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Low-Threshold Amplified Spontaneous Emission
and Lasing from Thick-Shell CdSe/CdS Core/Shell
Nanoplatelets Enabled by High-Temperature Growth

Lei Zhang, Hongyu Yang, Buyang Yu, Ying Tang, Chunfeng Zhang,* Xiaoyong Wang,*
Min Xiao, Yiping Cui, and Jiayu Zhang*

quantum wells, because of their precisely

Colloidal semiconductor nanoplatelets (NPLs) have recently emerged as
highly promising optical gain medium because of their superior optical
properties. Here, the shell-thickness-dependent optical gain properties of

nanometer-scale thickness just with a few
atomic monolayers (MLs).l'3l The excitons
in NPLs are free to move within the plane

CdSe/CdS core/shell NPLs synthesized by high-temperature growth are
systematically investigated for the first time. The core/shell NPLs show
the increased quantum yields and enhanced photostability as well as

clear reduced emission blinking, thanks to the preferable passivation of
nonradiative surface defects by the growth of the high-quality CdS shells
under high reaction temperature. Meanwhile, the amplified spontaneous
emission (ASE) performance of CdSe/CdS NPLs indicates a nonmono-
tonic dependence on the shell thickness. The ASE threshold is achieved

as low as =4.4 1) cm= for thick-shell NPLs with six monolayer CdS shells,
and exhibiting ultrafast transient dynamics process (=11 ps). Besides, an
extremely long lifetime (>800 ps) and large bandwidth (>140 nm) of optical
gain are observed by employing ultrafast transient absorption spectros-
copy. Finally, a thick-shell NPLs vertical cavity surface-emitting laser is
developed, which demonstrates spatially directional single-mode operation
with an ultralow lasing threshold of =1.1 u) cm~2 These excellent results
are attributed to the remarkable optical gain performance of core/shell
NPLs and represent an important step toward practical NPL laser devices.

1. Introduction

Colloidal semiconductor 2D nanoplatelets (NPLs) is a kind
of novel nanomaterials similar to the electronic structure of
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and just confined in thickness dimen-
sions, which exhibits strong 1D quantum
confinement effect.’? Thus, the NPLs
have the characteristic photophysical
properties, including the fast radiative
decay rates, narrower photoluminescence
(PL) emission spectra, larger absorp-
tion cross sections, and giant oscillator
strengths.>>~8 All these superior proper-
ties are highly desired for their promising
light-emitting  diodes®'! and lasing
applications.[12-1%]

The properties of colloidal core-only
NPL materials could be further improved
in core/shell or core/crow heterostruc-
tures.131529  Among these, CdSe/CdS
core/shell NPLs have been increasingly
attractive due to their excellent shell-
thickness-dependent ~ optical ~ perfor-
mance.[317:20-22 CdSe/CdS NPLs are syn-
thesized with higher quantum yields (QYs)
and stability as compared to CdSe core-only
NPLs, because of the effective passivation
of surface trap states by the epitaxial growth of a wider bandgap
shells.72324 In addition to the passivated surface defects, the
absorption cross section of CdSe/CdS NPLs was boosted owing
to the intrinsically increased optical absorption of the CdS
shells.?% At the same time, the inorganic shells could help to
suppress the rapid nonradiative Auger recombination (AR) of
excitons with lower Auger rates and much reduced emission
intermittency at single particle level, thereby enabling to realize
low-threshold (=6 ] cm™) amplified spontaneous emission
(ASE) and obtain high threshold for gain saturation.['316:20:22.23.25]
Generally, the epitaxial growth of semiconductor shells in core/
shell hetero-nanoplatelets is performed via the colloidal atomic
layer deposition (c-ALD) method.?%2%l However, as c-ALD usu-
ally takes place at room temperature, such synthetic approach
allows for CdSe/CdS NPLs with only limited QYs (=20-40%)
and stability.262%3% These properties need to be improving for
ensuring their applications in colloidal optoelectronic devices.

