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Colloidal semiconductor quantum dots (QDs) have attracted great attention in field of optoelectronic devices.
However, the surface organic ligands of QDs involving in optical instability and limited passivation remain
challenging, thus bringing additional difficulties in practical application. Here, the high-performance CdSe/
CdS@ZnO QDs were successfully prepared by ZnO sol as surface ligands. Importantly, this kind of CdSe/
CdS@ZnO QDs maintained the typical advantages of conventional QDs, such as superior monodispersity and
long-term storage stability in solution. Because of the effective surface passivation provided by inorganic sol
ligands and the deionization effect that electron transferring from surface state of QDs to ZnO acceptor, CdSe/
CdS@ZnO QDs showed the remarkably enhanced photostability and biexciton lifetime, as well as further sup-
pressed Auger process and PL blinking. Meanwhile, the CdSe/CdS@ZnO QDs demonstrated PL thermal stability
much higher than that of pristine CdSe/CdS QDs under heating to 100 °C, which was efficiently improved 3 times
that from ~20% to ~63% of their initial emission intensity. Moreover, a stable amplified spontaneous emission
process was observed in CdSe/CdS@ZnO QDs film and still retained a lower ASE threshold (~28 pJ cm’z).
Finally, we successfully fabricated a high-performance vertical cavity surface-emitting laser based on CdSe/
CdS@ZnO QDs, which presented spatially directional single-mode lasing output with an ultralow threshold of
~3.3 pJ em ™2 We believe that this work could not only enrich the family of surface ligands passivated semi-
conductor QDs but also provide a novel strategy towards constructing stable and functionalized colloidal
nanomaterials for all-inorganic optoelectronic devices.

generally suffers from the insufficient passivation of undercoordinated
surface atoms and particle aggregation, as a result of the partial

1. Introduction

Colloidal semiconductor quantum dots (QDs) have emerged as
promising materials owing to their superior optical properties in various
potential applications, such as biomedical labeling, display backlights,
lasers, and single-photon sources.[1-4] The surface organic ligands of
QDs are necessary to ensure their optical performance and stability,
which also provides a flexible choice for transforming their dispersion
solvents environment, serving as a particular advantage for solution-
processed fabrication of colloidal QD devices.[5-7] However, the inor-
ganic-organic interface of QDs-ligand as a unique model system
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desorption of organic ligands from QDs at different storage and appli-
cation environment.[6,8,9] In this case, it easily resulted in an abun-
dance of surface defects, which could act as surface trap states of
excitons, and thus the deterioration in optical properties (such as low
photoluminescence quantum yield (PL QY), PL blinking, and trap-
induced Auger process).[8-12] Additionally, the long insulating li-
gands would extremely prevent charge injection and limit the charge-
transport property of materials, which was detrimental for the
improvement of emission efficiency and stability of QD light-emitting
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diodes.[13,14] So far, the improvement of optical properties relevant to
QDs surface still remains a long-term open question in colloidal quan-
tum dots fields, which is one of the most crucial factors for the realiza-
tion of high-performance QD-based photovoltaic and optoelectronic
devices.

In recent years, many approaches were proposed to suppress surface
defects and improve the optical performance and photostability of QDs,
which were usually implemented by epitaxially growing the inorganic
shells on the surface of QDs or optimizing surface passivation by poly-
mers or oxides encapsulation.[9,15-20] Originally, to address these is-
sues, Core/shell heterostructure QDs have been extensively researched.
For example, CdSe/CdS, CdSe/alloy-shell, and lead-halide perovskites-
based core/shell structure and so on, that could obviously suppress
surface trap sites of core QDs, resulting in the enhanced photostability
and radiative recombination efficiency as well as optical gain perfor-
mance.[5,15,21-27] However, the PL fluctuation phenomenon (blink-
ing property) of single core/shell QD was extremely sensitive to surface
trap and shell thickness, showing random switching of emission in-
tensity between brightness states and dark states, indicating that there is
still more or less adverse effect that from the surface states for the optical
properties of core/shell QDs.[5,28-30] Since PL blinking of the QDs at
single dot level has not been well controlled, thus the local environ-
mental effects on single QD exciton state and its mechanism have been
studying.[30-32] On the other hand, colloidal QDs could be also
encapsulated in barrier materials to passivate surface trap states and
prevent further deterioration of optical properties, such as capping or
embedded into polymers or oxides (PMMA, PVA, PVP, SiO,, TiOs, ZrO,
etc.) to reduce the sensitivity of QDs to oxygen, moisture, and temper-
ature.[16-20,33,34] Although the remarkable enhancement of photo-
stability and PL QY could be achieved by passivation effect of polymers
or oxides matrix, it should be noted that most of the reported QDs
composite systems were in multiple-particle level with poor dispersity
and low ensemble uniformity. This was not ideal for film formation by
the conventional solution-processed process and quite difficult to ach-
ieve several important applications at the single-particle level. Besides,
the thick silica layer or excess matrix materials would inevitably reduce
the packing density of QDs in film, thus could largely low their gain
performance and against their potential opportunities for laser devices.
[35,36] To our knowledge, the choice of best methods for achieving
high-quality colloidal semiconductor QDs that free from the impact of
surface organic ligands is still very limited. Hence, the optimized
reconstruction scheme for the surface of QDs while maintaining good
monodispersity and excellent gain performance for promising opto-
electronic application is needed further exploration from new
perspectives.

