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Solution-processed colloidal semiconductor nanocrystals (NCs)
have become attractive materials for the development of opto-
electronic and photonic devices due to their inexpensive synthesis
and excellent optical properties. Recently, CdSe NCs with different
dimensions and structures have achieved significant progress in
photonic integrated circuits (PICs), including light generation
(laser), guiding (waveguide), modulation, and detection on a chip.
This article summarizes the development of CdSe NCs—based
lasers and discusses the challenges and opportunities for the
application of CdSe NCs in PICs. Firstly, an overview of the optical
properties of CdSe-based NCs with different dimensions is
presented, with emphasis on the amplified stimulated emission and
laser properties. Then, the nanophotonic devices and PICs based
on CdSe NCs are introduced and discussed. Finally, the prospects
for PICs are addressed.

Keywords: CdSe nanocrystals, Amplified spontaneous emission,
Waveguide, Laser, Photonic integrated circuits

1. INTRODUCTION

Nowadays, the explosive growth of global information has increased
the demand for high-speed and low-cost information transmission tech-
nology and efficient central processing capacityl. Reducing the size of
electronic chips and increasing the degree of integration are effective
ways to achieve fast transmission efficiency. However, until now, inte-
grated electronics that have reached the limit of Moore’s Law are still
unable to meet the requirements of high-speed information trans-
mission”’. In order to solve the bottleneck problem of semiconductor
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silicon chips, researches on photonic chips have attracted more and
more attention due to its fast transmission speed, low power consumption,
and large amount of information carried*”. Generally, photonic inte-
grated circuits (PICs) are composed of light sources, waveguides, optical
processing components and photodetectors, which are integrated on
wafers”. Among various types of PICs, Si-based PICs have witnessed
rapid development due to their compatibility with mature complementary
metal-oxide semiconductor (COMS), low cost, ultra-low waveguide loss
and ease of fabrication>®. However, due to the indirect bandgap of silicon,
the lack of on-chip light sources remain a challenge for Si-based PICs’.
Although GaAs can emit photons, it is not compatible with coMs®’.
Other II-VI and III-V semiconductor materials cannot simultaneously
achieve light emission and process compatibility. Therefore, the devel-
opment and application of advanced materials are critical for PICs.
Colloidal semiconductor nanocrystals (NCs) are a new class of
nanomaterials with great potential in applications such as lasers and
optoelectronic devices'"™*. A distinct advantage of such NCs over
conventional optical materials is that their emission can be tuned from
the ultraviolet to the infrared wavelengthsl L Optically tunable NCs can
be synthesized by simple synthesis methods, and they exhibit good
stability, solution processability, and high photoluminescence quantum
yields (PLQY)'!. Based on these excellent properties, Moungi G.
Bawendi, Louis E. Brus, and Alexei I. Ekimov were awarded the Nobel
Prize in Chemistry in 2023 for their discovery and development of
colloidal NCs. At the same time, NCs are considered to be promising
optical gain media for amplified spontaneous emission (ASE) and
lasingls"(’. In 2000, CdSe NCs ASE was first observed by Klimov
etal'’. In subsequent studies, many excellent CdSe-based NCs have
been synthesized, including zero-dimensional (OD) core/shell quantum
dots (QDs), alloy structures, giant NCs, one-dimensional (1D) nanorods
(NRs), and quasi-two-dimensional (2D) nanoplatelets (NPLs)lS*ZZ.
These CdSe-based NCs are excellent gain media and are combined with
various microcavities such as whispering gallery modes (WGMs)? 1%,
distributed feedback (DFB)'***, distributed Bragg reflector (DBR)”,
and Fabry-Pérot (FP) cavity25 , so as to form different types of lasers. At
the same time, these wavelength-tunable CdSe-based NCs also exhibit a
large refractive index”®, which is extremely beneficial for the con-
struction of nanophotonic devices, such as waveguides, amplifiers and
detectors. In addition, continuous-wave-pumped NC lasers and elec-
trically pumped ASE have been realized recently20‘27’29, which have
greatly stimulated the possibility for the application of CdSe NCs in
PICs. However, the summary of these excellent CdSe NCs in ASE and
lasing still remains insufficient. More importantly, the potential of CdSe

1 of 17


https://doi.org/10.1016/j.chip.2023.100073
https://orcid.org/0009-0007-4450-5763
https://orcid.org/0000-0002-0445-7847
mailto:tche@szu.edu.cn&/elink; (&givntag;Tingchao&/givntag;&nbsp;He), &elink;chenr@sustech.edu.cn&/elink; (&givntag;Rui&/givntag;&nbsp;Chen)
mailto:chenr@sustech.edu.cn&/elink; (&givntag;Rui&/givntag;&nbsp;Chen)
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chip.2023.100073&domain=pdf

Review

DOI: 10.1016/j.chip.2023.100073

NCs as on-chip light sources needs to be further explored. Therefore, a
prospective work is presented to demonstrate the important application
prospects of CdSe NCs in PICs.

In this perspective, the optical properties of CdSe NCs with different
morphologies are first presented. The optical gain, ASE and laser
mechanisms, and optical losses are discussed. Then, the ASE mecha-
nism and properties based on CdSe NCs are briefly summarized.
Moreover, some methods to lower the gain threshold of CdSe based
NCs and some advances in the optical gain of CdSe NCs are also
proposed. Then, micro-/nano-lasers-based CdSe NCs, waveguides,
photonic devices, and their on-chip integration are briefly summarized.
Finally, the challenges and perspectives of NCs in PICs are presented.

2. THE OPTICAL PROPERTIES OF CdSe NCs

2.1. Steady-state optical properties of CdSe NCs Solution-
processed semiconductor NCs have attracted considerable attention
since their discovery due to their broadband absorption and tunable
emission. So far, many colloidal NCs (including CdSe, ZnS, InP,
CulnS,, AgS) that exhibit good optical, electrical, and magnetic prop-
erties have been synthesized™ *’. Among them, CdSe NCs have been
extensively investigated due to their advantages such as high PLQY,
good stability, facile synthesis methods and emission in the visible
band'**'**?, In terms of morphology, CdSe NCs are divided into QDs,
NRs and NPLs, as shown in the transmission electron microscope
(TEM) image in Fig. la—c. Due to the quantum confinement effect,
their absorption and emission can be tuned from the ultraviolet to the
infrared regions, as shown in Fig. 1d—f. In addition, their different

morphologies contribute to obvious differences in optical properties.
For example, the full width at half maximum (FWHM) and Stokes shift
of QDs, NRs, and NPLs gradually decrease, while the absorption cross-
section gradually increases. The PLQY and optical stability of CdSe
NCs will be difficult to be compared due to the different crystal quality
and experimental conditions. In addition, the optical properties of CdSe
NCs are affected by surface dangling bonds. In order to improve the
optical properties and stability of CdSe NCs, these 0D QDs, 1D NRs,
and 2D NPLs are usually coated with another semiconductor with a
wider bandgap to passivate the surface defects, such as CdS, ZnS, ZnSe
and CdTe'>**~*_ These nano-heterojunctions (CdSe/CdS, CdSe/ZnS,
CdSe/ZnSe core/shell etc.) exhibit superior optical properties compared
to bare CdSe in terms of PLQY, fluorescence lifetime, absorption cross-
section, stability, optical gain, etc.

