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Abstract: <span>In thistalk we will discuss both the one-photon and

two-photon switching mechanisms in hybrid nanomaterials made from two or more
semiconductor, metallic and optical nanostructures. The most prominent examples
of these nanostructures are graphene, semiconductor quantum dots, metallic
nanoparticles, and photonic and polaritonic crystals. Advances in nanoscience
have allowed for the construction of these new classes of hybrid nanomaterials.
Optical excitations in semiconductor nanostructures are electron-hole pairs
(excitons) whereas excitations in metallic nanostructures are surface plasmons
which are collective oscillations of electrons. Therefore, the combination of

these systems can provide attractive opportunities to modify, design and control
optical properties and to observe new phenomena which are based on
exciton-plasmon interactions. It is expected that this research will provide a
theoretical road map for the development of optical sensing and optical
switching.</span>
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Hybrid Nanomaterials

Nanomaterials:

* Semiconductor nanoparticles (quantum dots, nanocrystals,
nanowires, efc.)

* Metallic nanoparticles (spheres, nanorods, nanodisks, etc.)
* Graphene and carbon nanotubes
* Molecular dyes, biological molecules (DNA, RNA, proteins)

* Metamaterials

Substrate examples:
"_ Mel‘amtﬂ‘el‘ials Semiconductor

Quantum Dot
» Dielectric material Graphene
» Excitonic material \ \
» Polaritonic material

~Glass
»Photonic crystal
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Hybrid Nanomaterials

By using various combinations of nanostructures

one can create enormous numbers of nanocom pﬂsite

(hybrid) materials.

Metal
Manorod Semiconductor
Quantum Dot

‘ o

Metal
Manoparticle  Semiconductor

\ Quantum Dot

Semiconductor
Quantum Dot
Graphene
Carbon Semiconductor
Nanotube Quantum Dot

Semiconductor
Quantum Dots

/
L 66

Molecular Dye, Semiconductor
Biomaterials Quantum Dot

N

Quantum Dot

Metamaterial = (PhSe)
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Quantum Dot: excitons

« Examples: CdSe/ZnS; GaAs/InAs, GaAs/AlAs; CdS
« Electron-hole pair are called excitons.
« Excitons energy depends on the size of quantum dots

/ Kp )
)~ Alks |
: ! /
: ' N GaAs & /
; v A—N 1)
: ' : 4 S
electrons | | N V Three-level quantum dot
400 v e NN
_ 100
Band Gap Band Gap %
(GaAs) (AlAs) ° 0
7
5
100 =
holes P
1 1.5 4 4.5 5 55 6
Dot height (nm)

T. Brunhes et al., Appl. Phys. Lett, 75, 835 (1999).
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Quantum Dot: excitons

« Examples: CdSe/ZnS; GaAs/InAs, GaAs/AlAs; CdS
« Electron-hole pair are called excitons.
« Excitons energy depends on the size of quantum dots
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electrons | | N V Three-level quantum dot
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_ 300
Band Gap Band Gap %
(GaAs) (AlAs) = 200
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100 =

holes
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Dot height (nm)

T. Brunhes et al., Appl. Phys. Lett, 75, 835 (1999).
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Metallic Nanostructures (MNP) Mani singh etal,
Bound surface lasmon °|arit°ns Applied Physics Letters 99, 181106 (2011)

Metallic + Metallic nanoparticles have free electrons. at the
Nanoparticle surface.
(medium M) + Electromagnetic field interacts with plasmons of the
\ metallic nanoparticle

i + Thedielectric constant of metals can be NEGATIVE
(,)3
€, (@=1-—=%
Substrate o”
(Medium S)
Excited states

» Electricfield produced by the nanoparticle

€, (W)-€;

Ex _( Eapp:‘sed

\ Es +‘b‘5t:e[3 €s +3 Em (_(O)]

Bound Surface

. - " . plasmon frequency
+ The polarizability of the nanoparticle gives

bound surface plasmons by putting it equals to

Zero _ :

a(w) » Sn D)5, - Ground state
e, ¥ lie, 43, L))

2 si1ze
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MNP:

Graphene and carbon nanotubes

Graphene was invented by a Canadian physicist

(1915-2006)
P.R. Wallace

McGill University, Montreal

Worked with l.cn|‘m|(| Infeld, (Albert Einstein), NF Mott

1947: P.R. Wallace : phys. Rev. 71, 622-634 (1947

Graphite-moderated nuclear reactor project
( this was part of a plan to develop
nuclear weapons during the II world war)

