FULL PAPER

CdSe Nanoplatelets
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Surface effects in atomically flat colloidal CdSe nanoplatelets (NLPs)

are significantly and increasingly important with their thickness being
reduced to subnanometer level, generating strong surface related deep trap
photoluminescence emission alongside the bandedge emission. Herein,
colloidal synthesis of highly luminescent two-monolayer (2ML) CdSe NPLs
and a systematic investigation of carrier dynamics in these NPLs exhibiting
broad photoluminescence emission covering the visible region with quantum
yields reaching 90% in solution and 85% in a polymer matrix is shown.

The astonishingly efficient Stokes-shifted broadband photoluminescence

(PL) emission with a lifetime of =100 ns and the extremely short PL lifetime
of around 0.16 ns at the bandedge signify the participation of radiative
midgap surface centers in the recombination process associated with the
underpassivated Se sites. Also, a proof-of-concept hybrid LED employing 2ML
CdSe NPLs is developed as color converters, which exhibits luminous efficacy
reaching 300 Im W, The intrinsic absorption of the 2ML CdSe NPLs

(=2.15 X 10° cm™) reported in this study is significantly larger than that of
CdSe quantum dots (=2.8 x 10° cm™) at their first exciton signifying the
presence of giant oscillator strength and hence making them favorable
candidates for next-generation light-emitting and light-harvesting applications.

1. Introduction

2D materials have recently attracted a
great deal of interest owing to their excep-
tional electronic structure and optical
characteristics originating from their
highly anisotropic thin structure.!=3 Their
2D structure offers superior conductivity
in the lateral dimension compared to the
other colloidal nanostructures since car-
riers can move freely in plane without
encountering boundaries or barriers,
which makes them advantageous for novel
electronic and optoelectronic devices.!'"]
Colloidal 2D semiconductor nanosheets
and nanoplatelets (NPLs) have been
successfully synthesized with thickness
control at the monolayer level in various
compositions including CdSel*’! and
PbS[ by means of chemical routes. CdSe
NPLs were shown to exhibit extraordinary
properties such as extremely narrow elec-
troluminescence emission with full-width
at halfmaximum (FWHM) of around
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12 nm,"! the state-of-the-art amplified spontaneous emission
(ASE) thresholds®° and highly anisotropic emission.’l In
addition, these quasi-2D quantum wells (QWs) provide a con-
venient platform for the design of novel complex hetero-archi-
tectures because of the opportunity of growing a purely lateral
crown layer as well as a shell coating layer with an atomic layer
precision.[1%1 Specifically, 4ML and 5ML CdSe NPLs having
thicknesses larger than 1 nm have gained the greatest atten-
tion because of their high QYs (as high as 80%) and extremely
narrow photoluminescence (PL) emission originating from the
recombination of the excitons at the bandedge.>17]

As the thickness of these colloidal 2D semiconductors is
further reduced to subnanometer level, surface induced effects
start to dominate similar to the CdSe QDs having diameter of
<2 nm, and lead to a strong broadband deep trap emission along
with the bandedge emission,'>8-2% which can also be exploited
to achieve white light emission. Broad Stokes-shifted emission,
which grows stronger with decreasing nanocrystal size,?! has
been extensively studied in ultrasmall colloidal CdSe nanocrys-
tals and was attributed to the midgap states originating from
selenium (Se) dangling bonds owing to the unpassivated Se
atoms at the surface.?%2223 [n these strongly confined systems,
bandedge emission is due to the recombination of the delocal-
ized electron-hole pair, the exciton, while their broadband deep
trap emission is mediated through recombination of a trapped
hole with the delocalized electron.’l However, QY of CdSe
QDs having diameter of 2 nm< was found to be generally low,
ranging from a few percents to 45% after surface treatment
techniques,? which undermines their exploitation in optoelec-
tronic applications. In CdSe NPLs, the emission from surface
related states becomes dominant only for the NPLs thinner than
four monolayers, which corresponds to thickness of 1.2 nm.[!8l
From subnanometer thick NPLs, 3ML CdSe NPLs have been
investigated in a few articles and was shown to exhibit strong
deep trap state emission with QY of =1%-30%,?>2% which is
considerably lower than QY of the thicker NPLs =30%-70%,!'"]
while 2ML CdSe NPLs have been largely excluded from the
previous studies possibly because of their poor optical proper-
ties due to uncontrolled synthesis and their anomalous optical
properties.*”) However, 2D 2ML CdSe NPLs present potentially
an excellent platform for optoelectronic applications and inves-
tigation of their carrier dynamics owing to their significantly
strong pure quantum confinement and extremely anisotropic
2D structure.

