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ABSTRACT: This study explored theext of zinc precursors on the opti
properties of InP quantum dots (QDs) by controlling the reactivity of
carboxylates via a simple thermal treatment. The formation of zinc oxo
Zn,O(oleatey and ZrO,(oleate), during the thermal decomposition of z
oleate was cormed by matrix-assisted laser desorption/ionization-tiimgétof

R 0
Q:%n/ \zln:o

[} (o}
(MALDI-TOF) mass spectrometry. Using zinc oxo clusters as reaction pre \R/
high-quality InP QDs with a high photoluminescence quantum yield (PLQ [ ItE ot O o

a narrow full width at half-maximum (FWHM) were synthesized (green s
PLQY = 95%, FWHM = 37 nm; red QDs: PLQY = 84%, FWHM = 40 nm). The
analysis results showed that improved optoelectronic properties were achieved by two important functions of the zinc oxo cluste
(1) suppressing the rapid depletion of the highly reactive phosphorus source and inducing size uniformity of the In(Zn)P core, an
(2) facilitating the formation of an oxidizeddsdayer, which ectively controls defects. Likewise, the use of reactivity-controlled
species is an ective strategy for the synthesis of well-designed QDs.

INTRODUCTION In addition, strategies such as using Zn alloyed In(Zn)P

Quantum dots (QDs) have been studied by many research re$®’ or multiple IBVI ggell coré$ and the introduction
because of their unique size-dependent optical properties ed ml_crowdlc reactor _have been e_lttempted In the

to the quantum comement eect™>* Among QDs, colloidal synt_he5|s of InP QDs . with good optical properties. In
QDs are attracting attention as superior candidates for ne)?t@r%ﬁmgr’ Io:ggn(irtr;]etalllc &hotSphoanfh r?agents, Wh'ih are
generation display materials owing to their capability to pgP!dly depieted atthe growth stage ortnhe Ini core, are known

o : g t0 cause Ostwald ripening, resulting in broad size distribu-
solution-processédIn particular, Cd-based QDs have beeniii&n?l Therefore, many studies have been conducted to

investigated for display applications because of their high co L ) -

purity gnd Iuminos? 7 Hgv?/ever, the toxicity of Cd-baged control the growth kinetics of InP by changing the reactivity of

QDs has necessitated the development of heavy-metal-f %phqsphorus reagents. However, although many researchers
ave tried to use less reactive P precursors such as {fMGe)

QDs? Therefore, to meet the demand for developing . :
: I’ o1& o P,, tri(pyrazolyl)phosphanes, and;Rhstead of the highly
environment-friendly materialssSWl QDs, such as indium active (TMSP to separate the nucleation and growth

phosphide, are being widely studied to replace Cd-based QS s there has been no siant improvement in terms of
In recent years, muchogts have been made to syr]thesizepar?iclé uniformit§/2525 9 P
InP QDs with commercially available optical propérties. For this reason, it is important to regulate the InP

High quantum vyield (QY) and narrow full width at half- . hemi I i h ity of th

maximum (FWHM) should be saéd simultaneously for conversion cvsmlshtry Wed tt)y cqntrg '?r?: (:-[,\hrealt(:tlvnyto the
' . o : : recursors. We have determine at the key step in

commercial display applications. Previous studies hag;?nthesizing high-quality InP QDs is the separation of the

reported that as the line width of green QDs or red QD . e : .
increases, the color gamut and displayeecy decrease hucleation and growth stages by |nh|b|t|ng the rapid depletion
of precursors by controlling their reactivity. Recently, an

signi cantly*>*® Therefore, it is important to satisfy both the . .
high photoluminescence (PL) QY90%) and the narrow interesting study has been reported on the conversion

FWHM (' 40 nm) to cover more than 100% of the color
gamut (DCI-P3, NTSC) for commercial application of InPReceived: October 22, 2019
QDs!* To synthesize high-quality InP QDs satisfying thesgevised: March 19, 2020
commercial application standards, various synthetic stratedig§ished: March 19, 2020
such as controlling reaction temperature, growth time, and the

reactivity of precursors, and metal doping have been

attempted?
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chemistry of In(Zn)P QDs. According to Koh et al., th&zinc  (TMSPP-TOP Solution (10 vol %[TMS);P (0.4 mL) was
phosphorus complex formed lost reacting a Zn precursor dissolved in 3.6 mL of TOP at room temperature inside dedr-
with (TMS)P acts as an atomic valve for the synthesis of higflovebox. . _ _ _
quality InP QD§_6 Synthesis of Zinc Oxo Clusters Solution (from Zinc
C . . ~ Stearate). Zinc stearate (1.264 g, 2 mmol) was put into a 50 mL

