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ABSTRACT In this study, we report on the synthesis of (dSe/CdS

CdS

core—shell ultrasmall quantum dots (CS-USQDs) using an aqueous-based

wet chemistry protocol. The proposed chemical route uses increasing
concentration of 1-thioglycerol to grow the (dS shell on top of the
as-precipitated CdSe core in a controllable way. We found that lower
concentration of 1-thioglycerol (3 mmol) added into the reaction medium
limits the growth of the CdSe core, and higher and increasing concentration

(5—11 mmol) of 1-thioglycerol promotes the growth of CdS shell on top of

the (dSe core in a very controllable way, with an increase from 0.50 to

CdSe/CdS USQDs : 11mmol 1-thioglycerol
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1.25 nm in shell thickness. The growth of (S-USQDs of CdSe/CdS was confirmed by using different experimental techniques, such as optical absorption (0A)

spectroscopy, fluorescence spectroscopy, X-ray diffraction, Fourier transform infrared spectroscopy, and Raman spectroscopy. Data collected from OA were

used to obtain the average values of the CdSe core diameter, whereas Raman data were used to assess the average values of the (dSe core diameter and

CdS shell thicknesses.
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Itrasmall quantum dots (USQDs) dif-
l |fer from traditional quantum dots

(QDs) as they present both much
higher fluorescence quantum efficiency
and molar absorptivity.! Owing to their
enhanced physicochemical characteristics,
preparation of USQDs has attracted much
interest in recent years,>~* though few re-
ports regarding reproducible, robust, and
costless USQD synthesis routes are found in
the literature. Typical synthesis protocols
use organometallic precursors®* dispersed
in nonaqueous media,” in which case and
depending on the targeting application
require surface manipulation to make the
USQDs dispersed in a different end media.
However, surface manipulation has its own
drawbacks as it may affect both the physico-
chemical stability and the optical properties of
USQDs%” To avoid surface manipulation
while providing a costless and nontoxic pre-
paration protocol, we succeeded in synthesiz-
ing MSQDs directly in agueous medium using
a highly reproducible chemical route.2°

SILVA ET AL.

Although there are few reports regarding
the potential applications for CdSe USQDS,
we believed that they can be used as
chemical'®™"? and biological sensors'>~">
and solar cells."®~"® Similarly to traditional
QDs, the luminescence of CdSe USQDs can
be enhanced using surface-dressing moi-
eties, which reduce incomplete surface
bonds and defect levels. Thiol ligands'® 22
are frequently used as surface-coating moi-
eties in aqueous-based protocols as they
have strong binding affinity to USQDs' sur-
face in addition to being effective at minimiz-
ing differences in surface energies between
different facets of growing crystals.>® More-
over, thiol-based ligands enable USQDs to be
isolated while dispersed in aqueous media,
thus favoring their use in biotechnology.

Core/shell semiconductor heterostruc-
tures have new and interesting optical and
optoelectronic properties that can be manipu-
lated using wave function engineering.?**
Different optical properties can be engineered
depending on the type of semiconductor
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nanostructure involved and the relative positions of
the electron—hole energy levels. Basically, three types
of band alignment can be distinguished, namely, type |,
type | reverse, and type I1.2° CdSe quantum dots coated
with ZnS?”%® or Cd$***° shells are labeled type |
band alignment structures. This configuration improves
luminescence efficiency and chemical and photochemi-
cal stability.3*? The reduced lattice mismatch between
CdSe and CdS (~3.9%), in comparison to the case of CdSe
and ZnS (~12%), facilitates epitaxial growth of the CdS
shell around the CdSe core while improving electron
accessibility.>? Core/shell QDs are usually produced using
two-step protocols: synthesis and purification of the
core first following surface termination with the shell
material2® The literature reports single-step synthesis
approaches for core/shell QDs, as well3*73° Recently,
Deng et al. synthesized CdTe/CdS core/shell MSQDs by
varying core—shell composition and shell thickness, thus
providing a broad possibility for properties' modulation.
Then, light emission can be tuned from visible (480 nm) to
near-infrared (820 nm) by overcoating the magic-sized
CdTe core with CdS using different shell thicknesses.?’
Silva et al. synthesized CdSe/CdS core/shell magic-sized
QDs (CS-MSQDs) in aqueous medium and managed to
control the CdS shell thickness during the growth process
by controlling the synthesis temperature.®® In the present
report, a novel approach to grow CdSe/CdS core/shell
ultrasmall quantum dots (CS-USQDs) in aqueous medium
in which the CdS shell thickness can be modulated by
controlling the 1-thioglycerol concentration is introduced.