2.2. Optical gain, ASE, and laser mechanism The optical gain of
CdSe NCs is a crucial prerequisite for realizing NC PICs. Optical gain,
which is also referred as population inversion, is related to the properties
of the material itself. Optical gain is usually characterized with the
adoption of a power-dependent pump-probe transient absorption (TA)
technique46. Specifically, the optical density of the sample is AA + Ay,
where, AA denotes the absorbance change caused by light-induced
absorption, and Ay is the steady-state absorbance of the sample. NCs
could produce optical gain when AA + A < O or the absolute value of
AA/Ay is greater than 17°. At low power excitation, the TA spectrum of
CdSe NCs only exhibits exciton bleaching. At this time, AA + Ag > 0,
and no optical gain occurs, as shown in Fig. 2a. With the increase of
power to its maximum value, an additional broadband negative peak is
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Fig. 11a, TEM images of the CdSe/CdS QDs. Reprinted with permission from ref.'”. © 2017 American Chemistry Society. b, CdSe/CdS NRs. Reprinted with permission
from ref.*°. © 2020 The Royal Society of Chemistry. ¢, CdSe NPLs. Reprinted with permission from ref.?’. © 2015 American Chemical Society. d, Absorption (solid
lines) and emission (dashed lines) spectra of CdSe/CdSeS;.x QDs. Reprinted with permission from ref.*2. © 2013 American Chemistry Society. e, Absorption and PL
spectra of CdSe/CdS DIRs. Reprinted with permission from ref.**. © 2019 Optical Society of America. f, Absorption (solid lines) and emission (dashed lines) spectra of
3CdSe, 4CdSe, 5CdSe and 3CdS/4CdSe/3CdS NPLs. Reprinted with permission from ref.**. © 2015 American Chemistry Society. Abbreviatins: DIR: do-in-rod; NPL:
nanoplatelet; PL: photolumiescence; QD: quantum dot; TEM: transmission electron microscope.
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Fig. 2 1 TA spectra of CdSe NPLs at indicated delay times after 400 nm pump measured at a pump fluence of a, 3 pJ/cm2 and b, 629 pJ/cmz. ¢, Optical gain kinetics
at ~528 nm at different pump fluences of CdSe NPLs, reprinted with permission from ref.’®. © 2018 The Royal Society of Chemistry. d, ASE spectra of a thin film of CdSe

NPLs under increasing pump fluence. Reprinted with permission from ref.*’

NPL: nanoplatelet; TA: transient absorption.

exhibited on the low-energy side of the exciton-bleaching signal, as
shown in Fig. 2b, which can be attributed to the optical gain of the
NCs?. The optical gain threshold of the NCs can be obtained by
extracting the signal of the broadband peak and then subtracting the
steady-state absorbance, as shown in Fig. 2c. Different from optical
gain, ASE is the amplification of spontaneously emitted photons by
stimulated emission when propagating in the medium. The ASE of
CdSe NCs is usually characterized by power-dependent fluorescence.
However, it is worth noting that spontaneously emitted photons suffer
optical losses when propagating through the medium. Therefore, at
threshold power, the optical gain is greater than the optical loss, and an
additional sharp peak appears on the spectrum, as shown in Fig. 2d 47,
The optical loss in NCs may be waveguide loss due to reabsorption.
Recently, Ahn et al. found that the indium tin oxide (ITO) substrate
would hinder the light amplification of NCs due to strong free-carrier
absorption in the visible band when building a laser with an light-
emitting diode (LED) structure® Y. Therefore, some materials can
exhibit optical gain but fail to produce ASE once the optical loss is
greater than the optical gain. Therefore, the gain capability, substrate
selection, and reabsorption effect of the materials play a decisive role in
the realization of ASE from NCs. Lasers are constructed by combining
optical amplification of an optical gain medium with an optical resonant
cavity. Therefore, the optical gain and optical loss of the laser depend on
the ASE of the NCs. In addition to the induced optical loss of NCs, the
substrate also affects the optical mode of NCs lasers. Recently, Ahn
et al. found that the refractive index of the substrate will cause the NCs
laser light field to be ‘pulled’, thereby increasing the waveguide loss™.
In addition, the optical loss of the resonator also affects the threshold of
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. © 2018 American Chemical Society. Abbreviations: ASE: amplified spontaneous emission;

the laser’ 2. Compared with the ASE threshold, a high-quality reso-
nator can lower the excitation threshold. Therefore, appropriate sub-
strate and cavity design are also important for the NC lasers.

2.3. Optical gain or ASE mechanism of CdSe QDs, NRs, and
NPLs An important requirement for the application of CdSe NCs in
PICs is ASE since the information transfer of photonic chips depends on
lasers with high monochromaticity and coherence. Over the past two
decades, extensive breakthroughs and significant progress have been
made in understanding the ASE properties of CdSe N Cs*>*. In general,
the realization of the ASE in CdSe QDs requires that the stimulated
emission should overcome optical absorption5 33 The structural
scheme of CdSe QDs ASE can be described by a two-level system. As
shown in Fig. 3a, in the absence of optical pumping, two electrons with
opposite spins are distributed in the ground state. Spontaneous emission
is characterized by an electron being excited to the conduction band and
then recombining with a hole to release a photon (Fig. 3b). This process
does not produce stimulated emission due to the equal amount of
spontaneous emission and optical absorption53 . For CdSe QDs, due to
the non-uniform degeneracy of the band-edge states, ASE is only
possible when two electrons are excited into the conduction band to
form a multi-exciton (Fig. 3¢)™. Indeed, numerous experiments have
been reported to demonstrate that the ASE of CdSe QDs is originated
from multi-exciton recombination’>>*. Moreover, the ASE is generally
red-shifted relative to the spontaneous emission, which further confirms
that the ASE of CdSe QDs is derived from multi-exciton recombination.
Similar to CdSe QDs, the ASE mechanism of CdSe NRs and dot-in-rod
(DIR) is also from biexciton*®°>3*, However, the ASE mechanism of
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Fig. 3 | Schematic illustration. a, optical absorption. b, optical transparency. ¢, optical gain. Schematic illustration of energy band structure. d, Type 1. e, Quasi II. f, Type

II. Reprinted with permission from ref.””. © 2016 The Author(s).

CdSe NPLs is complex since it depends on the size and excitation
density. Specifically, when the size of the CdSe NPLs is smaller than
that of the Coulomb bound exciton, the optical gain of the CdSe NPLs is
similar to that of the CdSe QDs, which is biexciton gain. However,
when the lateral size of CdSe NPLs is larger than that of the Coulomb
bound excitons, multiple excitons exist simultaneously in the same
NPLs*°. In this case, the maximum exciton number of CdSe NPLs
depends on the size of NPLs rather than the state filling, which results in
higher ASE threshold for larger-sized NPLs’'. In addition to exciton
states, the Coulomb-bound biexcitons may lead to optical gains of CdSe
NPLs. This is ascribed to the fact that the biexciton binding energy of
NPLs (30 to 40 meV) is greater than the room temperature thermal
energy (25 meV), which allows the existence of biexcitons stably27’55. It
is worth noting that since 2D NPLs could reduce dielectric shielding,
the ASE mechanism of both large- and small-sized NPLs may be
originated from Coulomb-bound biexcitons. In addition, when the
NPLs are excited by high power density, the lattice heating generated by
Auger decay and the increase in charge-carrier screening may dissociate
the Coulomb-bound space, which may lead to stimulated emission from
e-h plasma. In the study conducted by Tomar et al., it was found that
CdSe NPLs exhibit Coulomb-bound biexciton gain when excited at low
powerS(’. With the increase of excitation power, an additional blue-
shifted gain peak appears at the high-energy edge, which is the opti-
cal gain induced by e-h plasma. Although exciton-exciton scattering is
also a common optical gain mechanism®’, this mechanism has not been
observed in CdSe NCs. Although multiple mechanisms may act on the
optical gain of CdSe NCs, the optical gain of the NCs regardless of the
gain mechanism is hindered by the nonradiative Auger recombination
(AR)*®. Nonradiative AR can be explained by the fact that the energy of
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electron and hole recombination is transferred to a third particle (elec-
tron or hole), which is extremely disadvantageous for achieving ASE
and lasing. In the last 20 years, many methods to suppress AR have been
demonstrated, such as increasing the volume ', changing the
morphology of NCs”’, coating with wide bandgap materials, and
smoothing the interface potential3 %, A more detailed discussion can be
found in these reviews.