Even though insight into the behavior of metal preSursor i, n4-hottom three-nechisk. The ask was heated to 15D, After
phosphorus intermediates is critical for regulating thghe zinc stearate was fully melted, the melted salts were dried under
conversion chemistry and growth kinetics of InP QDs, studigscuum for approximately 1 h at 160Then, the temperature was
focused on controlling the reactivity between precursors afsised to 320C. Zinc oxo clusters were formed during thermal
still lacking. Based on previous reseandings that the  decomposition at 32@. The temperature was kept for 2 h, and 2
reacti\/jty of the metal precursor varies depending on ifgL of dried ODE was injected. The mixture was cooled @&t
state’”>?° we assume that it is possible to control reactivity€Pt for the next step. _ ,
with the P source by alternating the state of the Zn precursq._ri Synthesis of Zinc Oxo Clusters Solution (from Zinc Oleate).

Therefore, we conducted systematic studies on the reactivityzg): é’ AZC; ;)ri(ejalteﬂw r";f_ g;g‘ﬂﬁg gé&ﬁﬁ'?gunodi?;tgm(tzhr?g r?é)cko f
Zn complexes and theireets on growth kinetics in the :

. > . ask. The ask was slowly heated to 2@with degassing. After
synthesis of high-quality InP QDs. complete degassing, the salts were heated 16 320 maintained

In this study, we succeeded in activating a carboxylate-baggdl h. Next, 2 mL of dried ODE was injected and the solution was
Zn precursor through a simple thermolysis methochaliyg cooled to 80C.
synthesized zinc oxo clusters. Interestingly, using zinc oxd@ynthesis of In(Zn)P Complex Solution.In(OAc); (0.146 g,
clusters improved the reactivity with the P precursof-5 mmol), Zn(OAg)(0.046 g, 0.25 mmol), OA (2 mL), and ODE
signi cantly compared to the existing pristine zinc carbox® ML) were put into a 50 mL round-bottom three-nesk. The
ylates. Zinc oxo clusters regulate reactivity with the P precur%BFk was S'&‘le hle?ted to IODV"l'“; c:egassmgt. After ctomple_tti A
and inhibit the rapid depletion of P during InP growth throug egassing, e solltion was cooled 1o room "emperature wi '

.o . . o\ . . urging. Then, the mixed solution containing 0.3 mmol of {PMS)
a competitive reaction with In. In addition, it was evident thal,4'1 mL of TOP was injected into thask and stirred for 60 min.

when zinc oxo clusters were used, not only was Zn alloyedsynthesis of In(Zn)P@ZnSeS QDBirst, 0.2 mL of a INGTHF

e ectively to the InP core but an oxidized layer was alsgplution was injected to the zinc oxo clusters solution, whose
formed to eectively control the level of defects inside andemperature was kept at°8) and the ask was degassed for 30 min.
outside the InP core. Through this study, we were able tfter that, the temperature was raised td@8@Vhen the desired
synthesize In(Zn)P@ZnSeS QDs with a high photoluminesemperature was reached, 0.25 mL of a (JFMBDP solution was
cence quantum yield (PLQY) and a narrow PL line widthrapidly injected into the solution. The In(Zn)P core was grown for 1

based on the two main factors above. Also, we showed thaf\ter the core growth, 6 mL of dried ODE was injected, and the