RESULTS AND DISCUSSION

Figure 1a shows the optical absorption (OA) and
normalized fluorescence (FL) spectra of CdSe-based
nanocrystals with increasing concentrations of 1-thio-
glycerol (xT). In all the recorded OA spectra, the lowest
energy excitonic band (OA.,) was found at higher
energy compared to bulk CdSe (1.74 eV). This finding
indicates that all the CdSe-based nanocrystals exhibit
quantum confinement effect3® In addition, the ob-
served excitonic energy levels were found in the range
expected for ultrasmall QDs (USQDs). The CdSe:1T
sample shows a wide absorption band, red-shifted
with respect to the other CdSe-based samples. This is
explained by the relatively lower concentration of the
stabilizer (1-thioglycerol) used in the preparation pro-
tocol and consequent incomplete surface coating that
facilitates rapid nanocrystal growth. The pH 11 of the
synthesis protocol is another influencing factor. Sev-
eral authors®”® have observed that higher pH values
used in the synthesis protocol favor the growth of
larger quantum dots. This is associated with a higher
dissociation rate of the precursor compounds®*“® and
lower CdSe solubility,*’ ~** which favors QD nucleation
and growth. The PL spectra for the CdSe:1T sample
show a fluorescence band with a maximum associated
with the excitonic transition at approximately 535 nm
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Figure 1. Optical absorption and normalized fluorescence
spectra of the CdSe USQDs with increasing concentration
(xT) of 1-thioglycerol.

(2.31 eV). Two additional features at approximately 577
and 604 nm are attributed to surface defects, which are
caused by incomplete passivation of the CdSe USQD
surfaces.**~*’ As a result of the higher concentration of
1-thioglycerol used in the synthesis protocol, the ex-
citon OA band of the CdSe:3T sample is blue-shifted
with respect to the exciton band of the CdSe:1T
sample. Higher concentration of 1-thioglycerol shields
the nanocrystal's surface more efficiently, hindering the
QD growth and resulting in smaller nanocrystals*®*°
while presenting reduced incomplete surface bonds
and defect levels. However, we found a slight red shift
in the OA for samples prepared with 1-thioglycerol
concentration higher than 3 mmol, which opposes the
QD growth limitation caused by the stabilizer.*4#%>01
Actually, the observed red shift provides evidence
for the growth of core—shell structures®® associated
with a high degree of mixing in the core and shell
LUMOs (molecular orbital model) and a loss of quan-
tum confinement effect (particle-in-a-box model).>2
This evidence of core/shell formation is further supported
by the FL spectra (Figure 1). Note that as 1-thioglycerol
concentration increases excitonic emission red shifts due
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to increased CdS shell thickness, which reduces the
quantum confinement effect. In this study, we found that
the CdSe quantum dot size is so small that the increase in
the stabilizer concentration promotes, besides the coated
surface, the onset of the CdS shell. We recently demon-
strated that magic-sized QDs (MSQDs) of CdSe/CdS can
be synthesized in acid medium, using another method,
with a specific concentration of 1-thioglycerol.>* The
average size of the as-produced USQDs was calculated
using a well-established empirical equation,®>** result-
ing in 1.9 nm for the CdSe:1T sample and 1.7 nm for
sample CdSe:3T.

