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Abstract. Colloidal semiconductor nanocrystaléNCs) representa promising class of
nanaonateriasfor lasingapplicationsCurrently, ame of the key challengéacing the development
of high-performanceéNC optical gain mediéies inenhancing the lifetime of biexciton populations.
This usually requires themploymentof chargedelocalizing particlearchitectures such as
core/shellNCs nanorodsand nanoplateletsHere, wereport ona two-dimensionalnanoshell

guantum dot (QDmorphologythat enables strongdelocalization ofphotoinducedcharges
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leadingto enhancd biexcitonlifetimesandlow lasing thresholdA uniguecombination of a large
exciton volume and a smoothed potential gradient across interfacetheofeported
CdSuk/CdSe/Cdgen (core/shell/shell) nanoshe®Ds results in strongsuppression of Auger
processeswhich was manifested in this work though the observatiorstalble amplified
stimulated emission (ASEYIow pumpfluences. An extensiveharge delocalization in nanoshell
QDswasconfirmedby transient absorption measuremestgwingthat the presence of a bulk
size corein CdSuk/CdSe/Cd&er QDs reduces excitoexciton interactionsOverall, present
findings demonstrateinique advantages tfie nanoshell QDarchitectureasa promisingoptical

gain medim in solid-state lighting and laisg applications.

1. Introduction

The development afolloidal quantum ddiases hasreceivedconsiderablattentionin the
past two decads.!-® Compared totraditional epitaxial quanturwell lasers*-® colloidal
nanocrystal JC) devicesshowpromisefor further reduction ofasing threshols”® a spectrally
narrower emissiod,and a wider range of spectralnability.1-1? Potential benefits are also
expectedrom the device fabrication standpoiagthe synthesis ofolloidal NCsrelies onlow-
costchemicaltechnique$ which alleviaesthe need for complex epitaxial deposition methods
Such tiemically fabricate@nd scalabl@anoparticle inkgan besolutionprocessed onto various
substrateproviding compatibilitywith a variety oflasercavity types and geometrig¢d Over the
last decadeseveral successful demonstrationschbéilcogenide and halide perovskit® QD-
based lasinghnediahaveappeared in literatur@)cludingrecentreportsof continuouswave room

temperatureCdSe nanoplateléasers®*® operatingatlow input poweso f 117 ¢ W

Theadventof colloidal QD lasershas beettargely motivated bythe uniquepropertiesof
guantumconfinedsemiconductorswhich can suppora tunable, temperaturesensitive optical

gain®1%2% Unfortunately, the presence of strong carrier confinemesulinidal NCshas also been



associated with issug¢batimpecded the progressof QD-basedgain mediaAs demonstrated by
early investigations’!-?2 enhancedCoulomb interactionsn quantumconfined semiconductar
greatly increase thate ofmulti-excitonAugerdecay leading tohigh threshold for theamplified
stimulated emissioASE). This issuewas particularly evidentin the case ofzeradimensional
(OD) NCs where strong carrier confinementall three spatial dimensiomsevented the onset of
ASE.}23|n light of these limitationgQD lasers have be@xclusively employindow-dimensional
nanoscale geometriexhibitinga reduceatlectron hole overlapThese includediant core/shell
QDs?* alloyed core/shell QD%, 1D nanorodg%28 tetrapod<? and2D nanoplatelet®3%3233 The
spatial delocalization of photoinduced chargeshese nanostructurémsbeen credited fothe
increaseof correspondingnulti-exciton lifetimesby 10-100 times relative to-O NCs ultimately
leading tolower ASE threshold and high modal gasi Recently,syntheticmethods have been
developed fothe growth of 2D quantum wellgilizing a sphericashellgeometry?*6 Theseg so-
called nanoshellQDs, featuring aCdSu/CdSe/Cdsei core/shell/shelimorphology(Figs. 1a,
1b), caneffectively suppress Auger recombination processestoa large volume of apherical
CdSequantum well making astrongcase for the development nanoshelbasedoptical gain
media®® Previously, howeverthe emission quantum yield afanoshellQDs had beentoo low
compared to other chargealelocalizing semiconductor morphologis precludng their

