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C
olloidal quantum dots (QDs) are sus-
pensions of semiconductor nanopar-
ticles that offer both the intriguing

optical properties of quantum-confined par-
ticles, and the practical advantages of solu-
tion-based processing.1�3 In the past two
decades, aqueous synthesis of colloidal
QDs has gained much popularity and
evolved tremedously.4�8 This simple and
cost-effective technique allows very small
(2�6 nm), monodisperse, and highly water-
soluble QDs to be synthesized in gramquan-
tities. QD capping plays a pivotal role in the
properties and utility of the material; the use
of short-chain thiols, such as thioglycolic acid
(TGA), as capping agents has been shown to
greatly improve the photoluminescent (PL)
quantum efficiency of as-synthesized QDs to
values of 40�60%.4 3-Mercaptopropionic
acid (MPA) has also shown to offer a larger
range of size and PL tunability and a longer
emission decay time.4 Other thiols, such as
1�thioglycerol (TG), are found to be more
suitable for synthesizing stable core�shell
QDs.7 The unique properties of the different
colloidal QDs have potentials for a wide
field of novel applications ranging from
photovoltaics9 and optoelectronics,10 to
biosensing,11 bioimaging,12 and even cancer
treatments.13

One of the most important technological
challenges in QD advancement is the devel-
opment of a cost-effective, reliable, and
sensitive optical monitoring system to con-
trol the physical, chemical, and size-depen-
dent properties of QDs before, during, and
after their fabrication on a nanometer scale.
To measure and compare these properties
between the different QDs, many analytical
techniques have been employed including
but not limited to PL, electrolumines-
cence (EL), ultraviolet�visible spectroscopy
(UV�vis), transmission electron microscope
(TEM) or high resolution transmission elec-
tron microscope (HRTEM), capillary zone

electrophoresis (CZE), X-ray diffraction
(XRD), and X-ray photoelectron spectrosco-
py (XPS). These techniques provide valuable
information on the composition and prop-
erties of the QDs; yet, none of them de-
scribes how the capping agents interact
with the core of the QDs. Their impact on
the overall molecular structure, molecular
complex, and different QD properties also
remains unclear. Consequently, this limits
our capability to improve the quantum
efficiency, stability, and bioconjugating abil-
ity further from what has been achieved
today. Complex QD designs for increasing
performance and functionalities in different
applications remain very challenging.
Fourier-transform infrared spectroscopy

(FT-IR) can be an alternative for determining
themolecular interactions between theQDs
and their capping agents. However, the
strong andbroad absorption bands ofwater
often overlap with those from the QDs and
stabilizing agents. This limits the number of
vibrational modes that can be resolved.
A complementary technique to FT-IR

is Raman spectroscopy, which is a rapid
and nondestructive means of probing mo-
lecular vibrations optically through inelastic
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ABSTRACT A novel hollow-core photonic crystal fiber platform was used for the first time to

observe clear vibrational modes of the CdTe core, CdS0.7Te0.3 interface, and carboxylate-metal

complexes in dilute aqueous CdTe quantum dot (QD) solutions. These modes demonstrate the

presence of crystalline cores, defects, and surface passivation responsible for photoluminescent

efficiency and stability. In addition, 3-mercaptopropionic acid (MPA)-capped QDs show higher

crystallinity and stability than those capped with thioglycolic acid (TGA) and 1�thioglycerol (TG).

This detailed, nondestructive characterization was carried out using Raman spectroscopy for

solutions with QD concentration of 2 mg/mL, which is similar to their concentration during synthesis

process. This platform can be extended to the in situ studies of any colloidal nanoparticles and