Graphene is a gapless semiconductor

2010 Nobel Prize in Physics:

Andre Geim, Konstantin Novoselov
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Mahi Singh and PR Wallace
Gapless Semiconductors

M. SINGH and P.R. WALLACE , J. PHYSICS C 20, 2169, (1987).
GUPTA, WALLACE and SINGH , J .PHYSICS C19, 6373 (1986).

M. SINGH and P.R. WALLACE, SOLID STATE COMMUN. 53, 165 (1985).

M. SINGH and P.R. WALLACE, J. PHYSICS C17, 56303 (1984).

(1915-2006)
M. SINGH amd PR Wallace, J. PHYS. CHEM. SOLIDS 45,409 (1984). P.R. Wallace

M. SINGH, P.R. Wallace and J. Leotin, J. PHYS. C17, 1385 (1983). McGill University, Montreal

M. SINGH and P.R. WALLACE , J. PHYS, C16, 3877 (1983).

SINGH, LEOTIN and WALLACE, PHYS. STAT. SOLIDI B115, 105 (1983). " Lealled him “SIR” and he did not

likeit.
M. SINGH and P.R. WALLACE , SOLID STATE COMM. 45, 9 (1983). » I have a graduate student who
always calls me “SIR" and and |

M. SINGH, J. and P.R. WALLACE , PHYSICA B117, 441 (1983). “:ec:t ":‘d heis my favorite
student.

SINGH, P.R. WALLACE, ASKENAZY, J. PHYSICS C15, 6731 (1982).

SINGH, CISOWSKI, WALLACE, PORTAL, BROTO,
Phys. Stat SOLIDI B114, 481 (1982). )
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Graphene Band Structure

P.R. Wallace, Phys. Rev. 71, 622-634 (1947)

» Grapheneisa two dimensional sheet of carbon atoms
which are arranged in the honey comb structure.

» Gapless semiconductor and acts as a metal.

Band structure:
» Kk.p method
» Tightbinding method

MahiR. Singh, Introduction to Nanomaterials
(Western Book Store, London, Canada 2012)

Carbon

atoms \

(Honey comb -

structure) TE \ r
k

A.N. Grigorenko et al, Natuare Photanics 6, 749 (2012)
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Polaritonic Materials

V. Rupasov and Mahi Singh: Phys Rev. Lett. (1997)

|

Example: Semiconductors (SiC, GaAs), oxides (MgO), ionic materials (LiF)

i

Free photon

Dispersion Relation

>

photon

_|_

o/e

L attice vibrations:
Optical phonon

-

phonon

—> W,

polariton
——

&
R

Polariton: coupled phonon-photon
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Polaritonic Materials

V. Rupasov and Mahi Singh: Phys Rev. Lett. (1997)

|

Example: Semiconductors (SiC, GaAs), oxides (MgO), ionic materials (LiF)

i
Free photon

oy

Dispersion Relation

-

photon

_'_

o/le

Lattice vibrations:
Optical phonon

-

phonon

= W,

polariton

5

)
|
=

Polariton: coupled phonon-photon
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Excitonic Materials

Cox, Singh and Racknor, Nano Lett. 11, 5284 (2011)

EXCITONS: Bound electron-hole pair
Example: Nanostructures : graphene, quantum dots, quantum wires, quantum wells

electron —
Wh - - =
EM field: photon ~
-

g G2
A
Bound electron-hole paur: polariton
exciton 4
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Excitonics
Example: GaN- Quantum Nanowire

Mahi Singh: (Unpublished -2008)

. : &, =1.5¢¥" Microcavit
Transmission coefficient: GaN A =10ueV — Cay‘
Excitonic Polariton JSinesse =30 .}o ----- 4;----+.

P
C. Weisbuch: Phys. Rev. Lett. (2007)  Polaritonic band gap material
§ 0.8
4 0.6
g 0.4
=~ 0.2
0.99
0.992
0.994
0.996 F&EE@
0.998
Length 1
- : 1,002 photon
Exciton-polariton 1.004
1.006
1.008
"l.so2 1506 151
1.011‘49 1.494 1.498
Energy
099 : | > »
A Zero gap ™ "

L (macromater)

Fnergy (eV)
1.004
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Applications: Polaritonic Materials

C. Racknor and Mahi Singh. Phys. Rev. B 82, 155130 (2010)
Cox, Singh and Racknor, Nano Lett. 11, 5284 (2011)

» Polaritonic materials have a band gap that lies in the terahertz
frequency range.

