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Optical antennas can be used to manipulate the direction and polarization of radiation from an emitter.
Usually, these metallic nanostructures utilize localized plasmon resonances to generate highly directional
and strongly polarized emission, which is determined predominantly by the antenna geometry alone, and is
thus not easily tuned. Here we show experimentally that the emission polarization can be manipulated using
a simple, nonresonant scanning probe consisting of the sharp metallic tip of an atomic force microscope;
finite element simulations reveal that the emission simultaneously becomes highly directional. Together,
the measurements and simulations demonstrate that interference between light emitted directly into the far
field with that elastically scattered from the tip apex in the near field is responsible for this control over
polarization and directionality. Due to the relatively weak emitter-tip coupling, the tip must be positioned
very precisely near the emitter, but this weak coupling also leads to highly tunable emission properties with a
similar degree of polarization and directionality compared to resonant antennas.

T
he function of an optical antenna is to reduce the impedance mismatch between propagating (far-field)
radiation modes and non-propagating (near-field) evanescent modes, which allows an emitter to absorb
and/or emit light more efficiently1,2. A consequence of the coupling between an antenna and an emitter is

that the radiation pattern and/or polarization can be strongly modified3–13. This phenomenon is fundamentally
interesting, and forms a basis for developing single photon sources for quantum information applications14–16.
Optimally, antennas would provide simultaneous control over the direction, phase, and polarization of individual
photons emitted from a source, requiring a comprehensive understanding of the emitter-antenna coupling. Here,
we demonstrate that the sharp, nonresonant tip of an atomic force microscope (AFM) can be used to simulta-
neously control the polarization and direction of emission from individual quantum emitters. In contrast to
resonant antennas where the large local density of optical states (LDOS) leads to emission properties dominated
by the antenna modes, the much smaller LDOS values for nonresonant tips leads to an emission pattern and
polarization that depend very sensitively on the position of the tip and the orientation of the emitter. When
separated by an intermediate distance, the emitter and tip contribute roughly equally to the emission properties,
and we show that maximum control over the emission direction and polarization is achieved in this intermediate
zone, with performance similar to resonant antennas but with much better tunability.

In one of the earliest demonstrations, Gersen et al. used the annular disk of an aperture-type near-field probe to
control the emission pattern from single molecules3 and later this group used a similar setup with polarization
analysis to demonstrate reversible polarization control7. Other work falls mostly into two general categories: non-
scannable but highly directional antennas12 and scannable resonant antennas, which include both linear6,17 and
spherical5,18,19 geometries. In the first category, Curto et al. used a multi-element Yagi-Uda antenna to generate
highly directional, strongly polarized emission from a single QD, but because that QD was painstakingly posi-
tioned lithographically, it was difficult to study the emission properties as a function of the QD position. In the
second category, Taminiau et al. and Neumann et al. used scanning single-element dipole antennas to strongly
modify the emission pattern, which was dominated by the resonant dipolar modes of the antenna, and was thus
neither highly directional nor very tunable6,17. Kuhn et al. used a resonant gold nanosphere (50 nm diameter)
attached to the end of a glass fiber to control the emission polarization and directionality as the sphere was
scanned in the vicinity of isolated emitters5,18,19. Kuhn et al. also attempted to use nonresonant sharp tips, but no
change in the emission pattern was detected18, most likely because without a resonance, these tips must be brought
much closer to the emitter to control emission properties, which leads to strong quenching of the fluorescence
(non-radiative energy transfer). This problem is exacerbated when the emission is imaged directly (as was done by
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Kuhn et al.), since the scarce photon signal is then spread over the
face of the camera resulting in very low signal-to-noise ratios. Here,
we employ a novel single-photon counting technique20 coupled with
polarization anisotropy measurements and finite difference time
domain (FDTD) simulations to show that despite strong quenching,
sharp nonresonant tips can be used to generate highly directional and
strongly polarized emission from isolated QDs.