In this study, we present the colloidal synthesis and system-
atic optical investigation of highly efficient 2ML CdSe NPLs
having intrinsic absorption cross-section significantly larger
than thicker CdSe NPLs (thickness > 1 nm) and QDs, which
indicates the manifestation of giant oscillator strength (GOST).
PL kinetics in these 2ML CdSe NPLs can be significantly altered
by varying the amounts of the utilized Se precursor. Addition of
excess Se leads to stronger Stokes-shifted broad emission and
significant increase in QY as well, which can be attributed to
the astonishingly efficient emission from the recombination
of electrons with the trapped holes localized at unpassivated
Se sites because of extremely large exciton binding energy
and superior in-plane conductivity. Carrier dynamics were
further investigated by time-resolved PL measurements and
the observed significantly long PL lifetime (2100 ns) from
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the broadband emission is attributed to the decreased spatial
overlap between the wave functions of the electrons and the
trapped holes. In addition, we explored the performance of
these NPLs by integrating their solid films with a near ultra-
violet-light emitting diode (UV-LED). The luminous efficacy of
the obtained integrated hybrid LED reaches =300 Im W, as
a result of the strong overlap of the emission with the human
eye sensitivity function and exceptionally high QY of our NPL
solids.

2. Results and Discussion

We synthesized 2ML CdSe NPLs by making use of an acetate salt
for enabling the lateral growth of the NPLs. Details of the syn-
theses are presented in the Supporting Information. Lateral size
of the 2ML CdSe NPLs can be controlled by adjusting the growth
time after the injection of the Se precursor (trioctylphosphine
selenide) as can be seen from the transmission electron micros-
copy (TEM) images given in Figure la—e. CdSe NPLs having
lateral sizes from 100 to > 10 000 nm? can be grown easily by
just changing the growth time. As the lateral size of these NPLs
grows larger, they are rolled up to form tubular forms as can be
seen from the TEM images. A high-resolution TEM image of
a rolled NPL tube having a length of =150 nm is shown in the
inset of Figure 1e. The absorption spectra of the 2ML CdSe NPLs
presented in Figure 1f, which correspond to the NPLs shown in
Figure la—e, reveal an anomalous dependence of the strength
of different excitonic transitions on the lateral size of the NPLs.
The sharp transitions located around 372 and 393 nm are asso-
ciated with the light and heavy hole transitions, respectively, in
these 2ML CdSe NPLs.??8] These 2ML CdSe NPLs consists of
three monolayers of Cd and two monolayers of Se with both sur-
faces of NPLs ending predominantly with Cd layer.?!! As can be
deduced from Figure 1f, the relative strength of the heavy hole
and light hole (372 nm) transitions largely depends on the lat-
eral size of the 2ML CdSe NPLs, even leading to almost complete
quenching of heavy hole transition for the smallest NPLs. Such
dependence of light and heavy hole transitions on the lateral size
will be explored elsewhere. As the lateral size of the 2ML CdSe
NPLs is increased, the heavy hole transition dominates as can be
seen in Figure 1f, similar to the observations on thicker NPLs.?

The intrinsic absorption spectrum of the 2ML CdSe NPLs cor-
responding to the NPLs shown in Figure le, which exhibits an
absorption spectrum similar to other thicker CdSe NPLs in terms
of the relative strength of heavy hole and light hole transitions,
is presented in Figure 1g. For the calculation of absorption cross-
section, we followed the method used in our previous work?’ and
intrinsic absorption cross-section was calculated by dividing the
obtained absorption cross-section by the volume of the NPLs. The
intrinsic absorption of these CdSe NPLs (=2.15 x 10° cm™}) at their
first excitonic peak is significantly larger than that of other thicker
CdSe NPLs (=4.1 x 10° cm™) and CdSe QDs (=2.8 X 10° cm™)i27]
making them advantageous for light-harvesting applications
which require strong light-matter interactions. The increase in
the intrinsic absorption in this system is expected compared to
thicker nanocrystals because of the higher optical field penetra-
tion due to the extremely large aspect ratio?’] and reduction of the
dielectric factor leading higher exciton binding energy.”?
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Figure 1. a—e) TEM images of 2ML CdSe NPLs at different sizes. Inset of (e) shows a high-resolution image of a single NPL. The scale bar for every
TEM image is 100 nm. f) Absorption spectra of the corresponding NPLs shown in insets (a—e). g) Intrinsic absorption spectra of NPLs having thickness

of 2ML, 4 ML, and 5 ML.