Fortunately, several routes of synthesizing CdSe-based core/
shell heterostructure NPLs have proved that the hot-injection
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shell growth scheme could enormously improve the optical
properties of core/shell NPLs in comparison with that under
low reaction temperatures.?%3! The experiments show that the
high-temperature synthesis of CdSe/CdS core/shell NPLs is
conducive to allow the growth of highly uniform and thick inor-
ganic shells. Importantly, the highly crystalline shells from the
slow deposition process at high temperature would reduce the
surface nonradiative recombination by better passivating sur-
face traps, which could also result in minimal interfacial defects
by atomic diffusion and reorganization at the same time.[30-32
Thus, in contrast to conventional c-ALD method, the high-
temperature shell growth approach could result in CdSe-based
core/shell NPLs with narrow emission bandwidth, improved
QYs (=60% for CdSe/CdS NPLs and =98% for CdSe/ZnS NPLs)
and enhanced optical stability, as well as exhibiting preemi-
nent ASE performance after being annealed at 500 K.3%31 The
similar behavior has also been reported in core/shell nanorod
heterostructures that the higher growth temperature of the
shell exhibit better thermal stability than that were synthesized
at lower temperatures.?¥l In view of these advantages of high-
temperature shell growth, CdSe-based core/shell NPLs not only
act as a kind of highly stable light-emitting materials but also
an excellent low-threshold gain medium for lasers. To date, the
shell-thickness-dependent gain properties of CdSe/CdS core/
shell NPLs synthesized by the high-temperature strategy have
not been systematically studied. Understanding shell-thickness-
dependent factors affecting gain performance in NPLs can pro-
vide guidelines to improve and even design better nanostruc-
tures as lasing media. Hence, the optical gain properties of
such CdSe/CdS core/shell NPLs need to be further explored in
depth for exploiting practical laser devices.

In this work, a series of shell-thickness-controlled CdSe/
CdS core/shell NPLs have been synthesized by the hot-injection
shell growth approach at a high temperature (300 °C). First of
all, the effect of shell thickness on optical properties of CdSe/
CdS NPLs is investigated. The NPLs with thicker CdS shells
(6 MLs) exhibit the optimal ASE performance with an ultralow
optical gain threshold as compared to the thinner ones.
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However, as the shell thickness is further increased, ASE per-
formance is worsened possibly for the reason of the increased
number of strains induced defects. Moreover, the deeper
insights into the excellent gain performance of thick-shell
CdSe/CdS NPLs (6 MLs) are explored by using ultrafast tran-
sient absorption (TA) spectroscopy. Finally, thick-shell CdSe/
CdS NPLs have been exploited as active medium to fabricate
the vertical cavity surface-emitting laser (VCSEL) that realized
a high beam quality single-mode lasing output with an ultralow
threshold (=1.1 uJ cm™). Therefore, the results indicate that
CdSe/CdS NPLs will be a promising lasing gain material for
practical applications in semiconductor microlasers.

2. Results and Discussion

2.1. Structural and Optical Characterization
of CdSe/CdS Core/Shell NPLs

In order to overcome limitations of conventional room-
temperature approach for the optical properties of core/shell
NPLs, CdSe/CdS core/shell NPLs were here prepared through
high-temperature reactions (300 °C) with the low-reactivity
Cd(oleate), and 1-octanethiol as precursors. Briefly, we first syn-
thesized four monolayers (=1.2 nm) CdSe core NPLs with an
emission at 513 nm, following a modified procedure reported
previously.?”! Figure 1a shows the schematic diagram of shell
growth. By varying the precursor injection volume, we could pre-
cisely control over the thickness of CdS shells (see Section S1,
Supporting Information). The photograph of NPLs under
ultraviolet (UV) illumination exhibits the obvious emission
changes with the reaction time. Figure 1b shows the absorp-
tion and emission spectra of CdSe core and CdSe/CdS core/
shell NPLs with shell thickness of 3, 6, 9, and 14 MLs. These
are all progressively shifted toward lower energy with the depo-
sition of the CdS shell, because of the increasing delocalization
of the electron into the shell region while the hole is mainly
confined to the core.l'®21 Moreover, the emission spectra of
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Figure 1. a) Schematic representation of the synthesis for CdSe/CdS core/shell NPLs, with photograph of core/shell NPLs samples at the different
reaction time under UV illumination. b) Absorption and PL spectra of CdSe core and CdSe/CdS NPLs with different shell thickness. c—e) TEM images of
CdSe core NPLs, 6 MLs, and 9 MLs CdSe/CdS NPLs. The inset shows the morphology of NPLs in vertical direction, the thickness is =4.9 and =6.8 nm

