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Lateral surface passivation of CdSe nanoplatelets
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Two-dimensional colloidal CdSe nanoplatelets (NPLs) have been considered as ideal emitting materials
for high performance light-emitting devices due to their excellent optical properties. However, the under-
standing of defect related radiative and nonradiative recombination centers in CdSe NPLs is still far from
sufficient, especially their physical distribution locations. In this work, CdSe core and CdSe/CdS core/
crown NPLs have been successfully synthesized and their optical properties have been characterized by
laser spectroscopies. It is found that the photoluminescence quantum yield of CdSe NPLs is improved by
a factor of 4 after the growth of the CdS crown. At low temperatures, the change in the ratio of low and
high energy emission intensities from NPLs suggests that the radiative recombination centers are mainly
located on the lateral surface of the samples. This finding is further confirmed by the surface passivation
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experiment. Meanwhile, the nonradiative recombination centers of NPLs located on the lateral surface are
also confirmed by ligand exchange. These results demonstrate the importance of understanding the
optical properties of the lateral surface of NPLs, which are important for the design of material structures
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Introduction

Low-dimensional colloidal semiconductor nanocrystals have
attracted considerable research interest over the past 30 years
due to their unique optical properties resulting from the
strong quantum confinement and surface effect." The con-
trolled synthesis of nanocrystals offers the possibility to
manipulate their optical properties by changing their compo-
sition, size, structure, and morphology.”™ In 2006, the CdSe
nanoplatelets (NPLs) with a thickness of a few atomic layers
were synthesized for the first time by Hyeon et al.> The NPLs
exhibit well-defined fluorescence with narrow linewidth due to
the precise control of the material thickness. Compared with
various structures such as zero-dimensional quantum dots
(QDs) and one-dimensional nanorods, NPLs possess fascinat-
ing optical properties such as narrow band emission, large
absorption cross-section, strong oscillator strength, and long
Auger recombination lifetime.®"® These outstanding pro-
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perties have attacted great interest and breakthroughs from
researchers in the field of light-emitting diodes with wide
color gamut and optically pumped lasers with low
threshold."*"

Due to the large surface-to-volume ratio, the highest PLQY
of bare-core CdSe NPLs does not exceed 50%. One solution to
overcome this problem is surface ligand exchange, such as
replacing the cadmium carboxylates on the surface of CdSe
NPLs with halides."®'® Although this method can improve the
performance of NPLs in solution, these materials exhibit weak
emission in thin film, which hinders their potential in device
applications. Another approach is heteroepitaxy, which has
been shown to work with QDs. According to the special layer
structure, the NPLs heterostructures can be divided into verti-
cal (core/shell) and lateral (core/crown) structures, both of
which can enhance the optical performance of NPLs to a
certain extent.!” However, until now, the understanding of
defect realted radiative and nonradiative recombination
centers in CdSe NPLs is far from adequate, especially their
physical distribution locations. In particular, the physical
mechanism of the two close emissions from CdSe NPLs at low
temperatures is still controversial.'®'®2° Some efforts have
been made to explain the origin of the low-energy peak. For
example, it may originate from phonon-line emission due to
the self-stacking of CdSe NPLs.*° Norris et al. proposed that
the low energy peak of CdSe NPLs may originate from trion
emission.'® Our recent result suggested that the low energy
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peak is closely related to the surface state of the NPLs, which
was confirmed by size-dependent and surface passivation
experiments.'® Besides, it is generally believed that the radia-
tive and nonradiative recombination centers are mainly
located on the top and bottom surfaces of NPLs. However,
some studies have pointed out that the surface in the lateral
direction has a stronger influence.'”*"** Therefore, a more
detailed discussion and analysis of the radiative and non-
radiative recombination centers in CdSe NPLs is urgently
needed for structural design and their future applications.

