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ABSTRACT

CdSe quantum dots (QDs) were prepared by using a simple green route
with CdSO, and Na,SeSO, in agueous solution. Post synthesis hydrother-
mal modification of CdSe QDswas performed to enhance the optical prop-
erties. The as prepared and the hydrothermally treated thioglycolic acid-
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capped CdSe quantum dots were characterized by Ultraviol et—visible (UV—
Vvis) spectroscopy, X-ray diffraction (XRD), transmission electron micros-
copy (TEM) and photoluminescence (PL) spectroscopy. Results demon-
strated that CdSe QDs synthesized in aqueous solution showed a zinc-
blende structure and a homogeneous size distribution with a mean particle
size of about ranging from 2.1 to 2.7 nm. The hydrothermal treatment dightly
increases the QDs sizes and enhance the quantum yield (QY).
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INTRODUCTION

Colloida semiconductor nenocrystds, oftenreferred
to as‘““quantum dots” (QDs), have gained increasing
attention through their unique optical properties™®l.
CdSe QDshave been broadly investigated for differ-
ent applications, like cellular imaging!™, bio-probes,
(1012 gnd sol ar cells™*4. Generally, two main routes
have been used for the synthesis of CdSe QDs; orga
nometallic route> and aqueous routes®9, Orga-
nometd licrouteisthemaost conventiona becauseit pro-
duces QDswith good properties, such ashigh photo-
luminescence (PL) quantum yield and excellent
monodi spersity. But, the produced hydrophobicligands
capped QDscannot bedirectly usedin biologica sys-

tem. However, the aqueous synthesisroute, producing
QDswith severa advantages such asexcellent water
solubility and biologica competibility®?. Thedisadvan-
tage of theagueousrouteisthelow quantumyield com-
pared to the organic method. Until now, the design of
water-soluble QDswith high quantumyiddisstill one
of theresearch aread??1, Recently, Xue et al.[% re-
ported highly luminescent water-soluble CdSe QDs,
whichwerefirg prepared using thioglycolicacid (TGA)
asaligand and werethen cova ently coupled with tar-
get bacteria. Shang and Wang?! demonstrated trietha
nolamine-capped CdSe QDsasfluorescent sensorsfor
reciprocal recognition of Hg?" and iodidein agueous
solution. Su et a.' reported that mercaptosuccinicacid
(MSA) capped CdSe QDs were prepared at the po-
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larizable interface between water and 1,2-
dichloroethane e ectrol yte sol utions by € ectrochemicd
method.

Inthispaper, we report the effect of post synthesis
hydrothermal treatmentsof CdSe QDsontheparticle
szesand quantumyield.

MATERIALSAND METHODS

Materials

Analytical grade reagents of cadmium sulfate
(CdSO,, 99+%), selenium powder (Se, 99+%), so-
dium sulfite (Na,SO,), sodium hydroxide (NaOH) and
thioglycolic acid (HSCH,COOH, TGA) (99%) were
used asreceived. Rhodamine 6G (with aphotolumi-
nescence quantumyield of 95% in anhydrousethanol)

Prepar ation of water soluble CdSenanoparticles

Sodium selenosulfate (Na,SeSO,) sol utionswere
prepared dissolving elemental selenium powder
(0.098 g), Na,SO, (0.5 g) and Milli-Q water (20 mL)
were mixed thoroughly in three-necked round bottom
flask and refluxed for 3.5 h with magnetic stirring. The
disapperence of the black coloured Seand theforma-
tion of aclear solution suggested the compl ete conver-
sionof Seinto Na,SeSO,, according to thefollowing
equation:

Na, SO, (ag.) + Se (powder)—>Na,SeSO,

Thetemperature of the mixture was brought down to
ambient temperatureand themixturewasfiltered through
Whatmann filter paper. Thefiltrate obtained was di-
|utedto 25 mL in standard measuring flask with Milli-Q
water to prepare 50 mM, Na,SeSO, solution. This
freshly prepared solution wasused directly for CdSe
QD synthesis. For the preparation of CdSe QD with
different particlesizes, we used®!.