for NPLs with 6 and 9 MLs, respectively. Scale bars are 30 nm.
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CdSe/CdS NPLs could remain the narrower full-width at half
maximum (FWHM) of =24 nm. The broadening of emission
linewidth in these core/shell heterostructures is likely ascribed
to the enhanced exciton—phonon coupling in the shell and the
increased heterogeneity at the core/shell interface by atomic dif-
fusion.1®34 The corresponding linewidths of single CdSe/CdS
NPL (=22 nm) shows a comparable value with the ensemble
measurement (see Figure S1, Supporting Information), indi-
cating the minimal heterogeneous broadening among NPLs.
Importantly, the obvious absorption peaks are also observed
both at the band edge and higher energies as the number of CdS
MLs increases, suggesting that the thick-shell CdSe/CdS NPLs
still kept more uniform thickness. Figure 1c—e and Figure S2
(Supporting Information) display the transmission electron
microscopy (TEM) images of CdSe core and the corresponding
CdSe/CdS core/shell NPLs, respectively. The morphologies of
the initial CdSe NPLs are retained upon shell deposition. TEM
images of vertically stacked NPLs could allow us experimentally
to determine the NPLs thickness (inset in Figure 1d,e), implying
that the CdS shells were indeed uniformly grown on both sides
of the CdSe core NPLs. The vertical thickness of mono-
disperse CdSe/CdS NPLs could be measured up to =10 nm,
which corresponds to that CdS shell thickness of =14 MLs
(see Figure S2c, Supporting Information). Interestingly, we
found that after the coating of CdS shells around the CdSe
cores could further prevent the unwanted formation of exten-
sive face-to-face stacks similar to core NPLs (see Figure S2a,
Supporting Information), which would reduce the scattering
losses and ultraefficient exciton-transfer-assisted exciton trap-
ping in close-packed NPLs film.[3>3¢]

The NPLs crystal structure is investigated in more detail with
X-ray diffraction (XRD) measurements. Figure 2a shows the
XRD patterns of these NPLs samples. The zinc-blende crystal
structure of the CdSe NPLs was confirmed by three distinct dif-
fraction peaks of CdSe core NPLs. The feature diffraction peaks
of CdSe cores are gradually shifted to CdS shell as the shell
growth proceeds, and accompanied by a narrowing of diffrac-
tion peaks. The XRD spectrum indicates that the cubic zinc-
blende phase of the initial CdSe core NPLs is reserved in thick-
shell CdSe/CdS NPLs, which results in the formation of phase-
pure CdSe/CdS NPLs and benefits to eliminate interfacial
defects. Figure 2b shows PL decay traces of the CdSe core NPLs
and their corresponding CdSe/CdS NPLs samples. The PL life-
time increases monotonically from 6 to 37 ns with the deposi-
tion of the CdS shell (see Figure S3, Supporting Information),
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which was attributed to a reduction of electron-hole wavefunc-
tion overlap leading to a quasi-type-II band alignment of the
CdSe/CdS structure.[1®2%371 The dominated PL decay dynamics
gradually tend to transfer from the multiexponential decay to
single exponential decay with increasing shell thickness, dem-
onstrating that the radiative decay component originating from
the exciton trapping sites on the core surface are effectively pas-
sivated by the CdS shells.[?38]

PL quantum yields measurements (see Figure S3, Sup-
porting Information) show that the QYs significantly increase
with the CdS shell growth toward 6 MLs. The QYs of CdSe/CdS
NPLs with 6 MLs was up to near =68%, suggesting that the
surface trap states of NPLs are well-passivated by the highly
crystalline CdS shell. However, with the formation of ultrathick
CdS shells (>6 MLs), the QYs starts to gradually decrease.
Besides further delocalization of electron wavefunction to
the whole structure as a result of thicker shell growth, the
decreased excitons recombination efficiency may also be related
to the increasing probability of defect states at its surface/inter-
face or inside the ultrathick CdS shells due to strain formation
generated by the shell deposition,['®?%34 which was similar to
the case in thick-shell CdSe/CdS quantum dots (QDs).?"!

To investigate the effect of the CdS shell thickness on the
in-solution photostability of CdSe/CdS NPLs, the NPLs hexane
solutions were placed under a UV lamp (365 nm, 9 W). As
shown in Figure 2c, the evolution of PL intensity of the CdSe-
only and CdSe/CdS core/shell NPLs (3, 6, 9, and 14 MLs) was
measured along with the UV illumination time. The PL intensi-
ties were normalized to the initial values of corresponding sam-
ples. The core-only NPLs emission reveals a large drop of =60%
after 12 h of UV illumination and gradually decreased to 10%
of the initial intensity after exposure for 180 h. This pheno-
menon should be associated with the illumination-induced
surface traps owing to the lack of protection of the core sur-
face. The photostability of CdSe/CdS NPLs with 3 MLs shell
is slightly improved. There is no longer the decreasing trend
of emission intensity in comparison to core-only sample when
the UV exposure time was sustained for 90 h. Obviously, the
photostability of CdSe/CdS NPLs is dramatically enhanced
upon further increasing shell thickness up to 6 MLs and
9 MLs, which ultimately keeps near 60% and 85% of the initial
intensity, respectively. The NPL sample with 14 MLs CdS shells
shows the best photostability, which can finally maintain over
95% of the original emission intensity after exposure for 180 h.
These results demonstrate that relatively thick CdS shells could
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Figure 2. a) XRD patterns of the CdSe NPLs and CdSe/CdS NPLs with 3, 6, 9, and 14 MLs of CdS, the vertical solid lines indicate standard XRD patterns
of zinc blende CdSe (blue) and CdS (red) bulk crystals. b) PL decay traces of CdSe NPLs and CdSe/CdS NPLs (3, 6, 9, and 14 MLs). c) Integrated PL
intensities of CdSe cores and the corresponding CdSe/CdS NPLs as a function of UV exposure time.
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largely improve the photostability of NPLs, indicating that thick
CdS shell would more effectively protect the CdSe core emitters
from the complicated surrounding environment or photodegra-
dation during long-term light irradiation.