2.4. ASE properties of CdSe QDs, NRs, and NPLs The ASE of
CdSe NCs (QDs) was first demonstrated by Klimov et al. in 2000"".
This pioneering work revealed the underlying physical mechanism and
conditions for the realization of NCs lasers and provided important
guidance for the future exploration of NCs lasers. Following this work,
CdSe NCs have been extensively investigated as a laser gain medium.
To further lower the ASE threshold of CdSe NCs, wide bandgap shells
(ZnS, CdS, CdTe, etc.) were deposited on the CdSe surface to suppress
the AR caused by surface defects®>°!. The absorption cross-section of
the NCs was also simultaneously enhanced”. Due to the energy band
misalignment between the CdSe core and the shell, the electron—hole
wavefunction overlap is also an important factor for the optical gain
of CdSe NCs. In general, the core/shell band alignment is classified into
type I (Fig. 3d), quasi II (Fig. 3e), and type II (Fig. 3f). Compared with
the type Il and quasi Il band alignments, the AR effect of the type I band
alignment is the most intense since the electron—hole wave function is
confined to the core. Although electrons and holes are separated the type
II band alignment into different regions (core or shell), the reduced
intensity of the optical oscillator strength makes it difficult to achieve
optical gain. The CdSe NCs with quasi II band alignment are promising
for optical devices because they not only delocalize the electron—hole
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wave function but also reduce defects>®. For example, under the same
conditions, the ASE threshold of type I CdSe/ZnS QDs (300 pJ/cmZ)
under femtosecond laser pumping is an order of magnitude higher than
that of quasi-Il CdSe/CdS QDs (26 pJ/cm?)**. In addition, the AR of
CdSe NCs can be further suppressed by smoothing the core/shell
interface with the adoption of the core/alloy/shell structure®”. In a recent
study performed by Klimov et al., electric pump gain was achieved for
the first time adopting CdSe/CdyZn,  Se/ZnSe( 5505 core/alloy/shell
structure with an Auger lifetime of 2.4 ns (Fig. 42)”°. For a more
intuitive comparison, the optical gains of CdSe NCs with different types
(morphology and band alignment) are summarized in Table 1, including
ASE and laser threshold, emission wavelength and pump source.
Obviously, for 0D CdSe QDs, the multi-shell alloy structure has the
smallest ASE and laser threshold, which could be attributed to the
passivating defects of multi-shell structure and the smoothing of the
interface by the alloy structure.

Compared to 0D spherical QDs, CdSe NRs exhibit lower ASE
thresholds due to the increase in absorption cross-section with
increasing volume®®. The charge carriers can move freely along the
length of the NRs but are confined in the diameter direction'>’". The
unique structure of NRs leads to different carrier relaxation and optical
gain compared to QDs””79""2_ The lower ASE threshold of CdSe/ZnS
NRs than that of QDs has been confirmed by Kazes et al. More
importantly, the ASE of CdSe/ZnS NRs can be observed at room
temperature, while that of QDs with the same diameter can only be
observed at 50 K’>. At the same time, it was also found that the ASE
threshold of the CdSe/ZnS core/shell NRs remained constant below
120 K and increased with increasing temperature above 120 K due to
Auger heating effect and phonon-assisted thermal relaxation. In addi-
tion to CdSe NRs, DIR nano-heterojunctions composed of CdSe QDs as

cores and CdS NRs as shells have attracted more and more attention in
recent year569’74. A lower gain threshold can be found in CdSe/CdS DIR
than in CdSe/CdS QDs due to the larger volume of the former®.
Importantly, the carriers transit from the core and shell states, respec-
tively, leading to the observed two-color ASE in the core and shell of
the CdSe/CdS DIR®. In addition, Iwan et al. found that the ASE
threshold of CdSe/CdS DIR gradually decreased with increasing rod
lengthw. At the same time, the ASE threshold of CdSe/CdS DIR is
independent of temperature below 350 K, which is extremely important
for on-chip lasers. Similarly, the ASE and laser characterization of
different types of CdSe NRs are summarized in Table 1.

Compared with CdSe QDs and NRs, CdSe NPLs are the most
promising in the application of ASE and lasers due to their extremely
large absorption cross-section, giant oscillator strength, narrow emis-
sion band, and long Auger lifetime® 77078, According to the unique
layered structure, CdSe NPL heterojunctions can be divided into core/
shell and core/crown structures’>*". In general, the CdSe core/shell
NPL structure can achieve continuous regulation of the emission
wavelength(’g‘ However, the CdSe core/shell NPLs structure also
changes the emission FWHM and the quantum confinement effect in the
vertical direction. For the CdSe core/crown NPL structure, the growth
of the crown not only passivates the lateral defects of the NPLs, but also
preserves the strong quantum confinement effect. Therefore, it is
difficult to continuously tune the emission wavelength of the core/
crown NPLs**%!. This difficulty has recently been addressed by Wu
et al., which is beneficial for realizing continuous modulation of the on-
chip laser peakgl. For the same volume as CdSe QDs and NRs, NPLs
exhibit lower ASE threshold, which may be related to the localized field
and large absorption cross-section™”. Taking advantage of the unique
layered structure, CdSe NPLs can be stacked by special methods. As
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Fig. 4 | a, Schematic illustration of CdSe/CdyZn; (Se/ZnSe(5Sg5 QDs. Reprinted with permission from ref.>°. © 2017 Macmillan Publishers Limited, part of Springer
Nature. b, Emission spectra of CdSe/CdZnS core/shell NPLs films with different layers’. ¢, Integrated emission spectra of CdSe core and CdSe/CdS core/crown NPLs at
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Table 1 | Gain properties of CdSe nanocrystals with different morphologies.

Sample ASE Peak (nm) ASE thresholds Laser thresholds Cavity Pump source Ref.
CdSe QDs 617 N.A® N.A N.A N.A 17
CdSe/CdS QDs 642 108 pl/cm? 28 pl/em? DFB 400 nm (100 fs) 19
CdSe/CdZnSe/ZnSeS QDs 620 3.3 pl/em? N.A N.A 400 nm (100 fs) 20
CdSe/CdS/ZnO QDs 632 28 pl/em? 3.3 pl/cm? DBR 400 nm (100 fs) 63
Cd(1- xZnxSe(i- )Sy/ZnS QDs 532 80 pl/em? 10.4 mJ/cm? WGM 400 nm (N.A ns) o
CdSe/Cd,Zn;_,Se/ZnSe( sS0.5/ZnS QDs 632 5.5 pl/cm? 5 pl/em? DFB 400 nm (130 fs) 20
CdSe/Cd,Zn;_,Se/ZnSe 5S0.5/ZnS QDs ~645 13 Alem? N.A. N.A. Electricity (1.94 V) 0
CdSe/CdS QDs 635 N.A 8.4 kW/cm? PC-DFB 442 nm (CW) 8
CdSe/ZnS NRs 620 0.08 mJ 3ml WGM 532 nm (5 ns) 2!
CdSe/CdS DIRs 600 1.5 mJ/cm? 0.9 mJ/cm? N.A 800 nm (150 fs) 52
CdSe/CdS DIRs 610 N.A 0.2 mJ/cm? WGM 400 nm (100 fs) 66
CdSe/CdS DIRs 630 130 pl/em? 10 p/cm? N.A 405 nm (70 fs) o7
CdSe NPLs 532 45 pl/em? N.A N.A 400 nm (120 fs) 3t
CdSe NPLs 532 5.5 ml/cm? N.A N.A 800 nm (120 fs) 3
CdSe NPLs 532 6.5 W/cm? 440 W/cm? DBR 444 nm (CW) 2
CdSe/CdS C/C NPLs 534 41 pl/em?® N.A N.A 400 nm (120 fs) 3!
CdSe/CdS C/C NPLs 534 4.48 ml/cm? 2.49 mJ/cm? DBR 800 nm (120 fs) 3!
CdSe/CdS C/S NPLs 671 4.4 plfem? 1.1 pl/em? DBR 400 nm (100 fs) 2
CdSe/CdS/CdS C/C/S NPLs 660 23 pl/em? N.A N.A 400 nm (120 fs) 4
CdSe,S;.x NPLs 508 292 pl/em? N.A N.A 400 nm (120 fs) o8
CdSe,S;.,/CdS C/C NPLs 515 120 pl/cm? N.A N.A 400 nm (120 fs) o8
CdSe,S;_/CdS C/S NPLs 610 53 pl/em? N.A N.A 400 nm (120 fs) o8
CdSe/CdS C/S NPLs 635 N.A 1.2 mJ/cm? N.A 800 nm (150 fs) »
CdSe/CdS C/S NPLs 635 N.A 4.3 mJ/cm? N.A 1.3 pum (150 fs) 33
CdSe/CdS/Cd,Zn;_,S C/C/S NPLs 637 17.2 pl/em? 68 pl/cm? F-P 400 nm (120 fs) 2
CdSe/CdSeTe C/C NPLs 615 100 pl/em? 950 pl/cm? Random 530 nm (500 ps) 43