. lust th d leati f Mmperature was maintained at°I50For synthesizing red-emitting
ZINC 0x0 clusters suppress the secondary nucieation o Bs, 5.0 mL of In(Zn)P complex solution was continuously injected

continuous injected monomer source for additional growtfhq the In(zn)P core solution using a syringe pump for 5 h. Next, for
and promote the uniform core growth, thus serving as 2Znses shelling, 0.6 mL of TOP-Se and 0.3 mL of TOP-S were
successful medium for high-quality red In(Zn)P@ZnSeS QDR2quentially injected to the solution. Then, the temperature was raised
synthesis. To elucidate theedence in the optical character- to 300°C and maintained for 3 h. After the reaction, the heating
istics of In(Zn)P@ZnSeS QDs according to the state of theantle was removed and the solution was slowly cooled to room
zinc precursor, we conducted a mechanistic study t§mperature with Arow. For purication of nanocrystals, an excess
investigate the reactivity with a phosphorus source of tffgnount of acetone was added to precipitate the QDs, followed by

zinc oxo clusters formed through simple thermolysis. Usiﬁ:gntrlfugatlor) and decantation of supernatants. The precipitates were
rédispersed in hexane and the pation cycle was repeated three

zinc oxo clusters, we obtained important insights into thg .o

growth kinetics of InP QDs and coned that the formation Optical Properties. Absorption spectra were recorded on a
of reactivity-controlled Zn species is critical for the synthesis 9fimadzu UV-1800 UV/vis spectrometer, and the PL spectra were
high-quality reproducible InP QDs. recorded with an Agilentiorescence spectrophotometgr=< 400
nm). Time-resolved PL (TRPL) measurements were performed with
EXPERIMENTAL SECTION a time-correlated single-photon counting setup (Fluo-Time 300,

PicoQuant) at room temperature. Quanturaiencies of the QDs
Materials. Zinc(ll) acetate (Zn(OAg) 99.99%), zinc stearate were measured on an Otsuka QE-2000. All optical analyses were
(technical grade), indium(lll) acetate (IN(OA®9.99% trace-metal  conducted with the absorbance adjusted to about 0.05 to oset
basis), indium(lll) chloride (Inglanhydrous, 99.999% trace-metal the e ects of QD concentration.
basis), selenium (Se, 99.99% trace-metal basis), sulfur (S, 99.5%), Matrix-Assisted Laser Desorption/lonization-Time-Of-Flight
octadecene (ODE, 90%), oleic acid (OA, 90%), trioctylphosphin@MALDI-TOF) Mass SpectrometryMatrix-assisted laser desorp-
(TOP, 90%), tetrahydrofuran (THF, anhydrous, 99.9%), hexangon/ionization-time-ofight (MALDI-TOF) mass characterization
(anhydrous, 95%), and acetone (99.5%) were obtained from Signweas conducted using a Voyager-DETM STR Biospectrometry
Aldrich. Tris(trimethylsilyl)phosphine ((TMB) was purchased Workstation (Applied Biosystems, Inc.). Aliquot samples and a
from SK Chemicals, Korea. ODE was degassetCatdd. h prior matrix (9-nitroanthracene; Aldrich Co.) dissolved in a chloroform
to use. All other chemicals were used as received. solution were properly mixed. The mixture was spotted and dried on a
Preparation of Precursors. TOP-Se (1 Mye powder (0.789 g, target sample plate. The samples on the plate were desorbed and
10 mmol) was dissolved in 10 mL of TOP at room temperature insidenized by absorbing a 337 nm nitrogen laser with 3 ns pulses. The

an Ar-lled glovebox. accelerating voltage was 20.0 kV, andghiedistance was 3.0 m for
TOP-S (2 My powder (0.640 g, 20 mmol) was dissolved in 10 mLre ector mode.
of TOP at room temperature inside an Ifd glovebox. Transmission Electron Microscopy. Transmission electron