aqueous solutions of relevant biological samples using Raman spectroscopy.
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scattering. Raman provides the unique vibrational
modes or “fingerprints” of the molecules that enable
similar molecular structures to be unambiguously dis-
tinguished and identified. More importantly, the vibra-
tional modes of water are inherently weaker in Raman
scattering than in FT-IR. Distinctive Raman modes
of colloidal QDs in their native and dilute aqueous
environment can be readily obtained without signifi-
cant interference. However, Raman scattering has
not been successful in characterizing QDs because
it is generally very weak compared to elastic scatter-
ing, and it is further weakened in aqueous or
dilute solutions; therefore, it has only been used in
characterizing QDs coated on films or in powder
form.8,14�17 Surface-enhanced Raman spectroscopy
(SERS) has also been used to obtain an enhanced
Raman signal from solutions.18�20 However, metallic
nanoparticles have to be mixed with the QD solution,
which could alter the structure and properties
of the QDs from its as-synthesized state due to con-
formational changes when interacting with metallic
nanoparticles.
An alternative means of enhancing Raman signals

from aqueous or diluted solutions, without the need of
additional metallic nanoparticles, is hollow-core
photonic crystal fiber (HC-PCF).21,22 HC-PCFs are optical
fibers consisting of a central air core and a high air-
filling fraction cladding formed by a periodic air hole
array in silica. The periodic air holes confine the pump
laser inside the central core of the PCF through
both photonic bandgap effects and total internal
reflections.23 This is a distinguishing feature of our
technique as we can utilize both guiding mechanisms
by selectively filling the central air core with QD
solution to maintain the photonic bandgap effects of
the cladding. By confining both the pump laser and the
solution along the length of the PCF, a larger volume
for light�matter interaction is achieved compared
to that of a conventional Raman spectroscopy
scheme.24,25 Figure 1 compares the conventional Ra-
man spectroscopy scheme with the one using HC-PCF
as an interaction medium for Raman spectroscopy. In
conventional Raman spectroscopy (Figure 1a), the
pump laser is focused directly into the QD solution to
generate Raman scattering. Most of the Raman signal
detected is scattered from the beamwaist of the pump
laser in which the pump laser is most intense. In this
case, the pump laser and the QDs are only interacting
in the volume limited by the spot size of the pump laser
in the lateral direction and the depth of field in the axial
direction. Since Raman signals are scattered in all
directions, only a fraction of the scattered signal is
collected by the objective and detected by the detec-
tor due to the limited numerical aperture of the
objective. In the case of an aqueous QD solution, the
amount of scattered signal detected from the small
quantity of QDs dispersed in water is very minimal.

By employing HC-PCF as the medium for light�mat-
ter interactions (Figure 1b), both the pump laser and
theQD solution can be confinedwithin the central core
of the HC-PCF. Subsequently, the confined laser power
within the core induces a strong interaction with the
solution that is filled inside. Thus, Raman signals are
scattered throughout the whole length of the fiber as
opposed to just the depth of field of the objective in
the conventional scheme. Since Raman signals are only
slightly shifted from the wavelength of the pump laser,
they will also be confined inside the central core of the
PCF. As a result, the output signal from the fiber end
will be collected more efficiently by the objective and
directed to the detector. In addition, it is important to
note that the pump laser is confined inside the “liquid”
core of the PCF; thus, the interaction between the
pump laser and the glass wall of the fiber is minimal
and the resulted interference is very limited in the
presence of other vibrational modes and backgrounds.
With the use of HC-PCF, the detected Raman signal can
be 2 orders of magnitude greater than that of the
conventional Raman spectroscopy.26 In addition, the
unprecedented interaction volume can be increased
by extending the length of the fiber. The limiting
factors are the absorption and the attenuation due to
propagation loss of the pump laser inside the central
core, which we can optimize through appropriate de-
signs of the HC-PCF.
In the essence of combining HC-PCF with Raman

spectroscopy, the practical advantages of optical fibers
are added to the conventional scheme. This includes
the high flexibility and compactness of optical fibers
for remote sensing and in situ detections, sampling
versatility, and potential for low-cost analysis as the
cost of HC-PCF drops dramatically through economies
of scale. In addition, HC-PCF requires only a very small
sample volume for detection, and it is capable of
detecting multiple compounds in parallel. This is cru-
cial in many biological, environmental, and forensic

