed. Prior to ZnSeS growth, the residual
indium precursors were effectively eliminated through the
purification of the InP/ZnSe,;, QDs, contributing to the supe-
rior photoluminescence (PL) properties of the InP core-multi-
shell QDs.*® After growing a thick ZnSeS, the FWHM of the QDs
decreased to 36.5 nm, and the VD value reached 0.58 due to
uniform shell growth over the QDs. The PLQY of InP/ZnSe/
ZnSeS increases from 38% to 53% compared to InP/ZnSewin
due to the thicker shell layer that can effectively passivate the
surface defect states. Finally, a ZnS shell was coated as the
outermost layer to provide effective quantum confinement of
excitons within the emissive InP cores. This resulted in a further
increase of PLQY to 73%, with FWHM reaching 36.9 nm and
a slight decrease in the VD value to 0.54.

In previous reports on the synthesis of InP based QDs, zinc
halides (ZnX,) were widely considered as Z-type ligands that
effectively passivated the surface anionic trap states of
QDs.'*?77% Here, zinc halides (ZnX,) were adopted as post-
treatment agents to improve the optical properties of InP/

13120 | Chem. Sci, 2023, 14, 13119-13125

ZnSe/ZnSeS/ZnS QDs. Typically, the zinc halide treatment
agents (0.2 M) were prepared by dissolving 2 mmol ZnCl,,
ZnBr,, and Znl, into 10 ml mixed solvent (Voam : Vope = 2:13)
of OAm and ODE, respectively. The use of mixed solvents is to
reduce the negative impact of excessive OAm on the perfor-
mance of QDs during high-temperature post-processing. The
crude solution of core-shell QDs was heated to 300 °C, and zinc
halide treatment agents were injected at 4 ml h™* for 30 min
and maintained at this temperature for another 30 min. After
treatment, QDs were purified and dispersed in toluene for
further characterization.

The X-ray diffractogram (XRD, Fig. S1dt) confirms the zinc
blende structure of the QDs, which remains unchanged after
treatment. Transmission electron microscopy (TEM, Fig. S21)
demonstrates the excellent size uniformity of InP core-multi-
shell QDs, and the particle size and distribution remain
consistent between OAm and ZnX, treated samples. Therefore,
the slight red shift observed in the PL peaks of ZnBr, and ZnCl,
treated QDs (Fig. 1b) can be reasonably attributed to electron
delocalization resulting from the binding of highly electroneg-
ative halogen ligands.*® As expected, the PLQY values of the QDs
treated with ZnX, show a notable improvement (Fig. 1c), as
summarized in Table S1.7 Specifically, the PLQY of the ZnBr,
treated sample increases from 73% to 86% compared to the
pristine QDs. To exclude the contribution of OAm solvents to
the enhancement of PLQY, a control treatment using an
equivalent amount of OAm but without zinc halides was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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conducted. Interestingly, OAm exhibits a detrimental impact on
the PLQY enhancement, which can be attributed to the
replacement of the relatively stronger-binding oleic acid ligands
with the weaker-binding OAm ligands, resulting in a decrease in
PLQY.* To clarify whether zinc in zinc halides plays a key role in
improving PLQY, another control treatment experiment was
performed. 0.1 M OAm halides were prepared by dissolving
1 mmol of OAm-Cl, OAm-Br, and OAm-I each in 10 ml of ODE.
Using the same treatment process as above, the crude solution
of multishell QDs was heated with OAm halides at 300 °C for
60 min, and all treated samples show a similar improvement in
PLQY as the treatment with Zn halides (Fig. S31). This means
that the halide ions are the main contributors to the improved
PLQY.

To elucidate the origin of higher PLQY values in halides
treated QDs, the time-resolved photoluminescence (TRPL)
spectra were examined (Fig. 1d). The TRPL decay curves were
fitted using a double exponential function, and the fitting
parameters are listed in Table S1.f Typically, the shorter
component (t,) of the fluorescence lifetime is associated with
band-edge transition emission, while the longer component (z,)
is linked to defect-related emission.* It is observed that the
band-edge transition portions (z;%) significantly increase in
ZnX, treated QDs. Specifically, the band-edge transition portion
of ZnBr, treated QDs improved from 50.1% to 79.2% compared
with untreated QDs. This evident improvement is ascribed to
the passivation of trap states of the QDs after ZnX, treatment.
Besides, the average fluorescence lifetimes of ZnX, treated QDs
were significantly shortened compared with untreated QDs
(Table S1f). Specifically, the average lifetime of the ZnBr,
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treated sample dropped from 47.4 ns to 37.1 ns relative to the
untreated samples. We attribute the observed shorter lifetime of
post-treatment samples to the incorporation of more Zn>" into
the InP lattice, resulting in a faster hole trapping rate.** In
addition, the average lifetime of ZnX, post-treated samples is
shorter than that of OAm post-treated samples, which also
confirms this conjecture. This is because adding an additional
zinc source will accelerate the entry of Zn>" into the InP lattice,
resulting in a shorter fluorescence lifetime.