INCL-THF Solution (0.5 MnCl; powder (0.221 g, 1 mmol) was microscopy (TEM) images were taken with a JEOL JEM-2100
dissolved in 2 mL of THF at room temperature inside albedr-  microscope with an acceleration voltage of 200 kV using copper grids
glovebox. (Ted Pella). Samples for TEM imaging were prepared by dripping a
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diluted QD solution in hexane on the grids. The solvent (hexane) Wa(a) (b)
evaporated prior to imaging. Env):itﬁ;r:(RCOO) ﬁ"ﬂ:j;’;mw)
X-ray Powder Di raction (XRD). X-ray powder diaction - —— with Zn oxo clusters = — with Zn oxo clusters
(XRD) was carried out with a Rigaku D/MAX2500V/PC X-ray ; ; o=
di ractometer operated at 40 kV/200 mA using the Gin& ( = g 2
1.5405 A). The pured samples were fully dried before analysis. § g
X-ray Photoelectron Spectroscopy (XPS)X-ray photoelectron s =
spectroscopy (XPS) was carried out with a Thermo Sciemtipha 2 g
spectrometer. Samples for XPS analysis were prepared by dripping
QD solution in hexane on silicon substrates, and the solvent was fu N : A ,
evaporated . 300 400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm)
RESULTS AND DISCUSSION (c) e (d) ——
Normally, pristine zinc carboxylates are used for synthesizi - oo | = T vtz asters
In(Zn)P cores to reduce internal defects by alloying Zn in the s K _av:es%
InP core or for controlling the conversion chemistry of & z fwhm: 37 nm
InP672° Based on the new concept of controlling the £ 5 L aviTsn
reactivity of the precursor and the growth kinetics through th: § = e sem
complexation of Zn precursors, we investigated the Inl < &
conversion chemistry according to the state of the Zr
precursor. As a result, it was coed that the optical 400 500 600 700 500 600 700 800
property of In(Zn)P@ZnSeS QDs was greatly improved usin Wavelength (nm) Wavelength (nm)
zinc oxo clusters synthesized through a thermal decompositi‘(e) InZnP@2Znses aDs (f) In@nIP@ZnSes GDs
process with Zn carboxylates as a precursor, as shimarein _ — wih2uRe00), 95} © . 561
1 s ~ 90} \ 521 4
> £ R 2
-‘§ % 85t -o-pravw 481 I
& g i -0~ FWHM (nm) 44 g
Zn(RCOO), +In U - = 8or /o wl®
- 75}
Thermal Low Quality QDs . ; ] 7 361
Decomposition Polydisperse Size, Low QY 0 100 200 300 400 6 15 ;nin 1'h 3.éh
R Time (ns) Decomposition time
9 ~
R‘(oiljnfg;o}* | *, 9@ Figure 2.E ects of zinc oxo clusters on the optical properties of
R é’;;n”\z,b%"‘ +in L In(Zn)P core and In(Zn)P@ZnSeS core@shell QDs. (a, ¢)
~N° b Absorbance and (b, d) PL with elient zinc precursors. (e) TRPL
7ine ox:cluslers High Quality QDs results of In(Zn)P@ZnSeS QDs withedént zinc precursors. (f)
Monodisperse Size; High QY PLQY and FWHM changes with various decomposition times of zinc
Figure 1.Schematic illustration of the efience in quality of  carboxylates.

In(Zn)P@ZnSeS QDs synthesized usingrelit zinc precursors.

Figure 2shows the derence in the optical properties of  These results agree well with the results shdviguire a.
In(Zn)P core and In(Zn)P@2ZnSeS core@shell QDs with andhterestingly, it was found that the PL intensity of the In(zZn)P
without thermal decomposition of Zn carboxylates. Weore dramatically increased in the case of zinc oxo cluster-
con rmed that the state of the Zn precursor dramaticallymediated synthesis. Based on the above results, the size
a ects the optical properties of InP QDs, and the analysdistribution of the In(Zn)P core could be controlled through
results are shown ffigure aSd. The absorption spectra of the heat treatment of Zn precursors, and the energy level of the
Figure 2 show that therst excitonic peak indicates blue shift, core could be better cared using zinc oxo clusters.
and the peak sharpness increases with the use of zinc oxAnother major challenge of InP QDs is tectvely coat
clusters compared to pristine zinc carboxylates. In particultre shell on the core. Through the synthesis of the core@shell
the absorption peak of the In(Zn)P core synthesized using zistructure, the quantum eiency can be improved by
carboxylates was still broad after a 1 h reaction time, meangantrolling defects on the surface of the core.
that the particle size uniformity was very poor. However, Figure 2Sd shows the tendency of the optical properties
through the absorption peak sharpness of the core using zafter coating the shell according to the Zn Stajare 2
oxo clusters, it was determined that the particle size showslgbws the absorption spectra of In(Zn)P@zZnSeS core@shell
better uniformity. Dynamic light scattering (DLS) analysis wa@Ds after shell coating. After shell coating,rtéhexcitonic
performed to verify whether theadtence in absorption psak  peaks of In(Zn)P@ZnSeS synthesized using zinc oxo clusters
position and width were due to the size and size distribution afere found to be sharper than in the absorbance of the In(Zn)
the particles. As a result, it aomed the dierence in P core using zinc carboxylakégure @ shows that the PL
hydrodynamic size, supporting the resiigofre 2 (Figure emission has a narrow bandwidth even after shell coating and
S1). Figure B shows the PL spectra of In(Zn)P according tothat the shell is well synthesized by referring to the
the Zn state. In this case, the maximum peak position was blapproximately 30 nm red shift of the emission peake
shifted and the FWHM decreased greatly when zinc 0xX82is a result of the TEM analysis of In(Zn)P@ZnSeS core@
clusters were used. shell QDs with and without zinc oxo clusters, and the size

