CDTE/ GSH CORE- SHELL QUANTUM DOTS CROSS- REFERENCE TO RELATED

APPLI CATI ONS [0001] This application clains the benefit of U S
provi si onal application serial No. 60/666,731 filed March 31, 2005,
the contents of which are incorporated herein by reference. FIELD OF
THE 1 NVENTI ON [ 0002] The present invention relates to quantum dots.
BACKGROUND OF THE | NVENTI ON [ 0003] Quantum dots (QDs) have w de
applications and are currentlﬁ connerciaIL% avai |l abl e. For exanpl e,

Qs may be useful in opt e F@%ﬁrﬁ”% QHANTEN QRS ces,

optical anmplifier media for tel econmunication networks, and for

bi o- | abel i ng. CROBRREFERERLETORENTEDPAPPIRTAYEING par ticl e having

a sem conductor core and a sem conductor s outside the core. The
size of the QDs_is typically from2 to 20 nm Due to their small
si zes, (PA0Rhve Thisvapplicaéon aleims the besefirdd). Snpmyiisianalmaplication serial
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pol ymer moeféragiceare typically used to inprove or alter the

properties of the Qs, such as the optical properties, stability,
and affinity to another object of the Qs. For instance, the shell
and coating’ FLpnéFJ\}’éEﬂNQENTd@%scence quantumyield of the QDs.

Quantum yield is the nunber of photons emtted per absorbed photon

and is a bt ; t he QDs are used as
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| abel s. ver, the con ave sonme drawbacks.

Pol ymer-coated QDs are larger in size and thus have limted
appl i cat i ons . BABKGRQOBDOFhTHBIINVENTIRN| shel | are smaller in size,
they are typically inferior in terns of fluorescence quantumyield

and | on S L d ) - . 006] For

exanpl e,%brﬁ"f']g} - ?g]%bjédéh é&’?sz(cﬁﬁg})@%‘ﬁe %’Lc%f %@é‘r@gﬁ%(}%ﬁ&%g%g@ﬁg"{' ynt hesi s

t echni quenaaerbisiy astidblen Fir kb mipldAPDs nayabe abeful in@poBIdetrbnic'did o-
photovoltaic devices, optical amplifier media for telecommunication networks, and

for bio-labeling.

[0004] Typically, a QD is a nanocrystal particle having a semiconductor core and
a semiconductor shell outside the core. The size of the QDs is typically from 2 to 20
nm. Due to their small sizes, QDs have a well-defined fluorescence emission
spectrum. Conventionally, QDs can have a thiol shell and are often coated with a
‘suitable material, such as polymers and silica. The shell and the polymer coating
are typically used to improve or aiter the properties of the QDs, such as the optical
properties, stability, and affinity to another object of the QDs. For instance, the shell
and coating may improve the fluorescence quantum yield of the QDs. Quantum
yield is the number of photons emitted p-er absorbed photon and is often a critical
property, such as when the QDs are used as labels.

[0005] However, the conventional QDs have some drawbacks. Polymer-coated
QDs are larger in size and thuls have limited applications. While QDs with only a
thiol shell are smaller in size, they are typically inferior in terms of fluorescence

quantum yield and long-term stability as compared to polymer-coated QDs.



cappi ng of CdTe Nanocrystals: An Alternative to Organonetallic
Synthetic Routes,” Journal of Physical Chemstry B, vol. 106, pp.
7177-7185, 2002, the contents of which are incorporated herein by
ref erence. However, a problemw th these thiol- capped Qs is that
they have | ow quantumyield typically in the range of 1 to 10%

Al t houg[00063 qURdttaxanyile] Thioksadped CHTE\@Ds bin YarfoAned P9 Aquediisi on
treatnments such as photochem cal etching, size selective
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formed tend to aggreﬁjate when they grow to size arger than about™ 3
nm [ OotiEpeAmaimentsyltus farming lasoer sizedipadicledDs t hat are of

relatively small sizes and high quantumyield. There is also a need

for a a | | '

or oper t [0 e Etps halood sHiARSEE I vek G BRuAdEr as =

wavel engtabiizinguibisRYicOEs Tepo tél/ENVIobikd Bat®]e écalo(‘Béomie™), ‘digligpect

of the present inyention, there | rovi ded a nethod, of synthesizing
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The nan&%rtggl't‘lr?ihae%ﬁéjcléshe% i% Baumle is that the CdSe QDs have a relatively low -
quantum yield of 16%. Another problem with this technique is that the QDs
prepared are tunable only in a narrow range of wavelengths, because the QDs

formed tend to aggregate when they grow to sizes larger than about 3 nm.

[0008] Accordingly, thereis a need for QDs that are of relatively small sizes and
high quantum yield. There is also a need for a method and a solution for preparing
QDs having these properties, and QDs that are tunable over a wide range of

wavelengths.
SUMMARY OF THE INVENTION

[0009] According to an aspect of the present invention, there is provided a
method of synthesizing quantum dots. In this method, a solution comprising a
telluride (Te) precursor and a cadmium (Cd) precursor is provided. Nanocrystals
comprising CdTe are grown in the solution. Glutathione (GSH)-is also introduced to.

the solution to form shells covering the nanocrystals. The nanocrystals and the



shel I's form quantum dots each having a core conprising CdTe and a
shel | conprising GSH [0010] According to another aspect of the
present invention, there is provided a quantum dot conprising a
nanocrystal core and a shell covering the core. The core conprises
cadmumtelluride (CdTe). The shell conprises glutathione (GS

[0011] Abebs mrwgqu@tumfdnts each ayingta eeretormprising AdTieanshaisball t her e

IS provi ion for form ng quantum dots each conprising a
CdTe corcgﬁ'g)r%mgs%éﬁ[ shell. The solution conprises a telluride (Te)

precursor and a cadm um (Cd) precursor for form ng CdTe cores, and
gl ut at h[@ﬁrﬂ)]( Gdcdrdingftoramotigersspkbofthe présenttimeertidhethese iseprov[dé@ﬂ@]

Accor di n 0 yet anot her aspect of the present |nvent|on there is
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that each of the quantum dots has a core canprising CdTe and a sheII
conpr i s{0M 1GSH A¢@udiay taafartheyaspasdt pf thenpregeahinwentian, shewmnis paedded a
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about 3T&er‘s@lat@naémpn@srﬁrteuhﬁaéfﬁefbﬂ@@ms@‘iraﬁataec@d}ﬁﬂne@@wﬁ%cgfsotrh@r

present invention will become apparent to those of ordinary skill in
the art farpung Celliessores, andkgltathionedGStbder fosmingsiells eperingitee CdTe
enbodi ngg rte% of the invention in conjunction with the acconpanyi ng
figures. Rl EF DESCRI PTI ON OF THE DRAW NGS [ 0015] In the figures,
which illustrate, by way of exanple only, enbodinents of the present
i nvent i §0012]001%jcordi6g td yesanothehaspedt ©f theagresanbinventiomthere dot ;

F 00%7] Elroc\;ftldezd .Iasfneath!)a rc]) s%tﬁgglzmg c?l?as ?ur%téots I?'lntﬂlsf%gt o%s %ﬁgﬁtﬁrﬁ Bgt(':e,te;r%
formed in a solution comprising a telluride (Te) precursor, a cadmium (Cd)
precursor, and glutathione (GSH), such that each of the quantum dots has a core
comprising CdTe and a shell comprising GSH.