In this work, we put forward an efficient strategy to construct high-
quality CdSe/CdS@ZnO QDs with inorganic ZnO sol as surface ligands
for the first time. ZnO is a kind of environmentally friendly semi-
conductor with wide bandgap and high electron mobility. First, the
CdSe/CdS@ZnO QDs were successfully prepared by a facile all-solution
process at room temperature, and then the effects of ZnO sol ligands on
the optical performance of CdSe/CdS QDs have been systematically
studied. The ZnO sol not only can be regarded as surface ligands to
efficiently passivate surface defects of CdSe/CdS QDs but also as elec-
tron acceptors to suppress the charged state of QDs, thus showing the
increased PL emission efficiency and biexciton gain performance, as well
as suppressed PL blinking. Notably, the as-prepared CdSe/CdS@ZnO
QDs still possess good dispersity at single particle level and the ultrahigh
room temperature storage stability in chloroform solution. At the same
time, the coverage of ZnO sol protects the inner QDs from unfavorable
external environment, thus the CdSe/CdS@ZnO QDs exhibit remarkably
improved optical stability against UV irradiation and thermal treatment
in contrast to the pristine CdSe/CdS QDs. Besides, CdSe/CdS@ZnO QDs
exhibits stable amplified spontaneous emission (ASE) process with a
lower gain threshold of ~ 28 pJ cm™2, which was comparable to the
close-packed pure QDs film. Finally, a vertical cavity surface-emitting
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laser was fabricated using CdSe/CdS@ZnO QDs as gain medium layer,
which realized high-performance single-mode lasing emission with an
ultralow threshold of ~ 3.3 pJ cm ™2 and good operation stability. As a
result, the proposal of the concept of inorganic sol ligands should be
essential for improving the optical performance of colloidal semi-
conductor nanomaterials and further constructing all-inorganic opto-
electronic devices.

2. Results and discussion
2.1. Preparation of CdSe/CdS@ZnO QDs

In order to overcome the deficiencies of organic ligands and further
improving optical performance and stability, novel CdSe/CdS@ZnO
QDs structure was here constructed for the first time using ZnO sol as
surface ligands by a feasible all-solution process. Primarily, CdSe/CdS
core/shell QDs with 5 and 11 CdS monolayers (MLs) were synthesized
following a previous method.[34] Then, the synthesized QDs were pu-
rified by N-butyl ether to remove excess organic ligands from the QD
surface (see Supporting Information). Fig. 1a shows the schematic dia-
gram of the modification process on the surface of CdSe/CdS QDs using
ZnO sol. First, to improve the intermiscibility between the QDs and sol,
the surface treatment for QDs was carried out by mixing QDs with
ethanolamine (EA) in chloroform solvent under stirring for 24 h (see
Experimental section). Subsequently, the QDs were precipitated after
the treatment with EA, indicating the loss of original ligands from the
QD surface. From the FTIR spectra of CdSe/CdS QDs before and after
treatment with EA, the oleate (COO") stretching modes near 1560 and
1408 cm ™! arisen from oleic acid (OA) ligands are almost disappeared in
QDs treated with EA (Fig. 1b).[37] Furthermore, the characteristic C-H
stretching vibrations at 2800-3000 cm ™! becomes stronger in EA treated
QDs, which derived from hydrocarbon chain portion in EA.[38,39]
These results indicate that most long-chain OA ligands originally
attached on the QD surface were replaced by short-chain EA. This is
consistent with the study by Dai et al., in which ethylenediamine assist
ligand exchange and phase transfer of oleophilic QDs by stripping of
original ligands from QDs surface.[6] At the same time, the steric hin-
drance of CdSe/CdS QDs was reduced because of the shorten chain
length of surface ligands, thus leading to the poor dispersity stability and
appearing precipitation.[40] Next, colloidal ZnO sol was added drop-
wise into the modified CdSe/CdS QDs solution while shaking until the
QDs precipitation was redispersed well and became a clear and trans-
parent solution, demonstrating the successful reconstruction of surface
ligands using ZnO sol (Fig. S1). Also, the typical peaks between 1400
and 1600 cm ™, as well as a broad band centered on 3300 cm ™! of ZnO
sol are appeared in FTIR spectra of CdSe/CdS@ZnO QDs, further con-
firming that the ZnO sol was successfully capped on CdSe/CdS QDs
(Fig. 1b). Importantly, the larger steric hindrance effect from a dense sol
cross-linking network could contribute the EA treated QDs stably
redispersed in solution.[41,42] Finally, we obtained the CdSe/
CdS@ZnO QDs with the ZnO sol as ligands. In addition, the result has
revealed that CdSe/CdS@ZnO QDs sample could stably store in chlo-
roform solution for longer than 5 years, showing excellent dispersity
stability at room temperature (Fig. S2).