To investigate the surface-assisted emission kinetics in these
NPLs, we studied continuous-wave PL (CW-PL) emission char-
acteristics of two different samples synthesized using excess
cadmium (Cd) and excess Se. Synthesis of CdSe NPLs generally
requires inclusion of excess amount of cadmium acetate pre-
cursor to promote 2D growth and assure capping of the outer-
most surface layer with Cd atoms and NPLs synthesis with
excess Cd approach leads to PL emission with narrow emis-
sion associated with the recombination of the carriers at the
bandedge according to the previous reports.?l PL spectrum
of 2ML CdSe NPLs grown by excess Cd shows strong narrow
emission at =405 nm together with broad emission at =550 nm
with FWHM of =150 nm as presented in Figure 2a. QY of these
2ML NPLs synthesized with excess Cd is relatively low < 20%,
which is similar to that of 3ML CdSe NPLs.[>2% To the best of
our knowledge, there is no previous report on the QY of 2ML
CdSe NPLs to compare in the literature. On the other hand,
2ML CdSe NPLs synthesized using excess amount of Se exhibit
almost purely broadband PL emission centered at =535 nm
with a FWHM of =150 nm as shown in Figure 2a and a QY of
90% in solution. QY measurements were executed by following
the procedure developed by De Mello et al. at an excitation
wavelength of 380 nm.%3U We performed PL excitation (PLE)
spectroscopy to probe the origin of the broadband emission.
The PLE spectra of the NPLs taken in the broadband emission
(600 and 500 nm) show clearly the excitonic peaks associ-
ated with the heavy and light hole transitions as presented in
Figure 3a. The sharp bandedge absorption and independence
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of PLE spectrum on the emission wavelength suggest that sam-
ples are monodisperse and the emission (both bandedge and
broadband deep trap emission) are not from a mixture of NPLs
having different thicknesses.

The emission at =405 nm, which is only a few nanometer
Stokes-shifted from the heavy hole transition, is clearly a result
of excitonic recombination at the bandedge while the Stokes-
shifted broadband emission can be attributed to the surface
related midgap states as these states become dominant recom-
bination centers in small nanocrystals (2 nm < diameter) as
well.2021 The high PL QY accompanied with strong Stokes-
shifted broadband emission indicates that the midgap states
are radiative. A strong increase in the activity of surface states
is expected in these ultrathin NPLs as a consequence of the
extremely large surface-to-volume ratio. In these subnanometer
thick NPLs, roughly 40% of the atoms are located at the sur-
face. In addition, the increase of the broadband emission in the
PL spectrum with the addition of excess Se suggests that these
emission centers are associated with the unpassivated Se sites
and hence trapping of the generated holes as reported in CdSe
QDs.2032] According to the earlier results, surface Se atoms
in CdSe nanocrystals are unpassivated and leads to deep trap
emission in these structures.[?232-34

To investigate the existence of surface Se atoms, we per-
formed X-ray photoelectron spectroscopy (XPS) measurements
on our samples. The high-resolution XPS spectra of Se 3d
orbital for the NPLs synthesized with excess Cd and excess Se
are shown in Figure 4a,b, respectively. For the XPS analysis,
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Figure 2. a) Power dependent PL spectra of 2ML CdSe NPLs synthesized with excess Cd and excess Se. b) Power dependence of the integrated PL
intensity of the bandedge (red) and surface emission center (black) of 2ML CdSe NPLs synthesized with excess Cd and excess Se.

the Cls peak is referenced at 285 eV. In both the cases, we
can resolve the XPS peak into three peaks positioning at 55.3,
54.5, and 53.6 eV. The peaks at the 55.3 and 54.5 eV are associ-
ated with the Se 3d doublet, i.e., Se 3ds;, and 3ds), regions as
reported earlier in bulk CdSe. The lower energy peak at 53.6 eV
is significantly more pronounced in the sample synthesized
with excess Se compared to the sample synthesized with excess
Cd. We attribute this lower energy peak to the unpassivated Se
atoms at the surface having a reduced number of neighboring
Cd atoms.*l The pronounced peak at 53.6 eV side observed in

the sample synthesized with excess Se suggests that this sample
has a significantly large number of unpassivated Se atoms
located at surface. This has been further confirmed by the XPS
elemental analysis showing higher Se (36 at%) concentration
in the sample synthesized with excess Se in comparison to the
sample synthesized with excess Cd (Se = 32 at%).