2 Not available. C/C, C/S, C/C/S NPLs represent core/crown, core/shell, and core/crown/shell, respectively. Abbreviations: ASE: amplified spontaneous emis-
sion; CW: continuous wave; DBR: distributed Bragg reflector; DFB: distributed feedback; DIR: dot-in-rod; NPL: nanoplatelet; NR: nanorod; PC-DFB: photonic

crystal distributed feedback; QD: quantum dot; WGM: whispering gallery mode.

shown in Fig. 4b, the ASE threshold of CdSe NPLs can be gradually
decreased with the increasing number of stacked layers75 . Compared
with bare CdSe NPLs, the ASE threshold can be lowered by growing a
crown on the lateral surfaces to passivate the surface defects, as shown
in Fig. 4c 3! For the CdSe/CdxZn | «S core/shell structure, the ASE peak
position can be continuously regulated by adjusting the ratio of Zn and
Cd in the shell. The minimum ASE threshold was found in the study by
Volkan et al., when x was equal to 0.75%. For the CdSe,S|.x core,
CdSe,S|.x/CdS core/crown, and CdSe,S|_x/CdS core/shell NPLs, the
CdSe,S.x/CdS core/shell structure exhibits a low ASE threshold due to
surface passivation and reduced AR rate (Fig. 4d—e). Unlike CdSe QDs
and NRs, the ASE threshold of 2D NPLs tends to decrease with
decreasing temperature due to the reduction of band-edge exciton de-
generacy by exciton coherence region extension®. Exciton coherence
extension does not occur in QDs and NRs**®?. Furthermore, Lian et al.
found that the exciton coherence region of the CdSe NPLs decreases
with increasing thickness of the NPLs***2, Therefore, thin CdSe NPLs
are potential candidates for the realization of on-chip lasers™. Similarly,
the ASE and laser characterization of different types of CdSe NPLs are
summarized in Table 1.

2.5. Recent advances in ASE of CdSe NCs As mentioned earlier,
the ASE threshold of CdSe NCs could be determined by AR due to the
degeneracy of the band-edge energy levels. How to suppress non-
radiative AR and explore new optical gain methods has become a hot
topic in the researches of optical gain in CdSe NCs. With the
advancement of CdSe NCs synthesis methods and the design of
advanced devices, some new ASE concepts have been demonstrated,
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such as single-exciton ASE, continuous-wave ASE, multi-photon and
electric pump ASE. These advances provide important references for
both lowering the ASE threshold of CdSe NCs and achieving the PICs.

2.5.1. Single exciton ASE Based on the optical gain model, the
population inversion can only be achieved when the average exciton
number of NCs is greater than N = 1 (the average number of excitons in
NCs)’ %% However, if the optical gain can be achieved from single
excitons instead of multi-excitons, the detrimental AR is not taken
into consideration. In 2004, Ivanov et al. first developed and
demonstrated single-exciton ASE from type II CdS/ZnSe®. The
generation of single-exciton ASE is mainly ascribed to the formation
of a local electric field after the generation of the excitons, resulting
in an increase in the ground state absorption cf:fﬁciency85 4% However,
for conventional type I NCs, the ground-state absorption energy will
be reduced due to exciton—exciton interactions. For type II NCs,
there is a large exciton absorption energy due to the separation of the
electron—hole wave function. Thus, single-exciton ASE has been
demonstrated for the first time in type II CdS/ZnSe QDs®. As shown
in Fig. 5a, two ASE peaks were observed in CdS/ZnSe QDs with
increasing excitation power. Among them, the low-energy and high-
energy ASE peaks are originated from single-exciton and biexciton
gains, respectively. In 2012, the single-exciton ASE of red, green,
and blue type I CdSe/ZnCdS core/shell QDs with aromatic ligands
was confirmed by Dang et al.®’. Recently, an optically doped sub-
single-exciton ASE was demonstrated by Klimov et al.®*% The
schematic diagram of is shown in Fig. 5b. Specifically, the holes are
trapped by a photo dopant (LiEt) after photoexcitation to generate an
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Fig. 5 | a, Single-exciton and biexciton ASE of type Il CdS/ZnSe QDs. Reprinted with permission from ref.*®. © 2007 Nature Publishing Group. b, Schematic diagram of
charged exciton formation. Reprinted with permission from ref.**. © 2019 American Association for the Advancement of Science. ¢, ASE spectra of CdSe NPLs obtained
under CW excitation. Reprinted with permission from ref.”’. © 2014 Macmillan Publishers Limited. d, ASE spectra of CdSe/CdS/ZnS QDs under 400, 800, and 1300 nm
pump. Reprinted with permission from ref.”. © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. e, Integration intensity of CdSe/CdS DIR with different rod
length emitted signal as a function of multi-photon pump power. Reprinted with permission from ref.’”. © 2012 American Chemistry Society. f, Optical gain of CdSe/
Cd,Zn,_,Se/ZnSe( 58 5/ZnS QDs under electrical pumping. Reprinted with permission from ref.”’. © 2017 Macmillan Publishers Limited, part of Springer Nature. g,
Electrically pumped ASE structure in a Bragg reflective waveguide device. h, Polarization characteristics of edge-emitted light from the Bragg reflective waveguide device

under electrical (left) and optical (right) excitation. Reprinted with permission from ref.

CW: continuous wave; DIR: dot-in-rod; NPL: nanoplatelet; QD: quantum dot.

exciton. Subsequently (about 30 min), when the composite of CdSe/
CdZnSe NCs and photo dopant is excited for the second time,
another electron is easily excited to the conduction band due to the
disappearance of the local electric field®®®°. Therefore, ASE is easily
generated at sub-single exciton (N = 0.3).

2.5.2. Continuous-wave ASE The realization of continuous wave
(CW) pump ASE in NC:s is highly desirable for the application of PICs.
However, only a few CdSe NCs have been demonstrated for CW ASE.
Thanks to the large absorption cross-section, large gain coefficient, and
long Auger lifetime of CdSe NPLs, CW ASE was first confirmed by
Grim et al. in 2014”". The ASE threshold of CdSe NPLs was
confirmed to be 6 pJ/cm2 under femtosecond-pulsed pumping (70 fs).
Furthermore, the CW ASE threshold of CdSe NPLs was confirmed to
be 6.5 W/cm? under 444 nm CW optical pumping (Fig. 5c).
However, this result requires further confirmation due to the
discrepancy between the thresholds of femtosecond pulse and
Cw pumping5 3,
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. © 2023 The Author(s). Abbreviations: ASE: amplified spontaneous emission;

2.5.3. Multi-photon pumped ASE Multi-photon-pumped ASE is
defined as multiple low-energy photons pumping CdSe NCs, followed
by population inversion to generate optical gain() ! In contrast to single-
photon excitation, multi-photon-pumped ASE exhibits superliner
absorption between the incident light, which results in deeper
penetration depths and higher spatial resolution””%*.  More
importantly, the absorption losses caused by the waveguide material
are unfavorable for PICs under single-photon pumping. This problem
can be well-solved by multi-photon pumping. Taking advantage of
the large multi-photon absorption cross-section and good
photostability of CdSe NCs, multi-photon-pumped ASE have been
found in CdSe QDs, NRs, and NPLs. In addition, for CdSe
semiconductor heterojunctions, such as CdSe/CdS and CdSe/ZnS, the
shell could increase the multi-photon absorption cross-section due to
the antenna-like effect and the suppression of AR. In 2014, the ASE
threshold of CdSe/CdS/ZnS QDs under two-photon pumping
(Fig. 5d) was determined to be 8.2 mJ/cm? by Wang et al’’. In
addition, Xing et al. revealed the extremely low ASE threshold of
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CdSe/CdS DIRs at 1.5 mJ/cm?® under two-photon (800 nm) pumping,
which is an order of magnitude smaller than that of the same type of
QDs (Fig. 5¢)*?. The decrease in two-photon-pumped ASE threshold
with increasing CdSe/CdS DIR length can be attributed to the
increase of the two-photon absorption cross-section. Compared with
QDs and NRs, a lower ASE threshold of 1.2 mJ/em? for two-photon-
pumped CdSe/CdS core/shell NPLs was demonstrated by Chan et al.
At the same time, the ASE threshold of 4.3 mJ/cm? for three-photon-
pumped CdSe/CdS core/shell NPLs was also confirmed by their
groupss‘ These multi-photons-pumped CdSe NCs ASE are not only
of great importantance for life sciences but also hold important
application prospects in the PICs.