2.2. Structural and optical characterization

The morphology of ZnO sol and above QDs samples was character-
ized by TEM (Fig. 1c-f). The thick-shell CdSe/CdS QDs (11 MLs) shows a
good monodispersity, and with an average particle size of ~ 11.12 nm
(Fig. 1d). The conservation of the QDs shape after the EA treatment is
confirmed with the TEM image (Fig. 1e), where the QDs appear easily
aggregated due to the replacement of long-chain ligands by short-chain
EA, which was consistent with the observed poor dispersity in solution.
The TEM image of CdSe/CdS@ZnO QDs demonstrates that the sol cap-
ped QDs can be redispersed well and retains excellent ensemble
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Fig. 1. (a) The schematic illustration for the preparation of CdSe/CdS@ZnO QDs. (b) Fourier transform infrared (FTIR) spectra of CdSe/CdS QDs (A), EA treated
CdSe/CdS QDs (B), CdSe/CdS@ZnO QDs (C), and ZnO sol (D). (c-f) Transmission electron microscopy (TEM) images of ZnO sol, CdSe/CdS QDs, CdSe/CdS QDs

treated with ethanolamine, and corresponding CdSe/CdS@ZnO QDs, respectively.

uniformity without particle aggregation (Fig. 1f), revealing a feature of
fuzzy sol surface and boundary (Fig. 1c and S3a). The average diameter
of CdSe/CdS@ZnO QDs was measured about ~ 12.24 nm, an average
thickness of ZnO sol estimated to be ~ 0.56 nm by calculation based on
the average size of CdSe/CdS QDs (Fig. S3b). The ZnO sol effectively
protected CdSe/CdS@ZnO QDs from aggregations, thus improving the
storage stability of QDs, which was similar to the function of traditional
organic ligands. Therefore, CdSe/CdS@ZnO QDs could be applied in
several important studies and applications demanding single particle
level, which was an advantage that didn’t have in most QDs composites.
To intuitively verify the distribution of ZnO sol ligands, high-angle
annular dark-field (HAADF) STEM elemental mapping measurement
(Fig. 2a-e) was carried out, which confirmed that ZnO sol was success-
fully capping on CdSe/CdS QDs surface and there were very few un-
bound sol ligands on the blank area (Fig. 2e, red dashed area).

X-ray diffraction (XRD) characterization was employed to investi-
gate the crystallographic structure of CdSe/CdS@ZnO QDs composite.
Fig. 2f shows the XRD patterns of ZnO sol, CdSe/CdS QDs, and CdSe/
CdS@ZnO QDs, respectively. The typical Wurtzite crystalline structure
of ZnO was confirmed by five characteristic diffraction peaks.[43] The
diffraction peaks of colloidal ZnO indexed to the (100), (101), and
(110) planes could be observed in CdSe/CdS@ZnO QDs film. The other
XRD peaks of ZnO were unconspicuous that maybe due to the super-
position of peaks between CdSe/CdS and ZnO. Meanwhile, it is note-
worthy that the diffraction peaks of ZnO in CdSe/CdS@ZnO QDs were
weaker than those of pure ZnO film, because the surface of QDs was just
capped by small amount of ZnO sol. Compared to the diffraction peaks in
CdSe/CdS QDs and ZnO film, no noticeable shift of these peaks in CdSe/
CdS@ZnO QDs was observed, indicating that the crystalline structure of
CdSe/CdS QDs was not affected after ZnO sol modification and end up
with a high-quality and stable QDs composite.

The optical properties of CdSe/CdS QDs before and after capping sol

have also been monitored. Fig. 2g shows absorption and PL spectra of
CdSe/CdS and CdSe/CdS@ZnO QDs. The absorption spectrum of CdSe/
CdS@ZnO QDs almost showed no essential change as compared to that
of the pristine CdSe/CdS QDs. The two absorption peaks could be still
clearly observed following capping with ZnO sol and without distinct
broadening. This result suggested that the original absorption property
of CdSe/CdS@ZnO QDs was hardly affected by the introduction of ZnO
sol, and still maintained uniform size distribution in ensemble level.
Besides, the emission peaks of both samples from the PL spectrum were
located at ~ 641 nm, with the similar full-width at half-maximum
(FWHM) of ~ 27.8 nm and ~ 28.2 nm, respectively. It was no obvious
red-shift and broadening of the emission peak in CdSe/CdS@ZnO QDs.
This observation was typical of well-dispersed and colloidally stable QD
samples, which was consistent with TEM measurement (Fig. 1f). As
shown in the inset of Fig. 2g, the as-prepared CdSe/CdS@ZnO QDs so-
lution exhibited bright red emission under UV irradiation. Besides, the
detected maximum PL QY of CdSe/CdS@ZnO QDs could reach up to ~
85%, which was higher than that of pristine CdSe/CdS QDs (~73%),
which may be derived from the efficient surface passivation by ZnO sol
ligands. These results are performed to demonstrate that there are no
negative effects on the basic optical properties of QDs and their crystal
structure that from the surface modification of ZnO sol ligands.

2.3. Exciton dynamics and optical gain performance

To research the passivation mechanism of ZnO sol for surface defects
and their effects on exciton recombination dynamics of CdSe/CdS QDs,
we measured the time-resolved PL decay dynamics process of the two
samples. Fig. 3a presents the single-exciton PL decay traces of thick-shell
CdSe/CdS QDs and corresponding CdSe/CdS@ZnO QDs, respectively.
The PL decay traces could be well fitted with a biexponential decay
function in the relaxation range longer than 400 ns. The fitting
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Fig. 2. (a) HAADF STEM image of CdSe/CdS@ZnO QDs. (b-e) Elemental mapping images showing the elemental distribution of CdSe/CdS@ZnO QDs. (f) XRD
patterns of ZnO sol, CdSe/CdS QDs, and CdSe/CdS@ZnO QDs, the vertical solid line is standard XRD pattern of ZnO (pink) bulk crystal. (g) UV-vis absorption and PL
spectra of thick-shell CdSe/CdS QDs (black line) and CdSe/CdS@ZnO QDs (red line). The spectra of CdSe/CdS@ZnO QDs are vertically shifted for clarity; the inset
shows the photograph of CdSe/CdS@ZnO QDs solution under UV light irradiation. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 3. (a) Single-exciton PL decay traces of thick-shell CdSe/CdS QDs (black) and CdSe/CdS@ZnO QDs (red); solid lines are fitted curves using biexponential
function. (b) Time-resolved PL decay spectra of thick-shell CdSe/CdS@ZnO QDs pumped at 400 nm with increasing pump intensities; the insert shows that the
biexciton lifetime (7,,) of CdSe/CdS@ZnO QDs is ~ 12.4 ns, extracted by the subtraction procedure. (c) Schematic diagram of the role of ZnO sol ligands towards
CdSe/CdS QDs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