Besides the increased QYs and improved photostability based
on CdS shell, the potentially enhanced optical absorption ability
of CdS shells (in the short wavelength region <500 nm, see
absorption spectra in Figure 1b) is expected to greatly increase
the absorption cross section of core/shell NPLs, along with that
CdS shell strongly transfers its exciton to the CdSe core. This
type of rapidly efficient excitons transfer would contribute to
lower optical gain threshold of exciton states in the CdSe core,
as previously reported for colloidal core/crown NPLs and core/
shell QDs.[">4) Meanwhile, the PL intensity measurement at
a single NPL level (see Figure S4, Supporting Information)
shows that PL blinking behavior could be better suppressed in
thick-shell NPLs (6 MLs), the blinking behavior was commonly
attributed to the nonradiative AR and the charge carrier trap-
ping at surface and/or interface states.l>*! Therefore, thick-shell
heterostructures from high-temperature shell growth exhibit
efficient suppression of Auger process and trapping states with
respect to the CdSe core-only NPLs. Additionally, the electron
wavefunction in CdSe/CdS NPLs was allowed to spread over
the whole core/shell structure for further reducing AR prob-
ability, thus helping to decrease nonradiative Auger losses of
excitons and enhance the optical gain performance.>>% So, the
high-temperature strategy of thick CdS shells coating around

www.advopticalmat.de

the CdSe core NPLs makes them to be greatly potential mate-
rials in NPL-based optoelectronic devices.

2.2. Amplified Spontaneous Emission Properties

All these advantages of CdSe/CdS core/shell NPLs could enable
greatly benefit optical gain performance of NPLs. Here, the
ASE properties of CdSe/CdS NPLs in close-packed films are
studied to examine the shell-thickness-dependent optical gain
properties (see Figure 3a,b and Figure S5, Supporting Infor-
mation), under the stripe excitation at 400 nm (100 fs, 1 kHz).
As the pump intensity increases, emission from the NPLs film
edge exhibits a clear transition from spontaneous emission to
ASE along with the feature of spectral narrowing (FWHM of
~8-9 nm). At the same time, the ASE peaks for all samples are
redshifted (5-17 nm) with respect to their spontaneous emis-
sion peak. This redshift in the observed ASE peak indicates
the stimulated emission occurs from band edge biexciton
states.[12:13.29.42]

Figure 3c shows their corresponding emission intensity
versus pump intensity monitored at the wavelength of ASE
peaks. As the excitation intensities increase above the ASE
thresholds, the output intensity shows a steep linear growth, a
kind of characteristics of ASE. The shell-thickness-dependent
ASE threshold value is shown in Figure 3d. In core-only
CdSe NPLs, the average ASE threshold is =22 uJ cm™. The

(a) Tcase ~pLs (b) [case/cas 6 MLs

Intensity (a.u.)
Pump intensity
Intensity (a.u.)

FWHM ~8-9 nm

)
600

—
550
Wavelength (nm)

500 650

@ Average

ASE threshold (uJ em?)

e
° °

o

Wavelength (nm)

_~
)
-’

-
o
n

Pump intensity
Normalize«l intensity (a.u.)
&

. v
. v
o.o&'v vy w¥

750 0 20 40 60 80 100

700 X
Pump intensity (nJ cm ™)

Intengity (a.u)

o«

1200

900
Time (ps)

H 0 0 300 600 1500

200 400 600 800 1000 1200 1400
Time (ps)