Results
Polarization control. The fluorescence emission from isolated QDs
is separated into two orthogonal polarization channels (Fig. 1) and
the degree of polarization (DOP) is calculated as:

DOP~
Ix{Iy

IxzIy
: ð1Þ

The arrival time of each photon detected in both the x- and y-
polarization channels is correlated with the vertical (z) and
horizontal (x, y) position of the AFM probe relative to the QD
under study. This enables the total fluorescence signal (Ix 1 Iy)
and the DOP to be plotted in the three dimensional half space
above the sample surface20 as described in more detail below in the
Methods section. Figure 2 shows experimental measurements of the
total fluorescence signal (panel A) and DOP (panel B) from a QD as a
function of the position of a gold-coated tip within an xz-plane that
cuts through the center of the QD. The total emission from the QD is
strongly quenched in the near field of the tip mainly due to
nonradiative energy transfer followed by thermal dissipation in the
tip21. Clearly, the DOP decreases for small tip distances directly above
the QD, indicating the emission polarization has equal x and y
components. In contrast, when the tip is on either side of the QD,
the DOP value increases, indicating that the emission becomes
strongly polarized along the x direction. We have performed ,40
DOP measurements on .25 QDs and the data shown here is very
representative of the observed trends even though each QD
measured exhibits a different DOP value in absence of the tip due
to orientational variations. For example, all QDs measured exhibit an
increase in the DOP magnitude when the tip is on either side of the
QD, and a decrease in magnitude when the tip is just above the QD
(e.g., see Fig. 3 inset). These observations are consistent with previous
work using different tip/antenna geometries7,11.

Comparing Figs. 2A and 2B reveals a clear difference in the length
scales associated with changes in the total fluorescence signal and
DOP as well as a difference in how they depend on the location of the
tip apex. When the tip approaches the QD from directly above,
fluorescence quenching initiates when the tip is ,60 nm above the
QD whereas the emission polarization is not affected until the tip
approaches to within ,10 nm, as demonstrated by the red curves in
Fig. 3. Furthermore, when the tip approaches the QD from the side,

Figure 1 | Schematic of experimental setup. Laser light from an optical

fiber (OF) is collimated, directed through a beam stop (BS), and then

reflected from a dichroic mirror (DM). An oil-immersion microscope

objective (NA 5 1.4) focuses the laser beam and collects emitted

fluorescence. An AFM tip is positioned near an illuminated QD and the

AFM tip is driven vertically in intermittent contact mode at ,65 kHz

oscillation frequency. The collected emission passes through the DM and is

incident on a polarization beam splitter (PBS). The x- and y-polarization

components are measured separately using two avalanche photodiodes

(APD) operated in single photon counting mode. A simulated polar plot of

emission intensity for a z-oriented dipole at the air/glass interface is shown

at the sample plane to help illustrate the geometry. Simulated back focal

images for the same z-dipole are shown just after the objective (Itot) and in

the two legs of the polarization analyzer (Ix and Iy).

Figure 2 | High-resolution measurements of tip-induced polarization
changes. (A) Fluorescence intensity from a QD (Ix 1 Iy) as a function of tip

position in an xz-plane through the center of the QD. The color bar gives

the intensity normalized to the far-field intensity (z . 50 nm) at each

lateral (x) position of the tip. (B) Corresponding DOP image calculated

using Eq. 1. (C) Section plots from panel B for z . 50 nm (black symbols)

and z , 2 nm (red symbols). Blue squares depict the simulated DOP for a

gold tip (with 15 nm radius of curvature) maintained 2 nm above the air/

glass interface and a dipole emitter tilted by h 5 45u relative to the vertical

in the xz-plane. The white space in panels A and B represent the AFM

height trace and the blue line in panel C is a guide to the eye.
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the DOP initially increases reaching a peak value when the tip is 20–
35 nm on either side of the QD, whereas the total fluorescence signal
decreases fairly monotonically as the tip approaches. Interestingly,
when a single carbon nanotube (CNT) is used as an AFM probe22–24,
it does not affect the polarization at all even though the CNT strongly
quenches the QD emission (black curves in Fig. 3).

When the tip is laterally displaced from the QD (along x in
Fig. 2C), we observe a substantial increase in the DOP indicating
predominantly x-polarized signal photons. We have also acquired
DOP data when the tip is scanned in a yz-plane (see supplemental
information), and the resulting images exhibit similar features to
those shown in Fig. 2B and C, but the DOP values are negative,
indicating the signal photons are predominantly y-polarized. Thus,
as the tip is scanned laterally in the vicinity of the QD, the far-field
emission polarization can be controlled such that it aligns with the
axis separating the QD and tip apex.