parameters are summarized in Table S1 (See Supporting Information). The major difference in optical properties between the two samples is
As shown in insert of Fig. 3a, the average PL lifetime (z4,) increases the ratio of the two decay components. According to the study of
from 51.05 ns for CdSe/CdS QDs to 58.40 ns for CdSe/CdS@ZnO QDs. surface-related emission in QDs, the short-lived PL lifetime (z7) is
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attributed to the radiative recombination of excitons insides in QDs,
while the long-lived PL lifetime (z5) is related to the surface band-edge
trap state assisted exciton recombination process.[10,44] With the
capping of ZnO sol, the fraction of radiative recombination lifetime 7;
increased from 64.17% to 80.60%, which were upto ~ 39.76 ns.
Meanwhile, the trap-state emission lifetime 75 was reduced from a ratio
of 35.83% to 19.40%. In particular, the changing trend of proportion of
77 and 72 in ZnO sol capped CdSe/CdS QDs indicates greatly improved
radiative recombination efficiency and the reduction of nonradiative
decay channels, because of the fact that the increased radiative recom-
bination lifetime is a crucial factor that associated with the passivation
of surface trap sites in semiconductor nanomaterials.[11,45] From these
results and discussion, we could speculate that fewer defects and higher
exciton radiative efficiency in CdSe/CdS@ZnO QDs. Therefore, the
result demonstrates the efficient passivation effect provided by colloidal
ZnO sol ligands for surface defects of CdSe/CdS QDs and consistent with
the above PL QY analysis, which was similar to other QDs or perovskite
system.[17,33,46]

In addition, we explored more insights into the biexciton recombi-
nation dynamics process of CdSe/CdS@ZnO QDs. The pump-dependent
time-resolved PL decay spectra of CdSe/CdS@ZnO QDs were measured
using a streak camera system (Fig. 3b). The biexciton lifetime 144 ~ 12.4
ns of CdSe/CdS@ZnO QDs is extracted from above PL decay traces by a
subtraction procedure, as shown in insert of Fig. 3b.[47] The biexciton
lifetime of CdSe/CdS@ZnO QDs is longer than that of CdSe/CdS QDs
(~10 ns), indicating the enhanced biexciton gain performance.[27,34]
Furthermore, we could estimate the biexciton Auger lifetime (z24) of
CdSe/CdS@ZnO QDs, which was to be of ~ 130 ns (See Supporting
Information). Their 724 value reveals a further reduction of Auger decay
rates compared to those of CdSe/CdS QDs.[34] Therefore, the extended
biexciton Auger lifetime implies that the partial contribution for non-
radiative Auger process that from the charged states at surface defects
could be more effectively suppressed in this ZnO sol passivated CdSe/
CdS QDs, thus further promoting the optical performance of thick-shell
QDs as a superior gain medium.

Apart from the passivation effect of ZnO sol presenting in above
experiment, another possible function of ZnO for improving optical
performance of CdSe/CdS QDs is that it might act as electron acceptor.
Hence, we here put forward a working mechanism of the ZnO sol in
CdSe/CdS@ZnO QDs, the schematic illustration is as shown in Fig. 3c. In
this model, thick CdS shells (11 MLs) could effectively prevent the
photogenerated electrons insides CdSe/CdS QDs injecting into ZnO sol,
which has been proved that it was nearly no electron transfer between
QDs with shell thickness larger than 1.8 nm (~6 MLs) and ZnO nano-
particle.[48] Actually, the enhanced quantum efficiency and longer
lifetime could also exclude the possibility of exciton transfer from the
inner CdSe/CdS QDs to ZnO sol, even though with the appropriate
conduction band energy level.[11,48] At the same time, the ZnO could
not be excited and then generate excitons under the 400 nm pump
conditions, because of their exciton absorption peak at ~ 307 nm
(Fig. S4), thus proving the impossibility of carriers or energy transfer
from ZnO to CdSe/CdS QD for enhancing optical performance of QDs.
Besides, according to the previous relevant reports, the electron energy
levels of shallow trap states on the surface of CdSe QDs are suggested
near the band edge of emission state.[11,49,50] On these bases, the
small conduction band offset between surface trap states and ZnO sol
could facilitate the efficient transfer of trapped electron at the surface
trap level of CdSe/CdS QDs into ZnO sol (Fig. 3c), which would remove
the extra electron around the photoionized QDs. In this system, ZnO sol
could be regarded as the synergistic role of electron acceptors and
passivating ligands, thereby contributing to reduce the probability of
charged state of QDs and maintain an electrically neutral local envi-
ronment, and finally improve their PL efficiency. In principle, the
deionized QDs are expected to recover bright states (neutral states) from
the dark states (charged states), thus suppressing PL blinking behavior
and the trap-induced nonradiative Auger losses as well as enhancing the
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radiative recombination efficiency.[9,28,32] Therefore, ZnO sol can not
only passivate the QDs surface trap sites, but also possibly as electron
acceptors further to avoid the effect of surface charged states on optical
properties of QDs.

