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Yesterday… 

Optical Antennas… 
 
§  Modulate LDOS on sub-λ length scale 
§  Can boost decay rates of quantum emitters 
§  Can direct the emission of quantum emitters 
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Menu for Today 

Plasmonics with Single Emitters and Electrons 
Optical antennas 

Scanning probe optical microscopy 
Single molecules, colloidal quantum dots, Nanotubes 

Electrically Active Devices 
Tunnel diodes 

Transistors 

Novel Optical Materials 
Layered 2D materials 

e. g. MoS2, h-BN, graphene 

1.  Optical antennas; fluorescence enhancement & localization 
2.  2D semiconductor optoelectronics 
3.  Electrically excited optical antennas 
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Part I 

Plasmonic Optical Antennas  
for  

Single Molecule Fluorescence 
Enhancement, Localization and Imaging 
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Why Optical Antennas? 

λ

400-800nm 
1-10nm 

single absorber 

Small Absorption Cross-section 

λ

l 

single emitter 

Small Radiation Resistance 
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What is an Optical Antenna? 

Optical Antenna: “Device that efficiently converts between farfield 
(propagating) optical radiation and nearfield (localized) energy” 

Bharadwaj et al, Adv. Opt. Photon., 103, 186101 (2009). 

Antenna increases both the 
absorption cross-section and the 
radiation resistance 
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Realizations of Optical Antennas 

L. Novotny, Physics Today, p. 47, July 2011. 

Dipole antenna Hertzian dimer Bow-tie Log periodic array 
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Optical Antennas on Scanning Probes 

and the probe does not support any clear resonant modes. The
probe-based nano-antenna of Fig. 2 fulfils the criteria. A
preferred dipole moment is fixed along the long antenna axis.
The resonance is tuned to optical frequencies by controlling the
antenna length. The field modes and resonances are characteristic
for a monopole antenna8, half a dipole antenna with the other
half replaced by the reflection in a ground plane. For all
purposes, such an antenna can be modelled to a good
approximation as a dipole antenna.

Fluorescent molecules were used as dipolar single
emitters. Spatially isolated DiI (1,10-dioctadecyl-3,3,30,3-
tetramethylindocarbocyanineperchlorate) molecules were
immobilized in a 20-nm-thick polymethylmethacrylate (PMMA)
layer on a glass substrate (see Methods). The experiments were
performed at room temperature. The molecular position, and
thus the coupling to the antenna, was controlled using a
scanning probe microscope. The molecules were raster-scanned
under the antenna while a constant antenna–sample distance was
maintained using a shear-force feedback system (Fig. 2,
inset). The antenna was used both to excite the molecules
(wavelength of excitation lexc ¼ 514 nm) and to mediate the
emission (wavelength of emission lem ! 570 nm). For excitation,
the antenna mode was fed through the aperture of the probe10 by
coupling a laser beam of controlled polarization into the fibre8.
The emitted single-molecule fluorescence was collected by a 1.3-
numerical-aperture (-NA) objective below the sample. Finally, to
characterize the angular emission, the fluorescence was split by a
polarizing beam splitter into two perpendicular polarization
components, each detected by a separate avalanche photodiode.

As each molecule was scanned under the antenna, the
fluorescence intensity mapped the component of the local
excitation field oriented along the molecular transition dipole9,28.
Distinct small (full-width at half-maximum (FWHM) ! 30 nm)
and larger (FWHM " 100 nm) bright spots are present in the
resulting images. Recurring patterns consisting of a small spot

accompanied by a large spot on the right are visible (Fig. 3).
The small spots are the responses of single molecules excited by
the antenna. Their small dimension (only 30 nm) demonstrates
the nanoscale interaction with the antenna mode. The larger
spots are the molecular responses to the residual field of the
aperture at the right side of the antenna. One such pattern is
thus the response of one single molecule. This is one of the key
points of the experiment: the fluorescence of a single molecule is
monitored as it is coupled (small spot in the data) and
uncoupled (large spot) to the antenna.