. [0013] Advantageously, the quantum dots can have fluorescence quantum
yields higher than about 16%, such as up to about 45%. The quantum dots can

also have diameters ranging from about 3.8 nm to about 6 nm.

[0014] Other aspects and features of the present invention will become apparent
to those of ordinary skill in the art upon review of the following description of
specific embodiments of the invention in conjunction with the accompanying

figures.
BRIEF DESCRIPTION OF THE DRAWINGS

[0015] In the figures, which illustrate, by way of example only, embodiments of
the present invention,

[0016] FIG. 1 is a schematic diagram of a quantum dot;

[0017] " FIG. 2is a line graph of absorption and fluorescence spectra;.
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[0018] FIG 3 is a graph of fluorescence em ssion peak wavel ength as
a function of heating tine; [0019] FIG 4 is a graph of quantum
yield and bandwi dth as a function of wavelength; [0020] FIG 5 is a
graph of size distribution neasured by Dynam c Light Scattering

(DLS); 021] FE 6, IS a fransm ssion el ectron nicroscop

i mage o ‘?%é]f]p él%édﬁt%%a&fatog?fwwwcwm'won9eakwa¥elegn@ifpﬁ Nr)uxcﬁlcay
Di ffrackfABat gpatterns of two types of quantum dots; [0023] FIG
8 is a line graph of fluorescence intensity as a function of pH;
[0024] FIG 9A is a confocal fluorescence image of cells |abeled with
quant uml0M&]s; FIkd 4{iecgapRlcGquentuns yield rad dandwidih asrmfimction ol | s

| abel ed w tru 8 antum dots. DETAI LED DESCRI PTI ON [ 0026] FIG |

i | ust r $EEECL th]ant umdot (QD) 10, exenplary of enbodi nents of the
present invention. Quantumdots are also referred to by various other

names §o0Zo0]as mmmmesg@ba,of@&ecmgﬁbu%@mea%nu%muﬁmwmc Lght[ 0027]
Quant um dot 10 conprises a core 12 and a shell 14. Core 12 includes a

seni congGatt®ing ¥ystal, such as cadnmiumtelluride (CdTe), which
can have a zinc blende lattice structure. Core 12 has a di aneter

from ab j ‘.L@ﬁq' I aﬂiﬂ
agent gFM{ a?hl one ?@% %ﬁ]sﬁ Sa@mzfl rer?icgl‘géé(;tﬁJ bouﬁn‘?@b#né g
ext er nafjuaitanmedets; of QD 10 is therefore about 3.8 to about 6 nm
[0028] As can be understood by persons skilled in the art, the sizes
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of Qs qagntahs@otge esti mated based on the known rel ationship between
fl uorescence em ssion peak wavel ength and

[0023] FIG. 8 is a line graph of fluorescence intensity as a function of pH;

[0024] FIG. 9A is a confocal fluorescence image of cells labeled with quantum

dots; and
[0025] FIG. 9B is a transmission image of cells labeled with quantum dots.
DETAILED DESCRIPTION

[0026] FIG. 1 illustrates a quantum dot (QD) 10, exemplary of embodiments of
the present invention. Quantum dots are also referred to by various other names

such as nanocrystals, nanoparticles, and quantum bits.

[0027] Quantum dot 10 comprises a core 12 and a shell 14. Core 12 includes a
semiconductor nahocrystal, such as cadmium telluride (CdTe), which can have a
zinc blende lattice structure. Core 12 has a diameter from about 2.8 nm to about 5
nm. Shell 14 includes a stabilizing agent glutathione (GSH) and has a thickness of
about 0.5 nm. The external diameter of QD 10 is therefore about 3.8 to about 6 nm.

'[0028] As can be understood by persons skilled in the art, the sizes of QDs can

be measured using various techniques, including conventional techniques such as




nanocrstal size. Wile the XRD approach may be nore accurate, the
em ssion peak approach can also be reliable and can be nore
conveni ent. Exanpl e techni ques have been described in X Mchal et
et. at, QjantumDotsfor Live CeIIs in Vivo I magi ng, and

Dagnostlcs " Science . 538- 541, 2005, the contents of
whi ch areray r@gﬁﬂipﬁﬂﬁame}‘@ ﬁ'z@y? qfé?'%‘ﬁ eaR also| bmesimated basesron e o of
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ratio may var Sl ze. eco

di anet emanbcra;tﬁ@zeﬁl Wllmle ﬂlwlee)(R@taprproacrabmrtbemeré ac{:@@%}]th@emﬁsmﬁm dot
10 has a f]| uorescenc uant u ield higher than about = 16% such as
up to aBSQl‘ a@@%a %F@fbfﬁ}éﬂtb& "bglyﬁ@ cyPe gataFop¥enieBimbaBaRe 200% t o

about  25%nMidde Qésqid iHoY Mighsleler B! RSuARNAPDBIs BPRE 520
to about 62 nm suc as en it ornmed wit e as
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about 45%,[ & n.ﬁmss on(g?kg/a ggplntherange of from
about 568" e&%ﬁ‘ﬁfl]'f’ 58 MFAPYFCd BEIRM B3 SITRT"Such as when it is
formed with H2Te as the Te precursor. af orenenti oned, quantum
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yi el d may_ be _neasured using any suitable technique. Suitab

t echni qé’r&1 al RIS AWM Y0358 M EPre 6i26. QT eXatpie, avhen tt@rccuf@mﬁae
fluor esg E; Jbﬁof 58 %ﬁrhoﬂ'?é[}éﬁgﬁ%%o §3t3h1e reference standard. The
0

peak ban rom ab o about 52 nm As can be
appreci ated, the peak bandwidth refers to the Full Wdth at Half
Maxi rrun{([ﬂaﬂﬂil\/p Quantoch détel peak a fluUdESEdense cuadiung yteid higheo tlemrsabout
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exenpl arg process, the Te and Cd precursors are provid
sol ut i oAbeW62G Bﬁrrsngh ad véhaidih iscioymedivdth Mad Tetas tbsH ¢ pramrmdi]h@d to
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sol ut i oemisgior pellke MaedlidngtiarCitleatinlé of RBnDat B0, of BBout 520 nm, to
about 620 nm, such as when it is formed with H,Te as the Te precursor. As
aforementioned, quantum yield is the number of photons emitted per absorbed
photon. Quantum yield may be measured using any suitable technique. Suitable
techniques are known to persons skilled in the art. For example, fluorescein is
conventionally used as the reference standard. The peak bandwidth is from about
30 nm to about 52 nm. As can be appreciated, the peak bandwidth refers to the Full
Width at Half Maximum (FWHM) around the peak.

