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The size-dependent optical properties of semiconductor nano-
crystals have recently motivated attempts to use them as novel
building blocks for optoelectronics and bioengineering applications.1

To attain these ends, the ability to prepare semiconductor nano-
crystals with controlled size and composition is of primary
importance. A variety of methods are now accessible for preparing
size-controlled II-VI semiconductor nanocrystals such as CdS,2-4

CdSe,3-5 and CdTe nanocrystals.3,4,6,7With the exception of size-
selective photoetching of CdS nanocrystals,8,9 control of the
nanocrystal band gap has mostly been achieved via “growth” of
nanocrystals during synthesis. Other approaches have modified the
optical properties of the nanocrystals by creating inorganic shells
or alloying10-12 or by compensating surface defects with organic
molecules.13,14However, the former processes usually require high-
temperature treatment, and the latter process does not provide
control of the optical properties over a wide spectral range.

The development of facile methods for controlling the optical
properties of nanocrystals in mild conditions is an important
challenge and could lead to a more powerful set of band gap
engineering schemes. Herein, we describe a simple and convenient
method that allows control of the optical absorption and fluores-
cence emission of CdTe nanocrystals over a relatively wide visible
spectral range. Control is achieved through selective surface
modification by thiolate ligands and can be performed in ambient
conditions. The optical properties are controlled simply by altering
either the concentration of ligands introduced to the nanocrystal
surface or the reaction times, thus providing an alternative process
to conventional synthetic strategies.

In a typical procedure, 3.3-nm CdTe nanocrystals stabilized by
thioglicolic acid were prepared in water, as described previously.7

The CdTe nanocrystals were then phase-transferred into a toluene
phase using tetra-n-octylammonium bromide (TOAB), providing
a clear red solution of CdTe nanocrystals stabilized with thioglicolic
acid in the carboxylate form and complexed with the TOA cation.15

To this dispersion was added a portion of 1-decanethiol (DT) in
toluene, and the mixture was kept in the dark under mild stirring
for several hours. During this period, the color of the solution
gradually changed to orange or yellow (Figure 1) depending on
the amount of DT added.

Figure 2A shows the time course of absorption and emission
spectra after addition of DT (final concentration: 38.4 mM) to a
toluene solution of CdTe nanocrystals (32µM). Both the initial
absorption edge and emission peak shift to higher energies; after
mixing of DT for 15 min, 1 h, and 2 h these edges and peaks shifted
to 550 and 575 nm, 520 and 545 nm, and 470 and 520 nm, respec-
tively. For each sample, CdTe nanocrystals were precipitated by
addition of acetonitrile, resulting in the removal of free thiolate
molecules and TOAB. Surface modification of CdTe nanocrystals
is clearly observed in FT-IR spectra of the purified nanocrystals

(see Figure S1). The ratio of the intensity of the C-H stretching
band to the CdO stretching band increases with reaction time, in-
dicating ligand exchange of the initially surface-bound thiolates
with DT.

The emission peak shifts remarkably at the early stages of
reaction and then saturates (Figure 2B). The degree of blue shift
depends on both the amount of DT added and the reaction time;
adding a larger amount or increasing the reaction time leads to a
greater blue shift, thereby providing kinetic control over the
emission peak wavelength of the CdTe nanocrystals.16

Previous attempts using direct phase transfer of thioglicolic acid-
stabilized CdTe nanocrystals from water to a dodecanethiol phase
(without phase-transfer reagents) did not result in any distinct
changes in solution color; rather, a slight red shift was observed in
both absorption and emission spectra.13 In contrast, the blue shift
observed in the toluene phase clearly indicates a different mech-
anism of surface modification. One possible explanation is that the
nanocrystals are becoming smaller during reaction. However, sur-
prisingly, transmission electron microscopy of purified nanocrys-
tals obtained 5 h after addition of DT reveals nanocrystals with a
mean size of 3.2 nm, almost the same size as the initial nanocrystals
(3.3 nm, Figure S2). To gain more insight into the reaction process,
we conducted analytical experiments on the purified nanocrystals,
and several important results were obtained. First, EDX analysis
demonstrated that the reaction is accompanied by a decrease in Te
content and an increase in S content (Table 1). Importantly, the
sum of Te and S species, relative to Cd, is almost constant for
these samples. Second, ICP analysis of the filtrate solution obtained
after purification confirmed the dissociation of only Te species (no
Cd signal was evident) from the nanocrystals (results not shown),
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Figure 1. (A) Photographs of solutions containing CdTe nanocrystals before
and after being mixed with DT for various times. (B) Fluorescence images
of the purified nanocrystals (excited at 350 nm).

Figure 2. (A) Absorption and emission spectra of CdTe nanocrystals
obtained after addition of DT to toluene at room temperature in air for (a)
15 min, (b) 1 h, and (c) 2 h. (B) Plots of emission peak position as a function
of reaction time with DT.
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which is consistent with the EDX results. Third, the S 2p XPS
spectrum for the purified nanocrystals is similar in form to that of
the initial nanocrystals (Figure S3) and indicates that S is in the
form of decanethiolate (SC10) rather than a metal sulfide such as
CdSx.