Figure 1. Raman scattering and signal collection in (a)
conventional Raman spectroscopy and (b) Raman spec-
troscopy using HC-PCF.
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applications where sample analysis with only nanoliter
volume is required.
In nanomaterial analysis, this platform shows poten-

tial for low-cost in situ monitoring of QD structure
during the synthesis process. The usefulness of HC-
PCF for Raman spectroscopy has recently been demon-
strated in the studies of ZnO nanoparticles synthesized
through the base hydrolysis method,21 and colloidal
CdTenanoparticles postsynthesizedusing rapid thermal
annealing.22 In these studies, Raman modes of the ZnO
and CdTe nanoparticles were obtained owing to the
detected signal enhancement provided by the HC-PCF.
In this study, we report the enhanced detected

Raman signals from aqueous solutions of thiol-
stabilized CdTe QDs through the use of HC-PCF. The
structure of the highly fluorescent CdTe QDs and the
three different ligandsused for stabilization are shown in
Figure 2 along with their UV�vis and PL profile. Strong
and clear vibrational modes ascribed to the CdTe semi-
conductor core, capping agents, and their interfacewere
obtained for the first time in the aqueous medium. The
observed Raman vibrational modes are divided into
three regimes. Themodes in the low Raman shift regime
reveal the low crystallinity of CdTeQDs cappedwith TGA
due to a large inclusion of Te compounds and surface
defects. The modes in the mid and high Raman shift
regime reveal the formation of thiolates, and Cd�S

bonds between the thiolate and the CdTe core, which
stabilize the QD through a structured CdSxTe1�x ternary
compound.MPA is also found to promote the formation
of unidentate and chelating bidentate complexes with
theCdTe core. These complexes further passivate theQD
and potentially improve its stability at the expense of its
solubility andbioconjugating ability. Thiswork substanti-
ates the promise of HC-PCF in enhancing the Raman
scattering signal of nanoparticles in aqueous solutions
and enables possible studies of molecular structures
relating to the different properties of QDs.

RESULTS AND DISCUSSION

Figure 3 shows the Raman spectra of aqueous CdTe
QDs from100 to 1750 cm�1. The spectra are divided into
three regimes in which the peaks are correlated to the
vibrational modes in the CdTe semiconductor core,
capping ligands, and their interfacial structures. Some
of the modes are broad because they overlap with
multiple weak Raman modes that are located in
proximity. These modes may originate from different
functional groups, different conformations of the same
functional groups, or both. The limited sensitivity of the
system prevented them from being resolved.

CdTe Core and Te Defects. In the low Raman shift regime,
between 100 and 200 cm�1 as depicted in Figure 3(a),
Raman modes corresponding to the crystalline core and

Figure 2. (a) Core�shell structure of CdTeQDs. (b)Molecular structure of capping ligands. (c) UV�vis spectra of the CdTeQDs
(inset: fluorescent images of the QD solutions). (d) PL profile of the QDs.
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Te defects of the CdTe QDs are observed. The peaks at
∼120, ∼140 and ∼160 cm�1 are attributed to the Te A1,
Te E and CdTe TO, and CdTe LO modes of the QDs,
respectively.27�31 These modes are observed in all three
spectra indicating that both the crystalline CdTe core and
Tedefects arepresented in theQDs regardless of the type
and structure of the capping agent used. In particular, the
CdTe LOmodes are shifted to the lower wavenumber by
∼10 cm�1 compared to the LOmodeof bulk CdTe crystal
reported at ∼170 cm�1.28,32 These shifts indicate the
presence of phonon localization due to quantum con-
finement effects, which suggests that the expected zero-
dimensional CdTe structures are indeed in place. In
addition, the similar shifts of the CdTe LO mode among
the three spectra show that similar crystalline sizes are
formed with the three different capping ligands used.
Moving toward the lower Raman shifts at ∼120 and
∼140 cm�1, two Te modes are observed in the three
spectra. The two Te modes indicate the presence of Te
crystals, either within the center of the QD or the surface
defects at the boundary of the QDs.30,31,33 QDs with
surface defects are known to have lower crystallinity
and introduce trap states which reduces the PL quantum
efficiency.34 However, the amount of Te inclusions or