The property of interest is the detected emission polarization,
which is colour coded: red is horizontal, green is vertical. The
polarization is clearly not uniform within one single-molecule
pattern. The small spots are mostly yellow, indicating equal
intensity in both polarization channels. The large spots are
mainly horizontally polarized (red), reflecting the preferential
excitation of molecules with a transition dipole oriented along
the horizontal excitation polarization9,28. The molecular emission
is indeed modified as the molecule is scanned near the antenna.

To interpret the effect of the antenna on the molecular
emission, full three-dimensional finite-integration technique29

(FIT) electromagnetic-field calculations were performed. The
antenna was modelled as a dipole antenna, resonant at the
emission wavelength of 570 nm (Fig. 4a). Realistic material
parameters were used and the glass substrate was included. The
molecule was represented by a hertzian dipole, oscillating at the
emission frequency. It is illustrative to consider the case of an
x-oriented molecule, as the antenna effect is most prominent for
an orientation perpendicular to the antenna. The far-field
radiation patterns for a selection of distances from the antenna
are shown in Fig. 4d. Far from the antenna (x ¼ 500 nm), the

105 nm p

Figure 2 Optical monopole antenna. An aluminium nano-antenna (SEM image
viewed from an angle of 5288888) was sculpted with a focused ion beam at the end
face of an aperture near-field fibre probe (see Methods and ref. 27). The
antenna length was controlled to tune the antenna plasmon resonance. For the

example shown, the antenna length was 105 nm. The typical antenna width was
40 nm and the radius of curvature at the apex was 20 nm. The inset shows a
side view and schematically depicts the emitter, a single fluorescent molecule,
its transition dipole moment (p) and its movement in the experiment.

Figure 3 Single-molecule fluorescence. Spatial fluorescence map obtained by
scanning a sample containing randomly placed isolated single fluorescent
molecules under the antenna. The excitation (lexc ¼ 514 nm) polarization is

horizontal. The emitted fluorescence (lem # 570 nm) is split into two
polarization components. The horizontal polarization is coloured red, vertical
polarization is green; yellow corresponds to a balance of equal horizontal and
vertical polarization. Examples of patterns originating from one single molecule
are circled. The change of colour within one pattern indicates that the emission

of a single molecule is modified as it is scanned around the antenna. The scale
bar indicates 1mm.

LETTERS

nature photonics | VOL 2 | APRIL 2008 | www.nature.com/naturephotonics 235

Taminiau, Nat. Phot., 329, 93 (2010)

Grounded monopole antenna

Top-down fabrication Bottom-up fabrication 

Au nanorod (20nm x 60nm)
Dipole Antenna 

200nm 

80nm Au nanoparticle

Au 

SiO2 
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Andre Blondel  

Andre Blondel 
(Blondel to Poincare) 

La Correspondance d'Henri Poincaré, Volume 2, p. 32, Basel: Birkhäuser, 
(2007)

“Blondel Antenna”
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Antenna-emitter Interaction 

λ

where 
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Antenna-emitter Interaction 

excitation enhancement 
(abs cross-section é) 

excitation + emission enhancement 
(abs cross-section é AND Rrad  é) 

“good” emitter “poor” emitter 
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High Qo molecule:  Excitation Enhancement 

Phys. Rev. Lett. 96, 113002 (2006) 
Nile blue molecules excited at 635nm 

flu
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Enhancement à Improved Imaging Resolution 

Phys. Rev. Lett. 96, 113002 (2006) 

without antenna with Au antenna 

Enhancement ~8x 
Resolution ~65nm FWHM 

Fluorescence image of Nile 
blue molecules 
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Different Antennas for Different Colors 

Near-field 

Enhancement ~15x Enhancement ~1x 

Opt. Express 15, 14266 (2007) 

Alexa488 molecules excited at 488nm 
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“Poor” Emitter (Low Qo):  
Excitation and Emission Enhancement 

Y3N@C80 
(Y-TrimetaspheresTM) Quantum yield ~1% 
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Antenna Enhances Absorption AND Emission 