To further investigate origin of the efficient broadband emis-
sion in these subnanometer thick NPLs, CdS shell, and CdS
crown were grown on these NPLs. PL, absorption, and PLE
spectra of the CdSe core-only, CdSe/CdS core/crown, and
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Figure 3. PL, absorption, and PLE spectra of a) CdSe core-only, b) CdSe/CdS core/crown, and c) CdSe/CdS core/shell NPLs.

Adv. Funct. Mater. 2019, 29, 1901028

1901028 (4 of 9)

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(a)

2ML CdSe NPLs synthesized with excess Cd
4000 |
Se 3dg)2 .’%

—_ ]
=
s 3000
2
7]
[
8 2000
=

1000

(b)

4000 |

s 3000

2000

Intensity (a.u.)

1000

60

55
Binding Energy (eV)

Figure 4. High-resolution XPS spectrum of Se 3d orbital obtained for
2ML CdSe NPLs synthesized with excess amount of a) Cd and b) Se. Red
circles represent the actual data while blue circles represent the sum of
the fitted peaks and background signal (black circles). 2ML CdSe NPLs
synthesized with excess Se show pronounced peak appearing (magenta
circles) at the lower binding energy, which can be attributed to the pres-
ence of unpassivated Se at the surface.

CdSe/CdS core/shell NPLs are presented in Figure 3a—c, respec-
tively. The peak appearing at =325 nm in absorption and PLE
spectra with the growth of crown is associated with the grown
CdS layer as 2ML CdS NPLs exhibits a strong transition at the
same spectral position as also shown in Figure 3b.?! For the
shell growth, we deposited 2ML of CdS shell (one monolayer to
each side) on our 2ML CdSe NPLs using colloidal atomic layer
deposition technique.'?l The strong red shift of heavy and light
hole transitions (>100 nm) observed in the absorption spectrum
demonstrates the successful growth of 2ML CdS shell on the
2ML CdSe NPLs. The PL spectrum of the core/crown sample
is identical to that of the core-only sample while the PL from
the core/shell sample is considerably narrow (FWHM = 20 nm)
and Stokes-shifted by only =5 nm from the heavy hole transi-
tion, which is similar to the previous results on core/shell sam-
ples based on thicker NPLs.l'l A few nanometer Stokes-shifted
narrow emission from the core/shell sample signifies that the
midgap surface states associated with the efficient broadband
greenish emission is passivated with the addition of shell
and hence this broadband emission observed in these NPLs
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indeed originates from recombination centers at the surface of
the NPLs. However, these core/shell NPLs show significantly
lower QYs (QY = 10%-15%) compared to 2ML CdSe NPLs emit-
ting through almost only from the surface centers. The low QY in
this core/shell system is associated with the shallow hole trap-
ping sites leading nonradiative recombination.>*3”! In addition,
the insensitivity of the PL spectra to the passivation of CdSe
core edges with a wide bandgap CdS crown suggests that broad-
band deep trap emission is extensively associated with radiative
recombination centers located at the lateral surfaces rather than
the peripheral ones playing a significant role in the recombina-
tion process and trapping of the carriers as previously demon-
strated in layered 2D perovskites.®]

The Stokes-shifted emission also in some cases can be
attributed to the self-trapped excitons (STE) associated with
the strong electron-phonon coupling.?>* In the case of STEs,
due to the strong electron-phonon coupling, the peak inten-
sity of the PL increases linearly with the excitation intensity
without any saturation or deviation till the photodegradation
of the material,***2 while the PL emission originating from
defect sites can be saturated or can deviate from linear behavior
under high excitation intensities due to the limited number of
permanent defect sites.[}! Figure 2a shows the excitation power
density (up to =300 W cm~?) dependence of PL emission from
2ML CdSe NPLs dispersed in hexane solution. We estimated
the integrated PL intensity of the bandedge emission by fitting
the sharp bandedge emission to a Gaussian function in each PL
curve. The integrated emission from surface centers was then
calculated by subtracting the obtained bandedge emission from
the entire PL emission spectrum. The power dependence of the
integrated PL intensity of the bandedge and surface centers in
2ML CdSe NPLs is shown in Figure 2b. For the sample having
strong bandedge emission together with the defect emission,
the emission from defect sites saturates at high excitation power
densities (=250 W cm™?) while the emission from bandedge
keeps increasing almost linearly as can be seen in Figure 2a,b.
This can be explained by saturation of the defect sites at higher
excitation powers in this sample having relatively low number
of defect sites. However, for the sample having almost purely
broad emission from surface emission centers, the broad emis-
sion rises linearly with increasing excitation power density
> 300 W cm™ indicating that the existence of high number of
defect sites, which remain unsaturated while exposed to similar
excitation powers when the sample was grown by excess Cd.