deploymentsactivelaser media

Here we demonstrate thaCdSu/CdSe/Cds.en nanoshell QDscomprising aCdSe
guantumwell layerrepresent a promisinganoscale morphologipr the development of lasing
applications. The presence of the butize core domain in these nanostructures allows
manipulatingthe diameter of the CdSe quantaonfined shell while maintainghapproximately

the same degree of quantum confinement in the radial dimeii$iog for the same given surface



area as in the case zdro, one, or othertwo-dimensional geometrieaanoshell QDs exhibihe
largest effective biexcitomolume(Fig. SFD), which makes these materigdarticularly suitable
for achieving Auger suppressioi the course of thiswork, we havecarefully balanced the
dimensions of the three domainsGdS,ui/CdSe/Cdgeinanoshell QDs towards enhancing both
single and biexciton lifetimes The resulting nanoshells were processed into solids exhititng
onset of theamplified stimulated emissioat low pump fluences. A combination of ltrafast
transientabsorptionand time-resolved photoluminescence measureméatge attributed such

promising optical gain performance $trongsuppression oAuger processeswhich provided

little competition to ASE.
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Figure 1. (a). Transmission Electron Microscope (TEM) image-t6-nm CdS,u/CdSe/CdSel
nanoshell QDs. (b)Schematic illustration of £dSuk/CdSe/Cdser quantumwell nanoshell
geometry. The energy offsat CdSéCdS interfaces gives rise tstrondy localized holes and
quastlocalized electrons, whiclvave functionsould extendver the entire nanocrystablume.
(c). Thestripe pumping configuration uséat measuremestof the amplified stimulated emission
(insert) iNCdSu/CdSe/Cd&einanoshellQD assemblies




2. Results and Discussion

In comparison wittbulk material$*3” quantumconfined semiconductotend to exhibit
significantlyhigher rates of nofradiative Auger recombination procesd&s which compromise
thear overall optical gain in lasing applicatiafis phenomenorould be traced teeveralinique
features of colloidal NCs. First, Coulomb interactions underlying Auger processes are
strengthened iamaltsize nanoparticless a result ahe spatial and dielectric confinemanhich
causesthe Auger decay constaritb decreaseproportionally to the volume occupied by
photoinducedharges® Anotherissueconcernsa sharp potentiaradientat core/shell interfaces
which leads toincreasedoverlap between the initial and the final state inedlin the Auger
recombination process** According to theoretical predictiofi§“® alloyed interface with
smoothed confinement potential in the heterostructure daastically diminish Auger
recombinationrates by more than three orders of magnitude with respect toothah abrupt
interface Finally, the conservationf translationalmomentum which typically mitigates Auger
recombinatiorin bulk semiconductor¥’? is relaxed irzerodimensional semiconductdCs In
light of these limitations, the architecture of semiconductor nanocrystdisergain mediehas
continuously evolved over the yeargro-dimensionahanocrystad have been gradually replaced
with morphologies that offered a larger confinement volume and a smoothed confinement
potential. Among thoseCdSLCdSe/CdSolloidal nanoplatelets and alloyed CdSe/CdS core/shell
QDs haveshownsuperioroptical gainperformanceao date A combination of anear unityPL
guantum yield, large confinement volume, and smoothedhpatet interfacial boundaries in

these nanostructuréssthus farenabledASE thresholdluences in the6-26 ¢ J /2 cange®04®

Colloidal nanoshell QDsepresents another nanoscale geomethych could potentially
result in the strong suppressionfafgerrecombinatiorprocessesl he keyadvantage of the bulk
seeded fsnia aseosidtes | with the abilityo preserve the radial confinement of

photoinduced charges regardless of the particle size. Consequentiyreal dimensions of



nanoshell QDsould exceed the exciton Bohr radius enabling a significant increase in the exciton
confinement voluméFig. SF1), which leads to the reduction of Auger recombination rdtess

far, the primary obstacle prevemgithe utilization of nanoshell Qs light-emitting applications

has been a somewhat low emission.@6th inner and outer surfaces of the CdSe layer in
CdSu/CdSe/Cdsen nanoshell QDs could exhibit straimduced dislocations due to imperfigct
growninterfaces. Furthermore, in contraststoongly fluorescentsmallcore CdS/CdSe/CdSi