2.5.4. Electrically pumped ASE Electrically pumped ASE based on
semiconductor NCs have long been ideal devices due to their low
substrate requirements, high scalability, and ease of on-chip photonics
integration. Considerable efforts have been made to realize this
exciting application. Recently, Klimov et al. demonstrated two-band
(1S and 1P) electroluminescence with the adoption of continuously
graded CdSe/CdyZn; «Se/ZnSepsSps QDs incorporated into a
"current-focusing " LEDs structure. The population inversion of the
band-edge 1S transition for electrically pumped CdSe/CdyZn; (Se/
ZnSe( 5505 QDs was observed for the first time and was verified by
adopting the current-modulated transient spectroscopy (Fig. 5f).
Subsequently, their group reduced the thickness of the CdyZn;Se
alloy layer and added a ZnS shell to suppress AR. Meanwhile, the
electroluminescent structure is optimized by combining the DBR and

the Ag mirror to form a lateral optical cavity, which improves the
field confinement in the CdSe/CdyZn; «Se/ZnSey 5S¢ 5/ZnS QD gain
medium and reduces the optical loss in the charge transport layer
(Fig. 5g). Therefore, the room-temperature electrically pumped ASE
of Cd-based colloidal QDs has been experimentally confirmed for the
first time, as shown in Fig. 5h. This landmark result indicates that
CdSe NCs with low substrate requirement, low gain threshold, and
easy fabrication hold promising applications in future PICs.

3. APPLICATIONS

3.1. CdSe NCs lasers with different resonator configurations As
the heart of PICs, lasers with high monochromaticity and coherence are
essential. Transferring good, cheap lasers to tiny photonic chips is a goal
currently pursued by the scientific community. Since CdSe NCs were
demonstrated to exhibit ASE properties, many lasers based on CdSe
NCs, including WGM, DFB, DBR, random lasers and photonic crystals
have been demonstrated'’->!?%0395-%  For example, a CdSe/CdS/ZnS
QDs multimode WGM laser was constructed by Wang et al. by
combining NCs with optical fibers (Fig. 6a)”’. The lasing behavior is
maintained at 312 K due to passivation by ZnS. Similarly, blue CdZnS/
ZnS QDs WGM lasers have been confirmed by Sun et al. (Fig. 6b and
¢)’®. CdSe NCs random laser is also a common laser, which is caused by
the repeated scattering of light in the gain medium®. CdSe NCs random
lasing usually consists of multiple peaks with different heights and
positions. Although random lasers are efficient and inexpensive light
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Fig. 6 | a, Schematic of WGM laser by coating QDs on fiber. Reprinted with permission from ref.””. © 2018 The Author(s). b, Electric field distribution in the radial
direction for the WGM cavity. ¢, WGM lasing modes of CdZnS/ZnS QDs. Reprinted with permission from ref.’*. © 2014 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. d, Lasing emission spectra under different pump fluences. Reprinted with permission from ref.””. © 2011 The Royal Society of Chemistry. e, Schematic
configuration of vertical cavity surface-emitting lasers using CdSe/CdS@ZnO QDs as gain medium. Reprinted with permission from ref.**. © 2021 Elsevier B.V. f, WGM
lasing of CdSe/CdS NRs. Inset is TEM image of CdSe/CdS NRs. Reprinted with permission from ref.”'. © 2022 WILEY-VCH Verlag GmbH. g, Schematic configuration
of vertical cavity surface-emitting lasers using CdSe NPLs as gain materials. Reprinted with permission from ref.”'. © 2014 American Chemistry Society. Abbreviations:
NPL: nanoplatelet; NR: nanorod; QD: quantum dot; TEM: transmission electron microscope; WGM: whispering gallery mode.
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sources, the poor quality and lack of directionality of the output light are
detrimental to PICs. An efficient single mode laser can be constructed
by coupling CdSe NCs and gratings to form DFB lasers. For example,
single- and two-photon-pumped single-mode lasers have been realized
by Signorini et al. by combining CdS/Cdg 5ZngsS/ZnS QDs with pe-
riodic gratings (Fig. 6d)’’. Furthermore, ideal coherent single-mode
lasing can be realized by confining CdSe NCs as laser gain materials to
two highly reflective Bragg mirrors. As shown in Fig. 6e, CdSe/CdS—
ZnO with FWHM 0.9-nm single-mode laser output is detected with the
increase of pump intensity63. The same as QDs, CdSe NRs and NPLs,
lasers with a lower lasing threshold can also be realized by combining
gain materials with the aforementioned optical microcavities (Fig. 6f
and g)21,22,3 1,50.51,67.100,101 “Their Jaser characterization, cavity type,
pump-light type, gain material, and other properties are summarized in
Table 1. Combined with the advantages of easy preparation, low cost,
solution treatment, and low substrate requirements, CdSe NCs can be
used as potential candidates for on-chip light sources.

3.2. Recent advance in CdSe NCs lasing

3.2.1. Single exciton lasers As discussed in Section 2.3, single-
exciton ASE, CW, and multi-photon-pumping ASE are novel and
interesting optical phenomena. At the same time, single-exciton
lasing, CW, and multi-photon-pumping lasing can be realized by

incorporating CdSe NCs into resonant cavities. In 2012, the vertical
cavity surface-emitting laser constructed by Dang et al. realized
single-exciton (N = 0.53) lasing by adopting CdSe/ZnysCdysS QDs
and DBR as the gain medium and resonant cavity, respectivelyw‘ In
2019, the DFB single-mode laser was confirmed by Klimov et al.
when pumped by a sub-single exciton (Fig. 7a)*®. However, there
exists a limitation that this photo dopant needs to be combined with
Zn ions. Although there are relatively limited reports on NC single-
exciton lasers, the profound advantages of NC lasers under single-
exciton pumping are exciting since NCs with very fast Auger
lifetimes can also achieve stimulated emission.

3.2.2. CW lasing Similarly, the construction of CW lasers is an
important advance in the application of CdSe NCs to PICs. CW lasers
were first realized by Grim et al. in 2014 by combining low-threshold
CdSe NPLs with two Bragg mirrors. More recently, an extremely
low-threshold (1 pW) CW laser was confirmed by Yang et al. by
coupling CdSe/CdS core/shell NPLs to a photonic crystal nanobeam
cavitymz. However, real laser action and stimulated emission should
be carefully distinguished. In 2017, Fan et al. developed a surface-
selective growth shell on the core of CdSe QDs to separate band-edge
degenerate states and thereby reduced the ASE threshold”®.
Importantly, the biaxially strained CdSe/CdS QDs are covered by a
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Fig. 7 | a, Schematics and SEM image of the CdSe/Cd,Zn;_Se/ZnSe( 5S¢ 5/ZnS QD DFB laser. Right: neutral-QD lasing spectra using a QD/DFB device. Reprinted with
permission from ref.**. © 2019 American Association for the Advancement of Science. b, Schematics of CdSe/CdS QD PC-DFB laser. ¢, Integration of the emitted signal
as a function of pump power. Inset is emission spectrum of above and below the lasering threshold. Reprinted with permission from ref.”*. © 2017 Macmillan Publishers
Limited, part of Springer Nature. d, Schematics and laser spectra of CdSe/CdS DIR under milti-photon pumping. Reprinted with permission from ref.’>. © 2012 American
Chemistry Society. Abbreviations: DFB: distributed feedback; NIR; PC-DFB: photonic crystal distributed feedback; QD: quantum dot.
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2D photonic crystal (DFB) and exhibit lasing action in the range of 6.4
to 8.4 kW/cm? under CW pumping at 2.81 eV, as shown in Fig. 7b and
c. This breakthrough development further clarifies the potential of CdSe
NC:s for application in PICs.

