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Quantum-confined nanostructures open up additional perspectives in engineering materials 

with different electronic and optical properties. We have fabricated unique cation-exchanged 

CdS and CdS/CdSe quantum dots and measured their first four exciton transitions. We 

demonstrate that the relationship between electronic transitions and charge-carrier distributions 

is generalized for a broad range of core-shell nanostructures. These nanostructures can be 

used to further improve the performance in the fields of bio-imaging, light-emitting devices, 

photovoltaics, and quantum computing.
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I. Introduction

Semiconductor quantum-confined nanostructures, 

especially II-VI quantum dots (QDs), have immense 

potential for future applications in bio-imaging, light- 

emitting devices, photovoltaics, and quantum computing 

because of their size-dependent photoluminescence 

(PL), broad absorption and narrow emission spectra, 

and excellent physical and chemical stability [1,2]. 

Type-I core/shell QDs are grown in a solution by 

coating the core of the narrow band gap with a large 

band gap shell, ensuring efficient confinement of 

electron-hole pairs in the core, but limiting our 

ability to tailor the emission wavelength. This leads 

to significant improvement of photoluminescence 

quantum efficiency [3,4]. For type-II core/shell QDs, 

the spatial confinement of the excited electron and 

hole is driven into different discrete levels of the 

shell or core, resulting in an indirect recombination 

of the excitons across the core-shell boundary, which 

makes them interesting for applications in photovoltaics 

[5,6]. Furthermore, an understanding of carrier 

dynamics and electromagnetic interaction between 

emerging quantum-confined nanostructures is crucial 

for future optoelectronic devices [7]; however, carrier 

dynamics are more complex and still not well 

understood. Owing to the discrete structure of the 

energy and density of states, which is mainly because 

of their δ-function, the carrier dynamics and energy 

relaxation of QDs in the 1∼10 nm size regime are 

expected to differ qualitatively from those in bulk 

materials. In QDs, the restricted number of states 

available for carriers impairs carrier relaxation toward 

the ground state when the level spacing is only a few 

meV. In addition, reducing the energy loss rate is 

expected to cause strong confinement effects, which 

can occur because the level spacing is much larger 

than longitudinal-optical phonons energies, and thus 
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Figure 1. XRD patterns of CdS and CdS/CdSe colloidal
QDs.

carrier-phonon scattering can only occur through a 

weak multi-phonon process [8,9].

Extensive study has been performed, both experimental 

and theoretical, on the unique cation-exchanged CdS 

QDs and CdS/CdSe core/shell QDs. These results 

demonstrate that the relationship between electronic 

transition strengths and charge-carrier distributions 

can be generalized to a broad range of core-shell 

nanostructures. We show that a broad range of 

quantum heterostructures with different internal 

structures and band alignments exhibit distinct 

carrier localization patterns that can be used to 

further improve the performance of optoelectronic 

devices and enhance the brightness of QD probes for 

bio-imaging.

II. Experimental Details

The core CdS QDs were synthesized using a high- 

temperature fast-injection reaction between cadmium 

oxide (CdO) and elemental sulfur in a solvent mixture 

consisting of trioctylphosphine (TOP), oleic acid (OA), 

and 1-octadecene (ODE). The CdO powder (0.642 g; 5 

mmol) was added into a three-necked flask, and then 

14 ml of ODE and 6 ml of OA were added to it. This 

mixture was heated up to 170oC for 2 h under a N2 

flow. The obtained cadmium oleate (Cd-OA) solution 

(0.25 M) was cooled to room temperature. Similarly, 

TOP-Se was made with Se powder (0.394 g; 5 mmol), 

11.5 ml of ODE, and 8.5 ml of TOP at 200oC for 2 h 

under a N2 flow. S powder (0.160 g; 5 mmol) was 

added to 11.5 ml of ODE and 8.5 ml of TOP, and the 

solution was stirred at room temperature for 1.5 h 

under a N2 flow to obtain TOP-S. The stock solutions 

were stored in a sealed vial under a N2 atmosphere at 

60oC. For core/shell CdS/CdSe QDs, 5 ml of Cd-OA, 

1 ml of OA, and 10 ml of ODE were added to a three- 

necked flask and heated at 140oC. 5 ml of TOP-S 

precursor were quickly injected into the solution. The 

reaction temperature was maintained at 140oC for 120 

min, and CdS nanocrystals were formed. Then, about 

2.5 ml of Cd-OA and 1 ml of ODE were added to a 

three-necked flask and heated at 160oC. After 10 

min, 2.5 ml of TOP-Se was injected dropwise for 

CdSe shell growth. The further growth of CdSe shells 

was achieved by repeating the above procedures. The 

as-prepared nanocrystals were precipitated with 

ethanol and then dispersed in hexane for optical and 

structural characterizations without any size sorting.

