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Ultralow Threshold Optical Gain Enabled by Quantum
Rings of Inverted Type-1 CdS/CdSe Core/Crown

Nanoplatelets in the Blue

Savas Delikanli, Furkan Isik, Farzan Shabani, Hamed Dehghanpour Baruj,

Nima Taghipour, and Hilmi Volkan Demir*

Achieving low-threshold optical gain for solution-processed materials is
crucial for their real-life applications and deployment as gain media. How-
ever, the realization of low gain threshold in the blue region has shown to

be technically an extremely challenging task using colloidal nanocrystals

as a result of fast nonradiative Auger rates in smaller nanocrystals. Here,
ultralow-threshold blue amplified spontaneous emission (ASE) (=2.7 p) cm™)
accompanied with a large net modal gain coefficient of 360 cm™" in the blue
enabled by blue-emitting (=~455-465 nm) colloidal quantum rings (QRs) of
inverted type-l CdS/CdSe core/crown nanoplatelets (NPLs) is proposed and
demonstrated. The synthesized QRs with controlled crown size outperform
the best reported ASE thresholds and net modal gain coefficients from the
solution-processed materials by =2.5- and =4-fold, respectively, in the similar
blue spectral window. Utilizing this QR architecture, it is also shown that the
ASE peak can be spectrally tuned by controlling the lateral size of the crown
and hence quantum confinement in the lateral direction. These outstanding

light-emitting diodes and lasing™ as a
result of their unique optical and elec-
tronic properties such as giant oscillator
strength,ll exceptional color purity owing
to their magic-size vertical thickness,!!
photoluminescence (PL) quantum yields
reaching near-unity,*° directed emission
profile,/1 switchable excitonic polariza-
tion,% and spectral tunability as a result
of their lateral size and thickness control
at monolayer (ML) precision.!3l These
quasi-2D structures further enable unique
opportunities for the design of novel het-
erostructures as a result of the possibili-
ties of isotropically growing a shell around
the entire core seed with atomic layer pre-
cision™*] and/or anisotropically only a
crown'*18l with an identical number of
monolayers fixes vertical thickness as the

results support the prospects of these solution-processed QRs made of 2D
hetero-NPLs in the challenging blue region as colloidal gain.

1. Introduction

2D semiconductor nanoplatelets (NPLs), which make col-
loidal quantum wells, recently have emerged as a favorable
and novel platform for optoelectronic applications, including
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seed core, as an purely lateral extension
(wings) which is otherwise not possible at
such a level of selectivity for other types
of solution-processed nanocrystals in dif-
ferent geometries, for example quantum dots (QDs). Using
heterostructures of NPLs, amplified spontaneous emission
(ASE) with ultralow thresholds,*-%*l large modal gain,® long
gain lifetime,?"?¥ and stable ASE?"?] and lasing?®l have been
recently reported in the green and red regions of the visible
spectrum using 4 ML CdSe/CdS core/crown, CdSe/Cd;_,Zn,S
core/shell, and CdSe/CdS/Cd,_,Zn,S core/crown/shell NPLs.
However, these have not been achieved using hetero-NPLs in
the blue region to date.

Since blue emission characteristically necessitates smaller
nanocrystals which exhibit faster Auger rates and an increased
density of trap surface traps states compared to larger ones
in general and, therefore, achieving low threshold ASE
and lasing in the blue region is unambiguously difficult for
nanocrystals.”’] However, it was demonstrated that NPLs
display reduced Auger rates compared to QDs having a
comparable bandgap as a result of the reduced exciton den-
sity due to the large lateral area of these 2D structures,[28-30
which makes them suitable candidates for optical gain studies
in the blue region. Yet, there are very few reports on optical
gain of NPLs in the blue region compared to heavily studied
green and red regions. This is largely due to the poor optical
properties of 3 and 2 ML CdSe NPLs that are in the form of
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Figure 1. TEM images of a) 3 ML CdS NPLs and b) 3 ML CdS/CdSe core/crown NPLs (additionally coated with CdS shells). 3 ML CdS/CdSe core/
crown NPLs were coated with the CdS shell to better observe the shape and size since the as-synthesized 3 ML CdS/CdSe core/crown NPLs are rolled
up as can be seen in Figure S2 of the Supporting Information. Inset of (a) shows a TEM image of an unrolled CdS core NPL. c) XRD spectra of 3 ML

CdS and CdS—CdSe NPLs.