surface defects cannot be quantified from the spectra as
the Raman cross sections of Temodes are 75 times larger
than that of the crystalline CdTemodes.31 Because of the
close proximity and broadness of the Te E and CdTe TO
vibrationalmode at 140 cm�1, precise contribution of the
Te E modes from QDs with different caps cannot be
determined from their spectra. Nevertheless, we can
calculate the intensity ratios of the Te A1 mode to CdTe
LO mode to compare the crystallinity of these QDs. As
shown in Table 1, the ratio is highest for TGA-capped
QDs, followed by those for TG and then MPA. In our
previous study, we have shown that an increase in the
ratio indicates an increase in Te inclusion or surface
defects relative to the amount of CdTe crystals formed
in the QDs.22 This suggests that crystallinity improved
fromTGA-cappedQDs to TG-cappedQDs and is greatest
with MPA-capped QDs. The improved crystallinity con-
tributes to a greater PL efficiency with fewer trap states
that led to nonradiative processes; thus, a brighter QD is
synthesized with MPA. Overall, both the crystalline CdTe
core and defects are observed in QDs capped with TGA,
MPA, and TG. However, different crystalline cores are
obtained with MPA-capped QDs being the most crystal-
line among the three solutions.

Figure 3. Raman spectra of thiol-capped CdTeQDs dispersed in aqueous solutions. The Raman shift between (a) 100�200, (b)
200�310, and (c) 310�1750 cm�1 correspond to the low, medium, and high Raman shift regimes in which Raman modes of
the QD core (red box), core-thiol interface (purple box), and thiol agents (green box) are observed respectively. Te defect,
CdTe LO, and CdTe TO modes of the QD core are shown graphically in panel a. CdS and CdS0.7Te0.3 modes of the core�thiol
interface compound are shown in panel b. Carboxylate symmetric and asymmetric stretches of the thiol agents are shown in
panel c. TGA spectrum between 310�1750 cm�1 has been scaled for clarity.
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Core�Thiol Interface. In the mid-Raman shift regime,
between 200 and 310 cm�1, Raman modes are attrib-
uted to the interactions between the QD core and the
thiol capping agents as shown in Figure 3b. The two
peaks at ∼291 and ∼260 cm�1 shown in this regime
are ascribed to the surface optical phonon (SO)
mode of the CdS compound14,35 and CdS-like LO
phonon mode of the ternary CdSxTe1�x compound,
respectively.36,37 The presence of the two CdS related
modes denotes the formation of CdS compounds on
the surface of the QDs. This suggests that Cd ions on
the surface of theQD core are bondedwith the S ions in
the thiol terminus of the capping agents for stabiliza-
tion. This hypothesis is supported by the absence
of the S�H stretching modes, in the range of
2560�2590 cm�1, in all three spectra (not shown),
which shows that S�H bonds in the thiol groups are
broken and have then formed thiolates. These thiolates
have possibly interacted with Cd ions and formed CdS
compounds around the CdTe core. Several other stud-
ies have also proposed the same interaction between
the thiol group and the core of the QDs.8,38,39 Since no
visible CdS LO mode at ∼300 cm�1 is observed, a CdS
shell has not formed around the CdTe cores in the
three solutions. Instead, a CdSxTe1�x ternary structure
might have formed around the CdTe core, which is
commonly formed upon heating processes.40,41 It is
known that the position of CdS-like LO mode shifts
from305.6 (at x= 1) to 258.7 cm�1 (at x= 0) as S content
decreases in CdSxTe1�x compounds.36 Using the ex-
perimentally observed wavenumbers and their corre-
sponding CdSxTe1�x alloy compositions from Fischer
et al.,36 a composition around CdS0.7Te0.3 is estimated
for all three QD samples cappedwith the different thiol
agents. The rich S content in the alloys indicate that
many thiolates are coupled with the CdTe cores and
formed a system close to the CdS shell. This strongly
indicates that thiolates are strongly passivating the
surface of the QDs and thereby preventing the CdTe
core from exposing and interacting with the environ-
ment. Strong surface passivation also contributes to a
greater PL efficiency through elimination of surface
defect states.