The structures of the synthesized samples were 

characterized by X-ray diffraction (XRD) on a PANalytical 

X’Pert PRO with a Cu X-ray source. Ultraviolet- 

visible (UV-Vis) absorption measurements for nanocrystal 

samples were performed in the wavelength range of 

190∼1100 nm. The PL spectra were obtained at room 

temperature with a He-Cd laser of 325 nm wavelength.

III. Results and Discussion

Fig. 1 shows the results of the XRD data of all 

samples, confirming their crystallinity and zinc blend 

structure, which is also characteristic for CdS cores 

capped alternately by the CdSe shells. For CdS-core 
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Figure 2. Absorption (solid lines) and PL (dashed lines)
spectra of the (a) CdS and (b) CdS/CdSe 
QDs.

nanocrystals, the peak positions are well matched with 

the theoretical values of the cubic structure of CdS. 

The (111) lattice plane distances were calculated from 

the Bragg equation and were found to be 0.339 and 

0.353 nm for CdS and CdS/CdSe QDs, respectively. 

The value of bulk cubic modification of CdS (0.336 

nm) is smaller than the corresponding values of CdS 

and CdS/CdSe QDs. This result means that all QDs 

have similar tensile stress. This behavior is due to a 

substantial amount of sulfur from the capping reagent 

of the ODE molecules, which can be easily incorporated 

into the lattice of growing QDs using high- 

temperature fast-injection techniques. For CdS/CdSe 

core/shell QDs, the peak positions shift towards those 

of cubic CdSe QDs. The broadness of the diffraction 

peaks decreases gradually along with the growth of 

core/shells. The crystallite sizes estimated for the 

same samples from Scherrer’s formula using the full 

width at half maximum (FWHM) from XRD patterns 

are on the order of 1.5∼4.5 nm for various peaks, 

resulting in an average size of 2.5 and 3.5 nm for the 

CdS and CdS/CdSe QDs, respectively, for all the 

peaks [10]. 

For optical properties of colloidal QDs, Fig. 2 shows 

typical electronic absorption spectra for the QDs, 

showing multiple distinct electronic transitions. The 

lowest four resonances can be reproduced using the 

superposition of four Gaussian bands. According to 

the literature, the absorption peaks have been assigned 

to transitions between specific electronic energy levels 

in an s or p orbital of the QDs [11,12]. The first four 

absorption peaks can be assigned to 1S[1S3/2(h)-1Se], 

2S[2S3/2(h)-1Se], 1P[1P3/2(h)-1Pe], and 3S1/2(h)-1S(e). 

The first exciton transition, 1S3/2(h)-1Se, is because 

of the light emission resulting from the transition of 

an electron in the lowest-energy conduction band 

(CB) state to the highest-energy valence band (VB) 

state. The second exciton peak, 2S3/2(h)-1S(e), arises 

from the excitation of an electron in the next-highest 

VB level, again to the lowest-energy CB level. At 

higher temperatures (or higher energy) or when the 

diameter of the dot is approximately equal to the 

Bohr radius, the electronic absorption spectra exhibit 

a well-resolved band associated with the transition 

coupling the 1P electron state to the 1P3/2 hole state 

(1P transition), as well as higher energy levels associated 

with the transition involving the 1S electron state 

and a hole state originating from the spin-orbit 

split-off band (3S1/2) [12,13]. Artificial atoms with 

discrete energy states of excitons indicate a quantum 

confinement effect, which is completely different 

from that observed in bulk crystals. The CdS/CdSe 

core/shell QDs show red-shift absorption and emission 

spectra as the CdSe shell is formed on the CdS QDs. 