In this work, CdSe/CdS core/crown (C/C) NPLs have been
synthesized based on CdSe core (C) NPLs. The optical pro-
perties of two NPLs are systematically investigated to discuss
the distribution locations of defect realted radiative and non-
radiative recombination in NPLs. Lateral surface passivation
not only enhances the photoluminescence quantum yield
(PLQY) of C NPLs, but also suppresses the low energy emission
at low temperatures. Interestingly, the surface trap states
associated with low energy emission of C NPLs can be effec-
tively suppressed by polydimethylsiloxane (PDMS), but the
suppression effect on the C/C NPLs is not obvious. The results
show that the radiative recombination centers are mainly
located on the lateral surface of the NPLs rather than the verti-
cal surface. Moreover, the PLQY of C NPLs was enhanced
8-fold after ligand exchange, while weak changes were found
in the PLQY of C/C NPLs, which confirms that the nonradiative
recombination centers of NPLs are also located on the lateral
surface.

Results and discussion

The synthesis and characterization methods for C and C/C
NPLs are presented in the Experimental section. The scanning
transmission electron microscopy (STEM) images of two
samples are shown in Fig. 1a and b, where the insets are their
schematic structures. The average lengths and widths of C and
C/C NPLs were approximately 42.0 (+2.2) x 8.8 (+0.2), and 42.7
(#1.2) x 10.2 (+0.2) nm, respectively. Compared to C NPLs, the
larger size of C/C NPLs indicates the successful lateral growth
of CdS crowns. The 0.7 nm CdS crown is a very small value in
the longer lateral direction probably in the measurement
error. Note that the white lines in the STEM images are curled
NPLs due to the interaction between the NPLs, which are not
included in the statistics. The normalized absorption and PL
spectra of C and C/C NPLs are shown in Fig. 1c. Similar to
most of the 4.5 monolayer thick C NPLs,>***** two sharp
absorption peaks at 482 and 512 nm can be clearly observed,
which correspond to the light and heavy hole transitions,
respectively. For the C/C NPLs, the weak absorption located at
400 nm is related to the thin CdS crown.”® The C and C/C
NPLs have the same emission peak at 513 nm, indicating that
they have the same recombination channel. According to the
small conduction band offset and large valence band offset
between CdSe and CdS, the type I band alignment can be
determined for C/C NPLs.”® Due to the thin CdS crown, the
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Fig. 1 STEM image of (a) C, (b) C/C NPLs. Insets are the schematic dia-
grams of their corresponding structures. (c) Normalized UV-visible
absorption and PL spectra of C and C/C NPLs. Inset is the image of
samples under UV light illumination. (d) Room temperature TRPL of C
and C/C NPLs.

C/C NPLs exhibit similar emission with C NPLs. The PLQY
increases more than 4 times from 6.5% for C NPLs to 28.0%
for C/C NPLs, which can be attributed to the effective passiva-
tion of nonradiative recombination centers by the CdS crown.
As shown in Fig. 1d, the time-resolved photoluminescence
(TRPL) of C and C/C NPLs probed at 513 nm can be fitted with
a triexponential function, and the average decay lifetimes were
calculated to be 2.95 and 2.94 ns respectively. Their decay
channels and their percentages are summarized in Table S1
(ESIY). In general, the fast decay component in CdSe nanocrys-
tals can be considered as the nonradiative decay channel due
to the poor surface passivation and cadmium vacancies.”®
Compared with C NPLs, the nonradiative decay rate of C/C
NPLs is two times smaller than that of C NPLs. This result
indicates that the nonradiative recombination centers (hole
trapping) on the lateral surfaces are effectively passivated by
the CdS crown. Besides, the C NPLs delayed emission is attrib-
uted to the hole trapping-detrapping process that slows down
the exciton recombination without causing additional emis-
sion band.*""*”

