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Highly luminescent CdSe and CdTe quantum dots (QDs) are prepared in a hot solvent of capping molecules
(TOP/TOPO/HDA for CdSe and TOP/DDA for CdTe). The influence of exchange of the capping molecules
with different types of thiol molecules (amino ethanethiol, (3-mercaptopropyl)trimethoxysilane, hexanethiol,
2-propenethiol, and 4-mercaptophenol) is investigated for both CdSe and CdTe QDs. A remarkable difference
is observed: capping exchange with thiol molecules results in an increased luminescence efficiency for CdTe
QDs but induces quenching of the excitonic emission of CdSe QDs. The striking difference between the two
types of 11-VI QDs is explained by the difference in the energy of the valence band top. The lower energetic
position of the valence band for CdSe results in hole trapping of the photogenerated hole on the thiol molecule,
thus quenching the luminescence. For CdTe the valence band is situated at higher energies with respect to
the redox level of most thiols, thus inhibiting hole trapping and maintaining a high luminescence efficiency.

1. Introduction a higher QE. However, the same thiols that resulted in an

increase of the luminescence lifetime and QE for CdTe QDs

induce quenching of the luminescence of CdSe QDs. This
remarkable difference between CdSe and CdTe is explained by
the difference in the position of the valence band relative to

the redox level of the thiol capping molecule.

Nanocrystalline semiconductors have attracted great interest.
over the past decades because their optical and electrical
properties are remarkably different from those of bulk semi-
conductors:? Good control over the particle size, together with
a high quantum efficiency (QE), can be obtained by several
high-temperature syntheses in coordinating solv&rita high ) )
QE, especially in the visible, is crucial for the application of 2- Experimental Section
quantum dots (QDs) in biological labels, quantum dot lasers,
and LEDs®°

Thiols form an important class of capping molecules, and

The syntheses of CdTe and CdSe QDs are performed under
a dry argon atmosphere. Capping exchange is performed in a
glovebox under nitrogen. All samples are stored in vials under

thiols with a polar headgroup are used to synthesize water-inet gtmosphere for luminescence and luminescence lifetime
soluble QDs that can serve as biological lad&K.In the case measurements

of CdSe QDs, however, the QE strongly decreases after capping . . .
- : _ : .~ Synthesis of CdTe Quantum Dots.Highly luminescent
exchange with thiols such as (3-mercaptopropyl)trimethoxysi CdTe QDs were synthesized in a mixture of TOP/DDA

lane (MPS) andN,N-dimethyl-2-mercaptoethylammonium chlo- ; . . .
ride 1g In (:S(?ntrast we have r)(/acently pre%ared)i/vater-soluble thiol- (trloctylphosphll[17ellgi odecylamine) following the method reported
: . . Iy ' by Wuister et al.”'*8DDA was purified and degassed by heating
0,
capped CdTe QDs with a high efficiency (up to 60%) and a at 100°C under vacuum for several hours. In a three-necked

monoexponential decdy, demonstrating that the capping

exchange with thiols has a beneficial effect on the quantum fll_astl;]ilo glof[idrnyvlaDrA agg ngl_zcz)f TOlIEZVﬂ%h:aatfgéosm

efficiency (QE) for CdTe QDs. Highly efficient thiol-capped 0 this solution were added 0.22 g (1. o) o ( .B).

CdTe QDs have also been reported by Weller and co- 7 mL of TOP and 0.16 g (1.25 mmol) of Te powder (grain size
14.15: o . . <250um). The reaction mixture was heated to I&for 2 h,

workersi#1>in striking contrast with the weakly luminescent yielding orange-emiting ODs with a OF of 15% at room

thiol-capped CdSe QDs reported by the same giélipis the : ) .
purpose of this paper to understand the remarkable differencelmperature. The final product (CdTe QDs in TOP/DDA) is a
liquid at room temperature.

between the luminescence behavior of these two related ] ) )
semiconductors upon binding to thiols. Both types of QDs were _ Synthesis of CdSe Quantum DotsHighly luminescent CdSe

prepared via well-known high-temperature synthesis methods. QDS were prepared by the method reported by de Mello Donega
The capping molecules of trioctylphosphine (TOP) and dodec- et al° A total of 20 g of TOPO, 10 g of HDA, and 2 mL of
ylamine (DDA)-capped CdTe and TOP/trioctylphosphineoxide &nhydrous triethylorthoformate are transferred into a 250-mL
(TOPO)/hexadecylamine (HDA)-capped CdSe QDs were ex- three-necked, round-bottom flask and heated slowly to"€30
changed with thiols containing different functional groups (both At this point, the heating mantle was removed, and the
polar and apolar). After capping exchange the CdTe QDs show temperature was allowed to fall. A solution of 10 mL of TOP

a strong excitonic emission with a monoexponential decay and containing 0.79 g of Se (as TOfSe complex) and 0.28 g
Cd(Me) was quickly injected into the mixture when the