In order to confirm the above proposed model of ZnO sol as surface
electron acceptor, the dynamic photophysical property of a single QD
associated with surface states was measured. Particularly, we aimed to
highlight the effect of sol ligands on the optical properties of QDs,
whereas the thicker CdS shells could effectively suppress PL blinking of
QDs,[21,28,34] thus medium-shell CdSe/CdS QDs (5 MLs) was selected
as the sample for this study. Fig. 4a,b show the representative PL in-
tensity trajectory as a function of time for single medium-shell CdSe/CdS
QD and corresponding CdSe/CdS@ZnO QD, respectively.

As shown in Fig. 4a, the typical off period was observed in medium-
shell CdSe/CdS QD with a long duration of ~ 40 s, which was usually
thought to originate from the charged states inside or at the surface traps
of a QD.[28] The counts of off fraction were upto ~ 12.8% and closed to
the background level. In general, PL blinking behavior is the random
switching between a bright state (on state) and dark state (off state)
driven by charge transfer, accompanied by a charging and discharging
process in QD.[9] For medium-shell CdSe/CdS@ZnO QD (Fig. 4b), the
featured time-dependent PL intensity trajectory was almost always in
the on state, which was consistent with an enhancement of the exciton
radiative recombination. Meanwhile, the long off period was signifi-
cantly suppressed and substantially far above the background level, and
the off fraction was decreased lower than ~ 0.05%, indicating the
charged medium-shell QD was deionized and tended to stabilize in a
neutral state.[28,32] The effectively suppressed PL blinking in medium-
shell CdSe/CdS@ZnO QD further indicates that ZnO sol not only acted as
passivating ligands to protect CdSe/CdS QDs against surface states, but
also may be as efficient electron acceptors that help to create and keep a
stable electric neutrality environment around QDs. This point is also
supported by the suppression of Auger process in CdSe/CdS@ZnO QDs
as analyzed above, which could partially originate from the deionization
effect for the photocharged sites on CdSe/CdS QDs by ZnO ligands. It is
worth mentioning that the highly emissive bright state from the sup-
pression of dark state at both single-dot and ensemble levels has been
recently demonstrated in photoionized CdSe/CdS QDs via deionization
of oxygen.[32] Consequently, the dual roles of surface passivation and
electron acceptor provided by ZnO sol obtained higher PL QY, longer
excitons lifetime, as well as suppressed PL blinking in these sol capped-
QDs. Besides, the improved optical properties of QDs may also partially
derive from the potential passivation of Zn?" for surface localized
electrons.

To further evaluate the photostability of the medium-shell CdSe/
CdS@ZnO QDs, we performed a time-dependent emission intensity
measurement of QDs solution under continuous 365 nm UV light irra-
diation. Fig. 4c shows the time revolution of PL intensity for medium-
shell CdSe/CdS and CdSe/CdS@ZnO QDs under UV irradiation. Dur-
ing the first 2 h of irradiation, the enhanced emissions were observed for
both QDs samples. The PL enhancement was commonly attributed to the
surface rearrangement of ligands or photocatalytic annealing repair of
surface defects.[51,52] Upon further UV irradiation (greater than2h),
the emission intensity was decreased for both pristine and sol-capped
CdSe/CdS QDs, but the decreasing tendency was more dominant in
the case of CdSe/CdS QDs when directly exposed to solution compared
to ZnO sol encapsulated QDs. After 17 h, the remnant PL intensity of
CdSe/CdS QDs was reduced to ~ 21% of initial intensity. In contrast, the
CdSe/CdS@ZnO QDs could finally maintain near ~ 90% of the original
emission intensity following long duration of UV irradiation. As a result,
the measured results suggested that the ZnO sol-passivated CdSe/CdS
QDs are more photostable than naked CdSe/CdS QDs because of the
efficient protection created by sol ligands. Besides for the surface pro-
tection effect of ZnO sol, another possible reason responsible for the
improved stability of CdSe/CdS@ZnO QDs is the crucial surface treat-
ment for QDs through EA. EA is a kind of short chain ligand modifying
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CdS@ZnO QDs solution under UV light irradiation.

on the surface of these QDs, which could more enough passivate the
surface trap sites with enhanced emission intensity (Fig. S5). Thus, the
photostability under UV irradiation are further enhanced in these CdSe/
CdS@ZnO QDs.

2.4. Optical thermal stability

Long-term environmental stability is one of the key factors for the
application of QDs in display and light emitting devices, while optical
thermal stability of luminescent materials is often severely tested in
practical applications. Herein, both thick-shell CdSe/CdS and CdSe/
CdS@ZnO QDs films were heated to 100 °C for the evaluation of their
optical thermal stability. As shown in Fig. 5a, the PL intensity of CdSe/
CdS QDs film was drastically decreased to below 50% during the first 20
min of heating. After 100 min thermal treatment, the relative PL in-
tensity of CdSe/CdS QDs film gradually decreased to ~ 20% of initial
intensity. Meanwhile, the decrease of PL intensity in CdSe/CdS QDs film
was accompanied by a notable red shift (~2 nm) and gradual broad-
ening (~2 nm) of emission peak after continuous thermal treatment
(Fig. 5a, Fig. $6). This was mainly because heating induces the falling
off of surface ligands, which made more surface defects exposure and the
aggregation of CdSe/CdS QDs, resulting in the observed serious PL
thermal quenching, emission redshift, and spectral broadening.[53,54]

