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Abstract The comparison of growth processes and fluor-

escent properties of CdTe semiconductor quantum dots

(QDs) that are synthesized in water with different modi-

fiers are discussed in this paper. The samples are charac-

terized through ultraviolet-visible spectra (UV-Vis),

photoluminescence spectra (PL) and zeta potential. The

results show that when the reaction time is prolonged for

the same modifier, the ultraviolet absorption peak and

fluorescent emission peak present obvious red shifts and

the diameters of the QDs continuously increase. With the

same reaction time but different modifiers, QDs with dif-

ferent diameters can be gained. The average full width at

half maximum of the photoluminescence spectra is about

50 nm which shows that the monodispersity is quite good.

Under the best reaction conditions, the highest quantum

yield (QY) can be attained by using thioglycollic acid

(TGA) as modifier when the reaction time is 240 min.

The zeta potential is influenced by the modifier and pH.
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1 Introduction

Research on semiconductor nanocrystals (NCs), also

known as quantum dots (QDs), has increased rapidly in

the past few decades. Luminescent semiconductor

quantum dots have been intensely studied due to their

unique optical properties [1]. In particular, semiconductor

QDs are very attractive as biological labels because of

their small size, emission tunability, superior photostabil-

ity and longer photoluminescence (PL) decay times in

comparison with conventional organic dyes [2–6]. These

highly luminescent nanoparticles have photophysical

properties superior to organic dyes but the high temper-
ature required to synthesize them can be problematic for

some applications [4,5,7]. One of the major challenges is to

obtain water-soluble QDs with a high PL quantum effi-

ciency (QE). Arrested precipitation in water in the presence

of stabilizers (e.g., thiols) is a faster and simpler method to

synthesize water-soluble QDs and has been applied to sev-

eral semiconductors potentially relevant to biolabeling (e.g.,

CdS, CdSe, CdTe). For CdS and CdSe, this yielded NCs
with defect-related emission and a low QE. For CdTe QDs,

both excitonic and defect-related emission bands were

observed. Although samples with no observable trap lumin-

escence were also obtained, the typical PL QEs were only

3%–10%. After post-preparative treatment, QEs of up to

40% were obtained. A strategy to prepare highly efficient

(QE ca 50%) water-soluble QDs is thus still lacking.

In this study, we report a novel method that yields

highly luminescent water-soluble CdTe QDs, with either

positive or negative surface charge. We also discuss the

advantages of different thiols used as capping agents of
CdTe QDs which are relevant for the further design of

surface properties of the nanocrystals.

2 Experiments

2.1 Materials

Cadmium chloride (CdCl2?2.5H2O), tellurium (Te

reagent powder), and sodium borohydride (NaBH4)

were purchased from Fluka. Thioglycolic acid (TGA),

cysteamine [CA], cysteine [DL-Cys] were obtained from

Sigma- Aldrich. All chemicals were used without further

purification. Deionized water with a nominal resistivity

higher than 18.2 MV-cm was produced by Barnstead
E-Pure.

2.2 Characterization

Ultraviolet-visible (UV-Vis) spectra were used to follow
the reaction process and to characterize the optical prop-

erties. The spectra were measured in 1cm quartz cuvettes

in air at room temperature with a Unicam-UV 300
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spectrophotometer. Photoluminescence (PL) measure-

ments were performed at room temperature using a

PerkinElmer LS 55 spectrofluorimeter. The room-tem-

perature PL quantum efficiency (QE) of CdTe nanocrys-

tals was estimated by comparison with Rhodamine 6G

(laser grade, Lambda Physik) in ethanol (Uvasol) assum-

ing its PL QE as 95%. In order to avoid any significant

reabsorption, the optical densities (OD) of all solutions

were below 0.15 at the excitation wavelength used.

Powder X-ray diffraction (XRD) measurements were

carried out with a Philips X’Pert diffractometer (Cu

Ka-radiation, variable entrance slit, Bragg-Brentano

geometry, secondary monochromator). Specimens were

prepared by placing finely dispersed powders of CdTe

nanocrystals on standard Si supports. Zeta potential

measurements were done with a MALVERN

ZETASIZER 2000 potentiometer.