» This opens a new realm of possibilities for opto-electronic
devices because this range of frequencies is intermediate

between the operational frequency ranges of photonics and
electronics.

1 GHz 10 GHz 100 GHz 1THz 10 THz 100 THz 1 PHz

ded LA D RN ' L] |1ll|l!|‘ A L Illllll' '

L LA LA LLL
RO, S o]

5} % polaritonics

A

Y

free-charge current bound-charge current/waves waves
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Photonic Crystals

E. Yablonovitch, PRL 58, 2059 1987 S.John, PRL 58, 2486 1987
= Periodic dielectric = Stop Bands: control
lattice of light propagation
= Periodic dielectric = Complete and Partial
constant function gaps
Source: math utwente nl/~hammer/Metric/lllust/
1-D 2-D 3-D

Source: "Photonic

Crystals",
Joannopoulos,
Meade and
Winn
N
nz g‘f
periodic in periodic in periodic in ki s
one direction two directions three directions W@ te]‘l]
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Photonic Materials: Dielectrics

I. Haque and Mahi Singh. J. Phys. Condens. Matter 19, 156229 (2007)

Dielectric spheres (Si) in air a=300nm
Lattice constant a= 300am: Radivs 1/a=0.3; T
Spheres= §i (n=3.1): Background air (a=1)

Radivws=r

Photonic
crystal

Coadectioa baad

4 -------- ' Yalcace baad
(YB)

Note: The Io;:ation and value of the gap
depend on the refractive index.

Source: 5. John, O, Toader and K. Busch, PEG Maleriais: A comtiuctor for Lght, 2002,
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Metamaterials

Singh. Cox, Rackner, Marek : Applied Physics Letters (2013)

Artificial materials made from negative dielectric constantan negative magnetic permeability
Unit cell =20-500nm. energy range= GHx-THx

Unit cell
Splitring r=-ccceceeaa-
resonators : :
(SRR) . ,_
‘ ' { i '| | ‘| |
| l N > =) ¥ al %
|
Metallic 1
Metamaterial
red .
b e o 1
€-===-- >
a
Natural Metamaterial
material
Incident Refracted
light light
Incident ! ' Refracted
light light Snell’s law
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Singh. Cox, Rackner, Marek : Applied Physics Letters (2013)

Note: ¢ and i are negative between A and B

@

Eg(@)=|1-—5
@

Metamatenals

A B

Hm (@) (1 .
)|l ——s
o —ay

Permeability/dielectric constar

Dispersion relation: SRR-Rod matamaterial
0.10 I | 4+ " . ' i ' " X
. : 4] 0.5 1 1.5
| . Normalized energy

0.05 r

Band structure: Transmission line theory

0.05

Normalized wave vector

(4] I

0.10+4 (\
1.0 1.2 1.4 1.6 1.8 o

Normalized energy ~—

SRR~RLC circuit
Band gap is found
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Photonic Materials

Reflected Colours
-Yellow
-Green

Transmitted Colours
-Purple

-Orange

-Red

-Blue

Western
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Applications;

Photonic Band gap Materials

Q Photons are confined in a nanosize material

Photons are confined in 2-d

H 902 Light Splitter “
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Dipole-Dipole Interaction

»In QD-MNP hybrids, excitons in the QD and localized surface plasmons in the MNP
interact via the dipole-dipole interaction (DDI)

»This interaction is strong when the QD and MNP are in close proximity and their
optical excitation frequencies are resonant

Cox and Singh, Physical B 86, 125452 (2012)
P Hatef and Singh, Nanotechnology 23, 205203 (2012)
~ - MNP

Semiconductor
Quantum Dot

Metal /

Nanoparticle 4
L > J
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Dipole-Dipole Interaction

»In QD-MNP hybrids, excitons in the QD and localized surface plasmons in the MNP
interact via the dipole-dipole interaction (DDI)

»This interaction is strong when the QD and MNP are in close proximity and their
optical excitation frequencies are resonant

Cox and Singh, Physical B 86, 125452 (2012)
Hatef and Singh, Nanotechnology 23, 205203 (2012)

