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ABSTRACT

Linear and nonlinear optical response of CdTe Quantum Dots has drawn much attention of researcher
and scientists. In this article we have simulated the photoluminescence (PL) properties of CdTe in
presence of silver nanosphere. We found that the excitation near a Surface Plasmon Resonance (SPR)
of Ag nano spheres will increase intensity of PL. However if the excitation is far from the SPR then the
enhancement in intensity of PL depends on the polarization of incident excitation.
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INTRODUCTION

Semiconductor Quantum Dots (SQD) have high nonlinear absorption coefficient, narrow
PL width and higher photo-stability semiconductor quantum dots hence they are being
used in different applications (Lucas T. A. da Rosa, et al, 2021, Musa Cadirc1 2020 and
Akeel M. Kadim et al 2020). In such high resolution imaging upconversion
photoluminescence (UCPL) is used. UCPL is a process in which carriers are excited by
nonlinear absorption process followed by decay, resulting in Photo Luminescence (PL). In
most of such imaging applications two-photon absorption generates the required
electron-hole pairs in the semiconductor quantum dots (Ekaterina Kolesova et al. 2019,
Anuushka Pal et al. 2018, and Poulami Dutta et al. 2016). Further, the absorption and
emission properties of semiconductor quantum dots can be tuned over a wide spectral
range by changing its size. In case of small metal nanoparticles (MNP) the collective
oscillation of electrons, which are bound to oscillate within the boundary of particle,
results in particle plasmon resonance (PPR) (also known as localized surface plasmon
resonance). The particle plasmon resonances are very sensitive to the shape of the
metallic nanoparticle. When excited with a wavelength near PPR the field inside and the
field just outside the metal particles can be much higher than the applied field. By placing
a semiconductor quantum dot near the metal NPs, i.e. by making a hybrid nanoparticle, it
is possible to enhance the field inside SQDs (Junwei Yang et al. 2016 and Kathy C Nguyen
et al. 2013). The increased intensity can increase the electron-hole generation and hence
enhance the PL emission from the SQDs. Further, since the two-photon absorption
depends on the square of the intensity the UCPL from SQDs can also get modified. The
field enhancement properties of MNP will also get modified by the presence of SQD. It has
been reported earlier that in proximity of metal NPs PL from SQDs is enhanced sometimes
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and quenched in some cases (Donald Selmarten et al. 2005, Haridas M et al. 2011 and
Khurgin ].B. et al. 2009).

Our earlier experimental results showed enhancement in PL and quenching of UCPL of
Ag-CdTe hybrid nanoparticles (Sabina Gurung et al. 2016). The interaction between the
SQD and MNP can arise from various processes like electromagnetic interaction between
the fields around the particles, charge transfer etc. The electromagnetic interaction can
act even when the particles do not touch each other. In-order to understand the role of
electromagnetic interaction in the coupled SQD-MNP system it is essential to study field
distribution as a function of interpaticle distance. In this article, we report our results of
field distribution calculation inside a single CdTe SQD when placed near single silver MNP.
The results can be directly used for understanding the linear and nonlinear response of
SQD in presence of MNP since for the calculations we have used realistic experimental
data like the size of the particles and dielectric constants etc.

SIMULATION RESULTS AND DISCUSSION

We consider a hybrid consisting of a spherical silver nanoparticle (radius 5 nm) placed
near a CdTe quantum dot (radius 1.3 nm) and both being suspended in water. We have
used DDSCAT, an open-source FORTON based software pack (Bruce T. Draine et al. 1994,
Draine B. T. et al. 1993, Bruce T. Draine et al. 2008 and Maxim A. Yurkin et al. 2015). In the
Discrete Dipole Approximation (DDA) each particle is modelled as an assembly of point
dipoles in a cubic lattice. Each of these elements is considered sufficiently small that only
dipole interactions with the incident electric-field and the induced-fields in neighbouring
elements need to be considered. This reduces the solution of the Maxwell equations to an
algebraic problem of many coupled dipoles and is given by a system of 3N complex linear
equations,