In contrast, the emission intensity of the CdSe/CdS@ZnO QDs film
was slowly decreased and finally maintained ~ 63% of their initial PL
intensity after thermal treatment of 100 min (Fig. 5b), which was much
more robust behavior than that found for CdSe/CdS QDs. Particularly, it
is clear that no obvious emission shift and broadening were observed
from the PL spectra of CdSe/CdS@ZnO QDs film following same thermal

treatment (Fig. 5b, Fig. $S6). Importantly, the FWHM (~28.4 nm) of
emission spectra from CdSe/CdS@ZnO QDs film closed to that in CdSe/
CdS@ZnO solution (Fig. S6), suggesting the ZnO sol ligands effectively
protected the optical properties of CdSe/CdS QDs from the interactions
among QDs in film. It should be noted that the compact and smoothed
CdSe/CdS@ZnO QDs film was here prepared by a spin-coating and high-
temperature annealing (300 °C) combined process, which wouldn’t
quench PL of ZnO sol capped QDs film (Fig. S7a,b). Accordingly, the
external sol ligands could be the effective barrier between the QD ma-
terials and the ambience, because of the improvement of passivation
effect during the crystallization period after annealing.[20,55] So, the
inorganic sol ligands in CdSe/CdS@ZnO QDs film were more stable and
without any volatilization under thermal treatment at 100 °C, thus
exhibiting a much higher optical thermal stability than CdSe/CdS QDs
and no obvious spectra changes (shift or broadening). Therefore, the
ZnO sol ligands could provide the efficient protection to the inner CdSe/
CdS QDs against optical properties degeneration under higher temper-
ature environment.

2.5. Amplified spontaneous emission properties

Conventional QDs composites are usually encapsulated or embedded
into polymer or oxide matrix to improve their stability and light-
emission performance. However, these composite QDs films easily suf-
fer from the reduced packing density of QDs due to the excess matrix
materials, thus reducing their optical gain performance. So, we here
plan to evaluate the effect of ZnO sol on the gain performance of CdSe/
CdS@ZnO QDs film (volume fraction of ~ 52.3%) by ASE measurement.
Fig. 6a shows the emission spectra of thick-shell CdSe/CdS@ZnO QDs
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Fig. 5. Photostability of (a) thick-shell CdSe/CdS QDs film and corresponding (b) CdSe/CdS@ZnO QDs film under heating to 100 °C; the insert shows the emission

intensity as a function of thermal treatment time.
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Fig. 6. (a) Pump-intensity dependence of the light emission from thick-shell CdSe/CdS@ZnO QDs film under femtosecond laser excitation at 400 nm; the inset shows
their dependence of the output intensity as a function of pump intensity. (b) Time-resolved emission spectrogram of thick-shell CdSe/CdS@ZnO QDs film at a pump
intensity of ~ 42 pJ cm 2. (¢) The variable stripe length (VSL) measurement of CdSe/CdS@ZnO QDs film. (d) Plot of ASE intensity of CdSe/CdS@ZnO QDs film
measured under continuous pulsed femtosecond laser excitation; the inset shows the ASE spectra at the different excitation time.

film with increasing pump intensities under stripe femtosecond-pulsed
excitation (Fig. S7c¢). As the increasing pump intensity, the emission
spectra from the QDs film edge exhibited an obvious transition from
spontaneous emission to ASE, along with the feature of spectral nar-
rowing. The ASE threshold of CdSe/CdS@ZnO QDs was found to be as
low as ~ 28 uJ cm ™2, which was comparable to the previously reported
value for pure QDs film (~27 pJ cm~2).[27] The gain threshold wasn’t
obviously decreased in CdSe/CdS@ZnO QDs even though the sol further
passivated surface defects and self-enhanced biexciton gain, which
might result from the reduced QD packing density in film after capping
ZnO sol.[34] The peak wavelength of ASE spectra was detected at 632
nm with a narrow FWHM of ~ 6.7 nm (Fig. S8), which was narrower
than that conventional QDs film (~8-9 nm). The narrow emission peak
could be relevant to the better confined mode in high refractive index
CdSe/CdS@ZnO QDs film and the process of sufficient internal reflec-
tion.[20,43]

Fig. 6b shows the time-resolved emission spectrogram of CdSe/
CdS@ZnO QDs film as the pump intensity above ASE threshold, which
includes PL and ASE two parts. The extracted emission spectra from
time-resolved spectrogram of CdSe/CdS@ZnO QDs were shown in
Fig. S9a. The obvious blueshift of ASE with respect to the PL was
observed due to a repulsive exciton-exciton interaction in the thick-shell
QDs.[56] The transient emission spectrum with long delay time
(100-2000 ps) was dominated by single-exciton PL emission process,
and the ASE only takes place within the initial 100 ps. At the same time,
the evolution of their emission decay dynamics was also monitored at
different pump intensity (Fig. S9b). The fast ASE lifetime could be
finally reduced to ~ 20 ps, indicating an efficient ASE process.[27]

Besides, the effective modal gain of CdSe/CdS@ZnO QDs film was
measured by the VSL method at the ASE peak (Fig. 6¢).[36] The high
gain coefficient was upto ~ 115 cm ™!, which was higher than the con-
ventional semiconductor QDs-polymer film.[34]