The room temperature PL spectra (dashed lines) for 

the (a) CdS and (b) CdS/CdSe QDs are also shown in 

Fig. 2. The main dominant peaks at 2.63 eV (CdS) and 

2.14 eV (CdS/CdSe) correspond to the exciton transition, 

1S3/2(h)-1Se, which is because of light emission resulting 

from the transition of an electron in the lowest- 

energy CB state to the highest-energy VB state. The 

FWHM of the emission peak reaches minima of about 
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Figure 3. Reconstruction of 
the fourth deriva-
tives of DA spec-
trum and absorption
spectra for (a) CdS
QDs and (b) CdS/
CdSe QDs. Dashed
lines indicate multi-
Gaussian transition
energies of the ab-
sorption spectra.

Table 1. Peak energy and inhomogeneous broadening
Γi of the absorption resonances of the CdS and 
CdS/CdSe QDs.

Transitions

CdS QDs CdS/CdSe QDs

Peak 

energy (eV)

Γi 

(meV)

Peak 

energy (eV)

Γi 

(meV)

1S3/2(h)-1S(e) 2.871 37.5 2.310 63.7

2S3/2(h)-1S(e) 3.271 78.7 2.558 87.9

1P3/2(h)-1P(e) 3.704 149.6 2.893 149.7

3S1/2(h)-1S(e) - - 3.528 166.2

72 and 118 meV for CdS and CdS/ CdSe colloidal QDs, 

respectively. The Stokes shifts of the QDs are 344 

and 174 meV for CdS and CdS/CdSe QDs, respectively. 

This implies that the QDs have a smaller size with a 

wider Stokes shift. The change of Stokes shift can be 

expected even for a crystal structure dependent on 

the ligand or shape of QDs.

Based on these results, electronic absorption spectra 

are typically modeled as sums of discrete transitions 

spread as the Gaussian or Lorentzian functions with 

linewidths that are homogeneously or inhomogeneously 

broadened. The energy values of the first four excited 

states were determined through the differential absorption 

spectroscopy, which is a commonly used technique for 

the analysis of UV-Vis spectra [14,15]. In our case, 

we used an automated code to extract peaks from the 

fourth derivatives of the DA spectra in the QDs. The 

absorption spectra of the QDs were reconstructed as 

Gaussian transitions using the best fit of the least 

squares approach. Fig. 3 shows the original spectra in 

black, together with known Gaussian transition 

energies in different colors. The reconstructed spectra 

fit the original spectra with a correlation coefficient 

better than 0.9999 in all cases. Using these energies, 

the inhomogeneous broadening, Γi, of each peak has 

been linked to the peak energy ħωi and the relative 

size dispersion δR through the relation [16], Γi=2δR 

(ħωi-Eg), where Eg is the bulk CdS energy gap (2.5 

eV). The best-fit values of ħωi and Γi for the first 

four transitions are reported in Table 1. Furthermore, 

in weak confinement (α~ Bohr exciton radius, αB), 

the change in energy is expressed in the form of 

 [17], where h is Planck’s constant, 

ħ=h/2π, χml represents the roots of the Bessel function, 

me is the exciton translation mass, R is the dot radius, 

μ is the electron-hole reduced mass, and ε is the 

dielectric constant. This analysis gives diameter values 

for the CdS and CdS/ CdSe QDs of about 2.75 and 4.8 

nm, respectively. The average shell thickness of each 

CdSe shell is about 0.26 nm. The grain sizes obtained 
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from XRD are all smaller than that determined from 

the UV-Vis absorption spectrum.

IV. Conclusions

We have performed extensive study, in which cation- 

exchanged CdS and CdS/CdSe QDs have been synthesized 

through the high-temperature fast-injection reaction 

method. We demonstrated that the relationship between 

electronic transitions and charge-carrier distributions 

is generalized to a broad range of core-shell 

nanostructures. These colloidal QDs exhibit interesting 

optical properties. The hole and electron can be 

confined in the core or shell by changing the 

structure of the core/shell, resulting in a large 

change in PL intensity. A broad range of quantum 

heterostructures with different internal structures and 

band alignments exhibit distinct carrier localization 

patterns that can be used to further improve the 

performance of optoelectronic devices and enhance 

the brightness of QD probes for bio- imaging.
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