[0031] According to a process exemplary of embodiments of the present
invention, quantum dots 10 can be formed from a solution, which includes a
telluride (Te) precursor, a cadmium (Cd) precursor, and glutathione (GSH). In this
exemplary process, the Te and Cd precursors are provided in the solution for -
forming CdTe nanocrystals, and the GSH is introduced to the solution for forrhing
shells covering the nanocrystals. The solution may be aqueous, i.e., having water
as a solvent. The solution may be heated to acceleréte the growth of the
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5 nanocrystals, as will be further discussed below. [0032] The nol ar
ratio of Cd, Te, and GSH in the solution can vary. For exanple, the
nolar ratio of Cd: Te may vary from about 3:1 to about 7:1, and the
nolar ratio of Te:GSH nay vary fromabout 1:2 to about 1:10. The

nol ar ratios can affect the properties of the resulting Qs and the
time re§anPeysEl. Bewl Dedudher discusseshbalewadvant ageous i f the mol ar
ratio is about 5:1:5 (Cd: Te: GSH), as the resulting QDs can have
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val ue abay be?@?@ultébie‘)chérh[céﬁébrﬁ Bo@theor @MM’? With eQéW étr%r%"fcyi% H6res

from about 1 to about 11.8, such as about 0033

sol ut i o2nBgr @@nml@pti\eeﬁe @peqwaqrr@nt!m@uge(s@dﬂmhydmteuur I\@éﬂe) For
cxcanp) e Rkef QA RATED S ¥ cdlifin iy B Mg Be RO vagRes 0 e

sol uti ohlzﬁene\sahé'é*en:rrecmrrssoas tisoraguiting QDsecz0f hdveea petieugedlity, salditans
may al Sﬁ@ﬁontal n GSH, . so as to introduce GSH to the resultl ng

soI ut i oRighehguantep yielt than ORET esjzesewith,Nal by asdfre 1 §mecursm xE Y.
O her ”CH'ﬂ?gc&r%BEEérgm]dtéH%té‘ﬁscﬂﬂBl% (F\!i %ﬂl%haih 39 calfiudl ol Used.

However, i't may ageous to app one-shot”™ m Xi ng

t echni q(@d@ﬂs) cadmium neednlbtidda,madmpjuwmiatatas ahtths likd, arsartyi gimbination
quantu e and narr r t hs. een f ound t hat
Tone- shigeréaf el BS poete A RaiE aboi £ T b6 ERumaipeous to
di stri bhaves pu-heéluérf@j@n Wbs6t 1 zlw%o&@ﬂ:@ns% aBRibeat ¢4 8d, narrow
size distribution of the nanocrystals can be advantageous.

[0033] The solution may be prepared by mixing two precursor solutions each
respectively containing one or the other of the two precursors. For exampie, the
solution may be prepéred by mixing a Cd precursor solution and a Te precursor
solution. One of the precursor solutions may also contain GSH, so as to introduce
GSH to the resulting solution. The precursor solutions may be mixed by “one-shot”
mixing. Other mixing techniques, such as drop-wise mixing, may also be used.
However, it may be advantageous to apply the “one-shot” mixing technique as it
can result in improved results such as higher quantum yields and narrower
bandwidths. It has been found that “one-shot” mixing can result in narrower initial
particle size distribution than drop-wise mixing. As can be appreciated, narrow size
distribution of the nanocrystals can be advantageous.

[0034] As can be understood by persons skilled in the art, mixing of the
precursors can also be carried out by bubbling a gas comprising a precursor, such

as H;Te as the Te precursor, through a solution comprising another precursor, such
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[ 0034] As can be understood by persons skilled in the art, m xing of
the precursors can also be carried out by bubbling a gas conprising
a precursor, such as H2Te as the Te precursor, through a solution
conpri sing anot her precursor, such 6 as a Cd precursor. It nay be
advant ageous to prepare the m xture of the precursors in this
nmanner , 2388 Gl Pre@aseidt BRyheadvasagepus Bozspamstha mixtwe afiter st ood,

CaTe naRGtASlals 1R P ATALQU Y sBEhlcn BERGEDI v 1 the solution

upon m the precursors at an a enperature. A
gl ut at hi one shell can formimredi ately after a CdTe nanocrystal core
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sarP!
in other words, the fluorescence em ssion peak can be tuned. [0036]
The sol penelfatean pgsmeata baowgh thesshellablws, ppanearystaisowilcosdnee ted

peri od ' £ a | uti.on nt ai.ni ng . ] re
bF the S bfifer SaarR B fons JuROER Bedidsh B Bt i b
t o abouart9B&F &xample, tithinad timit, 0highsticpspdraidres theBanodrystalieailligrew
tenmperature can vary and can be readily determned in a particul ar
appl i catdSthi- hPupsadiysiing growdhitampgeatyia anggrowt,ting) tBe sizes ofdhgi ng
t enper ' | Yal R My t fok '

sol uti gﬁﬂsgg\r%glrj] Cgﬁudeéoﬁasﬁt@gﬁﬁgt ?%Wopﬁé Vhd;g i tﬁgﬁ @@%%Hregn{: %reé]1i 'gﬁgﬂﬂ? age
bel ow atarube tA®&C at normal conditions. [0037] Wen the growth
tenperature is maintained at a sufficiently high tenperature, such

as abo“foo%%? %réogoehrjttlc;ncéaens bg %réa(t:eodﬁ' gf artl lé".ﬁitétgie%r%\f)ve?attu% Iro$ laasfeilé/cﬁtleg
period of time. For example, an aqueous solution containing a mixture of the Cd
precursor solution and Te precursor solution can be heated to about 95°C for up to
about 90 minutes to form QDs. The heating temperature can vary and can be
- readily determined in a particuiar application by persons skilled in the art. For
example, the heating temperature will be limited by the boiling temperature of the
solution. For an aqueous solution, the heating temperature should be below about

100°C at normal conditions.