Directional control. To investigate directional control of the
emission pattern, we used rigorous finite difference time domain
(FDTD) simulations (Lumerical, Inc.) to generate polarization and
directional maps of the collected far-field emission. Although it
would be ideal to measure the emission pattern directly using, e.g.,
back focal imaging as the tip is scanned over an isolated QD, such a
direct measurement is difficult to achieve in combination with the
high-precision photon counting technique employed here. The
simulation is used to generate the emission pattern (back focal
images) and the emission directionality (D) is quantified as the
ratio of emission intensity at two diametrically opposite points in
the back focal images, either along the x-axis (Dx) or the along the y-
axis (Dy):

Dx~10 log10

Izx

I{x

� �
ð2Þ

Dy~10 log10

Izy

I{y

� �
: ð3Þ

Dx and Dy are measured in decibels and also referred to as front-to-
back ratios. The simulated and measured DOP curves in Fig. 2C
qualitatively agree with each other, which validates the simulations
of emission patterns and directionality. The quantitative difference
in magnitude and asymmetry between the simulated and measured
DOP values are due to the simplified model for the QD (linear
instead of 2D degenerate dipole25,26) and also our simplified model
for the tip as a vertically-oriented cone instead of a tilted and
asymmetric pyramid; nonetheless, the strong qualitative agreement
yields critical insights into the pertinent physics. Details of the
simulations and post processing are described below in the
Methods section.

Figure 4 shows a sample of simulated back focal images for differ-
ent lateral positions of the gold tip for the conditions described above.
The vertical tilt angle, h, of the dipole is adjusted to 45u to give an
asymptotic DOP value matching the particular QD under study
(Fig. 2C). The lower panel in Fig. 4 quantifies the directionality of
the emission for tip positions at the specified points along the x- (blue
squares) and y- (green squares) axes, and the labeled points A–E
correspond to five of the back focal image panels; the sixth panel
labeled ‘‘‘’’ shows the results of a simulation with no tip. The simu-
lations reveal that the emission pattern can be strongly altered by the
presence of the tip: photons are usually ‘‘steered’’ toward the tip19,27

with some limited regions (e.g., point A) where the photons are
steered away from the tip. For the specific emitter orientation con-
sidered here (h 5 45u), there is an optimal tip-emitter lateral sepa-

Figure 3 | Vertical DOP approach-curve measurements for a carbon
nanotube tip (black circles) and a gold tip (red squares). These

measurements were performed on two different QDs that have the same

asymptotic DOP value. Upper: The open (closed) symbols correspond to

photon count rates on the x (y) APD channel as the tip is lowered onto a

QD from above. Lower: DOP values computed from the data in upper

panel. Inset: histogram of ,40 DOP measurements when a gold tip is far

above the QD (blue bars) and within 2 nm of the QD (red bars).

Figure 4 | Directional control of emission from a dipole using a gold tip.
In these simulations, the dipole has a tilt angle h 5 45u and is located at (x,

y, z) 5 (0, 0, 2) nm. The coordinates of the tip apex in nm are (x, y, z) 5

(215, 0, 2), (210, 0, 2), (20, 0, 2), (0, 15, 2), and (0, 0, 4) for points (A–E),

respectively. The lower panel shows the directionality as the tip is

positioned along the x and y axes at the specified points. In absence of the

tip (panel marked ‘‘‘’’), the unperturbed directionalities are Dx 5 0.4 and

Dy 5 0. The green and blue curves in the lower panel are guides to the eye.

www.nature.com/scientificreports
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ration that produces highly directional and strongly polarized emis-
sion, as shown in Figs. 2 and 4. Due to the asymmetry in the axial (z)
component of the field near a tilted dipole (see Supplementary
Information), the tip must get closer to the emitter on one side (x
5 210 nm) compared to the other (x 5 120 nm) to achieve the
conditions for optimal control over the emission direction and
polarization.

Spectral response of a sharp tip compared to a nanosphere.
Figure 5 shows the DOP (A and B) and directionality (C and D)
for a sharp gold tip with 15 nm radius of curvature and a gold
nanosphere with 50 nm radius for different lateral positions of the
tip/sphere relative to a vertically oriented dipole emitter. The black,
red, blue, magenta, and green curves represent emission wavelengths
of 480, 580, 605, 650 and 700 nm wavelength respectively. Compared
with the nanosphere, the AFM tip yields much better directional
control and similar polarization control over a broad wavelength
range. The AFM tip also yields much better control over both
polarization and direction compared with a smaller nanosphere
(15 nm radius), as shown in the Supplementary Information. The
superior spectral response of the semi-infinite tip geometry is due, in
part, to a lack of localized surface plasmon resonances, and in part to
the strong vertical polarizability of the tip.