only core having strong defect emission associated with the
trapping of the carriers at the surface. Additionally, rolling of
these NPLs®l makes uniform solid thin-film formation prac-
tically too difficult which is essential to reducing the optical
losses in the ASE performance. To the best of our knowledge,
there are solely two reports of optical gain in the blue region
using NPLs,3%3U and the ASE thresholds of these previous
works are between 50 and 250 u] cm~2, which are at least one
order of magnitude larger than the ASE thresholds of NPLs in
the green and red region.?032 While these results are better
than the finest reports from QDs,13334 there is still a strong
need for improvement toward their usage as gain media
and to match the results in the green and red range. Among
a variety of possible hetero-NPLs quantum rings (QRs) that
can be conveniently obtained by growing a narrow bandgap
crown around a wide bandgap core in NPLs have not been
considered for optical gain in blue thus far. For example, even
though inverted type-I CdS/CdSe core/crown NPLs have been
shown to make QRs with continuously tunable emission in
the blue region, the optical gain properties of these very inter-
esting and intriguing 2D heterostructures have never been
explored till date.

In this study, we show high performance blue ASE in its
class with an ultralow threshold of 2.7 @ cm™ (=1.6 exciton
per NPL), accompanied by a large net modal gain coefficient of
360 cm™, enabled by the engineered QRs in the form of 3 ML
CdS/CdSe core/crown NPLs. The ASE threshold and net modal
gain of our QRs outperform the previously demonstrated ASE
thresholds and net modal gain coefficients from the solution-
processed nanoparticles of all types in the comparable spectral
range. The large absorption cross-section and intrinsically slow
Auger rates of our hetero-NPLs lead to such an ultralow level of
ASE thresholds in this 2D system. As an important benefit, we
also demonstrate that the ASE peak can be continuously spec-
trally adjusted via controlling the geometry of the resulting QR
by modifying the lateral size of the crown.
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2. Results and Discussion

We synthesized CdS/CdSe core/crown NPLs using 3 ML CdS
NPLs as the starting cores. The details of the synthesis of
3 ML CdS NPLs were given in the Supporting Information.
CdSe crowns in different lateral sizes were grown on the seed
CdS NPLs at 170-175 °C after the injection of cadmium and
selenium precursors at room temperature. The crown growth
temperature is critically important to obtain QRs with uniform
thickness. The growth at higher temperatures leads to emis-
sion around =510 nm together with additional emission around
~460 nm. This can be explained by the conversion of some of
3 ML CdS cores to 4 ML CdS cores at high temperatures as previ-
ously reported®! and the growth of 4 ML CdSe crown on these
4 ML NPLs. Addition of a small amount of oleic acid (few hun-
dred microliters) is also needed to suppress the transformation
of these 3 ML CdS NPLs to 4 ML CdS NPLs during the growth
of CdSe crown while the addition of a large amount of oleic acid
hinders the growth of CdSe crown as a result of the formation
of cadmium oleate in the presence of oleic acid together with
cadmium acetate. The lateral size of the crown can be tuned
by adjusting the amount of precursors needed for the crown
growth."!l The transmission electron microscopy (TEM) images
of seed CdS and CdS/CdSe NPLs having medium crown are
given in Figure 1a,b. The obtained CdS/CdSe NPLs feature a
larger lateral length (27 + 6 nm) compared to the CdS core NPLs
(14t 4 nm), as can be seen in TEM images, signifying the suc-
cessful growth of CdSe crown around CdS core NPLs. X-ray dif-
fraction (XRD) spectra of the synthesized CdS core and CdS/
CdSe core/crown NPLs are presented in Figure lc. As can be
seen from the diffraction pattern, CdS core and CdS/CdSe NPLs
have a zinc-blend crystal structure. The broadening of the XRD
peaks in these only 3 ML thick NPLs is associated with their very
thin vertical size. The apparent slight shift of the XRD peaks
of the seed CdS NPLs toward lower angles is due to the dila-
tion of the lattice in these core NPLs compared to the bulk.[’!

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

www.advopticalmat.de

(@

Absorption

= QRs having small crown (b) =
B = QRs having medium crown i 8
— QRs having large crown —_ 2
. [}
= g
s =
2 g
w F
S 450 455 460 465
€ Wavelength (nm)
aF
o = QRS having small crown
| = QRs having medium crown
- QRs having large crown
1

450
Wavelength (nm)

350 400 500

550 400 450

500 550 600 650 760
Wavelength (nm)

Figure 2. a) Absorption spectra of QRs having CdSe crown in different lateral sizes. The absorption spectra are normalized at the peak of heavy hole
transition. b) PL spectra of QRs having CdSe crown in different lateral sizes. Inset of (b) shows zoom-in PL spectra of QRs at a narrower spectral

window to show the PL peaks clearly.