J. Phys. Chem. C, 114, 7444 (2010) 

Both absorption (Γexc) and emission (Q) 
are enhanced! 
 Huge enhancements of >100x 

Fluorescence map of Y3N@C80 
with  80nm Au antenna 
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Antenna Shortens Lifetime à Faster Devices 

29/07/15 Palash Bharadwaj 17 

Nano Lett., 11, 2137 (2011) 
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Figure 4.4 – QD lifetime changes close to an optical antenna. (a) Schematic of the
measurement setup. A pulsed laser (90 ps, repetition rate 5 MHz) is focused on a
single QD. A time-correlated single-photon counting module (TCSPC) histograms
the time delay between each laser pulse and a detected fluorescence photon. (b)
QD lifetime curves for different antenna-QD separations. The blue curve shows a
lifetime of 65 ns in free space with the antenna retracted far away. The red curve
is recorded for a ∆z ∼ 7 nm and reveals a lifetime of 6.1 ns. The arrow marks
decreasing lifetimes with the shortening of antenna-QD separation. The lifetime in
the free space case (blue curve) is comparable to the time delay between successive
laser pulses (200 ns). This causes a ‘wrapping’ artifact in the PL decay curve for
negative times, as marked by the red ellipse.

τ ~ 2 ns 

 
   d 

τ ~ 65 ns 

(7nm à 2nm) antenna 

colloidal 
quantum dot 
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Non-spherical Antennas 
 
•  Higher enhancements 
•  Better localization 
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Nanorod Dipole Antennas 

20nm resolution, enhancement 15x
       Fluorescence image of single molecules

L. Novotny, PRL, 98, 266802 (2007) Chem. Sci. 2, 136 (2011) 

Au 

quartz 

λ / 5.6 ! 
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Multiparticle Antennas: 80/40/20nm Au Trimer 
High Resolution + High Enhancement 

!

~15nm resolution (~λ/40) 
Fluorescence enhancement 40x 

Phys. Rev. Lett. 109, 017402 (2012)  

Self-similar trimer antenna 

significantly higher fluorescence enhancement, underscor-
ing the concept of cascaded field enhancement. While the
large particle primarily interacts with the radiation field,
the smaller particle provides the desired field localization.

Next, we add an additional 20 nm gold nanoparticle to
the dimer. The resulting trimer antenna consists of a chain
of 80, 40, and 20 nm nanoparticles. Note that the inter-
particle separation is kept constant at a distance of 2 nm by
means of the dithiol linker molecules (see Supplemental
Material [21]). The latter ensures that quantum size effects
(e.g., screening and electron tunneling) are negligible [22].
Hence, charge transfer between individual spheres is in-
hibited for these structures. Theoretical studies have shown
that the interaction between the nanoparticles leads to a
redshift of the plasmon resonance [23]. In accordance, we
find that the resonance of the 80–40–20 nm trimer antenna
is redshifted from the plasmon resonance of an isolated
spherical gold particle [cf. Fig. 3(b)]. The resonance is
found to be at ! ¼ 590 nm whereas the resonance of a
single gold particle is at ! ¼ 530 nm. Note that if the
nanoparticles were in conductive contact the resulting
plasmon resonance would shift into the near-infrared
frequency regime (charge-transfer plasmon [24]). The
separation of "2 nm ensures that the plasmon resonance
remains in the visible part of the spectrum, which is
a requirement for the single-molecule fluorescence
experiments.