K. NPM'T
dip R3 Quantum Dot Dipole-Dipole
Interaction
Semiconductor External Field
Quantum Dot E,cos(wt)

Metal / ‘ . | p
Nanoparticle _ - - -

L—_ ¥

S Graphene Nanodisk
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Graphene/Quantum Dot Hybrid

deposited on a Photonic Crystal /Metamaterials

e consider a nanocomposite
consisting of a graphene nanoflake and

aQD

» The graphene-QD nanocomposite is
embeddedin a photonic crystal -

» When external laser fields are applied, rY Y. Y VY Y Y Y Y Y
plasmonsin graphene interact with Y T Y YYYY Y Y
excitonsinthe QD €YY Y Y Y Y Y

Quantum Dot - ikl R

» Photonic crystal serves as an

electromagnetic reservoir for the QD s
Graphene /@
, A Metamaterial NanOﬂake -

X / ”J—’&ﬂrdrﬂ&".'&”]l ”410 - . - ’ - - | . 8
chelelbelenchahel T Y. Ty Photonic Vo™
FJ’J'A"J -Ld.r-;.o.kg W W W W . _
FJ: J: : :ﬁl:fi' CBan ¥ % chStaI .

LLLLLILL ”‘ Y Y ¥ Y Y Y YY Y .
BB veovvvvvve
s e v ete % epe Cox , Singh et al, Physical Review B 86, 125452 (2112)

Quantum Dots Dielectric Singh ,Cox et al , Advance Materials (2013)
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Graphene: Bound Surface Plasmons

Gate voltage (@)-
Plasmon frequency can be changed by aw— Em O €5
applying the gate voltage €, +¢od3 €5 13 €, (a))]
2
e (w)=|1--~% w, = plasmon
Quantum Dot Grebhenis ,..( ) (02 p P
Nanodisk
vV_0O 1.443%
600
500
400
o 300
Vo "R _. 200
Substrate 100 {—
o
Si0,—¢ D ' =G| . lon c_:el_ 100 e s
i . +—bl __[5] 200 )
Graphene | - ' ‘ ) \V . T '
g 0.166 0.167 0.168 0.169
. ‘ L fecn (eV)

Parvameters: Radius= 8 naw vy = ¢/300;
&= 10000 e V-ishi g, = 10,89 (GaAs)
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Graphene: Bound Surface Plasmons

Gate voltage
Plasmon frequency can be changed by as €m (@) €,
applying the gate voltage €, +¢d3 €5 13 €, (a))l
2
Quantum Dot S Em (@) =|1- ;;‘% , = plasmon

Nanodisk

V_O0O = 1.4684
600

S00
400

300 1
. 200 ]
P /

Substrate 100 ’_/—/’/

o
SIO,— D oG] lon gel 100
) +—D] __[§] 200
Graphene HHHHHU“ | 360 ' ‘ ) ' ' . \ '
‘ S | 0.166 0.167’_'m0(.c]v6)8 0.169

Parvameters: Radius= 8 naw vy = ¢/300;
&= 10000 et V-ishi g, = 10,89 (GaAs)
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Theoretical Formalism

Hamiltonian Hop + Hymp + Higser

HTorm’ = HQD_ mnp t HQD_fmer ¥ H.\E\"P_faser
* HQD_mbm'are + H.\L\"P_fsubs!rare
+  Maxwell equation

*+ Schrédinger equation
+ Density matrix method + Greens function method

y 05 =il .
= 2091011 — 1Ry gy = 1A2p12p2) + 1R2€72 p1g + 1A 021012

“-"?D - T\ ﬁ“‘:p;:r:l

o Ane
ltp..m __.,I'- ,R ,:'9-3 ,\ ‘R _—:f;; '.‘.
e 31011 — Whge " Py — W\gP 3P T LRGE Pz + W0\3031 013 2 V2ol ]
y O eV Im(9e.:) [0y
d.ﬂi':' y ) —ils . ”‘ == : - =
g = ~Gpint 1Rge" 7 pgy + 103013032 — 1R2€7" (py) — P22) ey 2TEEG, [€ag|” RE
d =2 d
"
apzg y i0s :
7 ~dy3p13 + iR2€" pyg + 1A9 012023 — 1R2€¥7 (py) — p33)
a
]
apaz . : —ifs . i
. —1(09 — 03)pag + 1R2e™"2 py3 + tAS 021091 — .’R:.-e"g’p-:, — 1A301202:
d
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Power Absorption in QD