[0037] When the growth temperature is maintained at a sufficiently high
temperature, such as about 95°C, nanopatrticles can continue to grow at a relatively
high rate. When the temperature of the solution is reduced, such as to below room
temperature, the growth rate can drop significantly. Thus, the heating time can be
selected to control the resulting sizes of the formed quantum dots. In some
embodiments, a heating time of less than about 90 minutes may be appropriate.
The particular heating time in any particular application can be assessed depending
on various factors such as the heating temperature, the contents of the solution, the
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hi gh rate. When the tenperature of the solution is reduced, such as
to below room tenperature, the growmh rate can drop significantly.
Thus, the heating tine can be selected to control the resulting
sizes of the fornmed quantum dots. In some enbodi nents, a heating

time of |ess than about 90 m nutes may be appropriate. The
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sol uti on can be rapidly cooled to prevent si gnificant further growth
of the frilowizg example. thus formng quantumdots 10 with desired
si zes, or W|th sizes in a selected range. Cooling can be carried out

Y, 9, AT 1 B o A P SO SRy,

bei ng i o ing Can'p van ageol

obt ai ni pgole@is pm\telfntdmlﬁimwmrtmeﬁcwﬂ'ﬁef ke mapartﬁil@er asheforsling s
' the forned can vary only within a

nar B@Shﬁﬁﬁﬁwﬁgﬁ 676 gRsire es: eamtaélzeﬁaﬁ.aowegtﬁg\x@m Copliag Gan

Imiyngte ggﬁ:ﬁ&g ?ful\t,\ﬁ APSIRbAAReS IFo? edbftdié, RHE 'sBlutiohan KOEMSIEG By
being lmmersed in an ice bath. Rapid cooling can be advantageous for obtaining
QDs with desired fluorescence emission characteristics. For instance, the sizes of
the formed QDs can vary only within a narrow range when the solution is cooled
rapidly. However, when it is not necessary to have a narrow size distribution, the

solution may be cooled slowly.

[0039] Additional information on synthesizing QDs can be found in the literature,

such as in Baumle and Gaponik.
EXAMPLES

[0040] Sample QDs were prepared with the following example prbcedure, where
all reactions were carried out in oxygen-free water under an argon gas '

environment.

[0041] Step 1. A Te precursor was prepared, according to one of two protocols.

According to Protocol One, a precursor solution containing sodium hydroteliuride
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[ 0039] Additional information on synthesizing Qs can be found in the
literature, such as in Baum e and Gaponi k. EXAMPLES [0040] Sanple
Qs were prepared with the foll owi ng exanpl e procedure, where all
reactions were carried out in oxygen-free water under an argon gas
environment. [0041] Step 1. A Te precursor was prepared, according

to one (MaMY®) WaepesHred byAeaetitl Saditim EHr@h?@ﬁHe HA WIS EALEARM
sol ution containing sodium hydrotelluride 8 e) was prepared b

y
react i nBowdar Urd) ipweksrdd had e( mmﬂr)s wnemft% $%rsta1md poily end 208)mesh.

t 1L The
Nabiw wade JEEAREVEE SholBl ol  ALTREIE Belic! T s VerF ddveegas
was pr pmraeeti by reaaﬂgl mamMMﬂéIMdbe(le%hmitfﬁ BIZEQpkaridadid FHME Oy).
sul phuric acid (H2SO4). [0042] Step 2. A precursor solution

| h pH of about 11,
or epar oIR8 5eBeep TSoisar SPGHAN BRI G Brdsunemone (KSk i

to Protge® of s tt1h95 grsor solutions fromSteps 1 and 2 were
m xed by(b(P.Ione shuot m“;% Es}";?ccordl ng to Protocol Two, the H2Te gas

fromStep 1 was bubbl ed throu h the precursor solution fromStep 2,
for a fER43Inutdep 3LArelxmfers ind wah prenatedir AccasdingttodRrotars| One, the

d | had.a | | f
1 0 T ueu e sl fs Moth s T ok £eRS it & Bne shet e ur e
SO| ut i ofcawtigdto Protdtol TR, thdTAgie gb@@r@n‘ﬂﬂ SEEP whs Blhlﬂ)lgdi Wr8Lgh the

sol ution was heated at a temperature of about 95C for various time
per i odsPrecuracs RIS o wepenfaresfemomiudes.tIneitbier gaserthe ngsiureom

t enper d C |
the t eroiaffo feS ViortB SRR THE SRR s e Mot R 2 A .
heat i ngThe nespeictiee hedarechbriehtstof @d, s andrG8HSr dhé migture eelutiah kveire 3,
stop f u6 %hand mvnv]torll of QDs. For different sanples,
[0044] Step 4. The mixture solution was heated at a temperature of about 95°C
for various time periods. It took about two minutes to heat the solution from room

temperature to 95°C. GSH-capped CdTe QDs grow quickly upon reaching the
temperature of about 95°C.

[0045] Step 5. After the selected heating time, the heated solution was
immersed in an ice bath to stop further growth of QDs. For different samples,
heating was stopped after different lengths of time to obtain QDs of different particle

sizes and fluorescence emission spectra.

[0046] Step 6. The prepared QDs were precipitated and washed several times in
2-propanol, forming pellets of QDs. Excess salt, such as NaCl, NaOH and excess
GSH, was removed by washing.

[0047] Step 7. The pellets were dried at room temperature in vacuum overnight,
forming powders of sample QDs.

[0048] Absorption and fluorescence spectra of the sample QDs were measured

at room temperature using an Agilent™ 843 UV-Vis spectrometer and a Jobin Yvon
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heati ng was stopped after different lengths of tinme to obtain QDs of
different particle sizes and fluorescence em ssion spectra. [0046]
Step 6. The prepared QDs were precipitated and washed several tines
in 2-propanol, formng pellets of Qs. Excess salt, such as Nad,
NaOH and excess GSH, was renoved by washing. [0047] Step 7. The

pel | et s Hagiba Fllidretb@V flURPERICATE ShaEVSRetdl, HAPRUIVEY.CTHE Blidrescéide Ng
powders of sanple . I0048] Absor ption and fl uorescence spectra of

t he sanpPect@werrpblairatkhy seganning froonf 8@ mpetat P srmuwith ¢ 78mmgxritationy

843 UV- r i ' 0

fl uor esgggg@gg%éggﬁ fgélrréf 8?’@?@%@‘2@559@\‘4’% l%ﬁ%@?h%&%@c@%@eérgggg%ﬁra
wer e obkbbutetd nes i hagtifd)dords Qaften dbpuf @0 mMimutds &F He&ling Exemplary
excitation. The fluorescent col or detected fromthe sanple

changed MaasHTYR@RITeEHKS BF theAhserptian ang vereseeneRaRISRION BREGEAEaf t er
about  9QnmAH ?fﬁ;Pi. TRAUASR Iirf2ETBl M eht tﬁ%ﬁ%@ﬂ&ﬂﬁgé&%‘%g t%é séfﬂf
absor pt I on and uorescence em ssi on spect ra ar S wn I n I .
The daslmeab fdpnesentdipe aergscehees apsctratTihenspanhict shovanadre foe samiplalQDs

| i nes regprese the fluo cence spectra. The spectr ho re for
sanpl e RS 4Pt 8 ages v heptng. Eeeec bebhad ebagt 408 o, e
respect hN&drpandd irftheades BOn8Ang ﬁkﬁe iﬁ&%ﬁé@énﬂﬁe bIFIsRAP I@§hiﬁﬁ% I ng
time increases. The enission peak shifts to | gher wavel engt h when

heat i nghigheewanelesgtfewhepdeating tin® ingredsess neasur ed dependence of
em ssi on peak wavel ength on heating tine. As can be seen; the peak