Figure 3(a) renders the calculated field distribution near
the trimer antenna for an on-axis excitation with a focused
radially polarized beam. The calculation is based on the
multiple-multipole method [25]. The figure shows contours
of constant jEj2 using a logarithmic scaling (factor of 2
between contour lines). The multiple-multipole calculation
confirms the expected cascaded field enhancement; i.e., the
field strength increases from the largest to the smallest

particle. The intensity is highest in the gap between the
two smaller particles, in agreement with the predictions by
Li, Stockman, and Bergman [16], but the field is also sig-
nificantly enhanced at the apex of the smallest particle. At
the same time, the smallest particle provides sub-20 nm field
localization. Similar calculations have been performed with
a dipole source placed in front of the smallest particle and
pointing along the particle chain. The resulting radiation
pattern (data not shown) closely resembles that of a dipole
source, suggesting incident radiation is mainly mediated by
the largest particle in the chain.
Following the outlined theoretical considerations, we

have performed single-molecule fluorescence experiments
using 80–40–20 nm gold nanoparticle trimer antennas,
similar to the one shown in Fig. 1(b). A fluorescence
map of the single-molecule sample is shown in Fig. 4(a).
Line cuts through individual fluorescence spots yield a
resolution of 15 nm, as seen in the inset. This resolution
is expected on the basis of the smallest particle size. In
general, we observe that the resolution (signal confine-
ment) is slightly better than the true particle size. An
80 nm particle yields a resolution of "60 nm, a 40 nm
particle yields a resolution of 25 nm, and a 20 nm particle
yields a resolution of 15 nm. Resolution is better than the
particle size because of the curvature of the particle surface
and the particular field distribution. Finally, to demonstrate
the strong localization of fields along the z direction at the
apex of the trimer, we recorded a fluorescence approach
curve as shown in Fig. 4(b). The sharp increase in signal
over the last 15 nm conclusively proves that the localiza-
tion arises due to the foremost 20 nm diameter particle.
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FIG. 3 (color online). (a) Field distribution near a self-similar
trimer antenna consisting of gold nanoparticles with sizes 80, 40,
and 20 nm. Contours of constant jEj2. Logarithmic scaling with
factor of two between contour lines. (b) Spectrum at the apex of
the trimer antenna. The curves show the phase relative to the
incident field and the intensity enhancement.
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FIG. 4 (color online). Excitation of single-molecule fluores-
cence with a trimer antenna consisting of 80, 40, and 20 nm gold
nanoparticles. (a) Fluorescence image of the single-molecule
sample. Inset: Line cut through the single fluorescence
spot marked by the arrow. (b) Fluorescence from a single
z-oriented molecule recorded as a function of distance from a
trimer antenna. The steep rise of fluorescence counts for sepa-
rations smaller than 15 nm is due to strong field localization
along the z axis at the apex of the trimer antenna.

PRL 109, 017402 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
6 JULY 2012

017402-3
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Part II 

2D Semiconductor Optoelectronics 



| | Summer School - Blaubeuren 29/07/15 Palash Bharadwaj 22 

Transition Metal Dichalcogenides (TMDCs)  

Formula: MX2 

M = Transition Metal 
X = Chalcogen 

M. Chhowalla et al. Nature Chemistry 5, 263 (2013). 
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The 2-D Landscape 

E

kx
ky

Graphene TMDC monolayers  Boron Nitride

E

Ec

v

Ec

Ev

1 to 3 eV ~6 eV

(metallic) (semiconducting) (insulating)

Optics and Photonics News, July/August 2015 
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Nanoscopy of 2D Materials 

Au pyramid 

Template-stripped 
Au pyramid antennas,  
Courtesy S.-H. Oh, 
University of Minnesota 

(Bharadwaj, unpublished)

2.5x2.5 µm photoluminescence 
633nm excitation  

Topography of MoS2 flake 

Antenna-enhanced PL  
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Gate modulates Light Emission in an MoS2 FET 

15x15 µm confocal PL 
MoS2 FET with graphene-hBN 
backgate 

Gate modulation of PL 

(Bharadwaj, unpublished)

2L-MoS2 
excitons 

trions 
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Where are the Photons Going? 
Orientational Imaging of MoS2 Excitons 

MoS2 excitons are randomly oriented in-plane 
Polarizer along x Polarizer along y 

Angular distribution of PL (Fourier Plane Imaging) 
ky 

kx 

ky 

kx 

              Similar behavior for Vg +5V (trions) 
(Bharadwaj, unpublished)
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Coupling Antennas to MoS2 

In-plane excitons radiate out-of-plane Coupling excitons to a dimer antenna 
induces an out-of-plane dipole,  
which radiates in-plane  

MoS2 Electrons and Holes Live In-plane 
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MoS2 sandwiched between a gold dimer 

MoS2 monolayer flake 

APD counts 

bottom 
Au NP 

Topography 

Schematic of experiment Photoluminescence is enhanced 5x  
by the dimer antenna  
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Where is the light going? 