We performed time-resolved PL measurements on 2ML
CdSe NPLs in solution to probe the carrier dynamics using a
streak camera and a laser source with the excitation wavelength
of 350 nm (repetition rate: 1 kHz, pulse width: 150 fs, power:
1-15 uW). PL decay curves of the NPLs at the bandedge emis-
sion are shown in Figure 5a. PL decay is approximately three
orders-of-magnitude faster at the bandedge with a lifetime of
=~150-300 ps compared to the PL decay at the broadband emis-
sion having a lifetime of 2100 ns. PL decay is multiexponential
in NPLs according to the previous reports because of the mul-
tichannel radiative and nonradiative pathways.[*l We employed
a triexponential decay function for the fitting of the PL decay
curves measured at the bandedge emission. The PL lifetime
components are given in Table S1 in the Supporting Infor-
mation. The intensity averaged lifetime of the PL emission at
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Figure 5. a) PL decay curves of the NPLs at the bandedge emission. b,c) PL decay curves of the NPLs at different wavelengths around surface center
emission. Inset (c) shows the PL decay kinetics at the earlier times while inset (b) depicts PL decay on a longer window. d) Schematic representa-
tion of the carrier recombination pathways in these NPLs. Red (blue) dots correspond to photogenerated electrons (holes). As depicted, carriers can
recombine at the bandedge, surface emission centers (SECs), or shallow hole traps (SHT) mediated by structural defects.

the bandedge (405 nm) is around 0.16 and 0.27 ns for the
sample synthesized with excess Se and excess Cd, respectively.
These measured PL lifetimes are significantly shorter than
the previously reported PL decay lifetimes of 1-4 ns for 4ML
and S5ML CdSe NPLs,>*! which can be attributed to the sig-
nificantly strong and fast carrier trapping in these subna-
nometer thick NPLs. We associate the two shorter lifetimes,
T, = 80-120 ps and T, = 300 ps, to the trapping of the carriers
and the longer component having a lifetime around 0.6 ns to
the recombination of excitons at the bandedge.’®! In addition,
the lifetime (<1 ns) of the 2ML CdSe NPLs at the bandedge
is shorter compared to the lifetime of several nanoseconds
observed in 5SML CdSe NPLs at room temperature.36:44

PL decay curves at the high energy side (460 nm), the peak
(535 nm), and the lower energy side (610 nm) of the broadband
emission for the sample having strong Stokes-shifted emis-
sion are given in Figure 5b—c. The PL decay at the high energy
side has a short lifetime component (=200 ps) together with a
long lifetime component of =100 ns while intensity of the PL
at the low energy side exhibits a slight increase in the first few
nanoseconds as can be seen in Figure 5b. We also observed
similar decay kinetics from the sample having stronger band-
edge emission. This quick decrease in the PL intensity at the
high energy side together with the increase in the PL inten-
sity within first few ns at the low energy side can be attributed
to the relaxation of holes via releasing of phonons within the
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trap site before they recombine radiatively with the electrons
and relaxation of photogenerated carriers into low lying defect
sites present within the same NPL. The redshift of PL emis-
sion with time also reveals this energy relaxation as shown in
Figure S3 in the Supporting Information. Here, the carriers
trapped at the surface are holes as indicated by the depend-
ence of CW-PL characteristics to the addition of excess Se
and very similar lifetimes of hole trapping at the surface sites
previously reported.[*dl Significantly longer lifetime of Stokes-
shifted broadband emission can be explained by the decrease
in the spatial overlap between the wavefunctions of delocal-
ized electrons and holes localized at the noncoordinated Se
sites at the surface. PL decay at the Stokes-shifted emission
exhibits a monoexponential decay after first few nanoseconds
with a long lifetime of =100 ns, which is almost two orders-
of-magnitude longer than the previously reported PL lifetimes
from CdSe NPLs.?l Here, trapped holes at the surface centers
can encounter the delocalized electrons and can recombine
radiatively facilitated by their 2D structure which allows the
electrons to move freely within the plane and also the strong
Coulomb interaction due to the low dielectric constant in these
NPLs. In addition, the relaxation of carriers into the midgap
surface states suppresses their trapping by nonradiative
defect sites.