Ume | nRoagl C I 3o R e e s ST BRSO R R VB S RB B
al so behsstiny timbeAp@ak hsddrs the bbhk walveRingthh Mdre A2 sraitad®ue520 nm to
heat i ng. m&%%]nThe guantum yi el ds and bandw dt hs of sanple %D%soi wer e

al so nedR Afhealg et ineeaseiommalaut 10minptes touabaul el d

o2, et BB g ¥an BRASLE b6, tHE peBk YRS file BRUPBBSGERT RindES P! |1 oo

heating.

[0050] The quantum yields and bandwidths of sample QDs were also measured.,
Some results are shown in FIG. 4. The quantum yield was determined by
measuring the integrated fluorescence intensities of the sample QDs and a
reference solution which was a fluorescein solution in basic ethanol and had a
quantum yield of 0.97. For these measurements, the QD samplés were diluted to
yield absorption of 0.1 at 470 nm. As can be seen, the quantum yields varied from
about 10% to about 45%, and the bandwidth varied from about 30 nm to about 52
nm. The maximum quantum yield measured is about 45% at about 600 nm. The
quantum yield is above 16% over a broad spectral range, from about 500 to about
625 nm. The quantum yield is between about 30% to about 45% over the range of
about 510 nm to about 620 nm. These values are much higher than CdTe QDs
capped by other thiol ligands, which typically exhibit quantum yields in the range of
1 to 10%.

[0051]  Without being limited to a particular theory, it is possible that the

glutathione shell stabilizes the geometry of the CdTe nanocrystal core, thus leading
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reference solution which was a fluorescein solution in basic ethanol
and had a quantumyield of 0.97. For these neasurenents, the Q@
sanples were diluted to vyield absorption of 0.1 at 470 nm As can be
seen, the quantumyields varied from about 10%to about 45% and the
bandw dt h varied from about 30 nmto about 52 nm The nmaxi num

quant umwir@k@bm&@a yvieladbayts HRGWRLQBRHAY ﬁQ@e Biitfadd BefedtsARNhiéAcan

yield is above 16% over a br oad spectral ran from about 500 to
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yi el d. Themgetimeefocted sadadsadeustosdused quaﬂtarrgﬁe]das the nanocrystal s
change their size. At certain core size, the surface georretry may be

o el ¥z | RS es SRR anow eI e bt Biting thihlacoh

bet V\Bendrﬁ%ﬁﬁﬁbbb\}e? lo0@ntLRg ?@dé‘ﬂ%ntthésé of b@oepl%ﬂé?eoaé@éﬁréiﬁﬁho Frofdtol

atons. The m smatch can result in an unsnooth, defected surf ace,

t hus a meeu¥dthayldeinglingited . a paoB2jartheeyi ﬁmpqsssﬂvleibat moeg Sen‘show

yi'el as. PRI AR rAEeRih g urEre BOMBEE I PRGBS R T o

bei ng | and tisslptaseace of Tefubristdrb Gdrgased deféctﬁq{iﬂh@hrﬁtlélhﬁfbrrﬁ@d cden 2-
clusters are forned in_the m xture solution in Protocol One than in

Pr ot oconanggystalss d hugeCal e feneervstals tarmedeacearding to fepiogebtwadnart s
:c n the b&tﬁlr?ﬁeb\)érfd%?%ﬁéjﬂ% @ﬁ?&%d’ ﬁéc?dr?rng-qgﬁoto%]_@)ﬁ%anocr ystal s

ornmed according to ot oco con fewer defects than
those fornmed according to Protocol One [ 0053] The size distribution
of the KOB3le Jibe siee distrifadioneaf the shnpjaQidswere measured with Dynamic

light scattering (DLS) technique in an aqueous solution. The sample QD powder
was dissolved in deionized water with a final concentration up to 300 mg/ml. The
measurements were performed on a BI-200SM™ laser light scattering system,
provided by Brookhaven Instruments Corporation™. The measured external

diameters of the sample QDs vary from about 3.8 nm to about 6 nm.

[0054] The data shown in FIGS. 5 to 8, 9A and 9B were collected from QDs
formed with about 90 minutes of heating. These QDs had a fluorescence emission
peak at about 600 nm.

[0055] FIG.5 shows the measured results for sample QDs having a
fluorescence emission peak at 600 nm and quantum yield of 26%. As shown, the
external diameters of the QDs vary from about 4.3 nm to about 6 nm and the
average external diameter is about 5 nm. With a shell thickness of about 0.5 nm,
the core diameters are from about 2.8 nm to about 5 nm, and the average core
diameter is about 4 nm. Only about 1 v% (volume percent) of the QDs was
aggregated to form clusters of the size of 10 to 20 nm.
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i ght scattering (DLS) technique in an aqueous solution. The sanple
Q@ powder was dissolved in deionized water with a final
concentration up to 300 ng/m . The neasurenents were perfornmed on a
Bl - 200SMIM | aser |ight scattering system provided by Brookhaven

I nstrunents CorporationTM The neasured external dianeters of the

sanpl e pnsleésr yrrémms@tm@le&r& ﬁmecWEI@ mm dOS¥aAL s'éhﬁ)Ié'QDs
co

shown in F to 8, 9A and 9B were Iected romQDs fornmed with
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about SPRIPMRNCIPsgdydhe E’IJWé’ss of about 0.5 nm the core
dianeters are fromabout 2.8 nmto about 5 nm and the average core
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at the top-right corner is a magnified inma portlon encl osed

by the Hyswceniimsthattiesample QM5 favera Zinci anQaRuplcm&t@Irsirtmure like
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whi ch are nmarked as

analysis results show that the molar ratio of Cd:Te in the purified QDs is about

3.3:1, which is smaller than the molar ratio of 5:1 in the mixed solution.

[0059] It was calculated, based on the measured core size of about 4 nm and
the zinc blende lattice structure, that the molar ratio of Cd:Te:GSH in a single
sample QD is about 10:3:7.

[0060] It is also calculated, based on the grain size analysis, elemental analysis
and absorption measurements, that the sample QDs with a fluorescence emission
peak at 600 nm have a molecular weight of about 180,000 Dalton and a molar
extinction coefficient at 470 nm of about 2 x 10° M'em™.