Figure 2 shows the fluorescence spectra of the as-
produced CdSe USQDs with increasing concentration
of 1-thioglycerol. The inset shows the fluorescence
intensity as a function of 1-thioglycerol concentration.
As 1-thioglycerol concentration increases from 1 to 3
mmol, surface shielding improves, reducing incom-
plete bonds and defect levels, thus intensifying the
excitonic fluorescence.*®*? Furthermore, excitonic
emission blue shifts relative to the CdSe:3T sample
due to the smaller-sized USQDs, as confirmed by OA
spectra (Figure 1). Excitonic emission intensity is higher
for samples produced with 5 and 7 mmol of 1-thiogly-
cerol concentration compared to the sample produced
with 1T mmol concentration. This increase in the ex-
citonic emission intensity is associated with the forma-
tion of a thin CdS shell, which is supported by the slight
red shift in the excitonic fluorescence bands of the
CdSe:5T and CdSe:7T samples compared with CdSe:3T
sample, and red shift of OA bands (see Figure 1).%° The
excitonic fluorescence intensity reaches its highest
value at the 7 mmol of 1-thioglycerol concentration,
decreasing afterward at higher concentrations of
1-thioglycerol (see inset of Figure 2). The reduction of
the luminescence intensity due to the increase of the
QD surface stabilizer concentration has already been
reported in the literature.>** This trend is claimed to
be due to the enhancement of the interaction between
the stabilizer molecule and the QD surface, thus in-
creasing the probability of nonradiative electron—hole
recombination.>®

X-ray diffraction patterns of the as-produced CdSe-
based USQDs at different 1-thioglycerol concentra-
tions are shown in Figure 3. The recorded patterns
were compared with the values found in the standard
cards of the following cadmium chalcogenides: (i)
CdSe (zinc blende JCPDS no. 19-0191; wurtzite JCPDS
no. 77-2307) and (ii) CdS (zinc blende JCPDS no. 42-
1411; wurtzite ICSD no. 620319). These observed broad
X-ray peaks indicate the extremely small size of the as-
produced nanocrystals.®*” Furthermore, the as-prepared
USQDs present a fraction of mixed phase analysis of the
(103) XRD peak, attributed to the CdSe wurtzite structure,
confirming that this is the dominant phase.>*>°

Relative to the CdSe:1T sample, the XRD peaks of the
other synthesized samples are slightly shifted to higher

SILVA ET AL.

€ ., 800 o
800 =
8 700 .
A
2 8 600 .
R7 £l 8
5 600 |- g 500 o
= E
= b \| 3 400
3 .
g 300
8400_ 0123456789101112
§ a 1-Thioglycerol Concentration (mmol)
=
= f ——CdSe:11T
e CdSe:9T
200 d CdSe:7T
c CdSe:5T
b——CdSe:3T
a CdSe:1T
0 . 1 . 1
480 540 600 660 720
Wavelength (nm)

Figure 2. Fluorescence spectra of CdSe USQDs with increas-
ing concentration of 1-thioglycerol. The inset shows fluores-
cence intensity as a function of 1-thioglycerol concentration.

angle values, toward the angle values of bulk CdS, as
the 1-thioglycerol concentration increases. This shift
corresponds to the formation of a CdS,Se;_, alloy or a
CdSe/CdS core—shell nanocrystal.>>** Furthermore,
the formation of the CdS,Se;_y alloy may cause the
blue shift of the OA and FL spectra due to the higher
band gap energy of the CdS,Se;_, alloy compared to
the band gap of pure CdSe.® This effect is clearly
observed in the CdSe:3T sample for which the concen-
tration of 1-thioglycerol used in the synthesis not only
shields the surface but also forms the CdS,Se;
alloy.® The red shifts observed in the OA and FL
spectra (Figure 1) in samples CdSe:5T, CdSe:7T,
CdSe:9T, and CdSe:11T provide strong evidence of
CdSe/CdS core—shell formation. Therefore, the XRD
data in combination with the OA and FL data provide
strong experimental evidence for the growth of CdS
onto the CdSe surface. Moreover, the slight shift of the
XRD bands to higher angles confirms that wurtzite CdS
is the dominant phase (see Figure 3). This claim is
strongly supported by the higher intensity of the
hexagonal (101) diffraction peak observed in the
CdSe:11T sample, compared to the CdSe:1T sample,
and can be attributed to the thicker CdS shell in the
CdSe/CdS CS-USQD. The growth and the thickness of
the CdS shell are clearly assessed by using Gaussian-
like components to fit the XRD band corresponding to
the CdSe (100), (002), and (101) peaks for the wurtzite
structure, the CdSe (111) peak for the zinc blende
structure, the CdS (100), (002), and (101) peaks for
the wurtzite structure, and the CdS (111) peak for the
zinc blende structure. The fittings provide information
regarding the growth and thickness of the CdS shell as
the employed concentration of 1-thioglycerol in-
creases, leading to the increase of the intensity of the
CdS XRD peak while reducing its fwhm, keeping fixed
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Figure 3. Room temperature XRD patterns of the CdSe
USQDs with increasing concentrations of 1-thioglycerol.
Standard patterns of the zinc blende and wurtzite phases
of CdS (top) and CdSe (bottom) are included for compar-
ison. The fitting of each XRD band around 20-35° is
represented by the dotted white/red line (of the CdSe plus
CdS patterns), whereas the solid and the dotted blue lines
correspond to the CdSe and CdS XRD bands, respectively.