2.3 Synthesis of thiol-stabilized CdTe nanocrystals

In a typical synthesis 2.5 mmol of CdCl2?2.5H2O is dis-

solved in 110 mL of water, and 12 mmol of the thiol sta-

bilizer (TGA, DL-Cys or CA) is added under stirring,

followed by adjusting the pH to appropriate values

(depending on the stabilizer nature, see Table 1) by drop-

wise addition of 1 M solution of NaOH or HCl. The solu-

tion may be slightly turbid at this stage because of the

insufficient solubility of Cd thiolate complexes but this

does not influence the subsequent reactions. The reaction

mixture is placed in a three-necked flask fitted with a

septum and valves and is deaerated by N2 bubbling for

,30 min. Under stirring, NaHTe (a purple clear liquid

generated by the reaction of 2.4 mmol of Te powder with

5 mmol NaBH4 in 8 mL water under N2 atmosphere and

stirring then cooling in an icebath and, finally, centrifu-

gation at 5000 rpm for ,10 min) is passed through the

solution together with a slow nitrogen flow for ,20 min.

CdTe precursors are formed at this stage. The precursors

are converted to CdTe nanocrystals by refluxing the reac-

tion mixture at 100uC under open-air conditions with a

condenser attached.

3 Results and discussion

3.1 Optical properties of thiol-capped CdTe

nanoparticles

The formation process of the CdTe nanocrystals can be

identified from both the color change and the UV-Vis

spectra of the solution. As the reaction proceeded, the

solution was observed to change from colorless to trans-

parent yellow to light brown and then red brown. This

directly indicated the formation of differently-sized

CdTe nanocrystals.

Figure 1 shows typical absorption spectra of a size

series of CdTe nanocrystals. Figure 2 compares absorp-

tion maximum as a function of reaction time for the

CdTe synthesized in highly pure water with three differ-

ent stabilizers. Figure 3 shows room-temperature photo-

luminescence (PL) spectra of a size series of CdTe

nanocrystals. Figure 4 compares emission maximum

and full width at half-maximum (FWHM) as functions

of time for the CdTe synthesized in highly pure water

with three different stabilizers. The spectra were mea-

sured on as-prepared CdTe colloidal solutions which

were taken from the refluxing reaction mixture at differ-

ent intervals of time and diluted with water to provide

the optical densities appropriate for PL measurements

(about 0.1 at the excitation wavelength). A clearly

resolved absorption maximum of the first electronic

transition of CdTe QDs appears which shifts to longer

wavelengths as the particles grow in the reaction pro-

cess. The size of the growing CdTe QDs is further con-

trolled by the duration of reflux and can easily be

monitored by absorption and PL spectra. The duration

of the heat treatment necessary to reach a certain par-

ticle size depends on the nature of the stabilizer. Thus,

the absorption maximum of CdTe QDs shifts from

488 nm to 533 nm when the heating time is extended

from 30 min to 240 min in the presence of thioglycolic

acid, from 531 nm to 590 nm when cysteine is used as

the stabilizer and from 535 nm to 586 nm when cystea-

mine is used as the stabilizer. With the same reaction

time but using different stabilizers, QDs with different

diameters can be gained. All samples show a well-

resolved absorption maximum of the first electronic

transition indicating a sufficiently narrow size distri-

bution of the CdTe QDs. The absorption maxima shifts

to longer wavelengths with increasing size of the nano-

crystals as a consequence of quantum confinement. The

room-temperature PL excitation spectra also display

electronic transitions at higher energies. PL technique

allows detection of the luminescence emitted by particles

with selected size. The difference between PL and

absorption spectra is a result of the inhomogeneous

broadening which affects the UV-Vis spectra to a greater

degree than the PL spectra. The PL bands are located

close to the absorption thresholds (so-called band-edge

or ‘‘excitonic’’ photoluminescence) and are sufficiently

narrow (FWHM, as low as 35 nm being increased up to

55–60 nm for size fractions of large CdTe nanocrystals).