Furthermore, the ASE stability of CdSe/CdS@ZnO QDs film was
studied under pulsed femtosecond laser excitation. Fig. 6d shows the
emission intensity of CdSe/CdS@ZnO QDs film at ASE peak as a function
of excitation time. The representative emission spectra at different
excitation times are shown in insert of Fig. 6d. In initial 40 min, the ASE
intensity was slowly decreased to ~ 88% of primal intensity, which
might be associated with the Auger ionization that occurred under
multiexciton conditions.[20,57] Contrary to the previous situation, the
slightly enhanced emission process was observed in the next 40-80 min,
which was a ~ 1.1 time stronger than the initial intensity. The final
emission performance tended to stay stabilization after 80 min of pump
pulse excitation. The enhanced emission intensity maybe result from the
removal of interfacial potential barrier in the valence band in such thick-
shell QDs by femtosecond laser annealing, which could improve the
relaxation efficiency of holes from the shell to the core.[58] The
removed hole barrier could be also proved by the emission properties
from the second (1P) quantization states (peaked at ~ 577 nm) of QDs,
revealing the gradually enhanced recombination efficiency of higher-
order excitons with laser annealing time (Fig. S10). Therefore, the
outstanding ASE stability under intense laser excitation is encouraging
for the prospective applications of CdSe/CdS@ZnO QDs in laser device.
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2.6. Microlaser application based on CdSe/CdS@ZnO QDs

Finally, we make a meaningful exploration for the potential utiliza-
tion value of CdSe/CdS@ZnO QDs as gain medium in microlaser. Fig. 7a
presents the schematic configuration of laser device, which consists of a
thick-shell CdSe/CdS@ZnO QDs layer and two high-reflectivity
distributed Bragg reflector (DBR) mirrors. The corresponding cross-
sectional scanning electron microscopy (SEM) image of the QD-VCSEL
device was shown in Fig. S11a. Among, the whole microcavity reflec-
tivity at emission peak was upto ~ 97% (Fig. S11b), and the photograph
of the final device was shown in Fig. S11c. Fig. 7b displays the photo-
graph of pump-intensity-dependent lasing operation of QD-VCSEL de-
vice, which realized the spatially directional lasing emission
accompanied by a gradually bright and well-defined red spot as the
increase of pump intensity. Fig. 7c shows the emission spectra of QD-
VCSEL with the progressively increased pump intensity. As the pump
intensity increased above lasing threshold, the single-mode sharp laser
output was clearly detected at ~ 633 nm with a narrower FWHM of ~
0.9 nm, and thus estimating Q-factor of ~ 703 according to the rela-
tionship between lasing wavelength (1) and mode FWHM (44) by the
equation Q = 1/A4, indicating the high quality of the QD-VCSEL device.
The lasing threshold for our QD-VCSEL device was determined to be as
low as ~ 3.3 pJ ecm™2, which was lower than the reported values for
thick-shell CdSe/CdS QDs distributed feedback laser (~28 pJ cm™2) and
CdSe/CdS quantum dot-in-rods coffee-ring microlaser (~10 pJ cm™2).
[34,35] In addition to the enhanced gain performance of thick-shell
CdSe/CdS@ZnO QDs by ZnO sol ligands, the superior lasing perfor-
mance might be associated with the enhanced mode coupling effect
inside the high-quality optical microcavity and the high refractive index
QDs layer with low propagation loss.[20,43,59] Meanwhile, the lasing
dynamics in our device was explored by measuring their time-resolved
emission spectrogram (Fig. 7d), which exhibited an ultrafast lifetime
of ~ 10.5 ps (Fig. 7e) and primarily limited by the response time of
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streak camera system. Furthermore, the measured lasing emission in-
tensity of QD-VCSEL device was robustly stable above 93% of initial
intensity under 1.8 x 107 shots of femtosecond pulse pump at atmo-
spheric conditions (Fig. S12). After operating for continuous 5 h, no
apparent spectral variation or shift was observed in the lasing spectra,
revealing that the constructed QD-microlaser possesses excellent oper-
ation stability for potential commercial application.

3. Conclusion

In summary, we successfully prepared the monodisperse CdSe/
CdS@ZnO QDs by a facile strategy that capped with inorganic ZnO sol as
surface ligands. Compared to the conventional QDs composite, the as-
prepared CdSe/CdS@ZnO QDs retained the natural advantages of
solution-processed fabrication and single-particle-level application, and
also showing outstanding colloidal stability in solution. Significantly,
ZnO sol here acted as both surface ligands and electron acceptor plays
important roles for the passivation of surface defects and maintaining
neutral state of QDs, thus remarkably enhancing their optical properties
and stability. At the same time, as expected that the CdSe/CdS@ZnO
QDs film exhibited the improved PL thermal stability, and no obvious
spectra shift and broadening under continuous thermal treatment,
which was in sharp contrast to the CdSe/CdS QDs film. Moreover, the
close-packed CdSe/CdS@ZnO QDs film also performed the superior ASE
performance. As a further application-oriented exploration, we finally
fabricated a high-quality VCSEL device based on CdSe/CdS@ZnO QDs,
which displayed the high-performance single-mode lasing operation and
excellent device performance stability. Therefore, these results demon-
strate that the presented reconstruction strategy for the inorganic sol
ligands of QDs opens up a potential way to prepare all-inorganic semi-
conductor nanomaterials. More importantly, this work will hopefully
overcome the limitations that resulted from the surface organic ligands
of colloidal semiconductor nanomaterials for practical optoelectronic
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Fig. 7. (a) Schematic configuration of the CdSe/CdS@ZnO QDs vertical cavity surface-emitting lasers. (b) Photograph of thick-shell CdSe/CdS@ZnO QDs laser device

in operation under pump intensity of 2.5, 3.8, and 6.4 pJ cm 2

, respectively. (c) Pump-dependent emission spectra from the device; the inset shows the emission

intensity at the sharp peak versus pump intensity. (d) Time-resolved emission spectrogram of the device above the lasing threshold and their corresponding (e) time

response trace.
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applications.
4. Experimental section