all the parameters describing the CdSe XRD peaks.
Furthermore, the observed slight shift of the XRD band
toward higher angles confirms that wurtzite CdS is the
dominant phase (see arrows in Figure 3). This claim is
strongly supported by the higher intensity of the
hexagonal (101) diffraction peak observed in the
CdSe:11T sample compared with the CdSe:1T sample
and can be attributed to the thickest CdS shell found in
the as-prepared CdSe/CdS CS-USQDs.?* Table 1 shows
the parameters obtained from the fitting of the XRD
data for CdSe and CdS phases, as described above.
The FT-IR spectra of the as-synthesized CdSe-based
USQD samples using different concentrations of
1-thioglycerol plus bulk CdS are shown in Figure 4. A
broad band in the 3423—3292 cm™ range was ob-
served in the spectra of all CdSe-based samples, which
can be associated with OH groups, including adsorption

SILVA ET AL.

TABLE1. Parameters Obtained from the Fitting of the XRD
Patterns of As-Produced CdSe USQD Samples with
Increasing Concentration of 1-Thioglycerol

CdSe core CdS shell

sample o' T’ A o' Iy’ Ay
(dSe:1T 254 2.7 0.78
(dSe:3T 254 2.7 0.78 27 1.98 0.03
(dSe:5T 254 2.7 0.78 27 1.92 0.08
(dSe:7T 254 2.7 0.78 27 1.89 0.10
(dSe:9T 254 2.7 0.78 27 1.86 0.12
CdSe:1T 254 2.7 0.78 27 1.80 0.15

“peak positions of the bands. ° Full width at half-maximum. ¢Band intensities.

Bulk CdS

adsorbed water
. CdSe: 11T

CdSe: 9T

CdSe:7T

CdSe:5T

CdSe:3T

CdSe:1T
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shell CdS
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Figure 4. Room temperature FT-IR spectra of 1-thiogycerol,
as-produced CdSe USQDs, and bulk CdS.

of water at the surface. However, the shift observed in this

band in the CdSe-based USQD samples is due to the
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surface-attached OH groups of 1-thioglycerol (Aldrich
FT-R catalog, no. M560-7)."® Thus, the FT-IR spectra
confirm that the OH functional groups remain intact on
the surface of the USQD samples. Pure 1-thioglycerol FT-
IR spectrum (see Figure 4) shows peaks at 867 and
2600 cm ™', which correspond, respectively, to the bend-
ing and stretching modes of the S—H bonding.®’ Addi-
tionally, 1-thioglycerol FT-IR spectrum presents a feature
at 2850 cm ™, corresponding to the CH,—S bonding.6*%®
However, in the FT-IR spectra of the as-produced USQD
samples, we found no peak at 2600 cm ™, corresponding
to the S—H stretching mode. Additionally, in as-produced
CdSe-based USQD samples, we found a strong reduction
of the IR feature peaking at 2914 cm ™" (CH,—S bonding).
These findings support the onset of covalent bonds
between S (from 1-thioglycerol thiol groups) and Cd**
ions at the QD surface, thus building the CdS shell onto
the CdSe USQD's surface. This picture is in very good
agreement with the results obtained from OA, FL, and
XRD, showing that the growth of CdS shell onto an
extremely small CdSe core can be controlled via modula-
tion of the 1-thioglycerol concentration in order to
produce CdSe/CdS CS-USQDs.