As shown in Figure 1c, the XRD peaks are shifted slightly to
the lower angles as CdSe crown forms around the periphery of
core CdS NPLs. This shift is due to the larger lattice constant of
CdSe, which induces strain with the growth of CdSe crown.
The absorption spectra of CdS/CdSe NPLs are shown in
Figure 2a. The peak at =375 nm resolved in the absorption
spectra of CdS/CdSe NPLs is associated with heavy and light
hole transitions taking place in CdS[® as 3 ML CdS core NPLs
exhibit an excitonic transition at =375 nm as can be seen in
Figure S1 of the Supporting Information. The peak tunable
between 454 and 462 nm is related with heavy hole transition
taking place in the CdSe crown in different lateral sizes.?
This is due to the lateral confinement effect felt by the gener-
ated excitons in the CdSe crown.™ The peak between 429 and
434 nm is due to the light hole transition in the CdSe crown.
The absorption cross-section of these NPLs was also calculated
by following our previous report.*l The absorption cross-sec-
tions of the NPLs at 400 nm having heavy hole transitions at
459.4 nm (QRs having medium crown) is 2.7 x 107 ¢cm?. The
PL spectra of the synthesized NPLs in solution at room tem-
perature are presented in Figure 2b. The PL peak of the NPLs
is tunable from 456 to 462 nm, as can be seen clearly in the
inset of Figure 2b owing to the controlled lateral confinement

in the crown, which provides a tuning knob for determining
the spectral window of the optical gain. In addition, QRs having
small crown also exhibit broad emission centered at ~640 nm,
which is associated with presence of trap states in these QRs as
result of the nonuniform growth of crown around the seed CdS
NPLs. The full-width-halfmaximum (FWHM) of these NPLs
drop from 14 nm for QRs having small crowns to 10 nm for
QRs having medium and large crowns. The relatively larger PL
FWHM of inverted NPLs having smaller crowns is a result of
the variation in lateral confinement as shown in QRs of NPLs
previously."! In addition, the existence of trap emission gener-
ally observed in 3 ML CdSe NPLs!*!"! is largely passivated in
these QRs except for QRs having thin CdSe crown as can be
observed in Figure 2b.

To investigate the ASE performance of our QRs, we prepared
solid films on the precleaned quartz substrates by spin-coating
our QRs dispersed in hexane (=30 mg mL™) and the obtained
films were excited in a stripe geometry (using a cylindrical lens)
at 400 nm using mode-locked femtosecond pulses with a 120 fs
pulse width and at a 1 kHz repetition rate. ASE was character-
ized by collecting the emitted photons along the stripe using
a spectrometer coupled to a fiber. Figure 3a displays pump-
fluence dependence of ASE spectra of the films of CdS/CdSe
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Figure 3. a) Pump fluence dependence of PL spectra of QRs having medium CdSe crown. ASE emerges with the increase of pump fluence. b) ASE
spectra of QRs having CdSe crown in different lateral sizes. The ASE peak moves from 481 to 492 nm as the lateral size of the QRs is increased.
c) Integrated PL intensity of QRs having medium and large crowns. The inset of (c) shows integrated PL intensity of QRs having thin crowns. The ASE
threshold of QRs having thin crowns is significantly higher than the ASE threshold of QRs having medium and large crowns.
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Figure 4. a) ASE measurements at different stripe lengths and b) the resulting integrated PL intensity as a function of the stripe length at a pump flu-
ence of 92 1) cm~2 for QRs having medium crown. The fitting of the variable stripe length measurements (red curve) results in a net gain coefficient

of 360 cm™.

NPLs with medium crown as an exemplary case. The pump-
fluence dependence of the ASE spectra from rest of the QR
films are shown in Figures S3 and S4 of the Supporting Infor-
mation. The spontaneous emission peak can be observed at
lower pump fluences at =480 nm with an FWHM of =18 nm
(which can be better observed in Figure 4a), while the sharp
ASE peak with an FWHM of 8 nm appears at higher fluences
on the red side of the spontaneous emission. The spontaneous
emission from the solid films of these QRs having medium
crown shows almost purely bandedge emission unlike the
films of 3 ML CdSe NPLs showing very strong defect emission,
which can be better seen in Figure 2b. This is likely due to the
better passivation of the trap sites present on the surface of
our ultrathin QRs. The ASE peak is redshifted by =5 nm rela-
tive to the spontaneous emission peak as can be seen easily in
Figure 4a. The red shift of ASE indicates multiexcitonic gain,
which is commonly observed in type-I NPLs and QDs. This red
shifted ASE is beneficial for optical gain since this leads to a
reduction in the self-absorption.?3¥ The ASE spectra of our
QRs having different crown sizes are presented in Figure 3b.
The ASE peaks cover a range of 10 nm from =480 to =490 nm.
The confinement control in the lateral size of our QRs provides
a tuning knob for continuously adjusting the spectrum of ASE
and a new route for fine tuning the optical gain spectra in these
NPLs having discrete spectrum.