2797 https://dx.doi.org/10.1021/acs.chemmater.9b04309
Chem. Mater2020, 32, 27952802


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b04309/suppl_file/cm9b04309_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b04309/suppl_file/cm9b04309_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b04309/suppl_file/cm9b04309_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b04309/suppl_file/cm9b04309_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04309?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04309?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04309?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04309?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04309?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04309?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04309?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04309?fig=fig2&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.9b04309?ref=pdf

Chemistry of Materials pubs.acs.orglcm

uniformity is shown to be better when zinc oxo clusters wef the XRD peak assignment cored it to be zinc oxide. It
used. was also cormed by TEM that zinc oxide nanopatrticles of 5
Another interesting point is that most studies haveam or less in size were forméey(re S10
attempted to synthesize high PLQY InP through a labor- In previous studies, Kwon et al. found that polyiron oxo
intensive multishelling procEss® In this study, however, it  clusters were formed as growth intermediates during the
was possible to synthesize higtiency In(Zn)P@ZnSeS formation of iron oxide nanoparticles through thermolysis of
QDs simply through a single shelling procedure. iron oleaté® Kim et al. also analyzed the thermolysis process
In addition, to investigate the feasibility of synthesizing redf iron oleate by matrix-assisted laser desorption/ionization-
emitting QDs using zinc oxo clusters, the monomer source witge-of-ight (MALDI-TOF) mass spectrometry to aon
continuously injected into the synthesized In(Zn)P core tdhe formation of subnanometer-sized cldstdiisus, zinc
induce further growth of the core. As a result, narrovearboxylates were alswlly grown as ZnO nanoparticles as
bandwidth (40 nm) and highly luminescent (83.6%) redthe thermal decomposition progressed. The thermolyzed zinc
In(Zn)P@ZnSeS QDs were successfully syntheBigede(  reactants used for the synthesis of InP could be assumed to be
S3. To determine whether zinc oxo clusters play a role aszinc oxo clusters.
successful medium in the core growth stage, the monomer wago clarify this and to optimize the reaction conditions, zinc
injected continuously in the absence of sEmpiré Sy oleate was synthesized, and its thermolysis product over time
Compared to the core grown by zinc oleate as a medium, th@s analyzed by MALDI-TOF mass spectroniégye a
rst excitonic peak of absorption spectrum was sharply
con ned and showed slow and uniform growth. Moreover, a
comparison of the cores grown to have similar emission
wavelengths showed that zinc oxo clusters improved the size
uniformity regardless of the average size of the Egnes (
SH. This is due to the high reactivity of zinc oxo clusters with
(TMS)4P, preventing rapid depletion and secondary nuclea-
tion of the monomer source. From this result, it was proved
that zinc oxo clusters play a role as aatige regulator over
the full range of visible wavelengEiguie Sp
Overall, the quality of the In(Zn)P core determined the
performance of thenal core@shell QDs. To further analyze
the dierence in optical characteristics, a time-resolved
photoluminescence (TRPL) analysis of synthesized In(Zn)-
P@ZznSeS was performed, and the results are stioguman
2e. When using zinc oxo clusters, the valug dfecomes
16% longer than when using zinc carboxylates, which proves
that the formation of traps is successfully suppréssed (
SJ1. This is consistent with the tendency of the optical
characteristics shown above. Through these analyses, the
optical properties of InP core and core@shell QDs could be
e ectively controlled through the state of the Zn precursor.
In Figure 2 to compare the ect of the thermal treatment