From the above results, we conclude that the process includes
exchange of Te species with DT molecules in a 1:1 stoichiometric
manner.17 This selective exchange likely occurs at the nanocrystal
surface, possibly generating thin CdTe1-x(SC10)x shells. The growth
of this shell leads to a corresponding decrease in the size of the
inner CdTe “core”, as schematically shown in Figure 3. From these
considerations, we propose that the observed blue shift arises from
a decrease in the region that dictates the optical properties of the
resulting nanocrystals, that is, the CdTe core within the nanocrystals,
while the unknown CdTe1-x(SC10)x shell is generated to maintain
the apparent nanocrystal size. Our proposed model is consistent
with the aforementioned analytical results and is supported by basic
calculations.18

Significantly, the reaction does not occur in an inert atmosphere.
Moreover, after partial modification of the nanocrystals with DT
(reaction time: 3 h) followed by purification using acetonitrile, a
further blue shift was not observed when adding only DT or TOAB
in air but was observed when adding both species (Figure S4),
indicating that dissolved oxygen, TOAB, and DT are requisite in
the reaction. Although it is not yet clear which components play
the major roles in the reaction, the process could be mediated by
cooperative behavior that includes selective dissociation of Te
species, which can be oxidized by dissolved oxygen,19 from nano-
crystal surface and simultaneous attachment of DT at the defect
site thus formed. The fact that the crystal structure of the cubic
zinc blend and the mean diameter of the nanocrystals remained
unchanged (Figure S2) supports this idea. This mechanism is also
consistent with the process depicted in Figure 3, in which the key
factors are shell formation and a corresponding decrease in the size
of the “luminescent cores” of the nanocrystals. Significantly, a
similar trend was observed for other alkanethiols (e.g., hexanethiol,
octadecanethiol, and benzyl mercaptan; Figure S5) and for smaller
nanocrystals (Figure S6), indicating the generality of the process.
Further experimental study to explore the mechanism in detail is
currently underway.

In conclusion, we achieved kinetic control of the optical pro-
perties of CdTe nanocrystals by simple chemical surface modifica-
tion using alkanethiol molecules at room temperature. This process
could offer an attractive alternative to conventional synthetic strate-

gies, providing a new band gap engineering scheme for nanocrystals
as well as unique opportunities in the design of ligand-stabilized
semiconductor nanocrystals with tunable composition and optical
properties.

Supporting Information Available: Experimental details, FT-IR
spectra of purified nanocrystals, TEM images, XPS data, and results
for partially surface-modified nanocrystals and reaction with alternative
alkanethiols and smaller nanocrystals. This material is available free
of charge via the Internet at http://pubs.acs.org.
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(17) To characterize single nanocrystals, we performed nanobeam EDX analysis
using a 3-nm electron beam spot for TEM observation. The composition
of single nanocrystals was broadly consistent with the average composition
obtained by EDX analysis in FESEM observation (Table 1). These results
also gave direct evidence of Te dissociation from the nanocrystals and S
incorporation into the nanocrystals.

(18) Assuming that our model is relevant, we roughly estimated the CdTe core
size obtained after reaction with DT for 5 h using the data shown in Table
1 and the unit cell volume of cubic CdTe nanocrystals (0.27 nm3). The
initial 3.3-nm CdTe nanocrystal has ca. 276 Te atoms. EDX analysis
reveals that ca. 57% Te is dissociated after reaction for 5 h (Table 1),
which indicates that ca. 117 Te atoms remain in the CdTe core. This
implies formation of CdTe cores with a diameter of 2.5 nm, which
reasonably accounts for the emission peak wavelength of the nanocrystals
obtained 5 h after reaction(520 nm). Since the estimated core size indicates
a shell thickness of ca. 4 Å and the lattice constant of cubic CdTe is 6.5
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the final core size of 2.5 nm. When the outermost Te species are almost
completely exchanged with DT, the DT layers thus formed may prevent
further dissociation of Te from the core so that the reaction is terminated,
resulting in saturation of the spectral blue shift.

(19) This reaction did not work for CdSe nanocrystals. This may be due to the
relative stability of Se towards oxidation. We believe that the present
process is due to the inherent instability of Te anions, which can be readily
oxidized by dissolved oxygen (ref 6).
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Figure 3. Schematic diagram of the proposed process for band gap
engineering of CdTe nanocrystals.

Table 1. Atomic Contents of Purified Nanocrystals Obtained after
Various Reaction Timesa

reaction time/h S (%) Cd (%) Te (%) (S + Te)/Cd (−)

0 26.1 43.4 30.5 1.30
0.25 28.7 44.3 27.0 1.26
0.5 29.5 43.5 27.0 1.30
1.0 34.4 43.5 22.1 1.30
2.0 42.1 43.5 14.4 1.30
5.0 43.2 43.9 13.0 1.28

a The final concentrations in the reaction solution for these data were
32 µM and 38.4 mM for CdTe nanocrystals and DT, respectively.
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