Total emission intensities as a function of the pump flu-
ence for all the investigated samples are shown in Figure 3c.
The threshold varies as we change the size of the crown as
can be observed in Figure 3c. The lowest achieved threshold
is 2.7 W cm™? from the sample with medium crown. At this
threshold, =1.6 excitons per QR were generated by the pump
laser. The previously best reported threshold in the blue range is
=8 UJ cm™2 from perovskite nanocrystals.’”l The QRs with large
crown exhibit ASE threshold of =8.3 uJ cm™. This difference
in the thresholds between these two samples can be attributed
to the difference in film formation and surface passivation and
variation in film thickness, which altogether strongly affect the
optical confinement factor and optical losses. However, the
sample with the small crown has a distinctly higher threshold
(=81 W cm™). This can be explained by the stronger Auger rate
as a result of higher exciton density and smaller absorption
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cross-section of this sample. Also, there could be a possible con-
tribution of the presence of trap sites, which lead to strong deep
trap emission in the films of these QRs having thin crowns,
to this higher threshold. However, the stimulated emission
kinetically outcompetes this emission from trap sites above the
threshold as the ASE peak appears above the threshold in this
sample having strong trap emission as presented in Figure S3
of the Supporting Information. As demonstrated in previous
works of NPLs, the stimulated emission rate is an order mag-
nitude faster than the hole trapping.[®3%38 This suggests that
trap sites do not significantly affect the ASE threshold since the
stimulated emission is significantly faster than the trapping of
the photoexcited carriers.

The modal gain of these films of our QRs was obtained
employing the variable-stripe-length (VSL) method.l% Figure 4a
presents the emission spectra of VSL measurements (at a pump
fluence of 92 uJ cm™?) of the QRs having a medium size crown
that show the best ASE performance. Figure 4b shows the total
emission intensity as a function of the stripe length and the
gain coefficient obtained from the fitting is 360 cm™. In here,

we employed a fitting function of I _A (e —1),l where A is a
g

parameter that reflects spontaneous emission intensity, g is the
net modal gain coefficient, and L is the length of the excitation
stripe to obtain net modal gain coefficient. This obtained gain
coefficient is fourfold larger than the previously best reported
gain coefficient of solution processed materialsi3! in the similar
spectral window. This can be attributed to the large intrinsic
absorption coefficient of 3 ML CdS/CdSe core/crown NPLs,
which makes them excellent candidates as optical gain media
as the intrinsic absorption shows the gain capability of a mate-
rial.13404] The previously reported best gain coefficient in the
blue region for solution-processed materials is also from core
3 ML CdSe NPLs demonstrating the potential of these thin QRs
of CdS/CdSe NPLs.Bl

3. Conclusion

In summary, synthesizing QRs engineered from 3 ML CdS/CdSe
core/crown NPLs, we demonstrated high-performance ASE

© 2021 Wiley-VCH GmbH
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with a record low threshold of =2.7 uJ cm~ together with a large
net modal gain coefficient of 360 cm™ in the challenging blue
region for solution processed materials. We also showed that
their ASE peak can be conveniently spectrally tuned by control-
ling the lateral confinement in the QR architecture provided
by the crown. The resulting ASE threshold and net modal gain
of our QRs surpass the ASE thresholds and net modal gain
coefficients of the state-of-the-art solution processed materials
in the similar spectral window. The obtained gain coefficient is
fourfold larger than the previously reported best gain coefficient
of solution-processed materials in the similar spectral range.
The low ASE threshold of our QRs stems from the large absorp-
tion cross-section, negligible dispersion both in thickness and in
lateral size as indicated by narrow PL linewidth and intrinsically
slow Auger rates compared to QDs. The achieved record low
ASE threshold is an important step toward realizing continuous-
wave pumped lasing in the blue region. Thus, these findings
indicate that our engineered QRs make an exceptional candidate
as the colloidal gain media for lasers in the blue region with
their ultralow threshold ASE and large net modal gain.
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from the author.
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