(deore < 2.6 nm)spherical quantum wefl$>’ (QY > 90%), bulk-seeded nanoshell QDwve a
particularly largetotal CdSe surface area, where defect statesmore likely toyield exciton

dissociatiorand carrier trapping

The challenge offabricating a highly-emissive CdSe quantumell layer within a
CdSu/CdSe/Cds.en nanoshell QDs largely synthetic in nature. s related tathe factthatthe
narrowgap semiconductor of the shell domé@uSe) idess reactive thaiatof the corgCdS)>®
This appears to be a genemaoblem for chalcogenidédased core/shell NCs where the
electronegativity obxygen group elementiecreases with the atomic numhganisingharrow gap
semiconductors to exhibit a lower reactivity as compared to vgdpmaterials of the same cation
group.To addresshis issuewe have developed an alternatsygtheticapproachfor core/shell
nanostuctures which takes the advantage gfrticle aggregative growthn ligandsaturated
solutions®®®° In a typical procedureCdS bulksize corenanoparticles wertoaded ina flask
containing a high concentration of oleylamifx60% by volume)along withCd and Seonic
precursos (alternatively one can usenalkdiameter CdSe NCis lieu of ionic precursor®). A
graduaincreasen the reactiottemperature resulted in the formation of sraidimeteiCdSeNCs,
which could badentifiedin the absorption spectdd the growth solutiorfFig. 2a), as well asn
TEM images of the reaction intermediat®ue to a high concentration of ligands in the growth
solution, CdSe nuclecoalescd onto Cd%uk seedsat temperaturemear Tc = 220230 Ce

According toFig. 2b, at thisstage any spectralfeatures corresponding to isolated NCs have



disappeared, givingrisetoastep ke Cd Se ab s orTEMimages ofthe reaction 59 0
product at this stage configdthat most otheisolatedCdSe NCs have attached to the surface of

the CdSuk NCs. Notably, the homogenous coalescence of small CdSe clusters during the shell
growthwaslikely to take placeon par with the heterogeneous attachment of CdSe clusters to CdS
surfaces. This could explain the presence of large size CdSe domains on the surface of the
CdSu/CdSe intermediate produdtig. 2b). Finally, heating the reaction mixture to 2@0gor

up to half an hour has allowed smoothing out the coalescence boundareed¢FRgd 23 and
reduction ofthe particle size dispersiohypically, maintaininghe reaction temperature at 28@

for about 10 minhas resulted ithe maximum Cd&u/CdSeemission QYof 3-4%, with the
average particle size dispersion of% (Fig. SF2) Longer heating times, however, promoted
excessive alloying of Cas/CdSecore/shell nanostructures, ultimately leading to the loss of band

gap emission from the surface layer.

Absorbance

isolated CdSe NCs is observed upon heating of the (CpkeBarsor + Cdsi) reaction mixture

from 30 to 220 eC. The TEM i mage configywuns t he
seeds. (b). Isolated CdSe NCs undergo a thermal coalescence on the surfageofiGziSthe
temperature reaches 240 eC. (c). The subseque
alloying of CdS/CdSe interfaces and reshaping of nanopatrticles into spheres. PL QY is maximized
approximately 1 5 mi n of r i p e n.iAchgractetistics TEM image @LAME ( d)
cappedCdS,u/CdSe nanoshells used for the synthesis of reported,d@8Se/CdSeiquantum

well QDs.