N
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where P; are unknown polarization of ju dipole, Einc; is incident electric field at r;, and Aj; is
interaction matrix given by

exp (z‘kr,-j) s ikr, —1
— : non j o
SR k2 (17 - 1)+ (37, - 1)
! v : (2)
The set of equations given by Eq. (1) are solved for unknown polarization P;. Using these
results we can calculate the scattered electric field anywhere around the hybrid system

using:
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To ensure accuracy of the results, we have kept the inter-dipole spacing such that the
product |[mkd| < 0.1, here m is the ratio between the refractive index of silver to that of the
surrounding medium, k is propagation vector and d is the inter-dipole separation. The
complex refractive index of the silver taken from an earlier experimental report (Johnson
P. B. et al. 1972, E. D. Palik 1998) and the refractive index of the water is taken to be 1.33.
To take care of quantum confinement effects, the refractive index of CdTe SQD was
estimated from experimental absorption spectrum (Fig.1) of CdTe SQD colloid using field
calculations and bulk dielectric constant of bulk CdTe and following the procedure
reported in ref. Marcelo Alves Santos et al. 2010.
The experimental extinction spectrum of Ag nanospheres (radius 5 nm) in water along
with the calculated spectrum is shown in Fig. 1. The deviation in PPR peak wavelength
between experiment and calculation can be due to the presence of capping agents in the
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experimental NPs. The extinction spectrum of the CdTe-Ag hybrid formed by 1 nm
separation between CdTe SQD and Ag MNP is also shown in Fig. 1. The extinction
spectrum of hybrid is dominated by response of Ag NP and has a peak at 385 nm. Thus in
case of one-to-one interactions the optical response of metal will dominate in deciding the
optical response of SQD-MNP hybrid.
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Fig. 1: The experimental and calculated extinction efficiencies

385nm

Fig. 2: (a)-(d) |E|-Field plots for single Ag NP at two different wavelengths and at two
different polarizations. (e)-(h) similar |E|-Field plots for Ag NP with CdTe QD just above
with 1 nm separation
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Fig. 3: (a) Intensity factor (I/1o), the ratio between the average intensity inside the CdTe
SQD with and without MNP with illumination at 385 nm and (b) (12/12) when illumination

wavelength is 785 nm.
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In a typical experimental situation the PL of CdTe is excited by ~ 400 nm (which is at the
PPR of Ag NP) while the UCPL is excited by 800 nm. To keep the situation same, we
calculate the electric field distributions at 385 nm which is the PPR peak wavelength in
the simulation result and also at 785 nm. Due to the symmetry in the system there are two
polarization directions in which the responses are different: (1) along the line joining the
centres of the two particles and (2) perpendicular to it. The simulated |E|-field
distributions for all these four situations for the single Ag MNP and SQD-MNP hybrid
system are shown in Fig. 2 (a)-(d) and Fig.2 (e)-(h) respectively. These plots shows that in
the hybrid system |E| field at PPR (385 nm) are enhanced for both polarizations. However
for the case of 785 nm |E| is quenched when the field is along Y direction and enhanced
while it is along Z direction.

The PL of a SQD will strongly depend on the intensity of incident field inside it. Therefore
we calculate the average intensity inside the CdTe SQD with (/) and without (Ip) Ag MNP
nearby. We have calculated the intensity ratio, I/Io, the enhancement or quenching factor
for PL. Figure 3 a) shows the dependence of this intensity factor on the separation
between the SQD and MNP. In a colloidal sample it is expected that there will be randomly
oriented SQD-MNP hybrids interacting with the applied field. An approximate average
factor for such samples can be calculated by averaging the intensity factor along the three
main axes (X, Y and Z). This average intensity factor is also plotted in Fig. 3 (a). It is
evident that at 385 nm (at PPR), the PL is always enhanced irrespective of polarization of
excitation if the interaction between the MNP and SQD is only electromagnetic. This
enhancement reduces with increase in the separation between the particles. Beyond a
separation of 5 nm the field enhancement is not significant.

To understand the third-order nonlinear response of the hybrid system we have also
calculated the ratio of the squared intensities in CdTe SQD for the two different
polarizations as well as for a random oriented hybrid system and shown in Fig.3 (b). It is
clear that if electromagnetic field enhancement is the only interaction between the
particles, there will be enhancement and quenching of UCPL depending on whether the
applied field is along the direction of the line connecting the two particles or
perpendicular to it respectively. In a randomly oriented system the UCPL is expected to
remain nearly same as that of the original sample for separation more than 4 nm.

CONCLUSION

We have studied the effect of presence of an Ag nanosphere on the normal PL and two-
photon induced UCPL of a single CdTe QD. Irrespective of the polarization of excitation
light and separation between two spheres there is always an enhancement of intensity
inside the CdTe if excited at wavelength close to PPR. At the same time when excited at
wavelength far from the PPR, the enhancement or quenching of square of intensity factor
depends on the direction of polarization of excitation light. The magnitude of the
enhancement and quenching depends also on the separation between them in both PL
and UCPL cases. These results will be useful for understanding the linear and nonlinear
optical response of hybrid nanostructures.