*To whom correspondence should be addressed. Phergl-30- temperature reached 300. After the injection, the temperature
2532207. Fax:+31-30-2532403. Email: s.f.wuister@phys.uu.nl. was allowed to fall further to 178C. The reaction mixture was
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then stabilized at the desired growth temperature (1B5for 14 J10°
2 h, yielding orange-emitting QDs with a QE of 55% at room 12 B
temperature. _ =
Capping exchange with thiol molecules can be used to make 2 Lo -
QDs with surface functionalities that make them soluble in a ‘g 0.8 E ;
wide variety of solvents (polar and apolar) and can give the 2 g
QDs a positive or negative surface charge. The high affinity of £ 2
the thiol group for the Cd surface atoms with respect to the E 0.4 4102 E
amines drives the exchange of the amine (HDA or DDA) by & o2 T.= 9 ns 5
the thiol. In the present experiments five different thiols are A Z
. . . . . . 0.0 1 N N T N N N
used with different functional groups: amino ethanethiol, (3- 500 600 700 800 0 20 30 o %6
mercaptopropyl)trimethoxysilane, hexanethiol, 2-propenethiol, W avelength (nm) Time (ns)

and 4-mercaptophenol.

Capping Exchange of CdTe and CdSe QDs with Amino-
ethanethiolHCI. Either 100uL of the final product of CdTe
QDs in the TOP/DDA coordinating mixture or 0.2 g of CdSe
in the TOP/TOPO/HDA matrix was dispersed in 5 mL of

Figure 1. (A) Normalized absorption and emission spectia &
400 nm) and (B) luminescence decay curves of TOP/DDA-capped
CdTe QDs.

the emission peak. The QEs of the samples were determined
chloroform. Subsequently 100 of a 0.5 M methanolic solution ~ using a SPEX Fluorolog spectrofluorometer, equipped with two
of amino-ethanethieHCI (AET) was added under nitrogen monochromators (double-grating, 0.22 m, SPEX 1680, model
atmosphere until the particles flocculate. After the flocculation, F2002) and a 450-W xenon lamp as the excitation source with
ultrapure water (16 M. cm) was added to the suspension, commercial laser dyes as standards (Rhodamine B and Cou-
resulting in a two-phase system. Upon shaking the QDs were marine 153, QE= 90%), as described in detail elsewhere.
transferred into the water phase, as positively charged particles.
Capping Exchange of CdTe QDs with (3-Mercaptopro-
pyhtrimethoxysilane. For the preparation of CdTe QDs that
are soluble in ethanol, 2L of (3-mercaptopropyl)trimethoxy- 3.1. Capping Exchange with Thiols of TOP/DDA-Capped
silane (MPS) was added to1@Q of the final product of CdTe ~ CdTe Quantum Dots.CdTe QDs can be grown in a mixture
QDs. Afte 1 h the particles were diluted with 10 mL of absolute of TOP and DDA, where TOP coordinates to Te and DDA to
ethanol, and 10@L of NH3 (agueous solution, 29%) was added Cd. Via this method CdTe QDs can be prepared at high
to hydrolyze the methoxy groups of the MPS. The optically temperatures (typically 156200 °C), yielding QDs with high
clear solution was left overnight under stirring to complete the crystallinity. The size of the particles is determined by the

3. Results and Discussion

hydrolyzation of the MPS.
Capping Exchange of CdTe QDs with Hexanethiol.

reaction temperature and time. Quantum efficiencies up to 65%
have been obtainéd.Figure 1A shows the absorption and