In order to provide further evidence of the formation
and growth of the CdS shell onto the CdSe core while
increasing the 1-thioglycerol concentration, we used
Raman spectroscopy. The Raman spectra of the CdSe
USQD samples produced while increasing the 1-thio-
glycerol concentration are shown in Figure 5. In order
to describe the Raman spectra and to calculate the size
of the CdSe core and CdS shell thickness, we used our
modified phonon confinement model.>* The data pre-
sented in Figure 5 display an excellent agreement
between the experimental data (open symbols) and
the fitting curves (red solid lines).* Figure 5a,b shows
the Raman spectra of samples CdSe:1T and CdSe:3T,
respectively, in which the CdSe Raman-active long-
itudinal optical (LO) (w o) and surface optical (SO)
(wso7) vibrational modes are observed. The intensity
l(w) related to the experimental Raman spectrum was
fitted, I(w) = I(3(w) + I$&(w). The first-order LO Raman
(I83(w)) spectrum is then obtained by the following

expression:#+6>

d*q|C»(0, q)
)
/[a) — wp@) + (/')/2)2

where the Fourier coefficients for the Gaussian func-
tion are given by |C;5(0,9)]* ~ exp(—g§0%), d°q ~ q* dq
due to the nanocrystals' spherical symmetry, and here
the i number (1) represents CdSe. The values of LO
phonon frequency (wo@)) at the I-point (g = 0) and the
natural line width (fwhm) of the zone center optical
phonon ('L ;) describe the average phonon disper-
sion in the CdSe, w(1)(q) = won) — Awghy; here there is
formation of interfacial alloying. The wave-vector gy, is
represented in units of 277/(;), that is, gy = [q)/(27/)],
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Figure 5. Room temperature Raman spectra (open symbols)
of CdSe USQDs synthesized with increasing concentration of
1-thioglycerol: (a) CdSe:1T; (b) CdSe:3T; (c) CdSe:5T; (d)
CdSe:7T; (e) CdSe:9T; (f) CdSe:11T. The frequency of each
vibrational mode (SO1, LO1, SO2, or LO2) is indicated by
numbers. The fitting of each Raman spectrum is represented
by the red solid line, with subspectrum represented by a blue
solid line for vibrations related to the core and green solid line
for vibrations related to the shell.

with a mean lattice parameter of the wurtzite structure
given by Singha et al*® Since the average phonon
dispersion is described by a nonperiodic function, we
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TABLE 2. Parameters (in units of cm ') Obtained from the Fitting of the Raman Spectra of As-Produced CdSe USQD

Samples with Increasing Concentration of 1-Thioglycerol

CdSe core

sample o Awg W01 Tio’ Ws01
(dSe:T 214 69 209 15 189
(dSe:3T 214 60 208 18 182.5
(dSe:5T 214 60 208 18 186.1
(dSe:7T 214 60 208 18 186.1
(dSe:9T 214 60 208 18 186.1
(dSeT 214 60 208 18 186.1

Cds shell

Fsor o' Ao W02 T LOZb Ws02 Fso2
20

14.1

19.5 282 60 2764 475 2153 17.9
19.5 282 60 2776 44 2214 213
19.5 282 60 278.1 43 2245 20.7
19.5 282 60 280 40 247 19.5

“L0 phonon frequency at the T-point (g = 0). 9T 01 and Ty, are the fwhm for CdSe and CdS, respectively.

have carried out the integration in the first Brillouin
zone.
The SO mode is described as follows:*4°
B I'so()

1) = (3)
0 ((U - wSO(i))2 + rgo(,‘)

where I'sg(y and wsoyy are, respectively, the fwhm and
the SO phonon frequency and B, is an arbitrary
constant.