REFERENCES

1. Akeel M. Kadim (2020): Applications of Cadmium Telluride (CdTe) in Nanotechnology.

2.  Anuushka Pal, Bhawna Arora, Diksha Rani, Sumit Srivastava, Rajeev Gupta and Sameer Sapra (2018):
Fluorescence Quenching of CdTe Quantum Dots with Co (III) Complexes via Electrostatic Assembly
Formation. Zeitschrift fiir Physikalische Chemie, 232(9-11).

3. Bruce T. Draine and Piotr J. Flatau (1994): Discrete-dipole approximation for scattering calculations. J.
Opt. Soc. Am. A, 11, 1491-1499.

4. Bruce T. Draine and Piotr ]. Flatau (2008): Discrete-dipole approximation for periodic targets: theory
and tests. Journal of the Optical Society of America A, 25 (11): 2693-2703.

5. Donald Selmarten, Marcus Jones, Garry Rumbles, Pingrong Yu, Jovan Nedeljkovic, and Sean Shaheen
(2005): Quenching of Semiconductor Quantum Dot Photoluminescence by a m-Conjugated Polymer. J.
Phys. Chem. B, 109, 15927-15932.

6. Draine B.T. and Jeremy Goodman (1993): Beyond Clausius-Mossotti: Wave Propagation on a Polarizable

Annals of Natural Sciences ~12 ~ Vol 8(1): March 2022



Kushwaha, et al.

Point Lattice and The Discrete Dipole Approximation. The Astrophysics journal, 405, 685-697.

7.  Ekaterina Kolesova, Vladimir Maslov, Farrukh Safin, Finn Purcell-Milton, O. Cleary, Yurii Volkov, Yurii K.
Gun’ko and Anna Orlova (2019): Photoinduced Charge Transfer in Hybrid Structures Based on Titanium
Dioxide NPs with Multicomponent QD Exciton Luminescence Decay. The Journal of Physical Chemistry
C,123(23): 14790-14796.

8. Handbook of Optical Constants of Solids III, edited by E. D. Palik (Academic New York, 1998).

9. Haridas M., Tripathi L.N. and Basu ]J.K. (2011): Photoluminescence enhancement and quenching in
metal-semiconductor quantum dot hybrid arrays. Appl. Phys. Lett. 98, 063305 1-3.

10. Johnson P.B. and Christy RW. (1972): Optical Constants of the Noble Metals. Phy., Rev. B, 6, 4370-4379.

11. Junwei Yang and Xinhua Zhong (2016): CdTe based quantum dot sensitized solar cells with efficiency
exceeding 7% fabricated from quantum dots prepared in aqueous media. J. Mater. Chem. A, 4, 16553-
16561.

12. Kathy C Nguyen, Vern L Seligy, and Azam F Tayabali (2013): Cadmium telluride quantum dot
nanoparticle cytotoxicity and effects on model immune responses to Pseudomonas aeruginosa.
Nanotoxicology, 7(2): 202-211.

13. Khurgin ].B. and Sun G. (2009): Enhancement of optical properties of nanoscaled objects by metal
nanoparticles. J. Opt. Soc. Am. B,, 26, 83-95.

14. Lucas T. A. da Rosa, et al, (2021): Improving Photoluminescence Quantum Yield of CdTe Quantum Dots
Using a Binary Solvent (Water + Glycerin) in the One-Pot Approach Synthesis. J. Braz. Chem. Soc., 32(4).

15. Marcelo Alves Santos, Rosa Di Felice and Guido Goldoni (2010): Dielectric Functions of Semiconductor
Nanoparticles from the Optical Absorption Spectrum: The Case of CdSe and CdS. J. Phys. Chem. C, 114,
3776-3780.

16. Maxim A. Yurkin and Marcus Huntemann (2015): Rigorous and Fast Discrete Dipole Approximation for
Particles near a Plane Interface. J. Phys. Chem. C, 119, 52: 29088-29094.

17. Musa Cadirct Phd (2020): Temperature-dependent photoluminescence of CdSe/CdTe quasi-type-II
quantum dots”, Journal of Luminescence, 228, 117551.

18. Poulami Dutta and Remi Beaulac (2016): Photoluminescence Quenching of Colloidal CdSe and CdTe
Quantum Dots by Nitroxide Free Radicals. Chem. Mater., 28: 1076-1084.

19. Sabina Gurung, Asha Singh, ]. Jayabalan, Salahuddin Khan and Rama Chari (2016): Proceedings of DAE-
BRNS National Laser Symposium (NLS-25), KIIT, Bhubneshwar, 20-23 Dec.

Annals of Natural Sciences ~13 ~ Vol 8(1): March 2022


https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Maxim+A.++Yurkin
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Marcus++Huntemann

