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Abstract

Absorption and photoluminescence (PL) spectra of a colloidal CdSe-ZnS core-shell quantum dots (QDs) were
measured within the strong confinement regime. The QDs were casted on half-coated quartz substrates with 50
nm of gold and prepared for studying the surface plasmons effect. The samples were optically arranged and
pumped by different wavelengths, and the PL spectra were detected. Excitation with a wavelength of 400 nm
reveals a structure fluorescence spectrum which consists of five distinct bands. These bands are more intense and
resolved than the corresponding traditional weak absorption bands. They were detected for the first time and
assigned according to the theoretical predictions of excitons in a spherical potential with Coulomb interactions
and valence bands mixing. A scheme based on multiple exciton generation (MEG) for the appearance of the
fluorescence bands was proposed. This scheme was confirmed by the recent theoretical prediction using the
state-of-the art time domain ab initio density functional theory and the atomistic pseudopotential calculations.
The detected surface plasmons effect in QDs enhances the intensity of the fluorescence bands. This surface
plasmons effect facilitated the appearance of these mentioned bands in more intensive features than the
corresponding traditional weak absorption bands. Furthermore, the reduction in the measured lifetime of the first
excited electronic state from 20 ns for the QDs deposited directly on the quartz substrate to 7 ns for the QDs
casted on the gold film, gives a further evidence of the surface plasmons effect in the (PL) of the CdSe-ZnS
QDs.
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1. Introduction

Among many of the new inorganic semiconductor crystals that reduced to a nanometer size, CdSe quantum dots
represent the prototype and most interesting material. They have therefore attracted considerable attention from
the viewpoints of fundamental physics and functional device applications. ZnS-capped CdSe QDs properties
have generated a great deal of interest due to the scientific aspects that are involved in these studies. Examples of
interesting and significant physics include: fluorescent biological imaging probes (Mukherjee & Ghost, 2012),
solar cell devices (Kashyout et al., 2012), white light emitting diodes (Nizamoglu & Demir, 2009), nano lasers
(Yan et al., 2012), and optical fiber sensors (Jorge et al., 2009). In all these technological applications, the unique
optical properties of QDs are size dependent. In addition, quantum dots are an excellent testing ground for the
applicability of various theoretical models. For improving the optical properties of QDs through increasing the
PL intensity, surface plasmons effect is the optimum choice. This work focuses on the surface plasmons coupled
emission of CdSe-ZnS core-shell for the purpose of increasing the emission intensity and enhancing the bands
that are unobservable by the traditional detection technique.

2. Experimental Details

A core-shell CdSe-ZnS based QDs in a toluene solution of (50 mg/ml) were purchased from Evident
technologies. The QD toluene solutions were diluted five times and drop casted on half coated substrates with 50
nm gold by thermal evaporation. After the solutions evaporated, a thick layer of the QD nanocrystals remained
on the substrates. Time-resolved fluorescence decay data were collected using the picosecond time-correlated
single photon counting (TCSPC) technique (instrumental resolution function IRF = 23 ps). The excitation source
is a picosecond Ti: sapphire laser (MIRA) from Coherent Inc. (vertical polarization, wavelength range of
720-1000 nm, and 76 MHz repetition rate) coupled to a second harmonic generator (360-500 nm). Emission
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collected at the polarization magic angle is detected through a double subtractive monochromator by a
microchannel plate (MCPT) Hamamatsu model R3809U-50. Signal acquisition was performed using a TCSPC
module (Becker & Hickl, model SPC-630). Deconvolution of the fluorescence decays was performed using the

Globals WE software package (Gratton & Beechem, 2004).
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Figure 1. The experimental set-up

Absorption spectra were measured using a Varian Labomed computer control spectrophotometer. For surface
plasmons resonance emission, the technique explained in Gryczynski et al. (2005) was used. The half coated
slides were attached to a BK7 glass prism. This combined sample was placed on a rotary stage as shown in
Figure 1 which allows excitation and observation at any desired angle relative to the vertical axis. The
fluorescence spectra were detected by the Varian spectrophotometer integrated with Cary-Eclipse software for
the data acquisition. XRD measurements were employed for the QDs diameter estimation where the
XPERT-PRO diffractometer system which was used with Cu-KAlpha (A = 1.54060 A) as an excitation source.