Synthesis of CdSe/CdS core/shell QDs: The synthesis of CdSe/CdS
core/shell QDs followed the typical two steps.[34] First, the CdSe cores
were synthesized by the heat-injection method at 240 °C. Then, the CdS
shell with the controlled thickness was epitaxially grown on the surface
of CdSe cores by the successive ionic layer adsorption and reaction
approach.

Preparation of CdSe/CdS@ZnO QDs: First, the as-synthesized
CdSe/CdS QDs were further purified by N-butyl ether solution to
remove the excess, bound ligands (See Supporting Information). At the
same time, the ZnO sol solution was synthesized according to an opti-
mizing approach and used after 24 h (See Supporting Information).
Then, the above QDs were dispersed in 20 mL chloroform solution and
added 0.58 g EA, which was under stirring for 24 h in the dark envi-
ronment. As the surface of QDs was modified by EA, the dispersity of
QDs in chloroform solution became worse, thus resulting in precipita-
tion. The above supernatant was removed and the precipitation could be
washed in chloroform solution. Finally, the ZnO sol solution was added
dropwise into the QDs precipitation solution while shaking until the
precipitation was disappeared and became a clear and transparent so-
lution (Fig. S1).

Fabrication of CdSe/CdS@ZnO QDs VCSEL devices: The twelve
pairs of quarter-wavelength-thick SiO,/TiO layers were as the bottom
DBR mirror, which was deposited onto the cleaned quartz substrate. The
CdSe/CdS@ZnO QDs gain medium layer was fabricated on the surface of
bottom DBR mirror by the spin-coating method and combined with
immediate annealing process at high temperature (300 °C) in Argon
atmosphere. The high-temperature annealing treatment promotes to
crystallize the CdSe/CdS@ZnO QDs film. The solvents, residual EA, and
zinc acetate dehydrate could be evaporated thoroughly under such high
temperature. Then, the above QDs film was put into the vacuum axe
keeping 24 h for further utilization. Finally, the high-reflection (~99%)
top DBR mirror (alternating CaF,/ZnS layers) was deposited on top of
QDs layer by electron beam deposition at room temperature. Each
alternating layers were controlled to be a quarter of emission
wavelength.

Structural characterizations: TEM and HAADF STEM images were
obtained on an FEI Tecnai G2 electron microscope. The cross-section
image of QD-VCSELs was measured by Carl Zeiss Ultra Plus field emis-
sion scanning electron microscopy (SEM). XRD patterns were acquired
using an X-ray diffractometer (Bruker, D8-DISCOVER) with Cu Ko
source. FTIR spectra were measured on a Nicolet iS10 infrared
spectrometer.

Optical measurements: The absorption spectra were measured on a
UV-vis-NIR spectrophotometer (UV3600, Shimadzu). The PL spectra
and time-resolved PL decay traces were recorded using Edinburgh F900
luminescence spectrometer at room temperature, PL decay traces were
monitored at the PL peak wavelength for each sample. The PL QY of the
samples was measured relative to a standard dye (Rhodamine B (QY,
50%)) at an identical optical density. Biexciton recombination dynamics
measurements were performed in QDs solution, a femtosecond Ti:
Sapphire laser with a frequency-doubling external f-barium borate
crystal (400 nm, 1 kHz, 100 fs; Legend-F-1 k, Coherent) was used as the
pump source. The emission signal was collected by an electrically trig-
gered streak camera system (Hamamatsu C5680), and the temporal
evolution of the PL spectra was extracted from the center of peak
wavelength. For the photostability measurement, the QDs solution was
placed under a UV lamp (365 nm, ~75 mW cm™~2) and the QDs film was
put onto an accurately temperature controlled heating platform (IKA)
under heated to 100 °C within inert gas atmosphere, and then PL spectra
were recorded by a Shimadzu spectrofluorometer (RF-5301PC) under
the excitation wavelength of 400 nm. For the blinking measurement, a
picosecond supercontinuum fiber laser (490 nm, 4.9 MHz; NKT

Chemical Engineering Journal 428 (2022) 131159

Photonics EXR-15) was employed as the excitation source. For ASE
measurement, a stripe pump (400 nm, 100 fs) was acquired using a
cylindrical lens (10 cm focal length). The stripe modal confined pump
pulses were perpendicular to the surface of QDs film, and then the
emission from the film edge was collected by the fast optical multi-
channel analyzer (OMA, SpectraPro-300i, Acton Research Corporation)
and optically triggered streak camera system. The intensity of the pump
pulse was set as three times of ASE threshold for emission stability
measurement. For the lasing measurement, the pump beam (400 nm,
100 fs) was focused by a convex lens (5 cm focus length) onto the VCSEL,
and the output signal was collected from the other side of the VCSEL
along the normal direction by the OMA and optically triggered streak
camera system for steady and transient spectra, respectively.
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