It is important to note that both the CdS SO and the
CdS-like LO modes are observed in all three spectra
with the different capping agents used. The peak
position of the two modes are similar among the three
spectra, suggesting that the QD core interacts similarly
with the three thiol agents, thus achieving the same
alloy composition. Since the three thiol agents have
different chain lengths, this suggests that the degree of

surface passivationmight be unrelated to the length of
the thiol chain bonded to the QD surface. This is in
agreement with the finding from Algar et al., in which a
reduction of nonradiative decay rate with increasing
alkyl thiol chain length was not observed; thus, there
was no improvement on the surface passivation of the
QDs with lengthy thiol agents.42,43 In fact, it was
suggested that the longer alkyl thiol chain of MPA
and TG excludes water from the QD surface, resulting
in a higher quantum yield than the ones capped with
TGA (Figure 2d). Previously, it was reported that photo-
oxidation of the surface thiol agents could catalyze
the formation of disulfides through breaking the
Cd�S bonds and reacting with a neighboring thiol
group.44,45 However, no S�S vibrational modes in the
region between 480 and 510 cm�1 were observed in
any of the three spectra. This indicates the absence of
disulfide bonds and confirms that photo-oxidization
has not occurred in our solutions. The strong surface
passivation and the absence of photo-oxidization ob-
served from the Raman spectra further demonstrate
that the CdTe QDs capped with TGA, MPA, and TG are
all highly stable in their native aqueous environment.

Carboxylate�Metal Complexes. In the high Raman shift
regime, between 310 and 1750 cm�1, vibrational
modes of the thiol capping agents are observed as
shown in Figure 3c. Notably, the peaks between 1330
and 1500 cm�1 and between 1570 and 1580 cm�1 are
attributed to the symmetric and asymmetric stretching
modes of the carboxylates, respectively.8,39,46 These
modes are only observed in TGA, and MPA-capped
QDs, in which one end of the thiol chain is terminated
with a carboxylic acid group. These modes indicate
that the carboxylic acid groups are absorbed onto the
QD surfaces as carboxylates, most likely by forming
bonds with the Cd ions on the CdTe core. Though one-
phonon Raman modes of CdO are not allowed due to
the selection rules, no well-defined vibrational modes
can be extracted from the Raman spectra.47 Never-
theless, it is known that the carboxylic acid group
can be absorbed on metals as carboxylates after
deprotonation.8,39,48,49 Multiple shifted modes of car-
boxylate symmetric stretches might also have risen if
multiple complexes of the carboxylate would have
been formed. As such, the two symmetric stretching
modes observed are a result of two carboxylate�metal
formations.

On the basis of previous work, carboxylate ionsmay
coordinate to a metal in one of the three modes:
unidentate, bridging bidentate, and chelating
bidentate.46,48 These complexes can be identified
through the wavenumber separations, Δ, between
the symmetric and asymmetric stretches of the
carboxylate. Unidentate complexes exhibit Δ values
(200�470 cm�1) that are much greater than the ionic
complexes. Conversely, chelating bidentate com-
plexes exhibit Δ values (<110 cm�1) that are much