3. Results and Discussion

XRD experiments were used to characterize the crystallinity and provide a good means of measuring the average
size of the nanocrystals. XRD results shown in Figure 2 which have peaks due to diffraction corresponding to
(111), (220), and (311) reflections. These peaks are consistent with the zinc-blend cubic structure for CdSe

(Dipesh, 2012). The XRD peaks can be used to calculate the average size of the CdSe-ZnS QDs using the well
known Debye-Scherrer relationship

0.94
= @)
B cos@
Where D is the average crystal size, A is the wavelength of the X-ray source, B is the full width of half the

maximum (FWHM) value of an XRD peak in radians, and 0 is the diffracted angle. Using the values of B and 6

from the analysed XRD computer data of the Figure 2 and employing the relationship (1), the average diameter
of the QDs was found to be 4 nm.
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Figure 2. XRD Spectrum of CdSe-ZnS QDs
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Figure 3. Absorption spectrum of CdSe-ZnS QDs
The average sizes of the QDs were also estimated by applying an empirical relationship (Nguyen, 2010)
D = (1.6122X 10~%)2* — (2.6575 X 107%)A% + (1.6242 X 107%)A% — (0.4277)A
+ 41.57 2
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Where A is the wavelength of the first excitonic absorption peak. The absorption spectrum of the sample is
shown in Figure 3. Five traditional weak absorption bands were appeared in this spectrum. The first absorption
peak is more resolved than the others and situated at 526 nm. Applying the relationship (2), the estimated value
of D = 4.049 nm. Comparing the D value calculated from the XRD measurements with that estimated from the
optical absorption spectra, the average size of the QDs was 4.02 nm. This QDs size covers the strong
confinement regime, where the confinement energies of the electron and hole are much larger than the Coulomb
interactions. The first excitonic energy as a function of the radius of the nanocrystal can be expressed as Woggon

(1997)
n? 1 1 1 1.8¢* ,
E=E, +—|—+—])-= 3)
€ 2R \m; m;/ R\4mss,

Where me* and mh* are the effective masses of the electron and hole, R is the radius of the QDs. For the bulk
CdSe, the energy gap E, is 1.7eV, m,/ mp is 0.13, m;, "/ my is 0.45 and the dielectric constant of the surrounding
medium g, is 10.6, according to Biswas and Ghosel (2011), i = h/2x, h is Plank's constant, g, is the permittivity
of free space and e is the electron mass. Then the photon energy in eV can be estimated from the radius in nm.
The estimated value of the first excitonic energy is 1.866 ¢V, while the measured energy by the absorption peak
is 2.30 eV. The calculated value is less than the measured one by 0.44 eV. This discrepancy is due to the
following reasons: (i) the approximations involved in the well-known theoretical model using the effective mass
approximation with e-h pair is confined at the center of an infinite spherical potential well and (ii) the neglect of
the QDs levels populations according to the (MEG) via multiple pathways as that shown in the proposed
mechanism illustrated in the Scheme 1. The positions of the other four weak excitonic peaks appeared in Figure
3 along with the assignment associated with each peak is given in the Table 1. The first four peaks with their
assignments are in agreement with that observed by Klimov (2007) for the CdSe nanocrystal of 4.1 nm in
diameter. The fifth weak band is observed in this work and assigned to the transition 1S;,(h)-1S(e). This
assignment is based on the order of increasing energy of the successive CdSe bands according to Norris and
Bawendi (1996). This theoretical prediction demonstrates the importance of the valence band structure in the
description of the excitonic energy levels in the valence band. This transition is situated directly after the
previous 3S;,—18S (e) transition and is therefore the more pronounced among the others.

. 15(e) - 181, (h)

-15(e) — 153, (h)

CdSe + hv (3.09 eV) 1P(e) — 1P3, (k)

(MEG)
18(e) — 251, ()

. 15(e) — 351 1, ()
Scheme 1. The proposed mechanism of the levels population of the CdSe-ZnS QDs

Table 1. Peak positions of five assigned bands of CdSe-ZnS core-shell quantum dots
CdSe-ZnS QDs Sample

Transitions Abs. peak (eV) Emission peak (eV) Stokes shift (eV)
183, (h) = 15(e) 2.308 2.145 0.163
253/ (h) = 15(e) 2.984 2.208 0.776
1Ps; (h) = 1P(e) 3373 2.291 1.082
351/, (h) = 15(e) 4.048 2.530 1.518
181/, (h) = 15(e) 4.588 2.669 1.919
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Figure 4. The spectrum of the excitation source for fluorescence measurements