A typical synthetic procedure of the CdSe QDsis
briefly described below. First, certain volumeof 0.2 M
CdS0O, solutionand 0.6 ml of TGA wereaddedto 200
ml of doubledistalled with rapid ftirring. The pH was
adjactedto 8 unitesusng 1 M NaOH solution. Then 6
mL of sodium selenosulfate solution (0.4 M) (contain-
ing about 2.4 mmol of Se precursor) was swiftly in-
jectedinto solutionwith rapid stirring. To prepare CdSe
QDswithdifferent particlesizethe[ Cd*]/[ Se*] ratios
wasvariedas2.0, 1.6, 1.2, 1.0and 0.8. Thetempera-
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turewasmaintained at room temperaturefor thegrowth
of CdSe QDsaccording to thefollowing equation:
Cd? +SeSO_.> + 20H—»>CdSe+SO,> + H,0

TABLE 1: Cd/Semolar ratiosfor different preparation of
CdSeQDs

Sample Cd/Seratio Se(ml) Cd(ml) Se(mole)
CdSsel 2 6 24 24
Cdse2 1.6 6 19.2 24
CdSe3 1.2 6 14.4 24
Cdse4 1.0 6 12 24
CdSse5 0.8 6 9.6 24

Finally methanol was added to precipitate CdSe
QDs. The precipitated CdSe QDswere separated by
centrifugation, further washed with methanol severa
times, anddriedintheair at 50 °C for characterization.
Microwave hydrothermd treatmentsof CdSe QDssus-
pended in water were carried out in microwave diges-
tion system (CEM Corporation, Matthew, NC, USA)
at 120°C for 10 mintues.

Characterization methods

X-ray diffraction (XRD) analysiswas performed
using an automated diffractometer (Philips type:
PW1840), at astep sizeof 0.02°, scanning rate of 2°
in 20/min., and a 26 range from 4° to 80°. The shape
and particlesizedistribution were studied using trans-
mission el ectron microscope operated at 120kV ac-
celerating voltage (JTEM-1230, Japan, JEOL). The
sampleswere prepared by making asuspension from
the powder indigtilled water usng ultrasonicwater bath.
Then adrop of the suspens on was put into the carbon
gridand left to dry. TheAttenuated Tota Reflectance-
Fourier Transform Infrared spectraof QDshave been
obtained by a ALPHA FT-IR Spectrometer,
BRUCKER.

Theoptica propertiesof CdSenanocrystalswere
studied through optica absorption and photolumines-
cence measurements. Room temperature UV—vis ab-
sorption spectrawere measured by Perkin Elmer spec-
trophotometer along the wave ength range 200-8000
nm. Thephotoluminescencewas measured a room tem-
perature using Perkin EImer LS 55 Fluorescence Spec-
trometer with the excitation wavel ength of 365 nm.
These optical measurementswere carried out by pre-
paring asuspension sol ution of CdSequantum dotsin
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chloroform. Thissuspens on put into quartz cuvettefor
optical absorption and photol uminescence measure-
ments.

Thediametersof CdSe QDswereca culated from
the excitonic absorption peak usng asmpleeffective
mass approximation (EMA) model proposed by
Brug®. Inthestrong-confinement regime, the confine-
ment energy of thefirst excited electronic state can be
approximated by the Brusequation:

Ebulk+h2 1 . 1| 1.8¢?
2 * *

g 8r m,m 8nX Y r
e e

R

where E, isthe band gap energy, whichis calcul ated
from thetransmittance spectrum, E ** isthebulk band
gap, hisPlanck’s constant, r istheparticleradius, n_
and m’, aretheeffectivemassof electronsand holes,
respectively; m and e are the mass and charge of a
freeelectron, respectively; X isthepermittivity of free
space, and X isthere ative permittivity. Theband gap
(ER) of QDs can be determined from the absorbance.
Inthis case, the particle size of QDscan beca culated
by taking E ™ =1.42eV, X~ = 6.1, 7 =0.13and T =
0.65 and[32?. Thus, the particlediametersof CdSeQDs
arecalculated at different Cd/Seratios.

The photoluminescence quantumyield (QY) was
obtai ned by comparison with astandard (Rhodamine
6G in ethanol) and using dataderived from thelumines-
cence and the absorption spectrd®, according to
Demas and Crosby method®!. Here, Rhodamine 6G
(R6G) dye, (QY (R6G) = 95% in ethanal), isused as
reference, and excitation iskept at 480 nm.