To gain a deeper understanding of the radiative recombina-
tion centers of C NPLs, the measurements of PL spectra of C
and C/C NPLs were performed from 50 to 300 K (data shown
in Fig. 2a and S1,T respectively). In order to avoid the influence
of stacking on the NPLs emission, C and C/C NPLs solution
with absorbance of 0.2 at 512 nm is spun-coated on a quartz
substrate.'® Apparently, only one PL peak can be observed at
300 K (513 nm). However, as the temperature decreases,
another sharp peak appears on the low energy side at 220 K
and reaches its maximum at 50 K. The pre-existing emission
peak labeled as P, comes from free exciton recombination,'®"®
while the origin of the low energy peak (P,) will be discussed
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Fig. 2 (a) Temperature-dependent PL spectra of C NPLs. (b) Energy
difference of P; and P, of C and C/C NPLs. (c) FWHM of the P, and P, of
C NPLs at different temperatures. (d) FWHM of the P, and P, of C/C
NPLs at different temperatures.

later. The two-color emission of C/C NPLs behave like C NPLs,
indicating that indeed part of the C lateral surface remains
unpassivated. The P; and P, of C and C/C NPLs show a similar
redshift with increasing temperature from 50 to 220 K, and the
energy difference between the two peaks remains constant at
around 29 meV (Fig. 2b). The result is consistent with our pre-
vious measurements of C NPLs with different lateral sizes."
Although the energy difference between the two emissions is
close to the longitudinal phonon energy (25 meV) of bulk CdSe
material, this value is too small to support the exciton transition
for P,. The full width at half maximum (FWHM) of P; and P, for
C and C/C NPLs were obtained by Lorentz fitting and are shown
in Fig. 2c and d, respectively. Notably, larger FWHM values can
be observed for P, of C and C/C NPLs with the increase of temp-
erature, which is due to the electron-phonon coupling.”®
Therefore, the identical FWHM of the P, at different temperatures
can be attributed to the weak interaction between electrons and
phonons. Based on the discussion above, P, resulting from
phonon replica can be further excluded.

To further discuss the characteristics of P,, power-depen-
dent PL spectra from C and C/C NPLs were measured at 50 K
and shown in Fig. 3a and b. To facilitate comparison, all the
curves are normalized to P,. The two emissions show different
trends with excitation power from 0.05 to 20 mW. Relative to
C, a weaker redshift is found in C/C NPLs due to the passiva-
tion of the lateral nonradiative recombination centers. At the
same time, it can be found that the PL intensity of P, relative
to P, decreases with increasing excitation power for the NPLs.
For visual comparison, the corresponding PL intensity ratios
of P, to P, are plotted in Fig. 3c and d. Under the lowest exci-
tation power, the PL intensity ratios of P, to P, for C and C/C
NPLs are 3.8 and 2.4, respectively. Furthermore, it can be seen
that the ratios for C and C/C NPLs saturate at 20 and 13 mW,
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Fig. 3 Power-dependent PL spectra of (a) C and (b) C/C NPLs at 50 K.
(c) C and (d) C/C NPLs Power-dependent ratio of P,/P;. The cylinders
represent the initial saturation power of C and C/C NPLs, respectively.

respectively, with the increase of excitation power. The faster
saturation and smaller ratio in C/C NPLs can be attributed to
the passivation of lateral surface trap states by CdS crowns.'®
Due to the presence of additional surface trap states in the C
NPLs, higher power is required to achieve the saturation of P,.
To confirm this guess, C/C NPLs with thicker crown (named
C/C-10 and C/C-20) were synthesized. Their absorption, PL
(Fig. S2t) and PLQY were characterized. It was found that C/C
NPLs exhibited higher PLQY with increasing CdS thickness.
Furthermore, compared with C and C/C NPLs, the P, of C/C-10
and C/C-20 NPLs is further suppressed (Fig. S31). Therefore, it
is verified that the P, intensity is related to the surface trap
states. In addition, the temperature-dependent PL spectra of C
NPLs were measured from 80 to 300 K under Xenon lamp exci-
tation (Fig. S471). Unlike the laser excitation at 0.05 mW, the C
NPLs under Xenon lamp excitation show only P, at 80 and
100 K, and the intensity of P, is much weaker than that of P;.
The result again indicates that P, associated with the surface
trap state is closely related to the excitation power.