+ Here the power absorbed by the QD

Is calculated while varying the - — A
graphene-QD separation R (a) p ]_., T -
e R
« Narrow minima for larger values of R z 02 / \ A | A=
Is due to electromagnetically soy / T/ /U T
induced transparency z g / vV /] /V\ -
o - -/ 5 ;
« For small values of R, the spectrum " > S0 e
splits into two peaks due to the DDI R (nm) W RHANEY)
+ Power is absorbed by the QD at two (b) \ .
frequencies x 5. S
_ ! _ E;: 01 A‘ ‘ , l"\l‘ '7/,,,.
(2) 85 = 0; (b) 83 = 10 peV NN T
10 . 10

12
14 0
R(nm) !¢ 18 10 03 (neV)
20 <20
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Power Absorption in QD

+ Here the power absorbed by the QD
Is calculated while varying the

graphene-QD separation R () p 1 & U
\ R '

02 / AT N
0l /4 \J/ U N

) o /

« Narrow minima for larger values of R
Is due to electromagnetically
induced transparency

Won (pW)

« For small values of R, the spectrum Y - o =
splits into two peaks due to the DDI Rom) = g7 2em s Bl
« Power is absorbed by the QD at two (b) \ .
frequencies 5 ﬂ > S
© (@8;=0;(0)8; = 10 eV -
10 . 10

12
14 0
R(nm) ¢ 8 s 10 0, (neV)
20 20
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ABSORPTION:

» transition from state from2 to 1
» DDI: changes withR

» DDI: Gate voltage
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Singh: Optics Letters 34, 22 (2009)

Singh: Jowrnal of Applied Physics 106, 063106 (2009
Singh: Phys. Rev. B80 195303 (2009)

Singh: Phys. Rev. A 79, 013826 (2009)

i
04 / .‘.
-+ i
Quantum dot Metallic
Ol parameser 9% i [Ty e— nanoparticle

Pump detuning CHE dotuning

Prode dhetusing X |

PHYSICAL REVIEW WEBSITE

Main Results: The systen switches from one transparent state to two transparent states
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Sensing Mechanism: Graphene-QD hybrid

»When a QD is in contact with biomolecules,
molecular beacons, DNA or aptamers, its
dielectric constant can be modified.

» This effect has also been verified experimentally
by Dong et al., where upon integrating a
molecular beacon to a CdTe-QD it was
found that the fluorescence quenching
due to graphene is modified.

H. Dong et al., Anal. Chem 82, 5511 (2010). 0.0

0.064

+  £gq= 10 (dotted curve) gl
¢ £49= 12 (sOlid curve) gl
* §yg= 14 (dashed CUFVE) 0.02

 Energy transfer to graphene whenthe | |
QD dielectric constant is changed o
— Detection of biological molecules

= 0.03

Probe detuning, 6z (pe\V)

Coxand Singh, Physical Review B 86, 125452 (2012);
Singh, Radonor and Schindel App. Phys. Lett. 101, 051115 (2012)
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Two-Photon Spectroscopy: QD+MNP

Mahi Singh, Nanotechnology (2012)
J.Cox, Singh, Bildering, Bragas, Advanced Materials (2013) Metal o
Racknor!, Zhang, Birch?, Chen, Appl. Phys. Lett, (2013) - Manorod  Semiconductor §
s Quantum Dot E
W é
g
=5 .
- ®
Aim: Two-photon transition 3-level QD
+ |3 > + 3> es »
- Y N | Two-photontransition in 2-level QD
Control fiel I .
| a > | - Control
. - > field .
N 4 NN
prove & e Quantumdot (2-level)
i s | 1) ([T A— | b f—1 2)
7
Quantum dot+ metallic nanorod " ,
‘. J\N\Fm
-a-
—F [3) =—)
A : 0]
Control field ; DDI +  Surface
. Y plasmon 1)
A A - A M :
Probe : N v : Two-photon
(NI AN 4 absorption
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Two-Photon Process: QD-Graphene

DDI splitting

Quantum Dot
» Here the two-photon absorption coefficient is External Field 1
calculated as a function of the two-photon detuning
parameter. R
» The center-to-center distance between the quantum
dot and graphene nanodisk, R, is varied —
Graphene
Nanodisk
R=23.18181818
R=23.18181818
2 ; 6001
% 500: DDl increases
': 1.5 3400.
" 2 300
< ! % 200
) 7 100/ “o
0.5 = —
-2 1 0 1 2 Vg
A (meV)
- 1 (') L 'i' i > Quantum Dot Graphene Nanodisk

A (meV)

J. Cox, M. Singh, (2013))
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Hybrid Nanomaterials
_ISwitching mechanism

—1Sensing mechanism
—JPlasmonic heating

Ane ke live DHANYABAD
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