The higher QY of the sample emitting almost purely
through surface centers with only <1% contribution from
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Figure 6. a) Emission spectra, b) optical luminous efficacy of the NPL integrated hybrid LED at various driving currents, and c) Chromaticity coordi-

nates of the hybrid LED at various driving currents.

bandedge (as shown in Figure 2c) can be explained by
trapping of the holes strongly by the surface centers emitting
efficiently. This stronger trapping leads to significantly shorter
PL lifetime at the bandedge (=0.16 ns) compared to that of
sample having stronger bandedge emission (=0.27 ns) at the
bandedge. We attribute PL decay component with T3 = 300 ps
to the hole trapping leading to predominantly nonradiative
recombination in CdSe NPLs as similar lifetimes (=300 ps)
associated hole trapping leading nonradiative recombina-
tion were reported in NPLs.’®l Additionally, the existence of
nonradiative hole trapping channel not only in the core CdSe
and but also in the core/shell CdSe/CdS NPLsP® indicates
this nonradiative channel is associated with structural defects
rather than surface centers. The illustration of the recombina-
tion of the photogenerated carriers in these NPLs is depicted
in Figure 5d, where carriers can recombine at the bandedge,
surface trap sites, or shallow hole traps mediated by structural
defects.

Motivated by the optically superior performance of the NPLs
having Stokes-shifted emission, we explored their photolumi-
nescence capability by integrating solid films of these NPLs
(obtained by using PMMA) with a near UV-LED emitting at
380 nm. The details of the film formation and optical measure-
ments are given in the Supporting Information. The QY of their
solid films was measured as 85%. The exceptionally high QY of
the solid film of these NPLs is as a result of large Stokes-shifted
emission reducing the losses associated with the reabsorption
and Forster resonance energy transfer as also demonstrated in
solid films of type-II NPLs.*”] This NPL integrated LED was
driven between 50 and 350 mA and the obtained emission
spectra were presented in Figure 6a. Chromaticity coordinates
of the LED were calculated between (0.37, 0.54) and (0.35, 0.49)
with increasing current from 50 to 350 mA (Figure 6¢). The lumi-
nous efficacy of optical radiation (LER) of this LED reaches
300 Im W, ! as presented in Figure 6b, greatly surpassing
the previous results from the LEDs utilizing NPLs*!l and small
QDs (2 nm < diameter)**3% because of the strong overlap of
the NPL emission with the human eye sensitivity function
and the high QY of solid films of our NPLs. However, as can
be seen in Figure 6b, the emission from the exciting LED at
380 nm leads to a reduction at high currents in the LER per-
formance since it can be only weakly sensed by the human
eye. This white LED also has a low color rendering index (CRI)
around 50 indicating a poor reproduction of the real colors of the
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objects. The main reason behind this is the lack of a blue color
component in our LED despite the presence of green, yellow,
and red portions of the visible spectrum. The color rendition
performance of our device could be improved by addition of
a blue-emitting color component and then our LED made of
2ML CdSe NPLs can be a promising candidate for efficient
quality solid-state lighting. Our proof-of-concept demonstration
in here shows that 2ML CdSe NPLs are highly promising for
efficient solid-state lighting in green/yellow with LER reaching
300 Im Wy .

3. Conclusion

In summary, we demonstrated the synthesis of highly effi-
cient 2ML CdSe NPLs and studied recombination dynamics of
the photogenerated carriers within these 2D nanostructures
through systematic investigation by continuous-wave and time-
resolved PL techniques. Surface emission centers mediated
by the localized holes at unpassivated Se sites provide a pathway
for radiative recombination assisted by large in-plane mobility
and exciton binding energy in these 2D nanostructures. The
relaxation of photocarriers into the midgap surface centers
suppresses their capture by nonradiative centers likely associ-
ated with structural defect sites. The nearly monoexponential
decay and extremely long lifetime of these surface midgap
states reveal the radiative nature of these states together
with the QYs reaching =90% for the NPLs having almost
entirely pure broad greenish emission. The NPLs film inte-
grated LED exhibits luminous efficacy of 250-300 Im W,
considerably outperforming those previously attained using
NPLs and small QDs, and hence indicating their potential in
solid-state lighting in green/yellow window. Our results show
that these highly efficient NPLs can serve as an outstanding
platform for next-generation light-generating and -harvesting
applications particularly considering their extremely large
intrinsic absorption cross-section and efficient Stokes-shifted
emission.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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