Although our previous work has confirmed that PDMS can
effectively suppress the P, of C NPLs, it is unclear whether the
P, is related to the lateral or vertical surface of NPLs.'® To
clarify the location of the surface trap states associated with P,
in NPLs, PDMS was used to passivate the two NPLs. The temp-
erature-dependent PL spectra of C and C/C NPLs were
measured under identical experimental conditions. Their PL
spectra at 50 K are shown in Fig. 4a and b. Interestingly, the P,
intensities for C NPLs are significantly reduced after PDMS
encapsulation.'® However, only a slight change can be
observed for the C/C NPLs. It is obvious that PDMS encapsula-
tion passivates not only the vertical surface but also the lateral
surface of C NPLs. However, only the vertical surfaces were pas-
sivated by PDMS for C/C NPLs, since the lateral surfaces of C/C
were protected by CdS crowns. The results here show that the

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Normalized PL spectra of the samples before and after PDMS
treatment (a) C and (b) C/C NPLs at 50 K. Inset: images of the samples
before and after PDMS treatment under UV light illumination.

surface trap states associated with P, (radiative recombination
center) are more strongly correlated with the lateral surface
trap states of the C NPLs, rather than the vertical surface
which has a larger surface area.

As mentioned above, the CdS crown not only passivates the
surface trap states associated with P,, but also enhances the
PLQY of C NPLs. To further verify the importance of lateral
surface passivation on the optical performance of C NPLs,
ligand exchange experiments were carried out and the optical
properties of C and C/C NPLs were characterized. For simpli-
city, C and C/C NPLs after ligand exchange are referred as C-
Br and C/C-Br NPLs, respectively. The PL images during
ligand exchange at different times for C-Br and C/C-Br NPLs
are shown in Fig. S5a-e.f The emission from the C-Br and
C/C-Br NPLs was completely quenched after OLA and
cadmium bromide were added to the primary solution.
Interestingly, after 0.5 h, the weak emission was only observed
in C-Br but not in C/C-Br NPLs. Furthermore, it is noteworthy
that C-Br NPLs is brighter than C/C-Br NPLs under UV lamp
illumination after ligand exchange (Fig. S5a vs. ef). It is
obvious that ligand exchange not only passivates the vertical
surface but also the lateral surface of C NPLs. However, for C/C
NPL, the lateral surface of CdSe core does not undergo ligand
exchange because the it is protected by the CdS crown. The
result is consistent with the PDMS passivation shown above.

To better understand the effect of ligand exchange on the
optical properties of the materials, PL, TRPL and PLQY of C-
Br and C/C-Br NPLs were also recorded. The normalized
absorption and PL spectra of C-Br and C/C-Br NPLs are shown
in Fig. 5a. With respect to the as-grown NPLs, the emissions of
C-Br and C/C-Br NPLs shift from 513 to 528 nm, and the
FWHM increases from 8 to 13 nm.">'®*® The redshift and
broadening of the PL spectra may be related to the lattice
expansion in the vertical direction.”*® The STEM images of
C-Br and C/C-Br NPLs after ligand exchange are shown in
Fig. S6.1 The unchanged morphology suggests that the differ-
ence in optical properties is due to the ligand exchange.
Compared to the original NPLs, the PLQY of C-Br was
enhanced 8-fold after ligand exchange, while C/C-Br NPLs
only showed only a slight change (Fig. 5b). The small increase
in PLQY of C/C NPLs can be attributed to the incomplete pas-
sivation of lateral surface. In addition, the TRPL and decay

This journal is © The Royal Society of Chemistry 2023

Wavelength/nm

Fig. 5 (a) Normalized absorption and PL spectra of C and C/C NPLs
after 5 h of ligand exchange. (b) PLQYs before and after ligand exchange
for C and C/C NPLs. Insets: images of the samples before and after
ligand exchange under UV light illumination.