The average FWHM is about 50 nm, which shows that

the monodispersity is very good. The position of the PL

maximum of the smallest (,2 nm) luminescent CdTe

QDs is located at 493 nm (green emission), whereas

the largest (,6 nm) CdTe nanocrystals obtained emit

in the near-IR with a PL maximum at 607 nm. The

whole spectral range between the two wavelengths is

covered by the intermediate sizes of CdTe QDs.
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3.2 Surface charge of thiol-capped CdTe nanocrystals

Figure 5 shows zeta potential patterns obtained from

water solutions of CdTe nanocrystals. The stabilizers

and pH values all affect the electric potential of CdTe

QDs. The zeta potential is negative when the stabilizer is

TGA and pH values are from 0 to 14. The zeta potential is

positive when the stabilizer is DL-Cys and pH values are

from 0 to 6, negative when pH values are from 6 to 14. The

zeta potential is positive when the stabilizer is CA and pH

values are from 0 to 14. The zeta potential decreases with

increasing pH values whichever stabilizer is used. It is

believed that the binding force between the hydrosulfide

group (–SH) and QDs is very strong and the surface

charge of QDs is mainly controlled by the stabilizer with

a hydrosulfide group. The carboxyl group (–COO2) of

TGA is negative and the amino group (–NH3
+) of CA is

positive. DL-Cys has both carboxyl group and amino

group. When the solution is acidic, the amino group

becomes ionic because of the excess hydrogen ion (–H+)

which leads to a positive DL-Cys. When the solution is

alkaline, the carboxyl group becomes ionic because of the

excess hydroxyl ion (–OH2) which leads to a negative state

DL-Cys [8].

3.3 Structural characterization of thiol-capped CdTe

nanocrystals

Figure 6 shows typical XRD patterns obtained from pow-

dered precipitated fractions of CdTe nanocrystals synthe-

sized when the stabilizer is CA and the reaction time is

240 min. Five distinct diffraction peaks were observed at

2h values of 24.0u, 39.7u, 47.0u, 63.2u and 72.1u, respect-
ively, corresponding to the (111), (220), (311), (331) and

(422) crystalline planes. The nanocrystals belong to the

cubic (zinc blende) structure which is also the dominant

crystal phase of bulk CdTe. The broad nature of the XRD

peaks could be attributed to the nano-crystalline nature of

Fig. 2 Absorption maximum as a function of reaction time
for the CdTe synthesized with different modifiers

Fig. 1 Absorbance spectra of CdSe nanoparticles at differ-
ent reaction times
(a) modified with TGA; (b) modified with DL-Cys; (c) modified
with CA

Synthesis of CdTe colloidal quantum dots (QDs) in water 327



CdTe particles which is consistent with the result from the

UV-Vis and PL spectra.

4 Conclusions

Water-soluble positively and negatively charged CdTe

QDs have been reported in this paper. The additional

Fig. 3 Fluorescence spectra of CdTe nanoparticles prepared
at different reaction times
(a) modified with TGA; (b) modified with DL-Cys; (c) modified
with CA

Fig. 4 The emission maximum (a) and full width at half
maximum(FWHM) (b) as a function of time for the synthesis
of CdTe with different modifiers

Fig. 5 Zeta potential of QDs aqueous solution with different
modifiers
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functional groups of the thiol capping molecules of the

nanocrystals provide their water solubility, high processa-
bility and desired surface charge. The method reported

here is also very attractive for its simplicity compared to

other methods for producing water-soluble semi-

conductor QDs. It also yields water-soluble NCs with

photophysical properties superior to those presented by

NCs prepared directly in water via arrested precipitation.
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Fig. 6 XRD pattern of the CdTe quantum dots

Synthesis of CdTe colloidal quantum dots (QDs) in water 329



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