Not coupled to antenna --  
Ensemble of in-plane dipoles 

Coupled to dimer antenna -- 
Out-of-plane dipolar emission 

ky 

kx 

ky 

kx 

(Bharadwaj, unpublished)
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Can Excitons be Reoriented?  

SiO2 

Au 

Absorption still in-plane 
But z-dipole like emission pattern? 
 

ITO 

Au 

SiO2 

Excitons in strong dc fields 
Stark modulation of PL? 
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MoS2 over Au Nanoparticles 

AFM topography Record PL counts and angular 
distribution of photons as a function 
of the position of scanning top 
particle  

MoS2 monolayer flake 
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Dimer-coupled MoS2 Photoluminescence 

1x1 µm PL with 80nm Au NP Topography 

APD counts bottom 
Au NP 

Bharadwaj et al, manuscript in preparation 



| | Summer School - Blaubeuren 29/07/15 Palash Bharadwaj 33 

Dimer Antenna Strongly Redirects the PL! 

Bharadwaj et al, manuscript in preparation 
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First all-MoS2 LED 

A. Jain, Bharadwaj et al, manuscript in preparation 
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Part III 

Electrical Excitation of Optical Antennas 
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Part III 

e- 

Can optical antennas be 
excited electrically? 
 
Can electrons excite localized / 
propagating plasmons? 

Electrical Excitation of Optical Antennas 
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Electrically Excited Plasmons on a Metal Film 

Can propagating surface plasmon polaritons 
(SPPs) be excited via local electron tunneling?  
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Plasmon Decay at Kretchmann Angle 

analyzer in front of the 
CCD (oriented along the  
arrow) 

ky 

kx 
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Fourier Plane Imaging of 5nm Au on glass 

NA 1.4 
(objective) 

NA 1.0 
(critical angle) 

Au tip; 2V bias; 
2nA tunnel current 

ky 

kx 
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Real Space Imaging of 20nm Au on Glass 

1µm 
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confocal image plane 

topography

photon counts
Au tip; 2V bias, 
1.5nA tunnel current 

Single crystal Au flake on ITO (Au tip) 
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Single Crystal Au Nanowire on ITO 

SEM bright field 
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Electrically Excited Plasmons on a Nanowire 

Fourier space 

5 µm 

real space 

excitation 
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Electrically Excited Plasmons on a Nanowire 

SEM Fourier space 

Phys. Rev. Lett., 106, 226802 (2011) 
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Ambient STM is not stable! 

Topography
3x3	
  µm 

APD Counts 3-30 kHz
3x3 µm 
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Integrated Light Emitting Antennas with hBN 

Light emission on CCD 
M. Parzefall, P. Bharadwaj et al 
Nature Nano. (accepted) 
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How fast can one modulate the light emission? 
Au 

~2nm hBN 
Au 

Capacitance of junction ~0.1 pF 
Series Resist. of junction ~100 Ω RC ~ 10 ps fmax ~ 100 GHz 
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Time-modulation of Light Emission 
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Concluding Remarks 

Plasmonics with Single Emitters and Electrons 
•  Optical antennas enhance absorption and emission of light by single emitters 
•  Scanning antennas enable high resolution imaging 
•  Antennas can be electrically excited using tunneling electrons 

Active Devices using Novel Optical Materials 
•  Electrical modulation of photoluminescence from an MoS2 FET 
•  All-MoS2 pn light-emitting diode 
•  Antennas strongly redirect light emission from excitons in MoS2  
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