The chemical states of InP core-multishell QDs were inves-
tigated by XPS measurements (Fig. 1e). It is noteworthy that in
addition to the normal In 3d peaks at 444.6 eV identified as the
chemical states of InP,* new chemical states appear in the
ZnBr, and ZnCl, treated samples at 446.0 eV. These new
chemical states in the In 3d spectra are identified as the coor-
dination of In with halogens (i.e., InBr, and InCl,),* and the In
3d XPS spectra of InP QDs (Fig. S3ct) treated with OAm halides
also exhibit the same shift towards higher binding energy. The
relatively inconspicuous In 3d peak shift from the ZnI, treated
sample can be attributed to the weaker binding strength or
more obvious steric effects of iodine ions. Furthermore, the Cl
2p, Br 3d, and I 3d XPS spectra confirm the presence of Cl, Br,
and I ions in the InP QDs (Fig. S47).

The diffusion of halogens into InP/ZnSe/ZnSeS/ZnS QDs

The diffusion of halogens in perovskite crystals has been widely
reported,”** but rarely reported in II-VI and III-V semi-
conductors. In our case, to determine whether the halogens are
only bonded to the surface of QDs or also diffused into the ZnS
shell, the ZnBr,-treated InP core-multishell QDs were layer-by-
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Fig.2 .Chemical etching of pristine and ZnBr,-treated InP core—multishell QDs. (a—d) TEM images and size distribution histograms (top-right) of
QDs after various etching times. (e) Changes in the In: Zn element ratios and (f) variations in the Br~ content of InP QDs processed at different
temperatures as a function of etching cycles. The grey background represents the noise level.
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layer etched by wet chemical processes, with detailed proce-
dures provided in the Methods section of the ESI.f InP core-
multishell QDs were gradually etched to reach the surface of the
InP core after five rounds of etching, as shown in the size
distribution histograms of TEM (Fig. 2d). This was further
confirmed by measuring the change of In: Zn element ratios by
ICP analysis with the etching cycles (Fig. 2e). The In:Zn ratios
rapidly increased after five etching cycles, indicating the etching
reached the InP cores. Ion chromatography was employed to
quantitatively analyze the content of Br ions in the etching
supernatant of InP QDs, which varied with etching cycles
(Fig. 2f) and could reflect the distribution of halide ions within
the QDs to some extent. During the sixth etching, the InP core
was completely etched, and the Br ion content was almost zero.
Therefore, it is reasonable to speculate that the Br ions did not
diffuse into the InP core. This phenomenon can be attributed to
the higher diffusion activation energy required for halogen
diffusion in the InP lattice.

Surprisingly, based on the samples processed at 300 °C, Br ions
are not only localized on the surface of multi-shell QDs but also
distributed throughout all the shells, as shown in Fig. 2f. It is also
found that the distribution of Br ions exhibits temperature-
dependent features. This phenomenon can be explained as

OAm, ZnX,

Pristine
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follows: firstly, an activation barrier must be surmounted for the
ZnX, ligands to attach to the QDs' surface,'® which could explain
the significantly higher concentration of Br ions on the QDs'
surface when treated at 200 °C compared to 80 °C. Secondly, under
much higher post-treat temperatures, e.g. at 300 °C, the highest
concentration of Br ions occurs in the third etch instead of the first
one, which we attribute to the gradual diffusion of Br ions into the
QD shells after overcoming the specific diffusion barrier,* result-
ing in a relative decrease in the surface coordinated halide ions.
Therefore, we can conclude that halogens can diffuse inside QDs
and exhibit temperature-dependent characteristics.

Fig. 3a illustrates the temperature-dependent diffusion
mechanism of halide atoms within InP core-multishell QDs. At
higher temperatures, an increased number of vacancies occurs,
facilitating the diffusion of halide atoms.*>*® The temperature
dependence of PLQY values in InP QDs treated with ZnBr, is
also evident (Fig. 3b), with QDs post-treated at higher temper-
atures displaying higher PLQY values. We attribute this to
a greater number of halogens entering the interior of QDs for
defect repair at higher temperatures. This finding was further
supported by the TRPL measurements, indicating that QDs
prepared at higher post-treatment temperatures exhibit more
band-edge emission components (Fig. 3d). The FWHM of
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ZnBr,-treated InP QDs, processed at different temperatures,
exhibits varying changes with post-treatment time. Specifically,
QDs post-treated at 300 °C demonstrate a smaller FWHM
compared to those treated at 160 °C and 240 °C (Fig. 3f), which
can be attributed to the higher temperature favoring the
formation of better chemical homogeneity within the QDs.*”