Hydrophobic thiol-capped CdTe QDs were prepared by addition €mission spectra of CdTe QDs prepared in a mixture of TOP

of 50 uL of hexanethiol to 10Q«L of the crude solution of

and DDA at a growth temperature of 185. From the position

CdTe QDs in the TOP/DDA coordinating mixture. After 1 day Of the first maximum in the absorption spectrum (555 nm) the
the particles were soluble in various organic solvents. For the particle size is estimated to be 3 nm. The emission spectrum
studies reported here, chloroform (5 mL) was used as solvent.shows two bands. The intense band around 590 nm is ascribed
Capping Exchange of CdTe and CdSe QDs with Allyl- to the exciton emission of CdTe QDs. The width of the exciton
mercaptan. QDs capped with an alkenylthiol were prepared Peak is 50 nm (1450 cm), corresponding to a polydispersity
by addition of 50uL of allyimercaptan (AM, 2-propenethiol) of about 15%. The broad band around 675 nm is ascribed to a
to either 10QuL of the final product of CdTe QDs in the TOP/  defect-related emissioff. The decay curve of the exciton
DDA coordinating mixture or 0.2 g of CdSe in the TOP/TOPO/ emission is depicted in Figure 1B. The decay curve is not single
HDA matrix. After 1 day, 5 mL of chloroform was added. exponential. The faster initial decay reflects the emission from
Capping Exchange of CdTe and CdSe QDs with 4-Mer- QDs wit'h a higher nonradiative decay rate. A di;trjbutipn in
captophenol.QDs capped with 4-mercaptophenol were prepared decay times is expected as a result of a variation in the
by addition of 20ug of 4-mercaptophenol to either 104 of nonradiative decay rates for dlfferent QDs due to a variation in
the final product of CdTe QDs in the TOP/DDA coordinating tyPe and number of the quenching centers. This results in a
mixture in chloroform or 0.2 g of CdSe in the TOP/TOPO/ spread of luminescence lifetimes for different quantum dots.
HDA matrix in chloroform. The e value (the time at which the intensity has decreased to

Apparatus. Emission spectra, recorded with a 0.25 m Acton 1_/e of the initial value) is an estimate for t_he average decay
Research monochromator fitted with a Princeton Instruments ime. For TOP/DDA capped CdTe QDs (with a QE of 15%)
liquid nitrogen cooled CCD camera, and luminescence decaythe decay time is determined to be about 9 ns, which is
curves were measured simultaneously using a Pico Quant lasefomparable to the decay times reported in ref 15 for CdTe QDs.
(Jex = 406 nm, 2.5 MHz repetition rate, 55 ps pulse width) as 1he features of the TOP/DDA-capped CdTe particles as
excitation source. For luminescence lifetime measurements adescribed here (both excitonic and defect-related emission and
monochromator (1350 lines mrhgrating, blazed at 500 nm) @ nonexponential exciton luminescence decay) are characteristic
in combination with a fast Hamamatsu photomultiplier tube for the TOP/DDA-capped CdTe QDs that were used for the
decay curves were obtained by time correlated single photon CdTe QDs grow slowly as a result of the slow dissolution of
counting (TCSPC) via time-to-amplitude conversion (TAC) with Te (as TOP-Te) in the TOP/DDA mixture, thus yielding CdTe
a Time Harp 100 computer card. The ratio of stop to start pulseswith a very high crystallinity” This is one of the factors
was kept low (below 0.05) to ensure good statistics. All contributing to the high QE. DDA capping molecules (bound
luminescence decay curves were measured at the maximum ofo the Cd sites of the CdTe QD) are not very strongly bound
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Figure 2. Emission spectral{x = 400 nm) and normalized luminescence decay curégs= 406 nm) of the excitonic emission for (A) AET
(in water), (B) MPS (in ethanol), (C) AM (in chloroform), and (D) HT (in chloroform) capped CdTe QDs.