channel of the treated NPLs monitored at 528 nm are shown
in Fig. S7 and Table S1,} respectively. Compared to the TRPL
before ligand exchange, the decay channel associated with C-
Br nonradiative recombination was slowed down by a factor of
2.9, while the changes in C/C-Br NPLs were weak. Again, the
tremendous change in photophysical properties of C-Br NPLs
can be attributed to the passivation of nonradiative recombina-
tion centers on the lateral surfaces. In previous
experiments,”"*>?° the emission of C NPLs was completely
quenched by stripping the ligands of C NPLs on the lateral
and vertical surfaces by n-butylamine, but still 40% of the PL
intensity was observed in the C/C NPLs due to the presence of
CdsS crowns.”' Recent studies have shown that the PLQY of C
NPLs can be enhanced from 20% to 100% after passivation of
lateral surface defects by CdSeS crown.’’ In addition, theore-
tical calculations proved that the binding energy of cadmium
carboxylate in the vertical surfaces is larger than that in the
lateral surfaces, which leads to the formation of more defects
in the lateral plane.>"** Therefore, based on the above results,
it can be assumed that the nonradiative recombination centers
of the NPLs are also distributed on the lateral surfaces rather
than the larger vertical one.

Next, we put forward our speculation on the origin of P,
based on the reported literature and data. Just as discussed
above, P, has been shown to correlate with the lateral surface
trap states of the NPLs. In some recent reports, P, is con-
sidered to be negative trion emission.'®*** In addition, it
was found that the gain threshold can be further reduced and
the Auger recombination lifetime can be extended at low temp-
%19 This indicates that multiexcitons can be
easily generated at low temperatures. In parallel, for low-

eratures for NPLs.

dimensional CdSe, hole trapping is the main primary mecha-
nism of carrier trapping.*>*® For NPLs, it has been shown that
the C NPLs are Cd-rich and passivated by carboxylates.
However, the binding energy of cadmium carboxylate on the
lateral surface (43.8 kJ mol™") is lower than that on the vertical
surface (74.3 k] mol™").>" The weak binding energy on the
lateral surface results in hole trapping due to Cd vacancies.”?
In this scenario, negative trions can be easily formed after the
trapping of biexciton in a hole. Besides, the gradual dis-
appearance of P, as the temperature increases to 220 K indi-
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cates that the hole are released assisted by thermal energy,
which is consistent with the fluorescence decay process.
Therefore, when there are numerous hole traps on the lateral
surfaces, more pronounced P, will be observed. At the same
time, P, of C/C NPLs with better lateral surface passivation is
more easily to be saturated. The weak P, has been observed
under Xenon lamp excitation because the number of multi-
excitons generated is much smaller than that under laser exci-
tation due to the different excitation power.

Conclusions

In summary, the optical properties of C and C/C NPLs were
comparatively investigated. It is found that the optical pro-
perties of C NPLs changed significantly after the lateral surface
passivation by CdS crown. At the low temperature, the P, inten-
sities of C/C are suppressed due to the lateral surface passiva-
tion. At the same time, P, intensity in C/C NPLs was more
easily saturated with the increase of excitation power compared
with C NPLs. The PDMS encapsulation further proves that the
surface trap states associated with P, (radiative recombination
center) of C NPLs mainly originate from the lateral surface
rather than the vertical surface. In addition, the nonradiative
recombination centers of C NPLs located on the lateral surface
were also confirmed by ligand exchange experiment. These
experimental results demonstrate the importance of lateral
surface trap state passivation on the radiative and nonradiative
recombination centers of NPLs, which is crucial for either the
design or application of NPLs in optoelectronic devices.

Experimental section

Chemicals

Cadmium oxide (99.999%), cadmium(u) acetate (Cd(OAc),;
99.995%), cadmium acetate dihydrate (Cd(OAc),-2H,0), sel-
enium powder (Se; 99.99%) and sulfur (S; 99.9%) were pur-
chased from Aladdin. Sodium myristate (99%) and cadmium
nitrate tetrahydrate (99.997%) were purchased from Sigma-
Aldrich. Octadecene (ODE; 90%), oleylamine (OLA, 90%), oleic
acid (OA, 90%), trioctylphosphine (TOP; 90%), propionic acid
(99.5%), methanol (99.9%) and hexane (95%) were purchased
from Macklin.