3.2.3. Multi-photon pumped lasing Although many organic dyes
have achieved multi-photon-pumped lasing, semiconductor NCs can
offer significant advantages for photonic chips in terms of their rela-
tively large multi-photon absorption cross-section, high photostability,
high refractive index, and low lasing threshold %104, Compared with
single-photon pumping, Wang et al. have confirmed for the first time
that CdSe/CdS/ZnS QDs random laser exhibits weaker reabsorption
effect under multi-photon pumping. In addition, ultra-low-threshold
multi-photon-pumping laser was demonstrated by Li et al. in a
cuvette containing CdSe/CdS core/shell NPLs solution®. Here, the
CdSe/CdS core/shell NPLs and the cuvette act as the gain medium
and the FP resonant cavity, respectively. The lasing thresholds of
CdSe/CdS NPLs under pumping at two-photon (800 nm) and three-
photon (1300 nm) pumping were characterized as 1.2 and 4.6 mJ/
cm?, respectively. Similarly, a vertical cavity surface-emitting laser
was constructed by Volkan et al. by placing CdSe/CdS core/crown
NPLs between two DBRs. The lasing threshold of CdSe/CdS core/
crown NPLs was determined to be 2.49 mJ/cm? under two-photon
pumping5 ! It is worth noting that, a lower two-photon-pumping
lasing threshold (0.9 mJ/cm?) was reported by Xing et al. in 2013 by
coupling CdSe/CdS DIRs with a high-Q spherical optical cavity
(Fig. 7d)*. Compared with QDs and NPLs, the lower two-photon
lasing threshold of CdSe/CdS NRs in the current work may be related
to the high Q factor spherical optical cavity.

a QD-cast toroidal microcavity b

Pump pulse

5 N & O
—

o

= cap

PL intensity (a.u.)

N O

o

600 620 640 660
Wavelength (nm)

3.3. On-chip lasers based on CdSe NCs As discussed in Section
2.2, considerable progress has been achieved by CdSe NCs in the field
of ASE and lasers since the first demonstration of NCs optical gain. At
the same time, CdSe NCs have also attracted special attention due to
their potential to be used as light sources for PICs. According to the
timeline, the on-chip laser formed by the integration of CdSe NCs and
microcavities has undergone a transition from the uncontrollable stage
to the controllable one’. At the early stage of on-chip laser-based NCs,
Min et al. fabricated an on-chip WGM laser by covering CdSe/ZnS QDs
on a ring-shaped fiber' . The pump pulse was efficiently coupled to the
ring resonator through the tapered fiber (Fig. 8a), thus demonstrating the
extremely low on-chip lasing threshold (9.9 1)!°. However,
complexity of the fibers for the output laser is not conducive to the
realization of PICs. Therefore, the integration of microcavity and gain
medium on the same substrate is beneficial for PICs. In the work of
Wang et al, a WGM laser was confirmed by covering
Cd(1-xyZnxSe(1-y)Sy/ZnS QDs to hemispherical resonator. The hemi-
spherical resonator can be well mounted on the substrate to simplify the
fabrication of the on-chip laser (Fig. 8b)**. In the construction of on-
chip lasers, CdSe NCs were adopted as gain materials and resonators,
which not only simplify the construction of on-chip light sources, but
also reduce the cost of resonator construction. For example, CdSe/CdS
QDs are drop-cast to form on-chip coffee rings as not only gain
media, but also laser resonators. This coffee-ring effect can occur in
CdSe QDs, NRs, NPLs, etc®®'%. When the NC coffee ring is pumped,
both sides can be used as an FP cavity to realize on-chip laser. In the
work of Zavelani-Rossi et al., on-chip single mode lasers based on the
coffee-ring effect of CdSe/CdS NIRs have also been demonstrated®.
However, some disadvantages of coffee rings must be taken into
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Fig. 8 | a, Schematic of a tapered fiber-coupled QDs laser. Reprinted with permission from ref.'"”. © 2006 American Institute of Physics. b, Laser spectra of QDs coated on
self-assembled hemisphere with different excitation intensities. The insets are the integrated PL intensity with different pump fluences (left) and the schematic structure of
the microlaser (right), respectively®®. ¢, Schematic configuration of vertical coupling of SiN/QD/SiN disk and waveguide (left). SEM image of a fabricated device (right).
d, Laser spectra of the SiN/QD/SiN disk under different pump fluences. Insets are corresponding PL images'“. Reprinted with permission from refs.**'*°, © 2015, 2017
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. e~h, The process of resonator formation in the SiN/QDs/SiN plane waveguide. i, Integration of SiN/QDs/SiN
laser-emitted signal as a function of the pump power. Reprinted with permission from ref.'”’. © 2017 American Chemistry Society. Abbreviations: PL: photo-
luminescence; QD: quantum dot; SEM: scanning electron microscopy.
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consideration, such as their uncontrollable size and position. Therefore,
some high-precision control of the position, size, and laser peak position
of on-chip NCs light sources have been realized in the recent years%.
For example, Xie et al. designed a SiN/QDs/SiN (100/55/100 nm)
planar sandwich-stack structure by e-beam lithography (EBL) etching
method. A 5-pm-diameter micro-stage combined with CdSe/CdS QDs
exhibited a low threshold fluence of 27 pJ/cm2 WGM laser (Fig. 8c and
d) under picosecond pulse pumpingl()(’. Subsequently, the transverse
electric (TE)- and transverse magnetic (TM)-mode lasing of the QDs
micro-stage was confirmed. In addition, single-mode lasers can also be
observed by reducing the diameter of the microstagem(’. Similarly, DFB
resonators in SiN/QDs/SiN plane waveguide were fabricated by their
group with the adoption of the same etching method, as shown in
Fig. 8e—h 107, Single-mode lasing can be achieved by this SiN/QDs/SiN
microstage at 270 pJ/cm2 nanosecond-pulsed pumping (Fig. 8i). Such
single-mode lasers show more potential in PICs due to fewer modes and
higher optical purity. Moreover, these SiN/QDs/SiN sandwich struc-
tures with good compatibility with CMOS compatibility confirm that
NCs are potential candidates for PICs®. However, some shortcomings
still remain to be addressed. For example, the complex construction of
these SiN/QDs/SiN and the fluorescence quenching caused by the high-
temperature processing of NCs are not favorable for their future
development. In addition, it should be noted that the current pump
sources for on-chip lasers are all based on short-pulse lasers. More ef-
forts are required to realize electrically pumped PICs so as to meet the
current needs of high-speed information transmission.