3 6

Shell thickness (MLs)
Figure 3. a,b) Emission spectra from a close-packed film of CdSe core NPLs and CdSe/CdS NPLs (6 MLs) with increasing pump intensities, the cor-
responding ASE peaks are detected at 537 and 671 nm, respectively. The inset shows the emission spectra of CdSe/CdS NPLs (6 MLs) near the ASE
threshold. c) Emission intensity versus pump intensity at the positions of ASE and PL peaks for CdSe core and CdSe/CdS NPLs with 3, 6, and 9 MLs.
d) Averaged ASE thresholds as a function of shell thickness. e) Time-resolved PL spectrogram of close-packed CdSe/CdS NPLs (6 MLs) film, measured
with the pump intensity varying from lower than ASE threshold (0.9 i) cm™) to far above threshold (13.2 ) cm™2). f) Transient emission decay traces
extracted from spectrogram (e), measured at the position of emission peak.
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ASE threshold for CdSe/CdS NPLs with 3 MLs CdS shell is
decreased to =12 uJ cm~2. With the further increase of shell
thickness, the averaged stimulated emission threshold is
derived to be as low as =4.4 uJ cm™ for the thick-shell CdSe/
CdS NPLs with 6 MLs. This ASE threshold is one of the lowest
values reported for II-VI core/crown (4.15 pJ cm™?)B and
core/shell (=2.4 and 6 pJ cm 2294 NPL heterostructures,
which is lower than the best previous reported values for phase-
pure CdSe/CdS QDs (16 uJ cm™2) and CdSe-based core/alloy-
layer/shell QDs (=6 uJ cm™),**! enables them to be highly
promising candidates for low-threshold colloidal semicon-
ductor lasing. However, an increased trend of ASE threshold is
observed for CdSe/CdS NPLs with increasing CdS shells larger
than 6 MLs. For ultrathick CdSe/CdS core/shell NPLs (14 MLs),
the average ASE threshold is up to =176 pJ cm™.

The exceptionally low ASE threshold for thick-shell CdSe/
CdS NPLs (6 MLs) compared to the core-only and thin-shell
NPLs (3 MLs) can be explained by more effective surface pas-
sivation, suppressed AR, and enhanced absorption cross
sections.[1320:223031 The optical gain threshold increases in
ultrathick-shell NPLs (>6 MLs) are likely attributed to the
induced defects at the core/shell interface or inside the CdS
shells by the release of strain with further increasing shells,
which could quench the excitons transfer from the shell to
the cores and weaken the suppression of AR.['%16:2229.46] Thig
would lead to an increased nonradiative loss of excitons before
they relaxed into the core, and thus hindering the building up
of population inversion in the CdSe core. Precisely because of
these reasons, the threshold behavior of CdSe/CdS NPLs is
almost consistent with the variation trend of shell-dependent
QYs as mentioned before, which all exhibit the nonmonotonic
dependence on the CdS shell thickness.

The transient PL dynamics of the ASE process in CdSe/
CdS NPLs (6 MLs) was studied by a streak camera system
(Figure 3e,f). Under the lower pump intensity (0.9 uj cm2),
we only observe a long-lived PL decay trace of the spontaneous
emission. When the pump intensity (5.1 and 6.6 uJ cm2) just
increases above ASE threshold, a narrower ASE peak (=8-9 nm)
is appeared and gradually dominated by a much faster decay
channel. As the pump intensity (13.2 uJ cm™2) far surpasses the
threshold, the fast PL decay suddenly collapses to =11 ps, which
is near the temporal resolution of streak camera system (see
Figure S6, Supporting Information). Thus, the result reveals
an ultrafast ASE process faster than 11 ps, which is enough to
compete with the rapid Auger rates of the gain excited state.l’]

2.3. Optical Gain Lifetime and Bandwidth

For more insights into the optical gain performance, the decay
dynamics of the electronic states involved in the optical ampli-
fication process was usually investigated by the femtosecond
TA measurement.'32047] Here, the ultrafast TA spectroscopy
was employed to study the temporal dynamics of optical gain in
CdSe/CdS NPLs (6 MLs) film. The TA spectra were measured
by a variably delayed white light supercontinuum source with
respective to the pump pulses.