Synthesis of CdSe NPLs

Cadmium myristate (Cd(Myr),), C and C/C NPLs were syn-
thesized according to the reported methods.”® Typically,
170 mg cadmium myristate, 10 mg selenium powder, and
15 mL ODE were put into a three-necked flask, and then
degassed three times at 80 °C. Subsequently, the temperature
was set at 240 °C, and when the solution was heated to 195 °C,
40 mg Cd(OAc),-2H,0 was added rapidly, followed by a reac-
tion at 240 °C for 10 min. After the reaction was stopped,
0.5 mL OA was added and subsequently cooled to 25 °C for
purification purpose. In the crude solution, alcohol and
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hexane were added followed by centrifugation at 5000 rpm for
5 min, the supernatant was discarded and the precipitate was
dispersed in hexane.

Synthesis of CdSe/CdS NPLs

The ODE-S was obtained by sonicating 32 mg S powder and
10 mL ODE for 5 min. The CdS precursor was then obtained
by mixing 3 mL ODE, 2 mL ODE-S, 0.35 mL OA and 400 mg Cd
(OAc),-2H,0 and then sonicating for 2 hours. The mixture was
stirred and held under vacuum at 110 °C for 20 min. The C
NPLs were dried under a stream of nitrogen in a 50 mL three-
neck flask. Subsequently, 12 mL ODE and 100 mg Cd(propio-
nate), were added to the flask. After completing this step, the
mixture was heated to 235 °C under a nitrogen stream. Using a
syringe pump, CdS precursor solution was injected at a speed
of 3 mL h™" in 5, 10, and 20 min. After reacting at 235 °C for
another 5 min, the heating plate was removed and the crude
solution was cooled to 25 °C. When the temperature of the
mixture cooled to 160 °C, 2 mL OA was added. The crude solu-
tion was dispersed into 20 mL hexane and then centrifuged at
6000 rpm for 10 min. The obtained supernatant was discarded
and the precipitate was redispersed in hexane.

Morphology and optical characterization

The morphologies of C and C/C NPLs were characterized by
FEI Talos 200X STEM. Steady-state absorption and PL spectra
were obtained using a Lambda 950 UV-Vis spectrophotometer
(PerkinElmer, Inc.) and fluorescence spectrometer (Edinburgh
Instruments, FS5), respectively. During the PLQY measure-
ment, the NPLs’ solution was filled into the cuvette with 1 cm
optical length and placed in an integrated sphere, and then
excited by 350 nm light generated by a Xeon lamp. The time-
correlated single photon counting technique (Edinburgh
Instruments, FS5) was used to collect the TRPL of the samples.
Temperature-dependent PL spectra (from 50 to 300 K) of C
and C/C NPLs were recorded by a home-built liquid helium
closed-cycle system with excitation at 325 nm from a He-Cd
laser. The C NPLs under Xenon lamp excitation temperature-
dependent PL spectra (from 80 to 300 K) were recorded by
fluorescence spectrometer (Edinburgh Instruments, FS5). Prior
to measurement, the NPLs solution was drop cast onto a
quartz and then placed in a liquid nitrogen cooled cryostat.

PDMS passivation and ligand exchange

Liquid silicon matrix and curing agent were mixed at a ratio of
10:1 to obtain a PDMS solution, which was then drop casted
onto a sample loaded quartz plate and dried under vacuum.
Ligand exchange of C and C/C NPLs was performed according
to the method reported in previous literature."> A new ligand
solution was prepared by sonicating 13.6 mg cadmium
bromide with 1 mL methanol for 5 min. During the ligand
exchange process, 3 mL toluene was added to 0.3 mL NPLs’
solution (absorbance at 512 nm is 0.21), followed by 20 uL. OLA
and 30 pL cadmium bromide-methanol solution. The PL of
the NPLs was quenched after the addition of OLA, but it reap-
peared after 0.5-5 hours.

This journal is © The Royal Society of Chemistry 2023
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