3.4. Integration of micro/nano lasers and waveguides To further
realize NCs PICs, on-chip integration of lasers and waveguides will be
introduced. In general, on-chip integration of NCs-based active pho-
tonic devices and passive photonic devices based on other materials
greatly increases the difficulty of fabricating PICs. Nevertheless, some
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noble progress in PICs based on NCs is worthy to be mentioned. For
example, micro-stage multimode and single-mode lasers based on QDs
have been demonstrated by Chen et al. adopting a simple and inex-
pensive approach'og. The micro-stage (40 x 40 pm) was combined with
a waveguide strip with a length of 150 pm and a width of 10 pm, as
shown in Fig. 9a. When the pump pulse excites the micro-stage, the
multimode laser spectra at P; and P, are collected as shown in Fig. 9b.
This similar spectrum indicates that the laser propagates from the micro-
stage P; to the waveguide P,. Furthermore, no lasing was detected when
the waveguide was pumped, confirming that the previous P, lasing is
originated from the micro-stage. However, the position, size, and shape
of the on-chip QDs laser and waveguide are uncontrollable. In addition,
this waveguide composed of CdSe/ZnS QDs shows a large absorption
loss because since the laser comes from the same NCs. In their other
experiments, small-sized CdSe/ZnS QDs (green) as waveguides and
large-sized CdSe/ZnSe/ZnS QDs as high-quality lasers were coupled on
glass by pattern-assisted stacking to overcome absorption loss, as
shown in Fig. 9c. Here, the lasing peak of CdSe/ZnSe/ZnS was found at
640 nm pumped by 532 nm ps pulses. As shown in Fig. 9d, the same
lasing spectra obtained from A and B confirm that the micro-stage
lasing from the red QDs can be coupled to the green waveguide.
However, the disadvantage of this structure is that the laser and the
waveguide are not on the same substrate, which results in an increase in
the volume of the PICs and subsequent complex integration.
Position-, size-, and shape-controllable waveguides and lasers are
confirmed by the Jeon’s group by integrating lasers and SiN planar
waveguides on a chip”'. The schematic structure of these PICs is
shown in Fig. 9e, where, Si3N4 and SiO; were used as the waveguide
framework and substrate, respectively. Square lattices were constructed
on 140-nm-thick SizN4 by efficient EBL. CdSe/CdS/ZnS QDs were
then selectively covered in the square lattice to form an on-chip laser.
No etched SizNy acts as a waveguide due to the low absorption loss of
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Fig. 9 | a, Bright-field optical image of integrating QDs microplate laser with waveguide. b, Laser emission spectra measured at P; (microplate laser) and P, (waveguide).
Reprinted with permission from ref.'”’. © 2017 American Chemistry Society. ¢, Dark-field optical image of the integration of large CdSe/ZnSe/ZnS QDs high quality

lasers with small CdSe/ZnS QDs (green) waveguides. d, Laser emission spectra measured at A (laser) and B (waveguide) in Fig. 9¢c.""’

. e, Schematic of integrating band-
edge laser, waveguide, and output coupler on-chip''’. Reprinted with permission from refs.''”'"". © 2017, 2020 Optical Society of America. f, Schematic of the
fabrication procedures for QDs micro-disk lasers integrated SiN waveguide. Reprinted with permission from ref.'”°, © 2017 WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim. Abbreviation: QD: quantum dot.
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this structure in the visible to NIR. A grating coupler was placed at the
other end of the waveguide. Therefore, the waveguide propagates the
laser mode only in the vertical direction. When the QD-covered reso-
nator was pumped, the single-mode laser was then coupled into the
waveguide. Due to the presence of the grating coupler and the special
thickness of the waveguide, the final laser was output in the vertical
direction. This structure overcomes the formerly mentioned shortcom-
ings that the position, size, and shape of the laser and the waveguide are
not easy to be controled. More importantly, single-mode lasers were
easily formed and efficiently coupled into the waveguides. However,
the lack of lateral confinement of this planar waveguide may contribute
to some crosstalk problems in future applications. Fortunately, this
problem was solved in the same year by Dries Van’s groupmb. As
mentioned earlier, SIN/QDs/SiN sandwich structures have been placed
on SiO, substrates to realize responsive WGM, and DFB lasers have
been mentioned. In the current work, the on-chip laser and waveguide
coupling were realized by this group. The construction and layout of
these PICs is shown in Fig. 9f. In this structure, the structural parameters
are carefully chosen to support TE and TM propagation. In addition to
the coupling of dielectric waveguides and lasers, the coupling of plas-
monic waveguides and lasers has also been demonstrated owing to the
simple construction steps and low damage to the gain material. Spe-
cifically, Rong et al. adopted high-resolution dark-field optical imaging
technology to integrate single or multiple microcavity lasers and silver
nanowire waveguides on a chip, including tangential coupling, radial
coupling and complex couplingl 12 As shown in Fi g. 10a, the silver wire
waveguide is placed in the tangential direction of the QDs micro-ring

resonator. When the ring resonator is pumped, the emission spectra of
the B and C ends of the silver wire are consistent with those of A,
indicating that the laser is effectively coupled into the silver-wire
waveguide (Fig. 10b). In addition, radial and tangential coupling of the
microcavity laser to single or multiple silver-wire waveguides has also
been demonstrated, as shown in the dark-field optical imaging diagram
in Fig. 10c. Under picosecond laser pumping, the end of the silver-wire
waveguide and the consistent spectrum of the microcavity laser indicate
that the laser is coupled into multiple silver-wire waveguides. In addi-
tion, the coupling of multiple microcavity lasers to a silver-wire
waveguide has also been demonstrated (Fig. 10d)''2. This ease of
operation is of great significance for realizing high-density assemblies
of on-chip lasers, waveguides and functional devices.

3.5. On-chip optical signal amplifier Although the aforementioned
studies show that the absorption and propagation losses of
NC waveguides can be overcome by unique methods, potential losses
still exist. Therefore, optical amplifiers are also crucial for NC PICs,
especially for high-energy excitation of on-chip functional devices. The
on-chip optical amplifier can directly amplify the optical signal without
converting it to an electrical signal. Based on this situation, some de-
signs of NC optical amplifiers have been proposed. The basic principle
of the currently reported optical amplifier is that the optical signal
generated by the on-chip laser propagates through the waveguide and is
coupled to the optical amplifier to achieve signal amplification. In order
to achieve optical signal amplification, high optical gain of NCs is a
prerequisite. In 2017, Noriss et al. coupled NCs with surface plasmon

Intensity (a.u.)

0.0} ~ A 5 e o Z
590 610 630 650
Wavelength (nm)

Fig. 10 | a, Dark-field optical image of the micro-ring resonator coupled with a tangential silver-nanowire waveguide. b, Laser emission spectra measured at A, B, and C in
Fig. a. ¢, Dark-field optical image of coupling micro-ring resonator with single or multi tangential and radial silver-nanowire waveguides. On the right is the corresponding
optical image under picosecond pulse pumping. d, Dark-field optical image of the coupling of multi micro-ring resonators with a tangential silver nanowire waveguide.
Reprinted with permission from ref.''?. © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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systems to build on-chip lasers and optical ampliﬁersI 13 Specifically,
two Ag reflective blocks with widths of 400 and 600 nm were extracted
from the ultra-smooth silver surface to form a resonant cavity. Subse-
quently, a tapered waveguide was constructed by the template-stripping
method, as shown in Fig. 11a. On-chip lasing was observed when CdSe/
CdS/ZnS QDs covering the resonator were pumped by femtosecond
pulses (Fig. 11b). After passing through the tapered waveguide, the on-
chip laser is focused at the tip (Fig. 11c). Spectral characterization
confirmed that the optical signal is extracted, propagated, and focused
from the microcavity to the tip, as shown in Fig. 11d. However, the
optical signal is not amplified due to propagation loss. When CdSe/CdS/
ZnS QDs are simultaneously covered in the microcavity and the tapered
waveguide, the on-chip laser can be amplified. The laser intensity of the
waveguide with QDs covered is 1000-times higher than that of the
waveguide without QDs, as shown in Fig. 11e and f. However, at low
pump densities, the spontaneous emission noise is amplified by almost
the same amount. In practical applications where pure signal amplifi-
cation is required, the noise of these amplifications is undesirable.
Recently, a noise-free optical amplifier has been proposed by Chen
etal.!'. Firstly, a micro-ring QD laser is constructed. Under picosecond
pulse pumping, the on-chip laser is equally coupled to the left and right
waveguides of different lengths (Ly, = 15 pm, Lg = 40 pm) for signal
transmission and optical signal amplification (Fig. 11g). Under small
spot (17 pm) pumping, the laser intensity on the left is 1.3-times that of
the right since part of the waveguide at the right end is not pumped
(Fig. 11h). However, when the light spot size is increased to 80 pm, the
light signal intensity on the right is 1.8-times that of the left (Fig. 111).
Importantly, the stimulated emission background signals on the left and
right sides are the same sicne the laser signal is well coupled into the
waveguide, while the stimulated emission is undirected. At the same
time, this low-noise optical amplifier also prevents ASE generation
along the NC waveguides.