Figure 4a—c shows the transient absorption spectrograms of
thick-shell CdSe/CdS NPLs (6 MLs) under the pump intensity
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of 3, 48, and 768 yJ cm2, respectively. At low pump intensity,
we observe a long-lived bleached absorption band near the
first and second excitonic absorption peak (Figure 4a). As the
pump intensity increases, the photoinduced bleaching fea-
ture becomes gradually pronounced (Figure 4b,c). It is worth
noting that the longest optical gain lifetime is observed close to
the peak wavelength (671 nm) of ASE spectra (see Figure S7,
Supporting Information), which is corresponding to the ASE
region in NPLs, indicating that the optical gain here further
comes into being stimulated emission. Accordingly, the TA
spectra recorded at a delay time of 4 ps and the time evolu-
tion of TA spectra monitored at the ASE center wavelength are
further extracted as a function of pump intensity, respectively.
In TA spectra, optical gain can be achieved when the pump
induced absorption bleach (AA) becomes greater than the linear
absorption (A), shown as AA+A, < 0. At the probe delay of 4 ps
(Figure 4d), the optical gain amplitude decreases with the pump
intensity and becomes <0 after a pump intensity of 48 uj cm™2,
indicating the presence of gain in the system. The gain
amplitude starts to saturate after the pump intensity reaches
384 uJ cm™. At this point, the bandwidth of optical gain for
CdSe/CdS NPLs exceeds 140 nm (inset in Figure 4d) owing to
the participation of multiexciton states. For TA spectra moni-
tored at the ASE peak of =671 nm (Figure 4e), the optical gain
signals have nearly saturated when the pump intensity reaches
192 uJ cm2, which was primarily limited by the multiexciton
AR and other nonradiative losses.['32%48] Notably, the temporal
analysis of the gain band shows that the lifetime of optical gain
is sustained for more than 800 ps (inset in Figure 4e). Unlike
in core-only NPLs, thick-shell NPLs could further extend the
spatial separation of excitons in thickness dimensions, which
lengthens the multiexciton state and gain lifetimes. As a result,
the extremely long optical gain lifetime (>800 ps) of CdSe/CdS
NPLs is =8 times larger than those previously reported core-
only NPLs (=100 ps)*24% and also near two times greater than
those of conventional CdSe/CdS QDs (>400 ps).”” Recently,
such long optical gain lifetime (=800 ps) is also reported in this
novel CdSe/CdS@CdZnS core/crown@gradient-alloyed shell
colloidal quantum wells.”! Therefore, thick-shell CdSe/CdS
NPLs imply highly efficient optical gain performance, thus in
favor of as an excellent gain material in NPL laser devices.

2.4. Single-Mode Lasing from the NPL-VCSEL

Here, the microlaser of the NPLs is developed based on a sur-
face-emitting vertical resonant cavity device structure, which
is a meaningfully preliminary exploration for their poten-
tial applications as low-threshold lasing materials in reality.
We adopted a vertical cavity design consisting of a thick-shell
CdSe/CdS NPLs (6 MLs) thin film and two high-reflectivity
distributed Bragg reflector (DBR) mirrors. The cross-sectional
scanning electron microscopy (SEM) image of the NPL-VCSEL
device is shown in Figure 5a. The bottom DBR mirror was
made out of 12 pairs of alternatively stacked SiO, and TiO,
layers. High-quality NPL film (=1.36 um) was fabricated by
drop-casting highly concentrated NPLs solutions onto one
above-mentioned bottom DBR mirror. Then, a top DBR mirror
(eight pairs alternating of CaF,/ZnS layers) was deposited on

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



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

(0N aov-
—_—

=

-

Time (ps)
Time (ps)

www.advopticalmat.de

g (0)

(01 AoV~

V)

Time (ps)

550 600 650 700 550 600 650 700 550 600 650 700
Wavelength (nm) Wavelength (nm) Wavelength (nm)
(d) (e) =
0.00 E,,. ° 5 pJ cm A'm 5
E * * 3 é [0 I i sisssicsnsmibuiieiing ..
i v 12 § °
0.06 3 Y 4 <48 T
—~ 2 o N % "
8 L 8 e 192 3 wlo
= 0.03 2 aps | =° " o 671 nm
< ~N ~daa < * 768 ¥ IR IR IR0
3 PI-p intensity (uJ cm) 3 . Pump intensity (uJ cm-2)
0.00 '
1 “een sesvseGainess
-0.03

M ' ]
600 650 700

Wavelength (nm)

750

1000

500
Time (ps)

Figure 4. a—c) Transient absorption (TA) spectrograms for a CdSe/CdS NPLs (6 MLs) film under 400 nm excitation at 3, 48, and 768 ) cm™, respec-
tively. The TA spectrum is manifested as a pronounced bleaching signal at high intensity pumping. d) Evolution of optical gain in pump dependence
of nonlinear absorption changes (AA+A,) recorded at 4 ps delay time. The inset shows the bandwidth of optical gain versus pump intensity. €) Pump
dependence of TA dynamics probed at 671 nm. The inset shows the lifetime of optical gain versus pump intensity.

top of NPL film by electron beam deposition (see the Experi-
mental Section for the details of the device fabrication). Finally,
we realize the whole microcavity with peak reflectivity over
99% (see Figure S8, Supporting Information), and the photo-
graph of the final device is presented in Figure S9 (Supporting
Information).