capping molecules compared to, for instance, tHidEherefore MPS-, and HT-capped CdTe QDs the decay time was deter-
exchange of the DDA surface molecules for thiols takes place mined to be 19 ns, and for AM-capped CdTe QDs a slightly
rapidly. This is reflected in the fast precipitation of the QDs shorter decay time was observed (17 ns). The lifetime is almost
after AET addition and the immediate increase in the lumines- independent of the solvent and the functional group of the thiol
cence intensity and the luminescence decay time upon hex-and is close to the radiative lifetime of CdTe QB<learly,
anethiol addition (see below). This makes CdTe QDs, preparedcapping exchange with thiol molecules results in a reduced
in TOP/DDA, well-suited for surface molecule exchange nonradiative decay, as is evidenced by the increase of the
experiments. Four different types of thiols have been used for luminescence QE accompanied by a single-exponential decay
capping exchange to make the CdTe QDs water-soluble (amino-of the emission. The higher luminescence efficiency is ascribed
ethanethioHCI, AET), soluble in ethanol ((3-mercaptopropyl)- to a better surface passivation by the thiol capping molecules.
trimethoxysilane, MPS), and soluble in organic media by For CdTe QDs with an optimized QE after synthesis in TOP/
capping with saturated (hexanethiol, HT) and unsaturated (2- DDA, capping exchange with AET has been shown to yield
propenethiol or allylmercaptan, AM) alkanethiols. water-soluble QDs with a QE as high as 68%vhich is in
Figure 2 (left side) shows the emission spectra of CdTe QDs agreement with the presently observed beneficial effect of
capped with AET (A), MPS (B), AM (C), and HT (D). In all  capping exchange with a variety of thiol molecules.
four spectra an intense emission band around 590 nm is observed 3.2. Capping Exchange with Thiols of TOPO/HDA-
that is ascribed to the exciton emission. The exciton peak of Capped CdSe Quantum DotsMonodisperse CdSe QDs with
the MPS-capped CdTe QDs has a shoulder at higher energyhigh QE (up to 85%) can be prepared in a mixture of TOP/
The origin of this shoulder is not clear. In some of the spectra TOPO/HDA? This yields QDs with an excitonic emission band
(B—D) a defect-related emission (around 680 nm) is still that can be tuned from green to red, depending on the growth
observed, although the intensity has decreased in comparisortemperature and time. Here, CdSe QDs are grown at°C85
to the intensity prior to capping exchange with thiols. This for 2 h, giving orange-emitting QDs with a QE of 55%. Figure
defect-related emission originates from surface defects since3A shows the emission spectrum of CdSe QDs (about 3.4 nm
recapping with AET removes this type of emission almost in size). The intense peak around 590 nm is assigned to the
completely?3 This defect-related emission is also observed in exciton emission. As a result of effective capping of the surface
efficient samples since the QDs are not all chemically identical. by TOP, TOPO, and HDA, no defect-related emission is
The contribution of the defect-related emission to the observed. The luminescence decay curve is depicted in Figure
luminescence signal has reduced from 15% to at most 6% 3D. A monoexponential decay curve withrge value of 28 ns
(determined by integrating the peak intensities). The QE is observed. The value of 28 ns for the luminescence decay
increases after capping exchange with thiols and varies betweertime is consistent with the findings of de Mello Doriegfzal®
20% and 40%. for a sample with amnsembl&E of 85%, indicating that the
Figure 2 (right side) shows the luminescence decay curves gmission of the CdSe QDs is dominated by radiative recombina-
of CdTe QDs capped with AET (E), MPS (F), AM (G), and tion.
HT (H) measured at the maximum of the exciton peak. All For capping exchange two different thiols were used: AET
luminescence decay curves show a monoexponential behaviorand AM. Thiols are capable of partially replacing TOPO at the
A monoexponential decay implies that the radiative process is QD surface?? while the amine (HDA) can be replaced efficiently
dominant for allluminescingQDs. The QE of the luminescing by the thiol. AET-capped particles were suspended in water,
QDs must therefore be close to unity. Because the QE of the and AM-capped particles in chloroform. In Figure 3 the emission
ensemble is only 2640%, about 66:80% of the dots are  spectra (B, C) and luminescence decay curves (E, F) are depicted
assumed to be “dark” or weakly luminescéht®2°For AET-, for the CdSe QDs after capping exchange with AET and AM.
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Figure 3. Emission spectraitx = 400 nm) and normalized luminescence decay curggs= 400 nm) of the exciton emission of CdSe QDs
capped with TOP/TOPO/HDA in chloroform (A, D), AM in chloroform (B, E), and AET in water (C, F).

The introduction of thiols to the CdSe surface has a strong effect

on the luminescence QE, which drops from 55% to a few 33 CdTe o
percent. Still, a weak excitonic emission is observed for the 40l CdSe 9 los
thiol-capped samples and in the case of AET-capped CdSe QDs o)

in water also a defect-related emission is observed around 700 __ 45} — | 400 ~
nm. The luminescence decay curves (measured at the maximum %5 L5ev Z
of the exciton emission) of the two thiol-capped samples show :;5 S0F 17 eV thiol 105 %
a fast and strongly nonexponential decay. The decay time ( 5 jm——— ® “
value) of the AM-capped CdSe QDs in chloroform is 7 ns, and @ 3r o/ X_ea_ 10
that of AET-capped CdSe QDs in water is 4 ns. The fast initial ook / 1) 1is
decrease in the luminescence intensity also shows that fast ’ — 0 ’
nonradiative decay processes are induced by the thiol capping 65 20
molecules. Figure 4. Positions of bulk CdSe and bulk CdTe band edges shown