In Figure 5a, note that the high-frequency shoulder
expected from spherical nanocrystals®>®”%® was not
observed, thus providing evidence that the protocol
we used to produce the CdSe:1T sample allowed
partial elimination of surface bonds/defects with the
CdS,Se; _yalloy formation around the CdSe USQD core.
The confirmation of the CdS,Se; _, alloying while using
1-thioglycerol at 1 mmol is supported by the change of
the bandwidth value related to the LO branch with
respect to bulk CdSe (Aw=118cm ") (see Table 2).3*In
Figure 5b (CdSe:3T sample), both the CdSe LO and the
SO vibrational modes are shifted to lower frequencies
compared to the CdSe:1T sample (see Figure 5a). This
finding gives evidence that the average size of the
USQD CdSe core in sample CdSe:3T is smaller than that
in sample CdSe:1T. This result was also confirmed from
the OA and FL data (Figure 1) plus the calculation of the
CdSe USQD core size using our modified phonon con-
finement model described in the literature (see Table 3).3

Figure 5c—f shows the Raman spectra of the CdSe/
CdS CS-USQD:s. Besides the Raman peak position (wo1)
at ~208 cm™ ', an additional Raman peak (w\o,) appears
at 22764 cm~' for sample CdSe:5T (Figure 5c), at
~2776 cm ' for sample CdSe:7T (Figure 5d),
at ~278.1 cm~ ' for sample CdSe:9T (Figure 5e), and
ata280 cm ™' for sample CdSe:11T (Figure 5f), confirming
the CdS shell growth onto the CdSe USQD core. To
describe these Raman spectra, the intensity /(w) related
to the experimental Raman spectrum was fitted, / (w) =
Biw) + ) + () + (w). In this case, we have
defined the integer values as i = 1 for vibrations around
the confined modes of the CdSe core and i = 2 for
vibrations around the modes of the CdS shell. The Fourier
coefficient used to calculate the [%h(w) intensity regarding

SILVA ET AL.

TABLE 3. Mean Dimensions (all in nm) of Core CdSe USQDs
and CdS Shell Thickness Evaluated by the Raman and OA
Results

CdSe core size CdS shell thickness

sample Raman 0A Raman
(dSe:1T 1.81 1.90

(dSe:3T 1.59 1.70

(dSe:5T 1.59 0.50
(dSe:7T 1.59 0.83
(dSe:9T 1.59 1.04
(dSe:T 1.59 1.25

confined LO phonons was given by |Cy) 0 =
exp(—qinot) and (09 ~ {27105 [0 + 1 — 20467 +
20(rq” + 00)q*texp(—afyq®) to CdSe core and CdS
shell, respectively.®® Furthermore, the parameters F=m) =
[d + X¥ - 1tw)/2], where k is an integer number
associated with every internal shell and normalized o
parameter of the Gaussian function proposed by Silva
et al>® Mean lattice parameter of wurtzite structure
is given by>® g(;, = 0.608 nm for the CdSe and dp) =
0.582 nm for the CdS.