[0061] The sample QDs were further studies by ligand exchange with other thiol
ligands. It has been found that the size and structure of the QDs were not affected
by ligand exchange. However, the fluorescence quantum yield of the exchanged
QDs was smaller than the sample QDs.

[0062] It has also been found that the sample QDs were stable in either pellet

12



[ 0058] The sanple QDs were subjected to elenmental analysis with an
ELAN 9000/ DRCTm I nductively Coupl ed Pl asma Mass Spectroneter
(ICP-M5). The analysis results showthat the nolar ratio of Cd: Te in
the purified QDs is about 3.3:1, which is smaller than the nol ar
ratio of 5:1 in the mxed solution. [0059] It was cal cul ated, based

on the fapasatie@ncuRobiszelRionFbpbéveranmontts whée siireé ubhﬁ@@@bb@ttzl"@e
structure, that the nolar ratio of Cd:Te:GSH in a single le QD
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has be td%ﬁz? t

af f ect %aﬁ%’é’]ﬁlgﬂgﬁé © exc Enge \?Ef/éedrjﬁ #Eﬁoﬁhﬁ%‘gg%ﬁ%@gﬁg%%c&r%l d
of the tbecﬂwnw@no@]ﬁtemky sraligkly gonstart laé pblatpive ©Bad deBgRpsat phias

I b th table jn_either pellet 2
For m orogiawah Wt BhValGe I POR% Sy BHafeshehen s sty averthed
at about 4C in the dark. Wen the sanple QDs are dispersed in a
sol uti goosegjei It dshedr foyntthatdpadene @Ds Hldendt"éggﬁ*é et f3edays of

solution. The fluorescence intensi te/ of the sa in solution
dependsingyPatiqs ipryarigussatine buliesenlutionmandsel pul tarrae@a Thusitoess.

The rou@ﬂs%?lé %fyr Qfaﬁlﬁdﬁﬁd’m n L@a}rlér?(ﬂ’sc%gllngélwaar;rd' bi%lrhg:élnglgpgﬂéatlons

sol uti on nmeasur e
phosphadiactifd eon@mitraitnonrof frde GBBWn manjneend ¢ET be egrtigh astiend rrtm the

hl t ant _at . ses at pH belo 1 pH
val ve {lates Sr%%neaﬁgmgtger ?1!913'9@93 lgggig\ﬁaaétta% Wrrau@rv&f?eﬁabmtfof
[0063] the Slaﬁﬁ)[@@j% fsﬁé’tﬁ]g Heh?ér%EB%dsa”m e QDs did not aggregate after

days of 1ncubation 1n vari saline buffer solutions and cell
culture rredl a. Thus, these (?Ds are very stable and are suitable for
cel | |d8864hg Sturies of thegsanpladDE @dsa shewed that the sample QDs have very

low toxicity or interference with cell viability or function, showing that the sample

QDs can be suitable for live cell imaging.

[0065] The sample QDs were also labeled with biotin, such as NHS-biotin. The
biotin—labeled QDs were used fo label actin on the skeleton of NIH3T3 cells through
standard immunostaining procedures and were used successfully to image the
NIH3T3 cells. For this study, the QD powders were re-dissolved in phosphate-
buffered saline (PBS) buffer and incubated with N-hydroxysuccinimidobiotin (NHS-
biotin) for two hours. Free NHS-biotin was removed by ultrafiltration. NIH3T3 cells
were cultured on a cover slip, fixed with ice-cold methanol for 5-10 minutes, and
blocked with 1% BSA in PBS buffer for one hour before immunostaining. Fixed cells
on the cover slip were incubated in consecutive order with anti-actin monoclonal
antibody, biotin-labeled goat anti-rabbit secondary antibody, streptavidin and biotin-
labeled sample QDs. The cover slip was washed several times with PBS buffer
after each incubation step. FIGS. 9A and 9B show two exemplary images of
NIH3T3 cells which were actin immunostained with biotin-labeled QDs. The image
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Since the concentration of free GSH in many cells can be as high as
1-10 MM the interference fromother thiol ligands will be | ow and
thus long-termin vivo stability of the sanple QDs should be very
good. [0064] Studies of the sanple QDs al so showed that the sanple
Qs have very lowtoxicity or interference with cell viability or

functi oim FISh QA BG ebdbcalfRiosesadnee i@?e%@ﬂ the imagban FeGf 9B i¢ bve cel |
I magi ng. [0065] The sanple QDs were also | abeled with_biotin, such as

NHS- bi offaRsmisgien image: fluosestangedmaogs wera deken with andPlymuus - lypviewe

skel eto d ures
and ner S00acthribce 168 sPh S tor VA RO e Ry G0
study, ¢méssign piodalns wes detettetl withltwe dhromaliTophratiengdagsfaptied! fledrsne
(PBS) buffer and incubated with N hydroxysuccini m dobiotin (NHS
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ol £ af 1 TOOBEN | ods Wpsnsdciove. MepDsclipdiored feivacanhare seipively sl
with i Cﬁar%iedsﬁ@hﬁé'ﬁ‘iﬁh &I%ntﬁnﬂﬁeﬁ‘ THESigh ﬁUQntum elteh %'&cﬂne%gsp‘ in

PBS buffer for one hour before | munostaini ng xed ce
cover sWwithowigqrast-fermasiondtedtmentnBecQDsvaanoalde hawe thighaselubiityt inrsolutions

ant 1 bod) * SiRLIAR ikt AR sl e oo Shing NP RGaR e o,

was washed several tinmes with PBS buffer after each incubation step.

FI'GS. 9p0sry 9Bisdeosadne S améally haseaeamiho d}dbhﬁ’éadqwblofarm h were
actin |rmunosta| ned with biotin-labeled Qs. The image 13 in FIG 9A

i's a co¥ioHea CPHBPlastiafen hagrosninkeRdoisarhother. Fhos, amcar be
transmi a%deggtg;m?rggggggﬁ&&%é JRYRS 5L alstcﬂig%a 15@ & 5% BIRUS

Fl uovi ew aser scanning system w -nm ar gon
| aser epaymerized anQBtalBidesswibin aahaﬁii@mmsuﬁacele‘t'mymh alsbthavechiginr oma

570-nm |0 ass filters. [0066] As discussed above, the Qs
ADRBr i, R Rlande

di scl os¥ e atively small particle size and high
guant um vyi el d The high quantumyield can be achieved w thout

post - fOHDUBB]OHThéQQD%iHclosEﬂehé?@m Sabalsed hwgndsuga RlatBhs, | duehi 4%

solutions of a wide range of pH |In addition, can exhi bi t
hi gh stfapbig- Itapellmg ciéig QBig gaiy lee used as bio-tags form wtro or in vivo bioimaging,

and as fluorescent probes for detection of DNA or proteins.