In order to distinguish the fluorescence bands from the excitation source bands, the excitation source emission
bands are presented in Figure 4. The PL spectrum is shown in Figure 5 for two cases: QDs deposited on gold and
on quartz respectively. The PL spectrum is more intense for QDs deposited on gold than for QDs deposited on
quartz due to surface plasmons effect.These spectra were repeated many times and found reproducible. The first
excitonic peak situated at 660 nm is the traditional peak usually observed for such QDs. The other peaks were
never detected. By investigating these features, the most interesting point to be considered is that the spacing
between the level S(e) and P(e) is large. The density of states feature is shown to be in coincidence with the
recent time domain density functional theory of CdSe-ZnS QDs developed by Kilina, Killin, and Prezhdo (2009).
According to this approach the CdSe-ZnS density of states (DOS) shows asymmetry across the band gap, with
the hole states having a higher density than the electron states and a larger spacing between 1S(e) and 1P(e)
levels. The distinct and well separated peaks observed for the first time in fluorescence shown in Figure 5 is in
the contrary to effective mass description, which predicts that electronic energy levels are highly degenerate.
Figure 6 shows the energy levels involved in the absorption and fluorescence of CdSe-ZnS core-shell quantum
dots. The atomistic simulation of Kilina et al. (2009) shows that the underlying atomic structure, surface effects,
core-shell interaction, as well as spin-orbit interaction, break the degeneracy and create a multilevel electronic
structure. These simulation results are in a good agreement with the present fluorescence experimental data.
Another interesting feature, which supports the observed structure spectrum in fluorescence, is that simulation
results reported by Puzder et al. (2004). This simulation proves that the DOS for unrelaxed CdSe QDs is
identical to the corresponding relaxed QDs. This theoretical prediction gives a strong evidence for the
observation of the fluorescence structure as approximate mirror image to the absorption features. The discrete
bands observed in fluorescence can be explained by the multiple exciton generation (MEG). Excitons in
CdSe-ZnS QDs relax via multiple pathways according to the Scheme 1.
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Figure 5. The PL spectrum of a-CdSe-ZnS QDs on gold film b-on quartz substrate
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The simulation results of Prezhdo (2008) indicate that MEG can be created directly upon absorption of a single
photon. Furthermore MEG in CdSe QDs can appear at energies of 3 eV and above Prezhdo (2008). The
simulation results support the proposed mechanisms for the levels populations and subsequent relaxations.
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Figure 6. Energy levels involved in the absorption and fluorescence of CdSe-ZnS core-shell quantum dots

A very large Stokes shift was observed in the luminescence with respect to absorption for the excitation of 3.09
eV, which is far from the band edge (nonresonant excitation). The results show that for the lowest excitonic state,
the Stokes shift is 0.163 eV, which is greater by about a factor of two. This is in a good agreement with the
experimental and theoretical predictions of Efros et al. (1996). Stokes shift ratios for the higher excitonic states
given in Table 1 are: 0.926, 0.842, 0.661, and 0.770 which are less pronounced than the first excitonic states.
These results demonstrate that, while the first absorption peak generally follows the crystal size distribution,
where the position of the luminescence line for nonresonant excitation is determined by the largest crystal within
this distribution. This causes a very large Stokes shift for the lowest excitonic states because the energy of the
band edge transitions in larger crystal is less than that in smaller ones.
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Figure 7. The lifetimes of the first excitonic state of CdSe-ZnS QDs: on gold film and on quartz substrate
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Figure 7 shows that the QDs on the gold showing shorter lifetime 7 ns compared with that on the quartz 20 ns.
Comparing with our measurement of the steady state PL emission (Figure 5) which indicates an enhancement for
the sample on gold. This suggests an enhancement in the radiative decay due to surface plasmons effect. It has
been shown that surface magneto-optical interactions and dipole-dipole interactions between nanoparticles can
be enhanced using surface plasmons Avrutsky (2004). The spontaneous emission lifetime can be calculated from
the homogeneous radiative decay rate via Leistikow et al. (2009);

. ém somc?

C)

e‘nw*f, .

Where f,. is the emission oscillator strength, m, is the electron mass, g, is the vacuum permittivity, ¢ is the speed
of light, o is the angular frequency of the first excitonic transition and n is the refractive index of the surrounding
medium. The value of n at the emission wavelength is 2.25 (Wu et al., 2008) and the experimental value of f, is
0.45 (Leistikow et al., 2009). The calculated value of the radiative spontaneous lifetime of the QDs by using
Equation 4 is 19.47 ns, which is close to the experimental value. This lifetime value is shown to be reduced by a
factor of 3 compared to QDs deposited on the gold film due to enhancement in the emission intensity. Such an
effect gives a further evidence for the surface plasmons effect. The present experimental results will open the
way for further investigations in nanoscale electronic structures.

4. Conclusions

This work shows that the CdSe-ZnS QDs response to external perturbations such as surface plasmons effect
depends strongly on the excitation wavelength along with the optical arrangement for the fluorescence collection.
Both factors are shown manifest themselves and intimately intertwined in a detection of the fluorescence spectra
and subsequent energy levels determination. The relaxed and unrelaxed features of the QDs are shown in a full
agreement with the recent theoretical predictions using the time domain density functional theory and the
atomistic pseudopotential calculations. The present experimental results will be very useful for applied scientific
and experimental research programs.
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