QY (CdSe) = QY (R6G).

FR6G ODR6G ( RQD Y
FOD ~ ODOD | RR6G

where, FQD and FR6G aretheintegrated fluorescence
emissionintensities, ODR6G and ODQD arethe opti-
cd dengtiesof thesamplesat 480 nm, RQD and RR6G
aretherefractiveindicesfor the solvents.

RESULTSAND DISCUSSION

XRD patterns

The CdSe QDswere synthesized over awide of
Cd/Seratiosfrom 2to 0.8 in aqueoussolution. Theas-

synthesized QDswereisolated from solutionsusing
ethanol and centrifugation. The powders were then
characterized by XRD method and theresultsare shown
inFigurel. Figurel, shows XRD pattern of CdSeQDs
prepared at Cd/Seratio of 1.2 (CdSe3). The broad-
ening of thediffraction peaksindicated thesmall Szeof
the obtained CdSe QDs. These diffraction features
appearing at 27.3°, 45.8°, and 49.2° correspond to
the(111),(220),and (3 1 1) planes of zinc-blende
structure (cubic), respectively with the cell constant
0=6.07 A (JCPDS No. 03-065-2891). The humps at
45.8° were supposed to be a result of the integration of
the peak (220) and peak (311).
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Figurel: X-ray diffraction pattern of CdSeQDsprepar ed at
Cd/Seratioof 1.2 (CdSe3)

TEM observation

TEM images of CdSe QDs were used to deter-
mine the size and the shape of CdSe QDs. The as-
prepared CdSe QDs sample made with Cd/Seratio of
2.2 (CdSe3) isshown in Figure 2. As seen, the QDs
synthesized in thisstudy consisted of basically round
particles. Most of these particleswere of 2 ~ 3 nm.
The sdlected areaelectron diffraction (SAED) patterns
of the QDswerea so shownin Figure 3. Three con-
centricringswereobsarved, givinginterplanar distances
of 0.332,0.203 nm and 0.171 nm. Note that there had
threediffraction peaksat 27.3°, 45.8°, and 49.2° for
the CdSe QDsand the corresponded interplanar dis-
tances were 0.351, 0.215, and 0.183 nm. Thus the
TEM and SAED resultsof theQDswerein good agree-
ment with those of the XRD pattern. Another interest-
ing point wasthat thetwo concentricringsin Figure 3
werevisibly broadened, asign of interplanar distanced
istribution of the QDs. Thus, therather flat humpsin
Figure 1 wasrelated probably not only to the particle
refinement but dso to theinterplanar distancedistribu-
tion of the QDs.
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ratio of 1.2 (sample CdSe3)

Figure3: Selected areaeectron diffraction (SAED) of CdSe
QDs(sample CdSel3)

FTIR spectra

TheFTIR spectraof TGA-capped CdSeQDsare
showninFigure 2b. The spectraclearly showsthein-
teraction between TGA and CdSe QDs. Asshownin
Figure 2, abroad absorption band around 3400 cm-1
isassigned to O-H vibration of the absorbed H,O. The
stretching vibration of thethiol group (2550 cm™) was
absent. Asreported®!, dueto the formation of cova-
lent bonds between thiolsand the Cd?* ions of the sur-
face of QDs, the peaks of —SH group on the surface of
QDsdisappeared. It disclosed that TGA-capped CdSe
QDswereformed. The characteristic absorption band
of C=0 vibration shiftsfrom 1700 cm™ to 1626 cm™.
Therefore, theseresults strongly suggest that thethiol
groupsof TGA coordinatewith Cd?* ionsonthe QDs

—== Fyf] Paper
surface, and the hydrophilic hydroxyl groupsface out-

ward, making QDswater-soluble.