In contrast, the nanosphere has an isotropic polarizability, which
prevents the formation of a strong linear dipole moment in the
sphere, particularly since the near field of the emitter decays very
rapidly in space, / 1/r3, leading to large field inhomogeneities
within the sphere29. Furthermore, the coupling between an emitter
and nanosphere is strongly modulated by plasmon resonances in the
sphere, which have well-defined oscillation modes that generally do
not lead to highly directional emission. The improved performance

of the tip compared to the nanosphere requires better positional
accuracy since the spatial dependance (Fig. 5) shows sharper peaks
that occur at smaller tip-displacement values, x.

Discussion
As the tip approaches the QD in Figs. 2 and 3, the difference in
characteristic length scale associated with the total fluorescence sig-
nal (Ix 1 Iy) and DOP implies that there are two different physical
mechanisms responsible for quenching and polarization/directional
control. Indeed previous work has described two distinct emitter-tip
coupling mechanisms: a short-range FRET-like dipole-dipole coup-
ling and a longer-range effect associated with the generation of sur-
face plasmon polaritons (SPPs) that propagate up the tip sidewalls28.
We attribute the long-range quenching in our measurements (Figs. 2
and 3) mainly to the generation of propagating SPPs on the tip, while
the short-range polarization/directional control is attributed to the
dipole-dipole coupling mechanism. The ‘‘tip’’ dipole in this dipole-
dipole mechanism can be considered as an image of the source
(emitter) dipole at the tip apex constrained by the dominant vertical
polarizability of the tip. The magnitude of the tip dipole depends on
the local strength and direction of the emitter’s near-field, both of
which fluctuate sharply near the emitter (see Supplementary
Information).

We find that control over emission polarization and directionality
is optimized when the source (emitter) and image (tip) dipoles have
equal magnitude, are parallel to each other (as with the Yagi-Uda
antenna), and are nearly 180u out of phase with each other (Fig. 6).
Nanospheres used as antennas lack a well-defined linear dipole
moment, particularly when driven by the local source field of a
nearby emitter, so control over directionality and polarization is
sub-optimal (Fig. 5). On the other hand, a vertically oriented res-

Figure 5 | DOP and directionality (Dx) curves for a vertical dipole emitter with five different vacuum emission wavelengths. For all graphs, the black,

red, blue, magenta, and green curves represent emission wavelengths of 480, 580, 605, 650 and 700 nm, respectively. Panels (A) and (C) correspond to a

sharp gold tip with 15 nm radius of curvature and panels (B) and (D) correspond to a gold nanosphere with radius 50 nm. The horizontal axis

corresponds to the lateral displacement of the tip/sphere apex relative to the dipole position (note the different scales between the right and left panels).

The curves are guides for the eye.

www.nature.com/scientificreports
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onant dipole antenna has the requisite linear dipole moment, but due
to strong plasmon resonances, it must be kept further from the
emitter to achieve a similar dipole magnitude; this leads to a sub-
optimal phase relationship between the source and tip dipoles, result-
ing in less directional emission6,11. The sharp metallic tips used here
posses a strong vertical dipole moment, and since they are non-
resonant, they must be brought closer to an emitter to achieve a
similar dipole magnitude; this leads to near optimal phase and mag-
nitude relationships between the source and tip dipoles and strong
control over emission polarization and directionality.

This dipole-dipole model suggests that the far-field radiation can
be understood as the superposition of two source fields, one from the
emitter and one scattered from the tip19,29,30. This idea is verified
using a single-wall carbon nanotube (CNT) attached to an AFM
probe since CNTs are strong fluorescence quenchers, but not strong
light scatterers21. As Fig. 3 demonstrates, the CNT does not alter the
emission polarization, nor presumably the directionality, when it
approaches a QD. In contrast, the gold-coated tips used here are
strong scatterers and although they strongly quench fluorescence,
they also can be used to efficiently control the polarization and
directionality of emission. As discussed above, the polarizability of
an elongated tip is predominantly along its vertical axis29,31, leading to
a dipole moment that by itself would produce radially polarized
emission at the back focal plane (Fig. 1) and a DOP value near zero.
Given this, it is evident from Figs. 2 and 3 that when a gold tip is
lowered onto the QD from directly above, the collected signal is
predominantly composed of photons scattered from the tip, while
when the tip is displaced laterally by more than ,5 nm, the collected
signal is the superposition of photons scattered from the tip and
those emitted directly by the source.