time of zinc carboxylates on the optical properties ofigure 3.MALDI-TOF characterization results of zinc oleate and its
In(Zn)P@ZnSeS QDs, we observed the PLQY and FWHNhermolyzed product. (a) Observation of cluster formation during
changes of QDs with the thermolysis time of zinc oleates. THMolysis. The gray area shows original peaks before thermal
result shows that the FWHM of In(Zn)P@ZnSeS QDsth""'com‘lms.'t'orv"darll;iI the.y?j"OM"xarDel'f‘Tscr)‘gws nTtW'yfogserved lpeaks after
becomes narrower and the PLQY becomes higherSar a 0 ermolysis. (8d) Magni e resulis of 2n complex.
h thermal treatment at 32Q (Figure S} However, if the
annealing time exceeds a certain level, the optical characitews that a new peak is formed at 1683 andrB22y the
istics are adverselyeated. thermal decomposition of zinc oleate. Previous studies on the
Therefore, to clarify the state of the zinc precursors and thieermal decomposition of metal oleate have suggested that this
mechanism resulting in eiences in optical properties for is a zinc oxo cluster produced before ZnO growth. To clarify
specic time zones, we tracked the products and the changleis, peak assignment was carried out, and the results are
pattern of zinc carboxylates during thermal decompositioshown inFigure 8Sd. The peaksnf z: 975) were observed
The UVSvis absorbance and X-rayafition (XRD) changes regardless of the thermal decomposition of the zinc oleates and
in zinc carboxylate were investigated according to thgere matched with [4foleate)]* (Figure B). Figure 8,d
thermolysis timeF{gures S8 and 5By U\Svis absorption  shows the results of the new peakéz:( 1683, 3020)
analysis, it was camed that absorbance newly occurred inproduced by thermolysis. The newly formed 1683 and 3020
the 296 nm region as the thermal treatment progressedVz peaks were found to be [f(oleate}]™ and
Moreover, it was observed that when the thermolysis wan,O,(oleate})]*, respectively. These positively charged
performed for more than 5 h, a sharp absorption peak wapecies originated from the elimination of one carboxylate
formed at 376 nm. In the XRD analysis, no s@mi peak  ligand from each neutral cluster because there were no other
change was observed for thet 5 h of thermolysis, but a sources that could be ionized. Theseadd Zn oxo clusters
sharp diraction peak was observed at the time when the 37¢zn ,O(oleate)] and [Zn,O,(oleate) ], respectively) have
nm absorption peak emerged in the UV spectrum. The resulisen reported by previous inorganic chemical rese&rchers.
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The formation of Zpand Zr oxo clusters during thermal TEM. As a result, it was observed that the tetragqhalse
decomposition, which enabled the synthesis of high-qualifi;P, was grownHigures B andS1). This conrmed that
In(Zn)P@zZnSeS QDs, was ved through MALDI-TOF the reactivity with (TMSP varied greatly depending on the
mass spectrometry. presence or absence of zinc oxo clusters.

We investigated the growth kinetics of the In(Zn)P core Figure 4Sd shows the growth kinetics of the actual In(Zn)
with and without zinc oxo clusters to clarify the functions oP core depending on the presence or absence of zinc oxo
the zinc oxo clusters during synthesis. It is known that thdustersFigure 4,d shows the growth of In(Zn)P core with
rapid depletion of the phosphorus source must be suppressgdi without zinc oxo clusters using the changesSrisJV
to synthesize size-focused InP cores with high uniformity absorption and PL spectra. As a result, it was found that the
size.® Therefore, we hypothesized that the size uniformity isharpness of thest excitonic peak varied greatly depending
the case of using the zinc oxo clusters as a precursor veasthe use of the zinc oxo clusters due to tleeatice in the
because not only In but also zinc oxo clusters coulthitial uniformity of the core, and the degree of saturation of
competitively react with (TMg) and form a dissoluble the reaction was alsoelient. InFigure 4, the change rate of
ZnSP complex to suppress the rapid saturation of InP growtFWHM was found to be stable when zinc oxo clusters were