As-prepared Cdsiw/CdSe NCs exhibited a ratherodestPL intensity (Fig. 3a). The
presence of aecondargmission featurat subband gap energigsa= =900 ninpPwasascribed
to the emission from CdSe trap statbst werepresumablypopulated by theransfer of
photoinduced chargde surface dangling bond§his broadbandemissionsignalwas quenched
upon tre deposition o& CdS surfacgassivating sheljiving rise toa single emission peak from
the CdSe layer in Cd&J/CdSe/Cdg.er quantumwell QDs (Fig. 3b). The PL quantum yield of
CdSu/CdSe/Cdg.en nanoshellcolloids has gradually improvedith the increasingcdS shell
thickness( cudd) reaching its maximunfor gp ktas @ 4 nm.The PL QY ofour best samplavas
estimated aB0%,neverthelesotherbatches 0€dSuk/CdSe/Cdgeinanoshell QDsgrown from
the same Cdi/CdSe seedshowedsomewhatower emission QYs, rangingetweenl 0% and
17% (seeFig. SR2). We expect that withurther synthetiGmprovements, it would be possible to

achieve anore consistent CdS shell grovahd agreater emission QY for the final product.

One of the keybenefitsof the digestive ripeningrowth approachlies in the ability to
maintain a relatively narrow distribution oparticle sizes According to TEM images ofas
prepared Cdgi/CdSeNCs(dcdas= 7.4-nm fp Rase= 1.0 nm), nangarticleshapes appeadnearly
monodisperse with the corresponding standdddeviationof qpd 8.4%, (seeFigs. SF® for
the statistical analysisf particle sizes Considering that the standard size deviatboriginal
CdSukicor eo nawas@ralry i €ll ieght 18.9%, Figo 84),rwe exqatt the
thickness of the CdSe ligleimitting layerto be fairlyuniform. A low dispersion of the CdSe shell
thicknesswvas als@videntfrom a relatively narrovemission linewidtl{Fig. 3b, red curvgin fully
grown CdSu/CdSe/Cd&ennanoshell QDsdcas = 7.4-nm fp Rtase= 1.0 nm/qp Rbas = 4.2-nm).

The assigned thickness of the shell Wwaterminedy comparing the TEM diameters of CdS and



CdS/CdSe quantum dofBhetotal particle size dispersidar these nanostructures westimated

at 10%(Fig. SF2d).
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Figure 3. (a). Absorption and emission spectré@of-nm CdSu/CdSe nanoshell QBmprising

a 7.4nm CdS core domaifsee Fig. SF2 for the statistical size analygis). Absorption and
emission spectra of719-nm CdSuk/CdSe/Cdger nanoshell QDgdcds = 7.4-nm fpHase= 1.0
nm/ op Rtas = 4.2-nm). (c). A characteristicTEM image of Cd&i/CdSe nanoshell QD&lcds =
7.4-nm fp Rtase= 1.0 nnj. The sale barn the insert i20 nm.(d). A characteristid’ EM image
of CdSuk/CdSe/Cd&.er nanoshell QDs(e). Hgh angle annalr dark field (HAADF}STEM
imagingof 9.4nm Cd%u/CdSe nanoshell QDs.

In order toinvestigateASE, CdSuk/CdSe/CdseinanoshelQDs were processday drop-
castingonto aglasssubstrateandwere photexcited usingrequencydoubled pumppulses from
an amplified Ti:sapphire laser systefihe excitation beam wdscused to atripeby means of a
cylindrical lens (sed-ig. 1c) allowing for thecollection lens to be placed perpendicular to the

excitationdirection.The onset oASE was evident aa spectrallynarroned peak on théigher

energy side othe broader photoluminescence baidg( 4a), which appearedt pump fluence



exceethg a certain thresholdFurther increases in the pump power caused the ASE feature to grow
in intensitysuperlinearly (Fig. 4ab). The blue shift of ASE relative to the band gap PL implies
the repulsion of biexcitor®,which is consistent with the type Il carrier delocalization across
CdS/CdSe interface$hethreshold folASE wascalculatedoy plotting the ormalized integrated
emission intensityersus the pump fluend&ig. 4b). In case ofthe bestperformingnanoshell
sample the threshold value was determirtecbe 38Jcn?. For comparisonthe twoother film
sampleslevelopediusingdifferentmorphologynanoshelQDs resulted in ASE thresholds ©83