The schematic of the NPL-VCSEL in measurement is as
shown in Figure 5b. The inset shows a photograph of the device
in operation. The spatially directional emission from the VCSEL
is observed with a bright and well-defined red spot perpendicular
to device plane. Figure 5c¢ shows the emission spectra of VCSEL
with the progressively increased pump intensity. After the lasing
threshold, sharp laser output is solely detected at =668 nm with
a narrower FWHM of =2 nm that corresponds to a Q-factor of
=334. For a microcavity structure in this work, the large free
spectral range (=86 nm) is enough to ensure single-mode lasing
operation inside the ASE band of the NPLs (see Section S12,
Supporting Information). Besides the laser emission spectra and
directional outputs, the features of lasing are also represented
by the abrupt rising in output intensity after the pump intensity
is above lasing threshold. The measurement result of emission
intensity versus pump intensity is shown as the inset in Figure 5c,
further confirming the lasing operation of the device. The
ultralow lasing threshold is found to be as low as =1.1 yj cm™,
which is decreased to a quarter of the corresponding ASE
threshold. Noteworthily, the momentum conservation is more
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pronounced and AR rate was significantly diminished because of
1D confinement in NPLs.[>12 Hence, the lasing threshold for our
NPL-VCSEL device (=1.1 uJ cm™2) is lower than the best reported
values for CdSe/CdS@CdZnS quantum wells (=7.5 uJ cm™)
and phase-pure CdSe/CdS QDs (=2 ] cm™2) as well as CdSe/CdS
quantum dot-in-rods (=10 pJ cm™2) microlaser.**>52 Tn addi-
tion to the superior gain performance of thick-shell CdSe/CdS
NPLs, the ultralow threshold lasing performance is also ascribed
to the favorable coupling between the emission and the cavity
modes inside such high-quality resonant cavity. To examine the
emission stability of NPL-VCSEL, we continuously pumped the
device up to 1.44 x 107 laser shots (1 kHz repetition rate), which
corresponds to 4 h of continuous excitation (Figure S10, Sup-
porting Information). The result shows that the laser emission
intensity can retain above 90% of initial intensity after long dura-
tion of optical excitation (4 h), indicating excellent operation sta-
bility of the NPL-VCSEL device. For exploring a deeper insight
into the lasing dynamics process in our device, we performed
time-resolved PL spectrogram measurement on the CdSe/CdS
NPLs VCSEL above the lasing threshold. The corresponding
time-resolved PL intensity trace is shown in Figure 5d. The
emission signal exhibits an ultrafast decay of =7 ps at central
peak wavelength (668 nm), which is limited primarily by the
response time of the streak camera system shown as the red
curve, indicating that the lasing operation is mainly through a
stimulated emission process.
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Figure 5. a) Cross-sectional SEM image of CdSe/CdS NPL-VCSEL device. b) Schematic of the VCSEL in measurement. Inset: Photograph of the VCSEL
output beam in operation. c) Pump-intensity-dependent emission spectra from the device. Inset: Normalized emission intensity versus pump inten-
sity, with the lasing threshold of =1.1 uj cm2. d) PL time response above the lasing threshold. The red curve is the response time trace of the streak

camera at the 160 ps range.

3. Conclusion

In conclusion, CdSe/CdS core/shell NPLs with different shell
thickness have been synthesized by high-temperature shell
growth approach. We have demonstrated that a protective CdS
shells on the CdSe core NPLs effectively passivates surface
trapping states and suppresses excitonic nonradiative recom-
bination, thus increases the ensemble QYs and photostability.
Meanwhile, the results indicate that thick-shell CdSe/CdS NPLs
(6 MLs) exhibit the remarkable optical gain performance with
an ultralow ASE threshold of 4.4 uJ cm™. Furthermore, the
ultrafast TA measurements disclose the extraordinarily long
gain lifetimes (>800 ps) and large gain bandwidth (>140 nm)
in such core/shell NPLs. Finally, we have fabricated a VCSEL
of thick-shell CdSe/CdS NPLs. The featuring single-mode
output and directionality from the laser device are revealed
clearly, together with an ultralow lasing threshold. Therefore,
these results give us more insights into the shell-dependent
optical gain performance in CdSe/CdS heterostructure NPLs
and demonstrate that this core/shell NPL is a superior class
of nanomaterials for optical gain and lasing. However, fur-
ther optimizations are necessary in future works to eliminate
the defects in the ultrathick-shell NPLs, such as engineering
the core/gradient-alloyed layer/shell heterostructures to
mitigate the excitons loss. This strategy is expected to further
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improve gain performance and reduce lasing threshold, which
may eventually realize the high-performance continuous-wave
pumped or electrically driven colloidal NPL lasers.