It is worth noting, in Figure 5c—f, that we found the
w01 phonon frequency associated with the CdSe core
unchanged while growing the CdS shell on top of it,
demonstrating that any possible strain effect involving
the core—shell interface can be neglected. This is
justified by the presence of the wurtzite phase, as the
lattice mismatch between the CdSe core and the CdS
shell is too small to be detected through Raman
measurements.”®® According to this finding, we can
confirm a contribution of the wurtzite phase in the XRD
data (Figure 3). Thus, in Table 2, the observed blue shift
of the w o, frequency is due to the weakening of the
LO phonon confinement in the shell, which is caused
by the increase of the CdS shell thickness (as shown in
Table 3). This result supports the picture from which
the increase of the 1-thioglycerol concentration (over 5
mmol) promotes the formation and growth of the CdS
shell. No changes were observed in other parameters,
such as the wg() and I' oy of the core and the shell
parameters (wo2) and Aw ), related to the CdS,Seq_
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interfacial alloy. In a recent publication, we reported on
the synthesis of CdSe/CdS CS-MSQDs** and verified
that the effects of the alloy are much stronger than in
the present study. Thus, on the basis of our findings, we
can say that the increase of the size of the quantum
dots decreases the influence of the interfacial alloy on
the core and shell phonon dispersions. Another inter-
esting feature is that the basic pH medium employed
during the synthesis process herein described favored
the surface anchoring of the 1-thioglycerol (providing
an alloy at T mmol), and as one increases the stabilizer
concentration, a more homogeneous CdS shell
(evidenced by the decrease in I'\o,) is obtained. The
reduction of the wso; phonon frequency from
the CdSe:1T sample to the CdSe:3T sample is due to
the reduction of the NC size. Actually, the increase of
the NC size leads to a blue shift of both the LO and the
SO Raman modes due to the reduction of the quantum
confinement.®®> However, the increase of the wso,
frequency from the CdSe:3T sample to the CdSe:5T
sample is due to the influence of the complex molec-
ular structure of the stabilizing ligand, and the variety
of surface configurations in the adsorbed state on the
surface phonon of the bare CdSe USQDs can be more
complicated than simply an effective dielectric
constant.? Finally, the blue shift of the wso, phonon
frequency is explained within the dielectric continuum
approach.® Thus, in the present study, we provided
evidence that supports the controlled growth of the
CdS shell onto the CdSe USQD core using a new
methodology. The controlled growth of the CdS shell
can also be achieved by modulating the temperature
of the synthesis, as recently reported.

The calculated mean values associated with the core
diameters and the shell thicknesses are shown in
Table 3. The calculated values (1.81 nm (CdSe:1T) and
1.59 nm (CdSe:3T until CdSe:11T)) presented in Table 3
were obtained from the fitting procedures using our
modified phonon confinement model** employed in
the analysis of the Raman spectra of the USQD CdSe
samples with increasing 1-thioglycerol concentration.
These values are associated with normalized o parameter,
beginning with ¢ = d/+/20 for core (d = CdSe core size)
and ¢ = t/+/20 for shell (t = CdS shell thicknesses).>
Additionally, we compared these calculated values with
those obtained from the core size estimation using the
empirical equation to analyze the OA spectra. The mean
diameters obtained from the AO spectra agree quite well
with the values obtained from the fitting procedure of the
Raman spectra using the modified phonon confinement

EXPERIMENTAL SECTION

Materials. Selenium powder (Se, 99.999%), sodium borohy-
dride (NaBH,, 98%), cadmium perchlorate hexahydrate
(Cd(ClO4),-6H,0, 99.999%), sodium hydroxide (NaOH), and

SILVA ET AL.

mode>® The slight differences observed between the
two aforementioned calculating approaches can be at-
tributed to the uncertainty of the maximum of the OA
band due to the relatively broad line width.

CONCLUSIONS

In this study, we report on an aqueous-based che-
mical synthesis protocol that successfully grew ultra-
small quantum dots of CdSe surface dressed with a CdS
shell layer of controllable thicknesses. We found that
lower concentration of 1-thioglycerol (3 mmol) added
into the reaction medium limits the growth of the CdSe
core, whereas higher and increasing concentration
(5—11 mmol) of 1-thioglycerol promotes the growth
of the CdS shell on top of the CdSe core in a very
controllable way, ranging from 0.5 nm to 1.25 nm in
shell thickness. The growth of core—shell ultrasmall
quantum dots of CdSe/CdS was confirmed by using
different experimental techniques, such as optical
absorption spectroscopy, fluorescence spectroscopy,
X-ray diffraction (XRD), Fourier transform infrared (FT-
IR) spectroscopy, and Raman spectroscopy (RS). As the
1-thioglycerol concentration increases, the red shift of
the excitonic absorption bands confirms the growth of
the CdS shell layer with increasing thickness, whereas
the XRD patterns of the CS-USQDs show the growth of
USQD CdSe core with the typical XRD features shifted
to higher angles. These findings provide strong evi-
dence of the CdSe/CdS CS-USQD formation. The FT-IR
spectra show characteristic CdS absorptions demon-
strating that the sulfur provided by 1-thioglycerol
covalently bonds with cadmium ions at the surface of
the CdSe USQDs to build the CdS shell. Furthermore, the
Raman data confirmed the growth of the CdS shell with
increasing thickness as the 1-thioglycerol concentration
increases. The average diameter of the ultrasmall CdSe
core as well as the average thickeness of the CdS shell was
calculated using our modified phonon confinement mod-
el. The synthesis protocol herein introduced, based on the
addition of 1-thioglycerol into the reaction medium at
increasing concentration, not only gives control over the
CdSe core size but also provides fine control of the CdSe
shell thickness while growing CdSe/CdS CS-USQDs. The
methodology presented in this report, which is highly
reproducible and inexpensive, is expected to be useful for
producing CS-USQDs of different Il—IV-based semicon-
ductor materials. Furthermore, the hydroxyl groups facing
outward on the CS-USQD:s allow the as-grown nanostruc-
tures to be easily dispersed in aqueous media, incorpor-
ating into them promising biotechnological applications.