and 14¢ J /?(sen FigSF). Theinferior opticalquality of those filmswasmost likely the reason

for higher thresholds as any light scattering or haziness to fitoduces loss that is detrimental

to the development @5SE. In the case oftte best performing sample (8&cn), the amount of

light scattering from the filmwvas minimal
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Figure 4. (a). Emission spectrabservedrom assemblies of 17-8m CdSu/CdSe/CdShel (dcds
= 7.4-nm [P Hagse= 1.0 nm/qp Has = 4.2-nm) nanoshell QDs for different pump fluenc@he
narrow ASE peak with a FWHM o0f10 nm is observed with increasing excitation power. (b).

10



Normalized integrate@mission intensity from film of CdSu/CdSe/Cdg.ei QDs versus the
pump fluence. The dots are experimental data, anbl#c&lines are twdinear fits for different
regiors of pump fluence.

The ASE threshold of nanoshell QD assemblies was atdeastder of magnitudgreater
than previously reportedor vacuumdeposited organisemiconductof® or epitaxial nultiple-
quantumwells.®® Neverthelesshie observedxcitationfluencewascomparable té\SE thresholds
of othersemiconductoNC morphologiesFor instancethe lowest reported ASE threshold value
for chalcogenid®QDs wasreportedfor CdS/CdSe/CdS nanoplateles (/em?), which currently
representsne ofthe bestperformingQD gain mediaThe typicalrangeof ASE threshold (under
femtosecond excitatirior suchnanostructuress 6-53 £Jcn?.1%%4 |t should be notechowever
that he PLQY for nanoplateletss considerablygreater tharthat of nanoshelQDs (>90% vs
30%), %° which could play an important role itowering the thresholdfluence Beyond
nanoplatelets QD gain mediawas also developed usingjant coreghell CdSe/CdS NG3$
exhibiting an ASE threshold of 26 J /2,cCdSe/CdTe type hanoplateletswith ASE threshold
of 43 ¢ J /2,E%ralloyed CdSeCdSZnS core/shell NCswith best reported threshold @4
e J /2,418 and finally, CdSe/Cd8anorods and tetrapodBowingASE threshold values in the
70-150¢ J /? cange?”?°

Consideringthe important role ofAuger r&eombinationdynamicson the performanceof
semiconductor N@ain mediawe examinedhe characteristic timescaldsr both ASE and nor
radiative(Auger) recombinatioprocessem fabricatedCdS,u/CdSeéCdShel nanoshell QDsTo
this end, wemeasuredthe ultrafast dynamics of muléixciton populations byperforming

femtosecondransientabsorptiorandtime-resolved PLmeasurements

The femtosecongump-probetransient absorption spectroscopgs employed first to
estimate théiexcitonlifetime of nanoshellQD samplesn solution. Cetails of the optical setup
and sample preparation atescribed in thexperimental sectiorin brief, we have chosemb

excitationregimescorresponding tgump photon energiely/ing above &= 420nm) andbelow
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(=510 nm) the CdS band gafig. 5). Under theseconditions higherenergy pummphotons
couldinduce the exciton population bathCdS and CdSe domains of nanoshells, while the lower
energy &citation regimevasexpected tpopulate excited statpsedominantly in the CdSe layer.
For both excitations modese recovery of excitedtate populations was probed in the 400

650 nmspectral windowwhere CdS and CdSe band gap transitions couldirbaltaneously
observedThe pump power was adjustesing neutral density filters to produce an average exciton
population of <N>a 1 per single nanocrystghfter taking into account the photoinduced charge

transfer contribution in Fig. 5c)

Figure 5. Time-resolved transient absorptioneasurements o€dS,ui/CdSéCdSer nanoshell
QDs (a). TA bleach recovergf 17.9nm CdSuk/CdSe€CdShernanoshell QDs exciteabovethe
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