TABLE 1. Intensity Ratios of the Te A1 Mode to CdTe LO

Mode for CdTe QDs Capped with Different Thiol Agents

intensity ratio TGA TG MPA

Te A1/CdTe LO 2.949 0.901 0.499
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less than the ionic complexes. Bridging bidentate
complexes exhibit Δ values (140�190 cm�1) that lie
in between the chelating bidentate and ionic com-
plexes. As shown in Table 2, both TGA and MPA-
capped QDs have two carboxylate�metal com-
plexes. Both TGA and MPA show the formation of
chelating bidentate complexes. In addition, TGA
formed the bridging bidentate complexes while
MPA formed the unidentate complexes. It was re-
cently reported that the carboxylate�metal complex
changes from unidentate to bridging bidentate
when the average size of the QDs increases from 8
to 20 nm.8 However, the average particle sizes of our
TGA andMPA-cappedQDs calculated are very similar
(i.e., 3.20 nm for TGA-capped QDs and 3.07 nm for
MPA-capped QDs using their first absorption max-
imum at 546 and 536 nm, respectively).50 The small
size difference between the two QD solutions is
unlikely to cause a difference in the carboxylate�
metal complex. This suggests that the length of the
alkyl thiol chain might have influenced not only the
type of complexes formed but also the amount of
complexes formed. To compare the quantity of
carboxylate�metal complex formed between the
different interactions and QD solutions, the intensity
ratios of the COO symmetric stretches to the CdS 2SO
mode are calculated. As shown in Table 3, the two
ratios are much greater than 1 for MPA-capped QDs
and less than 1 for TGA-capped QDs. The large ratio
implies that a large quantity of carboxylate ions is
coordinated with the Cd ions. This is not only sug-
gesting that the formation of carboxylate�metal
complexes is much more favorable with MPA than
with TGA, but also that the surface of the QD is more
passivated by carboxylates in the MPA chain.51,52 As
a result, fewer defect sites are present in MPA-
capped QDs, which corresponds to a higher PL
quantum efficiency, however, in the sacrifice of

losing its solubility potentially due to the reduction
of free carboxylate ions. Bioconjugation to the QDs
might also be limited with a reduced number of
thiol terminuses on its surface. Since the chelating
bidentate interactions of the carboxylates�metal
complex are stronger than the unidentate interac-
tions of the thiolates�metal complex, the larger
quantity of chelating bidentate complexes formed
in MPA-capped makes it more stable than the TGA-
capped ones. Altogether, both TGA and MPA-capped
QDs form carboxylate�metal complexes with the
CdTe core, but the longer alkyl chain in MPA enabled
a larger quantity of the complexes to be formed
with it rather than with TGA; thus potentially per-
mitting a higher stabilized QD to be synthesized
with MPA.

CONCLUSION

In summary, we demonstrated the use of HC-PCF to
obtain efficient Raman scattering of the different
thiol-capped CdTe QDs in aqueous environment.
Strong and clear Raman modes of the CdTe semi-
conductor core, capping ligands, and their interfacial
structures were successfully observed and compared
without integrating any metallic nanoparticles for
enhancement. To the best of our knowledge, this is
the first time that such strong Raman modes of the
thiol-capped CdTe QDs in aqueous solution have
been reported. The enhanced detected Raman sig-
nals were achieved through increased light�matter
interaction and efficient accumulation of the Raman
scattering signal along the whole length of the HC-
PCF.
In addition, our experimental results also demon-

strated the great potential of HC-PCF for optical
sensing with minuscule analyte volume. The use of
HC-PCF can be extended to the in situ studies of
colloidal nanoparticles using Raman spectroscopy.
Physical changes of the QD structure, such as crystal-
linity, interfacial modes, and surface passivation, can
be monitored and controlled dynamically during the
various synthesis processes for property optimiza-
tions. For example, surface chemistry between QDs
and electrode surface can be optimized to achieve
efficient sensitized photocurrents for practical
photovoltaic devices. Furthermore, structural dy-
namics of the QDs can be determined experimen-
tally in different biological systems to reveal
the possible cause of some undesirable effects

TABLE 2. The Wavenumber Separations, Δ, between the Symmetric and Asymmetric Stretching Modes of the

Carboxylate, and Their Corresponding Carboxylate�Metal

capping agent separation between νs(COO)
a and νas(COO), Δ1 structure separation between νs(COO)

b and νas(COO), Δ2 structure

TGA 187 cm�1 bridging bidentate 70 cm�1 chelating bidentate
MPA 215 cm�1 unidentate 102 cm�1 chelating bidentate

a Symmetric stretches between 1300 and 1400 cm�1. b Symmetric stretches between 1400 and 1500 cm�1.