[0069] As can be understood, QDs can also be used in other fields such as in
light-emitting devices, photonic and core-shell structures, optoelectronic and

photovoltaic devices, optical amplifier media, and the like.

[0070] Other features, benefits and advantages of the embodiments described
herein not expressly mentioned above can be understood from this description and

the drawings by those skilled in the art.

[0071] The contents of each reference cited above are hereby incorporated

herein by reference.

[0072] Of course, the above described embodiments are intended to be
itlustrative only and in no way limiting. The described embodiments are susceptible
to many modifications of form, arrangement of parts, details and order of operation.

The invention, rather, is intended to encompass all such modification within its
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[ 0067] Since each GSH nol ecul e has one am no group and two car boxyl
groups, GSH nol ecul es can be cross-linked to each other. Thus, as can
be understood by persons skilled in the art, the QDs discl osed
herein can be bio- polynerized and stabilized with a matrix on a
surface. They can al so have high stability and | ow cytotoxicity.

[ 0068] ddupelias défined yaHe Rlfi®sn can be used in various applications,
such as or bio-labeling. The QDs can be used as bio-tags for in
vitro or in vivo bioinmaging, and as fluorescent probes for detection
of DNA or proteins. [0069] As can be understood, Qs can al so be used
in other fields such as in light-emtting devices, photonic and
core-shell structures, optoelectronic and photovoltaic devices,
optical anmplifier media, and the like. [0070] O her features,
benefits and advant ages of the enbodi nents descri bed herein not
expressly nentioned above can be understood fromthis description and
the drawi ngs by those skilled in the art. [0071] The contents of each
reference cited above are hereby incorporated herein by reference.
[0072] O course, the above described enbodi nents are intended to be
illustrative only and in no way limting. The described enbodi nents
are susceptible to many nodifications of form arrangenent of parts,
details and order of operation. The invention, rather, is intended
to enconpass all such nodification within its 14 scope, as defined by
the clains. 15 WHAT IS CLAIMED I'S: 1. A nethod of synthesi zi ng
quantum dots, conprising: providing a solution conprising a telluride
(Te) precursor and a cadm um (Cd) precursor; growing, in said

sol ution, nanocrystals conprising CdTe; and
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i ntroducing glutathione (GSH) to said solution to formshells
covering said nanocrystals, said nanocrystals and said shells
form ng quantum dots each having a core conprising CdTe and a shel
conprising GSH. 2. The method of claim1, wherein said telluride
precursor is selected fromsodium hydrotelluride (NaHTe) and
hydrogen telluride (H2Te). 3. The nethod of claim1 or claim 2,
wher ei NWAATI IS SLAIMEBDISCcur sor conprises a water-soluble Cd salt. 4.
The met hod of claim3 wherein said salt is selected from cadm um

chlori de A &eficd) of SafBIETHE QUBRtM daes, caRfprierdi um acetate. 5. The
met hod of any one of clainms 1 to 4, wherein said solution conprises

water as a 6 The et hod of, 0 of clains

Mherei n e he RV 2 sPlthR Gl AhaftHuediR) Bredilrfd Tnda bdadima. 1
to about 7: YCHnedltgorol ar ratio of Te:GSH in said solution is from
about 1:2 to about 1:10. 7. The nethod of claim®6, wherein the nol ar

ratio of Cd:deuig ih BarPddlutiet, tﬁdn%ryswseem&.sﬁl lc@TeBangrhe method of

any one of clains 1 to 7, wherein said solution has a pH value from

2o uti on” has rB3HhaShudtyohe (BSHTT Ad lupioTofn HOR SE g
of clainms 1 manddrysthlsr said remodngtalgiang saﬂmpinéilsaa‘srmh'@tnuargumaials each

solution to accel erate rovvth é ai d na st al.s. The net hod of
cl ai m 10, mHéﬁ‘Vén%aé:&ir%lc M‘?W@ %@FQ@SS ' AR 1ER9 lution at a

tenperature of about 95C. 12. The nethod of claim 10 or claim11,
wher ei rQ.sa'hd rselhotiafitldis hesterdir saiddellsielequeedrspeis salectkdtfiome sodi@m

The net ho rt her i,ng said solution
after sai g '?5?' rpﬁd‘éﬁd#é’é’ﬁ’%}‘@&’&%’ ':“ 83?80{; @k ected period of
tinme.

3. The method of claim 1 or claim 2, wherein said cadmium precursor comprises a

water-soluble Cd salt.

4. The method of claim 3 wherein said salt is selected from cadmium chloride -

(CdCly), cadmium perchloride, and cadmium acetate.

5. The method of any one of claims 1 to 4, wherein said solution comprises water

as a solvent.

6. The method of any one of claims 1 to 5, wherein the molar ratio of Cd:Te in said
solution is from about 3:1 to about 7:‘1, and the molar ratio of Te:GSH in said
solution is from about 1:2 to about 1:10,

7. The method of claim 6, wherein the molar ratio of Cd:Te:GSH in said solution is
about 5:1:5.

8. The method of any one of claims 1 to 7, wherein said solution has a pH value
from about 11.2 to about 11.8.

9. The method of claim 8, wherein said solution has a pH value of about 11.5.
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14. The method of claim 13, wherein said cooling conprises imrersing
said solution in an ice bath. 15. The nethod of any one of clainms 12
to 14, wherein said selected period of tine is |less than about 90

m nutes. 16. The nmethod of any one of claim1l2 to 15, wherein said
selected period of time is selected to limt said gromh of said

nanocr y$0.dhe, methol dftemly e of claipiy 100 golvberdiaggidcgrowin esmpesss f rom
about 2.8 nm.to about 5 nm 17. The nethod of claim 16, wherein said

core di amP€aHRY faldssaltion o agpeleintengrouth ohpaidlymnocystals. 18. The

met hod of any one of clainms 12 to 17, wherein said selected period of

time i %b%éﬁn@dgdgtdééiﬁwo,%&eﬂf ol fhgappi%ﬁmg?%@%éﬁﬁ@%éid SHibn at

that sai d quantum " have a selecte orescence em ssion
spect r um axempenatuneohalbowtf95¢Cai m 18, wherein said fl uorescence
em ssion spectrum peaks at a wavel ength of about 500 to about 620

nm 20. f_.an ne of ¢lains 1 to.19.  wherein said
orovt di 1 DepR et iy 1 Bl eBim g R rn SHCSOIHIG I Shefd 1
precur sor sgRlctdd eéricPoPtimel ng said Te precursor and a second
precursor solution conprising said Cd precursor, at |east one of

said first and second precursor solutiaons further conprising GSH 17
21. Thel3dhrdnebrdairlaime! 3 fudher éamarising coolingheaidiselWiBnafisr $@idi ng

ryar ogon PORLER TS HRTget e K el s e o e g < o G

precursor and said GSH 22. A quantum dot conprising: a nanocryst al
cor e cohpilheimethoddrficiaimt £3, wheérdisn a8l Toplingoomariséeinhmecsieg saigl sai d
core, sai daﬁlﬁel l con&ari}s' ng gl utathione (GSH). 23. The quantum dot of
cl ai m 22, SRHEPRITH BT @%ﬂ'e has a diameter fromabout 2.8 nmto
about 5 nm 24. The quantum dot of claim 23, wherein said dianeter is

about 418)Mhe method of any one of claims 12 to 14, wherein said selected period of time

is less than about 90 minutes.