4. Experimental Section

Synthesis of CdSe/CdS Core/Shell NPLs: CdSe/CdS core/shell NPLs
were fabricated by optimizing the typical high-temperature synthesis
approach,?”31] the shell thickness could be controlled through the
amount of Cd- and S-precursors required for each ML. First, CdSe core
NPLs (4 MLs) were synthesized using the reported recipe with slight
modifications.?’] Then, the CdS shells were epitaxially grown on the
top and bottom surfaces of the CdSe core NPLs at high temperature
(300 °C).B More information about the synthesis of CdSe/CdS core/shell
NPLs, see the Supporting Information.

Fabrication of Core/Shell NPL-VCSEL Devices: Commercially available
DBR mirrors were purchased as the bottom DBR, which consisted of
12 pairs of quarter-wavelength-thick SiO,/TiO, layers deposited onto
cleaned quartz substrates, with =99.5% reflection for 671 nm. To obtain
the high-quality CdSe/CdS NPLs (6 MLs) thin film, octane was added in
the NPLs solution, and the volume ratio of octane to hexane was 1:5.
To fabricate the VCSEL structure, highly concentrated NPLs solution
dispersed in the mixed solvent of octane and hexane was drop-casted
onto one bottom DBR mirror, which was ultrasonically cleaned by
acetone and ethanol for 10 min, respectively. Then, the NPL layer was
dried in the ambient environment and put into the vacuum axe keeping
24 h for further utilization. At last, a top DBR mirror (eight pairs of
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alternating CaF,/ZnS layers) with =99.2% reflection was deposited on
top of NPL film by electron beam deposition at low temperature (40 °C).
The thickness of each alternating CaF,/ZnS layer was controlled to be a
quarter of the wavelength at the emission peak.

Structural Characterizations: TEM image was obtained on a JOEL
JEM-2100 electron microscope. The cross-sectional image of the VCSEL
device was measured by Carl Zeiss Ultra Plus field emission SEM.
XRD patterns were acquired using an X-ray diffractometer (Bruker,
D8-DISCOVER) with Cu Kot source.

Optical Measurements: PL spectra were recorded with a
spectrofluorometer (RF-5301 PC, Shimadzu). The excitation wavelength
was set to 400 nm. The absorption spectra were measured on a
UV-vis—NIR spectrophotometer (UV3600, Shimadzu). The PL decay
traces were recorded using an electrically triggered streak camera
system (C5680, Hamamatsu). A femtosecond Ti:Sapphire laser with a
frequency-doubling external B-barium borate crystal (400 nm, 1 kHz,
100 fs; Legend-F-1k, Coherent) was used as the pump sources. For
the NPLs photostability measurements, the NPLs (in hexane solution)
were placed under the UV illumination using a UV lamp (emission
wavelength of 365 nm, power of 9 W). For the blinking measurements,
a picosecond supercontinuum fiber laser (490 nm, 4.9 MHz; NKT
Photonics EXR-15) was employed as the excitation source. The PL
signal from a single NPL was collected by the confocal microscope
and then sent to a single-photon counting system. The PL signal of a
single NPL can be alternatively sent to a charge coupled device camera
for the PL spectral measurements. For ASE measurements, a stripe
pump (400 nm, 1 kHz, 100 fs) was acquired using a cylindrical lens
(10 cm focal length). The stripe modal confined pump pulses were
perpendicular to the surface of NPLs films, and then the emissions
from the film edge were collected by the fast optical multichannel
analyzer (OMA, SpectraPro-300i, Acton Research Corporation) and
the optically triggered streak camera system (at the 1500 ps range)
for steady and transient spectra, respectively. For the TA spectroscopy
measurements, the femtosecond pump pulse was set to 400 nm. The
excitons dynamics was probed through a broadband supercontinuum
white-light source, which was generated via focusing a small portion
of the femtosecond laser beam onto a sapphire plate. The TA signal
was then recorded by a fast charge coupled device (S11071-1104,
Hamamatsu) equipped with a monochromator (Acton 2358, Princeton
Instrument). For the lasing and device stability measurements, the
pump beam (400 nm, 1 kHz, 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 (at the 160 ps
range), respectively.

Supporting Information

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