3.3. Hole Trapping on Thiols in CdSe and CdTe Quantum both on a vacuum scale and with respect to a standard hydrogen
Dots. Capping exchange with thiols affects the luminescence electrode reference. The standard potential expected for a thiol that
properties of CdSe QDs in a way remarkably different from does not quench the CdTe exciton luminescence is given by a solid
that observed for CdTe QDs. Thiols that yield a high QE and '(i”r% fei%fgufgiirg;dcggg?- r';gé‘?égagﬂg%gsﬁegﬁﬂgi;E?atggse
amonoexponential decay fqr CdTe QDs are observed to almos} Ee assumed position for the sta?ndard potential of a thiol that quenches
completely quench tf_]e IL_Jmmescer_lce of _CdSe (see above a”‘ihe luminescence of both CdSe and CdTe (pro@%s
also refs 12-16). This difference is particularly remarkable
considering that the two II-VI semiconductors are chemically level of a thiol is situated above the top of the valence band of
similar and have comparable band gap energies. An explanationCdSe but below the top of the valence band of CdTe, an
for the strong difference between thiol-capped CdSe and CdTeinteresting situation arises (Figure 4). Hole trapping is energeti-
QDs can be found in the energetic position of the top of the cally favorable for thiols attached to CdSe (proc@sbut not
valence band. Figure 4 depicts the absolute band edge positiongor CdTe (proces®). For radiative recombination both the hole
of bulk CdSe and CdTe in aqueous solution at p# 1. and the electron are needed. If the hole is trapped on a thiol

Hole trapping from the semiconductor nanocrystal on a thiol molecule, radiative recombination of the exciton is not possible,
is energetically favorable only if the thiol redox energy level is resulting in a strongly reduced QE. If the thiol redox energy
situated at higher energies than the valence band top. CdSe (antkvel is situated between the valence band top of bulk CdSe
also CdS) can very efficiently convert thiols into disulfides via and CdTe, its different influence on CdSe and CdTe QDs can
a photocatalytic reactiotf. The first step in this process involves  be explained, because this situation would induce quenching
trapping of a photogenerated hole on a thiol molecule that is of the luminescence for CdSe QDs while increasing the QE for
strongly adsorbed at the CdSe surface. Hole trapping on a thiol CdTe QDs through a better surface passivation. The observation
molecule results in the creation of a thyil radical, and two thyil of a weak excitonic emission for CdSe QDs capped with AET
radicals can be converted into a disulfide. This process is very and AM is explained by a competition between hole trapping
efficient and observed not only for CdS and CdSe electfddes and radiative recombination. The rate of radiative exciton
but also for CdS and CdSe QB%2¢Hole trapping is inhibited recombination is constant, whereas the hole trapping rate
by an energy barrier when the top of the semiconductor valencedepends on the redox energy level of the thiol and therefore on
band is above the thiol redox energy level. the nature of the thiol. If the redox energy level of the thiol is

The energy difference between the tops of the valence bandshigher in energy, the trapping will be energetically more
of bulk CdSe and CdTe is more than 0.5 eV. If the redox energy favorable. This will increase the trapping rate and therefore
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B T T T T topropyl)trimethoxysilane (MPS), hexanethiol (HT), and allyl-
mercaptan (AM) yields QDs with higher QEs and a mono-
exponential decay for the exciton emission. For CdSe QDs
capping exchange with AET and AM results in a strong decrease
in QE and a faster and nonexponential luminescence decay. The
guenching of the exciton emission of CdSe QDs is explained
by trapping of the photogenerated hole on the thiol capping
molecules. The remarkable difference between thiol-capped
CdTe and CdSe QDs is explained by the difference in position
of the top of the valence band with respect to the redox energy
! level of the thiol molecule. Capping exchange with 4-mercap-
0 20 . 40 60 80 tophenol results in quenching of the exciton emission for both
Time (ns) CdSe and CdTe QDs and is explained by the high redox energy

Figure 5. Luminescence decay curve&,(= 406 nm) of the exciton  |evel of this thiol with respect to other thiols investigated in
emission of 4-mercaptophenol-capped CdTe QDs. this work.

Normalized Intensity

decrease the quantum efficiency of the CdSe QDs. The strong
initial decrease in intensity that is observed in the luminescence
decay curves of the AET- and AM-capped CdSe QDs also
illustrates that hole trapping is a fast process compared to
radiative recombination.
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