The diffusion of ions within a crystal involves overcoming
potential barriers, which are influenced by the internal lattice
environment of the ions as well as external potential gradient
forces. Interactions between ions and surrounding atoms create
potential wells that bind the ions. Various gradient forces,
including concentration gradients, electric fields, and thermal
potential gradients, drive ions diffusion. At a given temperature,
the mobility and diffusion coefficient of ions depend on factors
such as the height of the potential barriers from the equilibrium
position, the frequency of ion jumps, and the average distance
of these jumps. As temperature increases, the ions become
more active, facilitating their transition across the barrier to
another equilibrium position, as illustrated in Fig. 3e. The
temperature dependence of diffusion can be explained as
Arrhenius formula*®

D=D° exp(— AH)

kT 1)

where D° denotes the pre-exponential factor, AH is the activa-
tion enthalpy of diffusion, kg is the Boltzmann constant, and 7
is the absolute temperature. 7" — 0 yields the pre-exponential
factor D°, which can be written as
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where g is a geometrical factor, fis the correlation factor, 1° is
the attempt frequency, a is the lattice parameter, and AS is
called the diffusion entropy. Combining eqn (1) and (2), eqn (1)
can be expressed as

D = gfi’d’ exp( - kA—C;) (3)
B

here AG = AH — TAS is the Gibbs free energy of activation.

ZnS and ZnSe zinc blende lattices are open crystal structures
with sufficient space for diffusion of interstitial species.*®* And
the ionic radii of chloride (Cl™, 181 pm) and bromide (Br™, 196
pm) are similar to those of selenium (Se*~, 198 pm) and sulfur
(S*>7, 184 pm). For this reason, we speculate that CI~ and Br~
diffuse within the zinc blende lattice of ZnS and ZnSe mainly
through interstitial diffusion and interstitial-substitutional
exchange diffusion mechanisms, and the hybrid solutes (Cl~,
Br ) change over to more soluble substitutional states via the
dissociative or kick-out mechanisms (Fig. 3f).

The removal of internal oxidation defects by halogens

The discovery of the temperature dependence of halide ion
diffusion in zinc blende lattices has enabled us to devise an
internal trap state repair scheme for core-multishell QDs
featuring a defect-free crystal structure. Previous reports have
demonstrated that stacking faults in ZnTeSe/ZnSe/ZnS QDs can
be effectively eliminated by treating them with both HF and
ZnCl, during shell growth.*” In a designed experiment, we have
shown that the post-treatment of halides could also effectively

DY — ¢fi'® exp AS () Temove the internal oxidation defects (Fig. S77).
kg The removal of internal oxidation defects by halogens was
further confirmed in CdSe/ZnS and InP/ZnSeS core/shell QDs
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treatment or with OAm-Br post-treatment. The insets show photographs of InP/ZnSeS QDs under UV excitation at 365 nm. (c) X-ray dif-
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prepared from purposely oxidized cores. CdSe and InP QDs
were first treated with dibenzoyl peroxide to prepare oxidized
cores, followed by purification, shell growth, and finally post-
treatment with OAm halides (Fig. 4a). The optical absorption
and normalized PL spectra of these QDs are shown in Fig. S8.7
The PLQYs of CdSe/ZnS and InP/ZnSeS with oxidized cores were
poor, at 32% and 21%, respectively, which increased to 42% and
33%, respectively, after OAm-Br post-treatment (Fig. 4b).
Further analysis of intrinsic factors that contribute to the
enhancement of PLQY has been conducted by XRD measure-
ments. The CdO/ZnO mixed oxide peaks are observed in the X-
ray diffractogram (Fig. 4c) of oxidized CdSe/ZnS QDs,* which
are obviously weakened after being treated with OAM-Br. In
high-resolution XPS spectra (Fig. 4d and e), the pristine samples
prepared without BPO treatment exhibited the In 3ds,, peak at
444.6 eV and Cd 3ds, center at 405.0 eV, corresponding to the
chemical states of InP and CdSe, respectively. After BPO treat-
ment, the Cd 3d peaks shifted to lower binding energy, while
the In 3d peaks exhibited a slight shift towards higher binding
energy, indicating the generation of Cd-O and In-O species,
which is consistent with what has been previously reported.>"*
It is noteworthy that both the binding energy of Cd 3d and In 3d
shifted towards higher binding energy after OAm-Br treatment,
suggesting the formation of Cd-Br and In-Br compounds.***
Therefore, it is reasonable to speculate that the PLQY
enhancement is associated with the removal of internal oxida-
tion defects.

Conclusions

In summary, we have shed light on the microcosmic mecha-
nisms of QD passivation using halide agents for post-treatment.
Meticulous chemical etching demonstrates the potential diffu-
sion of halide ions in ZnS and ZnSe zinc blende lattices, and the
diffusion processes have temperature-dependent features.
Multilateral XPS analysis elucidated the molecular mechanisms
of halogen passivation by conversion of oxide species to metal
halides. Based on this profound understanding of the halide
passivation mechanisms, facile post-treatment schemes were
devised for core-multishell QDs. Following the guidelines,
uniform and defect-free InP core-multishell QDs were prepared
with a PLQY of 86%. This article provides new insights into the
interactions between halogens and nanocrystals, which will
help to deepen the understanding of defect passivation and
develop novel synthetic strategies for other nanomaterials.
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