3.6. Integration of micro/nmano lasers and functional devi-
ces According to the aforementioned introduction, it can be known
that PICs include light sources, waveguides, amplifiers, filters, de-
tectors, and other devices. However, when these photonic devices are
composed of different materials, the complexity, compatibility, and
uncontrollability of photonic chips must be taken into consideration.
Although many high-quality microcavity lasers and waveguides have
been demonstrated and can be integrated on a chip as mentioned earlier,
the integration of multifunctional devices, lasers, and waveguides re-
mains a challenge. To solve the difficulty of integrating multiple
functional devices on a chip, Rong et al. adopted the same QD material
to construct multiple photonic devices on a chip by pattern-assisted
stackjng”4. Firstly, a high-precision trench pattern is etched in the
polymethyl methacrylate (PMMA) film with MgF, as the substrate.
Subsequently, an appropriate QD solution is drop cast into the trenches
to form on-chip lasers, waveguides, optical amplifiers, Y-splitters, and
Mach—Zehnder interferometers, as shown in Fig. 12a—d. The same
material is used to overcome the difficulty of building multiple photonic
devices on a single chip. By combining the bottom-up and top-down
approaches, the damage to the QDs could be negligible. However,
absorption losses resulting from the use of the same material need to be
considered. Although the current research on the integration of semi-
conductor microcavity lasers and functional devices is scarce, the
continuous development of NC lasers and excellent photonic devices
will promote the development of future photonic chips.

4. SUMMARY AND PROSPECTIVE

As electronic integrated circuits have reached the limits of Moore’s
Law, research on PICs has become one of the most rapidly developing
fields. Despite the achievement of significant advances in the study of
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Fig. 11 | a, SEM image of the plasmonic resonator (left) and the tapered plasmonic waveguide (right). b, Laser spectra measured at the plasmonic resonator. ¢, Real-space

image of the device in a. d, Laser spectra measured at the tip of the tapered plasmonic waveguide. e, Real-space image of the plasmonic resonator and tapered plasmonic

waveguide coated with QDs. f, Laser spectra measured from the tip of waveguide coated with QDs. Reprinted with permission from ref.''*. © 2017 The Authors. g, Dark-

field image of optical amplifier with unequal waveguide length. Optical images of the amplifier under picosecond pulse pumping with a spot diameter of 17 (h) and 80 pm
(i). Reprinted with permission from ref."'*. © 2019 The Royal Society of Chemistry. Abbreviations: QD: quantum dot; SEM: scanning electron microscope.
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ASE and laser properties and photonic devices based on CdSe NCs,
PICs researches are still in the infant stage and full of challenges and
opportunities. The combination of CdSe NCs and SiN platform has
greatly accelerated the development of photonic chip. The unique
photonic devices investigated by Chen et al. have also made significant
contributions to the development of PICs> !4, However, there still exist
pressing challenges in the synthesis of high-quality CdSe NCs, elec-
trically pumped lasers, high-density integration of photonic devices, and
environmentally friendly photonic chip. Based on some cutting-edge
developments and ideas that have been presented recently, a personal
view on the future development of laser manipulation and PICs is
outlined as follows:

1) Electrically pumped lasers: an intriguing prospect of colloidal NCs is
their application in electrically pumped lasers. Accordingly, semi-
conductor NCs are expected to exhibit excellent ASE and laser
properties, which are critical in the PICs. However, at present, the
pump source of NCs ASE and laser is still mainly short pulse. The
main challenge remains AR, which leads to rapid deactivation of the
semiconductor gain medium. How to suppress AR and thus reduce
the laser threshold becomes the main difficulty for semiconductor
NCs to be used in PICs. Some effective methods have been proposed
for Auger suppression, such as surface passivation, alloy structure,
and increasing the volume of NCs. Based on these methods, single-
exciton-pumped laser®®, CW laser’®, electric pump optical gainm,
LED-like DFB structure have been demonstrated’’. However,
electric pump lasers are still not realized in NCs. Here, a personal
view on the realization of electrically pumped lasers in NCs is
outlined as follows: firstly, efforts should be devoted to high-quality
NCs, such as NPLs with a slow AR. Secondly, finding suitable short-
chain ligands to cover the surface of NCs may reduce the charge
transport resistance. Thirdly, optimizing the device structure such as
the charge transport layer for achieving more carrier balance injec-
tion. Fourthly, constructing high-quality resonators can facilitate
further reduction in the threshold of lasers.

Integration of multifunctional photonic devices: the current semi-
conductor integrated circuit is based on Si technology, which

2

~

3

~

involves the creation of multiple layers of interconnected electronic
components on a silicon wafer. CdSe NCs can be synthesized in
solution andsubsequently deposited onto various substrates for
fabricating devices. Unfortunately, the Si substrate will absorb pho-
tons from the ultraviolet to near-infrared, which leads to additional
absorption losses. As discussed in the main text, SiN cladding layers
could reduce the influence of Si substrate; however, integration of
photonic structure with electronics and another photonic element
requires better strategies. Alternatively, a silicon-on-insulator wafer
can be considered due to high refraction, which is good for effective
light guiding and confinement. It is also good to act as a platform for
integrating other electronic components such as transistors or
waveguides5 0106 Moreover, developing other gain materials such as
colloidal PbS and HgTe semiconductor NCs to avoid the influence of
Si substrate is another approach115 116 However, the PLQY of
infrared QDs is much lower than that of CdSe NCs, and researches in
the laser field still remain insufficient. More importantly, it is
convenient for CdSe NCs to fabricate various photonic functional
devices, including lasers, waveguides, detectors, modulators, etc.
Therefore, photonic chips can be prepared by integrating different
optoelectronic devices on the same substrate. However, researches on
NC PICs are still in their infancy. Most reports have so far only
achieved single-photonic devices. The integration of multiple-pho-
tonic devices still remains insufficient. The integration of full-
function and high-density photonic devices is even more lacking.
At the same time, the coupling efficiency between photonic devices
and the absorption loss caused by the same NC material need to be
taken into consideration. The integration of multifunctional photonic
devices will mark a significant advance in PICs.

Environmentally friendly photonic chip: although the laser research
of Cd and Pb NCs has become a hot topic due to their excellent
optical properties, the construction of photon devices based on Cd-
and Pb-containing NCs will inevitably lead to the problem of
environmental pollution. Therefore, the emphasis of the future re-
searches should also be laid upon the exploration of heavy-meta-
freel NCs, such as CuInSZ38, InP/ZnSe/ZnS**"7, and ZnInSz3 °

Fig. 12 | a, Dark-field optical image of the integrating resonator with bending waveguide. b, Optical images of the integrating resonator and the Y-splitter without (left) and
with (right) pump pulse. ¢, Dark optical image of the integrating resonator, the MZ interferometer and the Y-splitter. d, Optical image and of the integrating resonator and
the MZ interferometer without (left) and with (right) pump pulse. Reprinted with permission from ref.''*. © 2019 The Royal Society of Chemistry. MZ: Mach—Zehnder.
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ZnSe/ZnS''%. Although the ASE and laser properties of these NCs
are still immature, their relevant applications are expected to be
realized through structural engineering and the design of suitable
microcavity structures.

Others: just as the photonic devices mentioned earlier, the current
NC photonic devices are all based on CdSe QDs, and the researches
on NRs and NPLs with more excellent optical properties still remain
insufficient. Therefore, more research efforts should be focused on
the NRs and NPLs. In addition, considering that there are many
studies on the nonlinear optical properties of CdSe NCg?7% 119121
more studies on their nonlinear optical pumping ASE and laser should
be performed, with the aim of suppressing waveguide absorption
losses and the construction of optical switches and modulators.

In summary, the foundation of semiconductor NCs lasers has been

laid in the past two decades, and it is strongly expected that they could

be

used in photonic chips and explosively developed in the next

two decades.
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