TGA-Capped CdSe QD

T T T T T T T T
4000 3500 3000 2500 ., 2000 1500 1000 500

Figure4: FT-IR spectraof CdSe QDscapped with TGA
UV spectra

Typica UV-vis absorption spectra of the obtained
CdSeQDswithdifferent sizesarepresented in Figure
5. TheUV-vis absorption edge of CdSe QDs showed
an obviousred-shift with decreasing the Cd/Semolar
ratio, indicating theeffect of quantum confinement. From
quantum s zeeffects, theredshiftsof the abbsorption pesk
indicated theincrease of particlesize. Hencethesize-
tuning of CdSe QDswaseasily achieved by controlling
themolar Cd/Seratiosinreactionmedia Theexcitonic
absorption peak was not very distinct, indicating the
formation of CdSe QDswithwideparticlesizedistri-
bution. Thediameters of CdSe QDsbeforeand after
microwave hydrothermal treatment were cal cul ated
from the excitonic absorption peak usingasmpleef-
fective mass approximation (EMA) model proposed
by Brug®,

Theresultsrevealed that the particle diameter and
the concentration of the as-prepared CdSe QDswere
approximately intherange 2.1to 1.7 nm. Ascan be
seen, the CdSe QDs exhibited very broad bands at-
tributed to defect-related emission*®. Thereasonfor
the generation of defect-related emission may bethat
the extremely small diameter hasavery high surface-
to-volumeratio, and the high-density dangling bonds
and trap siteson the surface are easy to beformed and
difficult to be passvated.

Figure6, showstheUV absorption spectraof CdSe
QDsafter microwavehydrothermal treatment at 110°C
for 10 minutes. The microwave hydrothermal trestment
of QDsat resultsinasystematic red-shiftinal samples.
Asshiftinwavelength (nm) and particlesizesof QDs
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before and after microwave hydrothermal treatment at
110°C are summarized in TABLE 2.

=~ CdSe-5

CdSe-4

400 500 600

cm’
Figure5: UV absor ption spectra of CdSeQDsbeforemicro-
wavehydrother mal treatment

700 800 900

- N CdSe-5
g F\ CdSe-4
L T % CdSe-3

400 500 600 700
cm”
Figure6: UV absorption spectra of CdSeQDsafter micro-

wave hydrother mal treatment at 110°C for 10 minutes

300 900

TABLE 2: UV adsor ption wavelength (nm) and particlesizes
of QDspr epared with TGA ascapping agent, beforeand after
hydrothermal treatment at 110°C

sample Befor e treatment After treatment
Mnm) Diameter (nm) A(nm) Diameter (nm)

Cdsel 476 2.14 487 2.23
Cdse2 500 2.35 524 261
CdSe3 525 2.63 531 271
CdSe4 529 2.67 535 2,77
CdSe5 533 2.74 539 2.84
Quantumyied (QY)

Thequantumyield (QY) wasobtained by usinga
conventional route, integrating the PL band of CdSein
chloroform and comparing the intensity to that of
Rhodamine 6G in anhydrousethanol. TABLE 3, gives
thequantumYield (QY) of CdSe QDs prepared with
TGA ascapping agent, beforeand after hydrothermal
treatment at 110°C. The photoluminescence quantum
efficiency of as-prepared CdSe QDsat room tempera
ture showslow quantumyield valuesbetween 5.4-1.5.
Generally, thequantum yield decreasesasthe QD size
increases. Microwave hydrotherma treatment of QDs
at 110°C for 10 minutes increases the QY. This en-
hancement of the QY may be attributed the better pas-
svation of surfacetraps participating inthe non-radio-
activerecombination processes®. Thisresultsfromthe
hydrothermd treatments.

TABLE 3: Quantumyield (QY) of CdSe QDsprepared with
TGA ascapping agent, beforeand after microwave hydro-
thermal treatment at 110°C

Sample QY (%)
Before After
CdSel 5.4 7.2
CdSe2 4.3 5.1
CdSe3 3.1 4.4
CdSe4 2.3 3.1
CdSe5 15 25
CONCLUSIONS

In summary, TGA-capped CdSe QDs were suc-
cessfully synthesized in agueous medium. Thesynthe-
sisof CdSe QDsisfacileand can be easy scaled for
largeamount synthesis. Thecrystal structureof CdSe

Watariosy Stience  mm—.
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QDs havezinc-blende structure as confirmed by X-ray
powder diffraction aswell as Selected Area Electron
diffraction (SAED) (alongwith TEM). Thesizeof the
prepared QDs can be controlled by the Cd/Se molar
ratiointhereaction media Thequantumyield (QY)
and themean s zeincreased by microwave hyrothermad
treatmentsat 110°C for 10 min.
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