In conclusion, we have demonstrated that the emission polariza-
tion and direction can be manipulated using a simple, nonresonant
AFM probe. The mechanism responsible for this control is the inter-
ference between light emitted directly into the far field with that
elastically scattered from the tip apex. Furthermore, due to the rela-
tively weak emitter-tip coupling, the tip must be precisely positioned
very close to the emitter, but this weak coupling also leads to highly
tunable emission properties. Overall, the semi-infinite geometry of
the tip yields superior polarization and directional control compared
to either a metallic nanosphere or a resonant dipole antenna, and
performs similarly to lithographically fabricated, highly-directional
antennas. The ability to control the polarization together with the
direction of emission could have important implications for the

development of integrated nanophotonic devices and single photon
sources.

Methods
Experimental setup and measurement. A schematic of the experimental setup is
shown in Fig. 1. The overall design has a commercial AFM (Asylum Research MFP
3D) sitting atop a homebuilt inverted confocal optical microscope. The AFM tips used
in this work are commercially available from BudgetSensors (part# multi75B-G) and
have a specified radius of curvature at the tip apex of ,25 nm (see Supplementary
Information). A laser beam with wavelength 543 nm is incident on a beam stop (BS)
that passes only supercritical rays through a high numerical aperture (NA 5 1.4)
objective lens creating a focused, vertically polarized evanescent field at the sample
plane. The AFM tip is aligned into the center of the focal spot and a single CdSe/ZnS
QD (lem , 605 nm from Invitrogen) is then positioned near the tip. The emitted
fluorescence is collected by the same objective lens, and a polarization beam splitter
(PBS) separates the emission into two orthogonal channels, each of which is
monitored by an avalanche photodiode (APD). The detected photons are
timestamped, and the arrival times are subsequently correlated with the lateral
position of the tip and its height above the sample surface. Since the AFM tip oscillates
vertically and the sample is scanned laterally, the photon count rate for each channel
is measured as a function of the tip position in the three-dimensional half-space above
the sample plane20. Separating the collected fluorescence into two orthogonal
polarization channels allows the emission polarization to be monitored continuously,
photon by photon, as the relative position between the tip and QD is controlled with
,1 nm precision. To quantify the anisotropy between the two channels, we measured
the degree of polarization (DOP) defined by Eqn. 1. The value of the DOP lies between
21 and 11, with the extremes signifying linearly-polarized emission perfectly aligned
with one channel or the other. The 2D measurements shown in Figs. 2 is produced by
normalizing the count rate in each polarization channel to the average photon count
rate for z . 50 nm for each lateral position of the tip after carefully subtracting the
background count rate.

Simulation and emission pattern analysis. We used the FDTD simulation package
from Lumerical Solutions Inc. In the simulations, a linear Hertzian dipole, with
oscillation frequency corresponding to a free-space wavelength of 605 nm, was
situated 2 nm above an air/glass interface. A solid cylindrical gold cone with a 15 nm
radius of curvature and full open-angle of 15u was used to represent the AFM tip. The
simulation domain was enclosed by a perfectly matched layer (PML) boundary to
prevent reflections and backscattering from the domain edges. The total length of the
cone is 1500 nm and the cone length within the simulation box is 450 nm. The
meshing size used in the simulation is 2 nm. A near field monitor (NFM) was placed
50 nm below the interface within the glass to capture the field components and the
near-fields are used to project the field components into the far-field regime giving the
polarization and directional maps of the emission. The calculated far-field
distribution is projected onto the x-y plane perpendicular to the optical axis via a
coordinate transformation to compute the field components Ex and Ey at the back
focal plane of the microscope objective, and DOP values are then extracted for
comparison with experimental measurements. More details regarding the
simulations and post processing can be found in the supplementary information.

Once the simulated emission patterns (back focal images) are generated, the
emission directionality (D) is extracted using Eqn. 2. To compute I1x (or I2x) we
summed the simulated back-focal intensities within an angular window defined by an
azimuthal range 22u , w1x , 2u (178u , w2x , 182u) and a polar range 38u , h ,

68u; more than 80% of the total emission falls within this range of polar angles. I1y and
I2y are computed in a similar fashion with the azimuthal ranges rotated by 90u. This
procedure for extracting emission patterns from polarization anisotropy measure-
ments using FDTD simulations is similar to that employed by Taminiau et al.6.
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