Figure 4 shows the reactivity with (TMB)depending on  used, but in the case without zinc oxo clusters, the size range
the presence or absence gfatid Zp oxo clusters according broadening rapidly occurred immediately after (JMS)
injection.Figure 4 shows that when zinc oxo clusters were
used, the PL position was steadily red-shifted. However, when
zinc oxo clusters were not used, the growth was rapidly
saturated. The PL position was almost unchanged, and the
FWHM increased quickly during growth. These results
demonstrate that Zrand Zn oxo clusters produced by the
thermal decomposition of zinc carboxylates control the growth
kinetics of (TMSP and In through the P depletion
retardation eect. By optimizing the kinetics of nucleation
and growth using zinc oxo clusters, In(Zn)P core with a
narrow size distribution can be synthesized. _

Figure S12shows the analysis results (photoSWi&/
absorbance, PL) of the In(Zn)P core synthesized by the
optimized protocol based on the results of the above data. In
the case of In(zZn)P core generally, it is not easy to observe
emission under a UV lamp because the emission intensity of
the early growth core is weak. However, when it was
synthesized using zinc oxo clusters, the emission properties
of the core alone were sigaintly improved, as described
above. In addition, it was comed that the quantum
e ciency of the initial In(Zn)P core sigrantly inuences
the nal e ciency of In(Zn)P@zZnSeS QDs after shelling.
Therefore, additional analyses were carried out to investigate
the e ect of highly reactive zinc oxo clusters on the core as well
as the control of the reaction kinetics.

The XRD analysis resultsFigure @ show no sigrtant
di erence in the crystallinity of the In(Zn)P core depending
on the presence or absence of zinc oxo clusters. This is because
the particle size of the core is too small, and the XRD peak
intensity is low. As a result of the inductively coupled plasma
optical emission spectroscopy (ICP-OES) analysis of the
puri ed In(Zn)P core shown iRigure B, it was cormmed
that the zinc content in the core was increased when zinc oxo
Figure 4.(a) UVSvis absorption characterization of the (;MS)  clusters were used. According to the results reported by Pietra
reacted products with drent zinc precursors. (b) TEM analysis of et al., when Zn atoms areudied into the lattice of InP QDs
the Zr5P complex obtained using zinc oxo clusters. (c, 8yi®V  during synthesis, the nonradiative recombination is decreased
absorption and PL characterization of the In(Zn)P core duringjue to the decrease in the defect ratio via stabilization of the
growth. (e, f) Analysis of the In(Zn)P cereelative changes in |attice structure® Therefore, the increase in PLQY of the
FWHM and PL peak position with eient zinc precursors. In(Zn)P core when zinc oxo clusters were used can be

considered an indication ofetive alloying due to the high
to the Zn/P ratio (20:1) of the actual reaction conditions. As aeactivity of the cluster.
result, zinc oxo clusters reacted with (EFM8) form a zirfe The X-ray photoelectron spectroscopy (XPS) analysis
phosphorus complex but the reaction did not proceed wheshown inFigures &sd andS13was performed for further
only pristine zinc carboxylates were used. The band gap of @realysis of the ect of zinc oxo clusteFSgure & shows that
synthesized zi§phosphorus complex was similar to the bandhe use of zinc oxo clusters results in a slight shift (+0.3 eV) of
gap of ZgP, nanoparticles (NPJ. The generated ziic the In 3d binding energy. This can be interpreted as a shift due
phosphorus complex was grown for 1 h and then analyzed toythe di erence in the overall electronegativity due to the
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was eectively formed without the need for multiple shelling
procedures due to the high proportion of In(Zn)P-covered Zn
ions in the QD core. Through this study, we proved that the
e ective use of a Zn precursor is important for high-quality
QD synthesis. We proposed a new chemistry to control InP
conversion through the extive use of zinc oxo clusters
formed by a simple thermal decomposition without a
complicated process, and have been able to control the
nucleation and growth kinetics using mediating clusters as a
reaction regulator. Using the clusters as a precursor for the
synthesis of QDs, and introducing a new InP conversion
chemistry, we believe that we have provided new insight into
the synthetic chemistry of nanomaterials.
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