16. The method of any one of claim 12 to 15, wherein said selected period of time is
selected.to limit said growth of said nanocrystals, such that said quantum dots

have core diameters from about 2.8 nm to about 5 nm.

17.The method of claim 16, wherein said core diameters have an average diameter

of about 4 nm.

18.The method of any one of claims 12 to 17, wherein said selected period of time
is selected to limit said growth of said nanocrystals, such that said quantum dots

have a selected fluorescence emission spectrum.

19. The method of claim 18, wherein said fluorescence emission spectrum peaks at

a wavelength of about 500 to about 620 nm.

20.The method of any one of claims 1 to 19, wherein said providing comprises
preparing said solution by mixing a first precursor solution comprising said Te
precursor and a second precursor solution comprising said Cd precursor, at

least one of said first and second precursor solutions further comprising GSH.
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25. The quantum dot of any one of clainms 22 to 24, wherein said shell
has a thickness of about 0.5 nm 26. The quantum dot of any one of
clains 22 to 25, having a fluorescence quantum vyield higher than
about 16% 27. The quantum dot of claim 26, wherein said quantum
yield is fromabout 20%to about 25% 28. The quantum dot of claim

26, whe2timheaethogusranyrond &f daings 1 tonakheteid 85t rovidimyéoripises29.
The quantum dot of .any one of clainms 22 to 28, having a fluorescence

eni ssi on pg%%t%ﬁﬁ'%éakitlﬁ@ bytbubbliaga @ﬁfg@cpm@rl&agmmm fedurge (H2Te20
nm  30. Tﬂ?roﬂ?ﬁ : ulﬂ:ﬂ{ c%gﬁ%ﬁg%%?d el pﬁ’la@ur% ?tsa_dg:@?—mer ein the

nolar ratio o ore Is roma ou about
3.5:1. 31. The quant um dot of claim 30, wherein the nolar ratio of
Cd: Te i22.fafubrdomedatcomgbising:3. 3: 1. 32. The quantum dot of any one of
claims 22 to 31, wherein said shell has a thickness of about 0.5 nm

18 33. A sol d)S a CdTe core
and 5 Gorr - chfflob@Sial 618 diinBiian LA 1eRTRC RIS 2

i d
ol ut at ﬁ?éni“é’aﬁﬂf@&@r“@m i kot ey %ﬁ%'g%ééﬁs)ﬁﬁﬁé“gﬂﬁa@ﬂor% G v
The sol ution of claim 33, \/\herel n said telluride precursor IS

sel ect e2P-f h@rﬁua@&mlﬂﬂt By aleén 22, uhesein(qidrere hara m@'@éﬁ%abwﬁd%
(H2Te) . 33m tBsbaflsitdon of claim 33 or claim34, wherein said
cadm um precursor conprises a water-soluble Cd salt. 36. The
solution of claim35, wherein said salt is selected from cadm um
chl ori d&d. Theaprdiym cid of alaim &3¢ khaereidesaichdidimatidnisiahcat dirahe.

25.The quantum dot of any one of claims 22 to 24, wherein said shell has a

thickness of about 0.5 nm.

26.The quantum dot of any one of claims 22 to 25, having a fluorescence quantum
yield higher than about 16%.

27.The quantum dot of claim 26, wherein said quantum yield is from about 20% to
about 25%.

28.The quantum dot of claim 26, wherein said quantum vield is from about 30% to
about 45%.

29.The quantum dot of any one of claims 22 to 28, having a fluorescence emission
spectrum peaking at a wavelength of about 500 to about 620 nm.

30.The quantum dot of any one of claims 22 to 29, wherein the molar ratio of Cd:Te
in said core is from about 2.5:1 to about 3.5:1.

31.The quantum dot of claim 30, wherein the molar ratio of Cd:Te in said core is
about 3.3:1.

32.The quantum dot of any one of claims 22 to 31, wherein said shell has a
thickness of about 0.5 nm.
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37. The solution of any one of clainms 33 to 36, having a pH val ue of
fromabout 11.2 to about 11.8. 38. The solution of claim37, having
a pH value of about 11.5. 39. The solution of any one of clains 33 to
38, wherein the nolar ratio of Cd:Te is fromabout 3:1 to about 7:1,
and the nolar ratio of Te:GSH is fromabout 1:2 to about 1:10. 40.

The sol g8ifsolatiomfyr fonmingfqudrumiols ebich 38mprRIges TdTeeoi® kAl 4 @SHD
of Cd:Te:GSH is about 5:1:5, 41. A nethod of synthesizing quantum

dots, conmselisaid spigneeMRIEHNdim dots in a sol ution conprising a
telluride (Te) precursor, a cadmum (Cd) precursor, and gl utathione

(GSH), such &helluridaqTepprecvirseraind a9 gaamium( G prdvagscr feefomirBHTei ng

CdTe and a shell conprising GSH 1
cores, and

glutathione (GSH) for forming shells covering said CdTe cores.

34.The solution of claim 33, wherein said telluride precursor is selected from

sodium hydrotelluride (NaHTe) and hydrogen telluride (H,Te).

35. The solution of claim 33 or claim 34, wherein said cadmium precursor

comprises a water-soluble Cd salt.

36. The solution of claim 35, wherein said salt is selected from cadmium chloride

{CdCly), cadmium perchloride, and cadmium acetate.

37.The solution of any one of claims 33 fo 36, having a pH value of from about 11.2
to about 11.8.

38. The solution of claim 37, having a pH value of about 11.5.

39. The solution of any one of claims 33 to 38, wherein the molar ratio of Cd:Te is
from about 3:1 to about 7:1, and the molar ratio of Te:GSH is from about 1:2 to
about 1:10.

40.The solution of any one of claims 33 to 38, wherein the molar ratio of
Cd:Te:GSH is about 5:1:5.

41. A method of synthesizing quantum dots, comprising:

forming quantum dots in a solution comprising a telluride (Te) precursor, a
cadmium (Cd) precursor, and glutathione (GSH), such that each one of said

guantum dots has a core comprising CdTe and a shell comprising GSH.
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