TABLE 3. Intensity Ratios of the Symmetric Carboxylate

Stretch to CdS 2SO Mode

intensity ratio

capping agent νs(COO)
a/CdS 2SO νs(COO)

b/CdS 2SO

TGA 0.205 0.547
MPA 12.803 5.390

a Symmetric stretches between 1300 and 1400 cm�1. b Symmetric stretches
between 1400 and 1500 cm�1.
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(i.e., cytotoxicity and photobleaching). Systematic
study of molecular structures will enable us to better
understand the basis of different QD properties
which further optimizes our QD designs for different

applications. Ultimately, HC-PCF can be served as
a platform for studying the vibrational modes of
complex aqueous solutions of relevant biological
samples such as DNA.53

METHODS AND MATERIALS
The thiol-capped CdTe quantumdots (QDs) used in this study

were synthesized with minor modification to literature
procedure.54,55 Sodium borohydride (NaBH4, 99%), tellurium
powder (∼200 mesh, 99.8%), cadmium chloride (CdCl2, 99%),
thioglycolic acid (TGA) (98%), 3-mercaptopropionic acid (MPA)
(99%), and 1-thioglycerol (TG) (99%) purchased from Aldrich
chemicals. All chemicals were used as received; Millipore Q
water (18 sm) were used throughout the nanocrystal synthesis.
Synthesis of TGA-capped CdTe QDs: 300 mg (7.90 mmol) of

NaBH4 was dissolved in 10 mL of water under argon environ-
ment and cooled in an ice bath. A 400mg (3.14mmol) portion of
tellurium powder was added, and the reaction mixture was left
stirring for 2 h to get a deep pink-purple clear solution. The
resulting NaHTe solution was kept under argon before use.
CdCl2 (1.15 g, 6.28 mmol) was then dissolved in 70 mL of
Millipore water and bubbled with argon for 20 min. One mL
(15.08 mmol) of TGA was slowly added to this solution, which
results in the formation of white precipitate due to the forma-
tion of Cd�TGA complex in the solution. The pH value of the
solution was adjusted to 11.0 by dropwise addition of 2.0 M
NaOH solution with stirring. The freshly prepared NaHTe solu-
tion was then rapidly added to the Cd precursor solution at
room temperature. After being continuously stirred at room
temperature for 10min, the resulting orange solution is refluxed
for a predetermined time (2�16 h) and then cooled to room
temperature. The obtained CdTe NCs were precipitated by the
addition of reagent grade acetone and were isolated and
purified by repeated precipitation/centrifugation cycles with
acetone/water and dried in vacuum for overnight. Solid CdTe
QD samples were then weighted and dispersed in deionized
water to prepare aqueous solutions of 2 mg/mL and 0.4 mg/mL
for Raman and photoluminescence (PL) measurements
respectively.
MPA-capped CdTe QDs were obtained using 400 mg of

tellurium powder, 297 mg of NaBH4, 1.15 g of CdCl2, and
1.15 mL of MPA as described above. TG-capped CdTe QDs were
obtained using 565 mg of tellurium powder, 420 mg of NaBH4,
1.0 g of CdCl2 and 1.62 mL of TG as described above.
Raman spectra were acquired using a Horiba Jobin Yvon

HR800 micro-Raman system equipped with a CW 632.8 nm
HeNe laser in the range of 2�5 mW. The spectral resolution of
the spectrometer was about 1 cm�1. The laser light was focused
onto the hollow-core photonic crystal fibers (HC-PCFs) using a
100� objective. Each spectrum was averaged over 40 measure-
ments with an accumulation time of 30 s. Room temperature PL
measurements were performed using a Perkin-Elmer lumines-
cence spectrophotometer in aqueous solution. The HC-PCFs
used in these experiments were obtained from NKT Photonics,
HC-800-01. Each piece was segmented, stripped, and cleaved
into pieces of ∼6 cm long. The core of the HC-PCF was
selectively filled, using a technique developed by Irizar et al.,21

to allow enhancement of the detected Raman signal through
bandgap confinement of the pump laser. Raman spectra ob-
tained were baseline removed and fitted with Gaussian or
Gaussian�Lorentzian mixed functions to determine their peak
positions, amplitudes, and full-width at half-maxima (FWHMs).
The positions of the functions fit to the spectra are labeled in
Figure 3.
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