1-thioglycerol (>97%) were all purchased from Sigma-Aldrich
(Brazil) and used without further purification. Ultrapure water
used in the preparation of aqueous solutions was obtained from
the QUIMIS system.
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Synthesis of (dSe and (dSe/CdS Ultrasmall Quantum Dots. CdSe
USQDs and CdSe/CdS CS-USQDs were grown in aqueous solu-
tions at room temperature using the following steps. Selenium
powder (mmol) and NaBH, (mmol) were dispersed in ultrapure
water (20 mL) in a three-neck flask under argon flow. Next,
2 mmol of Cd(ClO,),-6H,0 and x mmol of 1-thioglycerol (xT)
were mixed in ultrapure water, and the pH was adjusted to 11 by
adding 0.1 M NaOH. The concentrations (x) of 1-thioglycerol
employed were 1, 3,5, 7,9, and 11 mmol. Cadmium- (xT) and
selenium-containing solutions were mixed under magnetic stirring
in a three-neck flask under argon flow at room temperature for
30 min. The resulting suspensions containing CdSe USQDs and
CdSe/CdS CS-USQDs were labeled CdSe:1T, CdSe:3T, CdSe:5T,
CdSe:7T, CdSe:9T, and CdSe:11T. CdSe USQDs and CdSe/CdS
CS-USQDs were precipitated with ethanol and centrifuged four
times at 6000 rpm for 10 min. The resulting nanopowders were
dried in vacuum (mechanical pump) at room temperature and
further dispersed in ultrapure water at a concentration of 1.4 mg/mL.

Characterization. Optical absorption spectra were recorded at
room temperature using a double-beam UV—vis—NIR spectro-
photometer (Shimadzu UV-3600), operating between 300 and
600 nm, at a spectral resolution of 1 nm. The quantum dot
solutions were diluted (0.035 mg/mL) using ultrapure water for
OA measurements. Fluorescence spectra were recorded with a
Cary Eclipse spectrophotometer (Varian) using the 380 nm
wavelength from a xenon lamp as the excitation source, with
a concentration of 1.4 mg/mL. Room temperature X-ray diffrac-
tion patterns of the nanopowders were recorded with a XRD-
6000 Shimadzu diffractometer. Monochromatic Cu Ko; radia-
tion (4 = 1.54056 A) was used to identify the structural phase of
the as-produced samples. The infrared (IR) spectra of the samples
were recorded at room temperature using a Shimadzu FT-IR
spectrophotometer (IR Prestige-21) in transmission mode, operat-
ing in the spectral range from 450 to 4600 cm ™" at a resolution of
4.cm™". A pure KBr disk was first pressed, and its IR spectrum was
measured and determined to be IR-transparent. Then, KBr was
mixed with the as-produced nanopowders and pressed in a disk-
shaped probing sample for IR measurements. Room temperature
Stokes Raman scattering spectra of the as-precipitated powders
were recorded with a JY-T64000 micro-Raman spectrometer
excited with the low-power Art 514 nm laser line and detected
in backscattering geometry. It used an objective of 50x to focus
the laser beam down to a spot of 1.5 um in diameter. Thus, the laser
power and the power density hitting the sample were 5 mW and
3 x 10° W/cm?, respectively. Therefore, any heating effect on the
vibrational spectra of the samples was neglected.
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